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Changes in Metabolism and
Proteostasis Drive Aging Phenotype
in Aplysia californica Sensory
Neurons
Nicholas S. Kron* , Michael C. Schmale and Lynne A. Fieber

Department of Marine Biology and Ecology, Rosenstiel School of Marine and Atmospheric Science, University of Miami,
Miami, FL, United States

Aging is associated with cognitive declines that originate in impairments of function in
the neurons that make up the nervous system. The marine mollusk Aplysia californica
(Aplysia) is a premier model for the nervous system uniquely suited to investigation of
neuronal aging due to uniquely identifiable neurons and molecular techniques available
in this model. This study describes the molecular processes associated with aging in
two populations of sensory neurons in Aplysia by applying RNA sequencing technology
across the aging process (age 6–12 months). Differentially expressed genes clustered
into four to five coherent expression patterns across the aging time series in the
two neuron populations. Enrichment analysis of functional annotations in these neuron
clusters revealed decreased expression of pathways involved in energy metabolism and
neuronal signaling, suggesting that metabolic and signaling pathways are intertwined.
Furthermore, increased expression of pathways involved in protein processing and
translation suggests that proteostatic stress also occurs in aging. Temporal overlap of
enrichment for energy metabolism, proteostasis, and neuronal function suggests that
cognitive impairments observed in advanced age result from the ramifications of broad
declines in energy metabolism.

Keywords: transcriptomics, time series, buccal ganglion, pleural ganglion, survival curve

INTRODUCTION

Aging can be summarized as a progressive decline in the physiological function and increased
vulnerability to death of an organism over the course of the lifespan (Lopez-Otin et al., 2013;
Dodig et al., 2019). Aging is a prime risk factor for many of the most common and deadly diseases,
including heart disease, diabetes, and cancer (Franceschi et al., 2018). Several of the most prevalent
neurological diseases, such as Alzheimer’s disease and Parkinson’s disease, have age-associated
onset (Hou et al., 2019). Even non-pathological aging is associated with a slew of metabolic and
cognitive changes that have broad impacts on public health. The nervous system is profoundly
affected with age, resulting in cognitive impairments and susceptibility to neurodegenerative
disorders (Reuter-Lorenz, 2002; Yankner et al., 2008; Anderson and Craik, 2017; Bettio et al.,
2017). The long-lived, post-mitotic, and energetically expensive nature of neurons results in a suite
of age-associated changes that underpin cognitive changes observed at the whole organism level
(Grimm and Eckert, 2017).
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Metabolic drift and broad scale decreases in aerobic glycolysis,
the tricarboxylic acid cycle, and oxidative phosphorylation are
a common feature of brain aging (Pandya et al., 2015, 2016;
Ivanisevic et al., 2016; Pollard et al., 2016; Goyal et al., 2017;
Mattson and Arumugam, 2018; Watts et al., 2018; Guo et al.,
2020). Metabolic impairments are associated with dysfunctional
mitochondria and increasing levels of reactive oxygen species
(ROS), which damage proteins and membranes (Di Domenico
et al., 2010; Paradies et al., 2011; Diot et al., 2016; Islam, 2017).
Increased iron toxicity and the accumulation of ectopic fat
deposits in neurons are common indicators of an increasingly
oxidative state in aging (Ward et al., 2014; Palikaras et al., 2017;
Jin et al., 2018). These changes are believed to contribute to
decreased protein homeostasis and chronic inflammation (Hohn
et al., 2013; Barrientos et al., 2015; Currais, 2015; Hohn et al.,
2017; Martinez et al., 2017; Garaschuk et al., 2018; Mattson and
Arumugam, 2018; Yang et al., 2019).

Dysfunction of the endoplasmic reticulum and mitochondria
results in disrupted calcium dynamics and various signaling
pathways crucial to neuronal function (Krebs et al., 2015; Pandya
et al., 2015; Marchi et al., 2018). Disruptions of synaptic plasticity
as a result of impaired signaling drive cognitive declines typical
of brain aging (Magnusson et al., 2010; Haxaire et al., 2012;
Morrison and Baxter, 2012). While these neuronal signatures are
known to occur even in non-pathological aging, they are also
typical of major neurodegenerative disorders such as Parkinson’s
disease and Alzheimer’s disease (Silvestri and Camaschella, 2008;
Thomsen et al., 2015; Foster et al., 2017; Grimm and Eckert, 2017;
Kimura et al., 2017).

Among the most popular models for the study of aging in the
nervous system are mammalian models such as the lab mouse
Mus musculus and the lab rat Rattus norvegicus, invertebrate
models such as the nematode worm Caenorhabditis elegans and
fruit fly Drosophila melanogaster, as well as the budding yeast
Saccharomyces cerevisiae (Mayer and Baker, 1985; Weindruch
and Masoro, 1991; Olsen et al., 2006; Terzibasi et al., 2007;
Sundberg et al., 2011; Lippuner et al., 2014). Comparisons among
these diverse models and with humans have elucidated many
of the common processes of aging among metazoans, including
those in the nervous system. Discoveries in invertebrate models
C. elegans and D. melanogaster in particular have contributed
significantly to furthering the understanding of aging at a
molecular level (Stegeman and Weake, 2017). However, these
popular invertebrate aging models represent only the ecdysozoan
clade of invertebrates.

As a representative of the lophotrochozoan phylum Mollusca,
the marine gastropod model, the California sea hare Aplysia
californica (Aplysia) broadens understanding of aging in
metazoans. Due to a relatively simple nervous system made
up of gigantic neurons, Aplysia is a well-studied model for
the nervous system (Moroz, 2011). This, in addition to a 1-
year lifespan, makes Aplysia an ideal model for studying the
effects of age on the nervous system (Rattan and Peretz, 1981;
Bailey et al., 1983; Peretz et al., 1984; Peretz and Srivatsan, 1992;
Kempsell and Fieber, 2014). Furthermore, phylogenetic analysis
has demonstrated that Aplysia represents an evolutionarily closer
model to vertebrates than currently used ecdysozoan models,

suggesting that Aplysia may offer a more effective model for
human neuronal aging than do ecdysozoans (Moroz et al.,
2006). As with Drosophila and C. elegans, a reference genome
and transcriptome are available for Aplysia (GCF_000002075.1),
which has allowed for investigation of transcriptional changes
in aging Aplysia neurons; however, there is a distinct absence
of transcriptional profiling across the aging process as has been
done in other models (Moroz and Kohn, 2010; Kadakkuzha
et al., 2013; Moroz and Kohn, 2013; Greer et al., 2018). Sampling
of multiple time points is imperative for a full understanding
of the transcriptional dynamics of aging and addressing which
phenomena may be drivers of age-related dysfunctions.

To fill this gap and better understand the behavioral and
physiological changes known to occur in this species with age,
we performed a transcriptional time series experiment in Aplysia
sensory neurons (SN). Specifically, we selected the buccal S
(BSC) and pleural ventral caudal (PVC) SN, which comprise
a small number of mostly homogeneous neurons (roughly 150
and 200, respectively) that can be reliably identified and sampled
between individuals (Walters et al., 2004; Fieber et al., 2013).
Age-associated declines in excitability of BSC are suggested to
contribute to impairments of the biting reflex, likely reflecting
the role of BSC in slowed feeding and declines in mass in
Aplysia of advanced age (Fieber et al., 2010; Kempsell and
Fieber, 2014). Similar physiological changes in PVC contribute
to decreased sensitization of the sensory-motor synapse of the
tail withdrawal reflex (TWR), which, like the biting reflex, is also
compromised in aging (Kempsell and Fieber, 2014, 2015b). This
degree of precision and the vertical integration that is possible
throughout the aging process using behavioral, physiological, and
now molecular data involving these discrete groups of neurons is
perhaps unique to this animal model.

MATERIALS AND METHODS

Animal Rearing
Two hundred individuals from a single egg mass (cohort) of
A. californica were reared at the University of Miami National
Resource for Aplysia under standard hatchery conditions as
described previously (Gerdes and Fieber, 2006). Animals were fed
an ad libitum diet of Aghardiella subulata and stocked at a density
of two to seven animals per 16-L cage. Half of all individuals in
cages were weighed monthly to assess cohort growth. The natural
mortality of 53 individuals was recorded to monitor the aging
rate of the cohort. To estimate the aging rate of the cohort, the
Gompertz survivorship function s = exp

[( A
G
)
(1− eGt)

]
was fit

to the mortality data, where A is the initial mortality rate and
G is the actuarial aging rate, as done previously (Wilson, 1994;
Kempsell and Fieber, 2014).

Behavior Assessment and Sampling
Immediately prior to sexual maturity (approximately 6 months
of age) and monthly thereafter, a minimum of 12 individuals
were selected for behavioral assessment using a random number
generator (Table 1). Animals were weighed and then placed
in solo cages to acclimate overnight. The next morning, reflex
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TABLE 1 | Number of individuals used for each step of the experimental process.

Age (months) n behavior Tissue n samples n RNA n passed QC n sequenced n differential expression

6 12 BSC 12 10 1 0 0

PVC 12 11 6 5 5

7 12 BSC 12 9 6 6 6

PVC 12 10 6 6 6

8 12 BSC 12 9 6 6 6

PVC 12 9 6 6 5

9 12 BSC 12 11 6 6 5

PVC 12 9 6 5 5

10 14 BSC 14 12 6 6 6

PVC 14 14 6 6 6

11 18 BSC 17 10 6 6 5

PVC 17 12 6 6 6

12 15 BSC 13 11 6 6 6

PVC 13 13 6 6 6

Sum 95 BSC 92 72 37 36 34

PVC 92 78 42 40 39

Total 184 150 79 76 73

This table breaks down the number of animals or samples used in the major steps of the experimental pipeline, namely: behavioral analysis, tissue microdissection,
RNA extraction, RNA and sequencing library quality control, sample library sequencing, and sample raw reads used for differential expression analysis. Individuals are
separated into rows by sampling time: 6, 7, 8, 9, 10, 11, and 12 months post hatch. Rows are further subdivided for each sample based on the tissue of origin for the
sample: buccal S cluster (BSC) or pleural ventral caudal cluster (PVC).

performance was assessed in each individual based on time to
right (TTR) behavior and time to relax the tail following tail
pinch, called the tail withdrawal reflex (TWR), as described
previously (Greer et al., 2018). Each reflex behavior was assessed
in triplicate, with a minimum of 5 min rest between replicates
and 15 min rest between TTR and TWR. Reflex data were
analyzed with a Kruskal–Wallis and pairwise Wilcoxon post hoc
test with Benjamini–Hochberg false discovery rate correction.
Animals were then housed in solo cages and fasted for 2 days after
behavioral assessment before sacrifice and sampling to prevent
behavioral assessment from biasing expression in target neurons
as described previously (Greer et al., 2018).

Animals were prepared for sacrifice by injecting 1/6
bodyweight of cool, isosmotic MgCl2, with a wait of 5 min for
anesthetic to take effect, as evidenced by lack of response to
painful stimuli. The whole nervous system was then dissected
out, euthanizing the animal. Each ganglion was washed in two
separate baths of sterile artificial seawater. Target neuron clusters
were microdissected from their respective hemi-ganglia after
pinning in a sylgarded dish as described previously (Fieber, 2000).
Samples from the same paired hemi-ganglia were pooled and
stored in 0.3 ml of RNA Protect Cell Reagent (Qiagen) at−80◦C.

RNA Extraction
Total RNA was extracted from target neuron clusters using the
Qiagen RNeasy Micro Kit according to manufacturer protocol.
Residual genomic DNA was eliminated with a 15-min DNase
incubation. RNA purity was measured using a NanoDrop 1000
spectrophotometer (Thermo-Fisher), integrity was measured
with an Agilent RNA 6000 Nano kit on an Agilent 2100
Bioanalyzer, and quantity was measured with a Qubit 3.0
fluorometer using the Qubit RNA HS assay kit (Thermo-Fisher).

The six highest-quality samples in terms of RNA integrity and
purity were selected for further processing (Table 1).

Library Preparation and Sequencing
Total RNA from samples was used to generate sequencing
libraries with the Illumina TruSeq Stranded mRNA High-
Throughput kit (150–250 ng) following manufacturer protocol.
RNA was poly-A selected using poly-T oligo attached magnetic
beads, after which RNA was heat fragmented for 6 min to
achieve desired fragment size of between 200 and 300 base pairs.
Agilent DNA 1000 kit was used to verify library fragment size
on an Agilent bioanalyzer 2100. First-strand cDNA synthesis
was random primed. Library concentrations were quantified
using the Qubit dsDNA HS Assay kit on a Qubit 3.0 and
sent to the University of California Irvine Genomics High-
Throughput Facility (UCI GHTF) for further quality control and
sequencing. At UCI GHTF, libraries were quantified using KAPA
Library Quantification Kit (KAPA Biosystems), multiplexed, and
sequenced across eight lanes of an Illumina HiSeq 2500 high-
throughput sequencer as 100 base pair paired-end reads. Raw
reads were deposited in the NCBI SRA and can be found under
the following BioProject ID: PRJNA639857.

Read Quality Control and Mapping
Raw read quality was assessed using the FastQC software tool1.
The BBDuk software tool from the BBtools package was used
for adapter removal, quality trimming, and length and quality
filtering (Bushnell, 2014). Trimmed and filtered reads were then
reassessed with FastQC before mapping to the A. californica

1http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc
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reference transcriptome (AplCal3.0 GCF 000002075.12) and
quantification using the Salmon software tool (Patro et al., 2017).
Transcript abundances from Salmon were then imported into the
R statistical environment using the tximport R package (R Core
Team, 2013; Soneson et al., 2015). A list of software tools used in
this analysis are listed in Supplementary Table 1.

Data Preparation and Visualization
Data were formatted and visualized in the R statistical
environment using the tidyverse R package suite and the
complexHeatmap R package (Gu et al., 2016; Wickham et al.,
2019). A detailed list of all R packages and versions used can be
found in the Supplementary Material. Transcript abundances
in transcript per million (TPM) from Salmon were filtered to
exclude any transcript that did not have a minimum TPM of 1
in at least one time point. Raw TPMs were log transformed by
taking log base 2 of TPM + 1 for clustering and visualization.
A full readout of R packages used in this study can be found in
Supplementary Table 2.

Principal Component and Surrogate
Variable Analysis
Transcript abundances were centered and scaled using the
scale() base R function. Principal component analysis (PCA) was
performed on the top 1000 most variable transcripts with the
prcomp() function from the stats R package.

Surrogate variables were identified and quantified from
transcript abundances using the sva R package (Leek,
2014). Surrogate variables were corrected for using the
removeBatchEffect() function from the limma R package
with log-transformed TPM as input (Ritchie et al., 2015).
Corrected values were only used for visualization and clustering.
For differential expression analysis, surrogate variables were
included as factors in the model design.

Differential Expression Analysis
Differential expression analysis was performed at the transcript
level in each tissue separately using the likelihood ratio test
(LRT) from the DESeq2 R package (Love et al., 2014). LRT is
particularly useful in time course experiments because it analyzes
all time points at once, as opposed to pairwise comparisons
between time points. This allowed the detection of transcripts
that change across time points while avoiding extra multiple
test correction incurred by sequential pairwise comparison of
time points. Specifically, the LRT identifies significantly DE
transcripts by comparing difference in deviance between a fully
parameterized model and a reduced model that omits the time
variable. Transcripts with a false discovery rate-corrected p-value
(padj) less than or equal to 0.01 were considered significantly
differentially expressed.

Expression Profile Clustering
Because LRT only identifies transcripts that vary significantly
with time, differentially expressed transcripts were clustered
according to their expression profiles using the DIANA clustering

2https://ftp.ncbi.nlm.nih.gov/genomes/all/annotation_releases/6500/101/GCF_
000002075.1_AplCal3.0/

to identify transcripts with coherent patterns of expression across
time. Clustering was performed via the function degPatterns()
from the DEGreport R package (Pantano, 2017). The log2
expression of biological replicates within each month was
averaged and then the maximum and minimum were subtracted,
yielding the maximal log2 fold difference for each transcript.
Only transcripts with a maximal log2 fold differences of 0.58 or
more used as input for clustering.

Gene Ontology and KEGG Analysis
The A. californica reference transcriptome was annotated by
using the blastx function from the BLAST + software package
against a local blast databased built from the UniProt human
proteome (UP000005640), selecting only the top hit with a
minimum e-value of 10−3 (Camacho et al., 2009). Aplysia
proteins were mapped to human orthologs to leverage the
resources available for the comparatively much better annotated
and studied human proteome.

For Kyoto Encyclopedia of Genes and Genomes annotation,
the Aplysia proteome was downloaded from the NCBI ftp
site and annotated for KEGG Ortholog (KO) terms using the
ghostKOALA tool from the KEGG Automatic Annotation and
KEGG Mapping Service (Kanehisa et al., 2016). We chose to
map to KO as opposed to the Homo sapiens annotation KEGG
database to be able to leverage annotations of evolutionarily
more proximate invertebrates, particularly mollusks. KEGG
pathway enrichment was visualized with the pathview R package
(Luo and Brouwer, 2013).

UNIPROT identifiers were used in Gene Ontology
(GO) enrichment analysis for Biological Process, Cellular
Compartment, and Molecular Function ontologies with the
clusterProfiler R package (Yu et al., 2012). GO terms with
hyper-geometric test adjusted p ≤ 0.05 for each cluster were
considered significantly enriched. To aid in interpretation, GO
enrichment was limited to the 4th level of the GO hierarchy.
A second GO analysis was performed using the topGO R package
due to its robust utilization of the GO graph structure. The
algorithm parameter was set to “elim” and statistic parameter
set to “fisher” (Alexa and Rahnenfuhrer, 2018). Terms with an
enrichment p-value ≤ 0.01 were considered significant.

KO enrichment analysis was similarly performed with
clusterProfiler R package (Yu et al., 2012). KEGG Orthology
Pathways for each cluster with hyper-geometric test adjusted
p ≤ 0.01 were considered significantly enriched. Enriched
pathways were visualized using the pathview R package
(Luo and Brouwer, 2013).

All code used for data preparation and analysis
in this study can be found at the following GitHub
repo: https://github.com/Nicholas-Kron/Kron_Cohort77_
Differential_Expression_Analysis.

RESULTS

Cohort Weight and Survivorship
Average mass of the animals in the cohort steadily increased until
reaching an inflection point during the ninth month of age, after
which it decreased (Figure 1A).
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FIGURE 1 | Cohort life history. Primary x-axis is the time in days post hatch, with the secondary x-axis at the top representing the age in months that is further
emphasized by the alternating white and gray bars in the plot area. (A) Cohort weight trend. Box and whisker plots represent the interquartile range and median of
weight measured at each monthly sampling point. Small numbers below the secondary axis are the number of individuals weighed that month. The curve drawn over
the boxplots represents a loess smoothing of the data, showing an increasing and then decreasing weight trend peaking at age 9–10 months. (B) Survivorship of 53
individuals. Each point is the daily proportion of animals surviving. A Gompertz survival function, s = exp[( A

G )(1− eGt)], was fit to the survivorship data visualized as
a curve over the points. Initial mortality rate (A) and actuarial aging rate (G) were 7.4 × 10−10 and 0.047, respectively.

The first natural mortality occurred during the ninth month
of age at 293 days post hatch. The proportion of total deaths
steadily increased thereafter, reaching a maximum during the
12th month of age (Figure 1B). The final mortality occurred
during the 14th month of age at 422 days post hatch. The median
lifespan was 363 days. The calculated Gompertz actuarial aging
rate G, which describes the change in mortality rate with change
in time, was 0.047, similar to previously reported aging rates
(Gerdes and Fieber, 2006).

Reflex Behaviors
Data for both reflex behaviors failed to meet assumptions of
normality and thus were tested using non-parametric tests.
TTR varied significantly with age (p ≤ 0.01, Kruskal–Wallis,
ε2 = 0.67). Pairwise Wilcoxon test (Benjamini–Hochberg fdr-
corrected p ≤ 0.05) revealed a significant increase in TTR with
age (Figure 2A), conforming to an expected pattern with age
defined by Kempsell and Fieber (2014).

TWR also varied significantly with age (p ≤ 0.01, Kruskal–
Wallis, ε2 = 0.48). Pairwise Wilcoxon test (fdr-corrected p≤ 0.05)
revealed a significant decrease in TWR through the Mature life
stage followed by a significant increase in TWR in the Aged
life stages. This U-shaped pattern with age is different from the
pattern described in Kempsell and Fieber (2014; Figure 2B);
however, the steady increase in time to execute TWR after age
10 months is consistent with earlier reports (Kempsell and Fieber,
2014; Greer et al., 2018).

Principal Component and Surrogate
Variable Analysis
Transcripts with zero expression across all time points and
transcripts without a minimum TPM of 1 in at least one time

point in one tissue were filtered out, resulting in 12,002 analysis
ready transcripts.

PCA revealed that the first three principal components
(PCs) explained 53% of the total variance of samples. Samples
segregated strongly according to tissue along PC1, which
explained 31% of the total variance (Figure 3). Three samples
clustered outside the 99.7% confidence intervals of each tissue-
specific cluster and thus were considered as outliers and removed
from all further analysis. Samples separated roughly according
to chronological age along PC2, which explained 12% of
the total variance.

Surrogate variable analysis identified one surrogate variable.
This surrogate variable correlated strongly with PC3, which
explained 10% of the total variance. The identified surrogate
variable was accounted for in downstream analysis by including it
in the design model. Since variance due to PC1, a proxy for tissue
type, was roughly triple that of PC2, a proxy for chronological
age, differential expression analysis was performed separately on
each tissue to maximize signal due to aging.

Differential Expression
LRT from the DESeq2 R package identified 1647 and 2032
differentially expressed (DE) transcripts (fdr-corrected p ≤ 0.01)
for BSC and PVC, respectively, with 689 DE transcripts shared
between the two tissues. A full list of differential expression results
for both tissues can be found in Supplementary Tables 3, 4.

Clustering
Transcripts identified as DE were further processed for temporal
profile clustering, resulting in 1319 and 1620 clustering ready
transcripts for BSC and PVC, respectively. Clustering resulted in
four BSC clusters and five PVC clusters (Figure 4). A full list of
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FIGURE 2 | Cohort reflex behavior performance with age. The stages of aging behavior range defined by Kempsell and Fieber (2014) are represented as gray boxes
in the plot space and labeled at the bottom of the plot. Boxes labeled with different letters are considered significantly different by pairwise Wilcoxon test
(fdr-corrected p ≤ 0.05). (A) Boxplot of righting reflex behavior performance at each month of randomly selected animals. (B) Tail withdrawal reflex behavior
performance at each month of randomly selected animals.

FIGURE 3 | Principal component analysis of RNAseq samples. Scatter plot of principal component analysis with first principal component along the x-axis and
second principal component along the y-axis. Each point corresponds to an individual sample. The shape of each point corresponds to sample tissue type, square
for Buccal S Cluster (BCS) and triangles for Pleural Ventral Caudal cluster (PVC). Point color corresponds to age, from 6 to 12 months. Samples segregate along the
first principal component according to tissue, forming two distinct clusters. Gray ovals around each cluster represent the cluster 99.7% confidence intervals. Three
samples outside the tissue-cluster confidence intervals were considered outliers. Samples segregate roughly according to chronological age along the second
principal component.

transcript cluster assignment results for both tissues can be found
in Supplementary Tables 3, 4.

BSC clusters exhibit either increasing expression with age
(B1 and B2) or decreasing expression with age (B3 and B4).
The transcriptional trajectories of the two largest clusters (B2

and B3) form a mirrored pair. Cluster B2 decreases in average
expression until reaching a minimum at 9 months, after which the
expression trend sharply inflects and rapidly increases. Cluster
B3 exhibits an inverse pattern to B2, increasing to a maximum
at 9 months followed by rapidly decreasing average expression.
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FIGURE 4 | Transcriptional profile cluster heatmaps and trajectories for BSC (A), and PVC (B) SN. Transcripts determined to be differentially expressed by likelihood
ratio test in each tissue were clustered using the DIANA clustering algorithm. Each heatmap corresponds to a cluster. Heatmap cells are mean centered and
variance scaled average monthly expression for each transcript (rows) at each month (columns). Cutouts illustrate the cluster average scaled expression (y-axis) at
each month (x-axis) as a red line with standard deviation as a gray polygon. Total number of genes per cluster are listed at the top of each cutout.

The smaller clusters B1 and B4 are roughly monotonic in
profile (Figure 4A).

PVC clusters exhibit similar general increasing or
decreasing trends (Figure 4B). Roughly monotonically
increasing (P2 and P3) or decreasing (P4 and P5)
clusters represent the majority of DE PVC transcripts.
Finally, cluster P1 shows a roughly logistic trajectory
until approximately age 12 months, at which point
the profile spikes.

Transcript Annotation Rates
BLAST annotation of Aplysia transcripts to the UNIPROT
human proteome resulted in roughly 70% of all Aplysia
transcripts mapping to a human ortholog (Table 2). The
annotation rate for KEGG was much less, approximately 45%.
However, KEGG and UNIPROT annotation rates were much
higher for significantly DE transcripts, roughly 60% for KEGG
and 80% for UNIPROT. For transcriptional profile clusters,
the KEGG annotation rate geometric mean was approximately
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TABLE 2 | Transcript annotation rates.

Category Transcripts n KEGG n (%) UNIPROT n (%)

All transcripts 28,786 13,431 (46.7%) 20,580 (71.5%)

Passed Filter 12,002 6885 (57.4%) 9669 (80.6%)

BSC LRT padj ≤ 0.01 1647 976 (59.3%) 1328 (80.6%)

PVC LRT padj ≤ 0.01 2032 1236 (60.8%) 1662 (81.8%)

Cluster B1 54 22 (40.7%) 36 (66.7%)

Cluster B2 440 267 (60.7%) 354 (80.5%)

Cluster B3 449 233 (51.9%) 357 (79.5%)

Cluster B4 163 88 (54%) 118 (72.4%)

Cluster P1 94 49 (52.1%) 66 (70.2%)

Cluster P2 201 99 (49.3%) 146 (72.6%)

Cluster P3 206 120 (58.3%) 146 (70.9%)

Cluster P4 621 403 (64.9%) 539 (86.8%)

Cluster P5 76 39 (51.3%) 64 (84.2%)

Clusters Geometric Mean: 53.3% 75.7%

The total number of transcripts is reported for all transcripts listed in the AplCal3.0 gene feature format file, the number that passed data filtration, the number tested
significant by likelihood ratio test (LRT) in buccal S cluster (BSC) and pleural ventral caudal cluster (PVC) neurons, and the total number of transcripts in each transcriptional
profile cluster. For each category, the number of transcripts that were annotated to a human UNIPROT identifier by blastx from BLAST + or Kyoto Encyclopedia of Genes
and Genomes (KEGG) Orthology identifier assigned by ghostKOALA is also listed. The percentage of transcripts annotated per category is listed in parentheses.

53%, and that of UNIPROT was approximately 75%. A full list
of BLAST annotation results can be found in Supplementary
Table 5. A full list of KEGG annotation results can be found
in Supplementary Tables 6, 7, Supplementary Figure 1, and
Supplementary Data Sheets 1, 2.

Cluster Enrichment Analysis
A summary of major discussed enrichment categories can
be found in Table 3. A full set of GO enrichment results
can be found in Supplementary Data Sheets 3, 4, while
a full set of KEGG enrichment results can be found in
Supplementary Data Sheet 5.

Enrichment analyses for increasing with age BSC cluster B1
suggest a response to disrupted proteostasis, with significant
terms from clusterProfiler such as protein processing in
endoplasmic reticulum (ko04141, Figure 5) and response to
endoplasmic reticulum stress (GO:0034976). Enrichment from
topGO further suggests perturbations in proteostasis with terms
such as endoplasmic reticulum quality control compartment
(GO:0044322), as well as some suggestion of inflammation
with terms like regulation of acute inflammatory response
(GO:0002673, Supplementary Data Sheet 3).

Similarly to cluster B1, BSC increasing cluster B2 is enriched
for inflammation- and proteostasis-related ontologies with
significant terms like inflammatory response (GO:0006954)
and lysosome (ko04142, Table 3). In addition, B2 is enriched
for terms relating to ribosomes and protein translation,
for example, ribosome (ko03010) and aminoacyl-tRNA
biosynthesis (ko00970, Table 3). Additionally, terms related
to the storage of reactive metabolites such as lipid localization
(GO:0010876) and iron ion binding (GO:0005506) are notable
(Supplementary Data Sheet 3).

The larger decreasing BSC cluster, B3, exhibits a large
number of enrichments, primarily related to neuronal processes.
These include structural components like ion channel complex

(GO:0034702), synaptic processes such as synaptic vesicle cycle
(GO:0099504), signaling cascades like cGMP-PKG signaling
pathway (ko04022), and learning processes including Long-term
potentiation (ko04720) and depression (ko04730, Figure 6 and
Table 3).

Finally, monotonically decreasing BSC cluster B4 is enriched
primarily for major metabolic processes. These include the
major pathways involved in the oxidative metabolism of glucose:
glycolysis/gluconeogenesis (ko00010), TCA cycle (ko00020), and
oxidative phosphorylation (ko00190, Table 3). Enrichment of
terms related to ROS detoxification processes such as glutathione
metabolic process (GO:0006749) and ROS metabolic process
(GO:0072593) is also noteworthy (Supplementary Data Sheet 3).

Cluster enrichment of PVC clusters generally reflect similar
major categories observed in BSC cluster enrichment (Table 3).
The increasing PVC clusters P1, P2, and P3 resemble increasing
cluster B2 in their enrichment.

PVC cluster P1 is enriched for proteostatic terms
such as lysosome (ko04142) aminoacyl-tRNA biosynthesis
(ko00970, Table 3). In addition, terms related to apoptosis
such as cysteine-type endopeptidase inhibitor activity
involved in apoptotic process (GO:0043027) are of note
(Supplementary Data Sheet 3).

PVC cluster P2 is enriched for terms relating to proteostasis
and ribosome such as lysosome (ko04142, Table 3) and ribosomal
small subunit biogenesis (GO:0042274, Supplementary Data
Sheet 3). Furthermore, like B2, P2 exhibits enrichment in
terms related to volatile metabolite storage such as lipid
storage (GO:0019915, Supplementary Data Sheet 3) and mineral
absorption (ko04978, Supplementary Data Sheet 5).

The largest of the three increasing PVC clusters, P3,
is similar to cluster B2 in enrichment for ribosome- and
inflammation-related terms, such as ribosome biogenesis in
eukaryotes (ko03008) and inflammatory response (GO:0006954,
Table 3). Interestingly, MAPK cascade (GO:0000165) is enriched
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TABLE 3 | Transcriptional profile cluster enrichment analysis results.

Category Cluster Ontology Description Example human orthologs

Inflammation B2/P3 GO BP Inflammatory response ABCC1, TNIP1, C5, BIRC(2,3), TLR(3,8), XIAP, NFKBIA/BLNK, LYN, PLA2G7

Metabolism B4/P4 GO BP Fatty acid metabolic process ETFA, IVD, HADHA, HPGDS, ACAD(SB, 10, S)/APPL2, PCC(A,B), CPT(1A,2)

B3/B4/P4 ko Glycolysis/Gluconeogenesis PGAM2, PFKP, PFKL/PGK1, GAPDH, ALDOA, GPI, TPI1/GCK, HK1

B3/P4 ko Pyruvate metabolism DLD, PKM, PDHB, ALDH91A, ME(1,3)/DLAT, MDH(1,2), PDHA2

B4/P4 ko Citrate cycle (TCA cycle) ACO1, ACO2, IDH3A, IDH3B, IDH3G/IDH1, IDH2, DLST

B4/P4 ko Oxidative phosphorylation NDUF(A10,B7,V1,V2,S2), SDHA, ATP5F1A/SDHD, COX4I1, UQCRC2, TP5M(C3,G,F)

Mitochondria P4 GO BP Mitochondrial transport PPP3R1, SLC25A22, DYNLT1, CPT2, CPT1A, PPIF, IMMP1L

P4 GO BP Mitochondrion organization PRDX3, COA1, GDAP1, SLC25A46, CAMKMT, SOD2, FUNDC1, MPV17, FIS1, TRAK1

Proteostasis B1/B2 ko Protein processing in endoplasmic
reticulum

DDRGK1, SYVN1, CREB3L3, SEL1L, UGGT1, MANF/ATF4 (CREB2), CREBRF,
BCAP31, ANKZF1, EIF2AK3 (PERK), DNAJC3, EEF2

B2/P1/P2 ko Lysosome CTSL, CTSS, CTSV, CTSD, LGMN, PSAP, GM2A/GALC, CLN5

Ribosome B2/Pup ko Ribosome FAU, RPS(A,3,5,7,12,14,15, 16,20,21,23,26,27), RPL(P2,5,7,19,23)

B2/P1 ko Aminoacyl-tRNA biosynthesis (D,T,R,C,S,V,K,G,M,F)ARS

B2/P3 ko Ribosome biogenesis in eukaryotes EIF6, NAT10, RPP40, RIOK1, MDN1, EFL1/HEATR1, NXT2

Signaling P3 GO BP MAPK cascade TNIP1, BIRC7, MOS, TRIB2, MAPK14, MAP3K8

P5 GO BP Presynaptic endocytosis ITSN1, SYT1, PICALM, ACTB

B3 GO BP Regulation of ion transport CALCR, DYSF, GNB5, NIPSNAP2, PRKACA, PER2, NOS1AP, SYT(4,7,10,15)

P4 GO BP Signal release PARK7, CACNB2, CALM1, STXBP1, SYT7, NCS1, KCNC2, DNAJC5, SNAP29

B3 GO BP Synaptic vesicle cycle STXBP5, ITSN1, PICALM, NRXN1, ERC2, DGKQ, VAMP1, SYN2, DNAJC5

B3 GO CC Ion channel complex GLRA3, KCN(AB2,AB3,C1,J5,N2), CACN(A2D2,A2D3,G7)

B3/P4 ko cGMP-PKG signaling pathway PRKG1, PDE2A, GUCY1B1/RHO(A,B,C), VDAC2

B3/Pdown ko Long-term depression GUCY1B2, GNAZ, GNAO1, GNAI1

B3/P4 ko Long-term potentiation GRIN2(A,B,C), CAMK4, PNCK, NRAS, CALM(1,2,L3), MAP2K(1,3)/CAMK2D

P4 ko Synaptic vesicle cycle ATP6V1(C1,F,G1), CLTA, NSF, AP2(S1,M1), STXBP1

A subset of the results is organized into six major representative categories: inflammation, metabolism, mitochondria, proteostasis, ribosome, and signaling. Each row per
category lists an ontology term from a specific ontology set (KEGG or GO), the clusters for which it is significantly enriched, and a set of example human orthologs found
within each cluster. Terms significantly enriched in multiple separate clusters are separated by “/” with example orthologs from each cluster similarly separated. Orthologs
that appear in more than one cluster are in boldface. A complete list of all KEGG and GO enrichments, including p values and other enrichment test metadata, can be
found in Supplementary Data Sheets 3–5.

in cluster P3, with many representative orthologs involved in
pro-inflammatory signaling, such as MAPK14 (Table 3).

Conversely, enrichment of terms in decreasing PVC cluster
P4 resembles an amalgamation of decreasing BSC clusters
B3 and B4. P4 is enriched for many of the same terms in
cluster B3 associated with neuronal function such as cGMP-
PKG signaling pathway (ko04022) and long-term potentiation
(ko04720, Figure 7) or analogous terms like signal release
(GO:0023061, Table 3). However, P4 is most significantly
enriched for the same major metabolic pathways as B4, such
as glycolysis and gluconeogenesis (ko00010, Figure 8), TCA cycle
(ko00020, Figure 9), and oxidative phosphorylation (ko00190,
Figure 10 and Table 3). Interestingly, P4 is further enriched
for several processes associated with mitochondrial health, such
as mitochondrion organization (GO:0007005, Table 3), and
antioxidant defense, such as glutathione metabolism (ko00480,
Supplementary Data Sheet 5). The enrichment of these
categories in downregulated cluster P4 together suggests general
mitochondrial dysfunction with age.

Finally, decreasing PVC cluster P5 enrichment is sparse
but has a similar neuronal character to decreasing clusters
B3 and P4. Specifically, P5 is enriched for terms relating to
synaptic function, such as presynaptic endocytosis (GO:0140238,
Table 3) or signaling cascades such as kinase regulator activity
(GO:0019207, Supplementary Data Sheet 3).

DISCUSSION

Transcriptional profile clustering of transcripts differentially
expressed in aging from Aplysia SN clusters identified four
and five coherent transcriptional patterns from BSC and PVC,
respectively. GO and KEGG enrichment analysis of these clusters
revealed enrichment for energy metabolism, mitochondrial
homeostasis, and various signaling pathways in clusters with
expression profiles exhibiting decreasing trajectory in aging
(clusters B3, B4, P4, and P5). Meanwhile, clusters with increasing
transcriptional profile trajectories in aging (clusters B1, B2,
P1, P2, and P3) were enriched for pathways associated with
inflammation, proteostasis, and ribosomes.

The weight distribution of this cohort was similar to those
observed previously in similar rearing conditions (Gerdes and
Fieber, 2006; Kempsell and Fieber, 2014). Decreases in weight
starting at age 9–10 months is diagnostic of transition into
the Aged I life stage. Mortality was similarly within previously
reported ranges. Reflex behavior data fell within expected norms
and verified that normal aging occurred during late mature
and aged stages (Greer et al., 2018). TTR conformed to the
Aplysia Stages of Aging model (Kempsell and Fieber, 2014), with
10-month animals representing aged stage AI and 11- to 12-
month animals representing stage AII. TWR, despite exhibiting
a U-shaped trajectory over the adult lifespan, increased steadily
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FIGURE 5 | Expression of orthologs annotated for the Kyoto Encyclopedia of Genes and Genomes (KEGG) protein processing in Endoplasmic Reticulum (ko04141)
pathway present in buccal S sensory neuron (BSC) expression clusters with increasing trend (B1 and B2). Each node of the pathway diagram represents an ortholog
assigned to an Aplysia californica transcript. Nodes are divided into six colored sections, from left to right, ages 7 to 12 months. Node sections are colored
according to their mean centered- and variance scaled-expression, together representing the expression trends of each node across the aging process. Nodes that
are not colored were absent from the gene sets of expression clusters B1 and B2. Pathway enrichment demonstrates broad upregulation of proteostatic processes
in the endoplasmic reticulum with age.

after age 10 months, with TWR times of age 10–12 months
corroborating the TTR data, as reported in previous studies
(Kempsell and Fieber, 2014; Greer et al., 2018).

PCA analysis and transcriptional trajectories of PVC
vs BSC SN suggest that these different neuron types age
somewhat differently. Similar phenomena have been described
in physiological and transcriptional aging phenotypes between
neuron types in Aplysia previously and may echo known brain
region-specific aging patterns in humans (Moroz and Kohn,
2010; Kempsell and Fieber, 2014; Marjanska et al., 2017).
However, enrichment analysis suggests that aging in these groups
of neurons is broadly similar, as many cellular processes known
to be affected by aging among other neural aging models are
common to both PVC and BSC.

A striking commonality between BSC and PVC aging
is the consistent decline in major metabolic pathways with
aging as reflected in monotonically decreasing clusters B4
and P4. Age-associated decreases in glucose metabolism have
been observed in the nervous systems of flies (Ma et al.,
2018) and rodents (Hoyer, 1985) and in several regions
of the human brain (Nugent et al., 2014; Camandola and

Mattson, 2017). The key enzymes involved in glycolysis are
downregulated in both BSC and PVC (Figure 8), indicating
overall declines in glucose metabolism (Table 3). Glycolysis
has been demonstrated to be particularly important for
neurons as the primary fast energy source during metabolically
demanding events such as neuronal signaling (Jang et al.,
2016; Diaz-Garcia and Yellen, 2019). In mouse, decreases in
glycolysis-derived ATP specifically altered synaptic transmission
of presynaptic neurons (Lujan et al., 2016), raising the
possibility that similar changes in transmission observed
in aged PVC previously (Kempsell and Fieber, 2014) may
be linked to decreased glycolysis. Clusters B4 and P4 are
also enriched for pyruvate metabolism (ko00620), suggesting
decreased activity of the pyruvate dehydrogenase complex (PDH)
and decreased utilization of glucose for Acetyl-CoA flux into the
TCA cycle with age.

Decreased activity of PDH and associated shifts toward
anaerobic glycolysis has been observed in the aging rat
brain (Zhou et al., 2008, 2009). Other sources of Acetyl-
CoA for the TCA cycle, namely, fatty acid metabolic process
(GO:0006631), showed decreases in aging in clusters B4 and
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FIGURE 6 | Expression of orthologs annotated for the Kyoto Encyclopedia of Genes and Genomes (KEGG) long-term depression (ko04730) pathway present in
buccal S sensory neuron (BSC) expression clusters with decreasing trend (B3 and B4). Each node of the pathway diagram represents an ortholog assigned to an
Aplysia californica transcript. Nodes are divided into six colored sections, from left to right, ages 7 to 12 months. Node sections are colored according to their mean
centered and variance scaled expression, together representing the expression trends of each node across the aging process. Nodes that are not colored were
absent from the gene sets of expression clusters B3 and B4. Pathway enrichment demonstrates broad downregulation of key signaling cascades in aging.

P4 as well, suggesting decreased general capacity of the TCA
cycle with age in these neurons. Maintenance of Acetyl-CoA
levels has been demonstrated to be neuroprotective in aging
mouse brains, likely due to sustained TCA cycle activity
(Currais et al., 2019). In conjunction with downregulation
of input pathways, the TCA cycle itself exhibited many
genes with reduced expression in clusters B4 and P4, further
suggesting a metabolic shift away from oxidative metabolism of
glucose with age.

Decreased TCA activity has also been observed in the aging
brains of rodents (Srividhya et al., 2009; Lin et al., 2014),
humans (Boumezbeur et al., 2010), and C. elegans (Hastings
et al., 2019) and in the aging yeast model for post-mitotic cells
(Samokhvalov et al., 2004). Decreased activity of the TCA cycle
decreases the amount of NADH available for the generation and
maintenance of mitochondrial potential, resulting in decreased
ATP production, increases in the production ROS such as H2O2,
and impaired NADPH-dependent antioxidant defense (Zhou
et al., 2009; Nickel et al., 2015). Decreased TCA activity would

suggest decreased activity of the OXPHOS pathway, and indeed
clusters B4 and P4 exhibit enrichment for OXPHOS.

The observed downregulation of mitochondrial OXPHOS
complex transcripts in PVC and BSC is a phenomenon common
to the aging nervous systems of rodents (Zahn et al., 2007; de
Magalhaes et al., 2009), human (Glass et al., 2013; Kumar et al.,
2013; Mastroeni et al., 2017), worms (McCarroll et al., 2004), flies
(Davie et al., 2018), and a short-lived teleost (Baumgart et al.,
2014, 2016). These transcriptional changes are known to co-
occur with mitochondrial dysfunction that results in decreased
ATP production, increased ROS production, and compromised
Ca+2 buffering capacity (Ojaimi et al., 1999; Ferguson et al., 2005;
Pandya et al., 2015, 2016). Neurons and their mitochondria are
particularly at risk from the effects of ROS due to their high
energy demands and long lifespans (Grimm and Eckert, 2017).

These metabolic impairments contribute to and can be
driven by chronic generation of surplus ROS that overwhelm
antioxidant defenses and transform otherwise hormetic ROS into
drivers of metabolic failure (Grimm and Eckert, 2017; Guo et al.,
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FIGURE 7 | Expression of orthologs annotated for the Kyoto Encyclopedia of Genes and Genomes (KEGG) long-term potentiation (ko04720) pathway present in
pleural ventral caudal sensory neuron (PVC) expression clusters with decreasing trend (P4 and P5). Each node of the pathway diagram represents an ortholog
assigned to an Aplysia californica transcript. Nodes are divided into seven colored sections, from left to right, ages 6 to 12 months. Node sections are colored
according to their mean centered and variance scaled expression, together representing the expression trends of each node across the aging process. Nodes that
are not colored were absent from the gene sets of expression clusters P4 and P5. Pathway enrichment demonstrates broad downregulation of key signaling
cascades in aging.

2020). KEGG and GO enrichment suggests decreased activity
of antioxidant systems in both these neuron types. In addition,
decreased expression of key antioxidants like SOD2, Catalase, and
GPX4 suggests that risk of deleterious ROS damage increases with
age in these SN, as observed in other aging models (Sandhu and
Kaur, 2002; Haddadi et al., 2014). The decreases in mitochondrial
metabolism and antioxidant system transcripts observed suggest
that PVC and BSC experience mitochondrial impairment with
age, a notion further suggested by downregulation of an ortholog
of mitophagy regulator FUNDC1 in both BSC and PVC (Chen
et al., 2016), as well as several other mitochondrial maintenance
orthologs in PVC. Because mitophagy is a key component
in the process of mitochondrial maintenance and recycling,
any impairment of this pathway would likely exacerbate
mitochondrial dysfunction and the resultant loss of energy
metabolism and ROS management in aging cells.

The aforementioned shift from aerobic to anaerobic use
of glucose-derived pyruvate due to decreased PHD activity in
aging rat brain is hypothesized to be in response to increased
H2O2 production in NADH-depleted mitochondria (Zhou et al.,
2008, 2009). Furthermore, oxidative damage has been shown to
impair activity of numerous TCA enzymes, such as isocitrate
dehydrogenase and aconitase, in many aging models (Das et al.,
2001; Schriner et al., 2005; Di Domenico et al., 2010; Hastings
et al., 2019; Guo et al., 2020). Both of these enzymes are also

downregulated in PVC and BSC with age (Figure 9). Increases in
brain oxidation state is a known hallmark of brain aging observed
across species, and KEGG and GO enrichment results suggest
that PVC and BSC exhibit an increased oxidative state in aging
as well (Garaschuk et al., 2018). In this state, ROS compromises
the function of not only metabolic enzymes (Di Domenico et al.,
2010) but also proteins key to neuronal function such as calcium
sensors and neurotransmitter receptors, contributing to age-
associated cognitive impairment (Gao et al., 1998; Pieta Dias
et al., 2007; Haxaire et al., 2012). Under normal conditions,
protein oxidization is mitigated with antioxidant systems and
oxidized proteins are efficiently removed by lysosomes and
proteasomes (Hohn et al., 2013; Jackson and Hewitt, 2016).
However, in aging, these antioxidant and proteolytic systems are
known to become inefficient and neurons experience proteostatic
stress (Chaudhari et al., 2014).

KEGG and GO enrichment analyses suggest that proteostasis
is compromised in both tissues in aging. Particularly in
BSC, upregulation with age in endoplasmic reticulum protein
folding-related transcripts in monotonically increasing cluster
B1 presages the sharp inflection in cluster B2 that is enriched
for further ER-based proteostatic mechanisms. BSC cluster B2
is further enriched for the lysosome KEGG pathways, which
plays a key role in proteostasis by breaking down misfolded
proteins (Jackson and Hewitt, 2016). Similarly, cluster P2, which
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FIGURE 8 | Expression of orthologs annotated for the Kyoto Encyclopedia of Genes and Genomes (KEGG) glycolysis and gluconeogenesis (ko00010) pathway
present in pleural ventral caudal sensory neuron (PVC) expression clusters with decreasing trend (P4 and P5). Each node of the pathway diagram represents an
ortholog assigned to an Aplysia californica transcript. Nodes are divided into seven colored sections, from left to right, ages 6 to 12 months. Node sections are
colored according to their mean centered and variance scaled expression, together representing the expression trends of each node across the aging process.
Nodes that are not colored were absent from the gene sets of expression clusters P4 and P5. Pathway enrichment demonstrates broad downregulation in glucose
metabolism with age including pathways involved in synthesis of acetyl-CoA from pyruvate, which feeds into the TCA cycle.

inflects at sexual maturity and then increases monotonically with
age, is also enriched for the lysosome pathway. Furthermore,
BSC and, to a lesser extent, PVC show upregulations for key

members of the ER stress signaling pathway, namely, homologs of
EIF2AK3 (PERK) and ATF4 (CREB2) with age. This suggests that
disruption of proteostasis begins early and remains a persistent
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FIGURE 9 | Expression of orthologs annotated for the Kyoto Encyclopedia of Genes and Genomes (KEGG) tricarboxylic acid cycle (ko00020) pathway present in
pleural ventral caudal sensory neuron (PVC) expression clusters with decreasing trend (P4 and P5). Each node of the pathway diagram represents an ortholog
assigned to an Aplysia californica transcript. Nodes are divided into seven colored sections, from left to right, ages 6 to 12 months. Node sections are colored
according to their mean centered and variance scaled expression, together representing the expression trends of each node across the aging process. Nodes that
are not colored were absent from the gene sets of expression clusters P4 and P5. Pathway enrichment suggests decreased oxidation of acetyl-CoA in these
neurons with increasing age.

and mounting threat in aging, as observed in Drosophila
(Yang et al., 2019).

In post-mitotic and long lived cells, such as Aplysia neurons,
lysosomes accumulate aggregates of oxidized protein called
lipofuscin with age (Papka et al., 1981; Terman and Brunk, 2004).
This process is accelerated by mitochondrial dysfunction (Konig
et al., 2017). Indigestible lipofuscin decreases lysosome efficiency
and scavenges proteolytic enzymes from autophagosomes,
allowing for persistence of malfunctioning mitochondria (Kurz
et al., 2008). An age-associated decrease in lysosome efficiency
could be particularly problematic for neurons that rely on
lysosomes to facilitate synaptic remodeling (Kononenko, 2017).
Accumulation of lipofuscins has been demonstrated to increase
lysosome number in cultured fibroblasts (Hohn et al., 2012).
A similar response may explain enrichment of lysosomal proteins
in increasing clusters in both BSC and PVC. Enrichment of
ribosome and protein synthesis processes in clusters upregulated
in aging, a phenomenon also observed in the short-lived teleost
Nothobranchius furzeri, may reflect this increasing demand for
lysosomes and activated endoplasmic reticulum stress response in

the face of proteostatic stress (Baumgart et al., 2014). In addition
to oxidized proteins, lipofuscin is also composed of accumulated
metals and oxidized lipids.

Enrichment analysis in clusters B2 and P2 suggests that both
PVC and BSC also accumulate lipids and iron with age. Iron
levels in the brain increase steadily with age in rodent and
human (Dedman et al., 1992), causing increased expression of
the iron storage proteins ferritin and neuro-melanin (Zecca et al.,
2001; Bartzokis et al., 2004; Walker et al., 2016). Both BSC
and PVC exhibited an age-dependent upregulation in homologs
of iron storage protein and aging biomarker Ferritin Heavy
Chain (FTH1). Although this process is known to occur in
healthy aging, increased iron is considered a risk factor for and
contributor to several age-associated neurodegenerative diseases
(Ndayisaba et al., 2019).

BSC and PVC also exhibited age-dependent upregulation in
a homolog for lipid storage droplet (LD) biomarker Perilipin 2
(PLIN2). Accumulation of LD in non-adipose tissues, including
neurons, as a result of aging has been described in humans,
worms, rodents, and Aplysia (Savage et al., 1987; Conte et al.,
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FIGURE 10 | Expression of orthologs annotated for the Kyoto Encyclopedia of Genes and Genomes (KEGG) oxidative phosphorylation (ko00190) pathway present
in pleural ventral caudal sensory neuron (PVC) expression clusters with decreasing trend (P4 and P5). Each node of the pathway diagram represents an ortholog
assigned to an Aplysia californica transcript. Nodes are divided into seven colored sections, from left to right, ages 6 to 12 months. Node sections are colored
according to their mean centered and variance scaled expression, together representing the expression trends of each node across the aging process. Nodes that
are not colored were absent from the gene sets of expression clusters P4 and P5. Pathway enrichment indicates that all components of the electron transport chain
in mitochondria are inhibited with aging and thus energy production from ATP synthase is likely to be reduced with aging.

2016; Shimabukuro et al., 2016; Palikaras et al., 2017). Lipid
sequestration into LD functions to protect oxidation susceptible
lipids from ROS. Oxidative stress as a result of mitochondrial
dysfunction and/or iron accumulation is known to induce this
formation of LD in the brain and foreshadows the onset of age-
associated neurodegenerative disease (Campos et al., 2015; Liu
et al., 2015). In the pond snail Lymnaea stagnalis, a gastropod
relative of Aplysia, oxidation of membrane lipids has been
shown to drive age-associated decreases in neuronal excitability
(Hermann et al., 2014). Therefore, the increased lipid oxidation
rate suggested by increased PLIN2 expression may be responsible
for similar decreases in neuronal excitability and conduction
velocity in aging observed in Aplysia previously (Kempsell and
Fieber, 2014, 2016).

In both BSC and PVC, increases in lysosome-related
transcripts as well as lipid and iron storage biomarkers co-
occurred in the same cluster, suggesting a response to a common
underlying driver. In PVC, this mirrors the linear decrease of
mitochondrial metabolism cluster P4. In BSC, meanwhile, this
occurs in cluster B2, which exhibits a strong negative inflection
that lags behind the decrease of mitochondrial metabolism
cluster B4. Overall, these patterns suggest a common response
to declines in neuronal metabolism. Lipofuscin formation, iron
sequestration, and LD formation all occur as a result of and
contribute to ROS accumulation, which is known to be a
result of mitochondrial dysfunction. These data suggest that

metabolic impairment may be the driver of these aging hallmarks,
as suggested in the Energy Maintenance Theory of Aging
(Chaudhari and Kipreos, 2018) and the Free-Radical-Induced
Energetic and Neural Decline in Senescence (FRIENDS) theory
of aging (Raz and Daugherty, 2018).

Decreases in metabolic activity in aging may also compromise
the energetically expensive signaling functions of these SN.
Indeed, pathways and processes crucial to normal neuronal
signaling, such as synaptic release of neurotransmitter and
synaptic remodeling during potentiation and depression,
were downregulated in aging along with major metabolic
pathways. In BSC, decreased expression in major metabolic
pathways in cluster B4 temporally preceded the strong negative
inflection in cluster B3, which is enriched primarily in neuronal
signaling pathways. This may suggest that, in BSC, not only
are metabolic and signaling pathways related, as in PVC,
but that it is the decline in energy metabolism that drives
decreases in normal neuronal function. Decreased glycolysis
in particular, as suggested by enrichment of decreasing
clusters, may adversely affect the ability of these SN to
transmit incoming sensory input across the synapse (Jang
et al., 2016; Lujan et al., 2016; Diaz-Garcia and Yellen, 2019).
Furthermore, knock-on effects of compromised TCA and
OXPHOS activity, namely, compromised Ca+2 signaling due to
impaired mitochondria and ER stress, as well as compromised
functioning of signaling pathways and neurotransmitter
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receptors due to ROS damage, likely also contribute to impaired
neuronal function.

Decreasing expression of genes associated with long-term
potentiation in clusters B3 and P4 suggests that the chemical
mechanisms underpinning simple learning are impaired with age
in these SN, specifically through decreases in plasma membrane
receptors, calcium sensing via calmodulin, and the MAPK
signaling cascade. During strong stimulation to elicit long-
term facilitation (LTF), such as five pulses of 5HT, protein
kinase A (PKA) stimulates secretion of autocrine peptide
sensorin, which, in turn, activates and translocates MAPK
to the nucleus (Hu et al., 2004). There, MAPK removes
CREB2 transcriptional repression and phosphorylates CREB1
and C/EBP, thus mediating transcriptional events necessary
for LTF (Martin et al., 1997; Michael et al., 1998). Inhibition
of MAPK or its activator MAPK/ERK kinase (MAP2K1,
MEK) blocks LTF. Both MEK and its upstream activator
and calmodulin target Ras are downregulated in BSC and
PVC, suggesting impairment of the MAPK signaling cascade
needed for induction of long-term memory in aging. This may
contribute to previously observed decreases in 5-HT induced
facilitation in PVC with age (Kempsell and Fieber, 2015a).
Interestingly, while the MAPK cascade is downregulated in both
BSC and PVC, CREB2 (ATF4) is upregulated, likely due to
proteostatic stress, suggesting that the response to disruptions
in proteostasis may be connected to observed impairment in
learning with age.

In addition to PKA, protein kinase G (PKG) may also play
an important role in compromised learning in aging observed in
BSC and PVC. In mammals, noxious stimulation of nociceptive
neurons activates PKG that promotes MAPK translocation to
the nucleus and induces long-term hyperexcitability (LTH)
(Komatsu et al., 2009). Similarly, pinch stimulus to SN in Aplysia
activates the PKG signaling pathway and results in activation and
translocation of MAPK, resulting in LTH (Lewin and Walters,
1999; Sung et al., 2004). In addition to the MAPK cascade,
the cGMP-PKG signaling pathway (ko04022), including PKG
specifically, is significantly decreased in clusters B3 and P4
with aging. Similarly, long-term operant memory in learning
that a food item is inedible previously has been shown to
depend on PKG-mediated MAPK signaling in Aplysia, raising the
possibility that the age-related memory impairments observed
in BSC and PVC may be due to decreased PKG expression
(Michel et al., 2011; Kempsell and Fieber, 2015b). Given the
role of NO-derived PKG signaling in the feeding behavior of
Aplysia (Susswein and Chiel, 2012), observed downregulation
of PKG with age may also contribute to observed decreased
feeding and resultant weight loss observed in aged Alysia
(Fieber et al., 2010).

Together, these data suggest that decreases in oxidative
metabolism precede later hallmarks of neuronal aging.
Initial declines in glucose metabolism result in decreased
energy available for homeostatic functions, such as protein
folding and ROS detoxification. A feedback loop ensues, in
which increased mitochondrial dysfunction induces more
oxidative stress. Further impaired metabolism continues
until a threshold is reached and the native antioxidant and

proteostatic defenses are no longer sufficient. In response,
neurons transition from antioxidant defense to damage control
by sequestering volatile iron with ferritins, packaging ROS
susceptible lipids into LD with perilipins, and accumulating
lipofuscins in lysosomes. Metabolic impairment and increasing
resource expenditure on sequestration and repair diverts
limited energy reserves away from neuronal functions such
as restoration of resting membrane potential and other facets
of synaptic transmission, which disrupts normal signaling.
Impaired signaling results in cognitive impairment at
the whole organism level. Thus, age-associated cognitive
impairment ultimately arises from metabolic declines in
relevant neurons.

Although these age-associated changes in Aplysia SN were
studied in the context of non-pathological aging, aging and age-
associated disease exist on a continuum (Franceschi et al., 2018).
Indeed, many of the described changes are common underlying
symptoms of both aging and age-associated neurodegenerative
disease. Metabolic compromise, particularly of OXPHOS, and
associated mitochondrial dysfunction are classical hallmarks
of Alzheimer’s and Parkinson’s disease. Similarly, oxidative
stress as a result of mitochondrial compromise-derived ROS
is common to the etiologies of many neurodegenerative
diseases, including Alzheimer’s, Parkinson’s, and beyond (Kim
et al., 2015; Islam, 2017). Impaired proteostasis defines many
neurodegenerative diseases, with accumulation of aggregates of
malformed proteins being defining diagnostic features for many,
such as α-synuclein for Parkinson’s and amyloid-β and tau for
Alzheimer’s (Hetz and Mollereau, 2014; Kurtishi et al., 2019).
Furthermore, as mentioned earlier, the accumulation of iron
and LD in neurons is a risk factor and an early indicator of
the onset of neurodegenerative disease (Bartzokis et al., 2004;
Silvestri and Camaschella, 2008; Liu and Connor, 2012; Ward
et al., 2014; Liu et al., 2015; Han et al., 2018). These data
suggest that Aplysia SN exhibit transcriptional signatures of
these same processes. Effective investigation of age-associated
neurodegenerative disease requires study in the context in which
they arise: the aging nervous system (Johnson, 2015; Wallace
and Howlett, 2016). These results demonstrate that Aplysia SN
present an excellent model system for doing just that.
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Background: Mild cognitive impairment (MCI) is regarded as a transitional stage

between normal aging and Alzheimer’s disease (AD) dementia. MCI individuals with

deficits in executive function are at higher risk for progressing to AD dementia. Currently,

there is no consistent result for alterations in the executive control network (ECN) in MCI,

which makes early prediction of AD conversion difficult. The aim of the study was to

find functional MRI-specific alterations in ECN in MCI patients by expounding on the

convergence of brain regions with functional abnormalities in ECN.

Methods: We searched PubMed, Embase, andWeb of Science to identify neuroimaging

studies using methods including the amplitude of low frequency fluctuation/fractional

amplitude of low-frequency fluctuation, regional homogeneity, and functional connectivity

in MCI patients. Based on the Activation Likelihood Estimation algorithm, the

coordinate-based meta-analysis and functional meta-analytic connectivity modeling

were conducted.

Results: A total of 25 functional imaging studies with MCI patients were included in a

quantitative meta-analysis. By summarizing the included articles, we obtained specific

brain region changes, mainly including precuneus, cuneus, lingual gyrus, middle frontal

gyrus, posterior cingulate cortex, and cerebellum posterior lobe, in the ECN based on

these three methods. The specific abnormal brain regions indicated that there were

interactions between the ECN and other networks.

Conclusions: This study confirms functional imaging specific abnormal markers in ECN

and its interaction with other networks in MCI. It provides novel targets and pathways for

individualized and precise interventions to delay the progression of MCI to AD.

Keywords: mild cognitive impairment, resting state, executive control network, the amplitude of low frequency

fluctuation, regional homogeneity, functional connectivity
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INTRODUCTION

Mild cognitive impairment (MCI) is regarded as a transitional
stage between normal aging and Alzheimer’s disease (AD)
dementia (Jia et al., 2015). Executive function is an important
high-level cognitive process and a function of flexible integration
and cooperative operation of different cognitive processes to
achieve a specific goal (Trossman et al., 2020). The executive
function of MCI patients is significantly impaired, which is
mainly reflected in planning ability, continuous attention, and
other aspects (Trossman et al., 2020). Hence, executive function
impairment is associated with severe and lasting progression to
AD inMCI individuals compared to other cognitive impairment.
As is well-known, the executive control network (ECN) in MCI,
which is a wide range of brain regions responsible for executive
function shows different changes in brain regions in different
studies (Joshi et al., 2019). There is no doubt that studying the
specific abnormal biomarkers of executive function is a necessity
due to a lack of consistent results.

Resting state functional MRI (rsfMRI) has superiority in
detecting several neuropsychiatric disorders in which the
changes in blood oxygen level signal intensity are considered
an indirect tool associated with function in specific regions
of the human brain (Wee et al., 2016). Current studies
usually evaluate functional alterations in the ECN by the
following methods in rsfMRI: (1) the amplitude of low-
frequency fluctuation (ALFF)/fractional amplitude of low-
frequency fluctuation (fALFF), (2) regional homogeneity (ReHo),
and (3) functional connectivity (FC). The ALFF and fALFF are
methods that measure the amplitude of spontaneous regional
brain activity by calculating the square root of the power
spectrum in the low-frequency range. The fALFF method has
been confirmed to be more sensitive compared with ALFF (Yang
et al., 2019). Numerous studies indicate that the specific patterns
of ALFF and fALFF provide insights into the mechanism in AD
and MCI patients (Yang et al., 2018). ReHo is widely used in the
study of various mental disorders and has been demonstrated to
have a high test–retest reliability in the study of the consistency
of brain activity. A large amount of evidence shows a correlation
between the ReHo value of abnormal brain areas and clinical

symptoms (Luo et al., 2018). FC usually reflects the connectivity
between brain regions to reveal whether there is connectivity
disruption or compensation based on independent component
analysis and seed point (Liu et al., 2020). All three methods have
their own advantages in studying ECN in patients with MCI, but
the results are unanimous.

ECN, mainly anchored in the bilateral dorsolateral prefrontal
lobe, ventral prefrontal lobe, frontal insular cortex, and parietal
lobe, has extensive connections with other regions (Wu et al.,

2014). ECN plays an important role in the integration of sensory
and memory information, the regulation of cognition and

behavior, and the working memory process with the prefrontal
lobe as its core (Petersen et al., 2019). A combined arterial
spin labeling (ASL), perfusion, and rsfMRI study confirms that
the brain regions in AD where cerebral blood flow and ALFF
decrease predict a disruption in the ECN (Zheng et al., 2019).

However, the lack of consistent results for specific alterations

in ECN fail to provide specific imaging markers in predicting

the transition from MCI to AD. Therefore, to explore the
specific imaging markers in ECN is essential to determine if
these early alterations will serve as sensitive predictors of clinical
decline and, eventually, as markers of MCI progress to AD by
summarizing previous studies.

Currently, the widely recognized resting state brain networks
include the default mode network (DMN), ECN, salience
network (SAL), dorsal attention network (DAN), fronto-
parietal network (FPN), and sensory-motor network (SMN, a
combination of three originally separate RSNs that correspond to
the primary auditory, primary visual, and somatomotor cortices)
(Chen et al., 2016). The components of each network are partially
overlapped with other networks, forming dynamic interactions,
which is considered to be of great significance in behavioral
function (Brier et al., 2012). There has been evidence of possible
interactions between the ECN and other networks (Yuan B.
et al., 2016). Cognitive decline or disease would result from
the destruction of certain aspects of this connectivity network
(Leech and Sharp, 2014). As a result, it is necessary to investigate
the mechanisms underlying the interaction between the known
networks in MCI patients.

Anatomical/activation likelihood estimation (ALE) is an
effective coordinate-based meta-analysis (CBMA), which avoids
laboratory bias in quantifying consistent imaging findings across
studies (Robinson et al., 2012). ALE has been used extensively
in rsfMRI studies, and it is suggested that ALE may provide
image-specific markers (Robinson et al., 2010). In total, each
individual coordinate from each study that is presented as a 3-
D Gaussian probability distribution. ALE maps were produced
by combining the distributions from all the studies in which
significance was determined by using the threshold of p <

0.05 (Doucet et al., 2020). This method was applied in the
quantification of the location and extent of cerebellar changes
across the main frontotemporal dementia and neuroimaging in
Parkinson’s disease dementia (Chen et al., 2019;Weil et al., 2019).
Because it has been used extensively in degenerative diseases, it is
reasonable to use it in MCI patients. To our knowledge, so far,
it is rare that a meta-analysis is made on the functional specific
alterations of the ECN in MCI patients. As a result, a quantitative
meta-analysis of published neuroimaging studies using the ALE
algorithm were conducted to provide an overview of the current
literature on specific alterations of the ECN.

Hence, the aim of the present study was to evaluate the
specific functional alterations in the ECN more comprehensively
and discuss the functional imaging-specific abnormal markers
in ECN and its interaction with other networks in MCI by
using three techniques. It was hypothesized that, in MCI, (1)
the three indexes of the ECN would show the special imaging
abnormal markers, and (2) these specific brain regions would
exist abnormal interactions with other networks.

METHODS

Literature Search and Study Selection
The meta-analysis of neuroimaging studies was conducted
according to the PRISMA statement and recorded using the
suggested checklist.
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FIGURE 1 | Flow of information through the different phases of a systematic review.

Search Strategy
PubMed, Embase, and Web of science were thoroughly and
systematically searched. Search keywords were as follows:
(1) (“functional magnetic resonance imaging” [MeSH]
OR “RESTING STATE” [MeSH]) AND [“mild cognitive
impairment” [MeSH] AND “Executive Control” [MeSH]
AND “Functional connectivity”]; (2) (“functional magnetic
resonance imaging” [MeSH] OR “RESTING STATE” [MeSH])
AND (“mild cognitive impairment” [MeSH] AND “regional
homogeneity”); and (3) (“functional magnetic resonance
imaging” [MeSH] OR “RESTING STATE” [MeSH]) AND “mild
cognitive impairment” [MeSH] AND (“fractional amplitude of
low frequency fluctuation” OR “amplitude of low frequency
fluctuation”) (Supplementary Table 1).

Only publications in English were selected. A total of 271
specific articles were screened. The flowchart of the literature
search and selection strategy is shown in Figure 1.

Inclusion and Exclusion Criteria
All articles related to rsfMRI investigations on MCI were
included in our study. To make comparisons between healthy
controls (HCs) and MCI, information about Talairach or
the Montreal Neurologic Institute (MNI) were required in
these investigations.

If articles were based on other diseases, such as schizophrenia,
depression, et al. they were eliminated. We dropped secondary
processing of literature, such as reviews and meta-analysis
articles. Case studies without group-level statistics were excluded.
Articles whose necessary data could not be obtained even after
contacting the author/s were excluded. Articles based on region
of interest analysis were excluded.

Data Extraction and Quality Assessment
Two researchers conducted selection, data extraction, and cross-
checks independently. A third reviewer participated in judgment
when disagreements appeared of any kind. First, we selected
articles related to ECN. Second, articles with respect to the
abnormal functional network in the use of ALFF/fALFF and
ReHo were included. All the abnormal brain regions extracted
from the articles were based on brain regions in the ECN included
in the articles.

Data Analysis Procedures
Comparing MCI with HCs, we separated the three different
methods by decreasing and increasing and then calculated them
on the software: increased ALFF/ fALFF (n = 251; 19 foci);
decreased ALFF/fALFF (n = 414; 36 foci); increased ReHo
(n = 222; 17 foci); decreased ReHo (n = 202; 18 foci); increased
FC (n= 136; 19 foci); decreased FC (n= 76; 17 foci).
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An ALE meta-analysis was conducted with a Java-based
version of Ginger ALE 2.3.6 (http://www.brainmap.org/ale)
(Eickhoff et al., 2012). The aim of ALE was to assess the
convergence of the difference between MCI and HC groups in
terms of foci across studies. First, we used a text file to read
foci data that are imported into the software (Eickhoff et al.,
2012). A threshold at p < 0.05 using the false discovery rate
(FDR) was set in ALE maps (Eickhoff et al., 2012). Last, the maps
were covered into the MNI 152 template and viewed with Dpabi
software (http://fmri.org/dpabi).

RESULTS

Search Results
The study characteristics and results are summarized in Table 1.

Meta-Analysis Results
Abnormal ALFF/fALFF in MCI
Compared with HC, MCI patients showed increased
ALFF/fALFF in the right lingual gyrus (LING), right cerebellum
posterior lobe (CPL), right cerebellum anterior lobe (CAL), right
precuneus (PCUN), right inferior parietal lobule (IPL), and left
inferior temporal gyrus (ITG) (Table 2, Figure 2). MCI patients
showed decreased ALFF/fALFF in right PCUN, right posterior
cingulate cortex (PCC), and right parahippocampal gyrus (PHG)
(Table 2, Figure 2).

Altered ReHo in MCI
Compared with HC, MCI patients showed increased ReHo
in left PCUN, right precentral gyrus (PreCG), left cuneus,
bilateral LING, left inferior frontal gyrus (IFG), right paracentral
lobule (PCL), and right PreCG (Table 2, Figure 3). MCI patients
showed increased ReHo in bilateral PCUN, left cuneus, right
superior parietal lobule (SPL), and right middle temporal gyrus
(MTG) (Table 2, Figure 3).

Altered FC in MCI
Compared with HC, MCI patients showed increased FC in right
PreCG and right middle frontal gyrus (MFG) (Table 2, Figure 4).
MCI patients showed decreased FC in right MFG, right IFG,
bilateral cingulate gyrus, bilateral medial frontal gyrus (mFG),
and bilateral superior frontal gyrus (SFG) (Table 2, Figure 4).

DISCUSSION

Special Imaging Abnormal Markers
Our study was the first meta-analysis to identify specific brain
region changes in the ECN and explore the interactions between
the ECN and other networks. As expected, compared with HCs,
the brain functional differences of MCI patients were observed in
frontal regions, including mFG, IFG, SFG, and MFG, in addition
to temporal regions, such as ITG, PHG, and MTG, as well as
parietal regions, such as the PCC/PCUN, IPL, PCL, and SPL.
There was little difference in the occipital lobes among the groups
except for a small cluster of LING. Additionally, differences were
also found in several subcortical regions, such as the lentiform
nucleus (LN) and anterior and posterior lobe of the cerebellum.

In summary, reviewing the results of this paper, the ECN
involved in frontal and parietal regions showed a downward
trend in MCI patients. Areas of the ECN that showed an upward
trend are mainly in the occipital, temporal, and subcortical
regions with a small portion also rising in the frontal and parietal
regions, which may be the compensatory mechanism of the
disruption of frontal and parietal lobes in MCI patients (Valera-
Bermejo et al., 2020). It is also well-established that the frontal
and parietal regions are crucial aspects of the ECN, which send
rich sensory information not only for movement controls, but
also for other cognitive abilities, especially in executive function
(Roh et al., 2020). Although the results reveal an increase in the
frontal and parietal regions, these discrepant findings may be
related to the different stages of MCI (Cosentino et al., 2020).

Interactive Neural Network
The neural networks interacting with ECN involve DMN, VN,
and FPN. The cerebro-cerebellar loops also were affected. Further
analyses were performed to estimate whether the co-activation
patterns of these regions could be fully attributed to some
recognized neural networks.

The co-activation patterns, driven by differences between
MCI and HCs, involved bilateral PCC/PCUN, right IPL, right
PHG, and right MTG, which were mainly located in the DMN.
The DMN is usually active when the individual is awake and
resting, not focused on the outside world (Zhang et al., 2019). In
contrast, when the individual is in the routine task experiment
with external stimuli, the network was in the deactivated state
(Zhang et al., 2019). Converging lines of evidence indicate that
DMN, where β-amyloid (Aβ) protein deposition tends to occur,
is considered to play an important role in various cognitive
functions (Esposito et al., 2018). It is well-known that DMN
contributes to information processing related to motivation,
emotion, learning, cognition, and memory (Nicholson et al.,
2020). In the present results, decreased ALFF/fALFF and ReHo
in MCI were all jointly located in bilateral PCUN, which engage
in executive function. In addition to the bilateral PCUN, the
PCC, right PHG, and right MTG exhibit a significant decreased
group difference. Recent research revealed that PCC and PCUN
appeared to have the most structural and functional alterations
in MCI patients (Fuchs et al., 2020). From the structural point
of view, a study highlighted the association between PHG and
gait parameters in MCI patients. There was a linear correlation
between the decrease of hippocampal graymatter volume and the
gait parameters representing executive function (Cosentino et al.,
2020). The reason whymost of the abnormal areas are in the right
hemisphere is that adults’ cognitive networks are biased (Katsel
et al., 2018). However, the increased ALFF value in the PCUN
and IPL, which may be evidence of a compensatory mechanism
at different stages of disease (Simo et al., 2018). As reported, a
compensatory mechanism in brain networks is common (Simo
et al., 2018).

DMN is involved with episodic memory (EM) in which
deficits are a typical clinical symptom of MCI (Yuan B. et
al., 2016). Previous studies demonstrate that overlapping brain
regions between the EF and EM networks indeed exist and
elaborate that the DMN and ECN are dynamically interactive and
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TABLE 1 | Demographic characteristics of the included studies.

Study Imaging

modality

N Age (SD) Gender

(male/female)

MMSE (SD) Group

contrasts

Foci Correction for

multiple

comparisons

ALFF

Zhuang et al. (2012) rs-fMRI MCI 47

HC 33

71.957 (4.77)

72.848 (3.39)

28/19

18/15

26.979

(1.525)

28.182 (1.334)

MCI>HC

MCI<HC

1

0

P < 0.05 (cor)

Yin et al. (2014) rs-fMRI MCI 22

HC 11

62.1 (8.1)

66.6 (8.7)

12/10

2/9

24.6 (3.2)

29.2 (1.1)

MCI>HC

MCI<HC

1

4

P < 0.05 (cor)

Zhao et al. (2014) rs-fMRI MCI 20

HC 18

65.11 (9.92)

66.81 (7.43)

8/12

8/10

25.21 (2.24)

29.31 (1.22)

MCI>HC

MCI<HC

4

3

P < 0.01 (cor)

Wang et al. (2011) rs-fMRI MCI 16

HC 22

69.38 (7.00)

66.55 (7.67)

7/9

7/15

26.50 (1.03)

28.59 (0.59)

MCI>HC

MCI<HC

1

4

P < 0.05 (cor)

Liu X. et al. (2014) rs-fMRI MCI 46

HC 32

71.89 (4.88)

72.84 (3.46)

27/19

18/14

– MCI>HC

MCI<HC

1

1

P < 0.05 (cor)

Zhuang et al. (2019) rs-fMRI MCI 35

HC 26

71.06 (4.42)

69.10 (5.31)

23/12

16/10

27.30 (1.46)

28.14 (1.36)

MCI>HC

MCI<HC

1

1

P < 0.05 (cor)

Cai et al. (2017) rs-fMRI MCI 39

HC 38

72.4 (5.01)

73.92 (3.90)

19/20

19/19

25.51 (2.88)

29.28 (0.88)

MCI>HC

MCI<HC

5

8

P < 0.05 (cor)

Jia et al. (2015) rs-fMRI MCI 8

HC 15

74.1 (7.8)

70.2 (7.1)

2/6

8/7

27.0 (2.3)

29.2 (1.3)

MCI>HC

MCI<HC

0

1

P < 0.01 (cor)

Yang et al. (2018) rs-fMRI aMCI 55

HC 57

67.51 (9.62)

63.77 (8.09)

27/28

22/35

24.66 (4.20)

28.14 (2.13)

MCI>HC

MCI<HC

0

3

P < 0.05 (cor)

Xi et al. (2013) rs-fMRI MCI 18

HC 20

67.39 (7.67)

65.42 (5.75)

8/10

9/9

25.16 (3.43)

28.14 (1.84)

MCI>HC

MCI<HC

1

2

P < 0.05 (cor)

fALFF

Liu et al. (2013) rs-fMRI MCI 38

HC 34

74.91 (5.88)

77.30 (7.33)

16/16

15/13

– MCI>HC

MCI<HC

2

1

P < 0.05 (cor)

Yang et al. (2019) rs-fMRI MCI 52

HC 55

68.06 (9.32)

63.41 (7.97)

26/26

22/23

24.52 (4.27)

28.07 (2.14)

MCI>HC

MCI<HC

0

2

P < 0.05 (cor)

Yang et al. (2018) rs-fMRI MCI 55

HC 57

67.51 (9.62)

63.77 (8.09)

27/28

22/35

24.66 (4.20)

28.14 (2.13)

MCI>HC

MCI<HC

0

3

P < 0.05 (cor)

Zhou et al. (2020) rs-fMRI aMCI 24

HC 32

69.8 (6.2)

67.9 (6.4)

10/14

14/18

23.9 (3.6)

28.0 (1.9)

MCI>HC

MCI<HC

2

0

P < 0.001 (cor)

rs-fMRI aMCI 47

HC 32

69.1 (6.5)

67.2 (6.6)

23/24

14/18

23.3 (3.7)

28.4 (1.8)

MCI>HC

MCI<HC

0

1

P < 0.05 (cor)

ReHo

Liu Z. et al. (2014) rs-fMRI MCI 12

HC 12

59.30 (3.3)

60.6 (5.8)

1/11

4/8

26.4 (0.9)

29.8 (0.4)

MCI>HC

MCI<HC

3

4

P < 0.01 (cor)

Min et al. (2019) rs-fMRI MCI 10

HC 10

69.80 (2.658)

69.90 (2.601)

5/5

5/5

25.90 (0.738)

29.30 (0.823)

MCI>HC

MCI<HC

3

4

P < 0.05 (uncor)

Cai et al. (2018) rs-fMRI MCI 50

HC 53

72.3 (6.86)

76.08 (6.45)

24/26

29/24

24.3 (2.45)

28.2 (2.13)

MCI>HC

MCI<HC

1

1

P < 0.01 (cor)

rs-fMRI MCI 20

HC 53

69.76 (6.48)

76.08 (6.45)

11/9

29/24

25.61 (2.67)

28.2 (2.13)

MCI>HC

MCI<HC

1

0

rs-fMRI MCI 32

HC 53

73.99 (6.08)

76.08 (6.45)

17/15

29/24

22.9 (2.98)

28.2 (2.13)

MCI>HC

MCI<HC

2

0

Luo et al. (2018) rs-fMRI MCI 32

HC 49

72.43 (4.25)

73.33 (4.60)

17/15

18/31

27.16 (1.71)

29.02 (1.20)

CI>HC

MCI<HC

1

1

P < 0.01 (cor)

MCI 32

HC 49

74.90 (5.27)

73.33 (4.60)

17/15

18/31

28.34 (1.68)

29.02 (1.20)

MCI>HC

MCI<HC

0

1

Yuan X. et al. (2016) rs-fMRI MCI 36

HC 46

66.8 (9.5)

64.3 (7.8)

17/19

19/27

24.9 (3.4)

28.5 (2.0)

MCI>HC

MCI<HC

4

3

P < 0.05 (uncor)

Wang et al. (2015) rs-fMRI MCI 30

HC 36

69.1 (5.8)

70.1 (5.5)

18/12

15/17

26.2 (2.2)

28.1 (1.5)

MCI>HC

MCI<HC

3

3

fc

Liang et al. (2011) rs-fMRI MCI 16

HC 16

68.50 (7.77)

67.19 (8.38)

10/6

10/6

25.94 (1.65)

28.56 (0.63)

MCI>HC

MCI<HC

2

1

P < 0.05 (cor)

(Continued)
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TABLE 1 | Continued

Study Imaging

modality

N Age (SD) Gender

(male/female)

MMSE (SD) Group

contrasts

Foci Correction for

multiple

comparisons

Zhu et al. (2016) rs-fMRI MCI 19

HC 28

63.8 (6.7)

65.7 (10.7)

7/12

11/17

26.7 (1.6)

29.0 (0.8)

MCI>HC

MCI<HC

0

2

P < 0.05 (cor)

Wu et al. (2014) rs-fMRI MCI 13

HC 16

69.00 (5.69)

67.75 (5.64)

6/7

8/8

26.23 (2.05)

29.13 (1.09)

MCI>HC

MCI<HC

12

9

P < 0.05 (cor)

Yu et al. (2019) rs-fMRI MCI 14

HC 18

68.79 (8.99)

73.78 (9.92)

9/5

6/12

26.00 (0.88)

29.56 (0.51)

MCI>HC

MCI<HC

1

1

P < 0.01 (uncor)

Liang et al. (2012) rs-fMRI MCI 14

HC 14

69.64 (6.88)

68.07 (7.46)

6/8

6/8

26.64 (1.01)

28.57 (0.65)

MCI>HC

MCI<HC

1

4

P < 0.05 (cor)

closely linked (Yuan B. et al., 2016). Additionally, patients with
EF impairment can also simultaneously suffer from impaired
EM. It has been proven that dysfunctional connectivity in the
DMN may reflect the gradual decline from MCI to AD (Hojjati
et al., 2018). As a result, the present findings in the DMN
show the neural mechanisms related to the interaction between
impaired EF and the DMN network in MCI patients in new
sights. Focusing on these brain areas is beneficial to the later
individualized intervention for AD progression.

LING has the most significantly increased difference in
terms of ALFF/fALFF and ReHo. Alteration of ALFF/fALFF
also indicated an increase in ITG, and alteration of ReHo also
indicated an increase in cuneus. However, decreased ReHo of
cuneus was still revealed. If disturbed, LING, which is the
important region of VN, fails to process visual function (Li
et al., 2020). VN anatomy areas include LING, CUN, PCUN,
middle occipital gyrus, and ITG (Li et al., 2020). Previous studies
have elucidated that multiple integrations of SMN, VN, and
the cognitive network coordinate with each other to provide
the organism with the signals to perceive and respond to its
surrounding environment (Xu et al., 2020). That is to say,
impairments in any of these components will lead to cognitive
impairment at the clinical level.

In the early stages of the disease, when defects occur in
any of the DMN and ECN, the VN connection may increase
as a compensation owing to the whole collaborative brain
system. However, studies have shown that visual impairment
does not necessarily occur when a pathway in the visual network
is interrupted with the disease progressing (He et al., 2020).
With multiple pathways impaired, patients may have problems
with space, orientation, color, and size in visual areas, which
further affect the executive function (He et al., 2020). Although
our results show both a decrease and increase in cuneus, this
suggests that cuneus is an area that is easily affected in cognitive
impairment. Compensation and impairment are manifested at
different stages of the disease (Simo et al., 2018).

Compared with HCs, MCI groups exhibit decreased
functional connectivity in SFG, mFG, MFG, IFG, and cingulate
gyrus. The area of decreased ALFF/fALFF in patients was as
well as in cingulate gyrus. Increased key areas with ECN include
MFG, SPL, PreCG, and IFG. These specific regions are located
in the frontal-parietal cognitive/attention network (involved in

many cognitive tasks, cognitive control, learning and planning,
etc.) (Margolis et al., 2019). Based on resting-state functional
connectivity and graph theory analysis, a two-system model
for cognitive control, including FPN and the cingulo-opercular
network, is proposed as the commanders of the brain (Cignetti
et al., 2018). More specifically, the two networks that are
hypothesized to be responsible for a dual-system of top-down
control involve the cingulate cortex, dorsolateral prefrontal
cortex (DLPFC), premotor cortex, anterior prefrontal cortex,
IPL, medial frontal cortex, and superior portions of the parietal
cortex (Cignetti et al., 2018).

A randomized controlled trial pointed out that executive
functions, including control of thoughts and actions, fine-
tuning attention, and information acquisition and analysis, are
regarded to be involved in the attentional network model (van
Houdt et al., 2019). As the important node of FPN, SPL is
connected with visual attention. Our results show a functional
disconnection within a distributed FPN network and confirm
that disconnection of the prefrontal cortex and cingulate gyrus
can also be detected in MCI, the early stage of AD. As we
know, the frontal lobe is particularly advanced, involved in
processing memory and emotion (Zhang et al., 2020). The
anterior prefrontal cortex is a component gathered by IFG,
SFG, MFG, and PreCG (Zhang et al., 2020). Current research
confirms that the completion of executive function depends on
the dynamic interaction between the prefrontal cortex and other
cortical regions (Liang et al., 2012). In contrast, compensation
coexists in MCI patients, which is the reason for the appearance
of increasing frontal regions, especially in the early stage of AD.

In recent years, the role of the cerebellum in cognition
has been gradually studied, especially in the collaborative
management of cognitive functions within the brain. Posterior
lobe lesions lead to cerebellar cognitive affective syndrome
(CCAS), the typical characteristics of which involve deficits in
executive function, linguistic learning, visual spatial processing,
and regulation of affect (Wang et al., 2019). Previous studies
demonstrate that the underlying mechanisms of cognitive
impairment with cerebellar lesions might include abnormal
fiber connections observed between the cerebellum and the
functional areas of the cerebrum, particularly in the precuneus,
cingulate gyrus, and frontal and temporal lobes (Schmahmann,
2019). In the present study, increased ALFF/fALFF in CPL
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TABLE 2 | All clusters from ALE analysis.

Cluster Volume

(mm3)

MNI Anatomical regions Maximum

ALE value

Side BA

X Y Z

ALFF/fALFF

MCI>HC

1 25,160 12 −78 −6 Lingual gyrus 0.00939537 Right 18

1 25,160 10 −72 6 Lingual gyrus 0.008647516 Right 18

1 25,160 6 −64 −18 Cerebellum posterior lobe 0.009014993 Right –

1 25,160 12 −52 4 Cerebellum anterior lobe 0.008706492 Right –

2 21,880 34 −54 60 Superior parietal lobule 0.009608363 Right 7

2 21,880 30 −48 52 Precuneus 0.009242964 Right 7

2 21,880 10 −50 48 Precuneus 0.008747492 Right 7

2 21,880 50 −42 58 Inferior parietal lobule 0.0075041777 Right 40

2 21,880 42 −46 58 Inferior parietal lobule 0.0067537758 Right 40

3 12,680 −62 −18 −16 Inferior temporal gyrus 0.00849089 Left 20

3 12,680 −50 −18 −24 Sub-gyra 0.008587312 Left 21

MCI<HC

1 12,080 12 −66 28 Precuneus 0.010766 Right 31

1 12,080 4 −58 24 Posterior cingulate 0.009437 Right 23

1 12,080 14 −52 44 Precuneus 0.006358 Right 7

2 9,720 36 −18 −16 Parahippocampal gyrus 0.008893 Right –

2 9,720 24 −22 −32 Parahippocampal gyrus 0.00809 Right 35

2 9,720 20 −18 −20 Parahippocampal gyrus 0.008063 Right 28

ReHo

MCI>HC

1 21,424 56 14 14 Inferior frontal gyrus 0.008986 Right 44

1 21,424 54 18 0 Precentral gyrus 0.00663 Right 44

1 21,424 34 10 15 Claustrum 0.006546 Right –

2 20,488 −18 −76 44 Precuneus 0.00918 Left 7

2 20,488 −26 −77 47 Precuneus 0.002658 Left 19

2 20,488 0 −70 36 Cuneus 0.006447 Left 7

3 18,920 9 −66 −6 Cerebellum anterior lobe 0.009139 Right –

3 18,920 0 −90 −2 Lingual gyrus 0.008971 Left 18

3 18,920 14 −88 0 Lingual gyrus 0.00883 Right 18

4 15,392 −42 18 −9 Inferior frontal gyrus 0.008136 Left 47

4 15,392 −18 21 −9 Lentiform nucleus 0.00627 Left –

5 13,208 16 −30 58 Paracentral lobule 0.008827 Right 5

5 13,208 20 −24 72 Precentral gyrus 0.00694 Right 4

MCI<HC

1 18,512 −12 −48 34 Precuneus 0.009523 Left 31

1 18,512 −6 −48 34 Precuneus 0.007298 Left 31

1 18,512 0 −68 36 Cuneus 0.006447 Left 7

2 14,504 36 −72 54 Superior parietal lobule 0.009466 Right 7

2 14,504 44.7 −70 30 Middle temporal gyrus 0.004611 Right 39

FUNCTIONAL CONNECTIVITY

MCI>HC

1 14,984 46 30 32 Precentral gyrus 0.007362 Right 9

1 14,984 28 28 54 Middle frontal gyrus 0.007361 Right 6

1 14,984 36 42 38 Middle frontal gyrus 0.007333 Right 8

MCI<HC

1 31,688 18 12 42 Cingulate gyrus 0.008292 Right 32

1 31,688 16 8 66 Medial frontal gyrus 0.007365 Right 6

1 31,688 −14 16 52 Medial frontal gyrus 0.007361 LEFT 6

(Continued)
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TABLE 2 | Continued

Cluster Volume

(mm3)

MNI Anatomical regions Maximum

ALE value

Side BA

X Y Z

1 31,688 −22 2 68 Superior frontal gyrus 0.007361 Left 6

1 31,688 4 6 58 Medial frontal gyrus 0.007126 Right 6

2 13,704 0 26 30 Cingulate gyrus 0.007361 Left 32

2 13,704 6 42 44 Superior frontal gyrus 0.007331 Right 8

3 13,256 36 30 21 Middle frontal gyrus 0.008029 Right 9

3 13,256 54 15 15 Inferior frontal gyrus 0.007415 Right 44

BA, Brodmann Area; ALE, Anatomical/Activation Likelihood Estimation; MNI, Montreal Neurologic Institute; MCI, amnestic mild cognitive impairment; HCs, healthy controls; ALFF/fALFF,

the amplitude of low frequency fluctuation/fractional amplitude of low-frequency fluctuation; ReHo, regional homogeneity; FC, functional connectivity.

FIGURE 2 | (A) Brain regions showing increased ALFF/fALFF in MCI patients compared with HCs. (B) Brain regions showing decreased ALFF/fALFF in MCI patients

compared with HCs. MCI, amnestic mild cognitive impairment; HCs, healthy controls; ALFF/fALFF, the amplitude of low frequency fluctuation/fractional amplitude of

low-frequency fluctuation; ITG, inferior temporal gyrus; CAL, cerebellum anterior lobe; LING, lingual gyrus; PCUN, precuneus; IPL, inferior parietal lobule; SPL,

superior parietal lobule; PHG, parahippocampal gyrus; PCG, posterior cingulate; R, right; L, left.

FIGURE 3 | (A) Brain regions showing increased ReHo in MCI patients compared with HCs. (B) Brain regions showing decreased ReHo in MCI patients compared

with HCs. MCI, amnestic mild cognitive impairment; ReHo, regional homogeneity; HCs, healthy controls; PHG, parahippocampal gyrus; PCG, posterior cingulate;

PCUN, precuneus; MTG, middle temporal gyrus; LING, lingual gyrus; CAL, cerebellum anterior lobe; IFG, inferior frontal gyrus; PCL, paracentral lobule; PreCG,

precentral gyrus; R, right; L, left. Cerebellum posterior lobe cannot be displayed in this template.

and CAL were of certain important significance in the ECN.
Considering the cerebro-cerebellar loops, it is reasonable
to speculate that the increase of signal in the posterior

cerebellum is a compensatory mechanism after the impairment
of executive function in the MCI group (Schmahmann,
2019).
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FIGURE 4 | (A) Brain regions showing increased FC in MCI patients compared with HCs. (B) Brain regions showing decreased FC in MCI patients compared with

HCs. MCI, amnestic mild cognitive impairment; FC, functional connectivity; HCs, healthy controls; PreCG, precentral gyrus; SFG, superior frontal gyrus; MFG, middle

frontal gyrus; IFG, inferior frontal gyrus; mFG, medial frontal gyrus; R, right; L, left.

LIMITATIONS

Although we have achieved valuable results, some shortcomings
still need mentioning. First, the study is limited due to the
existence of heterogeneity, including different data sources,
preprocessing protocols, statistical or imaging methods, and
threshold settings, which may have affected our results in this
study. However, heterogeneity differences in study characteristics
are negligible with respect to the changes in neuroimaging,
which is a result from multicenter studies (Pardoe et al., 2008).
Second, the subgroup analysis based on the MCI refinement
classification cannot be carried out because the number of articles
is inadequate. Third, confounding factors, such as age and gender,
are as well as the unavoidable limitations.

CLINICAL IMPLICATIONS

Although valuable clinical information is provided by a single
study, it is essential to make quantitative neuroimaging analysis
by summarizing the existing research results, which is helpful
to consolidate our understanding of the pathophysiology of
MCI. In terms of the significant overlapping regions, such as
precuneus, cingulate gyrus, and lingual gyrus in ECN, it is no
doubt that the findings of our article will provide new insight
into cooperative interaction between ECN and other networks,
which can be used as neural markers for disease improvement in
different pathological states. TMS therapeutic target design and
drug treatment will obtain a more objective basis. In a word,
our results strongly reveal the imaging features of disease-specific
brain area damage and lay the foundation for in-depth study of
the pathogenesis of MCI.

CONCLUSION

In the present study, we elucidate the evidence of special
imaging biomarkers in the ECN and three abnormal neural
networks whose core regions overlap in the ECN, including

DMN, FPN network, cerebro-cerebellar loops, and interact with
ECN with various methods of rsfMRI analysis. These findings
provide evidence for further understanding the potential cerebral
alterations in MCI. These meaningfully overlapping networks
provide a new perspective for future selection of specific brain
regions. However, further studies for classification ofMCI among
these networks are essential to explore the potential role of
imaging as a biomarker for MCI.
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Research shows that gamma activity changes in Alzheimer’s disease (AD), revealing
synaptic pathology and potential therapeutic applications. We aim to explore whether
cognitive challenge combined with quantitative EEG (qEEG) can unmask abnormal
gamma frequency power in healthy individuals at high risk of developing AD. We
analyzed low (30–50 Hz) and high gamma (50–80 Hz) power over six brain regions
at EEG sensor level (frontal/central/parietal/left temporal/right temporal/occipital) in
a dataset collected from an aging cohort during N-back working memory (WM)
testing at two different load conditions (N = 0 or 2). Cognitively healthy (CH) study
participants (≥60 years old) of both sexes were divided into two subgroups: normal
amyloid/tau ratios (CH-NAT, n = 10) or pathological amyloid/tau (CH-PAT, n = 14) in
cerebrospinal fluid (CSF). During low load (0-back) challenge, low gamma is higher
in CH-PATs than CH-NATs over frontal and central regions (p = 0.014∼0.032, effect
size (Cohen’s d) = 0.95∼1.11). However, during high load (2-back) challenge, low
gamma is lower in CH-PATs compared to CH-NATs over the left temporal region
(p = 0.045, Cohen’s d = −0.96), and high gamma is lower over the parietal region
(p = 0.035, Cohen’s d = −1.02). Overall, our studies show a medium to large negative
effect size across the scalp (Cohen’s d = −0.51∼−1.02). In addition, low gamma
during 2-back is positively correlated with 0-back accuracy over all regions except the
occipital region only in CH-NATs (r = 0.69∼0.77, p = 0.0098∼0.027); high gamma
during 2-back correlated positively with 0-back accuracy over all regions in CH-NATs
(r = 0.68∼0.78, p = 0.007∼0.030); high gamma during 2-back negatively correlated
with 0-back response time over parietal, right temporal, and occipital regions in CH-
NATs (r = −0.70∼−0.66, p = 0.025∼0.037). We interpret these preliminary results to
show: (1) gamma power is compromised in AD-biomarker positive individuals, who are
otherwise cognitively healthy (CH-PATs); (2) gamma is associated with WM performance
in normal aging (CH-NATs) (most significantly in the frontoparietal region). Our pilot
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findings encourage further investigations in combining cognitive challenges and qEEG in
developing neurophysiology-based markers for identifying individuals in the prodromal
stage, to help improving our understanding of AD pathophysiology and the contributions
of low- and high-frequency gamma oscillations in cognitive functions.

Keywords: EEG, behavioral performance, gamma, working memory, high risk of Alzheimer’s disease, CH-NAT,
CH-PAT

INTRODUCTION

Working Memory (WM) and Alzheimer’s
Disease (AD)
Working memory (WM) refers to a core executive function that
maintains and manipulates short term information for learning
and reasoning (Baddeley, 1998a). Working memory processes
are mediated by the frontal cortex and play a critical role in
cognitive processing in everyday functions (Baddeley, 1998a,b).
Alzheimer’s Disease (AD) is a neurodegenerative condition
characterized by the accumulation of beta-amyloid plaques
and neurofibrillary tangles from hyperphosphorylated-tau that
disrupt synapses and lead to cognitive deficits (Rajmohan and
Reddy, 2017; Sperling et al., 2019). Studies have demonstrated
that AD patients have working memory (WM) dysfunction
(Salthouse and Ferrer-Caja, 2003; Salthouse, 2003; Sperling et al.,
2011). In addition, previous studies have shown that working
memory begins to decline by 18 years of age, and EEG alpha
power during WM processing is dysfunctional beginning in early
AD (Rabinowitz et al., 1982; Craik et al., 1987; Craik and Dirkx,
1992; Salthouse, 2003; Arakaki et al., 2019).

Pre-symptomatic Alzheimer’s Disease (AD) is an active
research area because AD treatment may need to start before
damage becomes symptomatic. In our studies, we focused
on cognitively healthy (CH) participants aged 60 and older
with either a pathological (CH-PAT) or normal (CH-NAT)
β42-amyloid/tau ratio within the cerebrospinal fluid (CSF)
(Harrington et al., 2013). Our longitudinal study showed that
CH-PATs had a significantly higher risk of cognitive decline
to mild cognitive impairment (MCI) or AD compared to
CH-NATs over four years (Wilder et al., 2018; Harrington
et al., 2019). We also found CH-PATs present hyper-excitability
during low load WM challenge shown by alpha event-related
desynchronization (ERD) during quantitative EEG (qEEG)
recordings (Arakaki et al., 2019).

Gamma and AD
Studies have shown that alpha and gamma are associated during
WM processing (Harrington et al., 2013; Arakaki et al., 2019).
However, we do not know the role gamma power plays in WM
processing in CH-PATs. The objective of this exploratory study
was to evaluate changes in gamma activity in CH-PATs compared
to CH-NATs using qEEG during the low load and high load
N-back WM paradigm. We hypothesized that gamma power
during high load N-back working memory testing in CH-PAT
individuals is lower than in healthy aging and that gamma power
correlates with N-back performance.

Gamma oscillations can be detected by qEEG and are
modulated by both sensory input (i.e., stimulus) or internal
regulatory mechanisms, and include two classes: high gamma
frequency (>50 Hz) and low gamma frequency (30–50 Hz) (Jia
and Kohn, 2011). Previous studies demonstrate an increase in
both high and low gamma activity in healthy controls during
verbal and non-verbal memory tasks (Tallon-Baudry et al.,
1998; Sederberg et al., 2007; Palop and Mucke, 2016). Also,
individuals formally diagnosed with AD show a significant
reduction in spontaneous global gamma power activity compared
to cognitively healthy individuals (Herrmann and Demiralp,
2005), suggesting a link between gamma activity and cognitive
decline. Data from a mouse model of AD showed decreased
gamma before the cognitive decline and photo-stimulation of
modified cells with blue light at 40 Hz resulted in a significant
increase in Aβ42 clearance and p-tau reduction in CA1 of the
hippocampus (Iaccarino et al., 2016). Also, human studies have
shown that gamma power is highly positively correlated with
memory retrieval success and modulating accuracy (Stevenson
et al., 2018) and gamma activity in epileptic patients increased
with working memory load (Howard et al., 2003; van Vugt
et al., 2010). These studies show that gamma activity plays a
significant role in synaptic health and core executive functions
such as working memory.

Synaptic dysfunctions reported in early AD have been detected
by qEEG (Nava-Mesa et al., 2014; Babiloni et al., 2016c, 2020).
Several studies have explored qEEG in relation to gamma activity.
For example, when baseline power is set as a response measure
for bars moving in random patterns on a screen, only bands
within the low gamma region (35–45 Hz) show a significant
change in response to the stimulus and an increase in spectral
power (Lutzenberger et al., 1995). Furthermore, Tallon-Baudry
et al. (1998) and Tallon-Baudry and Bertrand (1999) observed
evoked gamma 90 ms after stimulus presentation and induced
gamma 280 ms after stimulus presentation. This presence of
both evoked and induced gamma power suggests a temporal
domain for gamma activity in response to the regular visual
stimulus. These studies demonstrate that qEEG is a powerful
tool that can be used to examine changes in gamma power with
high temporal resolution in high-risk individuals. In addition, it
has been shown that healthy older adults and those with MCI
lack modulation and have reduced gamma power, respectively,
compared to healthy younger adults (Missonnier et al., 2004; Barr
et al., 2014). Therefore, we propose that high-risk individuals may
also show compromised gamma activity within cortical regions.
Since little is known about CH-PAT individuals, qEEG can offer
a non-invasive approach to detect early synaptic dysfunctions in
the AD progression spectrum. This method has the potential to
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be complementary to current AD spectrum diagnosis [AT(N)]
(Jack et al., 2018).

MATERIALS AND METHODS

Participants
The Huntington Medical Research Institutes (HMRI)
Institutional Review Board (IRB) has approved this study
(Quorum IRB, Seattle, Study # 27197). All participants have
signed informed consent forms.

We explored gamma power in our published dataset of 24
cognitively healthy participants whose ages ranged from 60 to
100 years for the pilot study (Arakaki et al., 2019). Briefly,
an equal number of participants from each socioeconomic
class was coded for the investigator to remain unbiased.
Assessments included collection of demographic data, physical
exam, blood work, disease severity and disability scales, and CSF
amyloid/tau measurements (Harrington et al., 2013). Participants
with any cognitive impairment, i.e., global clinical dementia
rating scale (CDR) scores > 0, were excluded. Only participants
who had Uniform Data Set-3 format examination with no
classifiable psychiatric or neurological disorder were diagnosed
as CH and enrolled in this study after a 5 h comprehensive
neuropsychological battery in which testing was performed
independent/blind to the Aβ42 and tau classifications. We test
the cognitive domains of memory, executive function, language,
attention, and visuospatial orientation. All data were normalized
to age, sex, and normative education tables (Harrington et al.,
2013). These formal neuropsychometric data were combined
with clinical dementia rating, Montreal Cognitive Assessment,
Mini-Mental State Examination, as described (Harrington et al.,
2013). Participants were then classified, depending on individual
CSF Aβ/tau ratios, as either normal (CH-NATs) or pathological
(CH-PATs), compared to a cutoff value (2.7132) derived from
a logistic regression model that correctly diagnosed > 85% of
clinically probable AD participants (Harrington et al., 2013).
Three potential participants were excluded either because they
were too young to participate or their clinical classification
(MCI), resulting in 24 study participants: 10 NATs and 14
PATs. Their CSF Abeta/Tau ratios (mean ± SD) are: CH-
NATs (4.95 ± 1.19) and CH-PATs (1.75 ± 0.66). Researchers
collected and analyzed EEG data with no knowledge about the
group classification. As shown in the previous study, this cohort
included two groups of participants that were comparable for
age, gender, education, and handedness, as previously described
(Arakaki et al., 2019).

Procedures
Study participants were seated in a quiet room, and were first
asked, for resting state baseline measures, to “sit still” and “empty
their minds” for 5 min with eyes open (eyes fixed at the letter
“E” on the bottom of the dark screen), and then for 5 min
with eyes closed.

The brain cognitive challenge, or N-back WM test (N = 0,
2 that reflect the load conditions of the task), was administered
using E-prime software (Psychology Software Tools, Inc.,

Sharpsburg PA) on a Dell Precision T5610 with a 20” screen.
Procedures were described previously (Arakaki et al., 2018, 2019).
Participants were comfortably seated before a computer screen
and were instructed, practiced for 2–3 min, and were then
tested for 0-back, then for 2-back. We challenged participants’
working memory by visual N-back (identify target letter in a
sequential letter presentation), with low load (0-back, identify the
target in the presenting letter) and high load (2-back, identify
the letter that is the same as two screens back) trials. Each
load condition included 3 blocks of 30 trials a block. The
N-back task took 12–25 min to complete. As previously reported,
neither accuracy (ACC) nor response time (RT) were significantly
different between the CH-NAT and CH-PAT participants during
the 0-back test; RT during 2-back was not significantly different;
ACC for 2-back was significantly better in CH-NAT compared to
CH-PATs (Table 1).

EEG Recordings
Online EEG data were collected during resting or the WM
challenge as previously described (Arakaki et al., 2018). We
placed a 21-sensor, dry electrode system (Quasar Wearable
Sensing, DSI-24, San Diego, CA) approximately at locations at
the international 10–20 system (Fp1, Fp2, F7, F3, Fz, F4, F8,
T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2, M1, and M2).
EEG signals were sampled at 300 Hz, and bandpass filtered
between 0.003–150 Hz. Three auxiliary sensors were used to
record electrooculographic (EOG), electrocardiographic (ECG),
and electromyography (EMG) (on the right forearm) activity.
A trigger channel encoded the time of presentation of letter
stimuli, participants’ responses, and test type (0- or 2-back) for
further analysis.

Behavioral and EEG Data Processing
A researcher collected all behavioral and EEG data and processed
them without knowledge of CH-NAT/CH-PAT status. Behavioral
performance was described and compared by accuracy (ACC)
and response time (RT): ACC was defined as the percentage of
correctly responded trials out of total trials; RT as the average
duration of time from stimulus onset to participant’s response
for correct trials.

We analyzed all data in EEGLAB version 13.4.3b (Delorme
and Makeig, 2004) running in MATLAB R2016b (The
MathWorks, United States) and custom codes developed
in-house. Continuous EEG recordings were segmented into
epochs of 2,500 ms duration during eyes closed for resting
state or using stimulus onset as a reference during WM,
including 500 ms before and 2,500 ms after stimulus onset.
Only correctly responded trials were used for analysis because
we were interested in activities that are supported by the
WM task. Preprocessing steps included epoching, filtering,
re-referencing, large artifact removal, and time-frequency
analysis. Preprocessing and time-frequency (TF) analyses were
as previously described (Arakaki et al., 2018). Briefly, epochs
were filtered between 30 and 80 Hz. Epochs with considerable
artifact activity greater than three standard deviations (SDs) of
each sensor were rejected. For TF analysis, epoched EEG data
were decomposed with logarithmic scaling between 30 and 80 Hz
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TABLE 1 | Accuracy and reaction time in CH-NATs vs. CH-PATs.

CH-NAT CH-PAT P-value Pooled SD Cohen’s d

Ave (SD) Max K-S value* Ave (SD) Max K-S value*

0-back

ACC 0.90 (0.06) 0.17 0.88 (0.06) 0.17 0.441 0.06 −0.33

RT (ms) 574.45 (96.40) 0.1 559.73 (63.23) 0.12 0.679 81.52 −0.18

2-back

ACC 0.82 (0.07) 0.11 0.75 (0.09) 0.15 0.029 0.08 −0.87

RT (ms) 865.35 (128.02) 0.19 836.85 (132.36) 0.09 0.602 130.21 −0.22

The mean accuracy (ACC) and mean reaction time (RT) were calculated for both CH-NATs and CH-PATs. There is no significant difference in 0-back for both ACC and
RT however, during 2-back CH-NATs performed significantly better than CH-PATs. P-values with < 0.05 are in bold italics to denote significance (Baddeley, 1998b). *K-S
values are based on (α = 0.05 critical value of 0.41. SD standard deviation; K-S, Kolmogorov-Smirnov test.

by fast Fourier transform and Morlet wavelet [ei2πtf e−t
2/2σ2

]
convolution in the frequency domain, followed by the inverse
fast Fourier transform (Cohen and Donner, 2013; Cohen, 2014).
Power values were calculated before averaging over epochs.
Power values were normalized by decibels to the baseline power
from −400 to −100 ms pre-stimulus at each frequency band
[dB power = 10∗log10(

power
baseline )]. We extracted low gamma

(500–1,500 ms, 30–50 Hz) and high gamma (500–1,500 ms,
50–80 Hz) for comparison across sensors, participants, and
groups. This was done separately for each sensor, condition, and
participant. Gamma power was compared between CH-NATs
and CH-PATs. The relationship between gamma power and
behavioral performance (ACC and RT) was studied using
Pearson’s correlation.

Statistical Methods
We performed group comparisons on participant baseline
characteristics using two-sided t-tests or Fisher’s exact test. For
each participant, we averaged the total gamma power from
all sensors and the gamma power from each sensor for each
of the following 6 regions (Lianyang et al., 2016; Arakaki
et al., 2018): frontal or F (Fz, F3, F4), central or C (Cz, C3,
C4), parietal or P (Pz, P3, P4), left temporal or LT (F7, T3,
T5), right temporal or RT (F8, T4, T6), and occipital or O
(O1, O2) (demonstrated in the results section). We compared
gamma power between two groups (PAT, NAT). As this was an
exploratory study, we did not correct for multiple comparisons.
Further, since individuals with early AD have demonstrated
frontal hyperactivity (Qi et al., 2010; Mormino et al., 2011;
Lim et al., 2014; Lopez et al., 2014; Nakamura et al., 2018), we
compared gamma power during resting state (eyes open and
eyes closed, Supplementary Tables S1, S2), and during the task
(0-back, and 2-back) between two groups (CH-NATs and CH-
PATs). We used Cohen’s equation d = µ1−µ2

S for effect size (ES)
to examine the magnitude of difference between two groups (CH-
NATs and CH-PATS), where (d) is the effect size, µ1 is the control
mean, µ2 is the experimental mean, and S is the pooled standard
deviation. Given that the mean of each population is different, the
pooled standard deviation was calculated from pooled variance:

S2
=

(n−1)S2
x+(m−1)S2

y
n+m−2 , where S2 is the pooled variance, n being

the sample size of group 1, Sx is the standard deviation of

group 1, m being the sample size of group 2, and Sy being the
standard deviation of group 2. We compared gamma power for
each region between groups using two-sided t-tests. We used a
Kolmogorov-Smirnov (K-S) test to demonstrate the normality of
our dataset and Kendall’s tau to measure correlation in addition
to Pearson’s r. We performed all analyses using PRISM v6.07
(GraphPad), MATLAB R2020a, or Excel from Microsoft Office
365. We set a significance level of 0.05 for all tests.

RESULTS

Time-Frequency Plots of Mean Gamma
During 2-Back
Time-frequency plots of full gamma frequency range (30–80 Hz)
during 2-back testing are shown with stimulus onset (ms) by
group, in Figure 1. The CH-PAT group tended to have lower
gamma across all regions (Figure 1).

Gamma Power in Brain Regions
Figure 2A is a visual representation of the groupings of EEG
sensors (F, C, P, LT, RT, and O regions) distributed according
to the 10–20 international placement system (Rojas et al.,
2018), with some similarity to regions in an earlier study
(Dauwels et al., 2010).

Topoplots show different gamma distribution by groups
during 0-back (Figure 2B) and 2-back (Figure 2C). During
0-back, compared to CH-NATs, CH-PATs have higher low
gamma over the frontal region (0.18 ± 0.46 vs. −0.26 ± 0.31,
p = 0.014, ES = 1.11) and central region (0.36 ± 0.53 vs.
−0.15 ± 0.55, p = 0.032, ES = 0.95). Therefore, besides p-values,
CH-PATs have large, positive ES for greater frontocentral low
gamma (ES > 0.80) compared to CH-NATs, and almost no
ES for high gamma.

During 2-back compared to CH-NATs, CH-PATs have
decreased low gamma (30–50 Hz) over the left temporal region
(−0.22 ± 0.63 vs. 0.43 ± 0.72, p = 0.045, ES = −0.96), and
decreased high gamma (50–80 Hz) over the parietal region
(−0.06 ± 0.52 vs. 0.90 ± 1.22, p = 0.035, ES = −1.02).
Interestingly, in addition to p-values, CH-PATs have medium
to large negative ES for both low gamma and high gamma
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FIGURE 1 | Time-frequency plots (six regions) of mean gamma power during the 2-back test. This is a 3D plot with time reference to stimulus onset (x-axis in ms),
frequency (y-axis in Hz), and power (color scale in dB units) during 2-back testing. Scale bar: power (decibel or dB).

compared to CH-NATs, which are homogeneous across the scalp
(ES <−0.5).

Details are shown in Tables 2, 3.
No differences were found between the two groups during eyes

open or eyes closed resting state (Supplementary Tables S1, S2).

Gamma Power Correlates With Accuracy
in CH-NATs
Low gamma during 2-back is positively correlated only in CH-
NATs with 0-back accuracy over F, C, P, LT, and RT regions
(r = 0.69∼0.77, p = 0.0098∼0.027); high gamma during 2-back
is positively correlated with 0-back accuracy over all regions
(r = 0.68∼0.78, p = 0.007∼0.030). High gamma during 2-back is
negatively correlated with 0-back response time over P, RT, and O
regions (r = −0.70∼−0.66, p = 0.025∼0.037). Details are shown
in Tables 4, 5.

Because of the small sample size, we also correlated gamma
power with ACC and RT using Kendall’s tau with similar results
(Supplementary Tables S3, S4).

DISCUSSION

In our exploratory study we propose that CH-PATs present more
gamma power during the low load condition and less gamma
during the high load condition compared to CH-NATs, indicating
hyperactivity during low load and insufficient activity during high
load. The load difference is consistent with previous findings
of altered alpha power in the CH-PATs (Arakaki et al., 2019,
2020). We reported higher risk for cognitive decline for CH-
PATs in a longitudinal follow-up study: after 4 years, none of
the CH-NATs had declined cognitively, however, 11/28 CH-
PATs, or nearly 40% of the group, declined cognitively ranging
from significantly impaired to clinically probable AD dementia

(Wilder et al., 2018; Harrington et al., 2019). Our follow-up study
shows relatively high sensitivity and low specificity. Similarly in
a longitudinal study for patients with MCI, Hansson et al. have
demonstrated that CSF amyloid and/or tau concentrations have
predictive value for progression to AD, where CSF measures
show limited specificity (Hansson et al., 2006). Positron emission
tomography (PET) imaging may be appropriate for this cause
because of higher specificity (Muller et al., 2019). We are planning
more extensive follow-up study to address this limitation.

We also show that gamma power correlates with behavioral
performance in CH-NATs, but not CH-PATs. First, we noticed
only in CH-NATs, accuracy on the 0-back condition was
associated with low gamma across F, P, LT, and RT, and high
gamma activity in all regions on the 2-back WM condition.
This result is consistent with the findings by Stevenson et al.
that there is an association between high gamma power and
accuracy on a spatial memory task in epileptic patients with
an implanted electrode in the dorsolateral prefrontal cortex
(DLPFC) (Stevenson et al., 2018). Our results support our
hypothesis that CH-PATs have insufficient brain resources for
gamma power in the frontal lobe, the center for executive
functions, and diminished capability to hold the testing goal
compared to CH-NATs.

Gamma Power Studies in Other Settings
There has been considerable interest in the role that the gamma
band plays in cognitive processes. Human and animal studies
reveal how gamma is propagated and we present hypotheses of
its functionality, summarized in Supplementary Table S5.

N-back Working Memory in Relation to Gamma
Oscillations
Working memory and other higher-order cognitive processes are
optimal when neural oscillations within the gamma frequency
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FIGURE 2 | Topoplots of mean gamma power during 0-back and 2-back, by groups. (A) Topomap shows groups of EEG sensors for frontal (F), central (C), parietal
(P), left temporal (LT), right temporal (RT), and occipital (O) regions. (B) Comparisons of low gamma and high gamma power during 0-back testing by groups are
shown in topoplots. (C) Comparisons of low gamma and high gamma power during 2-back testing by groups. P-values and Cohen’s d (effect size) of the
between-group differences are shown in the bottom two rows, respectively. During 0-back compared to CH-NATs, CH-PATs have higher low gamma over the frontal
region (0.18 ± 0.46 vs. –0.26 ± 0.31, p = 0.014, ES = 1.11) and central region (0.36 ± 0.53 vs. –0.15 ± 0.55, p = 0.032, ES = 0.95). During 2-back compared to
CH-NATs, CH-PATs have decreased low gamma (30–50 Hz) over left temporal region (–0.22 ± 0.63 vs. 0.43 ± 0.72, p = 0.045, ES = –0.96), and decreased high
gamma (50–80 Hz) over parietal region (–0.06 ± 0.52 vs. 0.90 ± 1.22, p = 0.035, ES = –1.02), as shown on Tables 2, 3. Scale bar: power (dB), p-value, or
Cohen’s d.

bands are synchronized (Bartos et al., 2007; van Vugt et al., 2010;
Chen et al., 2014; Cohen, 2014). Since proper modulation of
inhibition via GABAergic networks plays a significant role in the
generation of gamma oscillations, we hypothesized that CH-PAT
individuals may have impaired inhibition mechanisms resulting
in hyperactivity during subsequent low load conditions and failed
activation in high load condition due to overtaxing (Bartos et al.,
2007; Jia and Kohn, 2011; Chen et al., 2014; Palop and Mucke,
2016; Arakaki et al., 2018).

Working memory has been used in various ways as a cognitive
task to evaluate the temporary storage and manipulation of
information (Baddeley, 1998a; Owen et al., 2005). Previous
studies have used working memory paradigms to evaluate
cognitive functions, specifically in the frontal cortex. The n-back
test is widely used as a reliable measure of WM in the DLPFC
(Jonides et al., 1993; Goldman-Rakic, 1994; Courtney et al., 1998;

Owen et al., 2005). Furthermore, studies using fMRI during
n-back WM show robust activation of several cortical regions,
including the lateral premotor cortex, dorsal cingulate and medial
premotor cortex, dorsolateral and ventrolateral prefrontal cortex,
frontal poles, and medial and lateral posterior parietal cortex
(Owen et al., 2005). In a wide variety of cognitive tasks, the
parietal cortex is typically involved in the implementation of
stimulus response mapping (Kimberg et al., 2000; Miller and
Cohen, 2001; Rushworth et al., 2001a,b; Corbetta et al., 2002;
Shulman et al., 2002a,b; Andersen and Buneo, 2003; Buneo
et al., 2003; Dreher and Grafman, 2003). Studies have also
shown a strong association with gamma oscillations and short-
term memory, where individuals required to hold information
within their working memory showed increased gamma power
(Tallon-Baudry et al., 1998; Tallon-Baudry and Bertrand, 1999).
Gamma oscillations measured within the neocortex via EEG
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TABLE 2 | Low and high gamma powers for both CH-NATs and CH-PATs during 0-back WM testing.

0-back NAT PAT P-value Pooled SD Cohen’s d

Regions Ave SD Max K-S* Ave SD Max K-S*

Low gamma (30–50 Hz)

F −0.26 0.31 0.17 0.18 0.46 0.09 0.014 0.41 1.11

C −0.15 0.55 0.23 0.36 0.53 0.10 0.032 0.54 0.95

P 0.01 0.39 0.18 0.24 0.46 0.15 0.221 0.43 0.52

LT −0.16 0.49 0.14 0.25 0.59 0.10 0.081 0.55 0.76

RT 0.12 0.51 0.17 0.24 1.00 0.16 0.713 0.84 0.15

O 0.13 0.44 0.20 0.31 0.62 0.10 0.424 0.55 0.34

High gamma (50–80 Hz)

F −0.17 0.52 0.26 0.04 0.41 0.08 0.276 0.46 0.46

C −0.15 0.66 0.25 0.20 0.42 0.10 0.127 0.53 0.66

P 0.02 0.50 0.21 0.09 0.32 0.09 0.697 0.40 0.16

LT −0.15 0.44 0.21 0.02 0.63 0.15 0.484 0.56 0.29

RT 0.12 0.59 0.13 −0.12 0.57 0.15 0.336 0.58 −0.41

O 0.16 0.42 0.13 0.04 0.48 0.09 0.538 0.46 −0.26

The pooled standard deviation was calculated to increase the precision of the standard deviation between both CH-NATs and CH-PATs. Clinical significance was
established using the Effect Size (ES) under Cohen’s Criteria. *K-S values are based on (α = 0.05 critical value of 0.41. SD, standard deviation; K-S, Kolmogorov-Smirnov
test.

TABLE 3 | Low and high gamma powers for both CH-NATs and CH-PATs during 2-back WM testing.

2-back NAT PAT P-value Pooled SD Cohen’s d

Regions Ave SD Max K-S* Ave SD Max K-S*

Low gamma (30–50 Hz)

F 0.37 1.02 0.11 −0.06 0.60 0.20 0.270 0.84 −0.51

C 0.58 0.99 0.11 0.00 0.55 0.22 0.121 0.80 −0.73

P 0.66 0.96 0.17 0.11 0.49 0.16 0.120 0.76 −0.73

LT 0.43 0.72 0.15 −0.22 0.63 0.25 0.045 0.68 −0.96

RT 0.58 0.76 0.14 0.10 0.91 0.17 0.214 0.84 −0.58

O 0.78 0.83 0.15 0.31 0.39 0.16 0.122 0.65 −0.73

High gamma (50–80 Hz)

F 0.60 1.30 0.16 −0.13 0.57 0.26 0.121 1.00 −0.73

C 0.70 1.24 0.24 −0.22 0.66 0.19 0.053 1.00 −0.93

P 0.90 1.22 0.22 −0.06 0.52 0.14 0.035 0.94 −1.02

LT 0.55 0.89 0.12 −0.16 0.59 0.21 0.051 0.76 −0.94

RT 0.62 1.13 0.20 −0.20 0.72 0.17 0.068 0.95 −0.87

O 0.87 1.09 0.18 0.14 0.56 0.17 0.077 0.86 −0.84

The pooled standard deviation was calculated to increase the precision of the standard deviation between both CH-NATs and CH-PATs. Clinical significance was
established using Effect Size (ES) under Cohen’s Criteria. *K-S values are based on α = 0.05 critical value of 0.41. SD, standard deviation; K-S, Kolmogorov-Smirnov
test.

provide a unique perspective on neuropsychological changes
that occur within aging participants who are at high risk of
developing AD. In our pilot study, we report gamma power
changes occurring within CH-PATs compared to CH-NATs
within both the frontal and parietal regions, where CH-PATs
show increased frontocentral low gamma power and decreased
high gamma in the parietal region during the 2-back condition.
Cohen’s d analysis suggests there is a global negative effect
size in CH-PATs during 2-back. Further validation of these
findings will provide insights into changes occurring within
these WM regions in high risk AD individuals. N-back WM

paradigms have also revealed behavioral changes associated
with aging. Several studies have found a strong association
between aging and reaction time, with increase in reaction
time with age (Gajewski et al., 2018). Furthermore, increased
age has been associated with implicated attention and accuracy
on n-back working memory tests (Gajewski et al., 2018).
Within our cohort we observe that CH-PATs have decreased
accuracy in the 2-back condition compared to CH-NATs. Further
studies on the association among gamma power, RT, and
ACC may provide insights into how gamma oscillations are
involved with ACC and RT. Our EEG findings are consistent
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TABLE 4 | Correlation of gamma and behavior performances during 0-back.

CH-NAT CH-PAT

ACC_N0 RT_N0 ACC_N2 RT_N2 ACC_N0 RT_N0 ACC_N2 RT_N2

N0_p

Low Gamma F 0.916 0.788 0.664 0.536 0.091 0.086 0.733 0.557

C 0.844 0.494 0.536 0.450 0.239 0.250 0.639 0.630

P 0.966 0.911 0.863 0.595 0.214 0.208 0.945 0.725

LT 0.706 0.476 0.557 0.830 0.290 0.459 0.702 0.411

RT 0.771 0.111 0.665 0.655 0.782 0.114 0.834 0.441

O 0.973 0.811 0.475 0.960 0.177 0.406 0.720 0.172

High gamma F 0.541 0.530 0.403 0.744 0.089 0.285 0.306 0.981

C 0.823 0.833 0.572 0.995 0.128 0.713 0.356 0.402

P 0.908 0.795 0.712 0.901 0.051 0.474 0.944 0.490

LT 0.630 0.758 0.444 0.970 0.101 0.707 0.665 0.813

RT 0.374 0.278 0.036 0.420 0.422 0.162 0.947 0.830

O 0.493 0.638 0.726 0.745 0.055 0.633 0.603 0.460

N0_r

Low Gamma F −0.04 −0.10 −0.16 0.22 0.56 −0.57 −0.12 0.21

C −0.07 −0.25 −0.22 0.27 0.41 −0.40 −0.17 0.17

P 0.02 −0.04 −0.06 0.19 0.43 −0.44 0.03 0.13

LT −0.14 0.26 −0.21 0.08 0.37 −0.26 0.14 0.29

RT 0.11 −0.54 −0.16 −0.16 0.10 −0.53 0.08 −0.28

O 0.01 −0.09 −0.26 0.02 0.46 −0.30 −0.13 0.47

High gamma F −0.22 −0.23 −0.30 −0.12 0.57 −0.38 −0.36 0.01

C −0.08 −0.08 −0.20 0.00 0.52 −0.13 −0.33 0.30

P 0.04 −0.09 −0.13 −0.05 0.63 −0.26 −0.03 0.25

LT −0.17 −0.11 −0.27 −0.01 0.55 −0.14 0.16 0.09

RT −0.32 −0.38 −0.66 −0.29 0.29 −0.48 −0.02 −0.08

O 0.25 −0.17 −0.13 −0.12 0.62 −0.17 −0.19 0.26

Correlations between EEG gamma power with accuracy (ACC) and response time (RT) for both CH-PATs and CH-NATs during 0-back testing for both low and high
gamma power. P-values are reported (in bold italics when < 0.05) and Pearson Correlation “r” (underlined when < −0.5 or > 0.5).

with Barr et al. (2014) who conducted EEG experiments on
cognitively healthy individuals ages 19–60: while our cohort
is > 60 years, our results are consistent with their findings of
increased gamma activity during high load relative to low load
conditions. N-back testing may be a useful tool for observing
neurocognitive changes in aging individuals and may provide
insight into how gamma oscillations are implicated in the
early stages of AD.

Gamma Oscillations in Relation to AD Pathology
Gamma oscillations have recently been the focus of several
AD studies for their potential therapeutic properties. Recent
studies have reported that gamma oscillations are impaired in
AD patients and AD animal models, specifically in circuits
pertaining to memory acquisition and retrieval (Nakazono et al.,
2018). Studies on transgenic AD mice have shown gamma
impairments in neuronal spike activity and LFP oscillatory
activity. For instance, in a study performed by Goutagny
et al. (2013), 1-month old TgCRND8 transgenic mice showed
impaired theta-gamma cross-frequency coherence before plaque
formation. In terms of tau formation, Booth et al. (2016)
showed that in amice model of tauopathy (rTg4510), within
the medial entorhinal cortex, gamma activities in dorsal region

was preferentially disrupted while those in ventral regions were
comparatively preserved. They conclude that this disruptions
and the corresponding flattened dorsoventral gradients of
theta-gamma coupling may contribute to spatial learning and
memory deficit observed in this tauopathy mouse model
(Booth et al., 2016). Furthermore, Iaccarino et al. (2016)
and Nakazono et al. (2018), using 5XFAD transgenic AD
mice models showed impaired gamma oscillations within the
hippocampus at 3 months before plaque deposition. In addition,
photostimulation of hippocampal circuits within the gamma
band increased Aβ42 clearance and p-tau reduction, specifically
in CA1 (Iaccarino et al., 2016). This suggests that gamma power
helps hippocampal fidelity with increased clearance protecting
neurons in the memory circuit. In the neocortex, gamma
oscillations are impaired within the parietal cortex of J20 AD
mice models (Verret et al., 2012; Verret, 2012). Together, these
studies demonstrate that the gamma rhythm is impaired in the
hippocampus and possibly other regions of the neocortex in
AD mouse models before Aβ plaque pathology. Given these
findings, qEEG may be a useful tool for detecting gamma
power impairments in mice before plaque deposition. Further
exploration of the mechanisms underlying gamma impairment is
needed. Further studies in humans to validate the use of qEEG as
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TABLE 5 | Correlation of gamma and behavior performances during 2-back.

CH-NAT CH-PAT

ACC_N0 RT_N0 ACC_N2 RT_N2 ACC_N0 RT_N0 ACC_N2 RT_N2

N2_p

Low Gamma F 0.0098 0.100 0.102 0.449 0.744 0.830 0.451 0.886

C 0.016 0.072 0.136 0.452 0.390 0.640 0.911 0.305

P 0.027 0.059 0.206 0.449 0.713 0.924 0.809 0.535

LT 0.024 0.194 0.150 0.388 0.645 0.779 0.190 0.354

RT 0.024 0.057 0.135 0.546 0.109 0.372 0.739 0.073

O 0.063 0.052 0.340 0.525 0.743 0.796 0.566 0.555

High gamma F 0.017 0.060 0.090 0.723 0.479 0.992 0.288 0.633

C 0.021 0.088 0.087 0.684 0.764 0.975 0.558 0.531

P 0.026 0.025 0.141 0.738 0.965 0.835 0.613 0.777

LT 0.007 0.093 0.054 0.590 0.828 0.963 0.263 0.383

RT 0.030 0.037 0.144 0.979 0.097 0.416 0.628 0.196

O 0.022 0.034 0.164 0.895 0.786 0.757 0.734 0.724

N2_r

Low Gamma F 0.77 −0.55 0.55 0.27 −0.12 −0.08 −0.27 −0.05

C 0.73 −0.59 0.51 0.27 −0.31 0.17 0.04 −0.36

P 0.69 −0.61 0.44 0.27 −0.13 −0.03 −0.09 −0.22

LT 0.70 −0.45 0.49 0.31 0.17 −0.10 −0.45 0.33

RT 0.70 −0.62 0.51 0.22 −0.54 −0.32 −0.12 −0.59

O 0.61 −0.63 0.34 0.23 −0.12 0.09 −0.21 0.21

High gamma F 0.73 −0.61 0.56 0.13 −0.25 0.00 −0.37 −0.17

C 0.71 −0.57 0.57 0.15 −0.11 −0.01 −0.21 −0.23

P 0.69 −0.70 0.50 0.12 −0.02 −0.08 −0.18 −0.10

LT 0.78 −0.56 0.62 0.19 0.08 −0.02 −0.39 0.31

RT 0.68 −0.66 0.50 −0.01 −0.55 −0.29 −0.18 −0.45

O 0.71 −0.67 0.48 0.05 0.10 0.11 −0.12 0.13

Correlations between EEG gamma power with accuracy (ACC) and response time (RT) for both CH-PATs and CH-NATs during 0-back testing for both low and high
gamma power. P-values are reported (in bold italics when < 0.05) and Pearson Correlation “r” (underlined when < −0.5 or > 0.5).

an effective tool for detecting early dysfunction in high-risk AD
individuals are needed.

Due to the novelty of the role of gamma power within the
brain, few studies have explored gamma power impairments
in AD patients. Nonetheless, it is a rapidly expanding field
of study that may yield useful therapies for AD. EEG
studies have previously characterized AD patients as exhibiting
high delta and theta power while showing decreased alpha
and beta power (Babiloni et al., 2016a,b,c,d; Wang et al.,
2017). Interestingly, Wang et al. (2017) compared resting
EEGs between CH and AD patients with both eyes open
and closed and showed increased gamma power in AD
patients compared to controls (Wang et al., 2017). They
propose that the presence of abnormally greater ongoing
resting gamma power might be a result of GABAergic
interneuron dysfunction within neuronal networks in AD
patients; the over couplings between frequency domain may
suggest more cognitive resources needed in AD patients to
maintain the resting brain state (Wang et al., 2017). In our
study, CH-PATs showed elevated gamma power in the low
load condition and compromised gamma power in the high
load conditions, indicating that possible disinhibition due to
disruptions within these networks results in the expenditure

of maximum neural resources to maintain the testing goal at
low load challenge. Further studies with a larger cohort may
further support the use of EEG for early AD detection and
validate our hypothesis.

Mechanisms, Models, and Theories
About the Gamma Frequency
The precision timing of neuronal-spiking activities is theorized
to play a critical role in the coding of information (O’Keefe
and Recce, 1993; Wang and Buzsaki, 1996; Singer, 1999; Buzsaki
and Wang, 2012; Buzsaki and Schomburg, 2015). This precision
spiking is thought to contribute significantly to the generation
of the gamma frequency (Jia and Kohn, 2011). Previous
studies have also shown that some cortical neurons show a
“resonance phenomenon” at specific frequencies, particularly
10, 20, 40, and 80 Hz (Herrmann, 2001; Herrmann and
Demiralp, 2005). One theory for the presence of these resonance
frequencies is that neuronal clusters in feedback circuits,
such as the visual circuit, transmit time-delayed information
from higher to lower processing centers resulting in temporal
synchronization of activity at 40 Hz (Herrmann, 2001; Herrmann
and Demiralp, 2005). We have not found this specific 40 Hz

Frontiers in Aging Neuroscience | www.frontiersin.org 9 October 2020 | Volume 12 | Article 57421444

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-12-574214 October 8, 2020 Time: 20:16 # 10

Rochart et al. WM Gamma in CH-PATs

effect in our data. Future studies are needed to clarify this
resonance phenomenon in our aging population. However,
even parvalbumin-positive (PV+) cells exhibiting no resonating
frequencies exhibit gamma, indicating that timing plays a critical
part in the synchronized spiking observed in the gamma rhythm
(Fuchs et al., 2007).

Gamma activity is thought to be mediated by GABAergic
interneurons firing at specific time points within a spike
cycle, increasing the probability of excitatory synchronization in
neuronal clusters (Hasenstaub et al., 2005; Jia and Kohn, 2011).
This mechanism, GABAergic interneurons firing specifically
at the minima of a spike cycle in neuronal clusters within
complex circuits, is thought to be associated with gamma activity
production and cortical fidelity (Missonnier et al., 2004; Barr
et al., 2014). Current research presents several models for the
mechanism and propagation of gamma power mediated by
GABAergic interactions. One model posits a “stripped-down”
network consisting of only inhibitory neurons known as the
Inhibitory network gamma (ING) (Wang and Buzsaki, 1996;
Buzsaki and Wang, 2012; Buzsaki and Schomburg, 2015). In this
model, experimenters noticed that gamma oscillations emerged
in two different ways. First, if the firing rate is relatively tonic,
there is well-defined periodicity within the gamma rhythm
(Kopell et al., 2000). However, stochastic inputs and irregular
firing create an unstable asynchronous state that results in gamma
emergence (Wang and Buzsaki, 1996; Geisler et al., 2005; Ardid
et al., 2010; Buzsaki and Wang, 2012). Synchronization occurs
when a cluster of interneurons firing synchronously, creating a
spike in the post synaptic neuron during hyperpolarization decay,
reinitiates the spike cycle. In this model inhibitory-inhibitory
interaction is the driving mechanism for gamma propagation.
Another model posits reciprocal connections between excitatory
pyramidal and inhibitory interneurons known as the pyramidal-
interneuron network gamma (PING) (Wilson and Cowan, 1972;
Wang and Buzsaki, 1996; Kopell et al., 2000; Geisler et al.,
2005; Buzsaki and Wang, 2012; Buzsaki and Schomburg, 2015).
The PING network model describes the delay in pyramidal
and intraneuronal spikes and that timing delay is thought to
be one of the most prominent features of gamma propagation
in vitro and in vivo (Bragin et al., 1995; Csicsvari et al., 2003;
Hasenstaub et al., 2005; Hajos and Paulsen, 2009; Tiesinga and
Sejnowski, 2009; Buzsaki and Schomburg, 2015). Studies have
shown that the genetic knockdown of AMPA receptors on
fast-spiking interneurons reduces the amplitude of the gamma
rhythm (Fuchs et al., 2007). Between the two models, the PING
model has more support than the ING model as studies show that
disconnecting many INGs within the CA1 of the hippocampus
does not significantly affect gamma power in mice (Wulff
et al., 2009). However, this does not discount INGs since they
have been shown to produce gamma oscillations as previously
mentioned and gamma is present in regions such as the basal
ganglia that possess few excitatory networks. These models are
likely cooperative, independent of inhibition or excitation but
on the timing of GABAergic neurons within their respective
clusters. In our study, we speculate that these networks are
compromised within CH-PATs, given their CSF classifications,
because of interference caused by abnormal β-amyloid and tau.

Previous studies have shown that soluble β-amyloid within the
hippocampus of mice causes hyperactivity prior to the formation
of plaques (Busche et al., 2012), and a tauopathy mice model
shows abnormal gamma activities (Booth et al., 2016). The
interference caused by soluble β-amyloid/tau may disrupt the
time-specific firing of GABAergic interneurons within INGs and
PINGs, resulting in compromised gamma activity, observed in
CH-PATs compared to CH-NATs.

Excessive Low Gamma During Low Load
WM and Insufficient Gamma During High
Load WM Challenge in CH-PATs vs.
CH-NATs
In our study, we evaluated the synaptic mechanisms underlying
gamma activity in a cognitive healthy (CH) aging cohort who
have been classified by CSF amyloid/tau ratio as either normal
(CH-NATs) or pathological (CH-PATs). We show that during
low load WM challenge, CH-PATs had increased low gamma
activity in the frontal and central regions known to be centers for
executive function and higher order processes, suggesting hyper-
activity during low load challenge (Baddeley, 1998b). Given
the significantly decreased high gamma during the high load
challenge, our data may suggest that the high load condition
may be overtaxing for CH-PATs, resulting in failing gamma
modulation. This condition is consistent with our previous
analysis of alpha event-related desynchronization (ERD), where
we showed a higher load WM challenge overtaxed CH-PAT
participants (Arakaki et al., 2019). Alpha ERD reflects cortical
activation (Klimesch, 2012). There are recent reports on the roles
that high frequency and low-frequency gamma play in cognition
(Ray and Maunsell, 2011). Two leading hypotheses are proposed:
first, high gamma functions the same as low gamma oscillations
as it pertains to cognition and somatosensory integration, just at a
higher frequency and shorter timescale; second hypothesis states
that high-gamma power is related to spiking activity unrelated
to information processing and integration (Ray and Maunsell,
2011). A study on gamma power and spiking activity in the
primary visual cortex (V1) of awake monkeys while varying
stimulus size found that low gamma power was anti-correlated
with high-gamma power, suggesting that the two phenomena
are distinct and have different origins and functions (Ray and
Maunsell, 2011). In addition, when baseline power is set as a
response measure for bars moving in random patterns on a
screen, only bands within the low gamma region (35–45 Hz)
showed a significant change in response to the stimulus, showing
an increase in spectral power (Sederberg et al., 2007). These
findings suggest that low gamma power is a more accurate
indication of held attention and learning. However, future
studies should explore the role of both high and low gamma in
cortical regions.

Data Interpretation: Gamma Power
During the resting state (both during eyes open and eyes closed),
there were no gamma differences between the two groups.
Interestingly, there were gamma changes during tasks in CH-
PATs versus CH-NATs, and these changes are notably different
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between 0-back and 2-back. For 0-back, there is almost no effect
size in the high gamma band, and a strong, positive, localized
(frontocentral) effect size in the low gamma band. Conversely,
for 2-back, we observed medium to large negative effect sizes
for both low and high gamma bands which are homogeneous
across the scalp, based on Cohen’s effect size interpretation
(Sawilowsky, 2009). These results are strikingly different between
conditions. These data suggest brain hyperactivity during low
load challenge, with inefficiency during high load challenge in
this early AD stage. This explanation is consistent with alpha
power findings in the same population and in other early AD
studies (Nava-Mesa et al., 2014; Arakaki et al., 2019). This
small preliminary cohort has low statistical power: we only
observed significant p-values at LT for low gamma and P for
high gamma during 2-back testing. However, when adding effect
size, we observed a global increase of gamma power based on
Cohen’s d, which improved our comprehension of this study
(Sullivan and Feinn, 2012).

Using a simple WM paradigm, we challenged and unmasked
disrupted gamma activity within several cortical regions
analogous to treadmill electrocardiogram testing to unmask
latent coronary ischemia. Consistent with our previous report
on alpha ERD, our exploratory gamma measures from the brain
challenge test also has predictive potential for CH-PATs (Arakaki
et al., 2019). Our pilot findings encourage further insightful
investigations into the possible physiological changes that occur
before the onset of AD.

There are negative gamma power values (Tables 2, 3),
suggesting lower gamma power than baseline measures. That is
not surprising when we average across epochs after calculating
power, which gives stronger baseline values than averaging before
power calculation (Luck, 2014).

High-frequency brain activity in the gamma range (30–
80 Hz) and above overlaps with muscle activity (20–300
Hz), which is difficult to discriminate by a single technique
(Muthukumaraswamy, 2013). In this study, we believe the
gamma effect is more brain activity than muscle for the following
reasons: (1) we ensure data collection has minimal muscle
artifact by directing participants to relax the face/neck/shoulder
and make sure no visible muscle noise is recorded; (2) in
the topoplots, we observed frontocentral low gamma change
during 0-back, which is not the edge of the electrode montage
(peripheral sensors) and thus less likely to be muscle activity; (3)
muscle artifact tends to be higher frequency, such as posterior
head muscles peak over 80 Hz (Kumar et al., 2003a,b) and
extraocular muscles over 60 Hz (Carl et al., 2012), which tend
to contaminate peripheral sensors. Low gamma range activity
can be from the frontal facial muscles and, if so, will be mainly
at the front sensors (Fp1/Fp2), which did not show changes in
the topomap; (4) There are no differences between CH-NATs
and CH-PATs during resting state, both eyes open and eyes
closed. Therefore, our pilot findings of gamma changes during
low and high load WM challenge are more likely to have a
brain origin, though they may not be completely free of muscle
artifact. Advanced approaches that we did not use to remove
gamma, including ICA (Olbrich et al., 2011), beamforming
(Hipp et al., 2011), and additional EMG sensors on the face,

etc., have downsides, including inter-observer differences and
signal complicity.

Gamma Power Does Not Correlate With
Response Time or Accuracy in CH-PATs
Given how little is known about the early stage of amyloid/tau
changes in CH-PATs, we show several associations between
physiological and behavioral domains in CH-NATs, but not
in CH-PATs. That is in line with previous studies on gamma
and behavioral performance. Studies in humans have shown
that gamma power is correlated with memory retrieval success
and modulating accuracy (Schneider et al., 2008; Stevenson
et al., 2018). In addition, gamma power is associated with
increased congruence in a cross-modality test involving visual
and auditory stimuli (Schneider et al., 2008). This association
helps us better understand the role gamma power may play in
cortical processing, specifically in core executive functions such
as WM. Also, our data may provide pilot information for further
differentiating how pathological versus healthy aging affects the
brain. By measuring gamma power and behavioral components
such as accuracy to a standardized baseline in CH individuals,
we may be able to unmask physiological dysfunctions that
are currently undetected within the elderly population. Future
studies that explore the causal relationship between gamma
power and dysfunction in both physiological and behavioral
domains will allow us to better understand this early stage of AD.

Limitations and Future Directions
There are some limitations in our study, mainly because it
was exploratory, with a relatively small number of participants.
Therefore, the small preliminary cohort limited the statistical
power of this study, which provides only pilot results that
need further investigation. We assessed a highly homogenous
cohort, most being Caucasian females of European descent.
Future studies should be sex balanced and include a more
comprehensive range of participants from different racial and
ethnic backgrounds. Nevertheless, both CH-NATs and CH-PATs
were age and sex-matched with no significance between the
two groups, indicating that these variables did not skew our
results. Another limitation is that this was a cross-sectional
study. Investigating the relationships between gamma oscillations
and CH-PATs longitudinally may help to unmask further
neurophysiological dysfunctions underlying pathological versus
healthy aging. Our study shows high temporal resolution using
qEEG to detect dysfunctions with accurate temporal precision.
However, future studies that explore dysfunction in CH-PATs
with high spatial accuracy may help elucidate which regions are
affected. EEG recordings can often become unrepresentative due
to muscle artifacts. Muscular activities significantly contaminate
EEG signals complicating further analysis (Chen et al., 2016).
Nevertheless, EEG signals can also become unrepresentative
during the preprocessing stage (Vorobyov and Cichocki, 2002).
For instance, the reference electrode is an extraneous variable
that affects the signal (Junghofer et al., 1999). We used widely
accepted pre-processing methods to reduce distortions in the
signal (Delorme and Makeig, 2004). Although beyond the scope
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of the current analysis, future studies should implement a
standardized method of selecting the reference electrode or using
multichannel references to decrease electrode bias (Yao, 2001;
Yao et al., 2005; Chen et al., 2016). Finally, further study of
the relationship between gamma and low-frequency band power
(such as alpha and theta) in CH-PATs may show associations
between gamma and lower frequency dysfunction. To further
evaluate whether these findings have clinical significance, we are
planning a more extensive follow-up study to see if our findings
are replicable in a new cohort.

CONCLUSION

The objective of this exploratory cross-sectional study was to
evaluate and detect potentially compromised gamma activity in
CH-PATs compared to CH-NATs using a simple WM paradigm
combined with qEEG. The study revealed that gamma activities
are compromised in CH-PAT. The results support our hypothesis
by showing compromised gamma power in CH-PATs with
loss of their gamma correlation with behavioral performance.
Our study suggests that further development of WM testing
combined with non-invasive qEEG is a possible complementary
component of the armamentarium for differentiating early
dementia from normal aging.
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Background: The corpus callosum (CC) is an important feature of Parkinson’s disease
(PD) not only in motor but also in non-motor functions. However, CC is not a
homogeneous component, and the damage of specific subsection may contribute to
corresponding clinical deficit.

Objective: The objective of the study is to investigate the structural alterations of
different callosal subsections cross-sectionally and longitudinally in PD and evaluate their
relationships to clinical performance.

Methods: Thirty-nine PD patients who had been longitudinally reexamined and 82
normal controls (NC) were employed. According to their specific callosal–cortical
connectivity, 3D CC was divided into five subsections (including prefrontal, premotor,
motor, somatosensory, and temporal–parietal–occipital subsection). The fractional
anisotropy (FA), mean diffusivity (MD), and volume of whole CC and its subsections
were computed and compared between groups. Regression model was constructed to
explore the relationships between callosal structure and clinical performance.

Results: At baseline, PD did not show any significant macro/microstructural difference
compared with NC. During disease course, there was a decreased FA and increased MD
of whole CC as well as its subsections (except temporal–parietal–occipital subsection),
and the volume of motor subsection was decreased. Moreover, the FA of temporal–
parietal–occipital subsection and volume of motor subsection were correlated with the
mood domain at baseline, and the MD of somatosensory subsection was associated
with the motor domain at follow-up.

Conclusion: The structure of CC and its connectivity-specific subsections remain
preserved at a relatively early stage in PD and are progressively disrupted during disease
course. Besides, different callosal subsections possess specific associations with clinical
performance in PD.

Keywords: Parkinson’s disease, corpus callosum, subsection, connectivity-based parcellation, diffusion tensor
imaging
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INTRODUCTION

Parkinson’s disease (PD) is widely known as a slowly progressive
movement disorder, which is demonstrated with complex clinical
symptoms including classic motor dysfunctions (Lees et al.,
2009) and various non-motor disturbances (Jankovic, 2008).
Previous neuroimaging studies have identified the involvement
of the corpus callosum (CC) to be an important feature
of PD not only in motor but also in non-motor functions
(Chan et al., 2014; Goldman et al., 2017). CC is the largest
bundle between hemispheres (Hofer and Frahm, 2006) and
participates in the mediation of multifunctions (Fabri et al., 2011,
2014) through structural connectivity or functional activation.
Specifically, CC is not a homogeneous component, the fibers
of which maturate at different ages and have the distinct
vulnerability to pathological changes (Aboitiz et al., 1992; Aboitiz
and Montiel, 2003), indicating the existence of different fiber
compositions (Fabri et al., 2014). Indeed, the alterations of
callosal subsections differed among PD patients with different
cognitive levels (Goldman et al., 2017; Bledsoe et al., 2018)
and patients with different subtypes (Chan et al., 2014). Given
that the different activation loci were consistently detected in
discrete CC regions according to peripheral stimuli (Fabri et al.,
2011) and the connections of distinct callosal subsections to
cortices were differential (Caille et al., 2005), the damage in a
specific callosal subsection may contribute to the corresponding
clinical deficit in PD.

On structural magnetic resonance imaging (MRI), PD
shows callosal atrophy (Goldman et al., 2017; Lenka et al.,
2017). The volume includes macrostructural information, which
could elucidate the morphological change in PD. Besides,
diffusion tensor imaging (DTI), which is sensitive to the
microstructural alterations in white matter tracts and allows
in vivo reconstruction of white matter tracts based on the
directional diffusion properties of water, has also revealed
differential callosal abnormalities across PD (Goldman et al.,
2017; Bledsoe et al., 2018). Though a growing number of
structural MRI and DTI studies explored PD, little is known
about the co-appearance of macrostructure and microstructure
in topographically defined callosal subsections and their
relationships with clinical performance in PD. Moreover, to date,
longitudinal studies in PD on structural alterations of callosal
subsections over time have not been reported. Monitoring
callosal fiber with imaging structural metrics could non-
invasively explore the callosal alterations in PD. Connectivity-
based parcellation is a method that separates the whole CC
into functionally relevant subsections for precise mapping of its
boundaries within subjects, and it better reflects the functional
meaning of callosal subsections (Huang et al., 2005; Hofer and
Frahm, 2006). Thus, it would precisely reflect the alterations
of topographically defined callosal subsections in abnormal
conditions and provide a novel insight into investigating their
relationships with clinical performance in PD.

This study aimed to clarify the structural alterations in
topographically defined callosal subsections cross-sectionally
and longitudinally in PD and evaluate their relationships to
clinical performance.

MATERIALS AND METHODS

Subjects and Clinical Domain Calculation
The subjects were recruited according to the following criteria in
this study: (a) had no history of other psychiatric or neurologic
disorders or brain trauma, (b) had no general exclusion criteria
for MR scanning, (c) were right handed, (d) signed the informed
consent forms in accordance with the approval of the Medical
Ethic Committee of The Second Affiliated Hospital of Zhejiang
University School of Medicine, and specifically for PD patients,
(e) diagnosed as PD by an experienced neurologist (BRZ)
according to UK Parkinson’s Disease Society Brain Bank criteria
(Hughes et al., 1992), and (f) had a follow-up 3-T MRI scanning
and clinical evaluation. As a result, 39 PD patients with a mean
follow-up time interval of 21 months and 82 age-, gender-, and
education-matched normal controls (NC) were recruited. All
procedures performed in this study involving human subjects
were in accordance with the ethical standards of the institutional
and national research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical.

Magnetic resonance imaging scanning and clinical evaluations
including age, gender, education, disease duration (from the
day that parkinsonian symptoms occur to image scanning),
Unified Parkinson’s Disease Rating Scale (UPDRS), Hoehn–Yahr
Scale (H-Y), Mini-Mental State Examination (MMSE), Hamilton
Depression Scale (HAMD), Hamilton Anxiety Scale (HAMA),
Epworth Sleepiness Scale (ESS), and Parkinson’s disease sleep
scale (PDSS) were acquired. For PD patients taking anti-
parkinsonian drugs, all examinations were carried out after
withdrawing all anti-parkinsonian medicine overnight (at least
12 h) to make sure they were in “OFF” status, and the total daily
levodopa equivalent dose (LED) was recorded.

Given the discrepancy of scoring rules and ranges among
different clinical scales, we transformed each scale to its z-score.
The formula of z-score was as follows:

zk =
(
crude score−mean

)
/ standard deviation (SD)

Of note, because the more severe the disease was, the lower
the PDSS and MMSE score were, we transformed its z-score to
its negative number first. Then, the motor domain was assigned
as the z-score of UPDRS III, the mood domain was the mean
of the z-score of HAMD and HAMA, sleep domain was the
mean of z-score of ESS and the negative z-score of PDSS, and
cognition domain was the mean of the negative z-score of MMSE,
and then, for measuring clinical progression, the annualized
clinical change of each domain was calculated as {[(follow-up -
baseline)/time interval]}.

MRI Data Acquisition
Subjects were scanned on a 3.0 T MRI machine (GE Discovery
750) equipped with an eight-channel head coil. During MRI
scanning, their heads were fixed with foam pads, and earplugs
were provided to reduce the noise.

Structural T1-weighted images were acquired using a fast
spoiled gradient recalled sequence: repetition time = 7.336 ms,
echo time = 3.036 ms, inversion time = 450 ms, flip angle = 11◦,
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FIGURE 1 | The framework of the whole processing steps. (A) The generation of targets: (a) The cortex was segmented to 62 segmentations by using the
Desikan–Killiany–Tourville (DKT) cortical labeling protocol, then thresholded with 0.5, and binarized. (b) The premotor gyrus and prefrontal gyrus were separated from
the superior frontal gyrus. (c) A total of 64 cortical segmentations were acquired and transformed to the diffusion space. (d) A total 64 cortical segmentations were
merged to five distinct segments. (B1) The acquisition of standard callosal mask. (B2) The semi-automatic procedure of seed delineation. (e) Manual adjustment of
seed. (f) Connectivity-based parcellation. (C) The segmentation scheme of corpus callosum (CC) in follow-up data for acquiring follow-up whole CC (red) and its
subsections (blue, just listed callosal prefrontal subsection as an example).

field of view = 260 × 260 mm2, matrix = 256 × 256, slice
thickness = 1.2 mm, voxel size = 1.02 × 1.02 × 1.2, and 196
continuous sagittal slices.

Diffusion tensor imaging images were scanned using a spin-
echo echo-planar imaging sequence with 30 gradient directions
(b value = 1,000 s/mm2): TR = 8,000 ms, TE = 80 ms, flip
angle = 90◦, field of view = 256 × 256 mm2, matrix = 128 × 128,
slice thickness = 2 mm, voxel size = 2 × 2 × 2, slice gap = 0 mm,
and 67 interleaved axial slices.

T2-weighted images and spin echo-inversion recovery
sequence (FLAIR) images were additionally acquired and
then visually examined by an experienced radiologist for
excluding patients with vascular disease, traumatic disease,
or tumor. The parameters were as follows: T2: fast spin echo
sequence, repetition time = 3,000 ms, echo time = 106.7 ms, flip
angle = 90◦, field of view = 240 × 240 mm2, matrix = 512 × 512,
slice thickness = 4.0 mm, voxel size = 0.47 × 0.47 × 4, and 38
continuous sagittal slices; FLAIR: repetition time = 11,000 ms,
echo time = 157.528 ms, inversion time = 2,250 ms, flip
angle = 90◦, field of view = 220 × 220 mm2, matrix = 256 × 256,
slice thickness = 4.0 mm, voxel size = 0.86 × 0.86 × 4, and 42
continuous sagittal slices.

DTI Preprocessing and Seed Definition
Diffusion tensor imaging images were preprocessed by the
Pipeline for Analyzing braiN Diffusion imAges toolbox
(PANDA_1.3.1_641) (Cui et al., 2013), which incorporates

1http://www.nitrc.org/projects/panda/

FMRIB Software Library (FSL2) and Diffusion Toolkit
software3. The preprocessing procedures were as follows:
(1) brain extraction using FSL’s “BET” tool with factional
intensity threshold = 0.25; (2) eddy current-induced
distortion and head motion artifacts correction using FSL’s
“eddy_correct” tool; after which, the original b-vectors
were rotated according to the affine transformation;
and (3) DTI metrics [fractional anisotropy (FA); mean
diffusivity (MD)] fitting using FSL’s “DTIFIT” tool (with
standard linear regression). To ensure the accuracy of
brain extraction, each extracted brain was scrutinized by an
experienced radiologist.

Before the connectivity-based parcellation, we first obtained
the 3D CC in native space by using a semiautomatic procedure
accomplished with Advanced Normalization Tools (ANTs)
(Tustison et al., 2014) (Figure 1B): (1) the callosal mask in
standard space was extracted from International Consortium for
Brain Mapping (ICBM) atlas, (2) the FA template (FMRIB58_FA
1mm) in standard space was registered to native FA map using
SyN registration algorithm (which combines affine and non-
linear transformation) and the transform was saved, and (3)
the callosal mask in native space was obtained by warping
the callosal mask in standard space with the transform.
Afterward, each native callosal mask was visually examined
by an experienced radiologist who was blinded to the patient
disease status and was manually adjusted and then used to locate
the tracking seed.

2http://www.fmrib.ox.ac.uk/fsl/
3http://trackvis.org/dtk/
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TABLE 1 | The callosal–cortical correspondence.

Callosal subsections Cortical segmentations

Prefrontal Bilateral caudal middle frontal, bilateral lateral
orbitofrontal, bilateral medial orbitofrontal, bilateral
pars opercularis, bilateral pars orbitalis, bilateral
pars triangularis, bilateral rostral middle frontal, and
bilateral prefrontal*

Premotor Bilateral premotor*

Motor Bilateral paracentral and bilateral precentral

Somatosensory Bilateral postcentral

Temporal–parietal–
occipital

Bilateral cuneus, bilateral entorhinal, bilateral
fusiform, bilateral inferior parietal, bilateral inferior
temporal, bilateral lateral occipital, bilateral lingual,
bilateral middle temporal, bilateral pericalcarine,
bilateral precuneus, bilateral superior parietal,
bilateral superior temporal, bilateral supramarginal,
and bilateral transverse temporal

Note. *These cortical segmentations were generated from the superior frontal gyrus
defined by the Desikan–Killiany–Tourville (DKT) atlas.

T1-Weigthed Imaging Preprocessing and
Target Definition
T1-weighted images were preprocessed by ANTs, including
intensity inhomogeneity correction (N4 bias correction), brain
tissue extraction, SyN diffeomorphic image coregistration, and
tissue segmentation, which has been proven to have superior
performance over the FreeSurfer pipeline (Tustison et al., 2014).
Afterward, a total of 62 cortical segmentations were obtained
by employing the Desikan–Killiany–Tourville (DKT) cortical
labeling protocol (Klein and Tourville, 2012) for each subject
(Figure 1A). These segmentations were thresholded with 0.5 to
rid white matter tissue and then binarized as binary mask. Of
note, the premotor gyrus and prefrontal gyrus were separated
from the superior frontal gyrus defined by the DKT atlas with
the use of standard premotor gyrus in the Anatomical Automatic
Labeling (AAL) atlas [Figure 1A,(b)]. As such, 64 binary cortical
segmentations were acquired and transformed to diffusion
space. Afterward, these segmentations were merged into five
distinct segments (prefrontal, premotor, motor, somatosensory,
and temporal–parietal–occipital segment) (Zhang et al., 2017)
[Figure 1A,(d) and Table 1] to serve as the tracking targets.

Connectivity-Based Parcellation
After the definition of seed and targets, connectivity-based
parcellation was performed in FSL. First, a probable fiber
orientation estimation was executed in BedpostX, which stands
for Bayesian Estimation of Diffusion Parameters Obtained using
Sampling Techniques, and Markov Chain Monte Carlo sampling
was ran to build up distributions on diffusion parameters at
each voxel, thus modeling crossing fibers (Behrens et al., 2007).
Then, based on the estimated fiber orientations, connectivity
distributions between seed (3D callosal region) and target regions
(five distinct cortical segments) were generated using FSL’s
“Probtrackx” tool as displayed in Figure 2 with 5,000 samples
per voxel, a step length of 0.5 mm, a curvature threshold of 0.2,
and max number of steps per sample of 2,000. After tractography,

each voxel in CC was classified into five classes according to
the cortical region they mostly connected to (winner take all)
(Behrens et al., 2003).

To make the data obtained from baseline and follow-up
comparable, we segmented the follow-up CC as follows (executed
in ANTs) (Figure 1C): (1) the baseline individual FA map
was registered to the follow-up FA map and the transform
was saved and (2) the follow-up CC and its subsections were
acquired separately by warping baseline CC and its subsections
with the transform.

Imaging Metrics Calculation
The mean FA and MD values for CC and its subsections
were extracted. The mean volumes of CC and its parcellated
subsections were calculated as follows:

Volume (cm3) = Voxel number × Imaging

resolution (mm3) × 10−3

Specifically, the total intracranial volume (TIV) of each subject
was acquired as a covariate in the following volumetric regression
model for eliminating individual morphological heterogeneity,
and the cortical volumes of each person’s five cortical targets
were calculated for illustrating the cortical structural alterations.
First, the voxel number of binarized whole brain cortical tissue,
and each cortical target was extracted, and then, the volume was
calculated as stated above.

Statistical Analysis
Demographic and clinical variables between groups were
analyzed in Statistical Product and Service Solutions (SPSS
version 23.0). The normal distribution of data was tested by
Kolmogorov–Smirnov test. Differences between groups were
analyzed with two-sample t-test, paired t-test, Pearson chi-
square, or non-parametric tests appropriately. P < 0.05 was
regarded as statistically significant.

The ROI-based analyses for FA, MD, and volume between PD
at baseline (PD-BL) and NC were conducted by general linear
model (GLM) with age, gender, and education as covariates.
TIV was additionally regressed out in the volumetric group
comparisons, and the paired t-test was employed for the
comparisons between PD-BL and PD follow-up (PD-F). P < 0.05
was regarded as statistically significant for whole CC, while
p < 0.01 (corrected by Bonferroni correction for multisubsection
comparisons, p < 0.05/5) was regarded as statistically significant
for each callosal subsection.

The relationships between specific metrics of different callosal
subsections and clinical domains were evaluated by stepwise
linear regression model at baseline and follow-up, respectively,
and the relationships between baseline structural metrics and
clinical annualized change were analyzed. Specifically, each
clinical domain z-score was used as dependent variable; age,
gender, and education as force-entered covariates in the first
block; and imaging metrics (FA, MD, and volume, each run
independently) of the five callosal subsections as stepwise-
entered independent variables in the second block with enter
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FIGURE 2 | The fiber tracts of each callosal subsections (one representative subject). Green, the prefrontal subsection tract; blue, the premotor subsection tract;
orange, the motor subsection tract; yellow, the somatosensory subsection tract; red, the temporal–parietal–occipital subsection tract.

p-value = 0.05 and remove p-value = 0.1 (Bledsoe et al., 2018).
When the originally introduced variable becomes statistically
insignificant due to the introduction of a later variable, it will
be removed; thus, only the significant variables would remain in
the last calculated model, and p < 0.05 was used to evaluate the
significance of each constructed model.

RESULTS

Demographic and Clinical Variables
Demographic and clinical variables are shown in Table 2.
No significant difference was observed in basic demographic
information (including age, p = 0.366; gender, p = 0.094; and
education, p = 0.080, respectively) between PD-BL and NC. For
clinical assessments, PD patients at baseline showed no difference
in MMSE scores (p = 0.325) and ESS scores (p = 0.926), while
HAMD scores (p < 0.001) and HAMA scores (p = 0.003) were
increased compared with NC.

After the mean time interval of 21 months, PD-F patients
showed higher HAMD scores (p < 0.001) and HAMA scores
(p < 0.001) and lower MMSE scores (p = 0.028) than baseline
NC. Direct comparisons of PD-BL and PD-F revealed that PD-F
patients exhibited increased LED (p < 0.001), H-Y (p = 0.018),
and HAMA scores (p = 0.002) and decreased UPDRS III
(p = 0.011) and PDSS (p = 0.038) than PD-BL.

Microstructural Changes of CC and Its
Subsections in PD Patients
No significant microstructural alterations in the whole CC or its
subsections were observed between PD-BL and NC (Table 3).
Within the paired t-test for longitudinal data, significant
reductions of FA and increments of MD in the whole CC (both
p < 0.001) and its anterior part, including prefrontal (both
p < 0.001), premotor (p < 0.001 and p = 0.001, respectively),
motor (p = 0.003 and p< 0.001, respectively), and somatosensory

(p = 0.001 and p = 0.002, respectively) subsections, were observed
in PD-F when comparing with PD-BL (Figure 3 and Table 3).

To alleviate the effect of partial volume contamination on FA
and MD, we did an eroding procedure on each CC subsection
as well as the whole CC mask. The details were as follows: the
whole CC mask and its each subsection mask were eroded by
one edge voxel; the mean imaging metrics of each eroded callosal
mask were calculated and analyzed by the previous statistical
approaches. Of note, as the volume of somatosensory subsection
was very small (NC, 0.52 ± 0.34 cm3; PD-BL, 0.45 ± 0.32 cm3;
PD-F, 0.45 ± 0.32 cm3) and all somatosensory subsection masks
were located at relatively the central part of CC, we did not
perform the eroding procedure on this subsection. The results are
shown in Supplementary Table S1, in which we could find that
the changing trend was similar with our former results.

Macrostructural Changes of CC and Its
Subsections in PD Patients
No volumetric alterations of whole CC or its subsections were
detected in PD-BL compared with NC (Table 3). However, during
disease course, the volume of motor subsection (p = 0.004)
was decreased in PD-F patients when comparing with PD-BL
(Figure 3 and Table 3).

Cortical Macrostructure Alterations in
PD Patients
There was no difference in cortical volume either between PD-
BL and NC or between PD-BL and PD-F at whole cortex level
or segment level.

Relationships Between Callosal Imaging
Metrics and Clinical Domains in PD
The FA of temporal–parietal–occipital subsection (p = 0.046,
R2 = 0.307) and the volume of motor subsection (p = 0.016,
R2 = 0.344) were correlated with mood domain at baseline, and
the MD of somatosensory subsection (p = 0.041, R2 = 0.272) was
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TABLE 2 | Demographic and clinical variables.

Clinical variables NC PD-BL PD-F P-value

PD-BL/NC PD-F/NC PD-BL/PD-F

Num 82 39 39 – – –

Age (years) 59.19 ± 6.60 60.45 ± 8.09 62.10 ± 8.25 0.366a 0.038a* –

Age range (years) 46–77 44–82 45–84 – – –

Gender (male/female) 47/35 16/23 16/23 0.094b 0.094b –

Education (years) 9.57 ± 4.37 8.05 ± 4.53 8.05 ± 4.53 0.080a 0.080a –

Disease duration (years) – 3.40 ± 2.65 4.97 ± 2.71 – – –

LED – 269.23 ± 232.58 460.18 ± 267.34 – – <0.001c*

UPDRS III – 23.33 ± 13.39 19.69 ± 13.43 – – 0.011d*

H-Y – 2.5 (1.5–3) 2.5 (1–4) – – 0.018d*

HAMD 2.08 ± 2.47 5.13 ± 3.71 5.97 ± 4.65 <0.001a* <0.001a* 0.283c

HAMA 3.01 ± 3.50 4.59 ± 3.39 7.13 ± 5.04 0.003a* <0.001a* 0.002c*

ESS 4.98 ± 3.99 5.13 ± 4.63 5.61 ± 21.17 0.926a 0.665a 0.577c

PDSS – 131.64 ± 20.91 122.77 ± 3.39 – – 0.038c*

MMSE 28.13 ± 2.03 27.38 ± 3.17 27.15 ± 2.82 0.325a 0.028a* 0.394d

The continuous variables were represented as mean ± SD, while the categorical variable (H-Y) was presented as median (range). NC, normal control; PD-BL, PD at
baseline; PD-F, PD follow-up. aMann–Whitney U-test. bPearson chi-square. cpaired t-test. dWilcoxon test. *Significant result with p < 0.05.

TABLE 3 | Group comparisons of callosal structural metrics.

Imaging metrics Subsections NC PD-BL PD-F p-Values

PD-BL/NC PD-BL/PD-F

Part 1 Group comparisons of callosal subsections

FA Prefrontal 0.62 ± 0.02 0.61 ± 0.03 0.61 ± 0.03 0.158 <0.001a*

Premotor 0.61 ± 0.04 0.60 ± 0.04 0.59 ± 0.04 0.361 <0.001b*

Motor 0.59 ± 0.03 0.59 ± 0.04 0.58 ± 0.04 0.782 0.003a*

Somatosensory 0.67 ± 0.08 0.70 ± 0.08 0.68 ± 0.08 0.079 0.001a*

T-P-O 0.68 ± 0.02 0.67 ± 0.03 0.67 ± 0.03 0.471 0.016a

MD(10−3 mm2/s) Prefrontal 0.93 ± 0.05 0.95 ± 0.07 0.97 ± 0.08 0.057 <0.001a*

Premotor 0.89 ± 0.06 0.93 ± 0.07 0.95 ± 0.08 0.034 0.001a*

Motor 1.01 ± 0.06 1.03 ± 0.08 1.06 ± 0.08 0.375 <0.001a*

Somatosensory 1.00 ± 0.26 0.96 ± 0.15 1.00 ± 0.15 0.254 0.002b*

T-P-O 0.91 ± 0.05 0.92 ± 0.06 0.93 ± 0.07 0.747 0.026a

Volume (cm3) Prefrontal 8.62 ± 1.10 8.74 ± 1.06 8.74 ± 1.12 0.585 0.941a

Premotor 4.37 ± 0.90 4.55 ± 0.94 4.56 ± 0.96 0.614 0.795a

Motor 3.10 ± 0.50 3.09 ± 0.54 3.05 ± 0.55 0.900 0.004a*

Somatosensory 0.52 ± 0.34 0.45 ± 0.32 0.45 ± 0.32 0.293 0.518a

T-P-O 10.63 ± 1.58 10.71 ± 1.89 10.71 ± 1.99 0.696 0.908a

Part 2 Group comparisons of whole CC

FA Whole CC 0.64 ± 0.02 0.63 ± 0.03 0.63 ± 0.03 0.222 <0.001a*

MD(10−3 mm2/s) Whole CC 0.93 ± 0.05 0.95 ± 0.06 0.96 ± 0.07 0.150 <0.001a*

Volume (cm3) Whole CC 27.24 ± 2.93 27.55 ± 3.18 27.50 ± 3.43 0.968 0.677a

NC, normal controls; PD-BL, PD at baseline; PD-F, PD follow-up; T-P-O, temporal–parietal–occipital subsection; CC, the whole 3D corpus callosum. The comparisons
of PD-BL/NC were conducted by general linear model. FA and MD comparisons were regressed age, gender, and education out, while in volumetric comparisons, the
total intracranial volume was additionally regressed out. The comparisons of PD-BL/PD-F were conducted by paired at-test or bWilcoxon test. Bonferroni correction
(p < 0.05/5 = 0.01) was performed for Part 1, while p < 0.05 was regarded as statistically significant for Part 2. All variables were represented as mean ± SD; *Significant
result with p < 0.01 for Part 1, and p < 0.05 for Part 2.

associated with motor domain at follow-up (Table 4). However,
the baseline structural metrics were found having no significant
relationship with the annualized clinical change. These showed
that the callosal subsections were supposed to possess specific
associations with corresponding clinical performance in PD.

DISCUSSION

With longitudinal design, our study demonstrated the structural
characteristics of callosal subsections in PD over time. The
main findings included the following: (1) no significant
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FIGURE 3 | The structural alterations of FA (A), MD (B), and volume (C) in PD patients with disease evolution. PD-BL, PD at baseline; PD-F, PD follow-up. T-P-O,
temporal-parietal-occipital subsection. *Significant result.

TABLE 4 | The significant results of regression models.

Clinical
domains

Callosal
subsection
with
significant
association

Adjusted R2 F p-Values

Baseline

Mood FA (T-P-O
subsection)

0.307 5.206 0.002∗

Volume (motor
subsection)

0.344 5.977 0.001∗

Follow-up

Motor MD
(somatosensory
subsection)

0.272 4.552 0.005∗

Regression models were constructed between structural metrics and clinical
domains at baseline and follow-up, respectively, and the relationships between
baseline structural metrics and clinical annualized change were analyzed.
Regression models were controlled for age, gender, and education. T-P-O,
temporal−parietal−occipital subsection. *Significant result with p < 0.05.

macro/microstructural alterations were found in PD-BL when
compared to NC; (2) after a mean time interval of 21 months, PD-
F showed significantly decreased volume in motor subsection,
decreased FA, and increased MD in the whole CC and its
subsections (except the temporal–parietal–occipital subsection)
compared with PD-BL; (3) the cortical volume did not show any
significant differences between groups or during disease course;
and (4) the baseline FA of temporal–parietal–occipital subsection,
as well as the volume of motor subsection, was correlated with
the mood domain, and the follow-up MD of somatosensory
subsection was associated with motor domain.

The Early Preserved Callosal
Macro/Microstructure Was Progressively
Disrupted in PD
At baseline, no macro/microstructural alterations in PD-BL
subjects were detected. Interestingly, during disease course,
decreased FA and increased MD of whole CC and its subsections
(except temporal–parietal–occipital subsection) and decreased
volume of motor subsection were observed. The micro- and
macrostructures of CC and its subsections in PD-BL, which was

at a relatively early stage, may be fairly preserved and, along
the disease progression, became disrupted. Consistent to our
results, Taylor et al. (2018) revealed that over 1-year follow-
up, PD patients had significantly stronger decline in FA and
stronger increase in MD in the callosal region compared with NC.
Racheal et al. (Guimaraes et al., 2018) suggested that PD patients
showed microstructural alterations of CC only in late stage.
However, Gattellaro et al. (2009) conducted a cross-sectional
study and reported that the microstructure of the callosal genu
was disrupted in PD at an early stage, which may be due to the
sample heterogeneity of PD patients or the relatively small sample
size of their study. In general, these findings suggested that the
early preserved callosal macro-/microstructure was progressively
disrupted in PD.

Parkinson’s disease is a progressive neurodegenerative
disorder, the disease severity and the brain pathological
alterations of which are progressively aggravated with disease
evolution (Taylor et al., 2018). As Braak et al. (2003) suggested,
the pathological process underlying PD was an ascending
course, from the brain stem ascending to the neocortex.
At a relatively early stage, CC was fairly preserved and,
with disease progression, gradually became disrupted, which
was consistent with the undamaged cortical macrostructure
found in our subjects. The symptoms of our subjects were
relatively mild, which might stay at a low pathological stage.
Consistent with our findings, the former studies reported
no cortical change in early PD when directly compared with
NC (Ibarretxe-Bilbao et al., 2012; Tessitore et al., 2012).
Although Ibarretxe-Bilbao et al. (2012) found that the total
cortical volume in PD was decreased during the disease
course, their following mean time interval (35 months) was
longer than ours. Therefore, the disease duration may be
an indicator reflecting the underlying pathological change
in a degree; thus, longer-term follow-up was still needed to
validate these findings.

It was worth mentioning that though the motor subsection
was atrophied, the motor symptoms were alleviated during
disease course. The beginning of drug management or the
increment of dosage in PD-F may account for it, which
further indicated that the patients who followed with a
medical disease duration (mean time interval of 21 months)
might benefit from anti-parkinsonian therapy with brain
reorganization, though the patients were required to withdraw
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all anti-parkinsonian medicine overnight. Thus, on the lasting
influence of anti-parkinsonian therapy, the clinical evaluation
cannot truly reflect the disease progression. Instead, the
disrupted structure of the CC and its subsections during the
longitudinal observation, detected by this study, provided such
objective evaluation.

The Topographic Organization Feature of
CC in PD
In the specific observation of the structural characteristics
of CC and its subsections, different callosal subsections
showed the distinct appearance during disease evolution.
It has been well established that the anterior CC (mostly
similar to the prefrontal, premotor, motor, and somatosensory
subsections in the present study) has high concentration of
small and unmyelinated axons in the structure (Aboitiz et al.,
1992), which appears to be selectively vulnerable to develop
abnormal proteinaceous aggregations in PD (Braak et al.,
2006). In agreement with our findings, structural disruptions
in these callosal subsections were widely reported (Fling
et al., 2016; Bledsoe et al., 2018). Specifically, one study
exhibited disrupted white matter in callosal regions connecting
bilateral premotor, motor, and somatosensory cortices (Fling
et al., 2016), while another investigation revealed that the
volume in the mid-anterior and central callosal regions was
reduced (Goldman et al., 2017). Therefore, this longitudinal
observation, by employing connectivity-based parcellation,
further demonstrated that the topographic organization is an
important feature of CC (Caille et al., 2005; Fabri et al.,
2014), which was widely and progressively disrupted under PD
pathology, e.g., direct abnormal protein aggregation or indirect
neurodegeneration.

The Specific Relationship Between
Callosal Subsections and Clinical
Performance in PD
It was noticeable that regional callosal characteristics showed
significant associations with clinical performance such that
the FA of temporal–parietal–occipital subsection as well as
the volume of motor subsection was found to be correlated
with the mood domain at baseline, while the MD of
somatosensory subsection was associated with motor domain
at follow-up. The bodily experience would affect previous
emotional processing as well as ongoing and subsequent
emotional processing (Sasaki et al., 2015). Transcranial magnetic
stimulation analysis showed that the negative emotion could
enhance long-term potentiation like plasticity in the human
primary motor cortex over time and space (Koganemaru
et al., 2012). Given the connection of the callosal region
to the corresponding motor cortex, the shrunken motor
subsection would contribute to the emotional disturbances
in PD as well as the temporal–parietal–occipital callosal
subsection, which would participate in the emotional regulation
through influencing information transfer to the temporal,
parietal, and occipital cortices, which were reported to have
interactions with emotional processing (Feldmann et al., 2008;

Liang et al., 2016). The findings of significant relationships
between mood domain and FA value in the temporal–parietal–
occipital subsection in which structural differences were not
detected highlight the multifaceted and complex nature of
these relationships.

Besides, a mass of evidence indicates that the perceptional
function in PD patients interacts with the motor output
(Conte et al., 2013). Also, the somatosensory area, which
is the main sensory administrative point, has been found
to be underactive in PD (Foki et al., 2015), and most of
which are involved in movement-related symptoms (Conte
et al., 2013). Incorrect sensory signals would influence the
preparation and execution of voluntary movement. The integrity
of somatosensory callosal subsection was disrupted, which would
affect the information transfer to somatosensory regions and
thereby play a role in the maintenance of normal motor
function. The different relationships found at baseline and
follow-up may be because non-motor symptoms played an
important role at a relatively early stage (Bassetti, 2011),
like mood showed the significant between-group differences
at baseline, which accounted for the early detection of
relationship between structural metrics and mood domain. In
combination with these findings, we thereby concluded that
the callosal regions would be specifically linking to the clinical
performance in PD.

Technologically, this study differs in several methodologic
aspects from former callosal studies (Witelson, 1989; Lebel et al.,
2010; Zhang et al., 2017). The most important strength of
our study was the usage of connectivity-based parcellation that
separated CC into functionally distinct subsections for better
defining boundaries between each two subsections. Besides, the
evaluation of CC was 3D, which decreased the artificial bias and
improved the signal-to-noise ratio (Lebel et al., 2010).

We acknowledged potential study limitations such that the
longitudinal sample size of our study was relatively small; thus,
it should be cautious to extend our findings to some specific
PD populations. Another critical evaluation of future work
is the lack of longitudinal observation in NC, which could
take the advantages of further elucidating relationships between
longitudinal callosal changes and disease status. The following
time interval of our subjects was relatively short, which would
restrain our findings; studies with longer-term follow-up are
still needed to clarify such complex nature of disease. Future
histopathologic studies may help verify the underlying structural
nature of the imaging metrics and broaden its use.

CONCLUSION

The longitudinal findings, in the present study, give a
comprehensive evaluation of the dynamic structural alterations
in CC, and its connectivity-specific subsections with their macro-
/microstructure remain fairly preserved in PD at a relatively
early stage and progressively disrupted during the disease
course. Besides, the different callosal subsections possess specific
associations with clinical performance and are closely associated
with non-motor dysfunctions at a relatively early stage in PD.
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Objectives: To investigate the value of MRI-based radiomic model based on the
radiomic features of different basal nuclei in differentiating idiopathic Parkinson’s disease
(IPD) from Parkinsonian variants of multiple system atrophy (MSA-P).

Methods: Radiomics was applied to the 3T susceptibility- weighted imaging (SWI) from
102 MSA-P patients and 83 IPD patients (allocated to a training and a testing cohort, 7:3
ratio). The substantia nigra (SN), caudate nucleus (CN), putamen (PUT), globus pallidus
(GP), red nucleus (RN), and subthalamic nucleus (STN) were manually segmented, and
396 features were extracted. After feature selection, support vector machine (SVM) was
generated, and its predictive performance was calculated in both the training and testing
cohorts using the area under receiver operating characteristic curve (AUC).

Results: Seven radiomic features were selected from the PUT, by which the SVM
classifier achieved the best diagnostic performance with an AUC of 0.867 in the
training cohort and an AUC of 0.862 in the testing cohort. Furthermore, the combined
model, which incorporating part III of the Parkinson’s Disease Rating Scale (UPDRSIII)
scores into radiomic features of the PUT, further improved the diagnostic performance.
However, radiomic features extracted from RN, SN, GP, CN, and STN had moderate to
poor diagnostic performance, with AUC values that ranged from 0.610 to 0.788 in the
training cohort and 0.583 to 0.766 in the testing cohort.

Conclusion: Radiomic features derived from the PUT had optimal value in differentiating
IPD from MSA-P. A combined radiomic model, which contained radiomic features of
the PUT and UPDRSIII scores, further improved performance and may represent a
promising tool for distinguishing between IPD and MSA-P.

Keywords: idiopathic Parkinson’s disease, multiple system atrophy, radiomics, support vector machine,
susceptibility weighted imaging
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INTRODUCTION

Idiopathic Parkinson’s disease (IPD) and multiple system atrophy
(MSA), especially Parkinsonian subtypes of MSA (MSA-P),
are common neurodegenerative disorders that share similar
Parkinsonism symptom (Ramli et al., 2015; Barbagallo et al.,
2016). Although MSA-P may resemble IPD at the early stage,
functional deterioration is more rapid, with moderate or
transient dopaminergic responses, and contributes to a worse
prognosis (Peeraully, 2014). Therefore, a development of an
accurate diagnostic separation between IPD and MSA-P is of
clinical significance.

More recently, increased attention has been paid to advanced
magnetic resonance imaging (MRI) approaches to detect
physiological mechanisms underlying PD and to distinguish IPD
and MSA, and these approaches include resting-state functional
MRI (Wang et al., 2017a), diffusion MRI (Hikishima et al.,
2015), and voxel-based morphometry (Peran et al., 2018).
However, these approaches are not generalized to clinical practice
due to a lack of consistent results and their time-consuming
nature. Susceptibility-weighted-imaging (SWI) has been widely
used in clinical practice due to its sensitivity in detecting
iron depositions (Liu et al., 2015), since loss of dopaminergic
neurons and abnormal iron accumulation are well established
as pathophysiological hallmarks of Parkinsonism (Hare et al.,
2017; Chen et al., 2019). Promising MR diagnostic biomarkers
have been proposed to be useful for differentiating IPD from
atypical Parkinsonism (AP) via SWI based on neurodegenerative
patterns that underlie PD and AP (Meijer et al., 2016; Wang
et al., 2017b). However, consistent recognition of MR biomarkers
has been met with difficulty among radiologists, especially when
iron deposition is too low to be detected at the early stage
of the disease, offering limited support for clinical diagnostic
criteria. “Swallow-tail” sign has been demonstrated to be a
promising biomarker for differentiating between IPD patients
and healthy control (HCs), but not for discriminating IPD
from AP (Wang et al., 2017b). Similarly, a distributional
pattern of posterolateral putaminal hypointensity on SWI has
been reported to be a common finding in MSA-P patients
(Sugiyama et al., 2015; Lee et al., 2019). In practice, however,
the inner or medial subregion of the putaminal hypointensity
can also be found in MSA-P patients. Other patients may
lack typical signs on SWI due to the relatively short period
of disease. Additionally, tissue-specific physiological patterns
in iron concentrations have been proposed, with the highest
concentrations found in different basal nuclei [i.e., putamen
(PUT), globus pallidus (GP), caudate nucleus (CN), and red
nucleus (RN)] in patients with neurodegenerative diseases, which
may provide valuable information for differential diagnoses (Han

Abbreviations: AP, Atypical Parkinsonism; AUC, Area under the curve; CN,
Caudate nucleus; GP, Globus pallidus; IPD, Idiopathic Parkinson’s disease; LASSO,
The least absolute shrinkage and selection operator; MSA-P, Parkinsonian variant
of multiple system atrophy; MRI, Magnetic resonance imaging; MoCA, Montreal
Cognitive Assessment; PUT, Putamen; PSP, Progressive supranuclear palsy; ROC,
Receiver operating characteristic; RN, Red nucleus; SN, Substantia nigra; STN,
Subthalamic nucleus; SWI, Susceptibility-weighted imaging; SVM, Support vector
machine; UPDRSIII, Parkinson’s Disease Rating Scale III.

et al., 2013; Shahmaei et al., 2019). However, no single basal
nucleus has been shown to completely distinguish between
Parkinsonian disorders. On these premises, the potential of
different basal nuclei in differentiating IPD from MSA-P requires
further exploration.

Radiomics, which includes promising approaches that
incorporate advanced quantification and classification
methodologies, offers a complementary tool to existing
radiological practices by extracting quantitative medical imaging
features based on machine learning algorithms. A previous
study has shown that radiomics offers important advantages
for cancer diagnosis, grading, heterogeneity, and prognosis
(Park et al., 2018). At present, there is growing interest in the
potential of radiomics to aid in the development of non-invasive
biomarkers in neurodegenerative diseases, such as PD and
Alzheimer’s Disease (AD) (Feng et al., 2018; Cheng et al., 2019).
However, the potential of radiomic analysis based on basal nuclei
for distinguishing between PD and MSA-P on SWI has not
yet been assessed.

Hence, in the present study, we investigated the most valuable
nuclei for potentially enabling differential diagnosis of IPD and
MSA-P based on a non-invasive radiomic model on SWI.

MATERIALS AND METHODS

Participants
This investigation was approved by the Institutional Review
Board of China Medical University, and written inform consent
was obtained from all subjects. The IPD patients were diagnosed
on the basis of the diagnostic criteria of the UK PD Society
Brain Bank (Hughes et al., 1992). The MSA patients met
the criteria for “probable MSA” via the second- consensus
clinical criteria (Gilman et al., 2008). The exclusion criteria
were as follows: (1) a history of cerebrovascular disease, brain
tumor, or neurological surgery; (2) a history of substance
abuse or alcohol dependence; (3) systemic diseases such as
anemia and diabetes mellitus; (4) psychiatric disorders or co-
occurring neurological illness; or (5) contraindications to an
MRI examination. Following inclusion and exclusion criteria, 185
patients including 83 IPD patients and 102 MSA-P patients were
recruited from the Department of Neurology between September
2016 and March 2019. The patients were randomly allocated to
either the training (70%) or testing (30%) cohort, with stratified
sampling. Movement disorders and the cognitive conditions
of patients were assessed by part III of Parkinson’s Disease
Rating Scale (UPDRSIII) and Montreal Cognitive Assessment
(MoCA), respectively.

MRI Acquisition
Magnetic resonance imaging scans were conducted on a 3.0T
MRI scanner (Magnetom Verio, Siemens, Erlangen, Germany)
with a 32-channel head coil. Based on 3D-FLASH T2WI
sequence, the SWI data were obtained parallel to the anterior
commissure-posterior commissure (AC-PC) plane, with the
following parameters: repetition time/echo time = 27/20 ms; slice
number = 64; slice thickness = 0.8 mm; flip angle = 15◦; filed of
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FIGURE 1 | Workflow of radiomic analysis. (1) Regions of the CN (yellow), PUT (green), GP (purple), SN (blue), RN (red), and STN (light blue) were segmented slice by
slice to generate volumes of interest (VOIs) in IPD and MSA-P patients. (2) Six kinds of radiomic features were extracted via AK software. (3) A combined
feature-selection procedure was applied in the training cohort, which contained t tests, least absolute shrinkage and selection operator (LASSO), and Spearman
correlation analysis. (4) The SVM classifier was constructed by ten-fold cross validation with 10 repetition in the training cohort, and the final diagnostic performance
was evaluated in both training and testing cohorts.

view = 230 mm × 172.5 mm; matrix size = 182 × 256; and voxel
size = 0.9 mm × 0.9 mm × 0.8 mm. All data were derived from
one scanner and used the same MR parameters.

Image Segmentation
Pathological studies have demonstrated that abnormal iron
levels in a series of nigral and extranigral regions should
be considered as candidate biomarkers to differentiate IPD
from AP and controls, including the PUT, CN, GP, RN,
subthalamic nuclei (STN), and substantia nigra (SN). On the
basis of these studies, the selection of regions of interest
(ROIs) was confirmed (Dickson, 2012; Mazzucchi et al.,
2019). Considering that iron distribution is heterogenous, ROIs
were drawn on the continuous layers to obtain volumes of
interest (VOIs). Manual segmentation of the basal nuclei
was carried out using ITK-SNAP (V3.4.0)1 according to the
continuous anatomic structures with boundary voxels excluded.
SN, CN, PUT, GP, and RN were segmented via axial-magnitude
imaging, whereas STN was segmented via coronal-magnitude
imaging by a neuroradiologist who was blinded to the clinical
information (HP, with 5 years of experience in neuroimaging
diagnoses). All segmentations were confirmed by a senior
neuroradiologist (GF, with more than 20 years of experience
in neuroimaging diagnosis). Figure 1 presents the workflow of
the present study.

Feature Extraction
Firstly, normalization (z-score transformation) was performed
on the imaging data in order to avoid heterogeneity bias. In total,
396 features were ultimately extracted, including 41 histogram
features, 72 statistics-based texture features, 10 form factor
features, 82 gray-level co-occurrence matrix (GLCM) features,
180 gray-level run length matrix (GLRLM) features, and 11 gray-
level size zone matrix (GLSZM) features. AK software (Artificial

1http://www.itksnap.org

Intelligence Kit; version V3.2.0; GE Healthcare, China, Shanghai)
was used for feature extraction. The details of radiomic feature
extraction are presented in Supplementary Table S1.

Feature Selection
To avoid model overfitting, the following steps were integrated
in feature selection procedure in the training cohort: First,
two sample t tests with a false-discovery rate (FDR) correction
were applied to select features. Features were considered
important at FDR-cor. p < 0.05. Subsequently, the least
absolute shrinkage and selection operator (LASSO) regression
was fitted to construct a subset of optimal features from
the high-dimensional radiomic features using ten-fold cross-
validation. Finally, Spearman’s rank correlation was employed
for analyzing the correlation between the remaining non-
zero radiomic features. The association was considered to be
statistically significant when the absolute value of the coefficient
was ≥0.8 and the p value was <0.05, thus excluding one of them
according to their coefficients. The above steps were calculated
using MATLAB R2013b. The optimization parameters are listed
in Supplementary Table S2.

Support Vector Machine (SVM)
Construction and Validation
With the selected features, support vector machine (SVM) model
with a radial basis function (RBF) kernel was performed for data
classifications, owing to its classification stability and favorable
performance. SVM has the potential to differentiate Parkinsonian
syndromes and predict disease progression (Castillo-Barnes et al.,
2018). The SVM classification was constructed using ten-fold
cross-validation with 10 repetition in the training cohort. The
statistical significance of the balanced accuracy (ACC) was
identified by a random permutation test (1,000 times). The
performance of the SVM classifier was evaluated by the area
under the curve (AUC) in receiver operating characteristic (ROC)
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analysis in both the training and testing cohort. The SVM was
implemented in MATLAB using the LIBSVM3.21 toolkit2.

Statistical Analysis
The Kolmogorov–Smirnov test (K–S test) was performed to
test the normality of each distribution. Student’s t test, Mann–
Whitney test, and Chi-square tests were used for demographic
variables and the selected radiomic features. To evaluate the
balanced ACC, a permutation test (1,000 times) was also
performed. p < 0.05 was deemed to be statistically significant.
Statistical analyses were carried out using SPSS22.0 (SPSS Inc.,
Chicago, IL, United States) and MATLAB R 2013b.

RESULTS

Demographic Characteristics
A total of 185 patients, including 83 IPD and 102 MSA-P
patients, were included in the present study. There were no
significant differences in age, gender, disease duration, or MoCA
score between the IPD and MSA-P patients in both the training
and testing cohorts. The MSA group showed slightly higher
UPDRSIII scores compared with those in the IPD group in the
training cohorts. However, there was no significant difference
in UPDRSIII scores between the IPD and MSA-P groups in the
testing cohorts (Table 1).

Feature Selection
A total of 396 radiomic features were initially extracted from
each basal nucleus. After performing t tests with FDR correction,
the following significant features was selected: RN: four features;
SN: 123 features; PUT: 69 features; GP: 138 features; CN:10
features; and STN: 22 features. Next, based on LASSO regression,
the remaining features were as follows: three features (RN), 22
features (SN), seven features (PUT), 12 features (GP), three
features (CN), and three features (STN). Finally, the most stable
radiomic features were identified accordingly, as follows: RN:
three features; SN: 16 features; PUT: seven features, GP: 12
features; CN: three features; and STN: two features. The details
of the selected features in each basal nucleus are listed in
Supplementary Table S3.

2https://www.csie.ntu.edu.tw/~cjlin/libsvm/

Performances of Classifiers
Among the different basal nuclei, the SVM classifier showed the
highest AUC using radiomic features extracted from the PUT,
with an AUC of 0.867 for the training cohort and 0.862 for the
testing cohort. In addition, the combined model, which added
UPDRSIII scores to the radiomic model of the PUT, exhibited
further improved classification performance. However, the SVM
performances based on radiomic features of the GP, SN, RN, CN,
and STN were moderate to poor, with AUC values ranging from
0.610 to 0.788 for the training cohort and from 0.583 to 0.766 for
the testing cohort (Table 2 and Figures 2, 3).

Representative Radiomic Feature
Analysis in the PUT
After assembling the feature selection procedure, seven
representative radiomic features were identified in the PUT,
which included one histogram feature, one textural parameter,
four GLCM features, and one GLRLM feature. The details of
the representative radiomic features of the PUT are shown in
Table 3.

The histogram feature of the standard deviation
(26.512 ± 5.337 in IPD; 34.949 ± 11.898 in MSA-P, p < 0.001)
in MSA-P patients was higher than that in IPD patients. The
textural feature- correlation (1.206E-3 ± 7.177E-4 in IPD,
9.030E-4 ± 4.873E-4 in MSA-P, p < 0.01) was lower in MSA-P
patients, compared with that in IPD patients. As for GLCM
features, the value of GLCM Entropy (0.400 ± 0.353 in IPD,
0.769 ± 0.873 in MSA-P, p< 0.01) was found to be comparatively
higher in MSA-P patients. Furthermore, the Haralick correlation
(4.604E9 ± 2.821E9 in IPD, 1.829E9 ± 2.012E9 in MSA-P,
p < 0.001) and inverse difference moment (0.045 ± 0.023 in
IPD, 0.033 ± 0.017 in MSA-P, p < 0.001) were higher in IPD
patients compared with those in MSA-P patients. Meanwhile, the
GLRLM- run length non-uniformity (309.990 ± 120.300 in IPD;
400.501 ± 129.660 in MSA-P; p < 0.001) in MSA-P patients was
higher than that in IPD patients.

DISCUSSION

Multiple system atrophy, especially MSA-P variants, may mimic
IPD particularly at the initial stage of the disease, as both
MSA and IPD present with Parkinsonism (Peeraully, 2014;

TABLE 1 | Demographic characteristics of IPD and MSA-P patients in the training and testing cohorts.

Characteristics (mean ± SD) Training cohort p-value Testing cohort p-value

IPD (n = 58) MSA-P (n = 71) IPD (n = 25) MSA-P (n = 31)

Age (y) 62.00 ± 7.55 64.44 ± 8.07 0.080 64.16 ± 6.52 62.48 ± 7.97 0.391

Gender (male/female) 28/30 37/34 0.665 12/13 15/16 0.977

Disease duration 4.42 ± 2.09 3.86 ± 1.91 0.116 4.46 ± 2.03 3.92 ± 1.82 0.304

UPDISIII score 37.66 ± 10.98 42.07 ± 13.33 0.041* 37.12 ± 9.14 41.74 ± 11.38 0.098

MoCA 22.60 ± 3.97 22.46 ± 4.37 0.851 21.03 ± 4.10 21.80 ± 4.17 0.494

SD, standard deviation; MSA-P, multiple system atrophy-Parkinsonian type; IPD, idiopathic Parkinson’s disease; UPDRSIII, Unified Parkinson’s Disease Rating Scale;
MoCA, Montreal Cognitive Assessment; * denotes statistical significance, P < 0.05.
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FIGURE 2 | Receiver-operating characteristic (ROC) curves of the SVM model
in the training cohort.

FIGURE 3 | Receiver-operating characteristic (ROC) curves of the SVM model
in the testing cohort.

Ramli et al., 2015; Barbagallo et al., 2016). It is important to
differentiate between IPD and MSA-P; however, it remains
difficult to distinguish between these two neurodegenerative
diseases via conventional MRI. Our present study is the first to
build an SVM classifier using radiomic features derived from
basal nuclei on SWI to differentiate IPD from MSA-P. We found
that, based on the radiomic features derived from the PUT, the
SVM classifier showed the best performance in differentiating
IPD from MSA-P compared with that of the other basal nuclei.
Furthermore, a combined model, which added UPDRSIII scores
into the radiomic model of the PUT, further improved the
classifier performance. However, radiomic features extracted
from SN, GP, RN, STN, and CN showed only moderate to poor
differential-diagnostic performances.

In the present study, the selected radiomic features in
the PUT, extracted from magnitude imaging, consisted of
one histogram parameter, one textural parameter, four GLCM
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TABLE 3 | Statistical analysis of the selected radiomic features derived from the putamen.

Feature type-feature name IPD MSA-P Stat/adjusted P-value

Histogram feature-Std Deviance 26.512 ± 5.337 34.949 ± 11.898 −5.001/<0.001***

Textural feature-Correlation_angle0_offset1 1.206E- 3 ± 7.177E-4 9.030E-4 ± 4.873E-4 2.849/<0.01**

GLCM feature-GLCMEntropv_AllDirection_offset7_SD 0.400 ± 0.353 0.769 ± 0.873 −3.026/<0.01**

GLCM feature-HaralickCorrelation_Alldirection_offset4 4.604E9 ± 2.821E9 1.829E9 ± 2.012E9 6.508/<0.001***

GLCM feature-InverseDifferenceMoment_angle0_offset7 0.045 ± 0.023 0.033 ± 0.017 3.377/<0.001***

GLCM feature-InverseDifferenceMoment_anglel35_offset7 0.043 ± 0.016 0.030 ± 0.016 4.552/<0.001***

GLRLM feature-RunLengtliNonuniformity_AllDirection_offset 4_SD 309.990 ± 120.300 400.501 ± 129.660 −4.073/<0.001***

MSA-P, multiple system atrophy-Parkinsonian type; IPD, idiopathic Parkinson’s disease; **denotes statistical significance, P < 0.01; ***denotes statistical significance,
P < 0.001.

parameters, and one GLRLM parameter, all of which revealed
iron deposition patterns by reflecting higher-order imaging
patterns and capturing mineable imaging heterogeneity. The
histogram parameters described the statistical distribution of
the voxel intensities within the established ROI. The histogram
parameter- standard deviation is used to quantify the amount
of variation or dispersion within an ROI. Our study found that
the standard deviation was higher in MSA-P patients than in
IPD patients, indicating the dispersed signal of the PUT on SWI
in MSA-P patients, which was mainly attributed to marginal
iron deposition. The textural parameter- correlation depicts the
similarity of the gray levels in neighboring pixels. A higher
correlation indicates a more homogeneous signal throughout the
entire basal nuclei, which was found in IPD patients in the present
study. The GLCM entropy is the measure of randomness of the
intensities of images and indicates the amount of information
in the image. The value of the GLCM entropy was found to be
higher in MSA-P patients compared to that in IPD patients in
the present study. The GLCM parameters- Haralick correlation
and inverse difference moment describe the degree of similarity
of the gray level in a row or column direction, and the local
homogeneity of the image, respectively. These parameters were
found to be lower in MSA-P patients than in IPD patients,
suggesting heterogeneous iron decomposition of the PUT in
MSA-P patients. GLRLM parameters measure how many pixels
of a given gray value occur in a sequence in a given direction.
The GLRLM parameter- run-length non-uniformity measures
the similarity of run lengths. The value of run-length non-
uniformity was found to be lower in IPD than that in MSA-P
patients. This reflected the fact that iron accumulation of the
PUT was more complex in MSA-P patients. A growing body of
evidence has suggested that a pattern of putaminal hypointensity
from lateral to medial on SWI is a specific feature in MSA-P
patients (Gupta et al., 2010; Han et al., 2013; Shahmaei et al.,
2019). Furthermore, uniform low-signal intensity throughout the
PUT on SWI is thought to be non-specific and to accompany
the normal aging process (Lee and Lee, 2019). As a result, the
heterogeneity of the PUT on SWI was higher in patients with
MSA-P than in IPD patients, which was in accordance with the
results of our radiomic features. In this context, radiomic features
may be served as an objective approach to assess the spatial
distribution of iron deposition in the PUT, and may potentially
applicable in clinical practice.

Furthermore, on the basis of these contributive features,
we built an SVM classifier to enable an automated distinction

between IPD and MSA-P patients. SVM, a method of machine
learning, has been applied to neurodegenerative diseases based on
the role of the basal nuclei. Chen et al. (2020) used morphologies
of thalamic subnuclei as inputs to train the SVM and achieved
a high accuracy of 95% in PD diagnosis. In another study, an
SVM model was established using radiomic features extracted
from Nigrosome-1, which yielded favorable results in terms of
an AUC of 0.96 (Cheng et al., 2019). However, only a single basal
nucleus was included in their analysis. Furthermore, few studies
have focused on the differential diagnosis of PD and MSA-P.
Hence, in our present study, we explored the power of differential
diagnosis of SVM classifiers based on radiomic features extracted
from six different basal nuclei and obtained an AUC of 0.867 in
the training cohort and 0.862 in the testing cohort from PUT,
implying its potential value in clinical applications.

A combined SVM model, which incorporated radiomic
features and UPDRSIII score, was built on the basis of
radiomic model extracted from the PUT in our present study.
We found that the combined SVM model outperformed the
radiomic SVM model. Considering that both MSA-P and IPD
patients exhibit Parkinsonian symptoms, we used UPDRSIII
scores to assess motor dysfunction as previously reported
(Metman et al., 2004). MSA was associated with more rapidly
progressive disease course; thus, UPDRSIII scores may be higher
in MSA patients, especially at the initial stage of the disease
(Krismer et al., 2019). Some previous studies have found that
there is a correlation between R2∗ values and the degree
of clinical manifestations in progressive supranuclear palsy
(PSP) patients, which suggests that the severity of rigidity and
tremors is associated with iron-related pathologies (Lee et al.,
2017). The radiomic features captured imaging heterogeneity
by revealing higher-order imaging patterns, which conferred
better performance compared to that of conventional approaches.
The heterogeneity of SWI is mainly influenced by iron
decomposition occurring locally in PD. Thus, UPDRSIII scores
may serve as additional radiomic features to unveil heterogeneity
patterns within images. Incorporating UPDRSIII scores into
a developed radiomic model allows for more information;
thus, the combined model may provide further benefit for
diagnostic performance. This also indicates that a combination
of radiological examinations and clinical symptoms is necessary
for making clinical decisions. However, in view of the instability
and subjectivity of clinical scales, the diagnostic performance
of UPDRSIII scores combined with radiomic features warrants
further investigation.
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In our present study, the performances of the SVM classifier
based on radiomic features extracted from GP, SN, CN, RN,
and STN showed moderate to poor performance in terms of
differential diagnosis. According to previous studies, an absence
of dorsolateral nigral hyperintensity on MRI indicating a valuable
marker for identifying IPD and can also be found in the majority
of AP patients, preventing differential diagnosis among the IPD
and AP patients (Bae et al., 2016; Mahlknecht et al., 2017).
However, other researchers have suggested that the absence
of “swallow-tail” sign may have potential in differentiating
PD from MSA patients (Wang et al., 2017b). It was reported
that the presence of “swallow-tail” sign was more prevalent
in cerebellar subtypes of MSA (MSA-C) in contrast to MSA-
P patients (Reiter et al., 2015). Thus, this discrepancy might
be due to the failure of subtyping MSA patients. Our study
also supported the notion that the pathogenesis of SN in
MSA may be associated with iron deposition and reduced
neuromelanin, similar to features found in IPD patients. Recent
SWI studies have demonstrated that the susceptibilities of
the RN and GP are higher in PSP patients compared with
those in IPD or MSA patients, as well as controls (Han
et al., 2013; Sjostrom et al., 2017). However, the RN and
GP were not capable of differentiating between MSA from
IPD patients in our study. Furthermore, the CN has been
reported to be have no statistical differences in iron content
between PD and AP patients (Han et al., 2013; Sjostrom
et al., 2017; Mazzucchi et al., 2019). Similarly, in our present
study, the radiomic features extracted from the RN, GP, and
CN showed moderate to poor differential diagnostic values.
However, Mazzucchi et al. (2019) found that the STN might
be useful for differentiating MSA from PD. This discrepancy
may be due to the small size of the STN and difficulty in its
visualization on SWI.

There were some limitations to our present study. First,
the SVM classifier was built based on ROIs that were
manually drawn on SWI, which represents a tedious and
inconvenient process for clinical application. Therefore,
development of automated segmentation methods is needed
in the future. Second, only six representative basal nuclei
and corresponding SVM classifiers were included in our
present study. Hence, more basal nuclei and machine-learning
methods should be taken into consideration in future studies.
Third, compared to that of SWI, quantitative susceptibility
mapping (QSM) and R2∗ mapping tend to be more sensitive
quantitative methods for estimating iron deposition in PD
patients (Liu et al., 2015; Chen et al., 2019; Mazzucchi et al.,
2019). Therefore, further research should be performed that
relates radiomic features to quantitative iron contents within
different basal nuclei.

In conclusion, we found that radiomic features derived from
the PUT exhibited the best performance in differentiating IPD
from MSA-P patients. Furthermore, a combined radiomic model
containing radiomic features of the PUT and UPDRSIII scores
further improved diagnostic performance and may be useful as a
diagnostic tool distinguishing between IPD and MSA-P.
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Sleep complaints are the most prevalent syndromes in older adults, particularly in
women. Moreover, they are frequently accompanied with a high level of depression and
stress. Although several diffusion tensor imaging (DTI) studies reported associations
between sleep quality and brain white matter (WM) microstructure, it is still unclear
whether gender impacts the effect of sleep quality on structural alterations, and whether
these alterations mediate the effects of sleep quality on emotional regulation. We
included 389 older participants (176 females, age = 65.5 ± 5.5 years) from the
1000BRAINS project. Neuropsychological examinations covered the assessments of
sleep quality, depressive symptomatology, current stress level, visual working memory,
and selective attention ability. Based on the DTI dataset, the diffusion parameter maps,
including fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial
diffusivity (RD), were calculated and normalized to a population-specific FA template.
According to the global Pittsburgh Sleep Quality Index (PSQI), 119 poor sleepers (PSQI:
10∼17) and 120 good sleepers (PSQI: 3∼6) were identified. We conducted a two by
two (good sleepers/poor sleepers) × (males/females) analysis of variance by using tract-
based spatial statistics (TBSS) and JHU-ICBM WM atlas-based comparisons. Moreover,
we performed a voxel-wise correlation analysis of brain WM microstructure with the
neuropsychological tests. Finally, we applied a mediation analysis to explore if the
brain WM microstructure mediates the relationship between sleep quality and emotional
regulation. No significant differences in brain WM microstructure were detected on the
main effect of sleep quality. However, the MD, AD, and RD of pontine crossing tract and
bilateral inferior cerebellar peduncle were significant lower in the males than females.
Voxel-wise correlation analysis revealed that FA and RD values in the corpus callosum
were positively related with depressive symptomatology and negatively related with
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current stress levels. Additionally, we found a significantly positive association between
higher FA values in visual-related WM tracts and better outcomes in a visual pattern
recognition test. Furthermore, a mediation analysis suggested that diffusion metrics
within the corpus callosum partially mediated the associations between poor sleep
quality/high stress and depressive symptomatology.

Keywords: sleep quality, diffusion tensor imaging, tract-based spatial statistics, mediation analysis, depression
and stress, axonal and myelin degeneration

INTRODUCTION

Poor sleep quality has been associated with changes of
brain structure and function by using advanced magnetic
resonance imaging (MRI) techniques (Sexton et al., 2014;
Spira et al., 2016; Amorim et al., 2018). Of these MRI
modalities, diffusion tensor imaging (DTI) (Le Bihan et al.,
2001), which quantifies three-dimensional displacements of
water molecules along axons, reflects white matter (WM)
microstructure connecting distributed brain regions. Several
diffusion metrics, including fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (AD), and radial diffusivity
(RD), were developed to evaluate brain tissue characteristics
(e.g., fiber density, myelination, and axon diameter). In brief,
FA indicates the degree of anisotropic diffusion and MD is
an orientation-independent index by averaging three diffusion
eigenvalues. AD and RD separately reflects the integrity of axonal
and myelin microstructure. Previous DTI studies (Yaffe et al.,
2016; Khalsa et al., 2017; Sexton et al., 2017) showed that poor
sleep quality was primarily related to impaired WM integrity
in tracts connecting frontal, temporal and subcortical regions.
These WM changes were accompanied by attention and memory
deficits, as well as emotional dysregulations. For instance, in
448 older adults, Sexton et al. (2017) found that poor self-
reported sleep quality was significantly correlated with reduced
global FA and increased global AD and RD. By using tract-based
spatial statistics (TBSS), they further reported disrupted frontal-
subcortical tracts, which was consistent with a previous study
(Li et al., 2016) in patients with primary insomnia. However, the
generalizability of abovementioned results was restricted because
of the high fraction of men within the participants.

As known, sleep complaints tend to occur more frequently
in women (Bei et al., 2015; Mong and Cusmano, 2016; Hinz
et al., 2017), which might be affected by gender-specific variations
in brain organization. Actually, large amounts of MRI research
(Ingalhalikar et al., 2014; Kanaan et al., 2014; Cox et al., 2016;
Ritchie et al., 2018; Lotze et al., 2019) have addressed the gender
differences in brain structural and functional architectures, as
well as morphometry. For example, based on 5216 participants of
UK Biobank datasets, Ritchie et al. (2018) found higher FA values
in males than in females in widespread deep WM tracts, such
as cerebellar peduncle, genu of corpus callosum, and anterior
limb of internal capsule. Lotze et al. (2019) presented a larger
local gray matter volume (GMV) of frontal and temporal cortices
but smaller GMV of subcortical areas in females compared to
male in a total of 2838 adult subjects. Therefore, it is essential
to evaluate the interaction effects between gender differences

(males/females) and sleep quality (high/poor) on brain WM
microstructure. Additionally, sleep quality is associated with
emotion processing in a bidirectional fashion so that emotional
dysregulations (e. g., stressful and depressive syndromes) could
aggravate sleep complaints, and vice versa (Baglioni et al., 2010,
2011; Potvin et al., 2014; Becker et al., 2017). Recently, based on
1017 healthy participants of the Human Connectome Project,
Cheng et al. (2018) found that both poor sleep quality and
high depression scores were significantly positively correlated
with increased functional connectivity that involved prefrontal,
hippocampal, and amygdala regions. A mediation analysis
revealed that the level of connectivity in these regions partially
mediated the association of depressive symptoms with sleep
quality. Nevertheless, most previously published DTI studies
considered depression scores as covariates without exploring the
role of sleep quality.

Therefore, we intended to evaluate how sleep quality and
gender differences (males/females) influence whole brain WM
microstructure, as well as how these WM tracts mediate the
associations between emotional dysregulation and poor sleep
quality in older adults. With the application of both TBSS and
atlas-based comparisons, we applied two-way repeated analysis
of variance (ANOVA) (two factors with sleep quality and gender
differences) to compare the significant differences in diffusion
metrics of whole brain microstructures. A voxel-wise correlation
approach was used to examine relations between brain WM
tracts and outcomes of neuropsychological measurements. Lastly,
with mediation analysis, we tested the mediation effects among
sleep quality, emotional regulation (depression/stress), and brain
WM microstructure.

MATERIALS AND METHODS

Participants
All datasets were selected from the 1000BRAINS project that
aims to study the consequences of aging on brain structure,
cognitive function, and behavioral performance in an older
population-based German cohort (Schmermund et al., 2002;
Caspers et al., 2014). From an initial sample of 682 participants at
the time of initiation of this study, 293 were excluded according
to the following criteria: (i) a participant is suffering or has
any history of neurological or neuropsychiatric disorders over
the past 10 years, (ii) at least three variables of the cognitive
and neuropsychological examinations were not acquired, (iii)
age is less than 55 or larger than 80 years, and (iv) failed
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acquisition of MRI data or serious artifacts. As a result, we
included 389 healthy older subjects (176 females, mean age:
65.5 ± 5.5 years) for further analysis. In addition, we measured
the Body Mass Index (BMI) and used self-report questionnaires
and interviews to record the education (the period of received
education in school or university prior to commencing the work),
physical activity (hours/week) and habitual coffee consumption.
Informed consent was obtained from each participant and the
ethical application was approved by the local Ethical Committee
(University Hospital, Duisburg-Essen, Germany).

MRI Data Acquisition
All MRI data were collected on a 3T Siemens TRIO Tim
MRI scanner with a 32-channel phased-array head coil.
For each participant, high resolution brain structural
images were acquired using a T1-weighted 3D MP-RAGE
(magnetization prepared rapid acquisition gradient echo)
with the following parameters: repetition time (TR) = 2,250 s,
echo time (TE) = 3.03 ms, inversion time = 900 ms, flip
angle = 9◦, filed of view (FOV) = 256 mm × 256 mm,
data matrix = 256 × 256, 176 sagittal slices, and voxel
resolution = 1 mm × 1 mm × 1 mm. The DTI dataset of
each participant was acquired using a twice refocused spin-echo
diffusion-weighted EPI sequence with the following parameters:
TR = 6,300 ms, TE = 81 ms, 60 directions with b = 1000 s/mm2,
7 b0 volumes, FOV = 216 mm × 216 mm × 132 mm, 55
interleaved transversal slices without inter-slice gap, and voxel
resolution = 2.4 mm× 2.4 mm× 2.4 mm.

MRI Pre-processing
For each participant, the DTI data underwent correction for
motion artifacts including interpolation of slices with signal
dropouts by eddy in FSLv6.01 (Andersson and Sotiropoulos,
2016; Andersson et al., 2017). Visual quality control (QC) was
performed to check for ghosting, remaining signal dropouts
or very noisy T1-weighted/DTI data. Tissue probability maps
for gray matter, WM and cerebrospinal fluid (CSF) were then
estimated from T1-weighted data using CAT122 which ran in
SPM12 software3. This step also created a brain mask by adding
up the three tissue probability maps, thresholding them at 0.5 and
filling small holes. This brain mask was then used to extract the
brain from the T1-weighted data. Then, the T1-weighted images
were corrected for its bias field, rigidly aligned with the MNI152
template space and resampled to 1.25 mm isotropic voxel size.
With fslmaths command, we also calculated the total intracranial
volume (TIV) by sum of the above three tissue probability
maps, which was regarded as a nuisance variable during further
statistical comparisons.

For the DTI dataset, the first b0 images were extracted and
rigidly aligned to the T1-weighted data using mutual information
as the cost function. Then, the DTI datasets were transferred
to each T1-weighted individual space (resampling to 1.25 mm
isotropic voxel size) with corresponding transformations based

1https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL
2http://www.neuro.uni-jena.de/cat/
3https://www.fil.ion.ucl.ac.uk/spm/software/spm12/

on the alignment of the corresponding b0 volumes. B-vectors
were rotated according to the transformations. The diffusion
tensor-derived maps were computed using dtifit in FSLv6.0,
including FA, MD (MD = (λ1 + λ2 + λ3)/3), AD (AD = λ1),
and RD (RD = (λ2+ λ3)/2) maps.

Tract-Based Statistical Statistics (TBSS)
Approach
In this section, we adopted the processing pipeline from Schwarz
et al. (2014) to improve our DTI registration through Advanced
Normalization Tools (ANTs)4. First, the binary erosion step with
a 3 × 3 × 3 voxel kernel was conducted to remove “halo” voxels.
Then, the FA images of 50 randomly sampled participants were
rigidly registered to FMRIB58_FA template and averaged for
creating an initial FA template with 1 mm × 1 mm × 1 mm
resolution in the MNI152 standard space. Next, a group-
averaged FA template was built from all subjects’ FA maps
using Buildtemplateparallel.sh with cross correlations and four
iterations. With antsRegistrationSyN.sh, the diffusion parameter
maps of each subject were non-linearly transformed to the group-
averaged FA template. After averaging all normalized images,
a skeleton of the whole brain WM tracts was extracted at a
threshold of FA > 0.2 and then back-projected to the diffusion
parameter maps of each individual subject. At last, the diffusion
parameter maps (FA, MD, AD, and RD) were merged into a single
4D image for further statistical comparisons. In addition, the
mean values of diffusion metrics in all 48 tracts that were derived
from JHU-ICBM WM labels atlas5 were computed.

Sleep Quality and Other
Neuropsychological Measurements
Prior to the MRI scanning, Pittsburgh Sleep Quality Index (PSQI)
and Beck Depression Inventory (BDI) were separately applied to
access sleep quality and depression severity (Beck et al., 1988;
Buysse et al., 1989). In details, the PSQI is an established self-
report questionnaire that evaluates sleep quality over the past
1 month. It consists of 19 items, creating seven components
that can be summarized as one global PSQI score. BDI is a
21-items self-report inventory for assessing depressive symptoms.
At the beginning and end of the test day, the current stress levels
of all participants were measured using a short questionnaire
named “Kurzfragebogen zur aktuellen Beanspruchung” (KAB)
(“Short Questionnaire on Current Stress Levels”). We classified
the participants into poor sleepers (PS) (PSQI > 9; range 10∼17)
and good sleepers (GS) (PSQI < 7; range 3∼6), which resulted in
120 GS (43 females, mean age = 65.5 ± 5.6 years old) and 119 PS
(62 females, mean age = 65.5± 5.7 years old) (Table 1). The cutoff
was chosen so that the proportion of poor and good sleepers
approximately corresponded to the upper and lower quartile of
the entire population, respectively.

Participants underwent the following neuropsychological
tests: (i) a selective attention task [Alters-Konzentrations-Test
(AKT)], in which the participants were asked to find and

4http://stnava.github.io/ANTs/
5https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases
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TABLE 1 | Demographical and neuropsychological performance data of all participants (mean ± standard derivation).

Poor sleepers (PS) Good sleepers (GS) p-value

Male Female Male Female Sleep
quality

Gender Sleep
quality ×

Gender

Number of participants 57 62 77 43 0.011* NA NA

Age (years) 65.88 (6.13) 65.10 (5.24) 65.99 (5.51) 64.72 (5.59) 0.85 0.17 0.74

Education (years) 9.89 (1.93) 9.71 (1.81) 10.01 (2.14) 9.74 (1.85) 0.65 0.30 0.99

Pittsburgh Sleep Quality Index (PSQI) 11.56 (1.44) 12.42 (2.01) 5.09 (0.88) 5.02 (0.80) NA 0.032* NA

Beck Depression Inventory (BDI) 7.20 (5.91) 6.77 (3.8) 3.84 (2.51) 5.65 (3.77) <0.001* 0.20 0.039*

Habitual intake of coffee (cups) 4.76 (0.74) 4.47 (1.03) 4.86 (0.64) 4.36 (1.28) 0.98 0.003* 0.42

Physical activity (hours/week) 3.53 (2.68) 3.13 (2.63) 4.43 (5.73) 5.07 (4.44) 0.005* 0.98 0.24

Body Mass Index (BMI) 26.46 (3.71) 28.61 (5.54) 27.27 (5.76) 25.88 (4.29) 0.84 0.27 0.31

Total Intracranial Volume (mm3) 1,556,080 (111,287) 1,375,386 (87,567) 1,390,511 (83,202) 15,658,825 (111,360) 0.35 <0.001* 0.84

Current stress levels (Kurzfragebogen
zur aktuellen Beanspruchung, KAB1)

26.75 (6.09) 28.61 (5.88) 23.81 (5.94) 26.47 (5.97) 0.001* 0.005* 0.61

Current stress levels (Kurzfragebogen
zur aktuellen Beanspruchung, KAB2)

26.44 (5.63) 28.90 (6.58) 23.30 (5.74) 25.98 (5.71) <0.001* 0.001* 0.89

Trail Making Test (part A, TMT-A) 39.22 (12.52) 42.26 (16.09) 39.02 (12.38) 38.32 (11.98) 0.24 0.51 0.29

Selective attention task
(Alters-Konzentrations-Test, AKT)

34.08 (10.22) 34.56 (8.26) 32.62 (7.79) 35.03 (9.09) 0.67 0.21 0.41

Visual pattern (VPT, Juelich version) 8.18 (1.76) 6.77 (1.43) 8.40 (1.73) 6.88 (1.61) 0.44 <0.001* 0.79

Verbal working memory
(Zahlennachsprechen, ZNS)

11 (2.05) 10.63 (1.59) 10.71 (1.70) 10.42 (1.72) 0.29 0.16 0.87

Corsi Block-Tapping-Test (CBT) 10.33 (1.66) 9.85 (1.35) 10.56 (1.72) 10.12 (1.48) 0.24 0.03* 0.93

Abbreviations: NA, not applicable.
*Significant level at p < 0.05 level.

cross out a target item to access attention ability; (ii) a
Trail Making Test (part A, TMT-A), which is defined as
time (in sec.) needed to connect randomly arranged digits in
ascending order reflecting processing speed. (iii) To evaluate
working memory performance, a visual spatial working memory
[Corsi Block-Tapping Test (CBT)], (iv) a visual pattern test
(Juelich version, VPT), and (v) a verbal working memory
test [Zahlennachsprechen (ZNS)] were employed. Briefly, CBT
counts the number of tapped blocks in a given sequence which
were repeated correctly (sum score forward and backward).
VPT indicates the total number of memorized patterns of a
matrix of black and white squares with increasing complexity and
ZNS represents the number of digits in a sequence which were
correctly repeated (sum score forward and backward). For more
interpretations, please refer to Jockwitz et al. (2017a).

Statistical Comparisons and Mediation
Analysis
For the demographic information, we first applied χ2 test to
examine the statistical significance of gender differences on sleep
quality. Then, an independent two-sample t-test was used for
testing the differences of PSQI scores between the males and
females. For other variables (Age, Education, Habitual intake
of coffee, Physical activity, BMI, TIV, KAB, BDI, VPT, TMT,
AKT, CBT, and ZNS), we conducted an ANOVA approach to
calculate the main effects and the interaction of sleep quality
(GS and PS) and gender differences (males and females). All

statistical comparisons were considered significantly different at
p < 0.05 level.

Using the TBSS approach, we also performed an ANOVA to
test the main effects and the interaction of sleep quality (GS and
PS) and gender differences (males and females) in the whole
brain WM skeleton. During the comparisons, age, education,
habitual coffee consumption, physical activity, BMI, and brain
TIV were taken as covariances. Then, the diffusion metrics
of 239 participants were examined by voxel-wise correlation
analysis between brain WM skeleton and neuropsychological
examinations. Notably, gender was additionally regressed out
during this step. All above mentioned statistical analysis were
conducted by randomize (5,000 permutations) with a Threshold-
Free Cluster Enhancement (TFCE) approach. Moreover, the
significant inferences were corrected using family wise error
rates (FWER) at p < 0.05 level. For the JHU-ICBM atlas-
based comparisons, we replicated these procedures and examined
their correlations with outcomes of neuropsychological tests
(Bonferroni correction at p < 0.001) in SPSS226.

Following the voxel-wise correlation analysis, we selected
those voxels which were significantly correlated with
psychological questionnaires (BDI scores, KAB scores, or
PSQI scores), and extracted the mean values of diffusion metrics
within corresponding clusters. Then, a standard three-variable
mediation analysis proposed by MacKinnon et al. (2007) was
used to identify potential mediation effects of diffusion metrics in

6https://www.ibm.com/de-de/products/spss-statistics

Frontiers in Aging Neuroscience | www.frontiersin.org 4 November 2020 | Volume 12 | Article 57803772

https://www.ibm.com/de-de/products/spss-statistics
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-12-578037 November 9, 2020 Time: 14:48 # 5

Li et al. White Matter Microstructures in Poor Sleepers

brain WM tracts among depression, stress, and sleep quality. In
brief, we calculated the path coefficients between the independent
(X), dependent (Y), and mediator (M) variables in terms of three
regression equations. At the beginning, we determined whether
path coefficients a (effect of X on M), b (effect of M on Y), and c
(effect of X on Y) were all significant. If these criteria were met,
we tested the significance of the indirect (i.e., mediated) effect,
indicated by the regression coefficients a and b (bootstrapping
5,000 times). Finally, we computed the direct effect (c’), the
indirect effect (ab), and the total effect (c = c’+ ab) with AMOS7.

RESULTS

Demographical Information
Table 1 shows the demographical information in our sample of
239 participants and the statistical comparisons of poor and good
sleepers (according to PSQI) regarding their neuropsychological
performance. In details, main effects of both sleep quality and
gender were only significantly on the stress level (KAB scores).
Then, we observed that the males had significantly lower self-
reported global PSQI scores, higher habitual intake of coffee,
larger TIV, and better performances of working memory (VPT
and CBT scores) than the females. Meanwhile, the good sleepers
had significant lower depression level (BDI scores), more physical
activity, and higher numbers of the males compared to the poor
sleepers. Lastly, the interaction of gender differences and sleep
quality was significant for the depression level (BDI scores). Age,
education, BMI, selective attention ability (TMT-A and AKT
scores), or verbal working memory ability (ZNS scores) did not
show any significant differences.

Statistical Results of Two-Way ANOVA
Analysis
Using TBSS analysis, neither main effects nor the interaction of
sleep quality and gender differences were statistically significant.
Using the JHU-ICBM atlas-based comparisons, we found
significantly lower mean MD, mean AD, and mean RD values
of the pontine crossing tract and bilateral inferior cerebellar
peduncle in the males in comparison to females (Table 2,
Bonferroni correction at p < 0.001).

Associations of White Matter With
Depressive and Stress-Related
Symptomatology
We did not find any significant correlations between global PSQI
scores and any DTI metrics. Nevertheless, Figure 1 shows the
significant negative associations of BDI scores with FA values in
body, splenium and genu of the corpus callosum, bilateral sagittal
stratum, bilateral posterior thalamic radiation, bilateral anterior
and superior corona radiata, bilateral retrolenticular part of the
internal capsule, bilateral superior longitudinal fasciculus, right
external capsule, and right posterior limb of internal capsule.
Furthermore, we found BDI scores were significantly positively

7https://www.ibm.com/us-en/marketplace/structural-equation-modeling-sem

correlated with RD values in body, splenium, and genu of the
corpus callosum (Figure 1).

Kurzfragebogen zur aktuellen Beanspruchung scores were
significantly positively linked with MD values, AD values, and RD
values in the body of the corpus callosum (Figure 2). Regarding
the JHU-ICBM atlas-based correlation analysis, KAB scores were
significantly positively correlated with mean MD, AD, and RD in
bilateral inferior cerebellar peduncle (Right hemisphere: r = 0.16,
p = 0.014; r = 0.18, p = 0.006; r = 0.14, p = 0.038; Left hemisphere:
r = 0.19, p = 0.003; r = 0.18, p = 0.006; r = 0.13, p = 0.042).

In addition, mean FA values in bilateral posterior thalamic
radiation, right posterior corona radiate, and right sagittal
stratum were significantly positively correlated with better VPT
performances (Figure 3).

Mediation Analysis
The three variables mediation analysis revealed that only mean
FA values in genu and splenium of the corpus callosum, as well
as mean RD values in the splenium of the corpus callosum
partially mediated the associations of PSQI with BDI scores at
a significance level of p < 0.05 (Figure 4). Similarly, mean RD
values in splenium and body of the corpus callosum also partially
mediated the associations of KAB scores with their BDI scores
(Figure 4). We found no significant mediation effects among
brain WM microstructure, PSQI scores, and KAB scores.

DISCUSSION

In our present study, we investigated between-group differences
of brain WM microstructure on sleep quality and gender
differences, as well as mediation effects among sleep quality,
emotional dysregulation, and WM tracts in a large sample of
an aging population. First, we did not observe any significant
differences in diffusion metrics between good sleepers and poor
sleepers. However, the males showed significantly lower MD,
AD, and RD values in the pontine crossing tract and bilateral
inferior cerebellar peduncle compared to females. Further,
voxel-wise correlation analysis suggested that higher depressive
symptomatology was significantly negatively correlated with
FA but positively related with RD in the corpus callosum,
while current stress level-associated (KAB) WM tracts were
positively correlated with MD, AD, and RD values in the body
of the corpus callosum and the inferior cerebellar peduncle.
In addition, we found that higher FA in several visual-related
tracts was significantly positively correlated with the outcomes
of VPT. Lastly, the mediation analysis revealed that the diffusion
metrics in genu and splenium of the corpus callosum partially
mediated associations of high PSQI scores/KAB scores with their
high BDI scores.

In contrast to our findings, several DTI studies (Khalsa
et al., 2017; Sexton et al., 2017; Amorim et al., 2018; Takeuchi
et al., 2018) reported that worsened sleep quality was associated
with disrupted WM tracts of frontal, temporal, occipital, and
subcortical regions. It should be noted that the above studies are
varying with demographics of the participants (e.g., gender and
ages), sample size, MRI sequences, and the statistical methods
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TABLE 2 | Gender differences on the JHU-ICBM white matter atlas.

Mean diffusivity (10−4 mm2/sec) Axial diffusivity (10−4 mm2/sec) Radial diffusivity (10−4 mm2/sec)

Male Female p-value Male Female p-value Male Female p-value

Pontine crossing tract 6.55 ± 0.05 6.88 ± 0.06 2.7e-04* 9.53 ± 0.06 10.04 ± 0.08 1.2e-05* 5.06 ± 0.05 5.30 ± 0.06 0.0067

Right inferior cerebellar peduncle 7.26 ± 0.05 7.68 ± 0.06 2.0e-06* 11.05 ± 0.06 11.61 ± 0.07 1.0e-06* 5.36 ± 0.05 5.72 ± 0.06 2.7e-05*

Left inferior cerebellar peduncle 7.31 ± 0.06 7.66 ± 0.07 8.5e-04* 11.14 ± 0.07 11.51 ± 0.08 0.0014 5.38 ± 0.05 5.67 ± 0.06 0.0023

*Significance level at p < 0.001.

FIGURE 1 | Significant voxel-wise correlations between diffusion metrics of brain white matter (WM) tracts and BDI scores using TBSS (5000 permutations, FWER at
p < 0.05). Red color indicates the significant positive correlations between WM tracts and BDI; blue color represents the significant negative correlations.
Abbreviations: FA, fractional anisotropy; RD, radial diffusivity; bCC, body of corpus callosum; sCC, splenium of corpus callosum; gCC, genu of corpus callosum; SS,
sagittal stratum; PTR, posterior thalamic radiation; ACR, anterior corona radiata; RIC, retrolenticular part of internal capsule; SCR, superior corona radiata; SLF,
superior longitudinal fasciculus; EC, external capsule; PLIC, posterior limb of internal capsule; R, right hemisphere; L, left hemisphere.

FIGURE 2 | Significant voxel-wise correlations between diffusion metrics of body of corpus callosum and current life stress level (Kurzfragebogen zur Aktuellen
Beanspruchung, 5000 permutations, FWER at p < 0.05). Red color indicates significant positive correlations.
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FIGURE 3 | Significant voxel-wise correlations between fractional anisotropy of white matter tracts and the outcomes of visual pattern test (5000 permutations,
FWER correction, p < 0.05). Red color indicates the significant positive correlations. Abbreviations: PTR, posterior thalamic radiation; PCR, posterior corona radiate;
PLIC, petro lenticular part of internal capsule; SS, sagittal stratum; R, right hemisphere; L, left hemisphere.

(voxel-wise comparisons, ROI-based analysis, or structural
connectivity analysis). More importantly, the components of
PSQI measure (e.g., sleep duration and sleep efficiency) were
affecting the reproducibility regarding the associations between
sleep quality and brain WM microstructure. Although global
PSQI scores have been validated for its high test–retest reliability
(Knutson et al., 2006), additional objective indices of sleep
quality (e.g., electroencephalography) could be helpful to address
these controversies on the influence of sleep quality on brain
WM microstructure. Meanwhile, we only found that pontine
crossing tract and bilateral inferior cerebellar peduncle were
significantly different between males and females suggesting a
sexual dimorphism of the cerebellar WM microstructures, which
were in line with earlier findings of several DTI and multiple shell
diffusion-weighted imaging studies with a broad range of ages
(Inano et al., 2011; Kumar et al., 2013; Kodiweera et al., 2016).

Our voxel-wise correlation analysis suggested that WM
integrity of the corpus callosum and visual-related system (e. g.
sagittal stratum and posterior thalamic radiation) is correlated
with higher scores of depressive symptomatology implying their
roles in emotion dysregulation and visual processing. These
findings are also in line with earlier MRI research in the patients
with major depressive disorder (MDD) (Kieseppa et al., 2010;
Zuo et al., 2012; Chen et al., 2016; Hermesdorf et al., 2017).
For instance, based on 17 DTI studies with 641 MDD patients
and 581 healthy controls, Chen et al. (2016) conducted a meta-
analysis and identified reduced FA in the corpus callosum
extending to the left anterior limb of the internal capsule in
MDD patients. Moreover, combing positive correlations between
high BDI scores and increased RD values in the corpus callosum,
low persistence of myelin microstructures were suggested to be
a potential structural basis for high depression levels. We found
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FIGURE 4 | Mediation effects among sleep quality, current stress levels, brain white matter microstructures, and depressive symptomatology. Significant areas were
extracted from above voxel-wise correlations analysis, which were significantly correlated with depression and stress. Green/Red colors indicate the significant
negative/positive correlations between diffusion metrics and depression/stress. Significant level: * p < 0.05, ** p < 0.005. Abbreviations: FA, fractional anisotropy;
RD, radial diffusivity; PSQI, Pittsburgh sleep quality index; BDI, Beck depression inventory; KAB, Kurzfragebogen zur Aktuellen Beanspruchung; sCC, splenium of
corpus callosum; gCC, genu of corpus callosum; bCC, Body of corpus callosum.

that increased MD, AD, and RD in the body of the corpus
callosum and inferior cerebellar peduncle were significantly
correlated with current stress levels, which were also reported
with the populations with high early life stress and post-traumatic
stress disorders (Paul et al., 2008; O’Doherty et al., 2018).
According to correlative fMRI and cytokine studies in both
animals and humans (Yang et al., 2015; Benedetti et al., 2016;
Sugimoto et al., 2018), these alterations might reflect elevated
levels of proinflammatory cytokines, like interleukin-1α and β,
tumor necrosis factor-α and interleukin-6. In summary, our
correlation analyses propose that both high depression and stress
levels are linked with low myelin preservation of the corpus
callosum. Regarding the correlations between brain WM tracts
and neuropsychological tests, we observed that FA values in
visual-related WM tracts had significantly positive correlations
with outcomes of the visual pattern task suggesting their roles in
visual working memory performance. In short, the retrolenticular
part of the internal capsule encompasses WM pathways emerging
from the lateral geniculate nucleus of the metathalamus, while
the posterior thalamic radiation connects the thalamus with the
posterior parietal and occipital cortices.

Lastly, with mediation analysis, we identified that the
diffusion metrics in the corpus callosum partially mediated
the associations of sleep quality/current stress levels and
depressive symptomatology. To our knowledge, prior DTI studies
(Yaffe et al., 2016; Sexton et al., 2017) only investigated the

effects of sleep quality on brain WM microstructures with
regressing out depression or stress scores. This limitation
restricted us to generalize above results for developing the
therapeutic approaches in the healthcare of aging population.
Using resting-state fMRI, Cheng et al. (2018) reported that
increased strengths of functional connectivity, encompassing
dorsolateral prefrontal cortex, precuneus, temporal cortex,
anterior and poster cingulate cortex, partially mediated the
associations between depressive symptomatology and sleep
quality. Other DTI-related investigations (Lacerda et al., 2005;
Paul et al., 2008; Won et al., 2016) identified worsened WM
integrity of the corpus callosum is a critical characteristic in
poor sleepers, the people with early life stress, and MDD.
Given these evidences, we postulate that either the poor
sleep quality or high life stress possibly exaggerates the high
depression symptomatology of the older adults through an
indirect effect on the structural and functional alterations
of the corpus callosum. In the clinical settings, it indicates
that the protective therapies for the treatment of geriatric
depression is to efficiently ameliorate sleep and life stress.
However, the causality flow among these variables could be
confirmed by experimental designs in the patients with comorbid
insomnia/high life stress and major depression disorder. In
summary, our findings suggest that the WM integrity of
the corpus callosum maybe act as the critical anatomical
structures potentially explaining the mechanism behind the
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link between the poor sleep quality/high stress and higher
depressive symptomatology.

Based on 1000BRAINS dataset, previous studies (Jockwitz
et al., 2017a,b) suggest, with older age, both remarkably increased
functional connectivity strengths in resting-state executive and
frontoparietal networks, as well as declined local atrophy
(measured via the local gyrification index) in the default mode
network. Although we regressed out age as covariate during the
statistical analysis, more investigations should be conducted to
identify to what extend the age-related WM alterations influence
sleep quality in older adults. Another limitation might be the
time lag between global PSQI scores and acquisition of diffusion
metrics of brain WM microstructure in our sample. The median
time difference between questionnaire acquisition and MRI was
63 days with an interquartile range of 128 days. Nevertheless,
previous research (Backhaus et al., 2002; Knutson et al., 2006)
has proven high test–retest reliability and stability of the PSQI
over months. Moreover, our global PSQI scores were significantly
negatively correlated with the sleep-related scores (r = −0.697,
p = 1.07e-30) that were derived from life quality questionnaire
(Nürnberger Lebensqualitätsfragebogen), as well as significantly
positively correlated with current stress levels and BDI (r = 0.273,
p < 0.1.89e-05; r = 0.317, p = 5.78e-07), which were acquired
on the very same day of MRI scanning. Lastly, the mean and
standard deviation of global PSQI scores in our study is 8.29 and
2.99, may reflecting the insufficient sleep quality of the elderly
population. Given the distribution of global PSQI scores, we
therefore selected the cut-off criteria of global PSQI scores ≤6
as the good sleepers, which is slightly different with a standard
score≤5. As we did not recruit any insomnia disorders, it should
be cautious to generalize our findings to other populations. To
better clarify these issues, a longitudinal study would be necessary
for exploring how subjective sleep quality dynamically affects the
WM microstructure of human brain.

CONCLUSION

Using the 1000BRAINS dataset, our results suggested that
WM integrity of the pontine crossing tract and bilateral
inferior cerebellar was higher in the males than females.
Though no significant differences in the sleep quality were
detected, the findings showed that diffusion metrics of the
corpus callosum partially mediate the associations of poor

sleep quality/high current stress levels with higher scores of
depressive symptomatology.
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Speech understanding problems are highly prevalent in the aging population, even when

hearing sensitivity is clinically normal. These difficulties are attributed to changes in central

temporal processing with age and can potentially be captured by age-related changes in

neural generators. The aim of this study is to investigate age-related changes in a wide

range of neural generators during temporal processing in middle-aged and older persons

with normal audiometric thresholds. A minimum-norm imaging technique is employed

to reconstruct cortical and subcortical neural generators of temporal processing for

different acoustic modulations. The results indicate that for relatively slow modulations

(<50Hz), the response strength of neural sources is higher in older adults than in younger

ones, while the phase-locking does not change. For faster modulations (80Hz), both

the response strength and the phase-locking of neural sources are reduced in older

adults compared to younger ones. These age-related changes in temporal envelope

processing of slow and fast acoustic modulations are possibly due to loss of functional

inhibition, which is accompanied by aging. Both cortical (primary and non-primary)

and subcortical neural generators demonstrate similar age-related changes in response

strength and phase-locking. Hemispheric asymmetry is also altered in older adults

compared to younger ones. Alterations depend on the modulation frequency and side

of stimulation. The current findings at source level could have important implications

for the understanding of age-related changes in auditory temporal processing and

for developing advanced rehabilitation strategies to address speech understanding

difficulties in the aging population.

Keywords: aging, neural generators, auditory temporal processing, ASSR, auditory steady-state response, EEG

INTRODUCTION

Speech understanding becomes increasingly challenging with age. Many middle-aged and older
people experience difficulties following conversations, especially in noisy environments or when
multiple speakers are talking simultaneously. While aging is often accompanied by loss of hearing
sensitivity in the high frequencies, these difficulties occur even with normal hearing sensitivity most
probably due to age-related changes in central temporal processing (e.g., Presacco et al., 2015,
2019; Du et al., 2016; Goossens et al., 2016; Roque et al., 2019). For e.g., Ostroff et al. (2003)
showed alterations in the central processing of sound duration in older adults as revealed by
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the amplitude of N1 and P2 waves of auditory evoked potentials.
Ross et al. (2010) reported a decline in high-gamma oscillations
in the central auditory system with progressing age during the
processing of a gap in a continuous sound. Moreover, responses
to sound envelopes in the central auditory system also alter
with progressing age (Walton et al., 2002; Presacco et al.,
2015, 2019; Goossens et al., 2016; Parthasarathy et al., 2019).
These altered responses occur in older listeners with clinically
normal audiometric thresholds (Presacco et al., 2015; Goossens
et al., 2016), as well as in persons with peripheral hearing loss
(Millman et al., 2017; Goossens et al., 2019). In order to gain a
better understanding of age-related changes in central temporal
processing, particularly envelope encoding, it is of great interest
to disentangling the effect of aging and hearing loss via recruiting
older participants who are relatively free of hearing loss.

Speech signals contain various important modulations, of
which the temporal envelope of speech (slow fluctuations 2–
50Hz) is essential for accurate speech understanding (Drullman
et al., 1994; Shannon et al., 1995; Stone et al., 2010;
Peelle and Davis, 2012) and transmits both prosodic and
linguistic information (Rosen, 1992). Temporal processing is
mediated by synchronized (phased-locked) neural activity (Luo
and Poeppel, 2007; Cogan and Poeppel, 2011) and can be
investigated electrophysiologically through the auditory steady-
state responses (ASSRs), auditory evoked responses that reflect
neural synchrony. The electroencephalogram (EEG) is highly
suitable to study auditory temporal processing mainly because of
the excellent temporal resolution and the rich information about
the dynamics of responses (Picton, 2013; He et al., 2018).

Previous studies suggest that age-related changes in neural
envelope processing may, in part, underlie impaired speech
perception of older persons, with no change or enhanced
ASSR amplitudes for slow modulations (<50Hz) and decreased
responses for fast modulations (Leigh-Paffenroth and Fowler,
2006; Tlumak et al., 2015; Goossens et al., 2016). What remains
unclear is how age affects the different subcortical and cortical
neural generators in response to slow and fast modulations and
whether potential changes are discernible at midlife. ASSRs can
have cortical and subcortical sources along the auditory pathway
(Steinmann and Gutschalk, 2011; Overath et al., 2012; Ross et al.,
2020). In response to low modulation frequencies, more activity
in the cortical sources [auditory cortex (AC)] than subcortical
sources is observed, while for high modulation frequencies, the
subcortical sources are more active (Giraud et al., 2000; Liégeois-
Chauvel et al., 2004). At the cortical level, not only primary
sources in the AC are involved in the generation of ASSRs but
also sources outside of the AC, designated as non-primary ones
(Farahani et al., 2017, 2019, 2020). However, due to the volume
conduction of the brain tissue, a weighted average of activity of
different neural generators is recorded at sensor-level data. Via
brain source analysis, we can estimate the original neural activity
of each generator separately. The rich information unraveled via
source analysis increases our understanding of the age-related
changes at different levels of the auditory pathway. Moreover,
source analysis enables us to investigate less active neural
generators at different modulation frequencies, i.e., subcortical
generators at low modulation frequencies or cortical activity

at high modulation frequencies. This is less straightforward
through sensor-level analysis. This research is novel and unique,
as the age-related changes in temporal envelope processing at
different levels of the auditory pathway, separately, have not been
reported yet.

Generally, aging is accompanied by decreasing inhibitory
neurotransmission across central auditory regions (Caspary et al.,
2008, 2013). In turn, the loss of normal inhibition causes age-
related changes in the response properties of neurons in the
auditory pathway. In the same vein, electrophysiological studies
on aging auditory systems found different alterations in the
processing of acoustic modulations and explained them in the
context of loss of normal inhibition. The older group showed a
degraded temporal precision and neural synchronization (phase-
locking) in following the rapidly changing speech envelopes or
fast modulations (Anderson et al., 2012; Herrmann et al., 2017),
not slow modulations (Herrmann et al., 2017). Aging was also
associated with enhanced neural responses to simple (e.g., tones
and noise bursts) and slow stimuli (Parthasarathy et al., 2010,
2019; Herrmann et al., 2017). Investigating potential changes
in neural generators across different age groups is essential
to determine the onset and progression of altered temporal
processing and subsequently to define appropriate care.

Auditory processing reveals a hemispheric asymmetry for
different phonological segments of speech. For example, the
syllables modulations rate (around 4Hz) is assumed to be
processed predominantly in the right hemisphere, while the
phonemes modulations rate (around 20Hz) is processed more
in the left hemisphere (e.g., Poeppel, 2003). Changes to this
hemispheric asymmetry may account for impaired speech
perception, as suggested for dyslexia research for example
(Hämäläinen et al., 2012). Studying the potential age-related
alterations in hemispheric asymmetry of older adults can
provide new insights into the aging auditory system. There is
some evidence for the association of age with alternations in
hemispheric asymmetries for high-level auditory and cognitive
processing in adults (Greenwald and Jerger, 2001; Cabeza,
2002; Berlingeri et al., 2013). However, little is known about
how age affects hemispheric asymmetry for different neural
generators, particularly for those in response to low-level
auditory processing.

The aim of the current research is to investigate changes
in auditory temporal processing for a wide range of neural
sources in young, middle-aged, and older persons with normal
audiometric thresholds. While aging is often accompanied
by decreasing audiometric thresholds in the high-frequency
region (presbycusis), clinically normal audiometric thresholds
are an important prerequisite to disentangle the potential
effects of age and hearing loss. In line with the animal
studies and electrophysiological research discussed previously,
we hypothesize (1) that the neural generators of ASSRs in older
adults with clinically normal audiometric thresholds will show
enhanced response strength compared to younger adults, while
phase-locking will not change noteworthy when the modulations
are relatively slow (<50Hz) and (2) that phase-locking of faster
modulations (>50Hz) may be diminished, together with a
reduced response strength. Because of known loss of inhibition
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in middle-aged animals (Caspary et al., 2008, 2013), we expect
changes in phase-locking and response strength to appear at
midlife. With regard to hemispheric asymmetry in temporal
envelope processing, we hypothesize that the source analyses of
ASSRs across different age cohorts would reveal some age-related
changes. However, these changes may vary depending on the
modulation frequency.

Primary and non-primary neural sources of ASSRs are
reconstructed using a minimum-norm imaging (MNI) approach
(Farahani et al., 2020). For each neural source, the ASSR
amplitude and phase coherence (inter-trial phase coherence) are
calculated to investigate the response strength and the phase-
locking to the stimulus, respectively. This is done for slow and
fast acousticmodulations, presented to both the left and right ears
to investigate potential altered hemispheric processing (Cabeza,
2002; Ross, 2008).

MATERIALS AND METHODS

Participants
The EEG data were adopted from Goossens et al. (2016).
Participants were in three narrow age cohorts including 19 young
(20–30 years, nine men), 20 middle-aged (50–60 years, 10 men),
and 16 older adults (70–80 years, five men). Compared to the
study of Goossens et al. (2016), two recordings were added to the
older cohort.

All participants had normal hearing in both ears, with
audiometric thresholds within the clinically normal limits [≤25
dB HL] at all octave frequencies from 125Hz up to and
including 4 kHz. However, young participants had statistically
better audiometric thresholds compared to middle-aged and
older adults (Goossens et al., 2016). Goossens et al. (2016),
using partial correlation analysis, showed that these differences
in peripheral hearing do not mediate the observed alterations in
temporal envelope processing across the three age groups.

All participants were also screened for mild cognitive
impairment by means of the Montreal Cognitive Assessment
Task (Nasreddine et al., 2005) and the cutoff score of 26 out
of 30. The stringent cutoff score provides excellent sensitivity
for detecting mild cognitive impairments (Nasreddine et al.,
2005). This screening ensured that all participants had cognitive
capacities within the normal range. All participants were Dutch
native speakers and right-handed as assessed by the Edinburgh
Handedness Inventory (Oldfield, 1971), and none of them
has a medical history of brain injury, neurological disorders,
or tinnitus.

The participants recruited in the current study, older
participants in particular, were selected to have exceptionally
good hearing and cognition. These strict selection criteria were
important to research differences in auditory neural processing
across age in the absence of cognitive and hearing difficulties. In
the older cohort, only 16 out of 227 hearing-screened candidates
(7%) satisfied all criteria and were included for EEG testing.
This low rate was predictable, as only 10% of men and 50%
of women older than 70 years old have thresholds ≤25 dB
HL up to and including 4 kHz (International Organization for
Standardization, 2000).

Stimuli
To generate stimuli, white noise (bandwidth of 1 octave, centered
at 1 kHz) was 100% sinusoidally amplitude modulated at 3.91,
19.53, 40.04, and 80.08Hz. These values were chosen to ensure
that there is an integer number of cycles in an epoch of 1.024 s
(John and Picton, 2000). The modulations around 4 and 20Hz
were presented as a model of the rate of occurrence of syllables
and phonemes, respectively. Relatively high modulations at 40
and 80Hz were also selected because it was shown that these
modulations can activatemore subcortical neural generators than
cortical ones (Giraud et al., 2000; Herdman et al., 2002).

The stimuli were presented at 70 dB SPL via ER-3A insert
phones. Every stimulus type was presented one time to the
left ear and another time to the right ear, each time for
300 s continuously. The order of stimulus presentation was
randomized between participants.

Experimental Procedure
The experiment protocol was designed to ensure passive listening
to amplitude-modulated (AM) stimuli during a wakeful state.
During acoustic stimulation, participants were lying on a bed and
watching a muted movie with subtitles. The movie was displayed
on a 21-inch LCD monitor with 60Hz vertical refresh rate. We
asked participants to lie on a bed in order to prevent possible
movement caused by fatigue, especially with older participants.
A large-size and very soft pillow was used to support the
neck and a big area of the head. Thus, no focal pressure on
the occipital electrodes and interference with recording were
expected. In order to prevent movements and muscle tensions,
the participants were encouraged to lie quietly and relaxed
during auditory stimulation.Moreover, the electrode offset values
were continuously monitored during the measurements and kept
below±30mV to be sure about the proper electrode contact. The
procedure was performed in a double-walled soundproof booth
with a Faraday cage.

The EEG signals were recorded using the BioSemi ActiveTwo
system including 64 active pin-type electrodes that were fixed in
the head cap based on the 10–10 electrode system. The electrodes
CMS and DRL act as the common electrode and current return
path, respectively. The EEG signals were amplified and recorded
at a sampling rate of 8,192Hz with a gain of 32.25 nV/bit. The
system uses a built-in low-pass filter with a cutoff frequency of
1,638 Hz.

EEG Source Analysis
The brain sources of ASSRs were reconstructed using a variety
of MNI, which was adapted for ASSR source analysis (Farahani
et al., 2020). An overview of this approach is given below [for
more details, see Farahani et al. (2020)].

Pre-processing
EEG data were preprocessed in MATLAB R2016b (MathWorks).
The continuous EEG data were filtered by a zero phase high-
pass filter with a cutoff frequency of 2Hz (Butterworth, 12
dB/octave) to attenuate the low-frequency distortions and drift
of the amplifier. The filtered data were segmented into epochs
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of 1.024 s. Subsequently, early noise reduction was performed in
three steps, as follows:

1. Channel rejection: for each of the 64 EEG channels, the
mean of the maximum absolute amplitude of all epochs
was obtained as an index of “maximum amplitude.” The
channels with maximum amplitude index more than 100 µV
were rejected.

2. Recording rejection: a recording was excluded from further
analyses if it had more than five (out of 64) rejected channels.
On average, 1.6 (standard deviation of 1) recordings were
excluded across the three age cohorts, four modulation
frequencies, and two sides of stimulations.

3. Epoch rejection: the highest peak-to-peak (PtoP) amplitude
of the signals in the remaining channels was calculated for
each epoch separately and considered as an index of PtoP. The
epochs were sorted based on PtoP amplitude, and 10% of them
with the highest PtoP amplitudes were rejected.

Afterward, the EEG data were re-referenced to a common
average over all remaining channels and epochs. Independent
component analysis (ICA) based on the Infomax algorithm as
implemented in the Fieldtrip toolbox (Oostenveld et al., 2011)
was applied to the re-referenced data to attenuate artifacts
caused by eye blinks, eye movements, and heartbeats. The
noisy components were recognized by visual inspection and
removed from subsequent reconstruction. Subsequently, the
removed channels were interpolated using the spherical spline
method (Perrin et al., 1989) implemented in the Fieldtrip toolbox
(Oostenveld et al., 2011). The order of interpolation and the
regularization parameter were set to 3 and 10−8, respectively,
as is suggested by Kang et al. (2015), to minimize distortions in
temporal features of interpolated channels. Lastly, the remaining
artifactual epochs not accounted for by ICA were identified
and removed using a threshold level of 70 µV for maximum
absolute amplitude of each epoch. To have an equal number of
epochs across participants, only the first 192 artifact-free epochs
(six sweeps of 32 epochs) of each participant were preserved
for subsequent analyses. If <192 epochs could be retained, the
threshold level was gradually increased (in steps of 5 µV and
up to maximally 110 µV) until at least 192 artifact-free epochs
were identified.

Sources Reconstruction: Developing ASSR Map

Reconstruction Source Map of EEG in Time Domain
The source distribution map was estimated using dynamic
statistical parametric mapping (dSPM; Dale et al., 2000)
implemented in the Brainstorm application (Tadel et al., 2011,
2019). In dSPM, the standard minimum-norm solution is
normalized with the estimated noise at each source (Lin et al.,
2006). This noise normalization attenuates the bias toward
superficial sources, which is the inherent property of the standard
minimum norm solution (Lin et al., 2006; Hauk et al., 2011).

Noise Covariance Matrix
The noise covariance matrix required for noise normalization
was obtained from the silence EEG data, i.e., the EEG
recording in the absence of auditory stimulation. The silence

data of participants were band-pass filtered (zero-phase with
a bandwidth of 4Hz and modulation frequency as center
frequency) and concatenated to calculate the covariance matrix.

Mixed Head Model
In order to reconstruct both cortical and subcortical sources, a
mixed head model consisting of cortical and subcortical regions
was generated. This head model was obtained from the template
anatomy ICBM152 (Fonov et al., 2011) and the default channel
location file in Brainstorm using the boundary element method
(BEM), as implemented in OpenMEEG (Gramfort et al., 2010).

Data Averaging for Group-Wise Analyses
When a head model is generated based on template anatomy,
group-wise source analysis can lead to a higher localization
accuracy of neural generators than individual-level analyses
(Farahani et al., 2019). In the current study, the artifact-free
epochs of each participant were divided into six sweeps of 32
concatenated epochs and averaged across participants to perform
a group-wise analysis. The obtained grand-averaged sweep was
used for dSPM.

Regularization Parameter
The regularization parameter (λ2) required for dSPM was
obtained as:

λ2 =
1

SNR2
scalp

(1)

where SNRscalp is the signal-to-noise ratio (SNR) (based on the
amplitude) of the whitened EEG data (Bradley et al., 2016;
Hincapié et al., 2016; Ghumare et al., 2018). The whitening
operator was obtained from Brainstorm. For each EEG channel,
the ASSR strength (amplitude at the modulation frequency) was
obtained from the fast Fourier transform (FFT). The maximum
response amplitude across channels was assigned to the signal
of interest (Farahani et al., 2020). The background noise of each
channel was estimated based on the average of 30 neighboring
frequency bins on the left and the right side of the response
frequency bin. The median of the background noise across
channels was assigned to the noise level (Farahani et al., 2020).

Developing the ASSR Map
The reconstructed source map by dSPM was transformed to the
frequency domain by applying FFT to the time-series of each
dipole (Farahani et al., 2020). Subsequently, the SNR of the ASSR
for each dipole was calculated according to Equation 2.

SNR
(

dB
)

= 10log10

(

PS+N

PN

)

(2)

where PS+N is the spectral power at the modulation frequency,
which shows the power of the response plus neural background
noise. PN refers to the power of the neural background noise,
which was estimated on the basis of the mean power of 30
neighboring frequency bins (corresponding to 0.92Hz) on each
side of the modulation frequency bin.
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For each dipole, the one sample F-test with the SNR (i.e.,
PS+N / PN) as F ratio statistic was used to recognize the
dipoles with significant ASSRs (Dobie and Wilson, 1996; John
and Picton, 2000; Picton et al., 2005). Results were corrected
for multiple comparisons using the false discovery rate (FDR)
method (Benjamini andHochberg, 1995). Subsequently, an ASSR
mapwas generated, which illustrates ASSR amplitudes for dipoles
with significant responses and zero for the dipoles with no
significant responses. The ASSR amplitude was calculated using
Equation 3. For subcortical regions, the ASSR amplitude of each
point was calculated based on the norm of the vectorial sum of the
three ASSR amplitudes across x, y, z at that point (Equation 4).

ASSRamp =

√

PS+N −

√

PN (3)

SubcorticalASSRamp =

√

ASSRamp2x + ASSRamp2y + ASSRamp2z

(4)

As an example, the source maps at 540ms in response to 4Hz
AM stimuli presented to the right ear for young, middle-aged,
and older cohorts are shown in Figure 1A. The time-series of all
dipoles were transformed into the frequency domain to calculate
the ASSR amplitudes (based on Equations 3, 4), and the outcomes
were used to develop the ASSR map. The time-series of a sample
dipole located in the AC and its frequency response for the

three age cohorts are shown in Figures 1B,C, respectively. In
Figure 1D, the generated ASSR map of older participants shows
a higher ASSR amplitude in the AC than those of young and
middle-aged participants.

In addition to the ASSRmap, the SNRmapwas also generated.
This map illustrates the SNR (in dB, Equation 2) for the
dipoles with significant ASSRs and zero for the dipoles with no
significant responses.

Defining Regions of Interest
For further analysis and comparison of the ASSR maps, we
need to define regions of interest (ROIs). Eight ROIs were
defined along the primary auditory pathway on the basis of
the anatomical locations of the cochlear nucleus (CN), the
inferior colliculus (IC), the medial geniculate body (MGB),
and the AC bilaterally (Figure 2A). It has been shown that
these regions play a key role in generating ASSRs (Langers
et al., 2005; Steinmann and Gutschalk, 2011; Overath et al.,
2012; Coffey et al., 2016). At the cortical level, the ROIs of
the AC were defined bilaterally in the Heschl’s gyrus (left AC:
5.49 cm2; right AC: 5.58 cm2) with reference to the transverse
temporal gyrus in the Desikan–Killiany atlas implemented in
Brainstorm (Desikan et al., 2006; Tadel et al., 2011). The
subcortical ROIs were defined bilaterally in the CN (estimated

A B C D

FIGURE 1 | The auditory steady-state response (ASSR) map in response to 4Hz amplitude-modulated (AM) stimuli presented to the right ear across age. (A)

Reconstructed source map at 540ms using dynamic statistical parametric mapping (dSPM) and enlarged view of a sample dipole located in the auditory cortex [−35,

−28, 16, xyz in Montreal Neurological Institute (MNI) coordinates]. The map illustrates the absolute values of activity, and the color bar indicates the magnitude of

activity (no unit because of normalization, which is performed within the dSPM algorithm). (B) Time-series of the sample dipole (original values with length of one

epoch) for the three age cohorts. The vertical dashed line indicates the time point of 540ms. (C) The frequency spectrum of the sample dipole for the three age

cohorts. (D) The generated ASSR map for the three age cohorts. The color bar indicates the ASSR amplitude.
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A B

FIGURE 2 | Primary and non-primary regions of interest (ROIs). (A) The primary ROIs are located bilaterally in the auditory cortex (LAC, RAC), the medial geniculate

body (LMGB, RMGB), inferior colliculus (LIC, RIC), and cochlear nucleus (LCN, RCN). (B) The non-primary ROIs were based on the averaged normalized

signal-to-noise ratio (SNR) maps of all experimental conditions [young, middle aged, and older cohort, 4, 20, 40, and 80Hz amplitude-modulated (AM) stimuli

presented to the left and the right ears] and the obtained ROIs. The anatomical labels of the primary and the non-primary ROIs are listed in Table 1.

TABLE 1 | Anatomical label of primary and non-primary regions of interest (ROIs).

Primary ROIs Non-primary ROIs

Cortical:

#3 Left auditory cortex (LAC)

#4 Right auditory cortex (RAC)

Subcortical:

#19 Left medial geniculate body (LMGB)

#20 Right medial geniculate body (RMGB)

#21 Left inferior colliculus (LIC)

#22 Right inferior colliculus (RIC)

#23 Left cochlear nucleus (LCN)

#24 Right cochlear nucleus (RCN)

#1 Left precentral gyrus (LPrC)

#2 Right precentral gyrus (RPrC)

#5 Right orbitofrontal (ROF)

#6 Right parahypocampal (RPHC)

#7 Left orbitofrontal (LOF)

#8 Right occipital (ROcc)

#9 Right superior parietal (RSP)

#10 Left superior parietal (LSP)

#11 Right posterior cingulate gyrus (RPCG)

#12 Right anterior cingulate gyrus (RACG)

#13 Right parieto-occipital (RPO)

#14 Left cingulate gyrus (LCG)

#15 Left paracentral gyrus (LPG)

#16 Left postcentral gyrus (LPoC)

#17 Right postcentral gyrus (RPoC)

#18 Right middle temporal gyrus (RMTG)

with reference to the medullary pontine junction; left CN: 0.49
cm3; right CN: 0.47 cm3), IC (recognized with reference to the
thalamus; left IC: 0.50 cm3; right IC: 0.55 cm3), and in the
posterior thalamus (roughly the posterior third of the thalamus;

left MGB: 1.24 cm3; right MGB: 1.45 cm3) (Coffey et al., 2016;
Farahani et al., 2020).

In addition to the primary ROIs, some other ROIs were
defined according to the average SNR maps across all three age
cohorts. These ROIs were termed non-primary ROIs because
they were located outside of the AC (Farahani et al., 2020).
Firstly, the SNR index [with a range of (0,1)] of each dipole
(s) was calculated according to Equation 5 to have the same
dynamic ranges of SNR across different experimental conditions
(three age cohorts, four modulation frequencies, and two sides
of stimulations). SNRmax and SNRmin in Equation 5 show,
respectively, the maximum and the minimum value of SNR (in

dB) on that specific map.

SNRindex (s) =
SNR (s) − SNRmin

SNRmax− SNRmin
(5)

Afterward, the newmaps based on the SNR index were generated
and averaged across different experimental conditions. Lastly, the
regions of the grand-averaged map with an SNR index of more
than 50% of the range were selected as ROIs (Figure 2B). The
respective anatomical labels of the primary and the non-primary
ROIs are listed in Table 1.

Time-Series of ROIs and ASSR Amplitude
In order to compare different experimental conditions, we need
to extract a time-series for each ROI. To this end, a representative
dipole inside each ROI was identified using the algorithm
suggested by Farahani et al. (2020). In this algorithm, first,
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a response patch with the highest mean ASSR amplitude was
selected for each ROI. Subsequently, among the dipoles of the
selected response patch, a representative dipole with the most
similar ASSR (regarding amplitude and phase of the response)
to the mean ASSR of the patch was chosen. The ASSR amplitudes
of the representative dipoles were used for further analyses.

In the subcortical ROIs, the ASSR amplitudes of dipoles were
very close to their neighboring dipoles. Therefore, to decrease
the computational load, the dipole with the highest ASSR
amplitude was selected as representative dipole. Subsequently,
three reconstructed time-series (x-, y-, and z-components)
accounting for the representative dipoles were extracted for
further analysis. The ASSR amplitudes of the representative
dipoles in the subcortical level were obtained based on the
Euclidean norm of the amplitudes of x-, y-, and z-components.

Phase Coherence
Phase coherence (or inter-trial phase coherence) shows the
similarity in the phase of ASSRs across epochs (Picton et al.,
2001; Luo and Poeppel, 2007). It also reflects the phase-locking
capability of a neural source to the acoustic stimulus and varies
between 0 and 1 (Koerner and Zhang, 2015; Farahani et al.,
2019). For each ROI, the phase coherence was calculated based
on the time-series of the representative dipoles of that ROI. The
extracted time-series (192 epochs) were divided into 64 groups
of three epochs. The ASSR phase of each epoch was obtained
from the complex form of response in the frequency domain.
Phase coherence was calculated according to Equation 6, where
θi refers to the phase of group i (i = 1, 2, . . . , 64) obtained from
the complex responses averaged across the three epochs (Picton
et al., 2001).

Phasecoherence =
1

N

√

√

√

√

√

(

N
∑

i=1

cos θi

)2

+

(

N
∑

i=1

sin θi

)2

(6)

For each subcortical ROI, we have three reconstructed time-
series (x-, y-, and z-components), while we need to have only
one time-series per ROI. To this end, we estimated the optimal
dipole direction accounting for most of the variance of the ASSR
activity bymeans of singular value decomposition (SVD) (Rueda-
Delgado et al., 2017). First, the three time-series were filtered
using a Butterworth zero phase band-pass filter with a bandwidth
of 4Hz and modulation frequency as center frequency. Then,
SVD was applied to the filtered data to find the optimal direction.
The projection of the three components on the optimal direction
was used for calculating the phase coherence.

Hemispheric Lateralization
Functional hemispheric asymmetry was determined using the
laterality index (LI). The LI is a normalized index with the range
of [-1,1], where positive values show lateralization to the right
hemisphere. LI was calculated for the bilateral sources as:

LI =
ASSRampR − ASSRampL

ASSRampR + ASSRampL
(7)

where ASSRampR and ASSRampL indicate the ASSR amplitude
(based on all participants, Equations 3, 4) of the source located
in the right and left hemispheres, respectively. In order to avoid
lateralization errors, the LI was only calculated when both sources
had a significant ASSR.

The variation of LI was estimated using the jackknife method.
In thismethod, each jackknife resample of LI was calculated using
the resamples of ASSRampR and ASSRampL.

Statistical Analyses
The standard deviations of the ASSR amplitudes, phase
coherence, and LI were estimated separately using the jackknife
resampling method (Efron and Stein, 1981). For each resample of
participants, the main dSPM imaging kernel was applied to the
averaged EEG data of that resample. The mean of each measure
(ASSR amplitudes, phase coherence, and LI) was obtained based
on the entire group of participants without resampling. All
statistical analyses were based on the mean, estimated standard
deviation, and the number of participants, rather than on
individual scores (Cohen, 2002; Nagy, 2013) using custom scripts
in MATLAB R2016b (MathWorks).

To investigate the overall effect of age on ASSR amplitude, a
factorial mixed analysis of variance (FM-ANOVA) with side of
stimulation (two levels: left and right) and ROIs (24 levels: eight
primary and 16 non-primary) as within-subject variables was
carried out for 4, 20, 40, and 80Hz ASSRs, separately. Post hoc
testing was performed using a two-sample t-test with Bonferroni
correction. In post hoc testing with ROIs as within-subject
variable, the statistical tests often demonstrated a significant
difference due to the large sample size. So, the effect sizes,
Cohen’s d, were also reported to provide ameasure of significance
independent of sample size. Moreover, reporting the effect sizes
was strongly advised (Sullivan and Feinn, 2012). Cohen’s d
was used as a measure of effect size. Age-related changes of
ASSR amplitude were also investigated for four categories of
ROIs (Table 1), namely, primary, cortical, subcortical, and non-
primary ROIs. Similar statistical analyses were performed for
phase coherence.

For hemispheric lateralization, a series of one-sample t-tests
were performed per side of stimulation and per modulation
frequency to investigate which ROIs exhibited an LI significantly
different from zero. The results were corrected for multiple
comparisons using the FDR method (Benjamini and Hochberg,
1995). A significant positive (negative) LI indicated a right
(left) hemisphere laterality, and a non-significant LI showed
a symmetrical response pattern. A possible effect of age
was investigated using FM-ANOVA plus post hoc testing per
modulation frequency and per side of stimulation.

RESULTS

Effect of Age on the Response Strength of
the Neural Sources
Figure 3 illustrates the mean response strengths for “all
ROIs” as well as for different categories (primary, cortical,
subcortical, and non-primary) for each of the four different
modulation frequencies. A significant main effect of age was
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FIGURE 3 | Auditory steady-state response (ASSR) amplitudes of different categories of sources (Table 1) regardless of side of stimulation across age and across

modulation frequency. The bars indicate the weighted average of amplitudes (number of subjects as weights), and error bars represent the pooled standard deviations

(Cohen, 1988). Forty-eight of 60 comparisons showed significant difference (Table 2).

observed for all ROIs and also different categories of ROIs
in all acoustic conditions. Post hoc testing analyses revealed
significantly larger response strengths for the older compared
to the young and middle-aged participants in all categories for
the 4 Hz modulation frequency. The effect size of the mean
difference (Cohen’s d) was very similar across different categories,
specifically when comparing young and older participants. The
results of post hoc testing are summarized in Table 2.

For 20Hz ASSRs, the difference between young and middle-
aged was trivial (effect size d ≤ 0.2) for most of the categories
(except for the cortical ones), while the difference between young
and older participants was significant with similar effect sizes
across different categories.

For 40Hz AM stimuli, post hoc testing revealed a significantly
larger amplitude in the older compared to the young and

middle-aged participants with similar effect sizes across
different categories.

For 80Hz modulation frequency, post hoc testing revealed
a significantly larger amplitude with the young participants
compared to the middle-aged and older participants in most
categories, except for cortical ones. The effect size of the mean
difference (Cohen’s d) for the subcortical category was larger than
that for other categories.

Detailed information about the ASSR amplitude of different
ROIs across age for the left and right sides of stimulation
is illustrated in Supplementary Figures 1, 2, respectively. For
each modulation frequency, the statistical test for overall
effect of age (considering all ROIs) on the response strength
showed significant interactions between age group and side

of stimulation and also between age group and ROIs. Post
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TABLE 2 | The results of post hoc comparisons of auditory steady-state response (ASSR) amplitude and phase coherence across age in different categories of sources

[all regions of interest (ROIs), primary, cortical, subcortical, and non-primary].

ASSR amplitude Phase coherence

Category Young,

middle-aged

Young,

older

Middle-aged,

older

Young,

middle-aged

Young,

older

Middle-aged,

older

4Hz All ROIs d = −0.1 d = −1.6 d = −1.4 d = −0.2 d = −0.2 d < −0.1

TD p < 0.001 p < 0.001 TD TD TD

Primary d = 0.4 d = −1.6 d = −2 d = 0.1 d = 0.2 d = −0.2

p < 0.001 p < 0.001 p < 0.001 TD TD TD

Cortical d = 0.3 d = −1.6 d = −2.1 d = 0.2 d = −0.6 d = −0.8

p < 0.05 p < 0.001 p < 0.001 TD p < 0.001 p < 0.001

Subcortical d = 0.4 d = −1.6 d = −2 d = 0.1 d = 0.1 d = 0.1

p < 0.001 p < 0.001 p < 0.001 TD TD TD

Non-primary d = −0.3 d = −1.6 d = −1.1 d = −0.3 d = −0.4 d < −0.1

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 TD

20Hz All ROIs d = −0.2 d = −0.6 d = −0.4 d = −0.4 d = −0.2 d = 0.1

TD p < 0.001 p < 0.001 p < 0.001 TD TD

Primary d = −0.1 d = −1.0 d = −1.0 d = −0.3 d = −0.6 d = −0.2

TD p < 0.001 p < 0.001 p < 0.001 p < 0.001 TD

Cortical d = −0.6 d = −1.0 d = −0.4 d = −0.5 d < −0.1 d = 0.4

p < 0.001 p < 0.001 p < 0.01 p < 0.01 TD p < 0.01

Subcortical d = 0.1 d = −0.9 d = −1.1 d = −0.2 d = −0.7 d = −0.5

TD p < 0.001 p < 0.001 TD p < 0.001 p < 0.001

Non-primary d = −0.2 d = −0.4 d = −0.2 d = −0.4 d < −0.1 d = 0.4

TD p < 0.001 TD p < 0.001 TD p < 0.001

40Hz All ROIs d = 0.2 d = −0.7 d = −1.0 d < 0.1 d < −0.1 d = −0.1

TD p < 0.001 p < 0.001 TD TD TD

Primary d = 0.4 d = −0.9 d = −1.3 d = 0.2 d < 0.1 d = −0.1

p < 0.001 p < 0.001 p < 0.001 TD TD TD

Cortical d = 0.0 d = −1.1 d = −1.1 d = 0.2 d = −0.4 d = −0.7

TD p < 0.001 p < 0.001 TD p < 0.05 p < 0.001

Subcortical d = 0.7 d = −0.9 d = −1.5 d = 0.2 d = 0.2 d = 0.1

p < 0.001 p < 0.001 p < 0.001 TD TD TD

Non-primary d = 0.2 d = −0.7 d = −0.9 d < −0.1 d = −0.1 d < −0.1

TD p < 0.001 p < 0.001 TD TD TD

80Hz All ROIs d = 1.2 d = 0.8 d = −0.3 d = 0.7 d = 0.9 d = 0.1

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 TD

Primary d = 1.6 d = 0.9 d = −0.5 d = 0.4 d = 1 d = 0.5

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Cortical d = 0.5 d = 0.2 d = −0.2 d < 0.1 d = 0.4 d = 0.2

p < 0.001 TD TD TD p < 0.05 TD

Subcortical d = 2.3 d = 1.2 d = −0.7 d = 0.6 d = 1.3 d = 0.5

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Non-primary d = 1.1 d = 0.8 d = −0.2 d = 0.8 d = 0.9 d < −0.1

p < 0.001 p < 0.001 TD p < 0.001 p < 0.001 TD

The tests were conducted per modulation frequency. Cohen’s d and p-value were reported for different pairs of age cohorts and different modulation frequencies. The trivial difference

is indicated by TD and refers to when Cohen’s d suggested a small (d ≤ 0.2) effect size of mean differences (Sullivan and Feinn, 2012).
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hoc testing was performed per side of stimulation and per
ROI. The results of post hoc comparisons are summarized

in Supplementary Table 1. These results were corrected for
multiple comparisons using the FDR method (Benjamini and
Hochberg, 1995).

In brief, age-related changes in response strength were

observed in different categories of ROIs and in all acoustic
conditions. For 4, 20, and 40Hz acoustic modulations, a
significantly larger response strength in the older compared
to the young and middle-aged participants was found,
while at 80Hz, a significantly smaller response strength
in older and middle-aged compared to young participants
was detected.

Effect of Age on the Phase Coherence of
the Neural Sources
Phase coherence was computed to investigate whether phase-
locking differs for the different age cohorts. Figure 4 illustrates
the mean phase coherence for “all ROIs” as well as for the
four main categories (primary, cortical, subcortical, and non-
primary) for each of the four different modulation frequencies.
A significant main effect of age was observed for all ROIs
and also different categories of ROIs in all acoustic conditions,
except for primary and subcortical ROIs at 4Hz and non-
primary ones at 40Hz. For 4Hz modulation frequency, post
hoc testing showed a significantly larger phase coherence in the
older compared to the young and middle-aged cohorts in the

FIGURE 4 | Phase coherence of different categories of sources (Table 1), regardless of side of stimulation across age and across modulation frequency. The bars

indicate the weighted average of phase coherence (number of subjects as weights), and error bars represent the pooled standard deviations (Cohen, 1988).

Twenty-six of 60 comparisons showed a significant difference (Table 2).
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non-primary and the cortical categories. However, the effect
sizes of mean differences (Cohen’s d) in these comparisons
were small or medium (d ≤ 0.5), except for the cortical
category. The results of post hoc testing are summarized in
Table 2.

For 20Hz ASSR, post hoc testing revealed significant effects
of age in some categories. However, in most of the comparisons,
Cohen’s d suggested a small (d ≤ 0.2) or medium (d ≤ 0.5) effect
size of mean differences (Sawilowsky, 2009; Sullivan and Feinn,
2012).

For 40Hz ASSR, the differences between age groups were
trivial (small effect size, d ≤ 0.2) across different categories,
except for the cortical category where older participants
showed higher phase coherence than young and middle-
aged participants.

For 80Hz modulation frequency, post hoc testing revealed a
significantly larger phase coherence in the young participants
compared to the middle-aged and older participants in almost
all categories. The middle-aged participants also showed larger
phase coherence than the older ones in the primary and the
subcortical categories.

Detailed information about the phase coherence of different
ROIs across age for the left and right sides of stimulation is
illustrated in Supplementary Figures 3, 4, respectively. For each
modulation frequency, the statistical test for overall effect of
age (considering all ROIs) on the response strength showed
significant interactions between age group and side of stimulation
and also between age group and ROIs. Post hoc testing was
performed per side of stimulation and per ROI. The results of post

hoc comparisons are summarized in Supplementary Table 2.

These results were corrected for multiple comparisons using the
FDR method (Benjamini and Hochberg, 1995).

Concisely, age-related changes in phase-locking were not
noteworthy for 4, 20, and 40Hz ASSRs, while for 80Hz ASSRs,
a significantly smaller phase-locking was observed in the middle-
aged and older participants compared to the young participants
in almost all categories.

Hemispheric Lateralization
In order to investigate the functional hemispheric asymmetry
across age, the ASSR amplitudes of the left and right auditory
cortices were used to calculate the LI. Figure 5 illustrates the LIs
of the AC for different stimulation conditions (three age groups,
four modulation frequencies, and two sides of stimulation) and
LIs of subcortical sources for 80Hz ASSR. The LIs showing
a significant asymmetry to the left or right hemisphere were
determined using a one-sample t-test (the results are summarized
in Supplementary Tables 3, 4).

The effect of age on hemispheric asymmetry was investigated
per modulation frequency and per side of stimulation. A
significant main effect of age was observed for the different
stimulation conditions. The results of post hoc testing in different
pairs of age cohorts are summarized in Table 3. As shown in
Figure 5 and Table 3, the patterns of age-related changes were
variable across modulation frequency and sometimes across
sides of stimulation. For 4 Hz AM stimuli presented to the
left and right ears, the LIs of the older participants were
significantly more negative (toward left hemisphere) than those

A B

FIGURE 5 | Hemispheric lateralization for different age groups. (A) The laterality indexes (LIs) for auditory cortex (AC) across age (indicated by different colors) in

different experimental conditions (four modulation frequencies presented to the left or right ear). (B) The LIs for the subcortical sources [the medial geniculate body

(MGB), the inferior colliculus (IC), the cochlear nucleus (CN)] across age (indicated by different colors) in response to 80Hz amplitude-modulated (AM) stimuli

presented to the left or right ear. LI for CN (left stimulation) was not calculated because of non-significant auditory steady-state response (ASSR) amplitude in one side.

The LIs were obtained based on the 17.7 (±0.4), 17.6 (±0.7), and 14.9 (±1) participants in the young, middle-aged, and older cohorts. The error bars illustrate the

standard deviations estimated using the jackknife method (Efron and Stein, 1981). The significant left/right lateralization was indicated by an asterisk (*) on top of the

error bar. Comparisons across age: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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TABLE 3 | The results of post hoc comparison of laterality index of auditory cortex

across age in different stimulation conditions.

Stimulation condition Young,

middle-aged

Young, older Middle-aged,

older

4Hz Left ear d = 1.8 d = 1.6 NS

p < 0.001 p < 0.001

Right ear d = 1.2 d = 3.5 d = 2.8

p < 0.001 p < 0.001 p < 0.001

20Hz Left ear NS d = −1.6 d = −1.4

p < 0.001 p < 0.001

Right ear NS d < −0.1 d = −0.9

TD p < 0.05

40Hz Left ear d = −3.7 d = −2.2 d = 0.2

p < 0.001 p < 0.001 TD

Right ear d = −1.2 d = −0.2 d = 1.2

p < 0.001 TD p < 0.01

80Hz Left ear d = −0.8 d = 0.5 d = 1.2

p < 0.05 NS p < 0.01

Right ear d = −0.2 d = 1.2 d = 1.0

TD p < 0.01 p < 0.01

Right ear (MGB) d = 1.4 d = 3.0 d = 0.9

p < 0.001 p < 0.001 p < 0.05

Right ear (IC) d = 1.6 d = 2.4 d = 0.2

p < 0.001 p < 0.001 TD

Cohen’s d and p-value were reported for different pairs of age cohorts. For 80Hz, the

results were also reported for laterality index of the medial geniculate body (MGB) and

inferior colliculus (IC). The trivial difference is indicated by TD and refers to when Cohen’s

d suggested a small (d ≤ 0.2) effect size of mean differences (Sullivan and Feinn, 2012),

and NS goes for not significant.

of the younger and middle-aged ones. However, for 20 Hz AM
stimuli, the hemispheric asymmetry was less or similar for the
older participants than for the younger ones in the left and

right side of stimulation, respectively. For 40 Hz AM stimuli
presented to the left, the LIs of the older and middle-aged
participants were significantly more positive than those of the
younger ones, while for the right side of stimulation and also
80 Hz (both sides), the LIs showed no clear trend, although the
data yielded differences depending on the side of stimulation
and age.

The hemispheric asymmetry was also investigated for the
subcortical sources of 80Hz due to the importance of these
activations in 80Hz (Figure 5B). In these neural sources, a
reduction in asymmetry in older participants was observed for
stimuli presented to the right side.

Briefly, altered hemispheric asymmetry in older and middle-
aged participants was observed in all stimulation conditions.
However, the patterns of age-related changes were variable across
different stimulation conditions.

DISCUSSION

Effect of Age on the Activation of Neural
Generators
The current study shows that age affects neural generators,
albeit to a different extent for those responding to slow or fast
modulations. The effect of age on the ASSRs was investigated
for different modulation frequencies and categories of neural
generators in persons with normal audiometric thresholds to
avoid HL as a confounder as much as possible.

Considering all ROIs, older participants exhibited enhanced
ASSRs compared to young and middle-aged participants for
slow AM modulations (<50Hz). These modulation frequencies
are similar to the repetition rate of phonemes and syllables in
speech. This age effect was also observed in different categories
of sources, except for non-primary sources at 20Hz modulation
frequency. Our results on low-frequency ASSRs, particularly
4Hz ASSRs, are in line with those of the study by Tlumak
et al. (2015) who showed that 5Hz ASSRs were larger in older
listeners compared to young participants. However, no age-
related changes in 20Hz ASSRs have been reported in sensor-
level studies (Leigh-Paffenroth and Fowler, 2006; Tlumak et al.,

2015, Goossens et al., 2016).
The effect of age on 40Hz ASSRs has been investigated

before. While sensor-level analysis did not report significant
changes across age (Boettcher et al., 2001; Leigh-Paffenroth and
Fowler, 2006; Goossens et al., 2016), a source-level analysis
reported a tendency for increased ASSR amplitudes in response
to 40Hz AM stimuli for adults aged between 19 and 45 years
(Poulsen et al., 2007). The age effect was only observed for
the dipole in the left hemisphere, while they used three dipoles
(left/right hemisphere and the brain stem) for source modeling.
The inconsistency between Poulsen’s study and ours can be
due to the different age ranges of the participants and/or the
prior assumption about the number of sources. Modeling brain
responses with a limited number of dipoles less than the actual
number of generators may reduce sensitivity to changes of neural
activities. This reduced sensitivity can also be seen in sensor-level
data, which show a linear combination of neural activities.

For fast AMmodulations (80Hz), the ASSR activities of neural
generators in the middle-aged and older adults were less than
those of the younger persons. A similar age effect was also
observed for other categories of sources except when comparing
the cortical generators of young and older groups. These results
are in line with previous EEG studies (Dimitrijevic et al., 2004;
Purcell et al., 2004; Leigh-Paffenroth and Fowler, 2006) and
also with animal studies (Parthasarathy et al., 2010; Herrmann
et al., 2017). Potential mechanisms underlying these age-related
changes will be explained further in Potential Mechanisms
Underlying Age-Related Changes in Temporal Processing.

Interestingly, speech intelligibility data of the same young,
middle-aged, and older participants show that speech perception
declines by middle age and decreases further onto older age
even when hearing sensitivity is clinically normal and there is
no indication of mild cognitive impairment (Goossens et al.,
2017). These differences in speech understanding could well
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be the functional consequences of the observed changes in
neural synchronization.

Effect of Age on Phase-Locking of Neural
Generators
Comparison of phase coherence across age suggests a decline
of phase-locking in older and middle-aged adults compared to
young participants in response to 80Hz AM stimuli. This age
effect was also observed in different categories of sources, with
the exception for young and middle-aged persons in a cortical
category of sources. For slow modulation frequencies (<50Hz),
no significant effect of age was observed when considering all
sources. However, a small age effect was observed in a few
categories of sources (for example, cortical sources at 4 Hz).

Very few studies investigated phase-locking independently of
ASSR amplitude. Leigh-Paffenroth and Fowler (2006) reported
fewer phase-locked responses at 90Hz modulation rate for older
adults compared to young, while the differences in the number
of responses at 20 and 40Hz were not significant. This age-
related change is also observed in the present study. In another
study, Edgar et al. (2017) suggested an association between the
phase coherence of 40Hz ASSR and age (20–60 years) in the left
hemisphere, not in the right one.

Our results concerning the age-related changes in phase-
locking are also consistent with event-related potential (ERP)
studies, which observed a reduction in phase coherence of
auditory brain stem responses to tonal and speech stimuli
(Clinard et al., 2010; Anderson et al., 2012; Clinard and Tremblay,
2013; Presacco et al., 2015; Roque et al., 2019). In addition, our
results are also consistent with animal studies, where less phase-
locking to rapid amplitude modulations has been reported in
near- and far-field recordings (Parthasarathy and Bartlett, 2012;
Herrmann et al., 2017; Parthasarathy et al., 2019).

Potential Mechanisms Underlying
Age-Related Changes in Temporal
Processing
Decrease of the GABAergic and glycinergic inhibitory
neurotransmission is a consistent finding across central
auditory regions of aging animals (Ling et al., 2005; Frisina and
Walton, 2006; Caspary et al., 2008, 2013; Parthasarathy et al.,
2010; Herrmann et al., 2017), leading to a downregulation in
functional inhibition. Loss of normal functional inhibition has
also been reported in humans (Chen et al., 2013) and may lead
to increased spontaneous and sound-evoked discharged rates
(Hughes et al., 2010; Parthasarathy et al., 2014, 2019; Herrmann
et al., 2017).

Inhibitory neurotransmission also plays a key role in
shaping the response to complex and/or rapid temporally
modulated stimuli (Walton et al., 1998; Caspary et al.,
2008; Parthasarathy et al., 2010). Reduction in inhibitory
neurotransmission in older adults may result in a loss of temporal
precision in encoding rapidly changing sounds (Anderson et al.,
2012; Roque et al., 2019).

The non-significant change of phase coherence across age
for neural generators in response to slow acoustic modulations

(<40Hz) suggests that age does not affect the ability to follow
slow envelopes. In addition, the increased ASSR amplitude for
older participants in this frequency range is in line with the
increased neural excitability (central gain) as a consequence of
the loss of inhibition (Chambers et al., 2016; Herrmann et al.,
2017). However, we observed a decline in response strength and
phase-locking to fast acoustic modulations with advancing age.
This finding is in line with the decreased temporal precision
in following the rapid modulated stimuli due to the loss of
functional inhibition (Anderson et al., 2012).

In sum, our results demonstrated age-related changes in the
amplitude and the phase coherence of ASSRs, which can be
interpreted as changes in the neural excitability and the phase-
locking ability of the central auditory system, respectively. These
age-related changes in temporal processing of slow and fast
acoustic modulations are in line with the expected consequences
of the loss of functional inhibition across the central auditory
system with increasing age.

Age-Related Changes in Neural Dynamics
at Middle Age
Our results indicated meaningful age-related changes in the
phase locking and response strength in the middle-aged cohort
compared to the young one, specifically in response to 80Hz
acoustic modulations. In line with previous studies, these
findings suggest that the age-related changes in temporal
processing are already apparent in the middle agers (Ross et al.,
2007; Ross, 2008, Leigh-Paffenroth and Elangovan, 2011). In a
behavioral study on the same data as here, ameaningful decline in
speech perception performance was also observed in the middle-
aged cohort (Goossens et al., 2017).

Our data highlight the importance of auditory screening (e.g.,
speech-in-noise test) at midlife, where changes already appear
to occur. A recent model presented by the Lancet Commission
on Dementia Prevention, Intervention and Care shows that
hearing impairment is the largest potentially modifiable risk
factor for dementia among nine health and lifestyle factors
(Livingston et al., 2017). Strikingly, the model shows that
midlife hearing impairment, if eliminated, might reduce the
risk of dementia by 9%. Furthermore, our findings suggest
that training/rehabilitating fast acoustic modulations where
results showed a reduced temporal precision via decreased
phase-locking and smaller response magnitudes might facilitate
perception. However, more research is needed to clarify different
age-related changes that may cause poorer speech perception in
the elderly.

Hemispheric Asymmetry
Hemispheric Asymmetry in a Young Cohort
Overall, our results revealed that by varying the modulation
frequency and side of stimulation, hemispheric asymmetry
changes significantly within the young cohort. This finding is
generally consistent with previous studies and emphasizes the
importance of modulation frequency and side of stimulation
when studying temporal envelope processing (Ross et al., 2005).

In the present study, for 4 and 20Hz AM stimuli, contralateral
and ipsilateral activations in the AC were observed, respectively,
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which are in line with functional MRI (fMRI) observations
(Langers et al., 2005) and with previous source-level EEG studies
(Luke et al., 2017). An asymmetry to the left AC was observed
for 40Hzmodulation frequency, left and right stimulation. These
results are not consistent with the previous source-level EEG
studies (Edgar et al., 2017; Luke et al., 2017). For 80Hz AM
stimuli presented to the left or right ear, right hemispheric
asymmetry was observed for subcortical activations except that
for CN at left side stimulation. To the best of our knowledge, no
other study has investigated lateralization of subcortical sources
in response to fast AM stimuli. While the contralateral responses
are well-known for different sensory modalities (Del Gratta et al.,
2002; Hemond et al., 2007) and also for transient auditory
responses (Ross et al., 2005), the abovementioned results suggest
that hemispheric asymmetry of ASSRs is not contralateral for all
different modulation rates. This finding is in line with that of
previous studies showing that the laterality of sustained responses
like ASSRs can be distinct from that of transient responses (Ross
et al., 2005; Lehmann et al., 2007). Moreover, these results show
that laterality for ASSRs is sensitive to stimulus periodicity. We
found contralateral asymmetry for 4Hz ASSR and ipsilateral
asymmetry for 20Hz ASSR for the young cohort.

We did not compare our results with those of sensor-
level studies because sensor-level asymmetry depends highly
on the configuration of the neural sources relative to the
EEG electrodes and can be completely opposite to the source-
level asymmetry. For example, source-level EEG studies and
the fMRI observations suggest left hemisphere asymmetry for
4Hz AM stimuli presented to the right ear (Langers et al.,
2005; Luke et al., 2017), while sensor-level studies suggest right
hemisphere lateralization (Poelmans et al., 2012; Vanvooren et al.,
2014). To avoid this kind of bias, which is mainly due to the
volume conduction problem in the sensor-level approach, it
is important to perform source modeling before investigating
laterality. Moreover, among the source-level studies, the prior
assumptions of the source modeling about the number of sources
can exert an influence on the LI. For example, in a separate
analysis, we fitted two dipoles to the 40Hz ASSRs and obtained
a right hemispheric asymmetry, which is in line with previous
source-level studies with two dipoles in the left and right AC
(Ross et al., 2005; Edgar et al., 2017). Nevertheless, in the
current study using the MNI approach, with minimal restrictions
regarding the number and location of the sources, we found a
left hemisphere lateralization on the same data. Thus, the prior
assumptions of the source analysis approach should be taken into
account before comparing the results of different studies.

Effect of Age on Hemispheric Asymmetry
In general, our results suggest that aging occurs with the
altered hemispheric asymmetry in auditory temporal processing.
This finding is in line with the previous studies suggesting
that the altered hemispheric processing patterns might be a
reason for the impaired speech processing in older adults or
persons with dyslexia (Goswami, 2011; Vanvooren et al., 2014;
Goossens et al., 2016).

A wide range of neurophysiological (inhibition reduction) and
anatomical changes (cerebral atrophy, demyelination) associated

with aging has been reported in several studies (Giroud et al.,
2018, 2019). As we discussed earlier, these changes possibly
underlie the altered neural responses in the older population
and can differ for different modulation rates. Importantly, these
changes (neurophysiological and anatomical) may vary across
brain regions or across hemispheres (Chen et al., 2013) and may
lead to an altered hemispheric asymmetry in older adults. In a
theoretical form, the hemispheric asymmetry could be estimated
by knowing the effect of neurophysiological and anatomical
changes due to aging for each hemisphere separately.

Up to now, only a few studies have investigated the effect
of age on the hemispheric asymmetry of low-level auditory
processing such as temporal envelope processing. For 4 Hz

ASSRs with left side stimulation, the LI of AC is positive
in the young group and decreased in older adults. For the
right side stimulation, the negative LI of the young group
gradually increased (became more negative) across age. These
two observations suggest that the hemispheric asymmetry of 4Hz
ASSR is moved toward the left hemisphere for both the left
and right side of stimulation. However, within the framework
of “asymmetric sampling in time” (AST) hypothesis, it has been
shown that in the normal listeners, the slowly changing speech
features (unfolded in a longer timescale of about ∼250ms)
related to syllables are preferentially processed by the right
auditory-related areas (Poeppel, 2003; Shalom and Poeppel, 2008;
etc.). Taking the AST hypothesis into account, this age-related
change of lateralization (moving toward the left hemisphere)
can be a possible reason for the impaired speech perception in
older people.

In response to 20 Hz AM stimuli presented to the left ear,
the hemispheric asymmetry gradually decreased across age. For
80 Hz ASSRs at both sides of stimulation, a right hemispheric
asymmetry was observed for subcortical sources (except for
CN at left side stimulation) of young adults, while symmetrical
responses were found for subcortical sources of older adults. The
pattern of age-related alternations in 20 and 80Hz is similar to
that already reported for pre-frontal activity during cognitive
control of semantic and working memory and perception
(Cabeza et al., 2002). Our finding regarding a reduction of
hemispheric asymmetry for low-level auditory processing (i.e., in
response to 20 and 80Hz AM stimuli) may suggest a more global
regime of reduced asymmetry in the aging population.

In the current study, we corrected for multiple comparisons
and provided effect sizes; however, the large number of
comparisons in relatively small groups of participants may lead
to a Type I error from random statistical variation. To control for
this potential error, it would be appropriate to replicate this study
for a different data set.

The Effect of Source-Level Analysis
Due to the volume conduction of brain tissue, a linear mixture
of neural activity of different sources is recorded in scalp-level
measurements. Via source modeling, we resolve the mixture
and investigate the activity of the neural sources, separately, in
different age cohorts. The source-level analysis is also beneficial
to detect small age effects on a neural source, which may be
hidden by other generator’s activity in the scalp-level analysis.
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For instance, we found increased response strengths to 20 and
40Hz AM stimuli, while no changes were observed using sensor-
level analyses on the same data (Goossens et al., 2016). Note that
the age-related changes in 4 and 80Hz ASSRs were similar for
source-level and sensor-level analyses.

Volume conduction also has a remarkable influence on
hemispheric asymmetry. The sensor-level asymmetry depends on
the activity and location of several neural generators. Indeed,
this asymmetry can be different from the asymmetry of each
individual neural generator. For example, scalp-level studies
suggest right hemisphere lateralization for 4Hz AM stimuli
presented to the right ear (Poelmans et al., 2012; Vanvooren et al.,
2014), while source-level EEG studies and the fMRI observations
suggest left hemisphere asymmetry (Langers et al., 2005; Luke
et al., 2017). As a result, it seems that a source-level analysis
provides a more sensitive framework than a sensor-level one. It
should be noted that certain choices regarding parameters, such
as the head model, the electrical conductance of brain tissues,
and type of optimization for the inverse problem, may influence
the results of the source reconstruction. However, since the same
methodology was used for different age cohorts, the comparisons
and the conclusions drawn from them appear well-grounded.

CONCLUSION

The present study investigated the effect of age on the neural
generators involved in the temporal envelope processing in adults
with normal audiometric thresholds. A wide range of neural
generators of ASSRs in response to 4, 20, 40, and 80Hz acoustic
modulations was reconstructed in young, middle-aged, and older
participants. Age-related changes were observed for response
strength, phase coherence, and hemispheric asymmetry. For slow
acoustic modulations (below 50Hz), the response amplitudes
were higher in older participants than young ones, while the
phase coherences were almost similar for the three age cohorts.
For fast acoustic modulations, both the response amplitudes and
phase coherences were reduced in older participants compared
to younger and middle-aged persons. The observed age-related
changes of neural activations in response to both slow and fast
acoustic modulations can be explained by the loss of functional
inhibition in older adults (Caspary et al., 2008). Older persons
also demonstrate altered hemispheric processing, which, in turn,
may impact their speech processing. An important finding
was that the abovementioned age-related changes are already
apparent in the middle agers well before observable HL is noted.
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Background: When navigating in a particular space, a sense of being at a current

location is of great help for the navigators in reaching their destination or getting back

to the start. To accomplish this work, interwoven neural structures and neurons are

called into play. This system is called the heading direction cell-place cell-grid cell circuit.

Evidence from various neuroscience studies has revealed that the regions responsible for

this circuit are damaged in the early stages of Alzheimer’s disease (AD). This may explain

why wayfinding difficulty is one of the most frequent symptoms in persons with AD. The

aim of this study was to examine the sense of location (SoL) in persons with mild AD,

persons with prodromal AD (prAD), and those who were cognitively unimpaired (CU).

Methods: We invited people with mild AD, prAD, and CU to participate in this study. The

venue of the core experiment to assess SoL was a 660-m path located on the university

campus. The participants were instructed to take a walk on the path and press a device

to indicate their arrival at each of the five carefully chosen targets. The linear deviations

from the target site were compared among the groups.

Results: A total of 20 AD, 28 prAD, and 29 CU persons completed the study. Their

Mini-Mental State Examination scores were on average 20 (SD 3), 24 (SD 3), and 28

(SD 2). The groups were well differentiated regarding several measurements for cognitive

ability and spatial navigation. As for the SoL, the hit rates of exact location with linear

deviation of 16m or less were 0.05, 0.54, and 0.86 for AD, prAD, and CU persons,

respectively. The hit rates were well correlated with the presence of getting lost. Also,

SoL differentiated well among CU, PrAD, and AD in terms of average linear deviation.

Conclusions: Our employing linear deviation by utilizing a grid-cell function device as

an assessment for SoL showed distinct features among the three groups. This model

can be used to develop more delicate devices or instruments to detect, monitor, and aid

spatial navigation in persons with prAD and AD.

Keywords: dementia, Alzheimer’s disease, spatial navigation, humans, sense of location
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BACKGROUND

When moving in a physical space, a person may intermittently
check the current location to assure being on the right path.
This is called sense of location (SoL) (Jeffery, 2007). SoL helps an
individual to reach his or her destination and return to the start
point. To accomplish this seemingly simple work, interwoven
neural structures are called into play.

It is known that a network in the brain provides navigators
with knowledge of their current location and a representation of
environmental scenes. This global positioning system (GPS)-like
built-in neural network is called the place cell-heading direction
cell-grid cell (PHG) system (Golob et al., 2001; Parron and Save,
2004; Hafting et al., 2005). The neural structures composing this
system overlap with the regions which are damaged in the initial
stage of Alzheimer’s disease (AD) (Braak and Del Tredici, 2015),
including the entorhinal cortex and its connected regions. This
may explain why navigation impairment and getting lost (GL)
are two of the incipient symptoms in persons with AD (Pai and
Hsiao, 2002; Pai and Jacobs, 2004).

SoL, together with attention (Baddeley, 1986), landmark
recognition (Lee and Pai, 2012), egocentric route following
(Vogeley and Flink, 2003), forming and using cognitive maps
(Jheng and Pai, 2009), translations between different spatial
representations (Vann et al., 2009; Pai and Yang, 2013), and
decision making (Janzen and van Turennout, 2004), plays a
critical role in our daily navigation. Over the past decades, studies
focusing on human navigation abilities have been carried out on
participants, including cognitively unimpaired (CU) individuals,
people living with AD, or people with mild cognitive impairment
(MCI) (Hort et al., 2007; Gazova et al., 2012; Lithfous et al., 2013;
Lester et al., 2017; Coughlan et al., 2018; Zanco et al., 2018). The
mechanisms for spatial navigation impairment (SNI) in early AD,
however, are not well understood.

FIGURE 1 | (A) The aerial photo of the campus. (B) The path, target site locations (marked with letters A–E), the participant trace recorded by Pai-Jan device, and the

areas that the participant reached (marked with numbers 1–5). The yellow star indicates the starting point of the path. Letter P indicates the participant.

Given that SNI is such an important issue in dementia care,

learning more about the mechanism is helpful for creating

techniques to prevent GL events (Pai and Lee, 2016). The aim
of this study was to examine SoL in persons living with early-
clinical-stage AD.

METHODS

Participants
We invited people with mild AD and those with prodromal

AD (prAD) from a dementia special clinic and the CU
people from the community at large to join this study. A

diagnosis of AD was made according to the criteria developed

by the National Institute on Aging–Alzheimer’s Association

workgroups on diagnostic guidelines for AD (McKhann et al.,
2011). For the AD group, only those with a Clinical Dementia

Rating (CDR) Scale score of 1.0 were included. The clinical
criteria for the participants with prAD were as follows: (1)
subjective memory complaints confirmed by family members,

(2) Mini-Mental State Examination scores between 24 and 30

or equivalently adjusted for educational level, (3) objective
memory impairment for age, (4) a CDR of 0.5, (5) largely

intact functional activities of daily living, and (6) absence of
dementia (Petersen et al., 1999; Busse et al., 2003; Petersen,
2004; Winblad et al., 2004; Suk and Shen, 2014). A diagnosis of

AD or prAD was supported by medial temporal atrophy and/or
posterior cortical atrophy via brain MRI and perfusion deficit in

either the precuneus and/or the posterior parietal lobes and/or
the posterior cingulate gyrus via brain SPECT (Scheltens et al.,
1992; Matsuda, 2007; Ramusino et al., 2019). The CU group
were those with normal mental states and who lived completely
independently. These were mostly family members, especially
spouses of patients.
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Basic Neuropsychological Tests
We administered the Cognitive Abilities Screening Instrument
(CASI) (Teng et al., 1994) and the Neuropsychological Batteries
developed by the Consortium to Establish a Registration of
Alzheimer’s Disease (CERAD) (Morris et al., 1989) to examine
general and specific cognitive functions. The Questionnaire on
Everyday Navigational Ability (QuENA) (Pai et al., 2012) was
used to assess the participants’ navigational abilities and behavior.
Moreover, all participants were assessed for their abilities of
perception of time and distance (Bindra and Waksberg, 1956;
Grondin, 2010; Bian and Anderson, 2013), in which both
perceptions were measured with respect to verbal estimation
and production.

Core Experiments
The core experiment was carried out on Tzu-Chiang Campus at
National Cheng Kung University. Each participant was shown
a map illustrating the layout of the campus throughout the
study, in which several rectangle turns are on the path for the
participants to walk. The length of the path was 660m, on which
five sites (A–E) were carefully chosen to prevent individuals
from seeing the starting point. The participants, prior to the
experiment, were instructed to approach the five target sites one
after another and touch the screen of a tablet personal computer
(PC) with an innovatively designed Pai-Jan (PJ) device (Pai et al.,
2016) upon judging that they had reached the target. Figure 1A
provides an aerial photo of the campus and the PJ device interface
on which the designed path and the location of the target sites
were shown. The location of the participant could also be seen on
the PJ device interface.

Accompanied by researchers, the participants took a forward
(with targets A, C, and E) and a reverse route (with targets
B and D). The sequence of forward and reverse routes was
counterbalanced among the participants to eliminate the effect
produced by the two directions. The PJ device recorded the
geographical location of the point by GPS when a participant
touched the screen. The linear deviation of the participant from
the target at each site could be precisely calculated and was
treated as a variable to be compared among the three groups.
Figure 1B provides the trace of a participant as recorded on the
PJ device. Moreover, at each target, the PJ device also showed
an arrow for the participants to point in the direction of the
origin. The angular deviation from the correct direction was
compared as a function of path integration (Allan, 1979; Howett
et al., 2019). The design of the core experiment was akin to
a daily activity when one goes outside to reach a destination
held in mind, and it was an ecologically valid setting to reveal
real-world evidence.

Institutional Review Board
All procedures were approved by the National Cheng Kung
University Hospital Institutional Review Board for the Protection
of Human Subjects. All the participants provided informed
consent before participating in this study.

Data Analyses
Descriptive statistics were presented as means ± standard
deviation. SPSS (version 22.0) for Windows was used for

TABLE 1 | Demographic and neuropsychological tests.

CU PrAD AD p-value Post hoc

(n = 29) (n = 28) (n = 20)

Gender (M:F)g 14:15 19:9 7:13 0.071

Age (years)h 69.5 (6.7) 71.0 (7.7) 73.5 (8.4) 0.192

Education (years) i 11.9 (3.7) 10.4 (3.8) 8.8 (3.3) 0.019* a**

MMSEi 27.5 (2.2) 24.1 (3.4) 20.2 (2.9) 0.000*** a***, b***,

c***

CDR (SoB)i NA 1.2 (0.7) 4.1 (1.2) 0.000*** e***

Age at onset (y ears)h NA 65.8 (9.7) 68.7 (6.6) 0.288

CASIj

Remote memory 10.0 (0.2) 10.0 (0.0) 9.9 (0.5) 0.250

Recent memory 10.6 (1.1) 7.0 (3.2) 3.3 (2.7) 0.000*** a***, b***,

c***

Attention 7.5 (0.7) 7.0 (1.3) 7.1 (0.9) 0.379

Mental manipulation 9.0 (1.3) 7.9 (2.5) 7.8 (2.5) 0.332

Orientation 17.8 (0.6) 16.9 (1.1) 10.8 (4.1) 0.000*** a***, b***

Abstract thinking 9.6 (1.7) 7.5 (1.6) 7.5 (1.5) 0.000*** a**, c***

Language 9.7 (0.7) 9.4 (1.0) 9.3 (0.9) 0.567

Drawing 9.9 (0.3) 8.9 (2.2) 9.3 (1.1) 0.063

Animal 9.0 (1.9) 7.6 (2.4) 6.4 (2.4) 0.009** a**

CASI total score 92.6 (5.8) 82.2 (9.8) 71.1 (6.9) 0.000*** a***, b***,

c***

CERADj

Verbal fluency 14.9 (3.5) 12.5 (3.7) 10.7 (2.2) 0.000*** a**, c*

Boston naming test 14.7 (1.0) 14.2 (1.0) 13.7 (1.5) 0.045* a*

Word list memory 21.7 (3.3) 17.1 (3.7) 13.9 (2.4) 0.000*** a***, b*, c***

Constructional praxis 10.4 (0.9) 10.0 (1.2) 10.4 (1.5) 0.211

Word list recall 7.7 (1.6) 4.5 (2.0) 1.8 (1.8) 0.000*** a***, b***,

c***

Word list recognition 18.8 (1.7) 16.8 (2.3) 12.9 (2.4) 0.000*** a***, b***, c**

Recall constructional

praxis

8.9 (2.3) 5.1 (3.8) 1.7 (2.5) 0.000*** a***, b**, c***

Trail making test (TMT)g

TMTa (N; 0/1∼5/>5) 29; 26/2/1 28; 22/4/2 19; 13/5/1 0.402

TMTb (N; 0/1∼5/>5) 29; 14/11/4 27; 8/11/8 18; 1/6/11 0.003** a**

TMTc (N; 0/1∼5/>5) 29; 27/2/0 28; 24/3/1 19; 11/6/2 0.034* a**

QuENAj

Landmark and scene

agnosia

1.2 (1.4) 2.8 (1.6) 3.2 (1.8) 0.000*** d***, f**

Egocentric agnosia 0.7 (0.9) 1.9 (1.0) 2.5 (1.1) 0.000*** d***, f***

Inattention 1.1 (0.8) 2.1 (1.4) 2.3 (1.8) 0.007** d*, f*

Heading

disorientation

0.9 (1.0) 2.1 (1.7) 2.4 (1.5) 0.001*** d**, f**

QuENA total score 4.0 (3.3) 8.5 (5.0) 10.3 (4.3) 0.000*** d***, f***

Getting lost, N (%)g NA 9 (32.1%) 10 (50.0%) 0.260

Magnetic resonance imagingh

MTA visual rating

scale [N; M (SD)]

NA 27; 1.7 (1.0) 19; 2.6 (1.3) 0.019* e*

PA visual rating scale

[N; M (SD)]

NA 27; 1.2 (0.8) 19; 1.5 (1.0) 0.444

Data are presented as mean (standard deviation).

CU, cognitively unimpaired; PrAD, prodromal AD; AD, Alzheimer’s disease; a, CU > AD;

b, PrAD > AD; c, CU > PrAD; d, CU < AD; e, PrAD < AD; f, CU < PrAD; g, chi-square

test p-value; h, ANOVA p-value; i, Kruskal–Wallis test for comparison among groups and

Dunn’s test for post hoc; j, ANCOVA; MMSE, Mini-mental State Examination; CDR SoB,

Clinical Dementia Rating Sum of Box; CASI, Cognitive Abilities Screening Instrument;

CERAD, Consortium to Establish a Registry for Alzheimer’s Disease, post hoc analysis by

Scheffe Test; QuENA, Questionnaire on Everyday Navigational; MTA, medial temporal lobe

atrophy; PA, posterior atrophy; in visual rating scale: M, mean; SD, standard deviation.

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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TABLE 2 | Time perception and self-motion deviation.

CU (n = 25) CU (n = 26) PrAD (n = 25) PrAD (n = 28) AD (n = 18) AD (n = 15) p-value Post hoc

Verbal time estimation deviation (second)

10 3.7 (4.1) 4.1 (3.7) 4.7 (3.6) 0.707

30 6.0 (7.2) 9.2 (7.1) 12.7 (9.7) 0.029* A

60 12.1 (12.8) 17.6 (15.7) 24.8 (14.9) 0.022* A

Time production deviation (second)

10 2.0 (1.3) 2.8 (1.9) 2.8 (2.0) 0.139

30 6.1 (5.3) 8.6 (6.0) 9.7 (6.2) 0.116

60 11.0 (10.3) 17.5 (11.2) 22.1 (10.5) 0.005** A

Verbal distance estimation deviation (meter)

10 2.4 (1.9) 2.4 (2.0) 3.3 (2.7) 0.361

50 12.1 (8.8) 14.2 (10.9) 18.1 (9.1) 0.171

100 30.6 (21.7) 29.9 (28.9) 42.1 (30.4) 0.321

Distance production deviation (meter)

10 4.2 (3.5) 5.4 (6.1) 4.3 (3.7) 0.581

50 19.3 (14.8) 12.7 (9.6) 17.0 (11.1) 0.135

100 34.9 (28.2) 22.8 (16.9) 42.8 (19.3) 0.017* B

Data are presented as mean (standard deviation). Post hoc analysis by Dunn’s test.

CU, cognitively unimpaired; PrAD, prodromal AD; AD, Alzheimer’s disease; a, CU < AD; b, PrAD < AD; c, CU < PrAD.

*p ≤ 0.05, **p ≤ 0.01; outliers (>2.5 standard deviation) are excluded.

TABLE 3 | Sense of location.

CU (n = 29) PrAD (n = 28) AD (n = 20) p-value Post hoc

Linear deviation (meter)

P1 19.5 (32.3) 39.0 (46.2) 90.5 (62.0) 0.000*** a***, b***

P2 23.5 (20.6) 35.4 (40.6) 59.6 (42.2) 0.029* a*

P3 21.8 (27.6) 54.1 (62.5) 77.4 (59.0) 0.010** a**

P4 15.5 (8.5) 37.7 (36.9) 88.4 (38.1) 0.000*** a***, b***, c*

P5 16.7 (13.8) 26.4 (21.9) 79.4 (62.7) 0.000*** a***, b***

AVG 19.4 (13.0) 38.5 (30.5) 79.3 (24.7) 0.000*** a***, b***, c*

Vector to the start (degree)

P1 31.3 (34.2) 38.9 (40.8) 57.2 (45.7) 0.084

P2 34.4 (23.4) 28.6 (22.0) 40.8 (25.2) 0.106

P3 27.0 (33.8) 31.6 (27.9) 36.5 (39.4) 0.705

P4 29.9 (26.2) 24.7 (20.9) 52.5 (49.1) 0.023* b*

P5 34.1 (28.3) 45.1 (39.6) 71.9 (46.0) 0.021* a*

AVG 31.3 (20.4) 33.8 (14.4) 51.8 (24.7) 0.004** a**, b*

Data are presented as mean (standard deviation). Post hoc analysis by ANCOVA.

AD, Alzheimer’s disease; PrAD, prodromal AD; CU, cognitively unimpaired; a, CU < AD;

b, PrAD < AD; c, CU < PrAD; AVG, average.

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

statistical analysis. Baseline demographic characteristics,
including age, education years, CASI scores, age at onset,
and CDR scores, were coded as continuous variables. Other
demographic characteristics, such as gender, were coded
as category variables. One-way analysis of variance or
Kruskal—Wallis test was used to analyze the demographic
factors, and analysis of covariance was applied to analyze CASI,
CERAD, time and distance perception, vector to the start, SoL,
and the QuENA. Post hoc analysis, with the Bonferroni test, was

used to compare the differences between each group. Pearson
correlation analysis was used to check the correlations between
the performance of the SoL and that of the QuENA. All the
statistical tests were two-tailed, and significance levels were set at
a p-value of <0.05.

RESULTS

Basic Data
A total of 77 subjects completed the study. Table 1 presents
the demographic variables in the three groups: CU, PrAD, and
AD subjects.

As shown in Table 1, the CASI and the CERAD scores
revealed significant between-group differences. AD and prAD
were more impaired in spatial navigation than CU as assessed
by QuENA, while they showed no difference between each other.
This finding was compatible with the hypothesis that the neural
structures related to spatial navigation were damaged in the
clinical stage of prAD. A chi-square analysis in GL percentage
also revealed significant between-group distribution differences.
It was also noted that education year differed with statistical
significance between CU and AD people.

Regarding time perception, comparing prAD and AD patients
with the CU group, verbal time estimation deviation and time
production deviation showed significant differences (Table 2).
AD produced more deviation in the test of distance production
than prAD did; otherwise, no difference was detected among the
groups in assessing perception of distance.

Core Experiments
As shown in Table 3, the SoL clearly differentiated among CU,
prAD, and AD. For example, the average linear deviation in
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meters in the CU, prAD, and AD were 19 ± 13, 39 ± 31, and
79 ± 25, respectively (p < 0.001, post hoc comparisons AD
vs. prAD: p < 0.001; AD vs. CU: p < 0.001; prAD vs. CU:

FIGURE 2 | The comparison of linear deviation among groups with

post hoc comparison.

p < 0.01). Figure 2 illustrates the scattered plot of individual
linear deviation together with the post hoc comparisons among
CU, prAD, and AD. A difference was detected between AD and
both prAD and CU in vector to the start in degrees, while no
difference was noted between prAD and CU. Thus, the results
showed that vector to the start might not serve as significant

predictors for dementia status at the follow-up stage, particularly

during the early stages of the disease.
Regarding linear deviation as a reference for diagnostic power,

a deviation of 16m was set as cutoff for comparison (Pai et al.,

2016). The hit rates were 0.86, 0.54, and 0.05 for CU, prAD,

and AD, respectively (p < 0.001, post hoc comparisons AD vs.
prAD, p < 0.001; AD vs. CU, p < 0.001; prAD vs. CU, p < 0.01;
Figure 3). The hit rates were well correlated with the presence of
GL (correlation= 0.43 with p-value= 0.001).

The correlation between QuENA and linear deviation reached

a statistical significance in average inattention for prAD patients

as well as in average landmark scene agnosia and egocentric
agnosia when considering all subjects (Table 4). Statistical

significance was also attained in the correlation between the
presence of GL and average landmark scene agnosia when
prAD and AD subjects were considered (Table 5). When taking
consideration of SoL and QuENA, a statistical significance
was observed in several domains, including linear deviation

FIGURE 3 | The hit rates among groups with post hoc comparison (**p < 0.01; ***p < 0.001).
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TABLE 4 | Pearson correlation between QuENA and linear deviation.

Landmark

scene

agnosia

Egocentric

agnosia

Inattention Heading

disorientation

Total score

CU (n = 29)

A −0.009 −0.083 −0.103 0.079 −0.027

B −0.039 −0.147 −0.162 −0.196 −0.154

C 0.181 −0.278 −0.096 −0.106 −0.053

D −0.108 0.052 −0.107 0.243 0.014

E 0.153 −0.249 −0.137 −0.082 −0.060

AVG 0.079 −0.253 −0.187 −0.053 −0.096

PrAD (n = 27)a

A −0.003 −0.171 −0.298 −0.250 −0.227

B −0.287 −0.394* −0.357 −0.111 −0.334

C 0.100 −0.216 −0.335 −0.099 −0.108

D −0.201 −0.343 −0.410* −0.161 −0.267

E −0.285 −0.228 −0.115 −0.004 −0.124

AVG −0.125 −0.360 −0.438* −0.185 −0.285

AD (n = 20)

A −0.090 −0.088 0.360 0.016 0.093

B 0.117 0.180 −0.168 −0.091 −0.008

C −0.017 0.063 0.089 −0.146 −0.006

D −0.110 0.011 −0.433 −0.222 −0.297

E −0.018 −0.153 −0.132 0.063 −0.076

AVG −0.074 −0.033 −0.038 −0.136 −0.102

Total (n = 76)

A 0.175 0.202 0.182 0.112 0.193

B 0.083 0.105 −0.097 0.038 0.031

C 0.263* 0.145 0.029 0.077 0.168

D 0.192 0.297** −0.042 0.152 0.186

E 0.171 0.191 0.070 0.199 0.199

AVG 0.247* 0.261* 0.055 0.158 0.221

aMissing data in this value.

CU, cognitively unimpaired; PrAD, prodromal AD; AD, Alzheimer’s disease; AVG, average.

*p ≤ 0.05, **p ≤ 0.01.

with inattention for prAD subjects, and with landmark scene
agnosia and with egocentric agnosia if all subjects were under
consideration (Table 6).

DISCUSSION

Traditionally, the strategies a person may adopt for everyday
navigation can be divided to egocentric and allocentric with
adequate landmark recognition (Lester et al., 2017; Schoberl et al.,
2020a). In this study, the SoLmeasured egocentric and allocentric
strategies as well as the translation between these two spatial
representations (Pai and Yang, 2013), matching and judging the
current location with reference to cognitive maps, and prefrontal
functions (Jeffery, 2007). Hence, SoL reflected a more holistic
approach to real-world navigation, and impairment of it may
contribute to the occurrence of GL (Yatawara et al., 2017) and
result in the inability to lead an independent life. Conceptually,
SoL is analogous to the function of grid cells (Howett et al.,

2019), and that the entorhinal cortex underpins navigation in
other mammalian species is supported by the demonstration of
entorhinal cortex grid cells in rats (Hafting et al., 2005), bats
(Yartsev et al., 2011), monkeys (Killian and Buffalo, 2018), and
humans (Jacobs et al., 2013). Since the entorhinal cortex and its
connections are highly related to early pathological changes in
AD patients, a device designed based on grid-cell function might
be a good way to depict the ways in which how SNI troubles
community-residing people with AD (Pai and Jacobs, 2004).

This study demonstrated that SoL, as assessed by linear
deviation by a grid-cell function driven device, was more
impaired in AD and PrAD than in CU. This distinct feature
among the three groups was further supported by the hit rates
of 16m in terms of positioning precision (Figure 3). How
one senses the current location in a specific surrounding is
an interesting topic for neuroscientists. SoL helps navigators
to judge one’s present location relative to the start point or
to the destination. As mentioned, to know if an individual
has reached a pre-set destination in an environment, the
individual may have to use multiple mental resources, including
path integration, cognitive maps, landmark recognition, and
translation of different spatial representations (Jheng and Pai,
2009; Lee and Pai, 2012; Pai and Yang, 2013). When applying
this scenario to a person with PrAD or mild AD in a real-world
situation who is ambulating on a daily route, it is reasonable to
postulate that an impaired SoL may emerge intermittently long
before the occurrence of his or her first-ever GL event because the
individualmay have impairment in one ormore of thementioned
mental resources (Tu and Pai, 2006).

The performance of SoL observed in prAD in this study was
in accordance with previous human navigation research (Howett
et al., 2019). Although detailed history could not be obtained
from these patients because of their impaired episodic memory,
from clinical observation, many of them had spent extra time
trying to recover the ability. In the current study, the neural
substrates accountable for SoL function in both prAD and AD
were supposedly damaged (Braak and Del Tredici, 2015), and the
deficits of the SoL function shown in this study, both prAD and
AD being worse than CU, supported this hypothesis.

From the concept of dead reckoning, the perception of time,
distance or speed, and direction is critical for ocean sailors
to reach a destination where no landmarks such as islets are
present between the start point and the destination. In this
study, we assessed perception of time and distance because
the SoL depended on these basic abilities, and we tried to
eliminate these confounders. Unexpectedly, the results revealed
differences in several situations among the groups. How these
differences would affect the SoL needs future well-designed
research to answer.

The relationships among SoL, spatial navigation, and
cognitive functions deserve further discussion. Except for
moderate cognitive decline as in the clinical stage of mild and
more advanced dementia, the cognitive functions and daily
navigation abilities are not parallel. As mentioned, the cerebral
cortical areas responsible for spatial navigation were supposedly
damaged in prAD and mild AD, while a trend was present
for a lower rate of GL in prAD to AD, though not reaching
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TABLE 5 | Pearson correlation between GL and QuENA and between GL and SoL.

QuENA Sense of location

Landmark scene agnosia Egocentric agnosia Inattention Heading disorientation Total score Liner deviation Vector to

the start

PrAD (n = 28) −0.247 −0.256 −0.024 −0.246 −0.117 −0.29 −0.00

AD (n = 20) −0.431 −0.049 −0.176 −0.067 −0.285 0.04 0.11

PrAD + AD (n = 48) −0.348* −0.211 −0.112 −0.184 −0.210 −0.23 −0.03

PrAD, prodromal AD; AD, Alzheimer’s disease.

*p ≤ 0.05.

TABLE 6 | Pearson correlation between sense of location and QuENA.

Landmark scene agnosia Egocentric agnosia Inattention Heading disorientation Total score

CU (n = 29)

Linear deviation 0.079 −0.253 −0.187 −0.053 −0.096

Vector to the start −0.003 −0.171 −0.023 0.035 −0.042

PrAD (n = 28)

Linear deviation −0.125 −0.360 −0.438* −0.185 −0.285

Vector to the start −0.139 −0.196 −0.174 0.005 −0.040

AD (n = 20)

Linear deviation −0.074 −0.033 −0.038 −0.136 −0.102

Vector to the start −0.077 −0.134 −0.034 −0.435 −0.233

PrAD + AD (n = 48)

Linear deviation −0.019 −0.021 −0.171 −0.084 −0.067

Vector to the start −0.045 −0.021 −0.049 −0.160 −0.036

Total (n = 77)

Linear deviation 0.247* 0.261* 0.055 0.158 0.221

Vector to the start 0.086 0.080 0.049 0.005 0.085

CU, cognitively unimpaired; PrAD, prodromal AD; AD, Alzheimer’s disease.

*p ≤ 0.05.

statistical significance. One reason was that factors unrelated
to spatial cognition might prevent individuals with cognitive
impairment from GL. For example, in their daily lives, people
with prAD may preserve an adequate problem-solving ability
and adopt compensatory strategies, such as using cues or indices
as they are encountered with an impaired SoL. They may also
call family members, ask others nearby or police officers for
guidance, or take a taxi home. In this study, that the prAD
had better performance on many items in CASI and in CERAD
supports this hypothesis. Theoretically speaking, the parietal lobe
as an integration center for multi-modality sensory information
for successful navigation is functioning much better in prAD
than in mild AD (Jeffery, 2007; Braak and Del Tredici, 2015).
This is another explanation for the lower GL rate in prAD. On
the other hand, that an impaired SoL in people at risk can be
compensated for by proper means to prevent GL is insightful for
comprehensive dementia care since a certain proportion of older
adults suffer from cognitive impairment and are in danger of an
unexpected GL event. In this study, that the AD and prAD groups
manifested worse SoL and daily navigation abilities than the CU
was compatible with the trend of the Alzheimer continuum in

cognitive decline (Table 2). However, this finding was not in line
with the daily navigation abilities in that the QuENA showed no
difference between prAD and AD. From our previous study, the
QuENA, as assessed by the caregivers or family members, did
not faithfully reflect the awareness of the targeted persons with
AD (Pai and Lee, 2016). The QuENA reported by prAD, as in
this study, was usually underestimated in part due to preserved
insight and anxiety and might lead to a discrepancy between the
QuENA and the performance of SoL.

Regarding the vector to the start as a function of path
integration, AD was worse than both prAD and CU, but no
difference was detected between prAD and CU. Given that
prAD’s brain substrate responsible for path integration was
damaged, however, the results did not support this hypothesis.
In fact, the location of the neural substrates responsible for
path integration in humans is controversial (Dudchenko, 2010).
The path integration paradigm used in this study might be
too simple, or other neural substrates may play a role in path
integration as well. From these findings, it is suggested that SoL
is better than path integration in differentiating CU, prAD, and
mild AD.
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Recently, papers focusing on spatial navigation as a marker to
detect preclinical AD or to predict the conversion from MCI to
AD have provided insightful information (Howett et al., 2019;
Levine et al., 2020; Schoberl et al., 2020b). Our current results
added further support for this possibility. Since the entorhinal
cortex which contain lots of grid cells plays a sentinel role for
signaling AD, how to crystalize the concept of grid-cell-related
functions and create devices to differentiate prAD from other
subtypes of MCI is mandatory (Moodley et al., 2015; Allison
et al., 2016; Coughlan et al., 2018; Ritchie et al., 2018). These
devices may also increase the confidence of physicians to make
diagnoses of prAD and provide both patients and caregivers with
information about the future progression. From our study, the
presence of impaired SoL was linked to a danger of GL; hence,
the caregivers can take action in advance to prevent the events.

Limitations included the relatively small number of AD
participants. The design of the experiments in this study was
complicated, which prevented more advanced AD patients from
completing the procedures. Only cases with verymild ormild AD
were feasible to join and complete the study. Another limitation
concerns the lack of biomarkers, such as cerebrospinal fluid or
amyloid positron emission tomography, to support a diagnosis of
prAD or AD. However, this is a real-world difficulty; cheaper and
more reliable biomarkers are needed to conquer this limitation.

Collectively, this work contributed to the growing body of
evidence that impaired SoL appeared in the early clinical stage
of AD and was associated with daily navigation impairment
(Monacelli et al., 2003; Pai and Jacobs, 2004). Without efficient
problem-solving strategies or help from pedestrians, an escort to
the police station is inevitable; indeed a tragedy may even occur.
Persistent and longitudinal studies of SoL in these participants
aremandatory before its clinical application as a useful behavioral
maker for AD.
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The processes by which neural stem cells (NSCs) and neural precursor cells (NPCs)

transform into the characteristic lineages observed in Alzheimer’s disease (AD) are

poorly characterized. Understanding these processes is of critical importance due to

the increased prevalence of AD and the lack of effective AD strategies. Here, we used

immunohistochemistry and Western blot to find out if MeCP2 was phosphorylated

at a specific amino acid residue, Serine 421 (S421), and activated in response

to AD-induced damage in amyloid precursor protein (APP)/PSl transgenic mice,

altering its nuclear to cytoplasmic shuttling. Epigenetic examinations combined with

chromatin immunoprecipitation and methylated DNA immunoprecipitation revealed

that the translocation of MeCP2 from the nucleus to cytoplasm led to the loss

of lineage-specific gene promoters (such as Gfap, Nestin, and Dcx), decreased

transcriptional repression, and the activation of gene expression. Immunofluorescence

data demonstrated that neurogenic progenitors with high levels of active phosphorylated

MeCP2 at S421 (MeCP2 pS421) possessed a high probability of development into

doublecortin (DCX)-expressing cells. AD7c-NTP will control neurogenic progenitor

regeneration through its effects on MeCP2 pS421, leading to altered lineage-specific

gene expression. This adds to the growing list of biological effects of AD7c-NTP in

the brain and highlights MeCP2 as relevant to the plasticity of neural cells in the AD

mice striatum.

Keywords: Alzheimer disease, AD7c-NTP, neurogeneis, neural plasticity, DNA methylation, methyl-CpG binding

protein 2, protein phosphorylation, epigentics

INTRODUCTION

AD is the major form of senile dementia, a debilitating neuronal disorder that impairs memory,
language, executive functions, and visuospatial skills (Dubois et al., 2014). AD is characterized by

amyloid deposits, neurofibrillary tangles, and a loss of neuronal cell viability around the forebrain,
cortex, and limbic system (Horgusluoglu et al., 2017). During development, neurogenic progenitors
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become restricted to the subependymal ventricular zone (SVZ)
(Lois and Alvarez-Buylla, 1993; Lim et al., 1997) and the
subgranular layer (SGL) of the dentate gyrus (Ihunwo et al.,
2016; Paredes et al., 2018), leading to impaired neurogenesis
and inhibited cognitive functions in the elderly. However, in
the context of AD (Jin et al., 2004a,b; Lopez-Toledano and
Shelanski, 2004, 2007; Boekhoorn et al., 2006; Herran et al., 2015),
transgenic mice harboring ≥3 AD-linked amyloid precursor
protein (APP) mutations show higher levels of proliferation
and neuronal differentiation (Jin et al., 2004a,b; Lopez-Toledano
and Shelanski, 2004, 2007; Herran et al., 2015). Increased Ki-
67 staining is also observed (Boekhoorn et al., 2006). Therefore,
the activation, regulation, and related molecular mechanisms
of neurogenesis after AD injury will become the therapeutic
intervention target.

The neural thread protein (NTP) is overexpressed in AD
lesions and contributes to disease pathogenesis (De la Monte
and Wands, 1992). The AD-associated neural thread protein
(AD7c-NTP) was first cloned (De La Monte et al., 1996) and
found to be dysregulated in neuronal axons. It has since been
shown to codistribute with neurofibrillary tangles (NFTs) and
positively correlates with NFTs (Monte et al., 1997). Enhanced
AD7c-NTP expression occurs during early AD, prior to NFTs
formation, and its function is related to neuritis germination
and cell death (Monte et al., 1997), suggesting its association
with AD neurodegeneration (Kahle et al., 2000; De la Monte
and Wands, 2001a,c). All of the above findings have raised
the key questions regarding the ability of AD7c-NTP to
affect the neurogenesis in the brain following AD injury, as
well as molecular pathways underlying the proliferation and
differentiation of NSCs and NPCs.

DNA methylation at cytosine residues in the CpG islands
regulate the plasticity of neural cells (Kohyama et al., 2008;
Desai et al., 2019) by suppressing expression of key genes. Gene
methylation is essential to fetal development, the remodeling
of tissue, regulated proliferation, and cell differentiation (Li
et al., 1992; Rai et al., 2010). Consistently, dysregulated
DNAmethylation promotes tumorigenesis, neurodevelopmental
disorders, and degenerative disease (Shames et al., 2007).
DNA methylation interacts with Methyl-CpG binding protein
2 (MeCP2) (Fasolino and Zhou, 2017). MeCP2 consists of
a methyl-CpG binding domain (MBD) and a transcription
repression domain (TRD). Traditionally, MeCP2 regulates gene
expression through its binding to methylated DNA in a
sequence-specific manner via MBD and its interaction with
corepressors through the TRD domain (Liyanage et al., 2019).
DNA demethylation stimulates the release of MeCP2 from
its target sequences and enhance gene expression. MeCP2 is
expressed throughout the central nervous system (CNS) and
mediates brain activity and development. MeCP2 silencing
leads to the slower maturation of neurons and delayed
synaptic formation, leading to Rett’s syndrome (RTT) (Townend
et al., 2018). In addition to its functionality in neuronal
maturation, MeCP2 regulates NSCs/NPCs regeneration and
differentiation (Tsujimura et al., 2009). Truncated versions of
MeCP2 (R168X, lacking the TRD), in RTT patients, lead to a
loss of MeCP2 functionality, highlighting its ability to regulate
neural plasticity.

The posttranslational phosphorylation of MeCP2 is key
to its cellular effects (Chao and Zoghbi, 2009; Tao et al.,
2009). Phosphorylation of MeCP2 is the likely switch that
controls transcription of specific target genes. Phosphorylation
site-specific mutations will influence neighboring bases and
secondary structures, promoting neurodysplasia and decreasing
synapse numbers (Jugloff et al., 2005; Chao and Zoghbi, 2009;
Tao et al., 2009). These changes occur in both RTT patients
and MeCP2 mutant mice (Ananiev et al., 2011) and the neuro-
phenotypic mutations may be related to MeCP2 phosphorylation
defects. Therefore, it is essential to determine the functional
significance of MeCP2 phosphorylation vis-à-vis its role in the
brain and the effect of MeCP2 mutations on the neural outcomes
of RTT.

The expression and phosphorylation of MeCP2 and the
regulation of its activity have not been investigated or
characterized in AD. Here, we defined these properties in
vivo and assessed their roles in the differentiation direction
of NSCs/NPCs. MeCP2 was observed to undergo dynamic
de novo phosphorylation at serine 421 (S421) following AD
injury, highlighting its functionality in early AD stages in
the mouse brain. MeCP2 phosphorylation coupled to AD
injury-induced DNA demethylation in Gfap, Nestin, and DCX
promoters causing a loss of MeCP2 binding to its cellular
targets, thereby relieving transcriptional repression, permitting
gene activation. The epigenetic modifications in such lineage-
specific gene promoters may be involved in the regeneration and
fate determination of NSCs/NPCs in the striatum of AD mice
following AD7c-NTP inhibition. This provides a platform to
investigate the epigenetic mechanisms in regulating neurogenesis
and differentiation in the AD mouse striatum.

EXPERIMENTAL PROCEDURES

AD7c-NTP shRNA Interference
The complementary DNA (cDNA) plasmids encoding small-
hairpin RNA (shRNA) interfering sequences were produced
by Dharmacon Shanghai GenePharma. These shRNA plasmids
product consists of a mixture of three to five lentiviral vector
plasmids, each of which contains a target gene-specific coding
for a 19–25 nt shRNAs, and a 6-bp folding region designed
to stably inhibit AD7c-NTP gene expression. The other shRNA
plasmid encodes a scrambled sequence that does not cause
specific degradation of any known cellular messenger RNA
(mRNA) sequence as a control for the off-target effects of shRNA
(Dharmacon Shanghai GenePharma).

Animal Protocols
Mouse Models
B6C3-Tg (APPswe, PSENlde9) 85Dbo/J transgenic mice (adult
males) and matched wild-type mice were used in the study
(Peking Experimental Animal Center of the Chinese Academy of
Medical Sciences). All experiments were approved by our local
ethics board in accordance with National Institute of Health
Guide protocols approved by the Medical Experimental Animal
Administrative Committee of Tianjin and with animal protocol
approved by the Nankai University. To exclude the effect of
sexual cycle on the results, only male mice were used for all
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experiments. Animal suffering wasminimized, and theminimum
number of animals were assessed. All animal experiments were
conducted at the same time every morning.

Animal Surgery
Animals aged 3 months (to simulate the early stages of AD)
with body weights of ∼25 g were randomly divided into AD7c-
NTP shRNA (NTP shRNA) and control shRNA (Ctr shRNA)
groups. Animals were anesthetized with ketamine/xylazine, and
arterial blood samples obtained via a femoral catheter were
collected to measure the pO2, pCO2, and pH using the AVL 990
Blood Gas Analyzer (AVL List GmbH, Graz, Austria). The rectal
temperature was maintained at 37 ± 0.5◦C via a temperature-
regulated heating lamp. Mice with physiological variables within
normal ranges were subjected to the subsequent experimental
studies. The plasmid preparation mixture containing 1 µg
plasmids in 9 µl 0.9% sterile saline and 1 µl Lipofectamine 2000
[Cat no. 11668-109, Invitrogen (year 2018)] was stereotaxically
delivered into the left ipsilateral ventricle (AP: −0.8mm; ML:
1.4mm; DV:−3.6mm for dorsoventra). Mice were then returned
to their cages following the recovery from anesthesia. Mice
were provided free access to water and food. All animals were
sacrificed after 2 weeks.

Tissue Assessments
Mice were anesthetized to minimize animal suffering during
the procedure. For fixation, saline and 4% paraformaldehyde
(PFA) solution were intracardially perfused in 0.1M phosphate-
buffered solution (PBS, pH 7.4). Brains were extracted and
fixed in 4% PFA for 6 h and immersed in a solution of 20–
30% sucrose until sinking was observed. Coronal samples were
sectioned (freezing microtome, Model 820-II) at 30µm Bregma
from 1.60 to−4.80mm. Sections were cryostored at−20◦C prior
to histological analysis.

Immunohistochemical Staining
For single staining, tissue sections were boiled for 13min in
trisodium citrate buffer at 97.9◦C for antigen retrieval and
probed with anti-MeCP2 (non-phosphorylated form, rabbit,
1:100; Cat no. 07-013; RRID: AB_2144004, Merck Millipore),
antiphosphorylated MeCP2-S421 (MeCP2 pS421, rabbit, 1:100;
Cat no. PA5-35396; RRID: AB_2552706, Abcam), or anti-AD7c-
NTP [mouse, 1:100; Cat no. orb389662, Bioreagents, (year
2018)] antibodies. Sections were labeled with the appropriate
biotinylated antibodies (1:200, Vector Laboratories) and
incubated with avidin–biotin–peroxidase (1:200, Vectastain
Elite ABC kit) for 1 h at 37◦C. Signals were developed following
diaminobenzidine (DAB, 0.5%) labeling. Primary antibody
labeling was omitted in the negative control samples. To verify
the specificity of MeCP2 pS421 antibody, the sections were
probed with a mixture of phospho-MeCP2-S421 blocking
peptide [at 10 times higher concentration than the antibodies,
Cat no. BP3693a, ABGENT (year 2019)] and the anti-MeCP2
pS421 antibody preincubated at room temperature for 1 h. The
rest of the dyeing procedure is the same as above.

For double staining of AD7c-NTP with 4′6-diamidino-
2-phenylindole dihydrochloride (DAPI), the cerebral slices
were sequentially incubated with the anti-AD7c-NTP antibody,

biotinylated antimouse immunoglobulin G (IgG) (1:200), and
avidin–biotin–peroxidase (1:200). The sections were then stained
with Vector R© Blue color solution for 30min, rinsed with PBS,
and further stained with DAPI (1µg/ml; Invitrogen) for 10min
at room temperature. Following dehydration, clearing, and
sealing, the sections were observed under a microscope.

Fluorescence Immunolabeling and
Confocal Microscopy
For dual immunostaining, sections were labeled with rabbit
polyclonal anti-MeCP2 (1:100) or anti-MeCP2 pS421 (1:100)
with goat polyclonal antiglial fibrillary acidic protein (anti-
GFAP) (1:200; Cat no. ab53554; RRID: AB_880202, Abcam),
mouse monoclonal anti-NeuN (1:500; Millipore, Cat. no.
MAB377; RRID: AB_229877), mouse monoclonal anti-Nestin
(1:500; Cat no. 556309; RRID: AB_396354, BD Biosciences),
or goat polyclonal anti-DCX (1:100; Cat no. sc-8066; RRID:
AB_2088, Santa Cruz). Sections were then labeled with
antigoat IgG-rhodamine (1:40; Santa Cruz) or antimouse IgG–
fluorescein isothiocyanate (FITC) (1:40; Santa Cruz) for 1 h
at 37◦C and mounted using fluorescent mounting media
(Vector Laboratories).

The fluorescent double staining was performed by MeCP2,
MeCP2 pS421, or AD7c-NTP with DAPI to explore their
intracellular distribution. The sections were first incubated
with the primary antibody against MeCP2, MeCP2 pS421, or
AD7c-NTP and then with the secondary antibody as described
above. After further stained with DAPI (1µg/ml) for 10min at
room temperature, the sections were finally washed, mounted,
and coverslipped.

All the sections were detected on a confocal microscope (TCS
SP5, Leica, Heidelberg) at excitation of 650 nm and an emission
of 670 nm (Cy5), 535 and 565 nm (rhodamine), 490 and 525 nm
(FITC), and 358 and 461 nm (DAPI).

Nuclear and Cytoplasmic Protein
Extraction
Nuclear and cytoplasmic extracts were obtained using
commercial kits (Beyotime Biotechnology). Fresh striatal
tissue was dissected, homogenized, and treated with
cytoplasmic protein extraction agent containing 1mM
phenylmethanesulfonyl fluoride (PMSF) for 15min on ice.
Samples were centrifuged at 1,500 g for 10min at 4◦C to
separate the cytoplasmic components into the supernatants
and the nuclei into the pellet fraction. Pellets were resuspended
in protein extraction supplemented with PMSF, chilled on
ice, and vortexed every 15 s every 10min on three occasions.
Samples were centrifuged (10min at 16,000 g) and stored prior
to assessments.

Whole-Cell Protein Extraction
The brain tissue samples were dissected and homogenized in
protein lysate and protease inhibitor PMSF buffer. After 30min
in an ice bath, the supernatant was collected after centrifuging
at 13,000 g for 30min at 4◦C; then, the protein concentration was
determined by bicinchoninic acid (BCA)method. All the samples
were stored at−70◦C for following Western blot analysis.
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Western Blotting
Samples were boiled for 5min, resolved on 8% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels and
transferred to polyvinylidene difluoride (PVDF) membranes
(Bio-Rad). The membranes were blocked in 10% skimmed milk
in Tris-buffered saline Tween (TBST) and probed overnight
with anti-MeCP2 (1:1,000), anti-MeCP2 pS421 (1:1,000), anti-
GFAP (1:1,000), anti-Nestin (1:1,000), anti-DCX (1:1,000), and
anti-AD7c-NTP antibodies (1:1,000) at 4◦C. Membranes were
then washed and labeled with horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:3,000, Santa Cruz) for 1 h at
room temperature, and bands were visualized using enhanced
chemiluminescence (ECL). Bands were then quantitated and
normalized to β-actin (1:10,000; Cat no. A5441; RRID:
AB_476744, Sigma) as a loading control following stripping and
reprobing. β-Tubulin (1:5,000; Cat no. T5293; RRID: AB_477580,
Sigma) and histone 3 (H3) (1:1,000; Cat no. 9715; RRID:
AB_331563, Cell Signaling Technology) were used as cytoplasmic
and nuclear markers, respectively. Immunostained bands were
quantified on Image J. Negative controls received identical
treatment except for the absence of primary antibodies and
showed no specific staining. Phospho-MeCP2-S421 blocking
peptide was used as described in Immunohistochemical Staining.

Alkaline phosphatase (PPTase; New England Biolabs)
was used to verify the specificity and effectiveness of the
phosphorylated antibody. PPTase was added to the mixture
of protein lysates and NE buffer (New England Biolabs)
and incubated at 37◦C for 30min. After precipitating
overnight in cold acetone at −20◦C and centrifuging, the
purified proteins were resuspended and used for subsequent
immunoblotting analysis.

Chromatin Immunoprecipitation Assays
For chromatin immunoprecipitation (ChIP) assessments,
the striatum was dissected from adult rats and fixed in 1%
formaldehyde to permit the cross-linking of DNA to proteins.
Following glycine treatment, tissues were washed in ice-cold
PBS (3×) supplemented with protease inhibitors (Roche)
and homogenized. Following centrifugation, pellets were
resuspended in shearing buffer plus protease inhibitors on an
ultrasonic liquid processor (Qsonica) to generate chromatin
fragments (average length: 400–800 bps on agarose gels).
Chromatin was subjected to immunoprecipitation in strip
wells and labeled with anti-MeCP2, anti-MeCP2 pS421, or an
equivalent volumes of IgG. A portion of the samples was collected
as input samples. After six washes in IP wash buffer, precipitated
protein–DNA complexes were liberated through proteinase K
treatment (15min at 65◦C) and incubated in reversing solution
at 65◦C for 90min to dissociate the formaldehyde cross-links.
Following cross-link reversal and DNA purification, quantitative
polymerase chain reactions (qPCRs) were performed. The
following primers were assessed: GFAP—for, 5′-TCAATAAAG
GCCCTGACATCC-3′ and rev, 5′-AGCAGCCAAGAGGCTCT
CCT-3′; Nestin—for, 5′-TCTTCTCTTCTGCACCCGGATG-3′

and rev, 5′-TCTTCCCCGACGCAACCCT-3′; DCX—for, 5′-CC
CCTTACCCTTCCTTATTC-3′ and rev, 5′-CGGTCAGAAGAA
ACAGCGTACA-3′ (n= 6).

Methylated DNA Immunoprecipitation
Assays
Genomic DNA was extracted from mice striatum following
overnight proteinase K treatment at 55◦C, phenol–chloroform
extraction, ethanol precipitation, and RNaseA treatment as
previously described (Weber et al., 2005). Random genomic
DNA fragments were produced via sonication (400–800 bp in
length), and a total of 4 µg of fragmented DNA was assessed
in methylated DNA immunoprecipitation (MeDIP) assays. DNA
was denatured for 10min at 95◦C and immunoprecipitated for
2 h at 4◦C with 10 µl of anti-5-methylcytidine antibodies at a
final volume of 500 µl IP buffer [10mM sodium phosphate (pH
7.0), 140mM NaCl, 0.05% Triton X-100]. A sample of sonicated
DNA was left untreated and served as an input control. Samples
were incubated in 30 µl of protein A-Sepharose beads (GE
healthcare) for 2 h at 4◦C and washed 3× in IP buffer. Beads
were collected and treated with proteinase K for 3 h at 50◦C.
Methylated DNA was extracted through phenol–chloroform
extraction and ethanol precipitation, and samples were subjected
to qPCR amplifications.

Data Quantification and Statistical Analysis
Cell numbers were counted from four random confocal fields
(thickness, 28µm) randomly obtained per section in the striatum
at a magnification of 40× object. Single- or double-labeled cells
were counted manually, averaged and expressed as cells/mm3

(Chahrour et al., 2008, Turunen et al., 2009). Ct values were
calculated for each PCR reaction and normalized to input
IgG and quantified [2 – (1Ct) antibody/2 – (1Ct) IgG].
1Ct values were calculated for each sample by subtracting
the Ct value from the input (Ct Input) or from the Ct value
of the immunoprecipitated sample (Ct antibody or Ct IgG).
1Ct antibody assessments: 1Ct IgG = [Ct antibody (or IgG)
– Ct Input]. Data were plotted as relative enrichment over
control groups.

The experiments were carried out by blind method, and

the group assignment, operation, and analysis of experimental
animals were carried out by a different person. Data are
the mean ± SEM. Multiple genes were compared through
a one-way ANOVA followed by least significant difference
(LSD) assessment. Experimental groups were compared using
an unpaired Student’s t-test. P < 0.05 was considered
statistically significant.

RESULTS

AD Damage Induces MeCP2
Phosphorylation at S421 and Translocation
From the Nucleus to Cytoplasm in Neural
Cells
MeCP2 is exclusively localized to the nucleus but translocates to
the cytoplasm when phosphorylated (Miyake and Nagai, 2007).
To assess the intracellular distribution and expression levels of
MeCP2 and MeCP2 pS421 after transgenic modification, we
isolated nuclear and cytoplasmic extracts from the striatum tissue
and performed Western blot analysis. MeCP2 was expressed
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FIGURE 1 | Changes in the expression of MeCP2 and MeCP2 pS421 in the adult mice striatum. (A,B) Alzheimer’s disease (AD) mice striatum was collected at age of

3 months. Cytoplasmic proteins and nuclear proteins were extracted, respectively. Western blots were used to reveal MeCP2 and MeCP2 pS421 immunoreactivity and

its normal controls. The data showed that MeCP2 selectively focused in the nucleus while MeCP2 pS421 in the cytoplasm. β-Tubulin and H3 were used for evaluating

the loading control and the extracted purity of cytoplasmic and nuclear components severally. The specificity of the antibody to MeCP2 pS421 was validated by using

both (A) PPTase and (B) phospho-MeCP2-S421 antibody-specific blocking peptide, and the immune-positive signals of MeCP2 pS421 was eliminated. The same

PVDF membrane transfected with protein was used in this test. (C) Quantitative analysis revealed the decrease in MeCP2 expression levels in the nucleus and

increase in MeCP2 pS421 expression levels in the cytoplasm in AD mice striatum. (D–G) Single immunostaining of MeCP2 and MeCP2 pS421 in the mice striatum.

(D) MeCP2 was widely distributed in normal striatal cells. (E) AD injury reduced its immunoreactivity in the same viewing areas. While MeCP2 pS421 was detected

highly in (G) AD mice striatal cells but barely in the (F) controls. (H) The blocking peptide eliminates the anti-phospho-MeCP2-S421 signals. (I) Negative control

without primary antibody. (J) Diagram illustrates the region for observation [rectangle, (K)] (mean ± SEM, *P < 0.05 vs. control group mice, n = 6 in each group).

exclusively in the nuclear fraction but not in the cytoplasmic
fraction (∼75 kDa), whereas MeCP2 pS421 was detected
exclusively in the cytoplasmic fraction (Figure 1A). In addition,
a loss of MeCP2 in the nuclear fraction and elevated levels
of MeCP2 pS421 in the cytoplasmic fraction were observed in
APP/PSl transgenic mice (Figure 1C). Furthermore, both PPTase
and phospho-MeCP2 S421 antibody blocking peptide obliterated
the band for MeCP2 pS421, thus proving the effectiveness and
specificity of the pS421-targeting antibody (Figures 1A,B).

Subsequently, immunohistochemical (IHC) was used to
analyze the distribution of MeCP2 and MeCP2 pS421 in adult
mice striatum. The immunoreactivity of MeCP2 and MeCP2+

cell numbers were both significantly reduced in the APP/PSl
transgenic mice striatum (Figures 1D,E). Simultaneously, we
observed an increased MeCP2 pS421+ expression in the
APP/PSl transgenic mice striatum (Figure 1G), which were
weakly detected in control groups (Figure 1F). In addition,
preincubation with the blocking peptide neutralized MeCP2
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FIGURE 2 | Expression patterns of MeCP2 and MeCP2 pS421 in the adult

mice striatum. (A–D) Intracellular localization of MeCP2 and MeCP2 pS421 in

mice striatum. (A,D) Immunofluorescent double staining of MeCP2 or MeCP2

pS421 with DAPI. MeCP2 was colocalized with DAPI in the nucleus of both

normal mice and Alzheimer’s disease (AD) mice. (C,D) MeCP2 pS421 was

mainly distributed in the nucleus. (E–L) Cellular types expressing MeCP2 and

MeCP2 pS421 in mice striatum. Immunofluorescent double staining showed

that MeCP2 was strongly expressed (E) in NeuN+ neurons, but barely in (G)

GFAP+ astroglia in the normal striatum. However, MeCP2-positive signals not

only existed in (F) NeuN+ neurons but also in (H) GFAP+ astroglia in the AD

mice striatum. Immunofluorescent double staining revealed elevated MeCP2

pS421-positive signals colocalized with (L) GFAP+ signals and with (J) NeuN+

signals to a lesser extent in the AD mice striatum. MeCP2 pS421-positive

signals in the normal striatum were much weaker (I,K). The arrows indicate a

double positive cell.

pS421 staining (Figure 1H). Staining without primary antibody
was used as negative control (Figure 1I). Diagram illustrates the
region for observation (Figures 1J,K).

AD Injury Alters the Expression Patterns of
MeCP2 and MeCP2 pS421 in Adult Mice
Striatum
MeCP2 was mainly colocated with DAPI and concentrated in
the nucleus in both normal and AD brain (Figures 2A,B), while
MeCP2 pS421was largely cytoplasmic in AD brain (Figure 2D),
which was consistent with the results of Western blotting
(Figure 1A). Furthermore, MeCP2 was concentrated in the
NeuN+ neurons of the normal striatum (Figure 2E) but barely
detected in the GFAP+ astroglia (Figure 2G). In the AD striatum,
however, MeCP2 was present in both neurons (Figure 2F) and
GFAP+ astroglia (Figure 2H). It is worth noting that AD-
induced damage elevated MeCP2 pS421 protein was chiefly
localized in GFAP+ astroglia (Figure 2L), and some protein
signals were detected in NeuN+ neurons as well (Figure 2J). The
expression level ofMeCP2 pS421 in normal mice brain can barely
be detected (Figures 2C,I,K). These results suggest that AD alters
the intracellular localization and cell-type-specific distribution of
MeCP2 and MeCP2 pS421.

AD7c-NTP Silencing Induces MeCP2 S421
Phosphorylation in APP/PSl Transgenic
Mice Striatum
We observed altered MeCP2 and MeCP2 pS421 expression
following AD injury. We further investigated the effects of
AD7c-NTP on the expression of MeCP2 and MeCP2 pS421 by
injecting AD7c-NTP shRNA and scrambled shRNA plasmids
into the lateral ventricle of APP/PSl transgenic mouse brains.
All the animals were sacrificed 2 weeks later (Figures 3A,B).
First, the data of immunohistochemistry and Western blot
both demonstrated that the expression level of AD7c-NTP
in the AD7c-NTP shRNA group was significantly inhibited
compared to the scrambled control group (Figures 3C–E,H),
indicating successful inhibition of the endogenous AD7c-NTP.
Furthermore, AD7c-NTP immunoreactivity was localized to the
neurons, neuropil fibers, and irregular neuritic processes in
the AD brains (Figures 3F,G). Western blotting also showed
that AD7c-NTP shRNA treatment further increased the levels
of cytoplasmic MeCP2 pS421 in the striatum compared
to scrambled shRNA alone treatment groups (Figures 3I,J).
However, AD7c-NTP shRNA treatment failed to alter the
expression of nuclear MeCP2 (Figures 3I,K).

AD7c-NTP Silencing Increases GFAP,
Nestin, and DCX Expression in the
Striatum of APP/PSl Transgenic Mice
The expression of GFAP, Nestin, and DCX was significantly
lower in the normal control mice striatum. By contrast, the
expression of all the proteins was remarkably elevated following
AD damage. Moreover, AD7c-NTP shRNA treatment further
increased GFAP, Nestin, and DCX expression compared to
control mice (Figures 4A,B).
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FIGURE 3 | MeCP2 pS421 is upregulated in Alzheimer’s disease (AD) mice striatum after AD7c-NTP small-hairpin RNA (shRNA) treatment. Mice striatum was

collected at age of 3 months. Cytoplasmic proteins and nuclear proteins were extracted, and protein levels in each fraction were assessed. (A,B) The timeline diagram

of this study. Animals received AD7c-NTP shRNA or scrambled shRNA injection into lateral ventricle at age of 3 months and were sacrificed 2 weeks later. (C–E)

Altered AD7c-NTP immunoreactivity in AD mice. Immunohistochemical staining showed enhanced expression of AD7c-NTP in (D) AD mice relative to (C) aged control

and (E) inhibited by AD7c-NTP shRNA. (F,G) Immunohistochemical double labeling [(F), brown: AD7c-NTP; blue: 4′6-diamidino-2-phenylindole dihydrochloride

(DAPI)] and immunofluorescence double labeling [(G), red: AD7c-NTP; blue: DAPI)] showed increased AD7c-NTP in AD striatal neurons (single arrow), as well as in

degenerating neurons (double arrows) and abnormal neuritic processes (arrowheads). (H) Western blot analysis showing downregulation of endogenous AD7c-NTP in

AD mice. (I–K) Western blot analysis showed that AD7c-NTP shRNA injection has further enhanced the cytoplasmic protein levels of MeCP2 pS421 compared with

the scrambled plasmid treatment groups (I). (I) While AD7c-NTP shRNA injection has no impact on the MeCP2 protein levels in nucleus. Quantitative analysis of (J)

MeCP2 and (K) MeCP2 pS421 protein levels, respectively (mean ± SEM, *P < 0.05 vs. control group mice, #P < 0.05 vs. AD + Ctr shRNA group mice, n = 6 in

each group).

DNA Demethylation and MeCP2
Phosphorylation at S421 Regulate the
Activation of Gfap, Nestin, and Dcx Gene
Expression
As epigenetic modifications regulate cell-type-specific gene

expression, we reasoned that this may be responsible for the

gene-specific regulation of Gfap, Nestin, and Dcx. We therefore
examined their DNA methylation status via MeDIP assays
with antibody specific for 5′-meC and determined whether
the regional changes in DNA methylation correlated with the
regulation of gene expression. We found that the regions around
the transcriptional start sites were extensively methylated in
normal control striatal cells, while AD injury dramatically

Frontiers in Aging Neuroscience | www.frontiersin.org 7 January 2021 | Volume 12 | Article 616614113

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Li et al. AD7c-NTP Affects AD Neurogenesis Through MeCP2

FIGURE 4 | Further increasing of glial fibrillary acidic protein (GFAP), Nestin, and doublecortin (DCX) protein levels in Alzheimer’s disease (AD) mice striatum after

AD7c-NTP small-hairpin RNA (shRNA) treatment. (A) Western blots were employed to evaluate the protein expression of GFAP, Nestin, and DCX in AD mice at age of

3 months. The data showed that AD7c-NTP shRNA injection has dramatically enhanced GFAP, Nestin, and DCX protein levels compared with the scrambled plasmid

treatment groups. (B) Quantitative analysis of these protein levels, respectively (mean ± SEM, *P < 0.05 vs. control group mice, #P < 0.05 vs. AD + Ctr shRNA

mice, n = 6 in each group).

decreased the levels of methylation of the same investigated
regions. However, AD7c-NTP shRNA treatment produced no
effects on the DNA methylation status of Gfap, Nestin, and Dcx
promoters in the AD striatal cells (Figure 5A).

Epigenetic MeCP2 regulates gene expression by binding to
methylated CpG dinucleotides via its MBD (Fasolino and Zhou,
2017). The regions around Gfap, Nestin, and Dcx transcription
initiation sites were extensively methylated, inferring them as
binding sites for MeCP2. We next investigated whether these
promoter regions are modulated by MeCP2 using the ChIP
method. As anticipated, anti-MeCP2, but not antimouse IgG,
could pull down the gene sequences in control striatal cells,
indicating that MeCP2 strongly bound to Gfap, Nestin, and
Dcx promoters under resting conditions. We further found that
MeCP2 pS421 failed to bind to the same detected promoter
sequences of these genes (Figure 5B). Moreover, the combination
of MeCP2 to Gfap, Nestin, and Dcx promoter regions was
significantly attenuated following AD damage. AD7c-NTP
shRNA treatment led to a further reduction in MeCP2 binding
to these promoter regions (Figures 5B,C).

Inhibiting AD7c-NTP Expression Reduces
the Distribution of MeCP2 in Neural Cells
To directly assess whether MeCP2 regulates the neurogenesis of
astroglia and neuronal developmental stages, cells were double
immunostained for MeCP2 with GFAP, NeuN, Nestin, or DCX
in brain sections. MeCP2 was found to be strongly expressed in
NeuN+ neurons but was barely expressed in GFAP+ astrocytes,
Nestin+ neural stem cells, or DCX+ immature neurons in
the normal striatum (Figure 6E). However, MeCP2 colocalized

with GFAP+, Nestin+, and DCX+ (GFAP+-MeCP2+, Nestin+-
MeCP2+, and DCX+-MeCP2+ cells) in the APP/PSl transgenic
mice (Figures 6A–D). Cell counting analysis showed that the
number of GFAP+-MeCP2+, Nestin+-MeCP2+, and DCX+-
MeCP2+ cells increased significantly in the striatum of APP/PSl
transgenic mice, while that of NeuN+-MeCP2+ remained
almost unchanged (Figure 6E). In contrast, AD7c-NTP shRNA
treatment dramatically reduced all these double-labeled positive
cell numbers in the same observational regions (Figure 6E).

AD7c-NTP Silencing Redistributes MeCP2
pS421 in Neural Cells
Double staining revealed that MeCP2 pS421 markedly
colocalized with GFAP+, Nestin+, and DCX+ (GFAP+-
MeCP2 pS421+, Nestin+-MeCP2 pS421+, and DCX+-MeCP2
pS421+ cells) and to a lesser extent with NeuN+ (NeuN+-
MeCP2 pS421+ cells) in the APP/PSl transgenic mouse
model (Figure 7H). AD7c-NTP shRNA treatment significantly
increased cell numbers compared to scrambled control groups
(Figures 7D–G,H). In addition, DCX+-MeCP2 pS421+ cells
formed chain-like structures extending from the SVZ to the
striatum core. The DCX+-MeCP2 pS421+ cells localized to
the striatum and exhibited a bipolar morphology with a long
leading process or astroglia-like morphologies (Figures 7A,B).
The rectangle in the diagram of the brain hemisphere indicates
the region of interest (Figure 7C).

DISCUSSION

Neurogenesis requires integration of both intrinsic and extrinsic
cues to establish intact circuits. The mechanisms of these
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FIGURE 5 | Epigenetic analysis of Gfap, Nestin, and Dcx gene promoter regions following AD7c-NTP small-hairpin RNA (shRNA) treatment in Alzheimer’s disease

(AD) mice striatum. (A) Methylated DNA immunoprecipitation (MeDIP) analysis using antibody specific to 5′-meC coupled with quantitative PCRs (qPCRs) amplification

to assess the methylation status of Gfap, Nestin, and Dcx gene promoters. In control striatal cells, the gene promoters were extensively methylated. AD damage has

dramatically decreased the methylation degrees of the same investigated regions. However, AD7c-NTP shRNA treatment did not affect the methylation levels of these

sequences striking compared with the scrambled plasmid treatment groups. (B) Chromatin immunoprecipitation (ChIP) analysis using antibodies specific to MeCP2 or

MeCP2 pS421 to assess the relative binding of MeCP2 or MeCP2 pS421 to the promoter regions of mice Gfap, Nestin, and Dcx genes. MeCP2 bound to these

promoters tightly in the control striatal cells, whereas MeCP2 pS421 did not bind to the same investigated gene sequences. Normal mouse immunoglobulin G (IgG)

was used as negative control, while MeCP2 immunoprecipitation was used for positive control. (C) ChIP-qPCRs analysis showed that AD injury attenuated the

bonding force between MeCP2 and Gfap, Nestin, and Dcx gene promoters. AD7c-NTP shRNA treatment further weakened their association affinity tremendously.

qPCRs values were normalized to the input and plotted as relative enrichment over control groups (mean ± SEM, *P < 0.05 vs. control group mice, #P < 0.05 vs.

AD + Ctr shRNA group mice, n = 6 in each group).

processes are, however, not completely understood. MeCP2
binds to methylated DNA to regulate gene expression during
neurogenesis and differentiation (Mehler, 2008). In this study,
we demonstrate that AD7c-NTP is a regulatory factor for
nerve regeneration in AD mice. We further show that AD
damage triggers the de novo phosphorylation of MeCP2 at Serine
421 (S421) in the mouse striatum. MeCP2 phosphorylation in
addition to DNA demethylation is essential to the regulation of
Gfap, Nestin, and Dcx gene expression. Notably, we found that
AD7c-NTP inhibition further induced the phosphorylation of
MeCP2 at S421 and attenuated the affinity of MeCP2 for gene
promoters, further enhancing gene expression. These epigenetic
modifications in specific gene promoters represent an important
signaling cue in the neurogenic reactions of neural cells following
AD7c-NTP inhibition.

Adult neurogenesis requires further assessments in AD.
Changes in the rates of cell division, differentiation, and
viability have been reported in mice harboring APP and tau
mutations (Chuang, 2010; Unger et al., 2016; Wirths, 2017).
Cell proliferation is enhanced during differentiation in SGL and
SVZ in AD-linked APP transgenic mice (Jin et al., 2004a,b;
Lopez-Toledano and Shelanski, 2004, 2007; Herran et al., 2015).
In humans, enhanced levels of proliferation and immature
neuronal markers are observed (Nagy et al., 1997; Jin et al.,
2004c; Boekhoorn et al., 2006). The data in this study inferred
that NSCs/NPCs affect neurogenic areas of the brain in AD
patients, contributing to hippocampal- and olfaction-dependent

memory defects during the AD progression. The re-expression
of neural stem cell marker protein Nestin indicates that the cells
have regained their regenerative potential and have immature
phenotype after AD injury (Cramer and Chopp, 2000). The
downregulation of Nestin protein expression and upregulation of
migrating neuronal precursor cell marker protein DCX following
AD7c-NTP inhibition mean that the progenitor cells gradually
break away from the proliferative state and differentiate into the
mature state (Francis et al., 1999; Gleeson et al., 1999). De la
Monte and colleagues showed the overexpression of AD7c-NTP
in AD during early disease stages. Increased levels of AD7c-
NTP in neurons enhance its association with phosphorylated tau
protein (p-tau) (Monte et al., 1997). The overexpression of AD7c-
NTP increases apoptotic cell death, mitochondrial dysfunction,
and enhanced levels of CD95 and p53 (De la Monte and Wands,
2001b).

Some important questions still remain unsolved including
the following; how does AD7c-NTP influence AD progression,
and what pathways regulate the pathophysiology of AD? We
propose an epigenetic mechanism including DNA methylation
in concert with MeCP2 to describe the regulatory mechanisms of
AD7c-NTP. MeCP2 promotes the regeneration of NSCs/NPCs
by selectively or exclusively regulating cell-type-specific genes.
However, R168X truncations of MeCP2, lacking the TRD,
have been observed in RTT patients and are non-functional
(Tsujimura et al., 2009; Fares et al., 2019). We found that
MeCP2 undergoes dynamic de novo phosphorylation at a
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FIGURE 6 | Colocalization of MeCP2 with glial fibrillary acidic protein (GFAP),

NeuN, Nestin, and doublecortin (DCX) in the mice striatum at age of 3 months.

(A–D) Confocal microscopy showed that MeCP2 signals can colocalize with

GFAP+, NeuN+, Nestin+, and DCX+ cells in the striatum areas of Alzheimer’s

disease (AD) mice after AD7c-NTP small-hairpin RNA (shRNA) treatment.

(E) Cell counting and statistical results of double-staining cells reveals barely

GFAP+-MeCP2+, Nestin+-MeCP2+, and DCX+-MeCP2+ cells but a large

number of NeuN+-MeCP2+ cells in the striatum of control mice. The number

of GFAP+-MeCP2+, Nestin+-MeCP2+, and DCX+-MeCP2+ cells were

increased in AD mice; however, AD7c-NTP shRNA treatment remarkably

decreased the double staining neural cell numbers in the same brain region

(mean ± SEM, *P < 0.05 vs. control group mice, #P < 0.05 vs. AD + Ctr

shRNA group mice, n = 6 in each group). The arrows indicate a double

positive cell.

specific amino acid residue, Serine 421, in response to AD
injury. Phosphorylated MeCP2 is present in the cytoplasm,
while unphosphorylated MeCP2 localizes to the nucleus. We

assessed the AD-induced loss of MeCP2 in the nucleus and the
AD-induced increase in MeCP2 pS421 in the cytoplasm. This
highlighted MeCP2 phosphorylation as a nuclear export signal
that mediates the shuttling of MeCP2 from the nucleus to the
cytoplasm following AD damage.

MeCP2 binds to methylated DNA to suppress gene expression
and normal neural development (Rutlin and Nelson, 2011). The
fact that AD-injury-induced MeCP2 phosphorylation at S421
alters its spatial distribution suggests that MeCP2 may function
in a novel manner in the nervous system following AD injury.
We considered how phosphorylation modulates the molecular
function of MeCP2 during neurogenesis. One plausible model
is that, in resting neural cells, MeCP2 acts as a transcriptional
repressor of lineage-specific genes (including Gfap, Nestin, and
Dcx) to repress their transcription. In the context of AD
injury, DNA demethylation andMeCP2 phosphorylation at S421
reduce the binding of MeCP2 to these promoters, relieving
transcriptional repression and permitting gene activation that
controls the fate specification of NSCs/NPCs. AD7c-NTP shRNA
silencing amplified MeCP2 pS421 expression in the cytoplasm
and further attenuated the binding of MeCP2 to Gfap, Nestin,
and Dcx promoters compared to control groups, thus further
validated the model. This hypothesis is consistent with previous
studies in which the phosphorylation of S421 released MeCP2
from the Bdnf promoter, facilitating Bdnf gene transcription,
dendritic patterning, and spinemorphogenesis (Zhou et al., 2006;
KhorshidAhmad et al., 2016). However, recent studies show that
MeCP2 is ubiquitously expressed throughout the mouse genome
(Skene et al., 2010) and acts not only as a gene-specific but also
as a global transcription factor (Skene et al., 2010; Cohen et al.,
2011; Singleton et al., 2011). It has a bidirectional regulatory
effect on target genes (Ben-Shachar et al., 2009; Urdinguio
et al., 2010). MeCP2 phosphorylation regulates the genome-
wide responses of chromatin during central nervous system
development (Cohen et al., 2011). In addition, phosphorylation
of MeCP2 may transiently alleviate the condensed chromatin
structure and thereby facilitate proper gene expression (Skene
et al., 2010). More reports show that site-specific phosphorylation
ofMeCP2 acts as a signaling transduction factor in neuronal gene
expression and maintenance (Tao et al., 2009).

Our finding that MeCP2 phosphorylation at S421 activates
specific genes expression explains the effects of MeCP2 on
the regulation of NSCs/NPCs regeneration and suggests that
MeCP2 phosphorylation is a crucial intrinsic cue for the
neurogenic fate of NSCs/NPCs. This was supported by cell
counting assays that demonstrated that 69.4 ± 2.3% DCX+

cells are MeCP2 pS421 positive, while 6.7 ± 1.8% DCX+

cells are MeCP2 positive after AD7c-NTP shRNA injection.
Second, we demonstrated that AD7c-NTP silencing increases
GFAP+, Nestin+, andDCX+ cell numbers but decreases GFAP+-
MeCP2+, Nestin+-MeCP2+, and DCX+-MeCP2+ numbers in
the same brain regions. This certified that the NSCs/NPCs
acquired a neurogenic lineage with high MeCP2 pS421
expression (DCX+-MeCP2 pS421+, 79.0 ± 4.1%) but low total
MeCP2 levels (DCX+-MeCP2+, 4.3 ± 1.1%) following AD7c-
NTP silencing. The gain-of-MeCP2 phosphorylation function
and loss-of-MeCP2 function showed prominent neurogenic
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FIGURE 7 | Colocalization of MeCP2 pS421 with glial fibrillary acidic protein (GFAP), NeuN, Nestin, and doublecortin (DCX) in the mice striatum at age of 3 months.

(A,B) Microphotographs from the representative mice subjected to Alzheimer’s disease (AD) damage showed a chain migration of DCX+-MeCP2 pS421+ cells that

crossed the border between the subependymal ventricular zone (SVZ) and the adjacent striatum to the core striatum (A). (B) AD7c-NTP small-hairpin RNA (shRNA)

treatment was able to expand DCX+-MeCP2 pS421+ signal zone. (C) The rectangle in the diagram of the brain hemisphere indicates where images were acquired.

(D–G) Immunofluorescence results showed overlapping expression of MeCP2 pS421 with GFAP, NeuN, Nestin, and DCX in AD mice striatum after AD7c-NTP shRNA

treatment. (H) Cell counting and statistical results of double-staining cells (mean ± SEM, *P < 0.05 vs. control group mice, #P < 0.05 vs. AD + Ctr shRNA group

mice, n = 6 in each group). The arrows indicate a double positive cell.

effects in NSCs/NPCs in the AD mice striatum. The loss
of MeCP2 pS421 in dormant NSCs/NPCs of the adult CNS
may explain their neurogenic potential. However, it is possible
that a range of uncharacterized modifications coordinate to
regulate the function of MeCP2 during the regeneration and fate
specification of NSCs/NPCs. Further studies on the mechanisms
mediating neuronal gene transcription are now required to
uncover additional factors important for the regulation of neural
cell plasticity.

The biological relevance of MeCP2 phosphorylation in
AD can be explored using MeCP2 phospho-site-specific
knock-in mice that bear mutations in specific bases that
blocks phosphorylation. A knock-in mouse model can

determine whether MeCP2 phosphorylation or site-specific
phosphorylation is an important molecular event required
for the regulation of NSCs/NPCs regeneration and plasticity
in response to AD damage and if defects in this process
are sufficient to explain the neurodegenerative phenotype
observed in AD mouse models. It is interesting to assess
whether merely a single residue determines the neurological
and behavioral phenotypes or whether additive effects of
other unknown residues are required. In addition, as
both gene transcription and promoter occupancy assessed
in this study were limited to a few candidate genes and
that MeCP2 acts as a global chromatin regulator, it is
likely that additional gene expression changes exist and
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underlie the neuroprotective effects observed in AD7c-NTP
silenced mice.

In summary, we explored the effects of AD7c-NTP silencing
as a potential method to promote endogenous NSCs/NPCs
regeneration and differentiation following AD injury. This
transformation was speculated to be mediated, in part, through
the reinforcement of MeCP2 phosphorylation and subsequently
a list of lineage-specific gene expressional changes. Notably,
we identified a modest increase in neural proliferation in the
striatum regions of early ADmice, which was enhanced by AD7c-
NTP silencing. These data are consistent with the previously
observed upregulation of cell proliferation and neuronal
differentiation in the hippocampus and SVZ and partly explains
the compensatory hypermetabolism in the cerebral cortex in
patients with early AD (Chuang, 2010; Herran et al., 2015; Unger
et al., 2016; Wirths, 2017). These findings offer the possibility of
replacing degenerated neurons with the most abundant cell types
in the mammalian central nervous system, which is a potential
therapeutic pathway for cognitive rehabilitation in patients with
early AD and slowing the progression of the disease.

DATA AVAILABILITY STATEMENT

The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

ETHICS STATEMENT

All experiments were approved by our local ethics board in
accordance with the National Institute of Health Guide protocols

approved by the Medical Experimental Animal Administrative
Committee of Tianjin and with the animal protocol approved by
the Nankai University.

AUTHOR CONTRIBUTIONS

PL and YZ conceived and supervised the study.
WQ and ZW designed the experiments. WQ, YC,
and HZ performed the experiments. PL and WQ
analyzed the data. PL wrote the manuscript. YZ
and WQ made manuscript revisions. All authors
reviewed the results and approved the final version of
the manuscript.

FUNDING

This study was supported by grants from the Youth Fund of
the Tianjin Natural Science Foundation (18JCQNJC11400),

the Youth Fund of the National Nature Science Foundation
of China (81801076), Scientific Research Program Project
of Tianjin Education Commission (2018ZD03), Tianjin
Science and Technology Development Strategic Research
Project (18ZLZXZF00270), and Tianjin Science and
Technology Projects in Key Areas of Traditional Chinese
Medicine (2018001).

ACKNOWLEDGMENTS

We thank all colleagues at our institute for their help and advice
throughout the study.

REFERENCES

Ananiev, G., Williams, E. C., Li, H., and Chang, Q. (2011). Isogenic pairs

of wild type and mutant induced pluripotent stem cell (iPSC) lines from

Rett syndrome patients as in vitro disease model. PLoS ONE 6:e25255.

doi: 10.1371/journal.pone.0025255

Ben-Shachar, S., Chahrour, M., Thaller, C., Shaw, C. A., and Zoghbi, H. Y.

(2009). Mouse models of MeCP2 disorders share gene expression changes

in the cerebellum and hypothalamus. Hum. Mol. Genet. 18, 2431–2442.

doi: 10.1093/hmg/ddp181

Boekhoorn, K., Joels, M., and Lucassen, P. J. (2006). Increased proliferation

reflects glial and vascular-associated changes, but not neurogenesis

in the presenile Alzheimer hippocampus. Neurobiol. Dis. 24,

1–14. doi: 10.1016/j.nbd.2006.04.017

Chahrour, M., Jung, S. Y., Shaw, C., Zhou, X., Wong, S. T., Qin, J., et al. (2008).

MeCP2, a key contributor to neurological disease, activates and represses

transcription. Science 320, 1224–1229. doi: 10.1126/science.1153252

Chao, H. T., and Zoghbi, H. Y. (2009). The yin and yang of

MeCP2 phosphorylation. Proc. Natl. Acad. Sci. U.S.A. 106,

4577–4578. doi: 10.1073/pnas.0901518106

Chuang, T. T. (2010). Neurogenesis in mouse models of Alzheimer’s disease.

Biochim. Biophys. Acta 1802, 872–880. doi: 10.1016/j.bbadis.2009.12.008

Cohen, S., Gabel, H. W., Hemberg, M., Hutchinson, A. N., Sadacca, L.

A., Ebert, D. H., et al. (2011). Genome-wide activity-dependent MeCP2

phosphorylation regulates nervous system development and function. Neuron

72, 72–85. doi: 10.1016/j.neuron.2011.08.022

Cramer, S. C., and Chopp, M. (2000). Recovery recapitulates ontogeny. Trends

Neurosci. 23, 265–271. doi: 10.1016/s0166-2236(00)01562-9

De La Monte, S. M., Carlson, R. I., Brown, N. V., and Wands, J. R. (1996). Profiles

of neuronal thread protein expression in Alzheimer’s disease. J. Neuropathol.

Exp. Neurol. 55, 1038–1050.

De la Monte, S. M., and Wands, J. R. (1992). Neuronal thread protein over-

expression in brains with Alzheimer’s disease lesions. J. Neurol. Sci. 113,

152–164. doi: 10.1016/0022-510x(92)90243-e

De la Monte, S. M., and Wands, J. R. (2001a). The AD7c-NTP neuronal thread

protein biomarker for detecting Alzheimer’s disease. J. Alzheimers Dis. 3,

345–353. doi: 10.3233/jad-2001-3310

De la Monte, S. M., and Wands, J. R. (2001b). Alzheimer-associated neuronal

thread protein-induced apoptosis and impaired mitochondrial function in

human central nervous system-derived neuronal cells. J. Neuropathol. Exp.

Neurol. 60, 195–207. doi: 10.1093/jnen/60.2.195

De la Monte, S. M., and Wands, J. R. (2001c). Neurodegeneration changes

in primary central nervous system neurons transfected with the

Alzheimer-associated neuronal thread protein gene. Cell. Mol. Life Sci.

58, 844–849. doi: 10.1007/pl00000905

Desai, M., Han, G., Li, T., and Ross, M. G. (2019). Programmed epigenetic

DNA methylation-mediated reduced neuroprogenitor cell proliferation

and differentiation in small-for-gestational-age offspring. Neuroscience 412,

60–71. doi: 10.1016/j.neuroscience.2019.05.044

Dubois, B., Feldman, H. H., Jacova, C., Hampel, H., Molinuevo, J. L.,

Blennow, K., et al. (2014). Advancing research diagnostic criteria

for Alzheimer’s disease: the IWG-2 criteria. Lancet Neurol. 13,

614–629. doi: 10.1016/S1474-4422(14)70090-0

Fares, J., Bou Diab, Z., Nabha, S., and Fares, Y. (2019). Neurogenesis in the adult

hippocampus: history, regulation, and prospective roles. Int. J. Neurosci. 129,

598–611. doi: 10.1080/00207454.2018.1545771

Frontiers in Aging Neuroscience | www.frontiersin.org 12 January 2021 | Volume 12 | Article 616614118

https://doi.org/10.1371/journal.pone.0025255
https://doi.org/10.1093/hmg/ddp181
https://doi.org/10.1016/j.nbd.2006.04.017
https://doi.org/10.1126/science.1153252
https://doi.org/10.1073/pnas.0901518106
https://doi.org/10.1016/j.bbadis.2009.12.008
https://doi.org/10.1016/j.neuron.2011.08.022
https://doi.org/10.1016/s0166-2236(00)01562-9
https://doi.org/10.1016/0022-510x(92)90243-e
https://doi.org/10.3233/jad-2001-3310
https://doi.org/10.1093/jnen/60.2.195
https://doi.org/10.1007/pl00000905
https://doi.org/10.1016/j.neuroscience.2019.05.044
https://doi.org/10.1016/S1474-4422(14)70090-0
https://doi.org/10.1080/00207454.2018.1545771
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Li et al. AD7c-NTP Affects AD Neurogenesis Through MeCP2

Fasolino, M., and Zhou, Z. (2017). The crucial role of DNA methylation

and MeCP2 in neuronal function. Genes 8:141. doi: 10.3390/genes

8050141

Francis, F., Koulakoff, A., Boucher, D., Chafey, P., Schaar, B., Vinet, M. C.,

et al. (1999). Doublecortin is a developmentally regulated, microtubule-

associated protein expressed in migrating and differentiating neurons. Neuron

23, 247–256. doi: 10.1016/s0896-6273(00)80777-1

Gleeson, J. G., Lin, P. T., Flanagan, L. A., andWalsh, C. A. (1999). Doublecortin is a

microtubule-associated protein and is expressed widely by migrating neurons.

Neuron 23, 257–271. doi: 10.1016/s0896-6273(00)80778-3

Herran, E., Perez-Gonzalez, R., Igartua, M., Pedraz, J. L., Carro, E., andHernandez,

R. M. (2015). Enhanced hippocampal neurogenesis in APP/Ps1 mouse model

of alzheimer’s disease after implantation of VEGF-loaded PLGA nanospheres.

Curr. Alzheimer Res. 12, 932–940. doi: 10.2174/156720501266615102712

1622

Horgusluoglu, E., Nudelman, K., Nho, K., and Saykin, A. J. (2017).

Adult neurogenesis and neurodegenerative diseases: a systems

biology perspective. Am. J. Med. Genet. B Neuropsychiatr. Genet. 174,

93–112. doi: 10.1002/ajmg.b.32429

Ihunwo, A. O., Tembo, L. H., and Dzamalala, C. (2016). The dynamics of

adult neurogenesis in human hippocampus. Neural Regen Res. 11, 1869–1883.

doi: 10.4103/1673-5374.195278

Jin, K., Galvan, V., Xie, L., Mao, X. O., Gorostiza, O. F., Bredesen,

D. E., et al. (2004a). Enhanced neurogenesis in Alzheimer’s disease

transgenic (PDGF-APPSw,Ind) mice. Proc. Natl. Acad. Sci. U.S.A. 101,

13363–13367. doi: 10.1073/pnas.0403678101

Jin, K., Mao, X. O., Cottrell, B., Schilling, B., Xie, L., Row, R. H., et al. (2004b).

Proteomic and immunochemical characterization of a role for stathmin in adult

neurogenesis. FASEB J. 18, 287–299. doi: 10.1096/fj.03-0973com

Jin, K., Peel, A. L., Mao, X. O., Xie, L., Cottrell, B. A., Henshall, D. C., et al. (2004c).

Increased hippocampal neurogenesis in Alzheimer’s disease. Proc. Natl. Acad.

Sci. U.S.A. 101, 343–347. doi: 10.1073/pnas.2634794100

Jugloff, D. G., Jung, B., Purushotham, D., Logan, R., and Eubanks, J. H. (2005).

Increased dendritic complexity and axonal length in cultured mouse cortical

neurons overexpressing methyl-CpG-binding protein MeCP2. Neurobiol. Dis.

19,18–27. doi: 10.1016/j.nbd.2004.11.002

Kahle, P. J., Jakowec, M., Teipel, S. J., Hampel, H., Petzinger, G. M., Di Monte, D.

A., et al. (2000). Combined assessment of tau and neuronal thread protein in

Alzheimer’s disease CSF. Neurology 54, 1498–1504. doi: 10.1212/wnl.54.7.1498

KhorshidAhmad, T., Acosta, C., Cortes, C., Lakowski, T. M., Gangadaran, S., and

Namaka, M. (2016). Transcriptional regulation of Brain-Derived Neurotrophic

Factor (BDNF) by methyl CpG binding protein 2 (MeCP2): a novel mechanism

for re-myelination and/or myelin repair involved in the treatment of Multiple

Sclerosis (MS).Mol. Neurobiol. 53, 1092–1107. doi: 10.1007/s12035-014-9074-1

Kohyama, J., Kojima, T., Takatsuka, E., Yamashita, T., and Namik,i, J.,

Hsieh, J., et al. (2008). Epigenetic regulation of neural cell differentiation

plasticity in the adult mammalian brain. Proc. Natl. Acad. Sci. U.S.A. 105,

18012–18017. doi: 10.1073/pnas.0808417105

Li, E., Bestor, T. H., and Jaenisch, R. (1992). Targeted mutation of the

DNA methyltransferase gene results in embryonic lethality. Cell 69,

915–926. doi: 10.1016/0092-8674(92)90611-f

Lim, D. A., Fishell, G. J., and Alvarez-Buylla, A. (1997). Postnatal mouse

subventricular zone neuronal precursors can migrate and differentiate within

multiple levels of the developing neuraxis. Proc. Natl. Acad. Sci. U.S.A. 94,

14832–14836. doi: 10.1073/pnas.94.26.14832

Liyanage, V. R. B., Olson, C. O., Zachariah, R. M., Davie, J. R., and Rastegar,

M. (2019). DNA methylation contributes to the differential expression

levels of Mecp2 in male mice neurons and astrocytes. Int. J. Mol. Sci.

20:1845. doi: 10.3390/ijms20081845

Lois, C., and Alvarez-Buylla, A. (1993). Proliferating subventricular zone cells in

the adult mammalian forebrain can differentiate into neurons and glia. Proc.

Natl. Acad. Sci. U.S.A. 90, 2074–2077. doi: 10.1073/pnas.90.5.2074

Lopez-Toledano, M. A., and Shelanski, M. L. (2004). Neurogenic effect of beta-

amyloid peptide in the development of neural stem cells. J. Neurosci. 24,

5439–5444. doi: 10.1523/JNEUROSCI.0974-04.2004

Lopez-Toledano, M. A., and Shelanski, M. L. (2007). Increased neurogenesis in

young transgenic mice overexpressing human APP(Sw, Ind). J. Alzheimers. Dis.

12, 229–240. doi: 10.3233/jad-2007-12304

Mehler, M. F. (2008). Epigenetic principles and mechanisms underlying

nervous system functions in health and disease. Prog Neurobiol. 86,

305–341. doi: 10.1016/j.pneurobio.2008.10.001

Miyake, K., and Nagai, K. (2007). Phosphorylation of methyl-CpG binding

protein 2 (MeCP2) regulates the intracellular localization during neuronal

cell differentiation. Neurochem. Int. 50, 264–270. doi: 10.1016/j.neuint.2006.

08.018

Monte, S. M., Ghanbari, K., Frey, W. H., Beheshti, I., Averback, P., Hauser, S.

L., et al. (1997). Characterization of the AD7C-NTP cDNA expression in

Alzheimer’s disease andmeasurement of a 41-kD protein in cerebrospinal fluid.

J. Clin. Invest. 100, 3093–3104. doi: 10.1172/JCI119864

Nagy, Z., Esiri, M. M., and Smith, A. D. (1997). Expression of cell division markers

in the hippocampus in Alzheimer’s disease and other neurodegenerative

conditions. Acta Neuropathol. 93, 294–300. doi: 10.1007/s00401

0050617

Paredes, M. F., Sorrells, S. F., Cebrian-Silla, A., Sandoval, K., Qi, D., Kelley, K. W.,

et al. (2018). Does adult neurogenesis persist in the human hippocampus? Cell

Stem Cell 23, 780–781. doi: 10.1016/j.stem.2018.11.006

Rai, K., Jafri, I. F., Chidester, S., James, S. R., Karpf, A. R., Cairns, B. R., et al. (2010).

Dnmt3 and G9a cooperate for tissue-specific development in zebrafish. J. Biol.

Chem. 285, 4110–4121. doi: 10.1074/jbc.M109.073676

Rutlin, M., and Nelson, S. B. (2011). MeCP2: phosphorylated locally, acting

globally. Neuron 72, 3–5. doi: 10.1016/j.neuron.2011.09.017

Shames, D. S., Minna, J. D., and Gazdar, A. F. (2007). DNA

methylation in health, disease, and cancer. Curr. Mol. Med. 7,

85–102. doi: 10.2174/156652407779940413

Singleton, M. K., Gonzales, M. L., Leung, K. N., Yasui, D. H., Schroeder, D. I.,

Dunaway, K., et al. (2011). MeCP2 is required for global heterochromatic and

nucleolar changes during activity-dependent neuronal maturation. Neurobiol.

Dis. 43, 190–200. doi: 10.1016/j.nbd.2011.03.011

Skene, P. J., Illingworth, R. S., Webb, S., Kerr, A. R., James, K. D., Turner,

D. J., et al. (2010). Neuronal MeCP2 is expressed at near histone-

octamer levels and globally alters the chromatin state. Mol. Cell 37,

457–468. doi: 10.1016/j.molcel.2010.01.030

Tao, J., Hu, K., Chang, Q., Wu, H., Sherman, N. E., Martinowich, K., et al.

(2009). Phosphorylation of MeCP2 at Serine 80 regulates its chromatin

association and neurological function. Proc. Natl. Acad. Sci. U.S.A. 106,

4882–4887. doi: 10.1073/pnas.0811648106

Townend, G. S., Ehrhart, F., van Kranen, H. J., Wilkinson, M., Jacobsen, A., Roos,

M., et al. (2018). MECP2 variation in Rett syndrome-An overview of current

coverage of genetic and phenotype data within existing databases.Hum. Mutat.

39, 914–924. doi: 10.1002/humu.23542

Tsujimura, K., Abematsu, M., Kohyama, J., Namihira, M., and Nakashima,

K. (2009). Neuronal differentiation of neural precursor cells is

promoted by the methyl-CpG-binding protein MeCP2. Exp. Neurol. 219,

104–111. doi: 10.1016/j.expneurol.2009.05.001

Turunen, M. P., Lehtola, T., Heinonen, S. E., Assefa, G. S., Korpisalo,

P., Girnary, R., et al. (2009). Efficient regulation of VEGF expression

by promoter-targeted lentiviral shRNAs based on epigenetic

mechanism: a novel example of epigenetherapy. Circ. Res. 105,

604–609. doi: 10.1161/CIRCRESAHA.109.200774

Unger, M. S., Marschallinger, J., Kaindl, J., Hofling, C., Rossner, S., Heneka,

M. T., et al. (2016). Early changes in hippocampal neurogenesis in

transgenic mouse models for alzheimer’s disease. Mol. Neurobiol. 53,

5796–5806. doi: 10.1007/s12035-016-0018-9

Urdinguio, R. G., Fernandez, A. F., Lopez-Nieva, P., Rossi, S., Huertas,

D., Kulis, M., et al. (2010). Disrupted microRNA expression caused

by Mecp2 loss in a, mouse model of Rett syndrome. Epigenetics 5,

656–663. doi: 10.4161/epi.5.7.13055

Weber, M., Davies, J. J., Wittig, D., Oakeley, E. J., Haase, M., Lam, W. L., et al.

(2005). Chromosome-wide and promoter-specific analyses identify sites of

differential DNA methylation in normal and transformed human cells. Nat.

Genet. 37, 853–862. doi: 10.1038/ng1598

Wirths, O. (2017). Altered neurogenesis in mouse models of Alzheimer

disease. Neurogenesis 4:e1327002. doi: 10.1080/23262133.2017.

1327002

Zhou, Z., Hong, E. J., Cohen, S., Zhao, W. N., Ho, H. Y., Schmidt,

L., et al. (2006). Brain-specific phosphorylation of MeCP2 regulates

Frontiers in Aging Neuroscience | www.frontiersin.org 13 January 2021 | Volume 12 | Article 616614119

https://doi.org/10.3390/genes8050141
https://doi.org/10.1016/s0896-6273(00)80777-1
https://doi.org/10.1016/s0896-6273(00)80778-3
https://doi.org/10.2174/1567205012666151027121622
https://doi.org/10.1002/ajmg.b.32429
https://doi.org/10.4103/1673-5374.195278
https://doi.org/10.1073/pnas.0403678101
https://doi.org/10.1096/fj.03-0973com
https://doi.org/10.1073/pnas.2634794100
https://doi.org/10.1016/j.nbd.2004.11.002
https://doi.org/10.1212/wnl.54.7.1498
https://doi.org/10.1007/s12035-014-9074-1
https://doi.org/10.1073/pnas.0808417105
https://doi.org/10.1016/0092-8674(92)90611-f
https://doi.org/10.1073/pnas.94.26.14832
https://doi.org/10.3390/ijms20081845
https://doi.org/10.1073/pnas.90.5.2074
https://doi.org/10.1523/JNEUROSCI.0974-04.2004
https://doi.org/10.3233/jad-2007-12304
https://doi.org/10.1016/j.pneurobio.2008.10.001
https://doi.org/10.1016/j.neuint.2006.08.018
https://doi.org/10.1172/JCI119864
https://doi.org/10.1007/s004010050617
https://doi.org/10.1016/j.stem.2018.11.006
https://doi.org/10.1074/jbc.M109.073676
https://doi.org/10.1016/j.neuron.2011.09.017
https://doi.org/10.2174/156652407779940413
https://doi.org/10.1016/j.nbd.2011.03.011
https://doi.org/10.1016/j.molcel.2010.01.030
https://doi.org/10.1073/pnas.0811648106
https://doi.org/10.1002/humu.23542
https://doi.org/10.1016/j.expneurol.2009.05.001
https://doi.org/10.1161/CIRCRESAHA.109.200774
https://doi.org/10.1007/s12035-016-0018-9
https://doi.org/10.4161/epi.5.7.13055
https://doi.org/10.1038/ng1598
https://doi.org/10.1080/23262133.2017.1327002
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Li et al. AD7c-NTP Affects AD Neurogenesis Through MeCP2

activity-dependent Bdnf transcription, dendritic growth, and spine

maturation. Neuron 52, 255–269. doi: 10.1016/j.neuron.2006.

09.037

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Li, Quan, Wang, Chen, Zhang and Zhou. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 14 January 2021 | Volume 12 | Article 616614120

https://doi.org/10.1016/j.neuron.2006.09.037
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-573966 January 24, 2021 Time: 15:29 # 1

ORIGINAL RESEARCH
published: 28 January 2021

doi: 10.3389/fnagi.2021.573966

Edited by:
Jolanta Dorszewska,

Poznan University of Medical
Sciences, Poland

Reviewed by:
Laura Pasetto,

Istituto di Ricerche Farmacologiche
Mario Negri (IRCCS), Italy

Hideaki Hara,
Gifu Pharmaceutical University, Japan

*Correspondence:
Yasuhito Shirai

shirai@kobe-u.ac.jp

Received: 18 June 2020
Accepted: 11 January 2021
Published: 28 January 2021

Citation:
Tsumagari R, Maruo K, Nakao T,

Ueda S, Yamanoue M and Shirai Y
(2021) Motor Dyscoordination

and Alteration of Functional
Correlation Between DGKγ

and PKCγ
in Senescence-Accelerated Mouse

Prone 8 (SAMP8).
Front. Aging Neurosci. 13:573966.

doi: 10.3389/fnagi.2021.573966

Motor Dyscoordination and
Alteration of Functional Correlation
Between DGKγ and PKCγ in
Senescence-Accelerated Mouse
Prone 8 (SAMP8)
Ryosuke Tsumagari, Kenta Maruo, Takaaki Nakao, Shuji Ueda, Minoru Yamanoue and
Yasuhito Shirai*

Department of Applied Chemistry in Bioscience, Graduate School of Agricultural Sciences, Kobe University, Kobe, Japan

Senescence-accelerated mouse prone 8 (SAMP8) is an animal model of age-
related central nervous system (CNS) disorders. Although SAMP8 shows deficits in
learning, memory, and emotion, its motor coordination has not been clarified. We
have recently reported that DGKγ-regulated PKCγ activity is important for cerebellar
motor coordination. However, involvement of the functional correlation between the
kinases in age-related motor dyscoordination still remains unknown. Therefore, we
have investigated the motor coordination in SAMP8 and involvement of the functional
correlation between DGKγ and PKCγ in the age-related motor dyscoordination.
Although 6 weeks old SAMP8 showed equivalent motor coordination with control
mice (SAMR1) in the rotarod test, 24 weeks old SAMP8 exhibited significantly less
latency in the rotarod test and more frequent slips in the beam test compared to
the age-matched SAMR1. Furthermore, 24 weeks old SAMP8 showed the higher
locomotor activity in open field test and Y-maze test. Western blotting revealed that
DGKγ expression decreased in the cerebellum of 24 weeks old SAMP8, while PKCγ was
upregulated. These results suggest that SAMP8 is a useful model of age-related motor
dysfunction and that the DGKγ-regulated PKCγ activity is involved in the age-related
motor dyscoordination.

Keywords: DGKγ, PKCγ, functional correlation, SAMP8, motor coordination

INTRODUCTION

The senescence-accelerated mouse (SAM), a murine model of accelerating senescence, is inbred
mouse characterized by early onset of age-related pathological phenotypes and has been established
by Takeda et al. (1997). SAM consists of nine senescence-accelerated mouse prone (SAMP) and
three senescence-accelerated mouse resistant (SAMR) strains. SAMP strains show a shortened
lifespan and early onset of senescence, while SAMR strains show normal aging. These SAMP lines
are useful for an evaluation of putative anti-aging therapies (Takahashi, 2010).
Motor dyscoordination is one of the age-related disorders and there has been several
studies about age-related motor dyscoordination in SAMP strains (Niimi et al., 2009;
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Aoyama et al., 2013; Niimi and Takahashi, 2014). Among SAMP
strains, SAMP1 and SAMP6 show the change of locomotor
activity and motor dyscoordination in rotarod test (Niimi et al.,
2009; Aoyama et al., 2013) and are useful models of age-
related motor dyscoordination. However, SAMP1 also shows
skeletal muscle atrophy, senile amyloidosis, impaired immune
response, hyperinflation of the lungs, hearing impairment, and
lower locomotor activity (Takeda, 1999; Sakakima et al., 2004),
and SAMP6 is a model of senile osteoporosis and 1 month
old SAMP8 already impairs motor coordination (Matsushita
et al., 1986; Niimi and Takahashi, 2014). Taken together, motor
dyscoordination of SAMP1 and SAMP6 is likely to be susceptible
to some factors in addition to aging and the cerebellum.

Senescence-accelerated mouse prone 8 has been an established
model of age-related central nervous system (CNS) disorder
(Miyamoto, 1997; Takeda, 2009; Akiguchi et al., 2017) and
shows deficiency in learning and memory, in avoidance task
(Miyamoto et al., 1986; Yagi et al., 1988; Ohta et al., 1989; Flood
and Morley, 1993), and in spatial task (Miyamoto et al., 1986;
Ohta et al., 2001; Griñan-Ferré et al., 2016). SAMP8 also had
emotional disorder in reduced anxiety-like behavior (Miyamoto,
1997) and higher locomotor activity (Miyamoto et al., 1986;
Griñan-Ferré et al., 2016). Many of these age-related behavioral
alterations regulated mainly by the hippocampus progresses from
4 months old at latest (Yanai and Endo, 2016). Furthermore,
many neuropathological and neuropharmacological studies
showed β-amyloid protein accumulation, increased oxidative
stress, changes in the cholinergic system, periodic acids Schiff
(PAS)-positive granular structures, and protein kinase C (PKC)
dysregulation in the hippocampus in SAMP8 (Kumar et al.,
2000; Butterfield and Poon, 2005; Akiguchi et al., 2017; Lagartos-
Donate et al., 2019). However, few reports focused on the
cerebellum (Nagasaki et al., 1995; Zhu et al., 2007) and motor
coordination in SAMP8 has not been clarified yet.

Protein kinase C is a serine/threonine kinase and plays
an important role in various cellular signal transductions

(Nishizuka, 1988). PKCγ belongs to conventional PKC which
is activated by diacylglycerol (DG) and Ca2+ and shows
uniquely localization within CNS, especially in hippocampal
pyramidal cells and cerebellar Purkinje cells (Saito and
Shirai, 2002). PKCγ deficiency causes motor dyscoordination
(Chen et al., 1995) and deficits in spatial and contextual
learning (Abeliovich et al., 1993). In addition, upregulation of
basal PKCγ activity results in motor dysfunction (Tsumagari
et al., 2020a,b). Therefore, these results suggested that precise
regulation of PKCγ activity is critical for synaptic plasticity and
motor coordination.

The activity of PKCγ is regulated by diacylglycerol (DG)
kinase (DGK), which is a lipid kinase that phosphorylates
DG to phosphatidic acid (PA) (Sakane et al., 2007). DGKγ

also abundantly expressed in CNS, especially in hippocampal
pyramidal cells and cerebellar Purkinje cells (Adachi et al.,
2005). We recently reported that DGKγ and PKCγ are
directly interacted and regulate the mutual activity (Yamaguchi
et al., 2006) and this functional correlation is responsible
for long-term depression (LTD) in Purkinje cells and motor
coordination (Yamaguchi et al., 2006; Tsumagari et al., 2020a,b).
However, the involvement of the functional correlation between
DGKγ and PKCγ in age-related motor dyscoordination is still
unknown. Therefore, we investigated the motor coordination
in SAMP8 and a possible involvement of the functional
correlation between DGKγ and PKCγ in age-related motor
dyscoordination using SAMP8.

MATERIALS AND METHODS

Materials
We used the following antibodies: rabbit anti-DGKγ (1:500)
(Adachi et al., 2005), rabbit anti-phospho-PKCγ T674 (bs-3730R;
1:2,000) (Bios, MA, United States), mouse anti-PKCγ (sc-166385;
1:1,000), mouse anti-GAPDH (sc-47724; 1:5,000) (Santa Cruz,

FIGURE 1 | Motor dyscoordination in SAMP8 at 24 weeks old. (A,B) Motor coordination of SAMR1 and SAMP8 at 6 weeks old (A) and 24 weeks old (B) was
assessed by the accelerating rotarod test. The test was performed three times daily for 2 days (6W SAMR1: n = 6; 6W SAMP8: n = 6; 24W SAMR1: n = 12; 24W
SAMP8: n = 12) Statistical analysis was conducted by one-way ANOVA for repeated measure (Day 1 24W SAMR1 vs. 24W SAMP8: **p < 0.01, Day 1 trials:
**p < 0.01, Day 2 24W SAMR1 vs. 24W SAMP8: **p < 0.01). (C) Motor coordination of SAMR1 and SAMP8 at 24 weeks old mice was assessed by the number of
hind paw slips in the beam test. The test was performed five times daily for 2 days (24W SAMR1: n = 9; 24W SAMP8: n = 9); **p < 0.01 followed by Student’s t-test.
Data are expressed as mean ± SEM.
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FIGURE 2 | Locomotor activity in SAMP8 at 24 weeks old. (A,B) Locomotor activity and anxiety of SAMR1 and SAMP8 at 24 weeks old was assessed by the open
field test. Each mouse was placed in the periphery of open field apparatus and total distance (A) and the number of entering into the center area (B) were measured
(n = 6); **p < 0.01 followed by Student’s t-test. Data are expressed as mean ± SEM. (C,D) Locomotor activity and spatial working memory of SAMR1 and SAMP8
at 24 weeks old was assessed by Y-maze test. Each mouse was placed at the end of one fixed arm and the number of entering into the arm (C) and alterations (D)
were measured (n = 6); **p < 0.01 followed by Student’s t-test. Data are expressed as mean ± SEM.

CA, United States), peroxidase-conjugated AffiniPure goat anti-
rabbit (AB_2340590; 1:10,000), and mouse IgG (AB_2338516;
1:10,000) (Jackson, PA, United States).

Mice
Senescence accelerated mouse resistant 1 (SAMR1) and SAMP8
were purchased from Japan SLC, Inc., (Shizuoka, Japan). Mice
were housed under a 12-h light and 12-h dark cycle with
ad libitum food and water. All animal data were analyzed for
6 and 24 weeks old male mice. All procedures using mice were
performed according to the guidelines of the Institute Animal
Care and Use Committee of Kobe University.

Rotarod Test
The rotarod apparatus (MK-630B single lane rotarod,
Muromachi Kikai Co., Ltd., Tokyo, Japan) consisted of a
rod (30 mm in diameter and 90 mm wide) flanked by two large

round plates (40 cm in diameter). The speed of rotation was
increased from 4 to 40 rotation per minute (rpm) over 5 min and
then remained at 40 rpm for an additional 300 s was maintained
for 300 s. We recorded the latency for the mice to fall from the
rod. The test was performed three times daily for 2 days.

Beam Test
Mice were trained to traverse elevated metallic beam (70 cm long,
10 mm in diameter, and 60 cm high). They were placed at one end
of the beam and an enclosed escape box was placed at the other
end. Each hind paw slip was recorded and counted. The test was
performed five times daily for 2 days.

Open Field Test
Each mouse was placed in the periphery of the open field
apparatus (length 60, width 60, and height 40 cm) and allowed
to move freely during 10 min. The total moving distance and

Frontiers in Aging Neuroscience | www.frontiersin.org 3 January 2021 | Volume 13 | Article 573966123

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-573966 January 24, 2021 Time: 15:29 # 4

Tsumagari et al. Kisases and Motor Coordination in SAMP8

FIGURE 3 | Alteration in the functional correlation between DGKγ and PKCγ. (A) Cerebellar lysates from SAMR1 and SAMP8 at 24 weeks old were subjected to
Western blotting and probed with anti-DGKγ, PKCγ, anti-phospho-PKCγ and anti-GAPDH antibodies. (B–D) Quantification of the expression levels of DGKγ and
PKCγ and phosphorylation level of PKCγ were performed by ImageJ. The expression levels of DGKγ and PKCγ was normalized to the expression level of the
loading control (GAPDH). The ratio of the phosphorylation of PKCγ to the expression level of PKCγ to SAMR1 was plotted (n = 3); *p < 0.05, followed by Student’s
t-test. Data are expressed as mean ± SEM.

the number of entries into the center area (length 30 and width
30 cm) were recorded. The test was performed under 1,000 lux
light intensity.

Y-Maze Test
Y-maze apparatus consisted of three identical arms (length
40, width 8, and height 15 cm). Each mouse was placed at
the end of one fixed arm and allowed to move freely during
8 min. The sequence and number of arm entries were recorded.
An alternation was defined as entering each of the three
arms consecutively.

Preparation of Proteins From Cerebellum
The cerebellum was homogenized in ice-cold homogenate buffer
[in mM: 20 Tris–HCl, 1 EGTA, 1 EDTA, 1 MgCl2, and
1 phenylmethylsulfonyl fluoride (PMSF), 20 ng/ml leupeptin,
1 × phosphatase inhibitor cocktail solution II (Wako, Osaka,
Japan), and 1% Triton X-100, pH 7.4] using Handy Sonic
Sonicator (UR-20, Tomy Seiko Co., Ltd.). After centrifugation at
10,000 rpm for 10 min at 4oC, the lysates were obtained.

Western Blotting
The samples were subjected to 10% SDS-PAGE, followed by
blotting onto a poly-vinylidene difluoride membrane (Millipore,
Darmstadt, Germany). Non-specific binding sites were blocked
by incubation with 5% skim milk in 0.01 M PBS containing 0.03%
TritonX-100 (PBS-T) for 1 h. The membrane was incubated
with the appropriate antibody for 1 h at room temperature.

After washing with PBS-T, the membrane was incubated with
peroxidase-labeled anti-rabbit IgG for 30 min. After three rinses
with PBS-T, the immunoreactivity bands were visualized using
ImmunoStar (Wako, Osaka, Japan). The densities of the bands
were analyzed by Image J. To detect phosphorylated protein,
we used 5% BSA instead of skim milk for blocking and 0.01 M
TBS containing 0.03% Tween 20 (TBS-T) instead of PBS-T. The
proteins were normalized on GAPDH levels.

Experimental Design and Statistical
Analysis
All data are shown as the means± SEM, and Student’s t-tests and
one-way ANOVA for repeated measure were used as appropriate
to test statistical significance. Data were analyzed using Excel
(Microsoft, WA, United States). Differences were considered
significant when p< 0.05.

RESULTS

Motor Dysfunction and Higher
Locomotor Activity in SAMP8 at
24 Weeks Old
To investigate the motor coordination in SAMP8, we used
rotarod and beam tests. In the rotarod test, 6 weeks old SAMR1
and SAMP8 showed steady improvements over trials, indicating
that 6 weeks old SAMR1 and SAMP8 had similar motor function
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(Figure 1A). In contrast, 24 weeks old SAMP8 significantly fell
from the rod faster than the age-matched SMAR1, although
SAMR1 and SAMP8 showed steady improvements at day 1, and
the latencies were saturated at day 2 in SAMP8 as well as SAMR1
(Figure 1B). Furthermore, 24 weeks old SAMP8 stopped on the
way and showed several slips per run in beam test, while 24 weeks
old SAMR1 usually traversed the beam to the end without
any problems. The increase of slips in 24 weeks old SAMP8
was significant compared to that in the age-matched SAMR1
(Figure 1C). These results indicated that 24 weeks old SAMP8
showed impairment in motor coordination. Next, we examined
the locomotor activity, anxiety-like behavior and spatial working
memory of 24 weeks old SAMP8 using open field and Y-maze
tests. In open field test, the total distance of 24 weeks old SAMP8
increased significantly compared to that of age-matched SAMR1
(Figure 2A). Y-maze tests also exhibited the significant increase
of the number of arm entries 24 weeks old SAMP8 (Figure 2C),
indicating 24 weeks old mice showed the higher locomotor
activity. On the other hand, there was no difference in the number
of entries into center area in open field test (Figure 2B) and
the alterations in Y-maze test (Figure 2D) between 24 weeks old
SAMP8 and SAMR1. These results suggested that 24 weeks old
SAMP8 had age-related motor discoordination, with the higher
locomotor activity and without the disorders of anxiety-like
behavior and spatial working memory.

Functional Correlation Between DGKγ

and PKCγ in SAMP8
Both DGKγ and PKCγ are expressed in Purkinje cells
and the functional correlation between DGKγ and PKCγ

is critical for motor coordination (Saito and Shirai, 2002;
Adachi et al., 2005; Tsumagari et al., 2020a,b). Therefore,
we compared the expression levels of DGKγ and PKCγ

in SAMP8 and SAMR1 (Figure 3A). The expression level
of DGKγ was significantly decreased in the cerebellum of
24 weeks old SAMP8 (Figure 3B), while that of PKCγ was not
changed (Figure 3C). We next investigated the phosphorylation
level of PKCγ because DGKγ deficiency increased the DG
level, resulting in upregulation of PKCγ phosphorylation. As
we expected, the phosphorylation of PKCγ was significantly
increased in the cerebellum of 24 weeks old SAMP8 (Figure 3D),
indicating PKCγ was activated. These results indicated that
24 weeks old SAMP8 exhibited the alteration in the functional
correlation between DGKγ and PKCγ .

DISCUSSION

In the present study, we showed that 24 weeks old SAMP8
had the motor dyscoordination in the rotarod and beam
tests, and higher locomotor activity in open field and Y-maze
tests. As SAMP8 was originally established an animal model
as age-related CNS disorder, dysfunctions in learning and
memory might affect the motor performance. It has so far
been reported that aged SAMP8 also show the deficits in
learning and memory (Miyamoto, 1997; Takeda, 2009; Akiguchi
et al., 2017). In water maze test, previous studies reported

that Miyamoto et al. (1986) and Griñan-Ferré et al. (2016)
showed the deficits in learning and memory was detected at
2 months old. In contrast, we revealed that 24 weeks old
SAMP8 were normal the anxiety-like behavior and spatial
working memory in open field and Y-maze tests. Similarly,
Yanai and Endo (2016) suggested that there were no significant
differences in learning and memory using 4 month old SAMP8.
In addition, we also SAMP8 showed steady improvements over
trials at day 1, indicating the motor leaning skill is normal
in SAMP8. Therefore, the effect of learning and memory
disorders on motor coordination would be negligible. These
results indicate that SAMP8 is a useful model of age-related
motor dyscoordination.

Diacylglycerol functions as a lipid messenger to activate
several enzymes including PKCγ (Almena and Mérida, 2011).
DGKγ regulates amount of DG and the lipid kinase is already
expressed in the cerebellum at birth and then gradually increased
as Purkinje cells develop (Adachi et al., 2005). DGKγ is important
for the development and function of Purkinje cells (Ito, 2002)
and DGKγ KO mice show impairment of LTD and cerebellar
motor dyscoordination (Tsumagari et al., 2020a,b). Importantly,
in the DGKγ KO mice, abnormal activation of PKCγ in the
cerebellum was detected and the impairment of LTD was rescued
by the PKCγ inhibitor, indicating that importance of DGKγ-
mediated control of PKCγ activity for the motor coordination
(Tsumagari et al., 2020a,b). In this study, we showed that DGKγ

was decreased in the cerebellum of 24 weeks old SAMP8,
compared to the age-matched SAMR1 with upregulation of
PKCγ phosphorylation. In addition, there are some reports
to show the apoptosis of Purkinje cells and the reduction of
cerebellar cortex in the cerebellum of SAMP8 (Nagasaki et al.,
1995; Zhu et al., 2007), and that PKCγ upregulation induces
the similar pathology (Seki et al., 2009; Ji et al., 2014). Together
with our results, these results strongly suggest that the precise
PKCγ regulation by DGKγ is involved in the age-related motor
dyscoordination. More importantly, the present study suggested
that DGKγ and/or PKCγ is a good pharmaceutical target to
control age-related cerebellar motor dyscoordination.
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Transient ischemic brain injury causes massive neuronal death in the hippocampus

of both humans and animals. This was accompanied by progressive atrophy of the

hippocampus, brain cortex, and white matter lesions. Furthermore, it has been noted

that neurodegenerative processes after an episode of ischemia-reperfusion in the

brain can continue well-beyond the acute stage. Rarefaction of white matter was

significantly increased in animals at 2 years following ischemia. Some rats that survived

2 years after ischemia developed severe brain atrophy with dementia. The profile of

post-ischemic brain neurodegeneration shares a commonality with neurodegeneration

in Alzheimer’s disease. Furthermore, post-ischemic brain injury is associated with the

deposition of folding proteins, such as amyloid and tau protein, in the intracellular and

extracellular space. Recent studies on post-ischemic brain neurodegeneration have

revealed the dysregulation of Alzheimer’s disease-associated genes such as amyloid

protein precursor, α-secretase, β-secretase, presenilin 1, presenilin 2, and tau protein.

The latest data demonstrate that Alzheimer’s disease-related proteins and their genes

play a key role in the development of post-ischemic brain neurodegeneration with

full-blown dementia in disease types such as Alzheimer’s. Ongoing interest in the study

of brain ischemia has provided evidence showing that ischemia may be involved in the

development of the genotype and phenotype of Alzheimer’s disease, suggesting that

brain ischemia can be considered as a useful model for understanding the mechanisms

responsible for the initiation of Alzheimer’s disease.

Keywords: brain ischemia, neurodegeneration, amyloid protein precursor, secretases, presenilins, tau protein,

folding proteins, Alzheimer’s disease

INTRODUCTION

Presently, brain ischemia andAlzheimer’s disease create a huge burden to the healthcare system and
caregivers due to the lack of causal treatment. Both the diseases are the main causes of irreversible
disability and dementia worldwide (Ballard et al., 2011; Pluta et al., 2011, 2020b,c,d; Kim and
Lee, 2018; Lo et al., 2019), and there is a risk of stroke or Alzheimer’s disease is one in three
persons (Seshadri and Wolf, 2007). With increasing numbers of aging in the world, the number
of subjects with dementia is forecast to reach 82 million by 2030 and 152 million by 2050 (Ballard
et al., 2011). There are no causal treatments that could stop the development of dementia in both
patients after stroke and Alzheimer’s disease. For this reason, there is a lot of pressure to increase the
understanding of the mechanisms of post-ischemic brain neurodegeneration in connection with its
recommended relationship with Alzheimer’s disease (Pluta, 2007b, 2019; Pluta et al., 2011, 2013a,b;
Salminen et al., 2017) and to make causal therapy available (Ułamek-Kozioł et al., 2020a). It is
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noteworthy that more and more new clinical and experimental
studies indicate epidemiological and neuropathological links
connecting ischemic brain neurodegeneration with the genotype
and phenotype of Alzheimer’s disease. Human investigations
have revealed that Alzheimer’s disease is a risk factor for
stroke (Chi et al., 2013; Tolppanen et al., 2013) and vice versa
(Gamaldo et al., 2006), indicating that the same or closely related
pathological mechanisms may be involved in the development of
both disorders. Animal studies have also presented a synergistic
link between brain ischemia and Alzheimer’s disease, leading
to an increased risk of cognitive decline and development
of Alzheimer’s disease-type dementia (De la Tremblaye and
Plamondon, 2011; Kiryk et al., 2011; Li et al., 2011; Cohan et al.,
2015; Traylor et al., 2016; Salminen et al., 2017). The main
cause of ischemic stroke in humans is atherosclerosis (Roher
et al., 2004; Beach et al., 2007). Atherosclerosis is also associated
with Alzheimer’s disease (Farkas and Luiten, 2001; Thal et al.,
2003; Beach et al., 2007). At least 33% cases of Alzheimer’s
disease have neuropathological changes resulting from small
vessel arteriosclerosis (Kalaria, 2002). Atherosclerosis has been
found to coexist with cerebral amyloid angiopathy and it also
correlates well with cognitive decline (Thal et al., 2003; Pluta
et al., 2009). On the other hand, the increased level of amyloid
in the post-ischemic brain causes the accumulation of amyloid
not only in the brain tissue, but also in the vessel wall, causing
the development of cerebral amyloid angiopathy (Pluta et al.,
2009; Hecht et al., 2018). Reduction in the length of cerebral
vessels post-ischemia or impaired cerebral blood flow in the
brain as a result of vasoconstriction (Wisniewski et al., 1995)
and/or the development of cerebral amyloid angiopathy (Pluta
et al., 2009; Hecht et al., 2018) not only limits the transport of
energy substrates and the supply of oxygen and nutrients to the
brain through the blood–brain barrier after ischemia, but also
reduces the clearance of potential neurotoxins from the brain,
such as amyloid (Hecht et al., 2018). This leads to the idea that
brain vascular diseases, such as ischemic brain episode, may
make the regions in the brain more susceptible to Alzheimer’s
disease pathology, due to impaired clearance of amyloid from
the brain (Farkas and Luiten, 2001) and dysfunctional tau
protein. Alternatively, post-ischemic brain neurodegeneration
and Alzheimer’s disease may finally represent independent but
convergent common pathological mechanisms, and can therefore
be expected to have common proteomic and genomic risk factors
(Traylor et al., 2016; Pluta et al., 2019a,b; Ułamek-Kozioł et al.,
2020b).

NEUROPATHOLOGY IN POST-ISCHEMIC
NEURODEGENERATION

The death of neurons in the CA1 area of hippocampus develops
during 7 days following experimental ischemic episode (Pluta,
2002a). Extended survival, following ischemic brain injury up
to 2 years, triggers additional pathology in neuronal cells in the
hippocampal CA3 region which is resistant to ischemic injury
(Pluta et al., 2009). The same changes are observed in post-stroke
cases (Gemmell et al., 2012, 2014). In cortex, layers 3, 5, and

6 presented massive neuronal changes (Pluta, 2000a, 2002a,b),
but changes in striatum were related to medium-sized neurons.
Two years after ischemia, in addition to localized neuron loss,
a variety of pathological stages of neuronal cells were observed
(Pluta et al., 2009). The neuronal loss took the form of chronic
neuronal damage. The other alterations with acute character were
noted in those areas of the brain, which were not involved in
primary ischemic pathology, i.e. in CA2, CA3, and CA4 areas of
the hippocampus (Pluta et al., 2009).

Brain ischemia increases the permeability of the blood–brain
barrier to cellular and non-cellular blood elements i.e., platelets
and amyloid (Mossakowski et al., 1993, 1994; Pluta et al., 1994a,
2006;Wisniewski et al., 1995; Pluta, 2003, 2005). In post-ischemic
leakage of the blood–brain barrier, two facts deserve attention.
The first one is very important in terms of amyloid extravasations
(Pluta et al., 1996, 1997b) during the development of brain
neurodegeneration, and the second is the movement of platelets
containing a huge amount of amyloid, which causes toxic and
mechanical damage to the brain parenchyma (Pluta et al., 1994c).
The ability of the soluble amyloid to pass through the insufficient
blood–brain barrier leads to neurotoxic effects on neurons,
which may then lead to subsequent increased accumulation of
amyloid in post-ischemic brain. Soluble amyloid is delivered
to the brain following ischemia from the circulatory system,
and as a consequence, it contributes to brain vasoconstriction,
amyloidosis, and cerebral amyloid angiopathy, following brain
ischemia (Jendroska et al., 1995, 1997; Wisniewski et al., 1995;
Pluta et al., 1996, 1999, 2009; Wisniewski and Maslinska, 1996;
Lee et al., 2005; Qi et al., 2007; Zetterberg et al., 2011; Liu et al.,
2015; Hecht et al., 2018).

Following brain ischemia in regions with massive neuronal
alterations, a powerful inflammatory response was observed
(Orzyłowska et al., 1999; Pluta, 2000a, 2002a,b; Sekeljic et al.,
2012; Radenovic et al., 2020). These data indicate that the increase
of inflammatory mediators in microglia and astrocytes is directly
related to the selective vulnerability of neurons to ischemia
(Orzyłowska et al., 1999; Radenovic et al., 2020). After ischemia,
inflammatory factors can trigger a self-sustaining cycle that leads
the post-ischemic brain to neurodegeneration. Interleukin-1 is
a key player that stimulates ischemic neurons to amyloidogenic
processing of the amyloid protein precursor along with the
induction of inflammatory factors. These processes induce
changes in neurons and their loss, with irreversible interruption
of the neuronal network. Consequently, this neuropathology
activates microglial cells, which leads to self-propagation of the
inflammatory cycle. Furthermore, it is evident that the amyloid,
which is generated following ischemia (Pluta et al., 1994b, 2009;
Ishimaru et al., 1996), triggers the release of inflammatory
mediators by microglia. In the hippocampus, activation of glial
cells precedes neuron loss, and it lasts for a long time after an
ischemic episode (Sekeljic et al., 2012; Radenovic et al., 2020).
Factors released by astrocytes and microglia cells, i.e., matrix
metalloproteinases, interleukin-1, and tumor necrosis factor α

increase the leakage of the blood–brain barrier (Amantea et al.,
2015). Microglia and astrocytes belong to the first line of defense
and are activated a few minutes after ischemia (Dabrowska
et al., 2019). Increased activation is noted within 2–3 days after
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ischemia, persisting for years following ischemic brain injury
(Sekeljic et al., 2012; Dabrowska et al., 2019; Radenovic et al.,
2020).

An increased influx of monocytes in the brain after ischemia
was documented within 1 day after ischemia as a result of
additional injury to the blood–brain barrier by neuroglial
inflammatory factors. An increased number of monocytes in
brain tissue were observed up to 7 days following ischemia (Kim
et al., 2014). Sooner or later, anti-inflammatory macrophages
begin to dominate the brain after ischemia, as they are essential
for the processes of regeneration and healing (Gliem et al., 2016).
Another type of cells involved in the immune response induced
by ischemia are neutrophils which appear in post-ischemic brain
parenchyma immediately after the ischemic insult (Price et al.,
2004). The neutrophils focus around damaged areas and release
inflammatory factors, proteolytic enzymes, and oxygen free
radicals that initiate secondary damage to the already damaged
brain tissue (Dabrowska et al., 2019; Radenovic et al., 2020). The
number of neutrophils appearing in the brain following ischemia
directly corresponds to the size of the brain injury (Ahmad
et al., 2014; Leinweber et al., 2021). Also, T and B lymphocytes,
natural killer cells, and dendritic cells infiltrate the brain after
ischemia (Gelderblom et al., 2018; Dabrowska et al., 2019). In
addition, mast cells intensify inflammatory responses by releasing
tumor necrosis factor α, histamine, heparin, and proteases, i.e.,
tryptase, chymase, and matrix metalloproteinases, which cause
secondary changes in the blood–brain barrier, edema of the brain,
and penetration of neutrophils into the ischemic brain tissue
(Pluta et al., 1989; Lindsberg et al., 2010; Dabrowska et al., 2019;
Leinweber et al., 2021).

Lesions in white matter with the proliferation of neuroglial
cells were documented in human and animal brains, after
ischemia (Pluta, 2000a, 2002a,b; Fernando et al., 2006; Pluta
et al., 2006, 2008, 2009; Scherr et al., 2012; Sekeljic et al., 2012;
Thiebaut de Schotten et al., 2014; Zamboni et al., 2017; Radenovic
et al., 2020). An episode of cerebral ischemia in animals causes
massive damage to the subcortical white matter and corpus
callosum (Wakita et al., 1994; Pluta et al., 2006, 2008, 2009).
Increased permeability of the blood–brain barrier, after ischemia,
allows the movement of inflammatory cells and amyloid from the
circulatory system to the brain, which additionally leads to the
progression of changes in white matter (Pluta et al., 1996, 1997b,
1999, 2000; Anfuso et al., 2004; Lee et al., 2005; Zetterberg et al.,
2011; Liu et al., 2015).

Data suggest that brain ischemia triggers massive neuronal
death, especially in brain structures sensitive to ischemia
(Pluta, 2000a; Pluta et al., 2009; Bivard et al., 2018). These
processes develop both in the early and later stages following
ischemia (Pluta, 2002a; Pluta et al., 2009; Bivard et al., 2018;
Radenovic et al., 2020). In the years following ischemia,
ischemic neurodegenerative processes cause general brain
atrophy (Hossmann et al., 1987; Pluta, 2000a; Pluta et al., 2009;
Jabłoński et al., 2011; Bivard et al., 2018). Brain autopsy after
experimental ischemia, with survival up to 2 years, showed
the hallmarks of brain hydrocephalus and dilatation of the
subarachnoid space around the brain hemispheres (Hossmann
et al., 1987; Pluta, 2000a; Pluta et al., 2009; Jabłoński et al., 2011).

Hippocampal atrophy was also observed in humans and animals
after ischemia (Pluta, 2000a; Pluta et al., 2009; Gemmell et al.,
2012, 2014).

AMYLOID-RELATED GENES IN
POST-ISCHEMIC NEURODEGENERATION

Following experimental brain ischemia, with survival up to
2 years after ischemia, amyloid staining was documented in
intracellular and extracellular space (Pluta et al., 1994b, 1997a,
1998, 2012a; Hall et al., 1995; Tomimoto et al., 1995; Ishimaru
et al., 1996; Yokota et al., 1996; Pluta, 1997, 2000a,b; Lin et al.,
1999, 2001; Sinigaglia-Coimbra et al., 2002; Fujioka et al., 2003;
Jabłoński et al., 2011; Pluta and Jabłoński, 2012). Accumulation
of amyloid in the extra-cellular space ranged from small dots
to diffuse and senile amyloid plaques (Pluta et al., 1994b,
1998, 2000, 2009, 2010; Pluta, 2000a,b; Pluta, 2002a,b; Pluta,
2003, 2005, 2007a; Van Groen et al., 2005). Amyloid plaques
were noted in the hippocampus, thalamus, brain cortex, corpus
callosum, and around the lateral ventricles. The deposition of
amyloid inside neurons and neuroglial cells underscores the
possible importance of amyloid in the progress of ischemic
brain neurodegeneration (Pluta et al., 1994b; Banati et al., 1995;
Palacios et al., 1995; Yokota et al., 1996; Nihashi et al., 2001; Pluta,
2002a,b; Badan et al., 2003, 2004). These observations indicate
that following experimental ischemia, amyloid generationmay be
responsible for additional neurodegenerative mechanisms, which
could worsen the outcome after ischemia due to continuous
neuronal loss (Pluta et al., 1997a,b; Pluta et al., 1998, 2009, 2011,
2012a,b,c; Jabłoński et al., 2011; Kiryk et al., 2011; Pluta and
Jabłoński, 2012). Some data indicate that after ischemic episode,
amyloid was generated as a product of neuronal death (Ishimaru
et al., 1996). The amyloid is a neurotoxic substance that induces
intracellular processes in post-ischemic neurons, astrocytes, and
microglia, which further causes extra neurons and neuroglia
injury and/or death following ischemia (Giulian et al., 1995; Pluta
et al., 2012a).

After ischemia, both diffuse and senile amyloid plaques in
the hippocampus and cortex were observed in the human brain
(Jendroska et al., 1995, 1997; Wisniewski andMaslinska, 1996; Qi
et al., 2007). According to Qi et al. (2007), β-amyloid peptides,
1–40 and 1–42 were found in post-ischemic hippocampus.
Hippocampal and cortical neuronal cells were the most intensely
stained cells in the post-ischemic human brains. Additionally,
evidence from clinical investigations showed that plasma amyloid
was raised in cases with ischemic brain injury (Lee et al., 2005;
Zetterberg et al., 2011; Liu et al., 2015). The increase of amyloid in
serum correlated negatively with the clinical outcome following
an ischemic brain episode (Zetterberg et al., 2011).

Following focal brain ischemia, messenger RNA (mRNA) of
the amyloid protein precursor increased from 150 to 200% after
7 days of survival (Shi et al., 1998, 2000). The amyloid protein
precursor is cleaved via α-secretase along a non-amyloidogenic
pathway. Following experimental ischemic brain episode, the α-
secretase mRNA was reduced (Nalivaeva et al., 2004; Yan et al.,
2007; Pluta et al., 2020a). In the amyloidogenic pathway, the
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TABLE 1 | Changes in the expression of the Alzheimer’s disease-linked genes in

the CA1 region of the hippocampus at various times after experimental ischemic

brain injury.

P
P
P
P
P
P

Survival

Genes
APP BACE1 PSEN1 PSEN2 MAPT

2 days ↓ ↑ ↑ ↑ ↑

7 days ↑ ↑ ↑ ↑ ↓

30 days ↑ ↓ ↓ ↓ ↓

Expression: ↑, increase; ↓, decrease. Genes: APP, amyloid protein precursor; BACE1,

β-secretase; PSEN1, presenilin 1; PSEN2, presenilin 2; MAPT, Tau protein.

TABLE 2 | Changes in the expression of the Alzheimer’s disease-linked genes in

the CA3 region of the hippocampus at various times after experimental ischemic

brain injury.

P
P
P
P
P
P

Survival

Genes
APP ADAM10 BACE1 PSEN1 PSEN2 MAPT

2 days ↑ ↓ ↓ ↑ ↓ ↓

7 days ↑ ↓ ↓ ↑ ↓ ↑

30 days ↑ ↓ ↑ ↓ ↑ ↑

Expression: ↑, increase; ↓, decrease. Genes: APP, amyloid protein precursor; ADAM10,

α-secretase; BACE1, β-secretase; PSEN1, presenilin 1; PSEN2, presenilin 2; MAPT,

Tau protein.

amyloid protein precursor is cleaved via β- and γ-secretase to
form amyloid (Wen et al., 2004a; Tabaton and Tamagno, 2007;
Pluta et al., 2013a; Guo et al., 2021). Available data suggest that
ischemia activates mRNA of β-secretase (Blasko et al., 2004;

Chen et al., 2004; Wen et al., 2004a; Chuang et al., 2008; Ye
et al., 2009). Presenilins mRNA, which are induced via brain
ischemia (Tanimukai et al., 1998; Pennypacker et al., 1999), are
involved in the generation of amyloid by the γ-secretase complex
(Polavarapu et al., 2008). The above evidence helps us understand
the progressive neuronal death after an episode of brain ischemia,
accumulation of amyloid, and the slow progressive development
of Alzheimer’s disease type neurodegeneration (Pluta et al., 2009,
2010, 2020b,c,d). In studies on post-ischemic brain changes,
elevated presenilin 1 mRNA in the CA3 area and dentate gyrus
of hippocampal neurons was noted at 3 days (Tanimukai et al.,
1998). In another study, increased presenilin mRNAs were noted
in the hippocampus, striatum, and the brain cortex following
focal ischemia (Pennypacker et al., 1999). Presenilin mRNAs
showed amaximum increase in the hippocampus and cortex. The
cortex exhibited an increase of presenilin 1 and 2 mRNAs within
1–8 days after local ischemia with recirculation (Pennypacker
et al., 1999), whereas, the hippocampus exhibited upregulation
of presenilin 1 and 2 mRNAs within 4–8 days after ischemia
(Pennypacker et al., 1999). The elevated level was greater on
the contralateral side than on the side of focal ischemic brain
injury. This difference is most likely associated with the loss of
brain neurons expressing presenilin mRNAs on the ischemic side
(Pennypacker et al., 1999).

In the CA1 subfield of the hippocampus, 2 days after ischemia,
the expression of the amyloid protein precursor gene was below
the control value (Table 1) (Kocki et al., 2015). Within 7–30 days

after ischemia with reperfusion, the expression of the amyloid
protein precursor gene was above the control value (Table 1)
(Kocki et al., 2015). The expression of the β-secretase gene
was above the control value, 2–7 days after ischemia in the
CA1 region (Table 1) (Kocki et al., 2015). Thirty days after
ischemia, the expression of β-secretase gene was below the
control value (Table 1) (Kocki et al., 2015). In the CA1 area of
the hippocampus, the expression of presenilin 1 and 2 genes
increased within 2–7 days after ischemia (Table 1) (Kocki et al.,
2015). In contrast, 30 days following ischemia, the expression of
presenilin 1 and 2 genes was below the control value (Table 1)
(Kocki et al., 2015).

At 2, 7, and 30 days following ischemia, the expression of
the amyloid protein precursor gene was found to be above
the control value in the CA3 region (Table 2) (Pluta et al.,
2020a). In this area, the α-secretase gene expression was
below the control value at 2, 7, and 30 days after ischemia
(Table 2) (Pluta et al., 2020a). The expression of the β-secretase
gene was below the control value following ischemia in the
CA3 area, in 2–7 days (Table 2). In contrast, 30 days after
ischemia, the β-secretase gene expression was above the control
value (Table 2) (Pluta et al., 2020a). In the CA3 subfield, the
expression of the presenilin 1 gene increased in 2–7 days
following ischemia (Table 2). In 30 days after ischemia, the
expression of the presenilin 1 gene was below the control value
(Table 2) (Pluta et al., 2020a). In contrast, the expression of the
presenilin 2 gene was reduced 2–7 days after ischemia (Table 2).
But 30 days after ischemia, the expression of the presenilin
2 gene was above the control value (Table 2) (Pluta et al.,
2020a).

In the medial temporal cortex, the expression of the amyloid
protein precursor gene was below the control value, 2 days after
ischemia (Table 3) (Pluta et al., 2016a). In the above area, in 7–
30 days after ischemia, the expression of the amyloid protein
precursor gene was above the control value (Table 3) (Pluta et al.,
2016a). The β-secretase gene expression was above the control
value at 2 days after ischemia (Table 3) (Pluta et al., 2016a). But
in 7–30 days after ischemia, the expression of the β-secretase
gene was reduced (Table 3) (Pluta et al., 2016a). The expression
of the presenilin 1 gene was lowered below the control value,
while the presenilin 2 gene was above the control value 2 days
after ischemia (Table 3) (Pluta et al., 2016b). Seven days after
ischemia, the expression of the presenilin 1 gene was reduced,
while that of the presenilin 2 gene was increased (Table 3) (Pluta
et al., 2016b). Thirty days after ischemia, the expression of the
presenilin 1 gene was above the control value, while that of the
presenilin 2 gene was below the control value (Table 3) (Pluta
et al., 2016b).

Data show that brain ischemia triggers neuronal death in the
hippocampus and in the medial temporal cortex in conjunction
with amyloid, defining a new process that regulates the survival
of neurons and/or death after-ischemia (Pluta et al., 1994b,
1997a, 2009, 2016a,b; Hall et al., 1995; Jendroska et al., 1995,
1997; Palacios et al., 1995; Ishimaru et al., 1996; Wisniewski and
Maslinska, 1996; Yokota et al., 1996; Qi et al., 2007; Kocki et al.,
2015; Pluta et al., 2020a; Pluta and Ułamek-Kozioł, 2021).
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TABLE 3 | Changes in the expression of the Alzheimer’s disease-linked genes in

the medial temporal cortex at various times after experimental ischemic brain

injury.

P
P
P
P
P
P

Survival

Genes
APP BACE1 PSEN1 PSEN2

2 days ↓ ↑ ↓ ↑

7 days ↑ ↓ ↓ ↑

30 days ↑ ↓ ↑ ↓

Expression: ↑, increase; ↓, decrease. Genes: APP, amyloid protein precursor; BACE1,

β-secretase; PSEN1, presenilin 1; PSEN2, presenilin 2.

TAU PROTEIN IN POST-ISCHEMIC
NEURODEGENERATION

Strong neuronal staining of tau protein was found following
ischemia in the hippocampus and the brain cortex (Dewar et al.,
1993, 1994; Geddes et al., 1994; Sinigaglia-Coimbra et al., 2002).
Also, tau protein staining was documented in post-ischemic
microglia, astrocytes, and oligodendrocytes (Dewar and Dawson,
1995; Irving et al., 1997; Uchihara et al., 2004; Majd et al.,
2016; Fujii et al., 2017). Evidence shows that after ischemia,
the hyperphosphorylated tau protein dominates in neuronal
cells and goes along with apoptosis (Wen et al., 2004b,c; Wen
et al., 2007; Majd et al., 2016; Fujii et al., 2017; Basurto-Islas
et al., 2018). The above data point out that neuronal apoptosis
following ischemia is connected with hyperphosphorylation of
tau protein. In addition, it is also evident that ischemic brain
injury was engaged in paired helical filaments (Khan et al.,
2018), neurofibrillary tangle-like (Wen et al., 2004b,c; Wen et al.,
2007), and neurofibrillary tangles development (Kato et al.,
1988; Hatsuta et al., 2019). Tau protein was detected in the
plasma samples of humans after ischemic brain injury and it
most probably indicated the progress of neuronal changes after
ischemia (Bitsch et al., 2002; Kurzepa et al., 2010; Bielewicz et al.,
2011; Mörtberg et al., 2011; Randall et al., 2013; Lasek-Bal et al.,
2016; De Vos et al., 2017).

DYSREGULATION OF TAU PROTEIN GENE
IN POST-ISCHEMIC
NEURODEGENERATION

In the CA1 area of the hippocampus, the expression of the tau
protein gene was found to be increased above the control value,
2 days after ischemia (Table 1) (Pluta et al., 2018). In contrast,
at 7–30 days after brain ischemia, gene expression was found to
be below the control value (Table 1) (Pluta et al., 2018). In the
CA3 subfield, the expression of the tau protein gene was found
to be below the control value, 2 days after ischemia (Table 2)
(Pluta et al., 2020a). But, within 7–30 days following ischemia,
the expression of the tau protein gene was higher than the control
value (Table 2) (Pluta et al., 2020a). The data indicate that post-
ischemic brain injury triggers neuronal damage and death in the
hippocampus in a tau protein-dependent mechanism, defining a
new process, which in the long run regulates neuronal survival

and/or death following ischemia (Geddes et al., 1994; Dewar and
Dawson, 1995; Wen et al., 2004b, 2007; Majd et al., 2016; Fujii
et al., 2017; Basurto-Islas et al., 2018; Khan et al., 2018; Pluta et al.,
2018, 2020a; Pluta and Ułamek-Kozioł, 2021).

DEMENTIA IN POST-ISCHEMIC
NEURODEGENERATION

Many studies have documented the development of dementia
in animals after ischemic brain injury with recirculation (De
la Tremblaye and Plamondon, 2011; Kiryk et al., 2011; Li
et al., 2011; Pluta et al., 2011; Cohan et al., 2015). Locomotor
hyperactivity was noted after experimental brain ischemia
(Kuroiwa et al., 1991; Karasawa et al., 1994) as in Alzheimer’s
disease. A lengthening of ischemic episode causes a longer
duration of motor hyperactivity, and this is positively correlated
with an increased number of damaged and lost neurons,
especially in the hippocampus and progressive inflammation in
the brain (Pluta et al., 2010; Kiryk et al., 2011; Sekeljic et al.,
2012; Radenovic et al., 2020). Additionally, post-ischemic brain
damage causes loss of reference and working memory with
the progress of a spatial memory deficit (Kiryk et al., 2011).
The progress of cognitive deficit develops systematically along
with the lengthening of post-ischemic time (Kiryk et al., 2011).
After repeated experimental brain ischemia with recirculation,
durable motor hyperactivity with cognitive deficits and reduced
anxiety was presented (Ishibashi et al., 2006). The development of
dementia was related to general brain atrophy (Hossmann et al.,
1987; Pluta, 2000a, 2002a,b; Pluta et al., 2009, 2012b,c; Jabłoński
et al., 2011). In these cases learning and memory deficits in
experimental post-ischemic brain neurodegeneration irreversibly
progressed and persisted forever (Kiryk et al., 2011).

The progressive development of dementia is a patients
dangerous consequence of post-ischemic pathology (Gemmell
et al., 2012, 2014; Brainin et al., 2015; Mok et al., 2016;
Portegies et al., 2016; Kim and Lee, 2018). The occurrence of
dementia after the first ischemic stroke and recurrent stroke is
calculated roughly at 10 and 41%, respectively (Pendlebury and
Rothwell, 2009). Within a 25-year follow-up, the incidence of
dementia has been calculated approximately at 48% (Kokmen
et al., 1996). Worldwide, dementia after ischemic stroke occurs
between 5 and 50% of cases, depending on diagnostic criteria,
population demographics, and geographical location (Surawan
et al., 2017). In fact, it is certain that dementia in post-ischemia
brain neurodegeneration has many risk factors in common with
the development of dementia in sporadic cases of Alzheimer’s
disease (Thal et al., 2003). It is highly likely that post-ischemic
brain neurodegeneration may precede the final development of
Alzheimer’s disease.

CONCLUSION

This review presents the phenotype and genotype of Alzheimer’s
disease in post-ischemic brain neurodegeneration, such as
neuropathology, amyloid, dysfunctional tau protein, and
their genes, which altogether play an important role in the
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FIGURE 1 | A possible vicious circle in the development of Alzheimer’s disease as a result of brain ischemia. ↓, decrease; CAA, cerebral amyloid angiopathy; CBF,

cerebral blood flow; NFT, neurofibrillary tangles.

development of full-blown dementia (Figure 1). It provides
Alzheimer’s disease-linked gene changes of the amyloid protein
precursor, α-secretase, β-secretase, presenilin 1, presenilin 2,
and tau protein in experimental post-ischemic injury in the
CA1 and CA3 areas of the hippocampus and medial temporal
cortex. The evidence demonstrates that post-ischemic brain
damage causes the death of neuronal cells in the hippocampus
and temporal cortex in a manner that is dependent on the
amyloid and dysfunctional tau protein. The above changes are
associated with the accumulation of the amyloid in brain cells
and in the extracellular spaces, such as diffuse and senile amyloid
plaques, and the massive loss of neuronal cells with general brain
atrophy, especially in the hippocampus, which finally leads to
full-blown dementia in Alzheimer’s disease (Figure 1). It is likely
that following ischemia, the development of amyloid plaques
in the brain is caused by an increased amyloid generation,
an intensified inflow from blood, and worsening of amyloid
clearance from the brain tissue. Based on the presented evidence,
it can be concluded that post-ischemic brain neurodegeneration

influences the processing of the amyloid protein precursor, at
both the gene and protein level, and leads to the generation of
amyloid plaques in brain parenchyma.

In addition, observations showed that ischemic injury of
the CA1 and CA3 areas of the hippocampus influence the
expression of the tau protein gene. It can also be noted that
dysregulated tau protein takes part in neuronal cell death in
the CA1 and CA3 areas of the hippocampus. The existing
data documented the development of neurofibrillary tangles
following ischemia (Figure 1). In support of the above fact,
elevated levels of cyclin-dependent kinase 5, which are involved
in the development of neurofibrillary tangle-like tauopathy, were
found after experimental ischemic brain injury (Wen et al.,
2007). This may suggest the linking of dysfunctional tau protein
with the onset of neuronal cell death in the hippocampus after
ischemia. The above evidence also indicates the regulation of the
ischemic death of neuronal cells in the CA1 and CA3 areas of
the hippocampus in a manner dependent on the structure of the
tau protein.
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The parallelism between post-ischemic brain
neurodegeneration and Alzheimer’s disease at the molecular
level (Figure 1) is remarkable. The conclusions drawn from
this investigation of ischemia-triggered Alzheimer’s disease-like
neuropathology, proteins, and their genes indicates that they
contribute to the death of neuronal cells, the generation of the
amyloid plaques, the development of neurofibrillary tangles, and
finally, neurodegeneration with full-blown dementia (Figure 1).
These findings may significantly contribute to finding new
causal treatments of post-ischemic brain neurodegeneration and
Alzheimer’s disease.

The dominant hypothesis of the etiology of Alzheimer’s
disease, neuropathological guidelines for the diagnosis of the
disease, and most of the wide-ranging therapeutic efforts, both in
research and clinical practice, have been built around the amyloid
and tau proteins as causal factors (Ittner and Ittner, 2018; Busche
and Hyman, 2020; Uddin et al., 2020). However, the causal link
between amyloid and the development of Alzheimer’s disease
remains unproven. Currently, in the context of a comprehensive
evaluation of the past and contemporary research, critical
questions are being raised regarding the role of amyloid and tau
protein in the diagnosis, etiology, and definition of Alzheimer’s
disease. It is argued that a holistic review of the available data
does not allow a clear conclusion for the fact that amyloid plays a
central or unique role in the development of Alzheimer’s disease.
A new analysis of data proposes that deposits of amyloid and
dysfunctional tau protein may not be the primary cause in the
pathogenesis of Alzheimer’s disease; further research is needed
in this field (Tse and Herrup, 2017; Jack et al., 2018; Morris
et al., 2018). Regarding the two potentially dangerous substances
blamed for the green light in Alzheimer’s disease, recent data
show that amyloid and tau protein pathology should be triggered
by some factors and then interact with each other, exerting a
synergistic deleterious effect on the neural network, which is
believed to initiate the progression of Alzheimer’s disease (Morris
et al., 2018). It is certain that alterations of amyloid and tau
protein are currently ruled out as the sole cause of dementia, as
it does not explain why about half of the world’s population over
the age of 45 have amyloid plaques and neurofibrillary tangles
without dementia (Katzman, 1988; Price et al., 1992; Rowe et al.,
2007; Jagust et al., 2009; Knopman et al., 2013; Atlante et al.,
2020). The presence of amyloid plaques, which do not cause
any disturbance, has been found in older adults who identify
themselves with excellent cognitive functions (Katzman, 1988;
Price et al., 1992; Rowe et al., 2007; Jagust et al., 2009; Knopman
et al., 2013; Atlante et al., 2020). In these subjects, the average
neurofibrillary tangle concentration was observed to increase
exponentially with age (Price andMorris, 1999). To sum up, there
are no older adults who do not exhibit the presence of amyloid
plaques and neurofibrillary tangles in their brains (Garrett, 2018).
Additionally, the appearance of the hippocampal atrophy in
cognitively normal elderly may not be dependent on amyloidosis
(Chételat, 2013). On the other hand, a multicenter study reported
that patients diagnosed with Alzheimer’s disease were found
to be negative for brain amyloid; for example, amyloid was

noted to be absent in 32% of cases studied (Doraiswamy et al.,
2012).

After analyzing past and contemporary studies about on
the amyloid theory of Alzheimer’s disease by Morris et al.
(2018), the following four important conclusions were drawn:
(1) Amyloid plaques and neurofibrillary tangles may be present
in the brain without cognitive impairment. (2) The clinical
diagnosis of Alzheimer’s disease does not include the structure
of amyloid and tau protein in the brain. (3) The number, size,
and enlargement of amyloid plaques are not related to cognitive
impairment. (4) Soluble amyloid and amyloid plaques in the
brain are not a warning sign of impending dementia. Novel
discoveries have demonstrated that amyloid and neurofibrillary
tangles do not initiate Alzheimer’s disease as these are only two
among a multitude of degenerative changes that occur in this
disease (Gauthier et al., 2018; Kalvach and Vogner, 2019). Our
review aims to challenge these shared views and suggests that
continuing this approach may be counterproductive. Instead,
the data suggest that we should look for alternative views on
the etiology of Alzheimer’s disease that are currently potentially
under consideration. We propose that a thorough understanding
of the etiology of Alzheimer’s disease and the implementation of
the final, effective treatment requires a new objective approach
in this topic, beyond the current amyloid-centric approach,
without excluding the role of amyloid. The continued interest
in the research on cerebral ischemia provides evidence that
ischemia may be involved in the development of the genotype
and phenotype of Alzheimer’s disease, suggesting that cerebral
ischemia can be considered a useful model for understanding the
mechanisms underlying the development of Alzheimer’s disease.
In spite of reasonable doubts about the role of brain ischemia
in the etiology of Alzheimer’s disease, the mounting evidence
on the ischemic development of the disease should not be
ignored. Ignoring the huge number of experimental and clinical
evidence on the connection between ischemic brain injury and
Alzheimer’s disease will not only hamper proper understanding
of the disease pathways, but also development strategies for
diagnosis, management, and therapy of Alzheimer’s disease.
Although significant progress has been made in the last few
years, it is clear from a review of the available publications that
much remains to be clarified regarding the relationship between
cerebral ischemia and Alzheimer’s disease. The fact that even the
combined association of amyloid and tau protein pathology does
not necessarily lead to Alzheimer’s disease, in addition to the
fact that other factors like ischemia might be playing a role in
triggering or accelerating the Alzheimer’s disease type cognitive
decline, has prompted a handful of investigators to conclude that
studies should aim to understand the interactions among these
factors during the progression of injury following brain ischemia,
and that the genetic, molecular, and cognitive profiles of patients
must be analyzed on an individual basis (Gauthier et al., 2018).
In conclusion, the behavior of Alzheimer’s disease-related genes
in the human brain after ischemia should be investigated in the
near future as the lack of such data is a significant limitation in
our presentation.

Frontiers in Aging Neuroscience | www.frontiersin.org 7 February 2021 | Volume 13 | Article 636653134

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Pluta et al. Brain Ischemia vs. Alzheimer’s Disease

AUTHOR CONTRIBUTIONS

RP: idea of MS, preparing, and editing. SJ: searching for literature
and preparing figure and tables. SC: preparing and editing
MS. All authors: contributed to the article and approved the
submitted version.

ACKNOWLEDGMENTS

The authors acknowledge financial support from the following
institutions: the Mossakowski Medical Research Institute, Polish
Academy of Sciences, Warsaw, Poland (T3-RP), and the Medical
University of Lublin, Lublin, Poland (DS 475/20-SC).

REFERENCES

Ahmad, M., Dar, N. J., Bhat, Z. S., Hussain, A., Shah, A., Liu, H., et al.

(2014). Inflammation in ischemic stroke: mechanisms, consequences and

possible drug targets. CNS Neurol. Disord. Drug. Targets 13, 1378–1396.

doi: 10.2174/1871527313666141023094720

Amantea, D., Micieli, G., Tassorelli, C., Cuartero, M. I., Ballesteros, I.,

Certo, M., et al. (2015). Rational modulation of the innate immune

system for neuroprotection in ischemic stroke. Front. Neurosci. 9:147.

doi: 10.3389/fnins.2015.00147

Anfuso, C. D., Assero, G., Lupo, G., Nicota, A., Cannavo, G., Strosznajder, R.

P., et al. (2004). Amyloid beta(1-42) and its beta(25-35) fragment induce

activation and membrane translocation of cytosolic phospholipase A(2) in

bovine retina capillary pericytes. Biochim. Biophys. Acta 1686, 125–138.

doi: 10.1016/j.bbalip.2004.09.006

Atlante, A., Amadoro, G., Bobba, A., and Latina, V. (2020). Functional foods:

an approach to modulate molecular mechanisms of Alzheimer’s disease. Cells

9:2347. doi: 10.3390/cells9112347

Badan, I., Dinca, I., Buchhold, B., Suofu, Y., Walker, L., Gratz, M., et al.

(2004). Accelerated accumulation of N- and C-terminal beta APP

fragments and delayed recovery of microtubule-associated protein 1B

expression following stroke in aged rats. Eur. J. Neurosci. 19, 2270–2280.

doi: 10.1111/j.0953-816X.2004.03323.x

Badan, I., Platt, D., Kessler, C., and Popa-Wagner, A. (2003). Temporal dynamics of

degenerative and regenerative events associated with cerebral ischemia in aged

rats. Gerontology 49, 356–365. doi: 10.1159/000073763

Ballard, C., Gauthier, S., Corbett, A., Brayne, C., Aarsland, D., and

Jones, E. (2011). Alzheimer’s disease. Lancet 377, 1019–1031.

doi: 10.1016/S0140-6736(10)61349-9

Banati, R. B., Gehrmann, J., Wießner, C., Hossmann, K. A., and Kreutzberg, G.

W. (1995). Glial expression of the β-amyloid precursor protein (APP) in global

ischemia. J. Cereb. Blood Flow Metab. 15, 647–654. doi: 10.1038/jcbfm.1995.80

Basurto-Islas, G., Gu, J. H., Tung, Y. C., Liu, F., and Iqbal, K. (2018).

Mechanism of tau hyperphosphorylation involving lysosomal enzyme

asparagine endopeptidase in a mouse model of brain ischemia. J. Alzheimers

Dis. 63, 821–833. doi: 10.3233/JAD-170715

Beach, T. G., Wilson, J. R., Sue, L. I., Newell, A., Poston, M., Cisneros, R., et al.

(2007). Circle of Willis atherosclerosis: association with Alzheimer’s disease,

neuritic plaques and neurofibrillary tangles. Acta Neuropathol. 113, 13–21.

doi: 10.1007/s00401-006-0136-y

Bielewicz, J., Kurzepa, J., Czekajska-Chehab, E., Stelmasiak, Z., and Bartosik-

Psujek, H. (2011). Does serum tau protein predict the outcome of patients with

ischemic stroke? J. Mol. Neurosci. 43, 241–245. doi: 10.1007/s12031-010-9403-4

Bitsch, A., Horn, C., Kemmling, Y., Seipelt, M., Hellenbrand, U., Stiefel, M., et al.

(2002). Serum tau protein level as a marker of axonal damage in acute ischemic

stroke. Eur. Neurol. 47, 45–51. doi: 10.1159/000047946

Bivard, A., Lillicrap, T., Maréchal, B., Garcia-Esperon, C., Holliday, E.,

Krishnamurthy, V., et al. (2018). Transient ischemic attack results

in delayed brain atrophy and cognitive decline. Stroke 49, 384–390.

doi: 10.1161/STROKEAHA.117.019276

Blasko, I., Beer, R., Bigl, M., Apelt, J., Franz, G., Rudzki, D., et al. (2004).

Experimental traumatic brain injury in rats stimulates the expression,

production and activity of Alzheimer’s disease β-secretase (BACE-1). J. Neural.

Transm. 111, 523–536. doi: 10.1007/s00702-003-0095-6

Brainin, M., Tuomilehto, J., Heiss, W. D., Bornstein, N. M., Bath, P. M., Teuschl,

Y., et al. (2015). Post-stroke cognitive decline: an update and perspectives for

clinical research. Eur. J. Neurol. 22, 229–238. doi: 10.1111/ene.12626

Busche, M. A., and Hyman, B. T. (2020). Synergy between amyloid-

β and tau in Alzheimer’s disease. Nat. Neurosci. 23, 1183–1193.

doi: 10.1038/s41593-020-0687-6

Chen, X. H., Siman, R., Iwata, A., Meaney, D. F., Trojanowski, J. Q., and Smith,

D. H. (2004). Long-term accumulation of amyloid-β, β-secretase, presenilin-1,

and caspase-3 in damaged axons following brain trauma. Am. J. Pathol. 165,

357–371. doi: 10.1016/S0002-9440(10)63303-2

Chételat, G. (2013). Alzheimer disease: Aβ-independent processes-rethinking

preclinical AD. Nat. Rev. Neuron. 9, 123–124. doi: 10.1038/nrneurol.2013.21

Chi, N. F., Chien, L. N., Ku, H. L., Hu, C. J., and Chiou, H. Y. (2013). Alzheimer

disease and risk of stroke: a population-based cohort study. Neurology 80,

705–711. doi: 10.1212/WNL.0b013e31828250af

Chuang, C. M., Hsieh, C. L., Lin, H. Y., and Lin, J. G. (2008). Panax

Notoginseng Burk attenuates impairment of learning and memory functions

and increases ED1, BDNF and beta-secretase immunoreactive cells in chronic

stage ischemia-reperfusion injured rats. Am. J. Chin. Med. 36, 685–693.

doi: 10.1142/S0192415X08006156

Cohan, C. H., Neumann, J. T., Dave, K. R., Alekseyenko, A., Binkert, M.,

Stransky, K., et al. (2015). Effect of cardiac arrest on cognitive impairment

and hippocampal plasticity in middle-aged rats. PLoS ONE 10:e0124918.

doi: 10.1371/journal.pone.0124918

Dabrowska, S., Andrzejewska, A., Lukomska, B., and Jankowski, M.

(2019). Neuroinflammation as a target for treatment of stroke using

mesenchymal stem cells and extracellular vesicles. J. Neuroinflam. 16:178.

doi: 10.1186/s12974-019-1571-8

De la Tremblaye, P. B., and Plamondon, H. (2011). Impaired conditioned

emotional response and object recognition are concomitant to neuronal

damage in the amygdale and perirhinal cortex in middle-aged ischemic rats.

Behav. Brain Res. 219, 227–233. doi: 10.1016/j.bbr.2011.01.009

De Vos, A., Bjerke, M., Brouns, R., De Roeck, N., Jacobs, D., Van den

Abbeele, L., et al. (2017). Neurogranin and tau in cerebrospinal fluid

and plasma of patients with acute ischemic stroke. BMC Neurol. 17:170.

doi: 10.1186/s12883-017-0945-8

Dewar, D., and Dawson, D. (1995). Tau protein is altered by focal cerebral

ischaemia in the rat: an immunohistochemical and immunoblotting study.

Brain Res. 684, 70–78. doi: 10.1016/0006-8993(95)00417-O

Dewar, D., Graham, D. I., Teasdale, G. M., and McCulloch, J. (1993). Alz-50 and

ubiquitin immunoreactivity is induced by permanent focal cerebral ischaemia

in the cat. Acta Neuropathol. 86, 623–629. doi: 10.1007/BF00294302

Dewar, D., Graham, D. I., Teasdale, G. M., and McCulloch, J. (1994). Cerebral

ischemia induces alterations in tau and ubiquitin proteins. Dementia 5,

168–173. doi: 10.1159/000106716

Doraiswamy, P. M., Sperling, R. A., Coleman, R. E., Johnson, K. A., Reiman, E.

M., Davis, M., et al. (2012). Amyloid-β assessed by florbetapir F18 PET and

18 months cognitive decline: a multicenter study. Neurology 79, 1636–1644.

doi: 10.1212/WNL.0b013e3182661f74

Farkas, E., and Luiten, P. G. (2001). Cerebral microvascular pathology

in aging and Alzheimer’s disease. Prog. Neurobiol. 64, 575–611.

doi: 10.1016/S0301-0082(00)00068-X

Fernando, M. S., Simpson, J. E., Matthews, F., Brayne, C., Lewis, C.

E., Barber, R., et al. (2006). White matter lesions in an unselected

cohort of the elderly: molecular pathology suggests origin from chronic

hypoperfusion injury. Stroke 37, 1391–1398. doi: 10.1161/01.STR.0000221308.

94473.14

Fujii, H., Takahashi, T., Mukai, T., Tanaka, S., Hosomi, N., Maruyama, H.,

et al. (2017). Modifications of tau protein after cerebral ischemia and

reperfusion in rats are similar to those occurring in Alzheimer’s disease -

Frontiers in Aging Neuroscience | www.frontiersin.org 8 February 2021 | Volume 13 | Article 636653135

https://doi.org/10.2174/1871527313666141023094720
https://doi.org/10.3389/fnins.2015.00147
https://doi.org/10.1016/j.bbalip.2004.09.006
https://doi.org/10.3390/cells9112347
https://doi.org/10.1111/j.0953-816X.2004.03323.x
https://doi.org/10.1159/000073763
https://doi.org/10.1016/S0140-6736(10)61349-9
https://doi.org/10.1038/jcbfm.1995.80
https://doi.org/10.3233/JAD-170715
https://doi.org/10.1007/s00401-006-0136-y
https://doi.org/10.1007/s12031-010-9403-4
https://doi.org/10.1159/000047946
https://doi.org/10.1161/STROKEAHA.117.019276
https://doi.org/10.1007/s00702-003-0095-6
https://doi.org/10.1111/ene.12626
https://doi.org/10.1038/s41593-020-0687-6
https://doi.org/10.1016/S0002-9440(10)63303-2
https://doi.org/10.1038/nrneurol.2013.21
https://doi.org/10.1212/WNL.0b013e31828250af
https://doi.org/10.1142/S0192415X08006156
https://doi.org/10.1371/journal.pone.0124918
https://doi.org/10.1186/s12974-019-1571-8
https://doi.org/10.1016/j.bbr.2011.01.009
https://doi.org/10.1186/s12883-017-0945-8
https://doi.org/10.1016/0006-8993(95)00417-O
https://doi.org/10.1007/BF00294302
https://doi.org/10.1159/000106716
https://doi.org/10.1212/WNL.0b013e3182661f74
https://doi.org/10.1016/S0301-0082(00)00068-X
https://doi.org/10.1161/01.STR.0000221308.94473.14
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Pluta et al. Brain Ischemia vs. Alzheimer’s Disease

hyperphosphorylation and cleavage of 4- and 3-repeat tau. J. Cereb. Blood Flow

Metab. 37, 2441–2457. doi: 10.1177/0271678X16668889

Fujioka, M., Taoka, T., Matsuo, Y., Mishima, K., Ogoshi, K., Kondo, Y.,

et al. (2003). Magnetic resonance imaging shows delayed ischemic striatal

neurodegeneration. Ann. Neurol. 54, 732–747. doi: 10.1002/ana.10751

Gamaldo, A., Moghekar, A., Kilada, S., Resnick, S. M., Zonderman,

A. B., and O’Brien, R. (2006). Effect of a clinical stroke on the

risk of dementia in a prospective cohort. Neurology 67, 1363–1369.

doi: 10.1212/01.wnl.0000240285.89067.3f

Garrett, M. D. (2018). A critique of the 2018 National Institute on aging’s research

framework: toward the biological definition of Alzheimer’s disease. Curr.

Neurobiol. 9, 49–58.

Gauthier, S., Zhang, H., Ng, K. P., Pascoal, T. A., and Rosa-Neto, P.

(2018). Impact of the biological definition of Alzheimer’s disease using

amyloid, tau and neurodegeneration (ATN): what about the role of vascular

changes, inflammation, Lewy body pathology? Transl. Neurodegener. 7:1.

doi: 10.1186/s40035-018-0117-9

Geddes, J. W., Schwab, C., Craddock, S., Wilson, J. L., and Pettigrew, L.

C. (1994). Alterations in tau immunostaining in the rat hippocampus

following transient cerebral ischemia. J. Cereb. Blood Flow Metab. 14, 554–564.

doi: 10.1038/jcbfm.1994.69

Gelderblom, M., Gallizioli, M., Ludewig, P., Thom, V., Arunachalam, P., Rissiek,

B., et al. (2018). IL-23 (interleukin-23)-producing conventional dendritic cells

control the detrimental IL-17 (interleukin-17) response in stroke. Stroke 49,

155–164. doi: 10.1161/STROKEAHA.117.019101

Gemmell, E., Bosomworth, H., Allan, L., Hall, R., Khundakar, A., Oakley, A.

E., et al. (2012). Hippocampal neuronal atrophy and cognitive function

in delayed poststroke and aging-related dementias. Stroke 43, 808–814.

doi: 10.1161/STROKEAHA.111.636498

Gemmell, E., Tam, E., Allan, L., Hall, R., Khundakar, A., Oakley, A. E., et al.

(2014). Neuron volumes in hippocampal subfields in delayed poststroke

and aging-related dementias. J. Neuropathol. Exp. Neurol. 73, 305–311.

doi: 10.1097/NEN.0000000000000054

Giulian, D., Haverkamp, L. J., Li, J., Karshin, W. L., Yu, J., Tom, D., et al. (1995).

Senile plaques stimulate microglia to release a neurotoxin found in Alzheimer

brain. Neurochem. Int. 27, 119–137. doi: 10.1016/0197-0186(95)00067-I

Gliem,M., Schwaninger, M., and Jander, S. (2016). Protective features of peripheral

monocytes/ macrophages in stroke. Biochim. Biophys. Acta 1862, 329–338.

doi: 10.1016/j.bbadis.2015.11.004

Guo, Y., Wang, Q., Chen, S., and Xu, C. (2021). Functions of amyloid

precursor protein in metabolic diseases. Metab. Clin. Exp. 115:154454.

doi: 10.1016/j.metabol.2020.154454

Hall, E. D., Oostveen, J. A., Dunn, E., and Carter, D. B. (1995). Increased amyloid

protein precursor and apolipoprotein E immunoreactivity in the selectively

vulnerable hippocampus following transient forebrain ischemia in gerbils. Exp.

Neurol. 135, 17–27. doi: 10.1006/exnr.1995.1062

Hatsuta, H., Takao, M., Nogami, A., Uchino, A., Sumikura, H., Takata, T., et al.

(2019). Tau and TDP-43 accumulation of the basal nucleus of Meynert in

individuals with cerebral lobar infarcts or hemorrhage. Acta Neuropathol.

Commun. 7:49. doi: 10.1186/s40478-019-0700-z

Hecht, M., Kramer, L. M., von Arnim, C. A. F., Otto, M., and Thal, D.

R. (2018). Capillary cerebral amyloid angiopathy in Alzheimer’s disease:

association with allocortical/hippocampal microinfarcts and cognitive decline.

Acta Neuropathol. 135, 681–694. doi: 10.1007/s00401-018-1834-y

Hossmann, K. A., Schmidt-Kastner, R., and Ophoff, B. G. (1987). Recovery

of integrative central nervous function after one hour global cerebro-

circulatory arrest in normothermic cat. J. Neurol. Sci. 77, 305–320.

doi: 10.1016/0022-510X(87)90130-4

Irving, E. A., Yatsushiro, K., McCulloch, J., and Dewar, D. (1997). Rapid

alteration of tau in oligodendrocytes after focal ischemic injury in the rat:

involvement of free radicals. J. Cereb. Blood Flow Metab. 17, 612–622.

doi: 10.1097/00004647-199706000-00003

Ishibashi, S., Kuroiwa, T., LiYuan, S., Katsumata, N., Li, S., Endo, S., et al.

(2006). Long-term cognitive and neuropsychological symptoms after global

cerebral ischemia in Mongolian gerbils. Acta Neurochir. 96(Suppl.), 299–302.

doi: 10.1007/3-211-30714-1_64

Ishimaru, H., Ishikawa, K., Haga, S., Shoji, M., Ohe, Y., Haga, C., et al. (1996).

Accumulation of apolipoprotein E and β-amyloid-like protein in a trace of the

hippocampal CA1 pyramidal cell layer after ischaemic delayed neuronal death.

NeuroReport 7, 3063–3067. doi: 10.1097/00001756-199611250-00054

Ittner, A., and Ittner, L. M. (2018). Dendritic tau in Alzheimer’s disease.Neuron 99,

13–27. doi: 10.1016/j.neuron.2018.06.003
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Neuronal Cells. Implications for
Parkinson’s Disease Pathology
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Aberrant secretion and accumulation of α-synuclein (α-Syn) as well as the loss of
parkin function are associated with the pathogenesis of Parkinson’s disease (PD).
Our previous study suggested a functional interaction between those two proteins,
showing that the extracellular α-Syn evoked post-translational modifications of parkin,
leading to its autoubiquitination and degradation. While parkin plays an important role
in mitochondrial biogenesis and turnover, including mitochondrial fission/fusion as well
as mitophagy, the involvement of parkin deregulation in α-Syn-induced mitochondrial
damage is largely unknown. In the present study, we demonstrated that treatment with
exogenous α-Syn triggers mitochondrial dysfunction, reflected by the depolarization of
the mitochondrial membrane, elevated synthesis of the mitochondrial superoxide anion,
and a decrease in cellular ATP level. At the same time, we observed a protective effect of
parkin overexpression on α-Syn-induced mitochondrial dysfunction. α-Syn-dependent
disturbances of mitophagy were also shown to be directly related to reduced parkin
levels in mitochondria and decreased ubiquitination of mitochondrial proteins. Also,
α-Syn impaired mitochondrial biosynthesis due to the parkin-dependent reduction of
PGC-1α protein levels. Finally, loss of parkin function as a result of α-Syn treatment
induced an overall breakdown of mitochondrial homeostasis that led to the accumulation
of abnormal mitochondria. These findings may thus provide the first compelling evidence

Abbreviations: α-syn, α-synuclein; Actb, Actin; ATP, Adenosine triphosphate; CNS, central nervous system; DA, dopamine;
Drp-1, Dynamin related protein 1; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; KO, knockout; LB, Lewy bodies;
LC3, microtubule-associated protein 1A light chain 3; LTR, Lysotracker Red; MAMs, mitochondria-associated endoplasmic
reticulum membranes; Mfn1, Mitofusin 1; Mfn2, Mitofusin 2; MMP, mitochondrial membrane potential; MT-ATP6,
mitochondrially encoded ATP synthase membrane subunit 6′; mtDNA, mitochondrial DNA; MTG, Mitotracker Green;
mtROS, mitochondrial reactive oxygen species; NGF, nerve growth factor; NRF-1, nuclear respiratory factor-1; OMM,
outer mitochondrial membrane; Opa1, Optic atrophy 1; PARIS, Parkin Interacting Substrate; PC12, rat pheochromocytoma
cell line; pcDNA, mock PC12 cells; pcDNA-Parkin, parkin overexpressed PC12 cells; PD, Parkinson’s disease; PGC-1α,
peroxisome proliferator-activated receptor gamma-coactivator 1-alpha; PINK-1, PTEN-induced kinase 1; RT-PCR, real-time
quantitative PCR; siRNA-Parkin, naïve PC12 cells with silenced endogenous parkin; SNpc, substantia nigra pars compacta;
SOD1, cytoplasmic superoxide dismutase 1; SOD2, mitochondrial superoxide dismutase 2; SQSTM/p62, ubiquitin- and
LC3-binding adaptor protein; TFAM, transcription factor A, mitochondrial; TOM20, Mitochondrial import receptor
subunit 20; UPS, ubiquitin-proteasome system.
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for the direct association of α-Syn-mediated parkin depletion to impaired mitochondrial
function in PD. We suggest that improvement of parkin function may serve as a novel
therapeutic strategy to prevent mitochondrial impairment and neurodegeneration in PD
(thereby slowing the progression of the disease).

Keywords: α-synuclein (α-syn), parkin, mitochondria dysfunction, mitophagy, PGC-1 alpha, Parkinson’s disease

INTRODUCTION

Parkinson’s disease (PD) is a widespread progressive movement
disorder and one of the most common neurodegenerative
diseases, characterized by a degeneration of dopaminergic
neurons in the substantia nigra pars compacta (SNpc) projecting
into the basal ganglia. The key pathological features underlying
the pathology of this disease are the deposition of α-synuclein
(α-Syn) in Lewy bodies (LB) and mitochondria dysfunction.
Over the past years, a variety of pathogenic mechanisms of PD
have been proposed, including oxidative stress and disruption
of calcium homeostasis, as well as proteolytic stress related
to the impairment of the ubiquitin-proteasome system (UPS;
Pringsheim et al., 2014; Jesko et al., 2019).

One of the important factors involved in the etiology of PD
is the misfolding of soluble monomeric α-Syn into insoluble
fibrils as well as a variety of post-translational modifications.
Moreover, point- and copy-number mutations in the SNCA
gene that encodes α-Syn have now been linked to autosomal
dominant PD (Polymeropoulos et al., 1997; Krüger et al.,
1998; Singleton et al., 2003; Chartier-Harlin et al., 2004;
Zarranz et al., 2004; Appel-Cresswell et al., 2013; Lesage
et al., 2013). A plethora of in vitro and in vivo studies have
demonstrated that α-Syn may self-propagate between cells in
a prion-like manner and proposed possible mechanisms of
cell-to-cell transmission of this protein (Desplats et al., 2009;
Prusiner et al., 2015). The excessive release of α-Syn into
the extracellular space, driven by environmental factors as
well as neural demise/neuronal disintegration, may have a
significant role in the spread of neurodegeneration in the brain
(Wilkaniec et al., 2013).

The E3 ubiquitin ligase parkin is another PD-associated
protein that plays an important role in the ubiquitin-proteasome
system and acts as a regulator of protein breakdown. Upon
mitochondrial membrane depolarization, parkin is translocated
to the mitochondrial surface, where it mediates the degradation
of defective mitochondria in a process of regulated mitophagy
(Narendra et al., 2008; Hammerling et al., 2017). Therefore,
parkin is essential for mitochondrial quality control, integrity,
and turnover. Parkin mutation or functional inactivation leads to
the accumulation of misfolded, aggregated proteins and damaged
mitochondria (Kitada et al., 1998; Chung et al., 2004; Yao et al.,
2004; Wang et al., 2005; Wong et al., 2007).

To date, only a few studies have investigated the direct
association between α-Syn and parkin dysfunctions, although
mutations in both proteins have long been considered major
causes of hereditary PD. Recently, we reported that extracellular
α-Syn oligomers induce deregulation of parkin activity through
S-nitrosylation with the subsequent degradation of this protein

(Wilkaniec et al., 2019), thus providing evidence for a close
connection between parkin dysfunction and extracellular α-Syn
signaling in PD pathophysiology. While many studies have
highlighted the direct association of the pathological pool of
α-Syn with mitochondrial dysfunction (Banerjee et al., 2010;
Wilkaniec et al., 2013; Ganjam et al., 2019), it is largely
unknown whether impairment in parkin-dependent mitophagy
might have an important role in PD, especially since it has
been demonstrated that parkin knockout mice did not display
a neurodegenerative phenotype (Pickrell and Youle, 2015).
However, in a mouse model with accelerated mtDNA mutations
resulting in the accumulation of dysfunctional mitochondria,
the absence of parkin caused a dramatic loss of DA neurons
in the SNpc (Pickrell et al., 2015). Thus, the requirement
for severe mitochondrial stress in addition to the loss of
parkin function to observe the neurodegenerative phenotype
leaves open a question about the etiology of idiopathic PD in
humans. Therefore, this study was designed to study whether
exogenous α-Syn might be the trigger that leads to parkin-related
mitochondrial damage.

MATERIALS AND METHODS

Preparations of Oligomers and Protofibrils
Human recombinant lyophilized α-synuclein (α-Syn) was
obtained from rPeptide (Bogart, GA, USA). α-Syn oligomers
were prepared according to Danzer et al. (2007) with
modifications. Briefly, α-Syn was dissolved to a 7 µM
concentration in 50 mM sodium phosphate buffer (PB),
pH 7.0, containing 20% ethanol. After 4 h of shaking (1,000 rpm;
room temperature, RT), oligomers were re-lyophilized and
resuspended with one-half the starting volume of 50 mM PB, pH
7.0, containing 10% ethanol. This was followed by stirring (with
open lids to evaporate residual ethanol) for 24 h at RT under
a sterile hood. The concentration of obtained α-Syn oligomers
was then measured using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific).

Cell Culture and Differentiation
The studies were carried out using rat pheochromocytoma
(PC12) cells. PC12 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with
10% heat-inactivated FBS, 5% heat-inactivated HS, 50 units/ml
penicillin, and 50 µg/ml streptomycin and L-glutamine at 37◦C
in a humidified incubator in a 5% CO2 atmosphere. For neuronal
differentiation, PC12 cells were treated with 50 ng/ml NGF in
a low-serum medium (DMEM supplemented with 2% FBS, 1%
penicillin/streptomycin, and 1% L-glutamine) every 24 h for 96 h.
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Every 48 h, culture media was removed and replaced with fresh
media and NGF according to Binnington and Kalisch (2007).

Stable, Constitutive Overexpression of
Parkin in PC12 Cells
The sequence encoding human wild-type parkin was subcloned
into AscI/PacI sites of the pcDNA4.3Asc vector. The construct
was evaluated first using AscI/PacI restriction analysis, and
then with a western blot on extracts of transiently transfected
CHO cells with antibodies against parkin (Santa Cruz, SC-
32282). PC12 cells were electroporated at 5 × 106 per
cuvette (BioRad Gene PulserXcell) with 10 µg of empty-
vector (pcDNA) or pcDNA vector with parkin sequence
(pcDNA-Parkin), using VWR cuvettes with a 4 mm gap
and one 30 ms pulse of 220 V. The pcDNA and pcDNA-
parkin cells were plated in a culture medium and propagated
with one medium change until reaching 90% confluency.
Then, the selection was started using G418 (30 µg/ml initial
concentration, gradually increased to 100 µg/ml). After the cells
accumulated, the clonal selection was performed as previously
described (Wilkaniec et al., 2019).

siRNA Mediated Parkin Knock-Down
For RNA interference, NGF-treated PC12 cells were transfected
with appropriate siRNA: PARK-2 (L-090709-02; Dharmacon)
or control (D-001810-10-05; Dharmacon) using Lipofectamine
RNAiMAX (Invitrogen) according to the manufacturer’s
protocol. The expression of parkin in transfected cells was then
examined by western blot.

Cellular Treatment
PC12 cells were seeded into 100-mm, 60-mm, and 35-mm
culture dishes, 24-well or 96-well plates coated with 0.1% PEI
or rat tail collagen, and the growth medium was changed to a
low-serum medium (DMEM supplemented with 2% FBS, 1%
penicillin/streptomycin and 1% L-glutamine). HBSS or other
media appropriate for the particular procedure were also used.
Then, the cells were treated with exogenous α-Syn oligomers
(5 µM) for appropriate time points. A suitable solvent was added
to appropriate controls.

Isolation of Mitochondrially Enriched and
Cytosolic Fractions
Cells were seeded in a 10 cm culture dish at a density
of 5 × 106. After 24 h of incubation in the presence
of tested compounds, cells were washed with ice-cold PBS
and resuspended for 15 min on ice in a permeabilization
buffer containing 75 mM NaCl, 1 mM NaH2PO4, 8 mM
Na2HPO4, 250 mM sucrose, 1 mM PMSF, 0.05% Triton X-
100, and Completer protease inhibitor mixture tablets (Roche
Diagnostics). Then, the cells were homogenized with a glass
homogenizer, and the resulting homogenate was centrifuged
at 800× g for 10 min at 4◦C to remove nuclei and tissue
particles. The supernatant 1 (S1) was saved and the pellet
was resuspended in the lysis buffer. The homogenization and
low-speed centrifugation steps were repeated. The supernatant
2 (S2) was saved and added to supernatant 1. The combined

mitochondria-enriched supernatants (S1 + S2) were centrifuged
at 20,000× g for 15 min at 4◦C to obtain the mitochondrial
fraction. The supernatant 3 (S3) was used as a cytosolic fraction,
and the pellet was resuspended in PBS. Both fractions were stored
at−20◦C until use, followed by determination of protein content
by Bradford Reagent (Merck, Kenilworth, NJ, USA).

Measurement of Mitochondrial ROS
Production Using Mitosox Red
Mitochondrial superoxide production was measured using the
MitoSOX Red fluorescent probe according to Kauffman et al.
(2016), with modifications. Cells were plated in eight replicates
into a black 96-well cell culture plate at a density of 1.5 × 104

cells/well. After 24 h incubation in the presence of tested
compounds, cells were washed twice with HBSS to remove the
medium and subsequently incubated for 10 min (needed to
allow the probe to enter the cell and start the reaction within
the mitochondria) at 37◦C in 100 µl of measurement buffer
containing 2.5 µM MitoSOX Red. After incubation, the cells were
washed twice with HBSS. The fluorescence was monitored in
the measurement buffer with a Tecan Infinite M200 plate reader
(Tecan US Inc., Durham, NC, USA) set to 510 nm excitation
(Ex bandwidth: 10 nm) and 595 nm emission (Em bandwidth:
35 nm) wavelengths.

Determination of Mitochondrial Membrane
Potential
The mitochondrial membrane potential in PC12 cells was
monitored using lipophilic probe JC-1 followed by flow
cytometric detection. PC12 cells were plated at a density
of 1 × 106 cells per 6 cm dish. After 24 h incubation in
the presence of tested compounds, cells were detached
with Accutaser and stained using a BDTM MitoScreen
(JC-1) kit according to the manufacturer’s protocol. JC-1
accumulates within intact mitochondria to form multimer
J-aggregates (red color; λex = 488 nm, λem = 590 nm),
and the color of the dye changes from red to green
(λex = 488 nm, λem = 530 nm) due to depolarization
of mitochondrial membrane potential. This alteration was
analyzed on flow cytometer FACS Canto II using FACSDiva
Software (BD Biosciences, San Jose, CA, USA). The ratio of
aggregate (λem = 590 nm) and monomer (λem = 530 nm)
fluorescence was used as a measure of mitochondrial
depolarization (∆ψm).

Measurement of Mitochondrial Mass by
Flow Cytometry
The measurement of mitochondrial mass was based on the
selective accumulation of Mitotracker Green (MTG) dye in
the mitochondrial matrix regardless of mitochondrial potential
(Doherty and Perl, 2017). PC12 cells were plated at a density
of 1 × 106 cells per 6 cm dish. After 8, 12, or 24 h
incubation in the presence of tested compounds, cells were
detached with Accutaser solution (Merck, Kenilworth, NJ,
USA) and subsequently incubated for 45 min at 37◦C in of
HBSS containing 100 nM MitoTracker Green (Thermo Fisher
Scientific, Waltham, MA, USA). After the incubation, the
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cells were washed twice with HBSS. The fluorescence (ex490,
em516) was monitored in the measurement buffer with a
FACS Canto II using FACSDiva Software (BD Biosciences, San
Jose, CA, USA).

Measurement of ATP Levels
The total ATP content of PC12 cells was determined using
a bioluminescence assay (ViaLighTM Plus Kit, Lonza, Basel,
Switzerland) according to the manufacturer’s instructions. The
kit is based upon the bioluminescent measurement of ATP that
is present in all metabolically active cells. The bioluminescent
method utilizes an enzyme, luciferase, which catalyzes the
formation of light from ATP and luciferin. PC12 cells were
plated in 8 replicates into a white 96-well cell culture plate
at a density of 1.5 × 104 cells/well. After 24 h incubation
in the presence of tested compounds, the cells were lysed for
10 min RT and the AMR plus reagent was added. After 2 min
of incubation RT, the bioluminescence was measured using
a fluorescence spectrophotometer (FLUOstar Omega; BMG
LABTECH, Ortenberg, Germany).

Determination of Mitochondrial Redox
Environment
To investigate changes in the mitochondrial redox environment,
PC12 cells were transfected with a plasmid coding for a
redox-sensitive green fluorescent protein with a mitochondrial
targeting sequence (pRA306 in pEGFP-N1). In an oxidized
environment, absorption increases at short wavelengths
(375 nm) at the expense of absorption at longer wavelengths
(500 nm). The fluorescence ratio indicates oxidation/reduction
as described previously by Hanson et al. (2004). PC12 cells
were transfected using electroporation (Neon Transfection
System) in 100 µl volume containing 1.4 × 106 cells and
20 µg DNA, at the manufacturer’s PC12-optimized pulse
parameters (Thermo Fisher Scientific). Cells were plated in
four replicates onto 96-well plates at a density of 1.5 × 104

cells/well in standard culture medium (less antibiotics) and
kept overnight at 37◦C in 5% CO2. After 24 h treatment
with oligomeric α-Syn, cells were washed twice with PBS
and placed in Hank’s buffer. The ratio 375 nm/500 nm was
measured using the multiplate reader Infinite M1000 PRO
(TECAN). An increase in the ratio indicates a more
oxidized environment.

Isolation of DNA, RNA, and Reverse
Transcription
For mitochondrial and genomic DNA isolation, PC12 cells were
plated at a density of 1 × 106 cells per 6 cm dish. After 24 h
incubation in the presence of tested compounds, the cells were
collected and centrifuged (17,000× g, 5 min, RT). Total DNA
was isolated from the cells under sterile conditions using the
commercial Genomic Mini kit (A&A Biotechnology, Poland)
according to the manufacturer’s instruction.

The total RNA isolation was performed according to the
procedure developed by Chomczyński using TRI Reagentr

(cat. T9424) from Sigma–Aldrich, following the manufacturer’s
protocol. Digestion of DNA contamination was performed

using DNase I according to the manufacturer’s protocol
(Sigma–Aldrich, St. Louis, MO, USA). RNA quantity and
quality were controlled by spectrophotometric analysis and gel
electrophoresis. A reverse transcription was performed by using
the high-capacity cDNA reverse transcription kit according
to the manufacturer’s protocol (Applied Biosystems, Foster
City, CA, USA).

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)
Quantitative real-time PCR was performed with TaqMan
Universal PCR Master Mix (Applied Biosystems, Foster
City, CA, USA) and detected by a Real-Time PCR
System on an ABI PRISM 7500 apparatus (Thermo Fisher
Scientific, Waltham, MA, USA) using the commercially
available TaqManr Gene Expression Assays (Actb
Rn01412977_g1; Mfn2 Rn00500120_m1; Tfam Rn00580051_m1,
Nrf-1 Rn01455958_m1, Gapdh Rn01775763g1, mt-Atp6 Rn03
296710_s1). Actb or Gapdh were used in the analysis as reference
genes. A standard two-step PCR amplification was performed,
with a melting step at 95◦C for 15 s and annealing and elongation
at 60◦C for 1 min, for 40 cycles. The relative levels of target
mRNA or DNA, normalized to an endogenous reference and
relative to a calibrator, were calculated by a 2−∆∆CT formula.

Western Blot Analysis
The cells were washed twice with ice-cold PBS and lysed in
cell lysis buffer (1×). Protein levels were determined using
the Bradford method, and then the samples were mixed with
Laemmli buffer and denatured at 95◦C for 5 min. Equal
amounts of proteins were separated on SDS/PAGE gels. All
proteins were transferred to nitrocellulose membranes at 100V.
Membranes were washed for 5 min in TBS-Tween buffer (0.1%
TBST; 100 mM Tris-buffered saline, 140 mM NaCl, and 0.1%
Tween 20; pH 7.6) and the nonspecific bindings were blocked
for 1 h at RT with 5% BSA in 0.1% TBST or with 5%
non-fat milk solution in 0.1% TBST. Immunodetection was
performed overnight at 4◦C using rabbit anti-Drp1 (1:1,000,
sc-32898, Santa Cruz), rabbit anti-Mfn1 (1:500, Ab104585,
Abcam), rabbit anti-Mfn2 (1:1,000, sc-50331, Santa Cruz), rabbit
anti-Opa-1 (1:1,000, sc-367890, Santa Cruz), rabbit anti-parkin
(1:500; #2132S, Cell Signaling), rabbit anti-PGC-1α (1:1,000,
sc-13067, Santa Cruz), rabbit anti-ubiquitin (1:500, 07-375,
Merck Millipore), rabbit anti-p62 (1:500; #5114, Cell Signaling)
and anti-LC3-I/II (1:1,000, L8918, Sigma–Aldrich, St. Louis,
MO, USA) antibodies. Then, the membranes were washed
three times (5 min) in TBST and incubated for 60 min at
RT with anti-rabbit secondary antibody (1:4,000, #7074P2,
Cell Signaling) in a 5% non-fat milk/TBST. Antibodies were
detected using chemiluminescent Clarity Western ECL Substrate
(Bio-Rad Laboratories, Hercules, CA, USA) under standard
conditions. Immunolabeling of GAPDH (rabbit anti-GAPDH;
1:40,000; G9545, Sigma–Aldrich) or VDAC (rabbit anti-VDAC;
1:1,000, AB10527 Merck Millipore) for cell lysates and Ponceau-S
staining for the mitochondrial fraction was performed as a
loading control.
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Monitoring of Mitochondrial Autophagy
(Mitophagy)
For mitophagy, PC12 cells were plated in four replicates
into a glass-bottomed, four-component, 35 mm CellViewr

culture dish at a density of 1 × 105 cells. After 24 h
incubation in the presence of tested compounds, the cells
were stained with MitoTracker Green (100 nM, Thermo Fisher
Scientific) and LysoTracker Red (100 nM, Thermo Fisher
Scientific) and imaged with inverted LSM 510 or Axio Observer
Z.1 confocal microscopes (Zeiss) at 63×magnification using the
linear sequential scan mode function (excitation/emission filter,
488/510 nm; 543/592 nm). Colocalization analyses (Pearson’s
correlation coefficient) were performed using the JACoP plugin
in ImageJ (Bolte and Cordelières, 2006).

Quantification of Mitochondrial
Morphology
PC12 cells transfected with pRA306 were plated in four replicates
into a glass-bottomed, four-component, 35 mm CellViewr

culture dish at a density of 1 × 105 cells. After 24 h incubation
in the presence of tested compounds, live cells were imaged
with an inverted LSM 510 confocal microscope (Zeiss) using
488 nm Argon laser excitation, and RGB images were captured
at a magnification of 63×. The publically available ImageJ
macro created by Dagda et al. (2009) was used to quantify
two parameters of mitochondrial morphology. Briefly, the green
channel of PC12 cells expressing pRA306 was extracted to
grayscale, inverted to show mitochondria-specific fluorescence
as black pixels, and thresholded to optimally resolve individual
mitochondria. The macro traces mitochondrial outlines using
‘‘analyze particles.’’ The form factor (perimeter2/[4π × area])
and the aspect ratio (ratio between the major and minor axes of
the ellipse equivalent to the object) were calculated representing
mitochondrial interconnectivity and elongation.

Statistical Analysis
The results were expressed as mean values ± SD. Differences
between the means were analyzed using a Student’s t-test
between two groups and two-way analysis of variance (ANOVA)
with Bonferroni comparison post hoc test among multiple
groups. Statistical significance was accepted at p < 0.05. The
statistical analyses were performed using Graph Pad Prism
version 5.0 (Graph Pad Software, San Diego, CA, USA).

RESULTS

α-Syn Impairs Mitochondrial Bioenergetics
Through Down-Regulation of Parkin
In view of the previous report showing the negative impact
of extracellular α-Syn on parkin protein level in dopaminergic
cells (Wilkaniec et al., 2019), we tested the hypothesis as to
whether this deregulation of parkin significantly contributes to
mitochondrial dysfunction. The experiments were conducted
on the rat pheochromocytoma (PC12) cell line, which can
synthesize, store, and release catecholamines, such as CNS
dopaminergic neurons (Greene and Tischler, 1976). Moreover,
upon treatment with nerve growth factor (NGF), those cells

undergo neuronal differentiation, which results in a series
of phenotypic changes characteristic of sympathetic neurons
(Malagelada and Greene, 2008). To examine the role of
parkin in alterations of mitochondrial bioenergetics induced by
in vitro-generated oligomeric α-Syn species, we used PC12 cells
transfected with the human parkin gene (pcDNA-Parkin), which
synthesize about four times more parkin (422.9 ± 45.09)
than control cells transfected with the empty vector (pcDNA:
100 ± 7.3; Figure 1A). Due to large discrepancies in parkin
immunoreactivity between the pcDNA and pcDNA-Parkin cells,
the obtained data were log10 transformed for statistical purposes.
Both of the investigated cell lines were differentiated with NGF
for 96 h, to observe the neuronal phenotype (Supplementary
Figure 1). We observed that, upon an α-Syn treatment, a
significant decrease in parkin immunoreactivity in pcDNA
control cells occurs, whereas in pcDNA-Parkin PC12 cells α-
Syn treatment does not have a substantial effect on parkin
protein level (Figure 1A). To establish the involvement of parkin
in functional impairment of mitochondria, the mitochondrial
membrane potential (MMP; the determinant of mitochondria
polarization state) and ATP cellular levels (the indicator of
oxidative phosphorylation) were measured in PC12 cells. We
observed that a 24-h treatment of control pcDNA cells with
exogenous α-Syn oligomers results in a substantial loss of MMP
(Figure 1B), together with a significant decrease in cellular ATP
level (Figure 1C), whereas parkin overexpression prevents α-
Syn-evoked depolarization of mitochondrial membrane potential
and a decline in ATP level (Figures 1B,C). To determine
whether the depletion of parkin levels may be a direct cause
of α-Syn-induced imbalances in mitochondrial homeostasis, we
silenced endogenous parkin with siRNA in naïve PC12 cells
(siRNA-Parkin). Parkin levels in transiently transfected cells
were reduced by ∼60% (Figure 1D). In parkin-depleted cells,
mitochondrial membrane potential (Figure 1E) and ATP levels
(Figure 1F) were significantly decreased, but this effect was
less pronounced when compared to PC12 cells treated with α-
Syn (Figures 1B,C).

Subsequently, we evaluated the mitochondrial reactive oxygen
species (mtROS) level and measured the mitochondrial redox
state as an indicator of oxidative stress in PC12 cells treated
with exogenous α-Syn. Using a fluorogenic dye MitoSOXTM

Red, we observed that exogenous α-Syn induces a significant
increase in the mitochondrial superoxide level in pcDNA cells,
whereas, in parkin overexpressing cells, the levels of mtROS
were markedly reduced, either in basal conditions or after α-Syn
treatment (Figure 2A). Moreover, the superoxide anion levels
were also augmented upon parkin silencing (Figure 2B). In the
following studies, by using PC12 cells transfected with a redox-
sensitive green fluorescent protein-harboring mitochondrial
targeting sequence (pRA306 GFP), we evaluated whether parkin
downregulation is involved in the changes of the mitochondrial
redox state evoked by α-Syn oligomers (Figure 2C). Together
with an increase of mtROS, we detected significant elevation of
oxidative stress in mitochondria 24 h after α-Syn treatment in
pcDNA cells, whereas parkin overexpression counteracted the
deregulation of the mitochondrial redox state induced by α-Syn
oligomers (Figure 2C).
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FIGURE 1 | α-Syn-mediated parkin depletion is responsible for mitochondrial dysfunction in PC12 cells. (A) Parkin immunoreactivity normalized to GAPDH in
pcDNA and pcDNA-Parkin PC12 cells treated with α-synuclein (α-Syn) for 24 h at a concentration of 5 µM. Data were log10 transformed and represent the mean
value ± SD for 6 independent experiments (n = 6). **p < 0.01, ***p < 0.001 compared to pcDNA control cells; ###p < 0.001 compared to pcDNA cells treated with
α-Syn, using two-way ANOVA followed by Bonferroni post hoc test. (B) Mitochondrial membrane potential (∆ψm) and (C) ATP levels were measured after α-Syn
oligomers treatment for 24 h at a concentration of 5 µM in pcDNA and pcDNA-Parkin PC12 cells. Data represent the mean value ± SD (B—n = 4, C—n = 6).
***p < 0.001 compared to pcDNA control cells; ##p < 0.01, compared to pcDNA cells treated with α-Syn, using two-way ANOVA followed by Bonferroni post hoc
test. (D) Parkin immunoreactivity normalized to GAPDH in Parkin knock-down PC12 cells. Data were normalized to the corresponding untreated control group
(=100%) and represent the mean value ± SEM for six independent experiments (n = 6). ***p < 0.001 compared to corresponding control siRNA, using Student’s
t-test. (E) Mitochondrial membrane potential (∆ψm) and (F) ATP levels were measured in Parkin knock-down PC12 cells. Data represent the mean value ± SD
(E—n = 8, F—n = 6). **p < 0.01, ***p < 0.001 compared to corresponding control siRNA, using Student’s t-test.
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FIGURE 2 | Parkin deregulation causes the disruption of the homeostasis of mitochondrial redox state in PC12 cells after α-Syn treatment. (A) Mitochondrial
reactive oxygen species (mtROS) levels were measured after α-Syn oligomers treatment for 24 h at a concentration of 5 µM in pcDNA and pcDNA-Parkin
PC12 cells. Data represent the mean value ± SD for six independent experiments (n = 6). **p < 0.01, ***p < 0.001 compared to pcDNA control cells;
###p < 0.001 compared to pcDNA cells treated with α-Syn, using two-way ANOVA followed by Bonferroni post hoc test. (B) Mitochondrial reactive oxygen species
(mtROS) levels were measured in Parkin knock-down PC12 cells. Data represent the mean value ± SD for six independent experiments (n = 6). *p < 0.05,
compared to corresponding control siRNA, using Student’s t-test. (C) Using PC12 cells overexpressing the redox-sensitive green fluorescent protein
(pRA306 roGFP) located within mitochondria, the mitochondrial redox state was measured after α-Syn oligomers treatment for 24 h at a concentration of 5 µM in
pcDNA and pcDNA-Parkin PC12 cells. Data represent the mean value ± SD for eight independent experiments (n = 8). *p < 0.05, **p < 0.01 compared to pcDNA
control cells; ###p < 0.001 compared to pcDNA cells treated with α-Syn, using two-way ANOVA followed by Bonferroni post hoc test.

Together, these data show that, upon an exogenous α-Syn
treatment, various functional defects of mitochondrial activity
and deregulation of mitochondrial redox homeostasis in
neuronal cells are directly associated with a decrease in
parkin level.

Role of Parkin in Mitochondrial Network
Deregulation by α-Syn
Mitochondria are highly mobile, dynamic organelles that
undergo a continuous cycle of fusion-fission in response
to cellular energy demands; the processes of mitochondrial
network formation are critical components of the cellular stress
response (Meyer et al., 2017). To investigate whether parkin

deregulation evoked by exogenous α-Syn treatment interfered
with mitochondrial dynamics, we assessed mitochondrial
morphology in pRA306 overexpressing PC12 cells by confocal
microscopy (Figure 3A). We observed that α-Syn treatment
induced significant mitochondrial fragmentation, compared
with control pcDNA cells, which showed a clear profile of
tubular, interconnected mitochondria. Interestingly, in pcDNA-
Parkin cells, we observed the formation of an ‘‘intermediate’’
shape of the mitochondrial network expressed through the
presence of mixed tubular and spherical mitochondria. We
observed a similar structure of mitochondria in pcDNA-Parkin
cells treated with α-Syn (Figure 3A). Next, by using ImageJ
software we quantified mitochondrial shape descriptors; form
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FIGURE 3 | Parkin deregulation is involved in the alteration of mitochondrial
morphology in PC12 cells treated with α-Syn. (A) Epifluorescence images of
mitochondria labeled by transient transfection of pRA306 roGFP in stable
pcDNA and pcDNA-Parkin PC12 cells treated with α-Syn for 24 h at a
concentration of 5 µM. Scale bar: 10 µm. Quantitative image analysis of (B)
mitochondrial branching (form factor) and (C) length (aspect ratio) of pcDNA
and pcDNA-Parkin PC12 cells treated with α-Syn. Data represent the mean
value ± SD for a representative of three experiments with four fields per
experiment (n = 12, different colors represent independent experiments).
**p < 0.01, ***p < 0.001 compared to pcDNA control cells;
#p < 0.05 compared to pcDNA cells treated with α-Syn, using two-way
ANOVA followed by Bonferroni post hoc test.

factor (ratio between their area and perimeter; Figure 3B),
and aspect ratio (ratio between the major and minor axes
of the analyzed particles; Figure 3C) to estimate the degree
of branching and the length of mitochondria. We observed
significantly shorter and less branched mitochondria in pcDNA
cells treated with α-Syn, whereas the stable overexpression of
parkin significantly restored mitochondrial branching, although
it had a negligible effect on mitochondrial length in α-Syn-treated
cells (Figures 3B,C).

Several proteins that regulate the morphology of the
mitochondrial network have been identified, among which
Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2), and Optic atrophy 1
(Opa1) were shown to mediate mitochondrial fusion, the process
responsible for restoring functional proteins and undamaged
mitochondrial DNA to defective organelles (Meeusen et al., 2004;
Song et al., 2009). Counterbalancing fusion is mitochondrial
fragmentation, which is driven by translocation of Drp1 that
forms a structure surrounding the mitochondrion, acting as a
tightening ring in the mitochondrial membrane (Burté et al.,
2015). Mitochondrial fission has significant implications for
stress response and apoptosis (Chan, 2012) and constitutes
the initial step of mitophagy (Itoh et al., 2013). To analyze
whether the mitochondrial fragmentation evoked by α-Syn
depends on mitochondrial fission machinery, we examined the
level of Drp1 and observed that neither α-Syn treatment nor
parkin overexpression significantly changed the total level of
this protein (Figure 4A). Similarly, siRNA-mediated reduction
in parkin level had no significant effect on the immunoreactivity
of Drp1 (Figure 4B). However, we observed that treatment
of pcDNA and pcDNA-Parkin cells with α-Syn resulted in
enhanced Drp1 translocation to mitochondria (Figure 4C).

Additionally, in our experimental paradigm, we investigated
changes in the levels of Opa1, as well as Mfn1 and Mfn2.
We found that neither exogenous α-Syn treatment, parkin
overexpression, nor silencing has a substantial impact on the
immunoreactivity of Opa1 and Mfn1 (Supplementary Figure 2).
Interestingly, we observed that both treatment of pcDNA cells
with exogenous α-Syn and parkin overexpression significantly
decrease the level of the two splicing forms (80 kDa and
60 kDa) of Mfn2. Moreover, treatment with exogenous α-Syn
did not substantially change the effect of parkin overexpression
on Mfn2 protein level (Figure 5A). We also observed that
parkin down-regulation in PC12 cells did not affect the level
of this protein (Figure 5B). Notably, in PC12 cells with parkin
silencing, the inhibitory effect of exogenous α-Syn was similar
to that obtained for control cells (Figure 5B). Altogether, those
data suggest that exogenous α-Syn and parkin overexpression
significantly reduced the level of Mfn2 in PC12 cells, and the
inhibitory effect of α-Syn is rather independent of the decrease
in parkin protein level. Finally, to test whether the changes in
Mfn2 level resulted from the changes in gene expression, we
measured Mfn2 mRNA levels in pcDNA and pcDNA-Parkin
cells and observed that neither α-Syn treatment nor parkin
overexpression had a significant impact on the total mRNA level
of Mfn2 (Figure 5C).

The Role of Parkin in α-Syn-Induced
Deregulation of Mitophagy and
Mitochondrial Biogenesis
Growing evidence indicates that mitophagy, an autophagic
clearance of damaged mitochondria, plays an important
protective role in resistance to mitochondrial dysfunction-
induced injury in disease states (Ding and Yin, 2012). As
parkin has previously been found to play a pivotal role in
this quality control mechanism, in the following studies, we
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FIGURE 4 | α-Syn treatment or parkin modifications do not change the protein level of Drp-1. Drp-1 immunoreactivity normalized to GAPDH in (A) pcDNA and
pcDNA-Parkin PC12 cells treated with α-Syn for 24 h at a concentration of 5 µM, or in (B) Parkin knock-down PC12 cells. Data were normalized to the untreated
control group (=100%) and represent the mean value ± SD (A—n = 5, B—n = 8). (C) The immunoreactivity of Drp1 protein in mitochondrial (normalized relative to
Ponceau-S) and cytosolic (normalized to GAPDH) extracts from pcDNA and pcDNA-Parkin PC12 cells treated with α-Syn for 24 h at a concentration of 5 µM. Data
represent the mean value ± SD (mitochondria—n = 6, cytosol—n = 3). **p < 0.01, compared to pcDNA control cells using two-way ANOVA followed by Bonferroni
post hoc test.

investigated whether the classic mitophagy pathway in α-Syn-
treated PC12 cells was functional. The number of mitochondria
entrapped in autophagic vacuoles was visualized using a
Mitotracker Green (MTG)/Lysotracker Red (LTR) staining

technique. Colocalization of MTG and LTR was observed as
yellow-orange puncta (Figure 6A), and it was quantified by the
Pearson’s correlation coefficient (PCC; Figure 6B), the statistical
tool that measures pixel-by-pixel covariance in a manner
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FIGURE 5 | The effect of α-Syn treatment or parkin modifications on the protein expression of mitofusin-2. (A) The immunoreactivity of Mfn-2 normalized to VDAC
(GAPDH was presented as a loading control) in pcDNA and pcDNA-Parkin PC12 cells treated with α-Syn for 24 h at a concentration of 5 µM. Data were normalized
to the untreated control group (=100%) and represent the mean value ± SD for four independent experiments (n = 4). *p < 0.05, **p < 0.01, compared to pcDNA
control cells using two-way ANOVA followed by Bonferroni post hoc test. (B) The immunoreactivity of Mfn-2 normalized to VDAC (GAPDH was presented as a
loading control) in Parkin knock-down PC12 cells treated with α-Syn for 24 h at a concentration of 5 µM. Data were normalized to the untreated control group (=
100%) and represent the mean value ± SD for four independent experiments (n = 4). **p < 0.01, ***p < 0.001 compared to control cells using two-way ANOVA
followed by Bonferroni post hoc test. (C) The mRNA level of Mfn-2 in pcDNA and pcDNA-Parkin PC12 cells treated with α-Syn for 24 h at a concentration of 5 µM.
The mRNA level was measured by real-time PCR and normalized to Actb (β-actin). Data represent the mean value ± SD for five independent experiments (n = 5).

independent of signal levels and signal offset (background).
Confocal images showed that α-Syn treatment of pcDNA
cells markedly reduced the colocalization of the lysosomal
fraction with green mitochondria fluorescence, resulting in a
decrease of the yellow-orange signal in the overlaid areas of
the MTG and LTR, when compared to control pcDNA cells
(Figure 6A). However, parkin overexpression markedly restored

the colocalization of red and green fluorescence in cells treated
with α-Syn. Further analysis showed that, in the presence of
α-Syn, the mitophagy index in pcDNA cells was significantly
decreased (p < 0.05), with a Pearson’s correlation coefficient
of about 0.42 ± SD, whereas parkin overexpression induced an
increase in this value, suggesting that the process of mitophagy
was restored (Figure 6B). At the same time, no significant change
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FIGURE 6 | Parkin deregulation is involved in the alteration of mitochondrial autophagy in PC12 cells treated with α-Syn. (A) Single confocal captions showing an
overlay of Lysotracker Red (LTR; red) and Mitotracker Green (MTG; green) in pcDNA and pcDNA-Parkin PC12 treated for 24 h with α-Syn at a concentration of 5 µM
in the absence (top panel)/presence (bottom panel) of 40 µM chloroquine (CQ). Scale bar: 10 µm. The presented cells are representative of most of the analyzed
cells. (B) Pearson’s colocalization coefficient (PCC) of LTR and MTG in PC12 cells treated for 24 h with α-Syn. Data were derived from three independent
experiments with eight fields per experiment (n = 3). Each value is expressed as PCC ± SD *p < 0.05 compared to pcDNA control cells; ##p < 0.01 compared to
pcDNA cells treated with α-Syn, using two-way ANOVA followed by Bonferroni post hoc test. (C) Pearson’s colocalization coefficient (PCC) of LTR and MTG in
PC12 cells treated for 24 h with α-Syn in the presence of 40 µM CQ. Data were derived from three independent experiments with eight fields per experiment (n = 3).
Each value is expressed as PCC ± SD **p < 0.01 compared to pcDNA control cells; ###p < 0.001 compared to pcDNA cells treated with α-Syn, using two-way
ANOVA followed by Bonferroni post hoc test. (D) Immunoblotting of LC3-I and LC3-II in pcDNA and pcDNA-Parkin PC12 cells treated for 24 h with α-Syn at a
concentration of 5 µM in the absence (left panel)/ presence (right panel) of 40 µM CQ for the last 2 h. Densitometric quantitation shows autophagic flux represented
by a change in chloroquine-induced LC3-II levels. Data represent the mean value ± SD for four independent experiments (n = 4).
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FIGURE 7 | α-Syn treatment decreases the mitochondrial level of parkin in PC12 cells. (A) The immunoreactivity of parkin in mitochondrial (normalized relative to
Ponceau-S) and cytosolic (normalized to GAPDH) extracts from pcDNA and pcDNA-Parkin PC12 cells treated with α-Syn for 24 h at a concentration of 5 µM. Data
were log10 transformed and represent the mean value ± SD (mitochondria—n = 6, cytosol—n = 3) *p < 0.05, **p < 0.01, ***p < 0.001 compared to pcDNA control
cells; ###p < 0.001 compared to pcDNA cells treated with α-Syn, using two-way ANOVA followed by Bonferroni post hoc test. (B) Representative photograph of
Western blot analysis of ubiquitin and p62 in mitochondrial extracts from pcDNA and pcDNA-Parkin PC12 cells treated with α-Syn for 24 h at a concentration of 5
µM. (C) Immunoreactivity of ubiquitin normalized to Ponceau-S. Data were normalized to the untreated control group (=100%) and represent the mean value ± SD
for six independent experiments (n = 6). **p < 0.01, ***p < 0.001 compared to pcDNA control cells; ###p < 0.001 compared to pcDNA cells treated with α-Syn,
using two-way ANOVA followed by Bonferroni post hoc test. (D) Immunoreactivity of p62 normalized to Ponceau-S. Data were normalized to the untreated control
group (= 100%) and represent the mean value ± SD for six independent experiments (n = 6). **p < 0.01 compared to pcDNA control cells; ###p < 0.001 compared
to pcDNA cells treated with α-Syn, using two-way ANOVA followed by Bonferroni post hoc test.
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in the fluorescence intensity of LysoTracker Red, a marker of
lysosome content, was detected in pcDNA and pcDNA-Parkin
cells treated with exogenous α-Syn (Supplementary Figure
3). To assess possible changes in the autophagic flux, in the
following studies, we added the lysosomotropic agent chloroqine
(CQ, 40 µM), together with α-Syn, for 24 h. This treatment
paradigm was previously shown to induce a significant increase
in LTR staining, due to a compensatory lysosomal biogenic
response, along with the lysosomal functional impairment
associated with a decrease in lysosomal enzymes’ activity (Lu
et al., 2017). Indeed, CQ treatment induced an increase in
LTR signal (Supplementary Figure 3), followed by an elevation
of LTR and MTR colocalization (Figure 6C). Under those
experimental conditions, the colocalization of the lysosomal
fraction with green mitochondrial fluorescence in pcDNA cells
treated with α-Syn was again significantly decreased, whereas
parkin overexpression restored the α-Syn-induced deregulation
of mitophagy (Figures 6A,C). Again, no significant change in
the fluorescence intensity of LysoTracker Red, a marker of
lysosome content, was detected in pcDNA and pcDNA-Parkin
cells treated with exogenous α-Syn (Supplementary Figure 3).
Subsequently, we analyzed the involvement of α-Syn in total
autophagic flux, by detection of microtubule-associated protein
1A light chain 3 I (LC3 I) conversion to insoluble LC3 II form
in the presence and absence of CQ. The immunoblot analysis
showed the negligible effect of α-Syn treatment of pcDNA cells
and parkin overexpression on autophagic flux (Figure 6D).

As parkin translocation to mitochondria was proven
to be a critical step in the process of mitophagy, we
subsequently assessed the immunoreactivity of this protein
in the mitochondria and cytosol of pcDNA cells treated with
α-Syn and observed a substantial decline in parkin levels in both
fractions (Figure 7A). On the other hand, parkin overexpression
markedly elevated the level of this protein in cytosol and
mitochondria of pcDNA-Parkin control and α-Syn-treated cells
(Figure 7A), We also observed that α-Syn-induced decrease
in mitochondrial parkin level was followed by a reduction in
ubiquitination of mitochondrial proteins, which was robustly
increased in pcDNA-Parkin control and α-Syn-treated cells
(Figures 7B,C). Ubiquitination is a mechanism for priming
the mitochondria for autophagic clearance by attracting the
ubiquitin- and LC3-binding adaptor protein SQSTM/p62
(hereafter referred to as p62) to mitochondria, which is a crucial
step in mitophagy (Geisler et al., 2010). We observed that,
although α-Syn did not significantly change the p62 level in the
mitochondria in pcDNA cells, parkin overexpression induced
a significant increase of mitochondrial p62 in α-Syn-treated
PC12 cells (Figures 7B,D).

Parkin was shown not only to trigger tagging and clearance of
damaged mitochondria through mitophagy but also to interface
with mitochondrial biogenesis. Therefore, in the next studies, we
examined the markers of mitochondrial biogenesis: peroxisome
proliferator-activated receptor gamma-coactivator 1-α (PGC-
1α); as well as mitochondrial transcription factor A (TFAM)
and nuclear respiratory factor-1 (NRF-1; Figure 8). PGC-1α

stimulates the expression of many proteins implicated in the
regulation of cell energy metabolism and is a strong stimulator

of mitochondrial biogenesis. In our study, treatment with
exogenous α-Syn induced a decrease in PGC-1α level in pcDNA
cells (Figure 8A). This phenomenon seems to be related to parkin
protein level in PC12 cells, as parkin overexpression induced
elevation of the immunoreactivity of PGC-1α (Figure 8A),
whereas parkin silencing resulted in a considerable decrease
in this protein level (Figure 8B). Interestingly, the expression
of TFAM, the key enhancer protein regulating the expression
of mtDNA genes, and NRF-1, responsible for regulating the
expression of proteins encoded by both mitochondrial and
genomic DNA, was significantly elevated in cells overexpressing
parkin (Figures 8C,E); parkin silencing did not change the
mRNA level for either of these factors (Figures 8D,F). Finally, we
studied the consequences of α-Syn treatment for mitochondrial
mass over the time course. Using MitoTracker-Green, we
found that, upon an α-Syn treatment, a significant increase in
mitochondria content is already detectable after 24 h and lasts
up to 48 h in pcDNA cells, whereas in cells overexpressing
parkin, we observed that α-Syn-treatment induced a significant
decrease in the MitoTracker-Green fluorescence after 8 h, but in
the following time points the effect of α-Syn on mitochondria
mass in this cell line was negligible (Figure 9A). To confirm
that mitochondrial number was increased in PC12 cells treated
with exogenous α-Syn, the mitochondrial DNA (mtDNA)
copy number was assessed by measuring the expression of
mitochondrially encoded ATP synthase membrane subunit 6’
(MT-ATP6) with reference to GAPDH (encoded by genomic
DNA), using real-time quantitative PCR (Figure 9B). We
observed that α-Syn treatment in pc-DNA cells resulted in
a ∼60% increase in mitochondrial DNA copy number as
assessed by MT-ATP6 level (Figure 9B). Parkin overexpression
significantly reverses the change in MT-ATP6 level induced by
α-Syn treatment (Figure 9B). Together, those data suggest that,
upon the α-Syn treatment, the removal of damaged mitochondria
is impaired in parkin deficient cells.

DISCUSSION

A plethora of studies have demonstrated that deposition of
α-Syn in Lewy bodies, parkin impairment, and mitochondria
dysfunction are key features of PD pathology (Jesko et al.,
2019). The underlying pathogenesis, however, is largely unclear
and causal treatment strategies are still missing. This study is
the first to show that exogenous α-Syn leads to disturbances
in parkin-dependent mechanisms of mitophagy, resulting
in the accumulation of defective mitochondria and that
the overexpression of parkin ameliorates the mitochondrial
dysfunction evoked by α-Syn oligomers.

Many previous reports suggested mitochondria as the major
target of α-Syn-evoked toxicity in neuronal cells (Loeb et al.,
2010; Wilkaniec et al., 2013; Ganjam et al., 2019). It was shown
that cells overexpressing wt or mutated α-Syn displayed several
mitochondrial defects, such as loss of mitochondrial membrane
potential and mitochondrial fragmentation followed by elevation
of oxidative stress (Pozo Devoto et al., 2017; Ganjam et al.,
2019). Mitochondrial depolarization and decreased ATP levels
were also observed upon treatment with exogenous wt and
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FIGURE 8 | Parkin deregulation induced by α-Syn treatment decreases PGC1α expression in PC12 cells. (A) PGC1α immunoreactivity normalized to GAPDH in
pcDNA and pcDNA-Parkin PC12 cells treated with α-Syn for 24 h at a concentration of 5 µM. Data were normalized to the untreated control group (=100%) and
represent the mean value ± SD for eight independent experiments (n = 8). *p < 0.05, ***p < 0.001 compared to pcDNA control cells; ###p < 0.001 compared to
pcDNA cells treated with α-Syn, using two-way ANOVA followed by Bonferroni post hoc test. (B) PGC1α immunoreactivity normalized to GAPDH in Parkin
knock-down PC12 cells. Data were normalized to the untreated control group (=100%) and represent the mean value ± SD for 10 independent experiments
(n = 10). ***p < 0.001 compared to corresponding control siRNA, using Student’s t-test. (C) The mRNA level of Tfam in pcDNA and pcDNA-Parkin PC12 cells

(Continued)

Frontiers in Aging Neuroscience | www.frontiersin.org 14 February 2021 | Volume 13 | Article 591475153

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Wilkaniec et al. Parkin-Mediated Mitochondria Dysfunction in Synucleinopathy

FIGURE 8 | Continued
treated with α-Syn for 24 h at a concentration of 5 µM. The mRNA level was
measured by real-time PCR and normalized to Actb (β-actin). Data represent
the mean value ± SD for six independent experiments (n = 6). **p < 0.01,
***p < 0.001 compared to pcDNA control cells using two-way ANOVA
followed by Bonferroni post hoc test. (D) The mRNA level of Tfam in Parkin
knock-down PC12 cells. The mRNA level was measured by real-time PCR
and normalized to Actb (β-actin). Data represent the mean value ± SD for
four independent experiments (n = 4). (E) The mRNA level of Nrf-1 in pcDNA
and pcDNA-Parkin PC12 cells treated with α-Syn for 24 h at a concentration
of 5 µM. The mRNA level was measured by real-time PCR and normalized to
Actb (β-actin). Data represent the mean value ± SD for six independent
experiments (n = 6). **p < 0.01, ***p < 0.001 compared to pcDNA control
cells using two-way ANOVA followed by Bonferroni post hoc test. (F) The
mRNA level of Nrf-1 in Parkin knock-down PC12 cells. The mRNA level was
measured by real-time PCR and normalized to Actb (β-actin). Data represent
the mean value ± SD for four independent experiments (n = 4).

mutant α-Syn (Banerjee et al., 2010). Accordingly, our results
show that extracellular α-Syn induces a substantial decline in
mitochondrial membrane potential and in ATP synthesis. Also,
our previous studies indicated that exogenous oligomers of α-Syn
induce a significant decrease in the level of parkin (Wilkaniec
et al., 2019), which is well known to promote mitochondrial
homeostasis. A plethora of studies demonstrated that parkin
mutations or gene silencing relate to mitochondrial dysfunction
and a decline in mitochondrial OXPHOS activity (Palacino et al.,
2004; Thomas et al., 2007; Mortiboys et al., 2008), but per se,
they are insufficient to induce significant neurodegeneration
within SNpc (Goldberg et al., 2003). Here, we showed that
either α-Syn treatment that induces a decrease in parkin protein
level or the siRNA-mediated parkin gene silencing causes the
mitochondrial dysfunction. However, the toxic effect of α-Syn
on mitochondria was significantly higher, than those induced
by the parkin silencing. These observations suggest that a
decrease in parkin level is not the only mechanism responsible
for the α-Syn-dependent impairment of mitochondrial function
and the involvement of other mechanisms cannot be excluded.
Previously, the direct, concentration-dependent translocation of
either wt or A30P and A53T mutant α-Syn to mitochondria
was reported both in vitro and in various PD animal models
(Parihar et al., 2009; Subramaniam et al., 2014), as well
as in substantia nigra of PD patients (Devi et al., 2008).
Interestingly, it was demonstrated that exogenously administered
aggregated α-Syn species (oligomers and fibrils) are efficiently
internalized by the recipient cells (Hoffmann et al., 2019) and in
primary neurons, they preferentially bind to mitochondria and
induce significant defects in cellular respiration (Wang et al.,
2019). Intramitochondrial α-Syn was shown to interact with
mitochondria-associated endoplasmic reticulum membranes
(MAMs; Guardia-Laguarta et al., 2014), as well as complex
I, leading to disturbances in its function and elevation of
free radical production (Devi et al., 2008; Liu et al., 2009).
Apart from its direct association with mitochondria, α-Syn
may also indirectly affect their function. It was previously
demonstrated that monomeric species of α-Syn, that are
internalized less efficiently than oligomers (Hoffmann et al.,
2019), can preferentially bind to and activate neuronal purinergic

P2X7 receptor (Wilkaniec et al., 2017), which leads to a decrease
in mitochondria membrane potential as well as elevation of
mitochondrial ROS production (Wilkaniec et al., 2020). Also,
oligomeric species of α-Syn were shown to induce selective
oxidation and nitrosylation of mitochondrial proteins, triggering
mitochondrial swelling and neuronal cell death (Tapias et al.,
2017; Ludtmann et al., 2018). However, since the α-Syn-evoked
decrease in mitochondrial membrane potential and cellular ATP
levels in neuronal cells was significantly attenuated by parkin
overexpression, probably, α-Syn-evoked decrease in parkin level
might further aggravate the toxic effect of this protein on
mitochondria. We also observed that α-Syn increased the level
of mitochondrial superoxide, as well as induced changes in
mitochondrial redox potential in a manner greatly dependent on
parkin level. This corresponds with the previous studies showing
that α-Syn causes a significant reduction in the expression
of proteins regulating mitochondrial antioxidative defense that
leads to an increase in protein and lipid peroxidation (Palacino
et al., 2004). Interestingly, we observed that in cells with parkin
overexpression, the mtROS levels and mitochondrial redox state
are markedly decreased when compared with control pcDNA
cells. This may be attributed to the unique function of parkin
as a direct mediator of antioxidative reactions, including free
radical reduction and glutathione regeneration (El Kodsi et al.,
2020), but it may also depend largely on the superoxide-driven
stimulation of parkin-mediated mitophagy (Xiao et al., 2017a).
Taken together, our studies show that the overexpression of
parkin ameliorates the deleterious effects of oligomeric α-Syn
on mitochondria, which support a protective role for parkin
in neurodegeneration.

One possible mechanism through which parkin
overexpression prevents mitochondrial dysfunction induced
by α-Syn is the regulation of mitochondrial fusion and fission
processes. Previous studies indicated aberrant mitochondrial
fragmentation as an important component of PD pathology
(Lee et al., 2012), implicating the role of a pathological pool
of α-Syn on the fragmentation of the mitochondrial network
(O’Donnell et al., 2014; Burté et al., 2015; Pozo Devoto et al.,
2017). For example, in A53T-overexpressing neuroblastoma
cells, the altered mitochondrial morphology and the increased
translocation of fission regulator—Drp1 to mitochondria was
demonstrated (Gui et al., 2012). In agreement, our data showed
that extracellular oligomeric α-Syn activates mitochondrial
fission and suggest that this effect of α-Syn is largely dependent
on the translocation of fission-regulating Drp1 protein to
mitochondria. Moreover, our results demonstrated that
exogenous α-Syn significantly decreased the level of Mfn2.
Those data are in agreement with the earlier report showing
that, in fibroblasts from Drp1 knockout mice, α-Syn can still
induce mitochondrial fragmentation (Nakamura et al., 2011).
Interestingly, in the present study, the increase in parkin level
partly prevented mitochondrial fragmentation induced by α-Syn,
but parkin overexpression did not influence the α-Syn-evoked
Drp1 translocation to mitochondria. In agreement with this
observation, previous studies showed that Drp1 was not the
direct substrate for parkin-mediated ubiquitination (Glauser
et al., 2011), and changes in parkin levels did not influence
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FIGURE 9 | Parkin deregulation induced by α-Syn treatment increases mitochondrial mass and mtDNA in PC12 cells. (A) Flow cytometry analysis and
quantification of mitochondrial mass in pcDNA and pcDNA-Parkin PC12 cells treated with α-Syn for 8, 24, and 48 h at a concentration of 5 µM with mitotracker
green (MTG). Data represent the mean value ± SD. for six independent experiments (n = 6). *p < 0.05, **p < 0.01 compared to pcDNA control cells;
##p < 0.01 compared to pcDNA cells treated with α-Syn, using two-way ANOVA followed by Bonferroni post hoc test. (B) mtDNA copy number in pcDNA and
pcDNA-Parkin PC12 cells treated with α-Syn for 24 h at a concentration of 5 µM quantified by real-time PCR measurement of mitochondrial DNA encoded Mt-atp6
relative to the nuclear genome (Gapdh gene). Data represent the mean value ± SD for five independent experiments (n = 5). *p < 0.05 compared to pcDNA control
cells; #p < 0.05 compared to pcDNA cells treated with α-Syn, using two-way ANOVA followed by Bonferroni post hoc test.

the translocation of Drp1 (Poole et al., 2010). Moreover, we
observed that parkin overexpression induced downregulation of
Mfn2 per se. These observations partly correspond with previous
studies showing that parkin can ubiquitinate Mfn1 and Mfn2,
leading to their degradation, but this process was suggested
to be secondary to depolarization-induced fission and its
major role was preventing or delaying re-fusion of defective
mitochondria with functional organelles (Tanaka et al., 2010;
Gegg and Schapira, 2011). It seems that parkin is not essential
to regulating mitochondria dynamics, as the expression of
mitochondria-shaping proteins is also controlled by the other
ubiquitin ligases, such as Huwe 1 (Leboucher et al., 2012),
mitochondrial ubiquitin ligase MITOL/MARCH V (Yonashiro
et al., 2006), MUL1 (Braschi et al., 2009), and Bcl-2 proteins

(Rolland and Conradt, 2010). In agreement with those data, we
observed that silencing parkin in PC12 cells neither influences
the level of fusion/ fission proteins nor prevents the decrease in
Mfn2 level induced by α-Syn. Nevertheless, it remains unclear
how parkin prevents mitochondrial fragmentation induced by
α-Syn. Recent data suggest that α-Syn affects mitochondrial
size by working independently from core fusion/fission proteins
(Nakamura et al., 2011; Guardia-Laguarta et al., 2014; Liu et al.,
2015) because it was able to inhibit mitochondrial elongation in
cells overexpressing Mfn1, Mfn2, and Opa1 (Kamp et al., 2010).
Moreover, α-Syn knockdown (Kamp et al., 2010) or disruption of
its N-terminal fragment, which is crucial for membrane binding,
resulted in the elevation of mitochondrial assembly without
inducing changes in expression of fusion-fission proteins (Pozo
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Devoto et al., 2017). It was also demonstrated that α-Syn
translocation to mitochondria induces their fragmentation
(Pozo Devoto et al., 2017), probably through direct interaction
with the outer mitochondrial membrane, leading to mechanical
blockade of mitochondrial fusion (Kamp et al., 2010). Therefore,
we may speculate that parkin somehow prevents the direct
association of α-Syn with mitochondria. As α-Syn decreased
parkin levels, due to its S-nitrosylation (Wilkaniec et al.,
2019), it is therefore possible that downregulating parkin may
indirectly intensify the adverse effects of α-Syn oligomers on
mitochondrial dynamics.

Taking into consideration that regulation of the
mitochondrial life cycle is one of the most important molecular
functions of parkin (Ryan et al., 2015; Hammerling et al., 2017),
and that the accumulation of dysfunctional mitochondria is
directly responsible for inducing neuronal cells death in PD
patients with parkin gene mutations (Narendra et al., 2008;
Burman et al., 2012; de Vries and Przedborski, 2013), α-Syn-
induced parkin downregulation may be the major cause of
mitophagy disruption and the accumulation of malfunctioning
mitochondria. However, a consensus concerning the effect of
intracellular α-Syn overload on the process of mitochondria
degradation has not been reached. The increased mitophagy
associated with energy deficits and neuronal degeneration
was observed in primary cortical neurons and in transgenic
animals overexpressing mutant A53T α-Syn (Chinta et al.,
2010; Choubey et al., 2011). By contrast, some studies of
transgenic animals, as well as of the brains of PD patients,
showed a greater accumulation of mitochondria in degenerated
neurons (Chen et al., 2018; Shaltouki et al., 2018). In agreement
with those studies, our results demonstrate that exogenous
α-Syn oligomers decrease mitophagy in dopaminergic cells by
disrupting the interaction of mitochondria with lysosomes,
resulting in the accumulation of dysfunctional organelles.
Earlier evidence obtained from PD patients and PD models
demonstrated disturbances in lysosome function, as well as
an excessive accumulation of autophagic vacuoles (Chu et al.,
2009; Prigione et al., 2010). As overexpression of wt α-Syn was
demonstrated to inhibit autophagosome formation, diminish
LC3-II levels and induce accumulation of autophagy substrates
(Winslow et al., 2010), the observed abnormalities in the
elimination of damaged mitochondria may be associated with
macroautophagy impairment. However, we observed that, when
exogenously administered, wt α-Syn has a negligible effect on
the autophagosomes’ formation. Also, the reports on transgenic
animal models showed that the elevation of lysosomal indicators
in aged DA neurons is attributed to A53T mutation (Lin
et al., 2012), while others have suggested that only aggregated
forms of α-Syn can efficiently disrupt autophagic activity in
neurons (Tanik et al., 2013). Taken together, those studies
indicated that the negative impact of α-Syn on macroautophagy
is mainly attributable to its intracellular activity that is largely
dependent on the point-and copy-number mutations or
aggregation state of the protein. In agreement with those data,
our study indicated that impairment of mitophagy induced
by extracellular α-Syn seems to be unrelated to disturbances
in autophagic flux, but it is mainly attributed to changes in

parkin protein level, as in the cells overexpressing parkin,
α-Syn treatment had a negligible effect on the interaction of
mitochondria with lysosomes. Interestingly, in the present
study, we found that exogenous α-Syn not only reduces the total
level of parkin but also evokes a significant down-regulation of
parkin level in the mitochondrial fraction, with a concomitant
decrease of polyubiquitination of mitochondrial proteins,
which is the initial step of the mitophagy process (Chan
et al., 2011; Sarraf et al., 2013), leading to the recruitment of
autophagic adaptor proteins (Ding et al., 2010; Wong and
Holzbaur, 2014). Moreover, we showed that those α-Syn-
induced changes were reversed by parkin overexpression that
additionally led to elevated mitochondrial recruitment of the
ubiquitin- and LC3-binding adaptor protein p62, which not
only functions as a selective macroautophagy receptor but also
was demonstrated to mediate aggregation of dysfunctional
mitochondria into tight clusters to protect against apoptosis
induced by mitochondrial depolarization (Narendra et al., 2010;
Xiao et al., 2017b).

Finally, in the present study, we demonstrated that, along
with impaired mitophagy, exogenous α-Syn causes disturbances
in the de novo synthesis of mitochondria through inhibition
of PGC-1α expression. Recent studies have suggested that
PGC-1α deficiency is directly involved in PD pathogenesis,
as downregulation of many genes regulated by PGC-1α was
detected in PD patients and in patients with Lewy body disease
(Zheng et al., 2010). Moreover, PGC-1α overexpression in
midbrain primary neuronal cultures rescued cell loss caused by
A53T α-Syn (Zheng et al., 2010). It was previously demonstrated
that PGC-1α is an indirect substrate of parkin that may
regulate its level through inactivation of Parkin Interacting
Substrate (PARIS), a transcriptional repressor of PGC-1α

(Shin et al., 2011). Under physiological conditions, parkin
ubiquitinated PARIS, leading to its proteasomal degradation,
thereby abolishing its inhibitory effect on PGC-1 α and
enabling mitochondrial biogenesis. Our study showed that
parkin silencing leads to a significant downregulation of
the PGC-1α level and parkin overexpression rescues α-Syn-
mediated decrease in the expression of this transcription
regulator. It is, however, possible that, by inducing a decrease
in parkin level, α-Syn interferes with PARIS degradation,
which in turn downregulates PGC-1α. However, some data
suggest that α-Syn may have a direct effect on PGC-1α

expression, because, under conditions of oxidative stress, α-
Syn translocates to the nucleus and acts as a transcriptional
modulator of PGC-1α (Siddiqui et al., 2012). Therefore, it can
be suggested that the opposing effects of α-Syn and parkin
on PGC-1α levels can be exerted by independent mechanisms,
and the reduction of parkin levels due to α-Syn-dependent
S-nitrosylation may negatively tip the physiological balance,
leading to deregulation of mitochondrial biogenesis. PGC-1α

is also indirectly involved in regulating the transcription of
mtDNA genes via mitochondrial transcription factor TFAM,
which is co-activated by NRF-1 (Taherzadeh-Fard et al.,
2011). Interestingly, our study demonstrated that, though α-
Syn treatment leads to a decrease in PGC-1α level, it has a
negligible effect on NRF-1 and TFAM expression. One possible
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explanation of this phenomenon is that the expression of
NRF-1 and its downstream target, TFAM, may be regulated
independently of PGC-1 α levels. It was previously shown that
NFκB and CREB activation co-regulate the NRF-1 promoter,
leading to the downstream expression of TFAM (Suliman et al.,
2010). Another possibility is that PGC-1 α is regulated with
different kinetics compared to TFAM and NRF-1, or that
these factors may be more stable than PGC-1α; thus, in our
experimental paradigm, the downregulation of PGC-1α does
not necessarily cause immediate downregulation of the other
two transcription factors, which may occur at later time points.
Interestingly, parkin overexpression resulted in a significant
elevation of mRNA level for both NRF-1 and TFAM that
may further stimulate mitochondrial biogenesis. Similarly, other
studies also demonstrated that parkin overexpression enhances
transcription and replication of mitochondrial DNA that was
associated with enhanced TFAM activity (Kuroda et al., 2006).
Those observations are in line with Dawson’s hypothesis that
an increase in parkin level above control values may activate
many signaling pathways that are not regulated by endogenous
levels of this protein (Dawson and Dawson, 2010). Nevertheless,
our results indicate the significant role of parkin downregulation
in disturbances of mitochondrial biogenesis, which may affect
the level of functional mitochondria. We suggest that loss
of parkin function as a result of α-Syn treatment evoked
an overall collapse in mitochondrial homeostasis: on the one
hand, it induced disturbances in the degradation of defective
mitochondria, and on the other, it interfered with processes
related to mitochondria biogenesis, which ultimately led to the
accumulation of abnormal mitochondria. Those observations are
in line with previous studies showing that loss of parkin function
caused an accumulation of mitochondria with a simultaneous
decrease in ATP synthesis (Matsuda et al., 2010; Vives-
Bauza et al., 2010). Moreover, the deposition of dysfunctional
mitochondria may have an impact on dopaminergic cell death
through elevation of free radical generation and increased
liberation of mitochondria-derived pro-apoptotic factors (Vila
and Przedborski, 2003; Perier et al., 2007). In turn, under
the conditions of cellular stress evoked by α-Syn treatment,
restoring the level of parkin resulted in increased degradation

of damaged mitochondria and stimulated the synthesis of new
functional organelles.

In sum, we demonstrated that parkin loss of function
induced by α-Syn oligomers was responsible for disrupting
the balance between the clearance of defective mitochondria
and the generation of new functional organelles, thereby
likely amplifying α-Syn toxicity through the accumulation of
dysfunctional mitochondria. By providing the first compelling
evidence for the direct association of α-Syn-mediated parkin
depletion to impaired mitochondrial function, this study extends
previous findings and provides a foundation for future studies on
PD pathomechanisms.
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Aging of the brain can manifest itself as a memory and cognitive decline, which

has been shown to frequently coincide with changes in the structural plasticity

of dendritic spines. Decreased number and maturity of spines in aged animals

and humans, together with changes in synaptic transmission, may reflect aberrant

neuronal plasticity directly associated with impaired brain functions. In extreme, a

neurodegenerative disease, which completely devastates the basic functions of the

brain, may develop. While cellular senescence in peripheral tissues has recently

been linked to aging and a number of aging-related disorders, its involvement

in brain aging is just beginning to be explored. However, accumulated evidence

suggests that cell senescence may play a role in the aging of the brain, as it

has been documented in other organs. Senescent cells stop dividing and shift their

activity to strengthen the secretory function, which leads to the acquisition of the

so called senescence-associated secretory phenotype (SASP). Senescent cells have

also other characteristics, such as altered morphology and proteostasis, decreased

propensity to undergo apoptosis, autophagy impairment, accumulation of lipid droplets,

increased activity of senescence-associated-β-galactosidase (SA-β-gal), and epigenetic

alterations, including DNA methylation, chromatin remodeling, and histone post-

translational modifications that, in consequence, result in altered gene expression.

Proliferation-competent glial cells can undergo senescence both in vitro and in vivo, and

they likely participate in neuroinflammation, which is characteristic for the aging brain.

However, apart from proliferation-competent glial cells, the brain consists of post-mitotic

neurons. Interestingly, it has emerged recently, that non-proliferating neuronal cells

present in the brain or cultivated in vitro can also have some hallmarks, including SASP,

typical for senescent cells that ceased to divide. It has been documented that so called

senolytics, which by definition, eliminate senescent cells, can improve cognitive ability

in mice models. In this review, we ask questions about the role of senescent brain

cells in brain plasticity and cognitive functions impairments and how senolytics can

improve them. We will discuss whether neuronal plasticity, defined as morphological and

functional changes at the level of neurons and dendritic spines, can be the hallmark of

neuronal senescence susceptible to the effects of senolytics.

Keywords: autophagy, brain aging, cellular senescence, cognitive impairment, neuroinflammation, neuronal

plasticity
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INTRODUCTION

As with other organs and systems, the functional capabilities
of the brain decline progressively during aging. As we age,
cognitive performance generally declines which manifests as
decrements in learning and memory, attention, decision-making
speed, sensory perception (vision, hearing, touch, smell, and
taste), and motor coordination (reviewed in Mattson and
Arumugam, 2018). Aging is the leading risk factor of age-related
diseases (ARDs), including neurodegenerative disorders. The
aging process and ARDs are considered as a sort of a continuum
with two extremes. One is represented by centenarians, who
largely avoided or postponed most ARDs and are characterized
by decelerated aging. Individuals 60+, 70+, 80+ who suffered
from one or more severe ARDs, represent another extremum
and show signs of accelerated aging. In between, there are
relatively healthy aged people (Franceschi et al., 2018). Thus,
precise boundaries between “normal” and “pathological” aging
do not exist, especially when molecular and cellular mechanisms
at the roots of aging are considered. Particularly, little is known
about healthy brain aging outside of the realm of neurogenerative
diseases, such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD). Nonetheless, we must remember that the current
consensus in geroscience (Kennedy et al., 2014) considers AD as
a more severe form of pathologies associated with normal aging.
With age physical fitness and cognitive functions often decline in
human and animals (Leal and Yassa, 2015). However, we must
not forget that in nature exist animal species, such as naked mole
rats, ocean quahog, rockfish and Greenland shark, and many
others that exhibit negligible senescence and superior resistance
to age-related diseases (Finch, 2009).

In humans, cognitive abilities can be divided into such
domains as: processing speed, attention, memory, language,
visuospatial abilities, and executive functioning (Harada et al.,
2013). Similarly, animal behavior is based on attention and
different kinds of memory. Age-associated deterioration of
cognitive functions correlates with impaired motor coordination
of both animals and humans, who lose their independence
and experience a decrease in the quality of life. The age-
related cognitive impairment is associated with changes in the

central nervous system, mainly in the prefrontal cortex and
hippocampus. These changes may lead to development of not
only neurodegenerative diseases, but also psychiatric diseases,
for example, depression and schizophrenias (Baker and Petersen,
2018). However, in agreement with the idea of a continuum of
the aging process (Franceschi et al., 2018), healthy aging, free of
mental disabilities, is not a rare exception.

Transcriptional profiling of the human frontal cortex from
individuals ranging from 26 to 106 years of age defines a set of
genes with reduced expression after the age of 40. Genes that play
a role in synaptic function and neuronal plasticity that underlies
learning and memory, were among those most significantly
affected in the aging human cortex. Significantly reduced
expression of several neurotransmitter receptors that play a
key role in synaptic plasticity, including the GluR1 AMPA (a-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptor
subunit, the NMDA (Nmethyl- D-aspartate) R2A receptor

subunit, and subunits of the GABA receptor, was shown in people
over 40. Moreover, the expression of genes that mediate synaptic
vesicle release and recycling, involved in protein transport,
involved in protein turnover, also showed reduced expression
in the aged cortex. Interestingly, most of the age-downregulated
genes showed significantly greater oxidative DNA damage in
the aged cortex. In line with this, the aging of the human
frontal cortex was associated with increased expression of genes
that mediate stress responses and repair. Those included genes
involved in protein folding, DNA damage repair, antioxidant
defense, metal ion homeostasis, and neuroinflammation (Lu
et al., 2004). Generally, the study of Lu et al. may suggest that the
main culprit of aging could be cellular senescence of brain cells.

Actually, the hallmarks of aging that are common to neurons
and other cells have been described recently (Mattson and
Arumugam, 2018). They include: mitochondrial dysfunction,
intracellular accumulation of oxidatively damaged proteins,
nucleic acids, and lipids, dysregulated energy metabolism,
impaired cellular “waste disposal” mechanisms (autophagy-
lysosome and proteasome functionality), impaired adaptive stress
response signaling, compromised DNA repair, dysregulated
neuronal Ca2+ homeostasis, stem cell exhaustion, and
inflammation. Since the brain function relies on the neuronal
network connectivity, the effects of aging are manifested at the
level of synaptic plasticity, as shown by the age-associated decline
in the number of synapses and in aberrant synaptic transmission
in several brain regions. Moreover, a landmark of the aged brain
is an increased level of neuroinflammation generated by glial
cells, which can contribute to alterations in neuronal/synaptic
function (Lupo et al., 2019).

Very recently an outstanding progress in elucidating
molecular changes associated with cognitive decline through
genome-wide profiling of aging brain cells at different molecular
levels, namely genomic, epigenomic, transcriptomic, and
proteomic, has been made (Ximerakis et al., 2019). Although
the research of the role of cellular senescence in the aging brain
is still in its infancy the concept has been laid (Tan et al., 2014;
Baker and Petersen, 2018; Kritsilis et al., 2018; Wengerodt et al.,
2019) (Figure 1). Therefore, in these review, we will focus on
cellular senescence of the brain and discuss recent studies,
which have shown that elimination of senescent cells can lead
to alleviation of brain associated age-related diseases in many
genetically modified mouse models (reviewed by Sikora et al.,
2019). Accordingly, we ask the question of whether elimination
of senescent brain cells may lead to brain rejuvenation.

SYNAPTIC PLASTICITY

Information processing in the brain is a highly complex process;
however, it relies on the activity of neurons interconnected at
synapses. Strength and efficiency of those neuronal network
connections change in response to environmental stimulation
enabling the brain to maintain the information, process it
and initiate the appropriate response. Modification of synaptic
transmission is called synaptic plasticity and could manifest as

Frontiers in Aging Neuroscience | www.frontiersin.org 2 February 2021 | Volume 13 | Article 646924162

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Sikora et al. Cellular Senescence in Brain Aging

FIGURE 1 | Senescent cells impact on aging-related changes in the brain. Accumulation of senescent glia cells and neurons lead to structural and functional changes

in the brain that result in cognitive impairment. All figures were prepared using BioRender.com.

morphological, electrophysiological changes as well as changes in
synaptic protein content.

The number of functional connections in the brain translates
into the ability of the neuronal network to store and process
information. Quantitative and qualitative measurement of
neuronal morphology at the level of dendrite arborisation and
morphology of dendritic spines that host excitatory synapses is
a tool widely used to assess synaptic plasticity. Hippocampus
together with Prefrontal Cortex (PFC) are brain regions critical
for cognitive abilities that have been extensively studied in
the context of aging-associated changes. Most of the excitatory
synapses are located on spines placed all along the dendrites.
Dendritic complexity and length is critically important for
the regulation of neuronal function. In humans, hippocampal
neurons appear to retain the size and complexity of their
dendritic arborisation throughout life (Flood, 1993). However,
there are also studies suggesting that hippocampal dendritic
trees of some subregions, such as CA1, could actually extend
with age (Turner and Deupree, 1991). In contrast, in cortical
neurons of animal and humans, numerous studies showed
regression of dendritic arbors in cortical neurons with age. Total
dendritic length and complexity decrease with age for apical and
basal dendrites (de Brabander et al., 1998). Animal models of
accelerated aging partially replicate the changes observed in aged
animals and humans. Thus, SAMP8mice, with accelerating aging
exhibit thinner and 45% shorter apical dendrites in medial PFC
(Shimada et al., 2006).

Both the density and morphology of dendritic spines
may undergo age-associated changes. Similarly to dendritic
arborisation, the number of dendritic spines on hippocampal
neurons is more stable than on cortical ones. Spine numbers

in rat and human CA1 hippocampal region generally stay
unchanged with age (Dickstein et al., 2013), whereas regional
specific decrease in dendritic spine densities has been reported
in CA3 (Adams et al., 2010) and subiculum (Uemura, 1985).
A decrease in dendritic spine densities in cortical neurons of
aged animals or humans, compared to young controls, has been
reported and ranged from 23 to 55% depending on species,
cortical region and age (Shimada et al., 2006).

The picture is even more complex when the morphological
variability of dendritic protrusions is taken into consideration.
Though spines display a wide morphological continuum, there
are four main classes of spine shapes: thin, filopodia (long),
stubby (short and wide), and mushroom (large head with thin
neck), which represent a different stage of maturation and
stability, with thin being the least stable. Other classification
is based on the structure of spine postsynaptic density (PSD)
of excitatory synapses. PSD is an element of the postsynaptic
membrane visible in the electron microscope as a thick plate
consisting of densely located receptors for neurotransmitters.
Large spines have large heads and often are described as
mushroom-like. Those may have PSDs with distinct breaks that
are called perforated. Thin spines with small heads typically
have small, uniform, non-perforated PSDs (Petralia et al., 2014).
In cortical regions, the least stable spines (non-perforated
population) have been shown to be most vulnerable to aging-
associated decrease whereas the number of stable mushroom
spines remained unaltered (Bloss et al., 2011). Aging selectively
alters the number and function of hippocampal synapses in a
region specific manner. CA3 cells of aged animals and humans
are characterized by a decreased density of spines. This pruning
with aging is selective toward less mature axo-spinous synapses
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(Adams et al., 2010). In the CA1 region, the number spines
is not altered but mature perforated ones display reduction in
the PSD area in aged learning-impaired rats (Nicholson et al.,
2004). Dendrites, and particularly dendritic spines, are very
dynamic structures. Maintenance of the brain neuroarchitecture
represents, in fact, a certain balance between sprouting and
retraction of membrane protrusions of different brain cells.
Therefore, the above-mentioned results could suggest that aged
cortical and hippocampal neuronal networks at CA3 region are
less plastic, with a decreased ability to create new intraneuronal
connections, whereas hippocampal CA1 neurons are more
prone to deficits in the most stable synapses associated with
cognitive abilities. Age-associated changes in synaptic plasticity
at hippocampal and cortical neurons are illustrated on Figure 2.

Electrophysiological studies have confirmed anatomical
findings of changes in structural plasticity of the hippocampus.
Reduced amplitude of Excitatory Postsynaptic Potential
(EPSP) of the hippocampal Schaffer collaterals CA1 synapses,
without alternations of unitary EPSP and amplitude of Schaffer
Collaterals, points to the loss of functional synapses in the CA1
area (Barnes et al., 1992, 2000). Similarly, decreased synapse
density observed in DG has been confirmed by decreased
EPSP amplitude, accompanied by lower amplitude of fiber
potential at the perforant path–dentate gyrus granule cell
synapse. Interestingly, in aged group unitary EPSPs were found
to be of higher amplitude in dentate gyrus which shows that
compensatory mechanisms are present that would counteract
synapse loss by increasing synaptic transmission (Barnes and
McNaughton, 1980). Once the classical synapse is formed,
signals from one neuron to another can be transferred via
neurotransmitter release leading to alteration of transmembrane
electrical potential and an action potential in the postsynaptic
neuron. Pre- and postsynaptic firing of action potentials can
strengthen (long term potentiation, LTP) or weaken (long
term depression, LTD) signal transmission depending on
patterns of activity (Glasgow et al., 2019). Electrophysiological
measurements in acute slices revealed that LTP induction in CA1
cells is impaired only if a weaker stimulus is used. In the case
of stronger stimulation (robust high-frequency, high current
amplitude stimulation protocol), LTP in the hippocampus of
old animals is evoked to a similar extent as that measured in
young animals, which suggests a higher threshold for entering
LTP induction phase in aged CA1 cells (Landfield et al., 1978).
This phenomenon could be explained by dysregulation of Ca2+

homeostasis resulting from up-regulation of synaptic L-type
Ca2+ channels in aged neurons. Elevated intracellular Ca2+

causes higher amplitude of slow after hyperpolarization (AHP)
by activating calcium driven potassium channels, which reduces
cell depolarization in response to stimulation. This, in the long
run, may result in an increased probability of LTD induction and
in impairments in the maintenance phase of LTP (Thibault and
Landfield, 1996). In contrast, CA3 neurons are characterized by
an age-related increase in intrinsic excitability and in vivo firing
rate. In line with findings for CA1, in CA3 pyramidal neurons
no upregulation of L-type Ca2+ channels has been reported
(Maglione et al., 2019) what corroborates with lack of increase in
AHP. Increased frequency of action potentials in CA3 pyramidal

FIGURE 2 | Age-associated changes in synaptic plasticity at hippocampal

and cortical neurons. Synaptic plasticity is altered in the aged brain in a region

specific manner. Decreased size of postsynaptic density (PSD) of CA1 neurons

together with increased baseline level of intracellular calcium ions [Ca+2] have

been reported in the hippocampus of aged animals. In other hippocampal

regions spine densities decrease with age, with selective pruning of less

mature spines in CA3. In cortical neurons not only spine densities but also

dendritic tree length and complexity decrease with age. ↑, increase; ↓,

decrease.

neurons has been, however, associated with an increase in the
fast AHP that was, at least partially, attributed to increased
perisomatic expression of A-type K+ channels (Simkin et al.,
2015). Contrasting effects of aging on different hippocampal
sub-regions suggest disruption of optimal CA3-CA1 interactions
and subsequent attenuation of oscillatory activity necessary
for learning.

Increases in slow AHP have also been observed in cortical
neurons; however, they were accompanied by a higher frequency
of action potentials (APs) (Chang et al., 2005). In aged monkeys,
behavioral performance was dependent on the mean firing rate,
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which has an optimum. Both decrease and increase in the
frequency of APs have been negatively correlated with good
performance in cognitive behavioral tasks (Chang et al., 2005).

Summing up, aging affects neuronal plasticity at different
levels, from changes in cell morphology through biochemical
to biophysical alterations. Despite the fact that these changes
are multidirectional and depend on brain region and cell
compartment, they all contribute to age-related cognitive deficits.

CELLULAR SENESCENCE

Cells are the basic building blocks of any multi-cellular
organism. They build the tissue structure and ensure the proper
functioning of the entire organism through autonomous and
non-autonomous activities. The brain requires multiple cell
types, including neurons, astrocytes, microglia, oligodendrocytes,
and endothelial cells, working in concert to ensure proper
functioning of the organism. All known hallmarks of brain aging
(Mattson and Arumugam, 2018) have been studied for many
years in other tissues and are associated with cell senescence
and autophagy disturbances (Lopez-Otin et al., 2013). From a
reductionist point of view, we age as our cells senesce (Campisi,
2001). Interestingly, the process of cellular senescence cannot be
reduced to a simple loss of cell function and death. Senescent cells
are alive, resistant to apoptosis and their metabolism is strictly
linked to autophagy regulation (Gewirtz, 2013).

Cellular senescence was initially ascribed only to the
phenomenon of cell division, being defined as an irreversible
loss of cell population division potential observed in vitro
concurrent with an increased cell size (Hayflick and Moorhead,
1961). Later, this type of cell senescence i.e., replicative
senescence (RS) has been linked with telomere erosion
(Harley et al., 1992). Subsequently, the signaling pathways and
hallmarks, taken from the realms of replicative senescence,
have been adopted to the general characteristics of cellular
senescence. Besides replicative senescence, at least several other
types of cellular senescence characteristic for proliferation-
competent cells can be distinguished, namely stress-induced
premature senescence (SIPS), oncogene-induced senescence
(OIS), programmed senescence (PS) taking place during
embryogenesis, and therapy-induced senescence (TIS) of cancer
cells as reviewed in Bielak-Zmijewska et al. (2018). Interestingly,
post-mitotic, non-dividing nerve cells also undergo senescence
(Jurk et al., 2012; Piechota et al., 2016). In any case, there
are common signaling pathways and hallmarks, such as
mitochondria and lysosome impairment, chromatin alterations,
proteostasis and autophagy disruption, metabolic changes,
decreased propensity to undergo apoptosis and increased
secretion of many factors, commonly described as senescence-
associated secretory phenotype (SASP) (Gorgoulis et al., 2019).
SASP components include many cytokines, metalloproteinases
and growth factors among others (Coppe et al., 2010). Different
stressors can induce cellular senescence and DNA damage
response (DDR), although this is not valid in the case of
PS. The DDR is characterized by increased accumulation of
γH2AX foci (histone H2AX phosphorylated at Ser139) and

p53-binding protein 1 (53BP1) in the chromatin and by
activation of a kinase cascade involving the serine/ threonine-
non-specific kinases ATM and ATR and at a later stage the
checkpoint serine/threonine kinases CHK1 and CHK2. This
scenario eventually leads to activation of the p53/p21CIP1/WAF1

signaling pathway (reviewed in Bielak-Zmijewska et al., 2018;
Herranz and Gil, 2018). The DDR associated with replicative
senescence is telomere-dependent because it is connected with an
overall loss of telomeric length and telomere uncapping. During
OIS, DDR occurs independently of telomeric length, but it is
still associated with telomeric dysfunction. Interestingly. DNA
damage response in the aging brain may be caused by telomere
dysfunction, stress-induced DNA damage or both (Jurk et al.,
2012). In fact, data suggest that telomeres might be the source
of persistent DDR, even without overt telomere shortening in
various mouse tissues including brain (Fumagalli et al., 2012;
Hewitt et al., 2012). Thus, the involvement of telomeres and
telomerase in aging goes well-beyond telomere shortening and
DNA damage. This is particularly interesting in the case of non-
dividing post-mitotic cells, what has been highlighted recently
(Jacome Burbano and Gilson, 2020; Panczyszyn et al., 2020).

For cycling cells, the increase in the levels cell cycle inhibitors
(cyclin-dependent kinases- cdks inhibitors), p21CIP1/WAF1 and
p16INK4a, is the most characteristic feature of senescence
(Beausejour et al., 2003). The most useful way of screening
senescent cells is to observe their morphology. When senescence
is triggered, the cells increase in size and granularity and the
senescence-associated- β- galactosidase (SA-β-gal), a lysosomal
enzyme, becomes more active (Dimri et al., 1995). Although SA-
β-gal activity is not a fully specific marker of cell senescence, it is
characteristic for all types of senescence and is easily detected by
colorimetric method. It can be assumed that proliferating brain
cells can undergo the process of cell senescence, like many other
types of cells. Moreover, accumulation of senescent cells have
been observed in age and they are the culprit of many age-related
diseases (van Deursen, 2014). An interesting issue just emerging
concerns senescence of post-mitotic cells, including neurons and
their role in aging (von Zglinicki et al., 2021). Accordingly, in
the following chapters we briefly describe the so far collected
knowledge of brain cell senescence. We are aware, however, that
our article does not exhaust all the issues related to this topic.

SENESCENCE OF GLIAL CELLS

Glial cells constitute around 50% of the total amount of cells in
the brain and play key roles in regulating brain homeostasis in
health and disease. Their essential functions include providing
nutritional support to neurons, activation of immune responses,
and regulation of synaptic transmission and plasticity (Salas et al.,
2020). In contrast to neural cells, glial cells are proliferation-
competent, and as such, are prone to undergo canonical cell
senescence. Interestingly, a transcriptional study of aging-related
changes in gene expression across human brain regions from 480
individuals ranging in age from 16 to 106 years, showed that
glial cells, not neurons, displayed the majority of differential gene
expression with aging (Soreq et al., 2017).
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Astrocyte Senescence
Astrocytes comprise about 20% of cells in the brain and play
an important role in brain physiology and neuronal function.
They provide support for neuronal cells, regulate the content
of the synaptic cleft, play an essential role in the maintenance
of ion homeostasis (e.g., by shunting potassium ions from
the regions of high to the regions of low neuronal activity),
and maintain blood-brain barrier (BBB) integrity. Acting as a
part of the tripartite synapse, they control the concentration
of glutamate (Glu), and thus glutamatergic transmission, and
secrete their own glial transmitters. They also play a significant
role in the recovery after brain injury by reducing wound-derived
excitotoxicity, limiting damage, participating in scar formation
and, at later post-injury stages, by in ensuring regeneration.
Astrocytes also have several immune functions, i.e., they contain
several pattern-recognition receptors, and can secrete cytokines
and chemokines. In response to an acute injury, there is an
increase in reactive astrocytes: cells undergo various alterations
including swelling, hypertrophy, proliferation, and increased
expression of a cytoskeletal protein, GFAP (Verkhratsky et al.,
2010). Interestingly, the increase in the expression of GFAP, the
major intermediate filament protein, which is also a specific
marker of astrocytes, is the most common change observed in
astrocytes with aging. Another intermediate filament, vimentin,
which was for a long time considered to be present only
in newly-generated and immature astrocytes, also increases
with age (reviewed by Salminen et al., 2011). Transcriptomics
analysis revealed dysregulation of genes associated with the
cytoskeleton, proliferation, immune response, apoptosis, and
ubiquitin-mediated proteolysis that occurs in the aging brain
(Simpson et al., 2011). Moreover, aging astrocytes may lose
their capacity to regulate glutamate level during synaptic activity
due to a reduction in the level of astrocyte-specific glutamate
transporters. They may also lose their neuronal support and
reduce interactions with synapses. The outcome would be altered
synaptic function and plasticity, increased neuronal oxidative
and proteolytic stress, and mitochondrial dysfunction, which in
the hippocampus would lead to dysfunction in memory retrieval
and consolidation (Ojo et al., 2015).

The very important question is whether astrocytes can
undergo senescence similarly to many other proliferation-
competent cells. Indeed, astrocytes have been shown to undergo
cellular senescence in vitro, both replicative and induced by
different external stressors (Cohen and Torres, 2019). Below are
some examples.

In response to oxidative stress or proteasome inhibitor,
murine, and human astrocytes showed reduced proliferation
capability and changes in several established markers of
senescence, namely, SA-β-gal activity and in the level of
p21WAF1/CIP1, p53, and p16INK4A proteins (Bitto et al., 2010).
Evans et al. (2003) showed that human astrocytes underwent
senescence, which was telomere-erosion independent and p53-
dependent. The same group documented an increased p16INK4A

level in the frontal cortex area of old and AD people in
comparison with young subjects. It was also shown that the
senescence process could be triggered in astrocytes by amyloid-β,
which induced activation of SA-β-gal, p16INK4A expression and

secretory phenotype connected with p38 MAP kinase (Bhat
et al., 2012). Others showed that ammonia induced senescence in
cultured astrocytes in a glutamine synthesis- and oxidative stress-
dependent manner through p53-dependent transcription of cell
cycle regulatory genes, p21WAF1/CIP1 and GADD45a. Increased
p21WAF1/CIP1, p53, and GADD45a mRNA expression levels were
also found in postmortem brain samples from patients with
liver cirrhosis and hepatic encelophaty (Gorg et al., 2015). In
another studies, carried out on long-term rat astrocyte cultures,
the generation of reactive oxygen species was enhanced and
mitochondrial activity decreased. Simultaneously, there was an
increase in proteins that stained positively for nitrotyrosine.
The expression of Cu/Zn-superoxide dismutase (SOD-1), heme
oxygenase-1 (HO-1), and inducible nitric oxide synthase (iNOS)
as well as glutamate uptake were increased in aged astrocytes.
On the 90th day in vitro the cells were SA-β-gal-positive and had
increased expression of GFAP (Pertusa et al., 2007). Recently, it
has been documented that treatment of astrocytes with sirtuins’s
inhibitor, tenovin-1 (Bang et al., 2019b), or etoposide (Bang et al.,
2019a), increased SA-β-gal-positive cell number, induced the
senescence-associated secretory phenotype, including increased
expression of IL-6 and IL-1β, and of cell cycle-related proteins,
such as phospho-histone H3 and CDK2 (Bang et al., 2019a).
Others showed that in human astrocytes induced to senesce
by X-irradiation, there was downregulation of genes encoding
glutamate and potassium transporters. This downregulation
led to neuronal cell death in co-culture assays, suggesting a
pivotal role of cellular senescence, particularly in astrocytes,
in excitotoxicity, which may lead to neurodegeneration and
pathologies such as Alzheimer’s disease and related dementias
(Limbad et al., 2020). Subsequent findings confirmed that
ovarian estradiol induces senescence of hypothalamic astrocytes
and that the senescent astrocytes compromise the regulation
of progesterone synthesis and GnRH secretion, which may
contribute to the aging-related decline in female reproductive
function (Dai et al., 2020). HIV and methamphetamine were
shown to induce astrocyte senescence in in vitro culture and
several animal models (Yu et al., 2017).

Microglia Senescence
Microglia, which make up several percent of all brain cells in
the healthy young CNS, have a typical ramified morphology and
are distributed throughout the neural parenchyma and cover all
regions of the CNS (Wong, 2013).

During aging, microglia undergo substantial changes in
distribution, morphology, and behavior (Spittau, 2017). These
include: increase in the number/density, decrease in regularity
in distribution, reduction of individual ramification (dendritic
arbor area, branching, and total process length), appearance
of morphological changes suggestive of increased activation
state (e.g., perinuclear cytoplasmic hypertrophy, retraction of
processes), appearance of dystrophic microglia in aged human
brains, decrease in the rate of process movement, and decrease
in the rate of migration to focal tissue injury (Wong, 2013).
Dystrophic microglia were shown to possess increased sustained
inflammatory response in reaction to damage (Damani et al.,
2011). Importantly, microglial dystrophy is widespread in
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advanced AD as well as in Down syndrome and is frequently
colocalized with neurofibrillary degeneration (Streit et al., 2020).

Aged microglia are found to express increased levels of
effector molecules associated with activated microglia. Increased
expression of inflammatory cytokines, such as IL-1β, TNF-α,
IL-6, was detected in aged microglia studied in situ, isolated
ex vivo or cultured in vitro (reviewed by Wong, 2013). Due to
telomere erosion observed in cultured microglia (Flanary and
Streit, 2004) and associated with dementia in human AD brain
samples (Flanary et al., 2007), and to lipofuscin accumulation
and mitochondria dysregulation, manifested as increased ROS
production, it was suggested that microglia underwent cell
senescence. However, only recent studies, based on the flow
cytometry analysis, revealed an increase in the number of
p16INK4a and p21WAF1/CIP positive microglia derived from old
mouse brain. This increase correlated with upregulation of
autofluorescence (characteristic for senescent cells due to the
lipofuscin accumulation), and γH2AX and Bcl-2 (anti-apoptotic
protein) level in those cells (Ritzel et al., 2019).

NEURONAL SENESCENCE

Once mature, most of our neurons last our entire lifetime
and show high potential for plasticity, which allows them
to continuously modulate and adapt their complex synaptic
network to changing conditions. The concept of neuronal
senescence is relatively new even though it is well-established
that neuronal functions decline with aging (Tan et al., 2014).
As the hallmarks of cell senescence encompass more than
just irreversible growth arrest, the studies to identify markers
of neuronal senescence, that is senescence of proliferation-
incompetent cells, were recently performed both in vivo and
in vitro (Tan et al., 2014; Kritsilis et al., 2018; Wengerodt
et al., 2019). However, data concerning this subject are still
scarce, probably due to the existing paradigm telling that cellular
senescence is an irreversible/permanent cell cycle arrest. It seems
that depending on the type of cell senescence, this arrest can
occur either in the G1 or G2 phase of the cell cycle (Bielak-
Zmijewska et al., 2014). Since neurons are post-mitotic, non-
cycling cells (permanently in the G0 phase of the cell cycle),
neuronal senescence, like that of other post-mitotic cells, must
rely on other foundations than proliferation arrest. Somemarkers
of cellular senescence were observed in long-lasting neuronal
cultures without additional inducer. Generally, it takes 30–40
DIV (days in vitro) to develop a senescence phenotype. Although
not fully specific, the most useful marker of cell senescence is
the increased activity of SA-β-gal. Indeed, increased SA-β-gal was
observed in the hippocampus of aging rats (Geng et al., 2010)
and long-term in vitro cultures of hippocampal (Dong et al.,
2011) and cerebellar granule neurons (Bhanu et al., 2010). We
also observed stronger staining for hippocampal SA-β-gal in old
than young mice. Moreover, in long-term neuroglial co-cultures
(neural plus glial cells) of rat cortical cells, we observed a quite
rapid increase in SA-β-gal-positive neurons and increased IL-
6 production but, interestingly, no hallmarks of DNA damage
(Piechota et al., 2016). Moreover, induced DNA damage did

not increase the number of SA-β-gal-positive neurons. Similarly,
in rat hippocampal neurons cultured in vitro, no increase
of γH2AX foci was observed (Ishikawa and Ishikawa, 2020).
However, Jurk et al. (2012) documented that Purkinje neurons
of the cerebellum, and also cortical, hippocampal, and peripheral
neurons in old mice, had severe DNA damage, activated p38
MAP kinase, high ROS production and oxidative damage, high
interleukin IL-6 production, heterochromatinization and SA-
β-gal activity. Moreover, they showed that these senescence
symptoms were dependent on DNA damage-induced expression
of p21WAF1/CIP1. Others showed some features of cellular
senescence, such as increased SA-β-gal activity, oxidative stress,
γH2AX expression, IL-6 production and astrogliosis, in mixed
rat neuroglial co-cultures (Bigagli et al., 2016). Moreno-Blas
et al. showed that in rat mixed cultures, both neuronal and
glial cells became SA-β-gal-positive, but only neurons expressed
p21WAF/CIP1 and only astrocytes accumulated γH2AX foci
(Moreno-Blas et al., 2019). Moreover, rat senescent neuronal
cells in vitro were characterized by elevated SASP. In long-
term cultures enriched in hippocampal neurons several cell
senescence markers were found: upregulation of Cdk inhibitor
p16INK4A (Cdkn2a), but not p21WAF1/CIP1 (Cdkn1a), increased
activation of p38 MAP kinase and loss of lamin B1, which
leads to chromatin changes. Neurons at 28 DIV showed
upregulation of SASP gene expression including those encoding
Cxcl1, plasminogen activator inhibitor-1 (Pai-1), and insulin-
like growth factor-binding proteins (Ishikawa and Ishikawa,
2020). The authors documented that not only hippocampal
but also cortical cell culture led to expression of senescence
markers. Recently, we have focused our interest on senescence
of neural progenitor cells (NPCs) derived from A-T (Ataxia
telangiectasia) reprogrammed fibroblasts. We showed that A-
T NPCs, obtained through neural differentiation of iPSCs in
5% oxygen, possessed some features of senescence, including
increased activity of SA-β-gal, increased secretion of IL-6 and IL-
8 and reduced sirtuin 1 level in comparison to control NPCs. This
phenotype of A-T NPC was accompanied by elevated oxidative
stress. Additional sources of oxidative stress, such as increased
oxygen concentration (20%) or H2O2 treatment, aggravated
the phenotype of senescence (Sunderland et al., 2020). Since
the ATM kinase is a key protein involved in DNA damage
response, our data indicate that senescence of neural cells is
not DNA damage-dependent and that rely rather on oxidative
stress, similarly to rat cortical cell senescence (Piechota et al.,
2016). In A-T, but not in control human neural cells, we
observed a REST increase. REST is a transcriptional repressor
that is downregulated during neuronal development in humans
to de-repress neuron-specific genes. However, in the aged brain,
REST becomes upregulated to repress apoptosis-inducing genes,
thereby facilitating neuronal cell survival (Lu et al., 2014).
Accordingly, we postulated that REST could be a reliable marker
of neuronal senescence (Sunderland et al., 2020). Indeed, in line
of this, Ishikawa and Ishikawa also showed increased REST level
in rat senescent cells in vitro (Ishikawa and Ishikawa, 2020). It has
been documented that also epigeneticmodifications play a crucial
role in age-related changes in neurons. Histone loss, increased
open chromatin regions, altered histone modifications, and
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changes in DNAmethylation (DNAm) pattern lead to alterations
in the gene expression profile of aged neurons and, eventually,
to neuronal dysfunction. Moreover, impairment of nuclear pores
(nuclear pore “leakiness”) contributes to age-related changes in
the nucleus and cytoplasm configuration (Schlachetzki et al.,
2020). However, the brain is composed of thousands of different
neural cell types, and the effects of aging are likely to vary among
different brain regions and cell types, perhaps even in opposite
directions (Ximerakis et al., 2019).

Collectively, these data showed that, indeed, senescence of
post-mitotic nerve cells is a fact, although results published
so far are inconsistent due to different culture conditions and
measurements. Certainly, more research is needed. It seems that
the research on neuronal senescence has gained impetus and we
should expect a lot of new data on this topic soon. Moreover,
there is a growing body of evidence showing that autophagy,
the activity of which is decreased in old animals and humans, is
strictly linked to neuronal cell senescence.

SELECTED ASPECTS OF CELLULAR
SENESCENCE AND THEIR ROLE IN BRAIN
AGING

Senescent cells display a complex phenotype with multiple
effector mechanisms (Gorgoulis et al., 2019). Their strength and
combination may differ depending on the senescence trigger
and cell type and they influence on the functioning of senescent
cell. Among those effector mechanisms epigenetics, autophagy
and SASP gained much attention and there is evidence for their
critical involvement in the senescence process. Thus, we decided
to present the state of the art concerning the role of selected
effector mechanism in aging of the brain and senescence of
brain cells.

Epigenetic Changes in Aging Brain and
Senescence
One of the most dramatic molecular changes observed in
the aging brain, and influenced by lifestyle, is the alteration
of the epigenetic mechanisms controlling gene expression.
Epigenetic mechanisms regulate a plethora of brain functions
including activity-dependent transcription, synaptic plasticity,
learning and memory, and adult neurogenesis. In fact, in some
brain structures, such as hippocampus and prefrontal cortex,
various genes linked to synaptic plasticity and synaptic structure
have been shown to be downregulated as a consequence of
epigenetic alterations. The epigenetic mechanisms altered in
aging include DNA methylation, chromatin remodeling and
non-coding RNA expression pattern. Most of these epigenetic
alterations contribute to cognitive decline during aging (reviewed
by Harman and Martin, 2020). DNA methylation is a process, by
which methyl groups are added to cytosine residues, primarily in
the regions rich in cytosine-guanine dinucleotides, CpG, which
are grouped in so called CpG islands (reviewed in Jiang and Guo,
2020). In neuronal cells, CpG methylation plays a critical role in
neural plasticity (Martinowich et al., 2003; Miller et al., 2010).

Human DNA methylation (DNAm) changes, referred to as
“epigenetic clocks,” have been widely used to identify differences
between chronological age and biological age in health and
disease including neurodegeneration and dementia. While in the
majority of studies global DNA hypomethylation was observed in
various tissues with age, DNA methylation patterns are distinct
between tissue and cell types (Mendizabal et al., 2019). It is
therefore not surprising that DNAm age estimation models
may differ in accuracy across tissue types. Interestingly, a novel
epigenetic clock, that performs optimally in human cortex tissue
and has the potential to identify phenotypes associated with
biological aging in the brain, has been proposed recently. This
DNAm clock is specifically designed for the human cortex and is
accurate across the whole human lifespan including older donors
(aged over 60 years). The authors demonstrate that their clock
outperforms the existing DNAm-based predictors developed for
other tissues, minimizing the potential for spurious associations
with aging phenotypes relevant to the brain (Shireby et al., 2020).

Chromatin remodeling driven by histone modifications is a
tightly regulated process whereby modifications (methylation
and acetylation of lysine) are added and removed by enzymes,
the amount, regulation and function of which are altered during
aging (Pal and Tyler, 2016; Gadecka and Bielak-Zmijewska,
2019). The expression of HATs (histone acetyl-transferases) and
HDACs (histone deacetylases) and related regulatory molecules
has been reported to be altered in the aged brain, and could be
linked to age-related alterations in gene transcription (Barter and
Foster, 2018).

At the cellular level age-related epigenetic changes can be
observed as chromatin rearrangement that leads to dissociation
of heterochromatin from the nuclear periphery (Freund et al.,
2012). The attachment of heterochromatin to the nuclear
membrane is mediated by lamin B1, which preferentially binds
histone H3 trimethylated on lysine 27 (H3K27me3) and 9
(H3K9me3) i.e., modifications associated with transcriptional
repression (Yang and Sen, 2018). Age-related decline of lamin
B1 and a decreased level of H3K27me3 and H3K9me3 entail a
diminished heterochromatin content.

Epigenetic changes in chromatin influence SASP gene
expression. A good example of a SASP -regulating enzyme is
histone deacetylase sirtuin 1 (Sirt1). The level and activity of Sirt1
are going down during aging and cell senescence, which, in turn,
provokes an increase in the activity of NF-κB transcription factor,
necessary for transactivation of SASPmembers (Grabowska et al.,
2017).

The nuclear periphery, specifically nuclear lamina and the
long-lived components of the NPC (nuclear protein complexes)
responsible for the communication between nucleus and
cytoplasm, are prime targets of cellular senescence and it can
be anticipated that they also operate in senescing brain cells
(Moreno-Blas et al., 2019; Schlachetzki et al., 2020), however, this
statements needs definitely more experimental studies.

Autophagy in Aging Brain and Brain Cells
Autophagy is an evolutionally conserved intracellular process
that enables cells to dispose of damaged or unnecessarymolecules
and organelles. Thus, autophagy is responsible for cellular
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FIGURE 3 | Age-dependent lysosome impairment affects function of the brain cells. With age, lysosomes become large with altered membrane protein content,

namely, increased LAMP1 level, at least in quiescent neural stem cells, and decreased level of LAMP2A. Reduced LAMP2A level in lysosomal membrane is believed to

be the reason of declined CMA observed in old animals. Additionally, with age, lysosomal membrane permabilization (LMP) occurs resulting in leakage of protons and

lysosomal hydrolases into cytosol. Uncontrolled protein hydrolysis, e.g., of microtubule-associated proteins (MAPs), affect their function and may lead to cell death.

proton leakage impedes maintenance of low lysosomal pH, which is necessary for proper functioning of hydrolases. Hence, decline in lysosomal function results in

autophagy impairment and, in consequence, accumulation of various aggregated proteins, lipofuscin, and damaged organelles.

homeostasis. Recent genetic evidence indicates that autophagy
has a crucial role in the regulation of animal lifespan and
that basal level of autophagic activity is essential for longevity
(Nakamura and Yoshimori, 2018). Several studies demonstrate
that hundreds of proteins become highly insoluble with age,
in the absence of evident disease processes (Groh et al., 2017)
and that autophagy activity in the brain decreases with age in
many experimental models (Loeffler, 2019). One of the most
striking morphological changes in neurons during normal aging
is the accumulation of lipofuscin aggregates. Lipofuscin is an
autofluorescent pigment formed by lipids, metals and misfolded
proteins, that is especially abundant in nerve cells, cardiac muscle
cells and the skin (Moreno-Garcia et al., 2018). Disturbances
in proteostasis, along with accumulation of damaged DNA,
dysfunctional mitochondria, and lysosomes, point to the failure
of the protein degrading and organelle turnover system in aging.
Apart from the proteasome, exclusively destined for protein
degradation, autophagy is the biological system for degradation
of different kinds of molecules and of whole organelles. Indeed,
attenuation of both the proteasomal (Low, 2011) and autophagy-
dependent degradation with age has been described (Loeffler,
2019). Down-regulation of expression of the key autophagy
genes, such as ATG5, ATG7, and BECN1, was demonstrated
during aging of the human brain (Lipinski et al., 2010).

According to Yim and Mizushima, there are four kinds
of autophagy: macroautophagy, chaperon-mediated autophagy
(CMA), RN/DNatophagy, and microautophagy (Yim and
Mizushima, 2020). However, only during macroautophagy the
material destined for degradation is closed in newly formed
vesicles called autophagosomes. All autophagy types rely on
lysosomes. Thus, their dysfunction due to, for example, lysosomal
membrane permeabilization (LMP), leads not only to autophagy
impairment but also to leakage of the lysosomal content into
cytosol (Figure 3). Hence, damaged lysosomal clearance is
important for cell function and survive (Gomez-Sintes et al.,
2016). Interestingly, in the aged rat brain, increased cathepsin
D activity and microtubule-associated proteins (MAPs), MAP1,
and MAP2, degraded by cathepsin D-like enzyme, were
found (Matus and Green, 1987; Nakamura et al., 1989). This
finding suggested leakage the enzyme from lysosomes. Further
investigation demonstrated an increase in other cathepsin in
rat brain, as has been summarized by Stoka et al. (2016).
Thus, increase in lysosomal enzymes’ activity and accumulation
of lipofuscin in rat brain points to perturbation of lysosomal
function with age.

Indeed, changes in lysosomal activity with age were described
by Gomez-Sintes et al. (2016). Aged lysosomes become large
and more vulnerable to LMP (Figure 3). It was suggested
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that changes in lysosomal membrane components resulted in
lysosome fragility. Decreased LAMP2A content in lysosomal
membrane with age was found in rodents and was postulated to
be the reason of age-related decline of CMA (Kiffin et al., 2007).
Aged lysosomes were also characterized by increased pH, which
affects lysosomal enzyme activity. In consequence, lysosomes
accumulate undigested material, including lipofuscin, which in
turn, may affect lysosomal function and integrity causing LMP.

Lipidation is the very initial step in autophagy regulated by
many autophagic proteins. It means conjugation of the cytosolic
LC3-I protein to phosphatidylethanolamine in the phagophore
membrane to form LC3-II, which is one of the markers of
autophagic vesicles (Yoshii and Mizushima, 2017). Recently, it
has been demonstrated that autophagy lipidation machinery has
a non-canonical, autophagy-independent function in regulating
axonal microtubule dynamics (Negrete-Hurtado et al., 2020).
ATG proteins involved in lipid conjugation of LC3 facilitate
microtubule-dependent axonal transport. Depletion of these
ATG or increase in non-lipidated LC3-I, impaired microtubule
dynamics and axonal cargo transport leading to the formation of
axonal swelling phenotype. Such changes in the axons are known
to compromise learning and memory-dependent neuronal
activity that is known to decline with age. Thus, autophagy
impairment may promote the accumulation of undigested
material but also hampers axonal transport in neurons. The
authors suggest that pharmacological activation of autophagy
may not only promote the degradation of cytoplasmic material
but also impair axonal integrity via altering microtubule stability.

Leeman et al. demonstrated age-related changes in quiescent
and activated populations of neural stem cells (NSCs) in the
mouse brain (Leeman et al., 2018). Quiescent NSCs were
characterized by large lysosomes with high expression of LAMP1
and aggregate accumulation, accompanied by impairment of
autophagic degradation (Figure 3). The lysososmal/autophagy
activity worsened with age, leading to decline in activation of
quiescent NSC in old mice. Increment in lysosomal function,
evoked by nutrient deprivation or by activation of lysosome
biogenesis, led to decreased aggregate level and a higher rate
of quiescent NSC activation, allowing them to regain a more
youthful state (Leeman et al., 2018).

Autophagy improvement may counteract or delay the
appearance of these unfavorable changes.

The question is: how is autophagy related to
cellular senescence?

In a seminal paper, Narita’s group documented autophagy
activation upon induction of senescence in normal fibroblasts
and showed that autophagy inhibition, by depletion of ATG5
or ATG7, attenuated SASP manifestations, namely IL-6 and
IL-8 secretion (Young et al., 2009). Subsequently, the same
group proposed model, in which autolysosomes, by degrading
aged organelles and proteins, generate a high flux of amino
acids and other metabolites needed for biosynthesis. In turn,
mTORC1 (mTOR Complex 1) promotes the utilization of
these metabolites for the synthesis of the SASP components
(Narita et al., 2011). Recently, the downregulation of mammalian
Sirt1 protein, considering as a “youth protein” (Grabowska
et al., 2017) during senescence and in vivo aging has been

documented to occur via autophagy (Xu et al., 2020). Also our
results (Sunderland et al., 2020) show that the level of Sirt1
is lower in senescing fibroblasts from donor suffering from
A–T disease (A–T) and reprogrammed to neural progenitors
than in non-senescing cells from a healthy donor. However,
neither Xu et al. (2020) nor ourselves (Sunderland et al.,
2020) provided any information concerning the senescence
phase. Hence, Herranz and Gil (2018) actually distinguished
three phases of cell senescence: senescence initiation, early and
late senescence, with active autophagy restricted to early stage
of cell senescence. Thus, it cannot be excluded that active
autophagy is inhibited in the late stage of senescence, especially
in neurons.

Results of several papers investigating the relationship
between autophagy and cell senescence suggest that autophagy
is blocked in brain cells with a senescence phenotype. This is
in line with the results presented below, showing that brain
aging is linked to impaired autophagy. Regarding autophagy
and senescence in brain cells, there are some convincing results
obtained in in vitro culture. Autophagy is a very dynamic
process, and if an accumulation of autophagic vesicle is observed,
it is rather a sign of autophagy blockage at the stage of
autophagosome fusion with lysosomes or cargo degradation in
autolysosomes (Yoshii and Mizushima, 2017). Hence, Moreno-
Blas et al. (2019) speculated that in senescent cortical neural
cells the lysosome—autophagosome fusion was impaired, what
resulted in inhibited autophagic flux. Ishikawa and Ishikawa
(2020) came to the same conclusion on the basis of research
conducted on hippocampal neural cells. Cell treatment with
rapamycin led to activation of autophagy by flux unblocking.

Our study performed on neural progenitor cells revealed
that senescence in A-T neural cells proceeded hand in hand
with disturbances in autophagy (Sunderland et al., 2020).
We documented that even though the autophagic vesicle
marker (LC3B II) was elevated, there was accumulation of
the protein marker of autophagy cargo (p62/SQSTM1), a
higher level of internal autophagy inhibitor (Rubicon) and no
reaction to chloroquine treatment in A–T NPCs, which points
unambiguously to impaired autophagic flux. One especially
interesting result was the increased number of LAMP2-positive
vesicles in A–T NPCs (Sunderland et al., 2020). This observation
possibly links impaired autophagy to increased SA-β-gal activity,
which is, in fact, a lysosomal enzyme. SA-β-gal activity has
been correlated with lysosomal mass in a publication by Lee
et al. (2006) and in our study on rat neurons (Piechota et al.,
2016). Both the abundance of lysosomes and loss of functional
autophagy can be a result of the same anomaly. A study by
Moreno-Blas et al. (2019) demonstrated that the autophagic
flux was blocked in senescent neurons in vitro possibly due
to dysfunction of lysosomes. Another result linking impaired
autophagy with the senescence phenotype is the increased level
of GATA4 (Moreno-Blas et al., 2019; Sunderland et al., 2020).
GATA4 is a transcription factor that is degraded by autophagy
in non-senescent cells. In senescent cells GATA4 is stabilized and
activates one of the master regulators of SASP, namely, NF-κB
(Kang et al., 2015). Judging from the changes in secretion of
interleukins in senescent cells, this seems to be the case.
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Altogether, the data suggest that age-related lysosomal
dysfunction followed by autophagy impairment is strongly
interconnected with senescence of brain cells.

Neuroinflammation and SASP
For a long time brain has been considered as an immune-
privileged organ that is equipped with a separate subset of
cells, such as microglia, which are responsible for brain-specific
immunological response. Similarly to the periphery, age-related
changes that appear in the brain has been correlated with
increased neuroinflammation (Lynch, 2010). Upregulation of
pro-inflammatory cytokines and their modulators that appear
in the aging brain coexists with changes in the microglia
status, called “primed” microglia. “Primed” microglia are
characterized by increased baseline expression of inflammatory
markers and mediators, a decreased threshold of activation
and a switch to a pro-inflammatory state, and by exaggerated
inflammatory response following immune activation (Dilger
and Johnson, 2008; Norden et al., 2015; Fonken et al., 2018).
Apart from microglia also astrocytes were shown to promote
neuroinflammation. Analysis of the differentially expressed genes
in mouse brain revealed that aged astrocytes take on a reactive
phenotype of neuroinflammatory A1-like reactive astrocytes.
In response to lipopolysaccharide (inducer of inflammation)
more A1 reactive astrocytes were formed in aged than young
mouse brain. It was also demonstrated that cytokines secreted
by microglia were responsible for the induction of the A1
phenotype of aged astrocytes (Clarke et al., 2018), emphasizing
the role of cell to cell communication in the propagation of
neuroinflammation. Of note, contrary to non-reactive astrocytes,
reactive A1 astrocytes could not promote neuronal survival,
outgrowth, synaptogenesis and phagocytosis, instead, they
induced cell death (Liddelow et al., 2017).

During the organismal lifespan, the interplay between the
immune and central nervous system impacts on the proper
functioning of the brain. There is a constant cross-talk
between the peripheral immune system and the brain. This
communication is performed via soluble factors like cytokines
and growth factors, among others, produced by innate and
adaptive response cells present in the CNS. Thus, it is not
surprising that, as we age, changes in the immune system
participate in the neuroinflammation that appears in the brain.
Increased level of pro-inflammatory factors in the blood leads
to disruption of the blood-brain barrier (Farrall and Wardlaw,
2009; Montagne et al., 2015). Consequently, increased infiltration
of immune cells (Togo et al., 2002; Stichel and Luebbert,
2007) and cytokines from the periphery activates microglia and
astrocytes. Both types of cells secret pro-inflammatory cytokines
like IL-1β, IL-6, and TNFα and, by this means, propagate
immunosenescence from the periphery into the brain. Apart
from activated cells, also senescent brain cells can support
neuroinflammation due to SASP factors. Moreover, senescent
cells are also a source of DAMPs (danger-associated molecular
patterns, alarmins) that, when secreted outside the cell, facilitate
low grade inflammation during aging (reviewed in Franceschi
et al., 2017). Importantly, those DAMPs, derived from cellular
debris or damaged proteins, might exit cells passively or packed

into so called extracellular vesicles (EVs) (Collett et al., 2018;
Katsumi et al., 2019; Marcoux et al., 2019). In the case of
senescent cells, increased production of EVs may be involved
not only in transmission of these specifically selected proteins
and nucleic acids (e.g., miRNA), but also serve to “clean”
the senescent cell from unwanted, damaged material that
accumulates due to lysosome malfunction (Eitan et al., 2016).
In this way the pro-inflammatory signal may be spread to
neighboring cells and into the systemic milieu.

We have demonstrated that after a long-term in vitro culture
of rat cortical neurons, the expression of IL-6 was significantly
higher than in cells cultured for only few days (Piechota et al.,
2016). Importantly, increased expression of IL-6 correlated
with neuron-specific upregulation of REST protein – a marker
of neuronal senescence (Piechota et al., 2016; Ishikawa and
Ishikawa, 2020; Sunderland et al., 2020). Accordingly, Moreno-
Blas et al. (2019) proved that cortical neurons cultured in vitro
for 26 days express a higher level of GATA4 transcription
factor, which was shown to participate in the regulation of
SASP factors expression (Kang et al., 2015). Moreover, senescent
cortical cells secret increased amounts of several cytokines and
chemokines, among which MCP-1 was the most significantly
altered comparing to young cells (Moreno-Blas et al., 2019).
Conditioned medium obtained from senescent cortical cells
was able to induce premature paracrine senescence of mouse
embryonic fibroblasts (MEFs). Thus, the authors proposed that
senescent brain cells can also spread the senescence phenotype
via secreted factors to nearby healthy brain cells such as
astrocytes, microglia or endothelial cells (Moreno-Blas et al.,
2019). Studies performed by Ishikawa and Ishikawa (2020)
confirmed that long-term culture of cortical and hippocampal
neurons correlated with increased expression of selected SASP
factors. Enhanced immunostaining of one such factor, Cxcl1, was
detected specifically in aging neurons. Furthermore, an increased
number of IL-6 expressing cortical and Purkinje neurons were
shown in the brain of old mice (Jurk et al., 2012).

While senescence of neurons still remains a subject of debate,
and its involvement in the regulation of aged brain functioning
through SASP factors needs more experimental support, the
role of factors secreted by astrocytes in the aging brain is
unquestionable. With age, astrocytes become activated, which
is a phenomenon induced by a variety of insults and diseases
of CNS. One of the common features of activated astrocytes is
secretion of a number of cytokines, chemokines and proteases
that can have either beneficial or detrimental role on CNS
functioning. Importantly, there is a significant overlap between
factors secreted by reactive astrocytes and SASP factors; thus,
one can speculate, that activated astrocytes may, at least in part,
represent a pool of senescent cells (Cohen and Torres, 2019).
An increased level of SASP factor mRNA (TNF-α, IL-1β, IL-6,
and IL-8) was detected in the hypothalamus of aged mice and
in astrocytes induced to senesce by estradiol treatment in vitro
(Dai et al., 2020). The key transcription factors mediating pro-
inflammatory signals in SASP are C/EBP and NF-κB. Of note,
these pathways are also fundamental regulators of inflammatory
responses in astrocytes (Cardinaux et al., 2000). Accordingly,
it was demonstrated that oxidative stress in cultured human
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astrocytes could activate inflammatory pathways, namely NF-κB,
p38MAPK, and JNK pathways, and stimulate the secretion of
IL-6 (Lee et al., 2010). Recently, it has been shown that NF-
κB also modulates neuronal morphology and function through
activation of complement C3 in glia; however, the symptoms
of astrocytic senescence were not analyzed (Lian et al., 2015).
One of the targets of C/EBP is TGFβ1, which signaling in the
brain increases with aging (Doyle et al., 2010) and can inhibit
astrocyte proliferation (Lindholm et al., 1992) but also stimulate
the expression of GFAP (de Sampaio e Spohr et al., 2002). TGFβ
signaling induces expression of MCP-1 also recognized as a
SASP factor, in astrocytes. In turn, MCP-1 triggers monocyte
recruitment across the BBB, and thus it has a crucial role in
inducing chronic inflammation as that is often observed in
Alzheimer’s disease (Sokolova et al., 2009). Another important
inflammatory factor that can induce cellular senescence in the
brain is HMGB1 (high mobility group box-1, alarmin) protein
(Davalos et al., 2010). Recently it was shown that HMGB1 is a
crucial component of senescent cell secretory phenotype and also
the founding DAMPmember (Davalos et al., 2013). In astrocytes,
HMGB1 signaling has been reported to activate the secretion
of a specific subset of inflammatory factors, e.g., matrix MMP-
9, cyclo-oxygenase-2 (COX-2) and several chemokines that can
facilitate monocyte infiltration (Pedrazzi et al., 2007). Moreover,
astrocytes aged in vitro were shown to secret EVs that have a
negative impact on the differentiation of oligodendrocytes (Willis
et al., 2020). Interestingly, the pro-inflammatory phenotype of
astrocytes in the aging brain can have several detrimental but also
neuroprotective functions, proving that factors secreted by brain
cells may modulate the microenvironment in apparently a more
complex way than expected.

Besides astrocytes, also senescent microglia might influence
the pro-inflammatory state in the brain. Experiments performed
on microglia derived from rat brain cultured in vitro indicated
that those cells can undergo stress-induced senescence, which
is accompanied by SASP (Cao et al., 2020). Moreover, it was
demonstrated in the elegant studies performed by Sierra et al.
(2007) that microglia derived from old mice are characterized
by higher granularity (flow cytometry analysis) and significantly
increased expression of TNFα, IL-1β, IL-6. Altogether, this
suggests that cytokines produced by aged microglia my represent
SASP factors.

A recent study adds new insights into the connection
among inflammation, brain function, DNA damage and
telomeres. Namely reduction of Ft1 (a telomere-associated
protein named AKTIP in humans) level in mice causes
telomere aberrations, DNA instability and cell senescence. Ft1
mutant mice share similarities with lamin mutant animals,
which are models for human progeroid syndromes, linking
the Ft1 model to premature aging and progeroid diseases.
The studies showed significant higher levels of both IL-
6 and TGF-β in Ft1 knockout brains as compared to age
matched control mice. Thus, it was concluded that the path
to seizures generated following Ft1 reduction could start
with DNA damage, including telomere dysfunction, followed
by p53 activation, cell senescence, and SASP (Burla et al.,
2018).

Summarizing, there is an unquestionable and compelling
evidence that, with age, there is a progressive development
of a pro-inflammatory state of the brain. This increasing
inflammation reflects both systemic and brain-derived changes
of the immune cells but also results from the accumulation of
senescent cells. Senescent brain cells secrete pro-inflammatory
cytokines and represent a source of damaged macromolecules
that generate the pro-inflammatory response in the brain
microenvironment. Altogether, age-related changes in the
cytokine milieu within the brain create harmful conditions that
negatively influence CNS functioning (Figure 4).

SENOLYTICS IN BRAIN REJUVENATION

As we get old, neuronal complexity declines. Dendritic
arborization, length, synapse number, and spine density decrease
to variable degrees in cortical areas. This is accompanied by
reductions in most aspects of cognitive performance including
memory, awareness, and intellectual abilities (Zhu et al., 2020).
It can be speculated that brain aging, similarly to that of other
organs, is caused by senescent cells. Senescent cell burden is
low in young individuals, but increases with age in all tissues,
especially in the brain, adipose tissue, skeletal muscle, kidney,
skin, and ovaries (Sikora et al., 2010; Sikora, 2013). Recently, it
has been shown that targeting senescent cells can alleviate the
effect of brain aging, similarly to other organs, which gives the
hope for increasing the cognitive performance and healthspan
(Baker and Petersen, 2018; Sikora et al., 2019). The just emerging
new therapeutic approach, senotherapy, that makes employs
senolytics (the name originates from the words “senescence”
and “lytic”), which are able to directly eliminate senescent cells,
showed that, indeed, health improvement is within a therapeutic
range (Baker and Petersen, 2018; Sikora et al., 2019; Kirkland and
Tchkonia, 2020).

Senolytics turned out to be promising in preclinical
studies of multiple conditions in mice, including metabolic
disorders, cardiovascular disorders, cognitive impairment,
pulmonary dysfunction, frailty, kidney and liver dysfunction,
and osteoarthritis, but they also delayed cancer onset and
extended the healthspan and lifespan (Tchkonia et al., 2020).

Several transgenic mouse models have been developed
enabling the visualization, assessment and eradication of
senescent cells in vivo (Figure 5A). In these models the promoter
of the p16INK4A gene was used to drive expression of genes
encoding proteins, which induced death of senescent cells upon
transgene activation. The same gene promoter was used to
drive expression of fluorescent proteins in some of those mice.
Using these animal models it was possible to confirm that
senescent cells accumulate during aging and in response to
environmental stresses, tissue damage or injury as well as at
the sites of age-related pathologies. In INK-ATTAC animals,
the p16INK4A promoter drives the expression of an inducible
caspase-like transgene, which encodes an apoptotic protein that
is activated by a small ligand, AP20187 (Baker et al., 2011).
Another model carrying suicide transgenes for a truncated
herpes simplex virus thymidine kinase (p16-3MR mouse) under
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FIGURE 4 | Senescent cells contribute to aging-related neuroinflammation. Glia and neurons can undergo cellular senescence, the characteristics of which includes

SASP (senescence-associated secretory phenotype). Secretion of bio-active factors like cytokines, chemokines, extracellular matrix modifying enzymes etc. boosts

the pro-inflammatory state observed in the aging brain. Release of senescent cell-derived cellular components that are recognized by neighboring cells as

danger-associated molecular patterns (DAMPs) triggers inflammatory gene expression in brain cells.

control of the p16INK4A promoter, have been developed. In
this cases, selective killing of senescent cells was accomplished
through treatment with ganciclovir (GCV) (Demaria et al.,
2014). There is also a study, in which a p19ARF-directed
CDKN2A gene promoter sequence that regulates expression of
the diphtheria toxin receptor (ARF-DTR) was used (Hashimoto
et al., 2016). Importantly, thanks to the transgenic mouse models
that facilitate selective elimination of senescent cells, it has
been shown that age-related pathological symptoms could be
alleviated and, consequently, the animal healthspan and even
the lifespan could be improved (reviewed in Sikora et al.,
2019). On the other hand, transplantation of even a small
number of senescent cells (preadipocytes) into young mice led
to spreading of cellular senescence to neighboring tissues and
caused persistent physical dysfunctions. This effect, along with
lifespan reduction, could be counteracted by oral administration
of senolytics (Xu et al., 2018).

The senolytic treatment, without genetic manipulations, has
already been applied in many mouse models of age-related
disease (Figure 5B). In general, senolytics can be classified
into BCL family inhibitors, PI3K/AKT inhibitors, and FOXO
regulators (Zhu et al., 2020). Briefly, the BCL family is composed
of anti-apoptotic and pro-survival proteins, including BCL-
2 and BCL-xL, the selective inhibition of which has been
previously shown to cause cell death in some cancers (e.g.,
Souers et al., 2013). Presently, a similar strategy has been adopted

to effectively remove senescent cells (Short et al., 2019). At
present, BCL inhibitors with senolytic effects include navitoclax
(namely ABT263), A1331852, A1155463, and ABT737. Another
pro-survival pathway active in senescent cells is the PI3K/AKT
pathway, which can be targeted by dasatinib and quercetin.
Dasatinib (D), an anticancer drug, is a tyrosine kinase inhibitor
that can affect a variety of tyrosine kinases (Montero et al.,
2011). Quercetin (Q), is a natural flavonol that inhibits the
activity of mTOR and PI3K (Bruning, 2013). D and Q are
the first senolytic drugs to be discovered via a hypothesis-
driven approach, and they have been demonstrated (used in
combination, D+Q) to alleviate symptoms of a variety of age-
related diseases inmousemodels and to improve survival in older
mice (Kirkland and Tchkonia, 2020). The D+Q combination
has been tested in clinical trials and the results show that D+Q
significantly improve the physiological functions in idiopathic
pulmonary fibrosis (IPF) patients (Justice et al., 2019) and can
effectively eliminate p16INK4a-positive cells, reduce the activity
of SA-β-gal, and attenuate the release of inflammatory factors
in patients with diabetic nephropathy (Hickson et al., 2019).
Epidemiological studies have suggested that flavonoid intake
has beneficial effects on vascular health, and is associated with
a decreased risk of coronary heart disease and cardiovascular
disease. Fisetin is a natural flavonoid found in many fruits
and vegetables, such as apples, persimmons, grapes, onions,
cucumbers, and strawberries (Khan et al., 2013). In the nervous
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FIGURE 5 | Mouse models applied in experimental senotherpy. Two experimental approaches for the eradication of senescent cells are used: (A) transgenic mouse in

which transgene expression is under control of the promoter of a senescence-specific gene coding for p16INK4A or p19ARF protein. Activation of the transgene via an

adequate compound leads to induction of cell death in p16INK4A or p19ARF-expressing cells. Additionally, transgene might carry GFP protein sequence enabling

identification of GFP-positive senescent cells before and after treatment; (B) senolytic treatment of wild type mice leads to death of senescent cells; death-inducing

activity of senolytics stems from the ability to inhibit prosurvival or antiapoptotic pathways that are upregulated in senescent cells.

system, fisetin could inhibit the activity of lipoxygenase and
reduce the production of pro-inflammatory eicosanoids and
their by-products, and thus protect brain function in age-related
neurological diseases (Maher, 2012). Fisetin treatment reduced
the burden of senescent cells, inflammation, and oxidative stress
in premature aging mice, while in elderly mice it could restore
tissue homeostasis, reduce age-related pathological changes, and
extend the median and maximum lifespan (Yousefzadeh et al.,
2018).

Another target of senolitics is HSP90. HSP90 is a highly
conserved chaperone protein that plays an important role
in protein stabilization and degradation. A previous study
has shown that 17-DMAG inhibits HSP90, downregulates
the PI3K/AKT pathway, reduces the number of senescent
cells, and promotes senescent cell apoptosis. Treatment of
Ercc1–/1 mice with 17-DMAG can significantly lower the
incidence of age-related dysfunctions (Fuhrmann-Stroissnigg
et al., 2017). Other examples are FOXO regulators—for example

a peptide named FOXO4-DRI, which binds p53 with high
affinity. Disrupting the p53-FOXO4 interaction using FOXO4-
DRI caused p53 to be excluded from nucleus and directed to
mitochondria for induction of apoptosis, ultimately eliminating
the senescent cells. FOXO4-DRI has been shown to restore
fitness, fur density, and renal function in both rapidly aging
XpdTTD/TTD mice, and naturally aging mice (Baar et al.,
2017). Recently, it has been shown that FOXO4-DRI selectively
induced p53 nuclear exclusion and apoptosis in senescent
Leydig cells. In naturally aged mice, FOXO4-DRI improved
the testicular microenvironment and alleviated age-related
testosterone secretion insufficiency (Zhang et al., 2020).

Although data from preclinical studies, showing the positive
effect of senolytics on reducing the symptoms of aging-related
diseases, are already very abundant, research on their beneficial
effects on the nervous system is still scarce.

Senescence-accelerated prone 8 (SAMP8) mouse is one of
the models of aging that exhibits a progressive, age-associated
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decline in brain function similar to human AD patients. As
they age, SAMP8 mice present with an early deterioration
in learning and memory and a number of pathophysiological
alterations in the brain, including increased oxidative stress,
inflammation, vascular impairment, gliosis, Aβ accumulation,
and tau hyperphosphorylation (Cheng et al., 2014). Young
SAMP8 mice were fed with fisetin for 7 months. The effects of
the fisetin-enriched diet was assessed in old SAMP8 mice and
the development of age-related changes were compared to the
young SAMP8 animals. As it was observed in Barens maze and
open field test, fisetin prevented cognitive and locomotor deficits
that develop with age in SAMP8 mice. Dysregulation of neuronal
homeostasis and stress responses was partially prevented and
markers of increased inflammation were partially reduced in the
hippocampus of old SAMP8 mice receiving fisetin. However, the
study did not provide evidence of direct elimination of senescent
brain cells by fisetin.

Recently, Chinta et al. (2018) have shown that in senescent
astrocytes Cdkn2a mRNA and SASP factors (IL-6, IL-1α, IL-
8, and MMP-3) were elevated in substantia nigra of paraquat-
induced PD p16-3MR mouse model. This was correlated with
the loss of DA (dopaminergic) neurons, motor dysfunction,
and reduced neurogenesis. Injection of ganciclovir, which
facilitated selective depletion of senescent cells, improved
motor function and restored adult neurogenesis in these mice
(Chinta et al., 2018). Another study revealed that there is
accumulation of p16INK4A-positive senescent astrocytes and
microglia in a mouse model of tau-dependent neurodegenerative
disease. Clearance of these cells, as they arise in INK-ATTAC
transgenic mice, prevents gliosis and hyperphosphorylation
of both soluble and insoluble tau, thus preserving cognitive
function. Pharmacological intervention with the ABT-263
senolytic resulted in similar effects as genetic intervention
(Bussian et al., 2018). Subsequently Zhang et al. (2019) proved
that D+Q was able to reduce neuroinflammation, lessen Aβ load
and ameliorate cognitive deficits in the familial mouse model of
AD, that is, APP/PS1 AD mice. Interestingly, this was possible
by selective removal of senescent oligodendrocytes from the
plaque environment.

Senescent glial cells can also affect other, namely
neuropsychiatric, functions of the brain. To investigate the role
of senescence in obesity-related neuropsychiatric dysfunction,
Ogrodnik et al. (2019) used the INK-ATTACmouse model, from
which p16INK4A-expressing senescent cells can be eliminated.
They found that obesity in mice led to accumulation of senescent
glial cells in the proximity of the lateral ventricle, a region
in which adult neurogenesis occurs. Clearing senescent cells
from leptin receptor-deficient obese mice, or mice fed with
high fat diet, by treatment with D+Q restored neurogenesis
and alleviated anxiety-related behavior. This study proved that
senescent glial cells are major contributors to obesity-induced
anxiety and that senolytics represent a potential new therapeutic
avenue for treating neuropsychiatric disorders.

The so far mentioned reports concern beneficial effects of
eradication of senescent non-neuronal cells on neurological
disorders. However, very recently it has been shown that
both approaches, namely in genetically modified INK-ATTAC

mice and pharmacologically treated mice resulted in senescent
microglia eradication and cognitive improvement in healthy
mice (Ogrodnik et al., 2021).

To our knowledge there are also two published papers
reporting on senolytic-driven elimination of neuronal cells.
One concerns chemotherapy-induced peripheral neuropathy and
another taupathy inmousemodels (Musi et al., 2018; Acklin et al.,
2020).

Chemotherapy-induced peripheral neuropathy is among the
most common dose-limiting adverse effects of cancer treatment.
Recently, it has been shown that a commonly used anticancer
drug, cisplatin, caused accumulation of senescent neuronal cells
in dorsal root ganglia (DRG). Drug treatment was associated
with cisplatin-induced peripheral neuropathy (CIPN) in mice.
The features of senescence in DRG included: SA-β-gal increased
activity, accumulation of cytosolic p16INK4A and HMGB1, and
increased expression of p16INK4A, p21, and MMP-9. Both
the pharmacological treatment with the ABT263 senolytic
and utilization of genetically modified mice (p16-3MR mice)
resulted in induction of apoptosis of p16INK4A-positive cells.
In consequence, clearance of senescent neuronal cells and
reversed of cisplatin-induced peripheral neuropathy inmice were
observed (Acklin et al., 2020).

The accumulation of tau protein is the most common
pathology of AD (Orr et al., 2017). Tau-containing neurofibrillary
tangles (NFTs) correlate with disease severity in human AD
(Arriagada et al., 1992). NFT-containing neurons are long-lived
and not prone to immediate cell death (de Calignon et al.,
2009). Interestingly, Musi et al. found that in a mice model of
taupathy and postmortem human brain tissue NFT-containing
neurons have upregulated expression of genes involved in cell
survival and viability, inflammation, cell cycle and molecular
transport and downregulated expression of genes involved in
apoptosis, necrosis, and cell death pathways (Musi et al., 2018).
TauNFT mouse brains displayed significantly elevated histone
γH2AX level, and several- fold higher Cdkn1a (p21CIP/WAF)
and Cdkn2a (p16INK4A) and SASP gene (Il1b, Cxcl1, Tnfa,
Tlr4) expression than control mice, suggesting that NFT-
containing neurons are senescent. Intermittent D+Q treatment
significantly reduced the number of NFT-containing cortical
neurons and NFT associated senescence gene expression was
reduced by D+Q. Moreover, D+Q-treated mice expressed
significantly higher levels of neuronal proteins (NeuN, PSD95),
but the astrocyte protein GFAP level was unchanged, while
microglia Iba1 expression was elevated. This suggests that D+Q-
mediated neuroprotection and decreased SASP were not due to
reduction in pro-inflammatory glia (astrocytes or microglia) but,
instead, could be associated with fewer NFT-containing neurons.
Moreover, these data suggest that removal of these neurons with
D+Q produced long-lasting global effects on brain, as evidenced
by histopathology and MRI analyses.

DISCUSSION

Aging affects all organs and tissues in our body, but aging-
related changes in the brain seem to be particularly devastating as
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they directly, negatively, influence our memory, cognitive ability
and intellect, and indirectly limit our physical ability. All of
this together leads to reduction in the quality of life in its last
decades. Due to civilization development and progress in science,
medicine and technology, human life expectancy has increased
significantly in the last century, thus, the quality of life in old age
is of particular importance. For many years biogerontology has
been involved in revealing biological mechanisms of the aging
process, however, just recently, researchers became aware that
age-related disease mechanisms should be found at the roots of
the biology of aging (Kennedy et al., 2014). This also concerns the
brain. At the roots of neurodegenerative disorders there are the
same molecular and cellular mechanisms that are responsible
for “normal” aging. The difference is in the intensity of these
processes and the chronology of their appearance. That is why
it is so important to answer the question how the brain without
symptoms of neurodegeneration is aging? The answer to this
question is as complex as the brain but is necessary to open the
avenue for treatment of age-related cognitive decline.

Astonishingly, despite the unique morphological and cellular
complexity of the central nerve system, many hallmarks typical
for senescence identified in other tissues have been found also
in the brain (Mattson and Arumugam, 2018). Some of them,
such as low grade inflammation, epigenetic and translational
changes, proteostasis and autophagy disturbances, seem to be
common for aged brain and other tissue senescence. Thus, it is
reasonable to hypothesize that cellular senescence may give the
ground for aging-related changes that significantly alter brain
function. Accordingly, it has been noticed recently that cellular
senescence can play a pivotal role in brain aging (Tan et al., 2014;
Baker and Petersen, 2018) and elimination of senescent cells
by senolytics can alleviate neurodegeneration symptoms in mice
models (reviewed by Sikora et al., 2019). The following questions
arises: which brain cells are the main target of senotheraphy
and what will be the effect of eradication of senescent cells in
aged brain that cannot be effectively replaced by new ones like,
for example, neurons? Even more, if regenerated to a certain
extent, can the functionality of the neuronal network be restored
afterwards? So far, the beneficial effect of senotherapy in mice
models of neurological disorders was improvement in health due
to eradication of senescent glia (Bussian et al., 2018; Ogrodnik
et al., 2019) or oligodendrocytes (Zhang et al., 2019). However,
two recent papers reported also reduction in the number of
senescent nerve cells (Musi et al., 2018; Acklin et al., 2020). It
suggests that senescent glia cells represent a population of brain
proliferation-competent cells that become sensitive to senolytic
treatment due to expression of common markers of senescence.
On the contrary, senescent neurons, as non-dividing post-
mitotic cells, acquire a specific senescent phenotype that could
be not easily targeted by senolytic agents. Still the question is
whether elimination of senescent brain cells can postpone aging
and age-related cognitive impairment or if it is only restricted to
pathological conditions associated with increased accumulation
of senescent cells? Further studies are needed.

Although much attention is focused on the anti-aging strategy
based on senolytic therapy approach, senomorphic agents,
that modulate the senescent phenotype (Childs et al., 2017)

might also be considered particularly useful in postponing
brain aging. This supposition stems from strong experimental
support showing that both autophagy and inflammation,
strictly connected with senescence, have profound impact on
synaptic plasticity. Accordingly, one of the theories of age-
dependent synaptic dysfunction leading to learning impairments,
focuses on failing autophagy in presynaptic terminals. Distal
axons and presynaptic terminals are widely considered the
primary site of autophagosome biosynthesis. With aging
autophagosome formation is impaired, which makes neuronal
autophagy dysfunctional. In line with this, it has been shown
that autophagosome biogenesis decreases with age (Stavoe
et al., 2019). Additionally aged-dependent increase of damaged
lysosomes was found leading to autophagy inhibition at the
degradation stage (Gomez-Sintes et al., 2016; Stoka et al.,
2016). The turnover of presynaptic proteins, taking place in so
called active zones (specific presynaptic structures specialized in
neurotransmitter release), was shown to be altered with aging,
causing upscaling of the active zone size and abnormal release
of synaptic vesicles (Maglione et al., 2019). At some point,
synapses may reach their upper limit of plasticity potential and
lose ability to change, which may translate into learning deficits
(Bhukel et al., 2017). Moreover, since defective mitochondria
are being sequestrated by autophagosomes, aging may lead
to dysfunctional mitophagy and increased oxidative stress.
Increased oxidative stress, in turn, leads to LMP that contribute to
further impairment of autophagy and accumulation of damaged
proteins and organelles. This vicious cycle may lead to an age-
related decrease in the number of mitochondria in synaptic
terminals and to functional impairments (Ojo et al., 2013;
Rango and Bresolin, 2018). Mitochondria also play a key role
in Ca2+ homeostasis. A drop in the numbers of mitochondria
decreases the ability of the synapse to regulate Ca2+ level,
which may lead to synaptic dysfunction or even cell death
because mitochondrial Ca2+ overload induces pro-apoptotic
pathways (Devine and Kittler, 2018). Recently, non-canonical
role of autophagy machinery on microtubule-dependent axonal
transport was found (Negrete-Hurtado et al., 2020). Thus,
autophagy activation promote not only degradation but also
may ameliorate axonal transport. Interestingly, spermidine, a
polyamine compound, the level of which decreases with age, has
been shown to have significant anti-aging potential, including
beneficial effects on cognitive performance in elderly people at
risk of dementia (Wirth et al., 2018). Its beneficial action on
the cognitive performance may be associated with promotion
of autophagy. It has been shown that simply feeding aged mice
with spermidine partially reversed age-related deficits in LTP
at mossy fiber-CA3 synapses in the hippocampus (Maglione
et al., 2019). In line with those results, other modulators of
autophagy alleviate age-related cognitive deficits in rodents
(Glatigny et al., 2019). Thus, just by regulating one of the effector
mechanism of cellular senescence—autophagy, an improvement
in cognition and memory might be expected without urgent
need for elimination of senescent cells. Not only pharmacological
treatment may cause upregulation of autophagy. Also physical
exercises and diet were found to have a positive effect on both
autophagy and the brain function (Andreotti et al., 2020).
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Apart from autophagy, proinflammatory cytokines, which
create a unique secretory phenotype of senescent cells, are
undoubtedly the most obvious goal for efficient therapy directed
against aged brain. There is great body of evidence that
increased level of inflammatory cytokines has a deleterious
effect on synaptic plasticity. It was demonstrated that upon
stressful conditions or aging, the level of IL-1β increases

leading to impairment of LTP in the hippocampus (Murray
and Lynch, 1998). Accordingly, administration of IL-1β in
supraphysiological concentration following learning, provided
the first evidence that excess of this cytokine results in
impaired memory. Importantly, low, physiological level of IL-
1β improved memory (Goshen et al., 2007). Moreover, gene
polymorphism analysis performed on over 5000 individuals

FIGURE 6 | The potential role of senotherapy in counteracting aging-related brain dysfunction. The cell-autonomous and non-autonomous features that accompany

senescence of brain cells may lead to cognition impairment and memory decline. Treatment of aged organism with senolytic or senomorphic compounds entails the

elimination of senescent cells or, alternatively, lower the deleterious influence of senescent cells on brain microenvironment (SASP reduction). In consequence,

restoration of proper brain activity may be achieved.
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under the frame of the PROSPER study revealed that a certain
genetic variation in the interleukin-1β-converting enzyme
(ICE) gene is associated with better performance in cognitive
function tests and lower IL-1β production (Trompet et al.,
2008). Similarly to IL-1β, also TNFα, at levels over the
physiological range, leads to hippocampal LTP impairment
associated with depressive-like behavior and cognitive deficits
in animal models (Butler et al., 2004). Other studies have
revealed IL-6 as another example of SASP component that
significantly influences brain function. When IL-6 is elevated
in the brain of mice they display impaired cognitive abilities,
deficits in learning, abnormal anxiety traits and habituations,
and decreased social interactions concomitantly with significant
disruption of synaptic transmission and structural plasticity
(Wei et al., 2015). Thus, age-associated supra-physiological levels
of proinflammatory cytokines should contribute to defects in
brain functionality. Indeed recent studies revealed that anti-
inflammatory agents, such as ibuprofen, protect from cognitive
decline induced by chronic inflammation in genetic mouse
models by decreasing markers of senescence in neurons (Fielder
et al., 2020).

Although age-related changes in the brain have been widely
recognized for many years, only recently we are witnessing
accumulation of experimental proof of the cellular bases of
those changes. Moreover, therapeutical approaches that rely
on pharmacological elimination or modification of senescent
cells give hope for efficient restraining of age-related disease,
including neurodegeneration (Figure 6). However, the open
question still remains weather we will be able to restrict

the accumulation of progressive changes in the brain that
appear while we age? Can we safely intervene into the CNS
without influencing its proper functioning? So far collecting
data, including the very recent one showing that both genetic
modification (ATTAC mice) and pharmacological intervention
(D+Q) significantly improved cognitive function in aged
mice (Ogrodnik et al., 2021) give as the hope for more
satisfactory late years of our life, even if some clinical trials
are required. The problem is that the process of “normal”
aging is still not fully accepted as a subject of clinical trials.
However, the first ongoing clinical trial with using metformin
as an antiaging agent (https://www.longevity.technology/worlds-
first-anti-aging-trial-gets-green-light/) paved the way to other
approaches aimed at pharmacologically targeting the aging
process in order to preserve cognitive ability.

AUTHOR CONTRIBUTIONS

ES made substantial contributions to the conception and design
of the review and gave final approval of the version to be
published, ES, AB-Z, MD, GM, AK, MW, and JW participated in
writing the particular chapters of the manuscript and approved
the final version. GM, AK, and MD prepared figures. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the National Science Center, grant
UMO-2019/35/B/NZ4/01920 for ES.

REFERENCES

Acklin, S., Zhang, M., Du, W., Zhao, X., Plotkin, M., Chang, J.,

et al. (2020). Depletion of senescent-like neuronal cells alleviates

cisplatin-induced peripheral neuropathy in mice. Sci. Rep. 10:14170.

doi: 10.1038/s41598-020-71042-6

Adams, M. M., Donohue, H. S., Linville, M. C., Iversen, E. A., Newton, I. G.,

and Brunso-Bechtold, J. K. (2010). Age-related synapse loss in hippocampal

CA3 is not reversed by caloric restriction. Neuroscience 171, 373–382.

doi: 10.1016/j.neuroscience.2010.09.022

Andreotti, D. Z., Silva, J. D. N., Matumoto, A. M., Orellana, A. M., de Mello,

P. S., and Kawamoto, E. M. (2020). Effects of physical exercise on autophagy

and apoptosis in aged brain: human and animal studies. Front. Nutr. 7:94.

doi: 10.3389/fnut.2020.00094

Arriagada, P. V., Growdon, J. H., Hedley-Whyte, E. T., and Hyman, B. T. (1992).

Neurofibrillary tangles but not senile plaques parallel duration and severity of

Alzheimer’s disease. Neurology 42, 631–639. doi: 10.1212/WNL.42.3.631

Baar, M. P., Brandt, R. M. C., Putavet, D. A., Klein, J. D. D., Derks, K. W. J.,

Bourgeois, B. R. M., et al. (2017). Targeted apoptosis of senescent cells restores

tissue homeostasis in response to chemotoxicity and aging. Cell 169, 132–147

e16. doi: 10.1016/j.cell.2017.02.031

Baker, D. J., and Petersen, R. C. (2018). Cellular senescence in brain aging and

neurodegenerative diseases: evidence and perspectives. J. Clin. Invest. 128,

1208–1216. doi: 10.1172/JCI95145

Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van de

Sluis, B., et al. (2011). Clearance of p16Ink4a-positive senescent cells delays

ageing-associated disorders. Nature 479 232–236. doi: 10.1038/nature10600

Bang, M., Kim, D. G., Gonzales, E. L., Kwon, K. J., and Shin, C.

Y. (2019b). Etoposide induces mitochondrial dysfunction and cellular

senescence in primary cultured rat astrocytes. Biomol. Ther. 27, 530–539.

doi: 10.4062/biomolther.2019.151

Bang, M., Ryu, O., Kim, D. G., Mabunga, D. F., Cho, K. S., Kim, Y.,

et al. (2019a). Tenovin-1 induces senescence and decreases wound-healing

activity in cultured rat primary astrocytes. Biomol. Ther. 27, 283–289.

doi: 10.4062/biomolther.2018.107

Barnes, C. A., and McNaughton, B. L. (1980). Physiological compensation for

loss of afferent synapses in rat hippocampal granule cells during senescence.

J. Physiol. 309, 473–485. doi: 10.1113/jphysiol.1980.sp013521

Barnes, C. A., Rao, G., Foster, T. C., and McNaughton, B. L. (1992). Region-

specific age effects on AMPA sensitivity: electrophysiological evidence for loss

of synaptic contacts in hippocampal field CA1. Hippocampus 2, 457–468.

doi: 10.1002/hipo.450020413

Barnes, C. A., Rao, G., and Orr, G. (2000). Age-related decrease in the Schaffer

collateral-evoked EPSP in awake, freely behaving rats. Neural Plast. 7, 167–178.

doi: 10.1155/NP.2000.167

Barter, J. D., and Foster, T. C. (2018). Aging in the brain: new roles of epigenetics

in cognitive decline. Neuroscientist 24, 516–525. doi: 10.1177/1073858418

780971

Beausejour, C. M., Krtolica, A., Galimi, F., Narita, M., Lowe, S. W., Yaswen, P.,

et al. (2003). Reversal of human cellular senescence: roles of the p53 and p16

pathways. EMBO J. 22, 4212–4222. doi: 10.1093/emboj/cdg417

Bhanu, M. U., Mandraju, R. K., Bhaskar, C., and Kondapi, A. K. (2010). Cultured

cerebellar granule neurons as an in vitro aging model: topoisomerase IIbeta

as an additional biomarker in DNA repair and aging. Toxicol. In Vitro 24,

1935–1945. doi: 10.1016/j.tiv.2010.08.003

Bhat, R., Crowe, E. P., Bitto, A., Moh, M., Katsetos, C. D., Garcia, F. U., et al.

(2012). Astrocyte senescence as a component of Alzheimer’s disease. PLoS ONE

7:e45069. doi: 10.1371/journal.pone.0045069

Frontiers in Aging Neuroscience | www.frontiersin.org 18 February 2021 | Volume 13 | Article 646924178

https://www.longevity.technology/worlds-first-anti-aging-trial-gets-green-light/
https://www.longevity.technology/worlds-first-anti-aging-trial-gets-green-light/
https://doi.org/10.1038/s41598-020-71042-6
https://doi.org/10.1016/j.neuroscience.2010.09.022
https://doi.org/10.3389/fnut.2020.00094
https://doi.org/10.1212/WNL.42.3.631
https://doi.org/10.1016/j.cell.2017.02.031
https://doi.org/10.1172/JCI95145
https://doi.org/10.1038/nature10600
https://doi.org/10.4062/biomolther.2019.151
https://doi.org/10.4062/biomolther.2018.107
https://doi.org/10.1113/jphysiol.1980.sp013521
https://doi.org/10.1002/hipo.450020413
https://doi.org/10.1155/NP.2000.167
https://doi.org/10.1177/1073858418780971
https://doi.org/10.1093/emboj/cdg417
https://doi.org/10.1016/j.tiv.2010.08.003
https://doi.org/10.1371/journal.pone.0045069
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Sikora et al. Cellular Senescence in Brain Aging

Bhukel, A., Madeo, F., and Sigrist, S. J. (2017). Spermidine boosts

autophagy to protect from synapse aging. Autophagy 13, 444–445.

doi: 10.1080/15548627.2016.1265193

Bielak-Zmijewska, A., Mosieniak, G., and Sikora, E. (2018). Is DNA damage

indispensable for stress-induced senescence? Mech. Ageing Dev. 170, 13–21.

doi: 10.1016/j.mad.2017.08.004

Bielak-Zmijewska, A., Wnuk, M., Przybylska, D., Grabowska, W., Lewinska,

A., Alster, O., et al. (2014). A comparison of replicative senescence

and doxorubicin-induced premature senescence of vascular smooth

muscle cells isolated from human aorta. Biogerontology 15, 47–64.

doi: 10.1007/s10522-013-9477-9

Bigagli, E., Luceri, C., Scartabelli, T., Dolara, P., Casamenti, F., Pellegrini-

Giampietro, D. E., et al. (2016). Long-term neuroglial cocultures as a brain

aging model: hallmarks of senescence, MicroRNA expression profiles, and

comparison with in vivo models. J. Gerontol. Ser. A. Biol. Sci. Med. Sci. 71,

50–60. doi: 10.1093/gerona/glu231

Bitto, A., Sell, C., Crowe, E., Lorenzini, A., Malaguti, M., Hrelia, S., et al. (2010).

Stress-induced senescence in human and rodent astrocytes. Exp. Cell Res. 316,

2961–2968. doi: 10.1016/j.yexcr.2010.06.021

Bloss, E. B., Janssen, W. G., Ohm, D. T., Yuk, F. J., Wadsworth, S., Saardi,

K. M., et al. (2011). Evidence for reduced experience-dependent dendritic

spine plasticity in the aging prefrontal cortex. J. Neurosci. 31, 7831–7839.

doi: 10.1523/JNEUROSCI.0839-11.2011

Bruning, A. (2013). Inhibition of mTOR signaling by quercetin in cancer

treatment and prevention. Anticancer. Agents Med. Chem. 13 1025–1031.

doi: 10.2174/18715206113139990114

Burla, R., La Torre, M., Zanetti, G., Bastianelli, A., Merigliano, C., Del Giudice,

S., et al. (2018). p53-sensitive epileptic behavior and inflammation in Ft1

hypomorphic Mice. Front. Genet. 9:581. doi: 10.3389/fgene.2018.00581

Bussian, T. J., Aziz, A., Meyer, C. F., Swenson, B. L., van Deursen, J. M., and Baker,

D. J. (2018). Clearance of senescent glial cells prevents tau-dependent pathology

and cognitive decline. Nature 562, 578–582. doi: 10.1038/s41586-018-0543-y

Butler, M. P., O’Connor, J. J., and Moynagh, P. N. (2004). Dissection

of tumor-necrosis factor-alpha inhibition of long-term potentiation (LTP)

reveals a p38 mitogen-activated protein kinase-dependent mechanism

which maps to early-but not late-phase LTP. Neuroscience 124, 319–326.

doi: 10.1016/j.neuroscience.2003.11.040

Campisi, J. (2001). From cells to organisms: can we learn about aging from cells in

culture? Exp. Gerontol. 36, 607–618. doi: 10.1016/S0531-5565(00)00230-8

Cao, D., Li, X.-H., Luo, X.-G., Yu, H.-M., Wan, L.-S., Wei, L., et al. (2020). Phorbol

myristate acetate induces cellular senescence in rat microglia in vitro. Int. J.

Mol. Med. 46, 415–426. doi: 10.3892/ijmm.2020.4587

Cardinaux, J. R., Allaman, I., and Magistretti, P. J. (2000). Pro-

inflammatory cytokines induce the transcription factors C/EBPbeta

and C/EBPdelta in astrocytes. Glia 29, 91–97. doi: 10.1002/(SICI)1098-

1136(20000101)29:1<91::AID-GLIA9>3.0.CO;2-I

Chang, Y. M., Rosene, D. L., Killiany, R. J., Mangiamele, L. A., and Luebke, J. I.

(2005). Increased action potential firing rates of layer 2/3 pyramidal cells in

the prefrontal cortex are significantly related to cognitive performance in aged

monkeys. Cereb. Cortex 15, 409–418. doi: 10.1093/cercor/bhh144

Cheng, X. R., Zhou, W. X., and Zhang, Y. X. (2014). The behavioral, pathological

and therapeutic features of the senescence-accelerated mouse prone 8

strain as an Alzheimer’s disease animal model. Ageing Res. Rev. 13, 13–37.

doi: 10.1016/j.arr.2013.10.002

Childs, B. G., Gluscevic, M., Baker, D. J., Laberge, R. M., Marquess, D., Dananberg,

J., et al. (2017). Senescent cells: an emerging target for diseases of ageing. Nat

Rev Drug Discov. 16, 718–735. doi: 10.1038/nrd.2017.116

Chinta, S. J., Woods, G., Demaria, M., Rane, A., Zou, Y., McQuade, A., et al. (2018).

Cellular Senescence is induced by the environmental neurotoxin paraquat

and contributes to neuropathology linked to parkinson’s disease. Cell Rep. 22,

930–940. doi: 10.1016/j.celrep.2017.12.092

Clarke, L. E., Liddelow, S. A., Chakraborty, C., Munch, A. E., Heiman, M., and

Barres, B. A. (2018). Normal aging induces A1-like astrocyte reactivity. Proc.

Natl. Acad. Sci. U.S.A. 115, E1896–E1905. doi: 10.1073/pnas.1800165115

Cohen, J., and Torres, C. (2019). Astrocyte senescence: evidence and significance.

Aging Cell 18:e12937. doi: 10.1111/acel.12937

Collett, G. P., Redman, C. W., Sargent, I. L., and Vatish, M. (2018).

Endoplasmic reticulum stress stimulates the release of extracellular vesicles

carrying danger-associated molecular pattern (DAMP) molecules. Oncotarget

9, 6707–6717. doi: 10.18632/oncotarget.24158

Coppe, J. P., Desprez, P. Y., Krtolica, A., and Campisi, J. (2010). The senescence-

associated secretory phenotype: the dark side of tumor suppression. Annu. Rev.

Pathol. 5, 99–118. doi: 10.1146/annurev-pathol-121808-102144

Dai, X., Hong, L., Shen, H., Du, Q., Ye, Q., Chen, X., et al. (2020).

Estradiol-induced senescence of hypothalamic astrocytes contributes to aging-

related reproductive function declines in female mice. Aging 12, 6089–6108.

doi: 10.18632/aging.103008

Damani, M. R., Zhao, L., Fontainhas, A.M., Amaral, J., Fariss, R. N., andWong,W.

T. (2011). Age-related alterations in the dynamic behavior of microglia. Aging

Cell 10, 263–276. doi: 10.1111/j.1474-9726.2010.00660.x

Davalos, A. R., Coppe, J. P., Campisi, J., and Desprez, P. Y. (2010). Senescent cells

as a source of inflammatory factors for tumor progression. Cancer Metastasis

Rev. 29, 273–283. doi: 10.1007/s10555-010-9220-9

Davalos, A. R., Kawahara, M., Malhotra, G. K., Schaum, N., Huang, J., Ved, U.,

et al. (2013). p53-dependent release of Alarmin HMGB1 is a central mediator

of senescent phenotypes. J. Cell Biol. 201, 613–629. doi: 10.1083/jcb.201206006

de Brabander, J. M., Kramers, R. J., and Uylings, H. B. (1998). Layer-specific

dendritic regression of pyramidal cells with ageing in the human prefrontal

cortex. Eur. J. Neurosci. 10, 1261–1269. doi: 10.1046/j.1460-9568.1998.00137.x

de Calignon, A., Spires-Jones, T. L., Pitstick, R., Carlson, G. A., and Hyman, B.

T. (2009). Tangle-bearing neurons survive despite disruption of membrane

integrity in a mouse model of tauopathy. J. Neuropathol. Exp. Neurol. 68,

757–761. doi: 10.1097/NEN.0b013e3181a9fc66

de Sampaio e Spohr, T. C., Martinez, R., da Silva, E. F., Neto, V. M., and

Gomes, F. C. (2002). Neuro-glia interaction effects on GFAP gene: a novel

role for transforming growth factor-beta1. Eur. J. Neurosci. 16, 2059–2069.

doi: 10.1046/j.1460-9568.2002.02283.x

Demaria, M., Ohtani, N., Youssef, S. A., Rodier, F., Toussaint, W., Mitchell,

J. R., et al. (2014). An essential role for senescent cells in optimal

wound healing through secretion of PDGF-AA. Dev. Cell 31, 722–733.

doi: 10.1016/j.devcel.2014.11.012

Devine, M. J., and Kittler, J. T. (2018). Mitochondria at the neuronal presynapse in

health and disease. Nat. Rev. Neurosci. 19, 63–80. doi: 10.1038/nrn.2017.170

Dickstein, D. L., Weaver, C. M., Luebke, J. I., and Hof, P. R. (2013). Dendritic

spine changes associated with normal aging. Neuroscience 251, 21–32.

doi: 10.1016/j.neuroscience.2012.09.077

Dilger, R. N., and Johnson, R. W. (2008). Aging, microglial cell priming, and

the discordant central inflammatory response to signals from the peripheral

immune system. J. Leukoc. Biol. 84, 932–939. doi: 10.1189/jlb.0208108

Dimri, G. P., Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley, C., et al. (1995).

A biomarker that identifies senescent human cells in culture and in aging

skin in vivo. Proc. Natl. Acad. Sci. U.S.A. 92, 9363–9367. doi: 10.1073/pnas.92.

20.9363

Dong, W., Cheng, S., Huang, F., Fan, W., Chen, Y., Shi, H., et al.

(2011). Mitochondrial dysfunction in long-term neuronal cultures mimics

changes with aging. Med. Sci. Monit. 17:BR91–6. doi: 10.12659/MSM.

881706

Doyle, K. P., Cekanaviciute, E., Mamer, L. E., and Buckwalter, M. S. (2010).

TGFbeta signaling in the brain increases with aging and signals to astrocytes

and innate immune cells in the weeks after stroke. J. Neuroinflammation 7:62.

doi: 10.1186/1742-2094-7-62

Eitan, E., Suire, C., Zhang, S., and Mattson, M. P. (2016). Impact of lysosome

status on extracellular vesicle content and release. Ageing Res. Rev. 32, 65–74.

doi: 10.1016/j.arr.2016.05.001

Evans, R. J., Wyllie, F. S., Wynford-Thomas, D., Kipling, D., and Jones, C.

J. (2003). A P53-dependent, telomere-independent proliferative life span

barrier in human astrocytes consistent with the molecular genetics of glioma

development. Cancer Res. 63, 4854–4861.

Farrall, A. J., and Wardlaw, J. M. (2009). Blood-brain barrier: ageing and

microvascular disease–systematic review and meta-analysis. Neurobiol. Aging

30, 337–352. doi: 10.1016/j.neurobiolaging.2007.07.015

Fielder, E., Tweedy, C., Wilson, C., Oakley, F., LeBeau, F. E. N., Passos, J. F., et al.

(2020). Anti-inflammatory treatment rescues memory deficits during aging in

nfkb1(-/-) mice. Aging Cell 19:e13188. doi: 10.1111/acel.13188

Finch, C. E. (2009). Update on slow aging and negligible senescence–a mini-

review. Gerontology 2009, 307–313. doi: 10.1159/000215589

Frontiers in Aging Neuroscience | www.frontiersin.org 19 February 2021 | Volume 13 | Article 646924179

https://doi.org/10.1080/15548627.2016.1265193
https://doi.org/10.1016/j.mad.2017.08.004
https://doi.org/10.1007/s10522-013-9477-9
https://doi.org/10.1093/gerona/glu231
https://doi.org/10.1016/j.yexcr.2010.06.021
https://doi.org/10.1523/JNEUROSCI.0839-11.2011
https://doi.org/10.2174/18715206113139990114
https://doi.org/10.3389/fgene.2018.00581
https://doi.org/10.1038/s41586-018-0543-y
https://doi.org/10.1016/j.neuroscience.2003.11.040
https://doi.org/10.1016/S0531-5565(00)00230-8
https://doi.org/10.3892/ijmm.2020.4587
https://doi.org/10.1002/(SICI)1098-1136(20000101)29:1<91::AID-GLIA9>3.0.CO;2-I
https://doi.org/10.1093/cercor/bhh144
https://doi.org/10.1016/j.arr.2013.10.002
https://doi.org/10.1038/nrd.2017.116
https://doi.org/10.1016/j.celrep.2017.12.092
https://doi.org/10.1073/pnas.1800165115
https://doi.org/10.1111/acel.12937
https://doi.org/10.18632/oncotarget.24158
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.18632/aging.103008
https://doi.org/10.1111/j.1474-9726.2010.00660.x
https://doi.org/10.1007/s10555-010-9220-9
https://doi.org/10.1083/jcb.201206006
https://doi.org/10.1046/j.1460-9568.1998.00137.x
https://doi.org/10.1097/NEN.0b013e3181a9fc66
https://doi.org/10.1046/j.1460-9568.2002.02283.x
https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.1038/nrn.2017.170
https://doi.org/10.1016/j.neuroscience.2012.09.077
https://doi.org/10.1189/jlb.0208108
https://doi.org/10.1073/pnas.92.20.9363
https://doi.org/10.12659/MSM.881706
https://doi.org/10.1186/1742-2094-7-62
https://doi.org/10.1016/j.arr.2016.05.001
https://doi.org/10.1016/j.neurobiolaging.2007.07.015
https://doi.org/10.1111/acel.13188
https://doi.org/10.1159/000215589
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Sikora et al. Cellular Senescence in Brain Aging

Flanary, B. E., Sammons, N. W., Nguyen, C., Walker, D., and Streit, W. J.

(2007). Evidence that aging and amyloid promote microglial cell senescence.

Rejuvenation Res. 10, 61–74. doi: 10.1089/rej.2006.9096

Flanary, B. E., and Streit, W. J. (2004). Progressive telomere shortening

occurs in cultured rat microglia, but not astrocytes. Glia 45, 75–88.

doi: 10.1002/glia.10301

Flood, D. G. (1993). Critical issues in the analysis of dendritic extent

in aging humans, primates, and rodents. Neurobiol. Aging 14, 649–654.

doi: 10.1016/0197-4580(93)90058-J

Fonken, L. K., Frank, M. G., Gaudet, A. D., andMaier, S. F. (2018). Stress and aging

act through common mechanisms to elicit neuroinflammatory priming. Brain

Behav. Immun. 73, 133–148. doi: 10.1016/j.bbi.2018.07.012

Franceschi, C., Garagnani, P., Morsiani, C., Conte, M., Santoro, A., Grignolio,

A., et al. (2018). The continuum of aging and age-related diseases: common

mechanisms but different rates. Front.Med. 5:61. doi: 10.3389/fmed.2018.00061

Franceschi, C., Garagnani, P., Vitale, G., Capri, M., and Salvioli, S. (2017).

Inflammaging and ’Garb-aging’. Trends Endocrinol. Metab. 28, 199–212.

doi: 10.1016/j.tem.2016.09.005

Freund, A., Laberge, R. M., Demaria, M., and Campisi, J. (2012). Lamin B1

loss is a senescence-associated biomarker. Mol. Biol. Cell 23, 2066–2075.

doi: 10.1091/mbc.e11-10-0884

Fuhrmann-Stroissnigg, H., Ling, Y. Y., Zhao, J., McGowan, S. J., Zhu, Y., Brooks, R.

W., et al. (2017). Identification of HSP90 inhibitors as a novel class of senolytics.

Nat. Commun. 8:422. doi: 10.1038/s41467-017-00314-z

Fumagalli, M., Rossiello, F., Clerici, M., Barozzi, S., Cittaro, D., Kaplunov, J. M.,

et al. (2012). Telomeric DNA damage is irreparable and causes persistent DNA-

damage-response activation. Nat. Cell Biol. 14, 355–365. doi: 10.1038/ncb2466

Gadecka, A., and Bielak-Zmijewska, A. (2019). Slowing down ageing: the role of

nutrients and microbiota in modulation of the epigenome. Nutrients 11:1251.

doi: 10.3390/nu11061251

Geng, Y. Q., Guan, J. T., Xu, X. H., and Fu, Y. C. (2010). Senescence-associated

beta-galactosidase activity expression in aging hippocampal neurons. Biochem.

Biophys. Res. Commun. 396, 866–869. doi: 10.1016/j.bbrc.2010.05.011

Gewirtz, D. A. (2013). Autophagy and senescence: a partnership in search of

definition. Autophagy 9, 808–812. doi: 10.4161/auto.23922

Glasgow, S. D., McPhedrain, R., Madranges, J. F., Kennedy, T. E., and

Ruthazer, E. S. (2019). Approaches and limitations in the investigation

of synaptic transmission and plasticity. Front. Synaptic Neurosci. 11:20.

doi: 10.3389/fnsyn.2019.00020

Glatigny, M., Moriceau, S., Rivagorda, M., Ramos-Brossier, M., Nascimbeni, A.

C., Lante, F., et al. (2019). Autophagy is required for memory formation

and reverses age-related memory decline. Curr. Biol. 29, 435–448 e8.

doi: 10.1016/j.cub.2018.12.021

Gomez-Sintes, R., Ledesma, M. D., and Boya, P. (2016). Lysosomal

cell death mechanisms in aging. Ageing Res. Rev. 32, 150–168.

doi: 10.1016/j.arr.2016.02.009

Gorg, B., Karababa, A., Shafigullina, A., Bidmon, H. J., and Haussinger, D.

(2015). Ammonia-induced senescence in cultured rat astrocytes and in human

cerebral cortex in hepatic encephalopathy. Glia 63, 37–50. doi: 10.1002/glia.

22731

Gorgoulis, V., Adams, P. D., Alimonti, A., Bennett, D. C., Bischof, O., Bishop, C.,

et al. (2019). Cellular senescence: defining a path forward. Cell 179, 813–827.

doi: 10.1016/j.cell.2019.10.005

Goshen, I., Kreisel, T., Ounallah-Saad, H., Renbaum, P., Zalzstein, Y., Ben-

Hur, T., et al. (2007). A dual role for interleukin-1 in hippocampal-

dependent memory processes. Psychoneuroendocrinology 32, 1106–1115.

doi: 10.1016/j.psyneuen.2007.09.004

Grabowska, W., Sikora, E., and Bielak-Zmijewska, A. (2017). Sirtuins, a promising

target in slowing down the ageing process. Biogerontology 18, 447–476.

doi: 10.1007/s10522-017-9685-9

Groh, N., Buhler, A., Huang, C., Li, K. W., van Nierop, P., Smit, A. B., et al. (2017).

Age-dependent protein aggregation initiates amyloid-beta aggregation. Front.

Aging Neurosci. 9:138. doi: 10.3389/fnagi.2017.00138

Harada, C. N., Natelson Love, M. C., and Triebel, K. L. (2013). Normal cognitive

aging. Clin. Geriatr. Med. 29, 737–752. doi: 10.1016/j.cger.2013.07.002

Harley, C. B., Vaziri, H., Counter, C. M., and Allsopp, R. C. (1992).

The telomere hypothesis of cellular aging. Exp. Gerontol. 27, 375–382.

doi: 10.1016/0531-5565(92)90068-B

Harman, M. F., and Martin, M. G. (2020). Epigenetic mechanisms related

to cognitive decline during aging. J. Neurosci. Res. 98, 234–246.

doi: 10.1002/jnr.24436

Hashimoto, M., Asai, A., Kawagishi, H., Mikawa, R., Iwashita, Y., Kanayama, K.,

et al. (2016). Elimination of p19(ARF)-expressing cells enhances pulmonary

function in mice. JCI Insight 1:e87732. doi: 10.1172/jci.insight.87732

Hayflick, L., and Moorhead, P. S. (1961). The serial cultivation of human diploid

cell strains. Exp. Cell Res. 25, 585–621. doi: 10.1016/0014-4827(61)90192-6

Herranz, N., and Gil, J. (2018). Mechanisms and functions of cellular senescence.

J. Clin. Invest. 128, 1238–1246. doi: 10.1172/JCI95148

Hewitt, G., Jurk, D., Marques, F. D., Correia-Melo, C., Hardy, T., Gackowska,

A., et al. (2012). Telomeres are favoured targets of a persistent DNA damage

response in ageing and stress-induced senescence. Nat. Commun. 3:708.

doi: 10.1038/ncomms1708

Hickson, L. J., Langhi Prata, L. G. P., Bobart, S. A., Evans, T. K., Giorgadze,

N., Hashmi, S. K., et al. (2019). Senolytics decrease senescent cells in

humans: preliminary report from a clinical trial of Dasatinib plus Quercetin

in individuals with diabetic kidney disease. EBioMedicine 47, 446–456.

doi: 10.1016/j.ebiom.2019.08.069

Ishikawa, S., and Ishikawa, F. (2020). Proteostasis failure and cellular senescence

in long-term cultured postmitotic rat neurons. Aging Cell 19:e13071.

doi: 10.1111/acel.13071

Jacome Burbano, M. S., and Gilson, E. (2020). Long-lived post-mitotic

cell aging: is a telomere clock at play? Mech. Ageing Dev. 189:111256.

doi: 10.1016/j.mad.2020.111256

Jiang, S., and Guo, Y. (2020). Epigenetic clock: DNA methylation in aging. Stem

Cells Int. 2020:1047896. doi: 10.1155/2020/1047896

Jurk, D., Wang, C., Miwa, S., Maddick, M., Korolchuk, V., Tsolou, A.,

et al. (2012). Postmitotic neurons develop a p21-dependent senescence-like

phenotype driven by a DNA damage response. Aging Cell 11, 996–1004.

doi: 10.1111/j.1474-9726.2012.00870.x

Justice, J. N., Nambiar, A. M., Tchkonia, T., LeBrasseur, N. K., Pascual, R.,

Hashmi, S. K., et al. (2019). Senolytics in idiopathic pulmonary fibrosis: results

from a first-in-human, open-label, pilot study. EBioMedicine 40, 554–563.

doi: 10.1016/j.ebiom.2018.12.052

Kang, C., Xu, Q., Martin, T. D., Li, M. Z., Demaria, M., Aron, L., et al. (2015).

The DNA damage response induces inflammation and senescence by inhibiting

autophagy of GATA4. Science 349:aaa5612. doi: 10.1126/science.aaa5612

Katsumi, T., Guicciardi, M. E., Azad, A., Bronk, S. F., Krishnan, A., and Gores, G.

J. (2019). Activated cholangiocytes release macrophage-polarizing extracellular

vesicles bearing the DAMP S100A11. Am. J. Physiol. Cell Physiol. 317, C788–

C799. doi: 10.1152/ajpcell.00250.2019

Kennedy, B. K., Berger, S. L., Brunet, A., Campisi, J., Cuervo, A. M., Epel, E. S.,

et al. (2014). Geroscience: linking aging to chronic disease. Cell 159, 709–713.

doi: 10.1016/j.cell.2014.10.039

Khan, N., Syed, D. N., Ahmad, N., and Mukhtar, H. (2013). Fisetin: a dietary

antioxidant for health promotion. Antioxid. Redox Signal. 19, 151–162.

doi: 10.1089/ars.2012.4901

Kiffin, R., Kaushik, S., Zeng,M., Bandyopadhyay, U., Zhang, C., Massey, A. C., et al.

(2007). Altered dynamics of the lysosomal receptor for chaperone-mediated

autophagy with age. J. Cell Sci. 120, 782–791. doi: 10.1242/jcs.001073

Kirkland, J. L., and Tchkonia, T. (2020). Senolytic drugs: from discovery to

translation. J. Intern. Med. 288, 518–536. doi: 10.1111/joim.13141

Kritsilis, M., S. V. R., Koutsoudaki, P. N., Evangelou, K., Gorgoulis, V. G., and

Papadopoulos, D. (2018). Ageing cellular senescence and neurodegenerative

disease. Int. J. Mol. Sci. 19:2937. doi: 10.3390/ijms19102937

Landfield, P. W., McGaugh, J. L., and Lynch, G. (1978). Impaired synaptic

potentiation processes in the hippocampus of aged, memory-deficient rats.

Brain Res. 150, 85–101. doi: 10.1016/0006-8993(78)90655-8

Leal, S. L., and Yassa, M. A. (2015). Neurocognitive aging and the hippocampus

across species. Trends Neurosci. 38, 800–812. doi: 10.1016/j.tins.2015.10.003

Lee, B. Y., Han, J. A., Im, J. S., Morrone, A., Johung, K., Goodwin, E. C.,

et al. (2006). Senescence-associated beta-galactosidase is lysosomal beta-

galactosidase. Aging Cell 5, 187–195. doi: 10.1111/j.1474-9726.2006.00199.x

Lee, M., Cho, T., Jantaratnotai, N., Wang, Y. T., McGeer, E., and McGeer, P.

L. (2010). Depletion of GSH in glial cells induces neurotoxicity: relevance

to aging and degenerative neurological diseases. FASEB J. 24, 2533–2545.

doi: 10.1096/fj.09-149997

Frontiers in Aging Neuroscience | www.frontiersin.org 20 February 2021 | Volume 13 | Article 646924180

https://doi.org/10.1089/rej.2006.9096
https://doi.org/10.1002/glia.10301
https://doi.org/10.1016/0197-4580(93)90058-J
https://doi.org/10.1016/j.bbi.2018.07.012
https://doi.org/10.3389/fmed.2018.00061
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1091/mbc.e11-10-0884
https://doi.org/10.1038/s41467-017-00314-z
https://doi.org/10.1038/ncb2466
https://doi.org/10.3390/nu11061251
https://doi.org/10.1016/j.bbrc.2010.05.011
https://doi.org/10.4161/auto.23922
https://doi.org/10.3389/fnsyn.2019.00020
https://doi.org/10.1016/j.cub.2018.12.021
https://doi.org/10.1016/j.arr.2016.02.009
https://doi.org/10.1002/glia.22731
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1016/j.psyneuen.2007.09.004
https://doi.org/10.1007/s10522-017-9685-9
https://doi.org/10.3389/fnagi.2017.00138
https://doi.org/10.1016/j.cger.2013.07.002
https://doi.org/10.1016/0531-5565(92)90068-B
https://doi.org/10.1002/jnr.24436
https://doi.org/10.1172/jci.insight.87732
https://doi.org/10.1016/0014-4827(61)90192-6
https://doi.org/10.1172/JCI95148
https://doi.org/10.1038/ncomms1708
https://doi.org/10.1016/j.ebiom.2019.08.069
https://doi.org/10.1111/acel.13071
https://doi.org/10.1016/j.mad.2020.111256
https://doi.org/10.1155/2020/1047896
https://doi.org/10.1111/j.1474-9726.2012.00870.x
https://doi.org/10.1016/j.ebiom.2018.12.052
https://doi.org/10.1126/science.aaa5612
https://doi.org/10.1152/ajpcell.00250.2019
https://doi.org/10.1016/j.cell.2014.10.039
https://doi.org/10.1089/ars.2012.4901
https://doi.org/10.1242/jcs.001073
https://doi.org/10.1111/joim.13141
https://doi.org/10.3390/ijms19102937
https://doi.org/10.1016/0006-8993(78)90655-8
https://doi.org/10.1016/j.tins.2015.10.003
https://doi.org/10.1111/j.1474-9726.2006.00199.x
https://doi.org/10.1096/fj.09-149997
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Sikora et al. Cellular Senescence in Brain Aging

Leeman, D. S., Hebestreit, K., Ruetz, T., Webb, A. E., McKay, A., Pollina,

E. A., et al. (2018). Lysosome activation clears aggregates and enhances

quiescent neural stem cell activation during aging. Science 359, 1277–1283.

doi: 10.1126/science.aag3048

Lian, H., Yang, L., Cole, A., Sun, L., Chiang, A. C., Fowler, S. W., et al.

(2015). NFkappaB-activated astroglial release of complement C3 compromises

neuronal morphology and function associated with Alzheimer’s disease.

Neuron 85, 101–115. doi: 10.1016/j.neuron.2014.11.018

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C.

J., Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by

activated microglia. Nature 541, 481–487. doi: 10.1038/nature21029

Limbad, C., Oron, T. R., Alimirah, F., Davalos, A. R., Tracy, T. E., Gan, L., et al.

(2020). Astrocyte senescence promotes glutamate toxicity in cortical neurons.

PLoS ONE 15:e0227887. doi: 10.1371/journal.pone.0227887

Lindholm, D., Castren, E., Kiefer, R., Zafra, F., and Thoenen, H. (1992).

Transforming growth factor-beta 1 in the rat brain: increase after injury

and inhibition of astrocyte proliferation. J. Cell Biol. 117, 395–400.

doi: 10.1083/jcb.117.2.395

Lipinski, M. M., Zheng, B., Lu, T., Yan, Z., Py, B. F., Ng, A., et al. (2010). Genome-

wide analysis reveals mechanisms modulating autophagy in normal brain aging

and in Alzheimer’s disease. Proc. Natl. Acad. Sci. U.S.A. 107, 14164–14169.

doi: 10.1073/pnas.1009485107

Loeffler, D. A. (2019). Influence of normal aging on brain autophagy: a complex

scenario. Front. Aging Neurosci. 11:49. doi: 10.3389/fnagi.2019.00049

Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013).

The hallmarks of aging. Cell 153, 1194–1217. doi: 10.1016/j.cell.2013.05.039

Low, P. (2011). The role of ubiquitin-proteasome system in ageing. Gen. Comp.

Endocrinol. 172, 39–43. doi: 10.1016/j.ygcen.2011.02.005

Lu, T., Aron, L., Zullo, J., Pan, Y., Kim, H., Chen, Y., et al. (2014). REST

and stress resistance in ageing and Alzheimer’s disease. Nature 507, 448–454.

doi: 10.1038/nature13163

Lu, T., Pan, Y., Kao, S. Y., Li, C., Kohane, I., Chan, J., et al. (2004). Gene

regulation and DNA damage in the ageing human brain. Nature 429, 883–891.

doi: 10.1038/nature02661

Lupo, G., Gaetani, S., Cacci, E., Biagioni, S., and Negri, R. (2019). Molecular

signatures of the aging brain: finding the links between genes and phenotypes.

Neurotherapeutics 16, 543–553. doi: 10.1007/s13311-019-00743-2

Lynch,M. A. (2010). Age-related neuroinflammatory changes negatively impact on

neuronal function. Front. Aging Neurosci. 1:6. doi: 10.3389/neuro.24.006.2009

Maglione, M., Kochlamazashvili, G., Eisenberg, T., Racz, B., Michael, E.,

Toppe, D., et al. (2019). Spermidine protects from age-related synaptic

alterations at hippocampal mossy fiber-CA3 synapses. Sci. Rep. 9:19616.

doi: 10.1038/s41598-019-56133-3

Maher, P. (2012). How fisetin reduces the impact of age and disease on CNS

function. Front. Biosci. 7, 58–82. doi: 10.2741/s425

Marcoux, G., Magron, A., Sut, C., Laroche, A., Laradi, S., Hamzeh-Cognasse,

H., et al. (2019). Platelet-derived extracellular vesicles convey mitochondrial

DAMPs in platelet concentrates and their levels are associated with adverse

reactions. Transfusion 59, 2403–2414. doi: 10.1111/trf.15300

Martinowich, K., Hattori, D., Wu, H., Fouse, S., He, F., Hu, Y., et al. (2003). DNA

methylation-related chromatin remodeling in activity-dependent BDNF gene

regulation. Science 302, 890–893. doi: 10.1126/science.1090842

Mattson, M. P., and Arumugam, T. V. (2018). Hallmarks of brain aging: adaptive

and pathological modification by metabolic states. Cell Metab. 27, 1176–1199.

doi: 10.1016/j.cmet.2018.05.011

Matus, A., and Green, G. D. (1987). Age-related increase in a cathepsin D like

protease that degrades brain microtubule-associated proteins. Biochemistry 26,

8083–8086. doi: 10.1021/bi00399a010

Mendizabal, I., Berto, S., Usui, N., Toriumi, K., Chatterjee, P., Douglas, C., et al.

(2019). Cell type-specific epigenetic links to schizophrenia risk in the brain.

Genome Biol. 20:135. doi: 10.1186/s13059-019-1747-7

Miller, C. A., Gavin, C. F., White, J. A., Parrish, R. R., Honasoge, A., Yancey, C.

R., et al. (2010). Cortical DNA methylation maintains remote memory. Nat.

Neurosci. 13, 664–666. doi: 10.1038/nn.2560

Montagne, A., Barnes, S. R., Sweeney,M. D., Halliday,M. R., Sagare, A. P., Zhao, Z.,

et al. (2015). Blood-brain barrier breakdown in the aging human hippocampus.

Neuron 85, 296–302. doi: 10.1016/j.neuron.2014.12.032

Montero, J. C., Seoane, S., Ocana, A., and Pandiella, A. (2011). Inhibition

of SRC family kinases and receptor tyrosine kinases by dasatinib:

possible combinations in solid tumors. Clin. Cancer Res. 17, 5546–5552.

doi: 10.1158/1078-0432.CCR-10-2616

Moreno-Blas, D., Gorostieta-Salas, E., Pommer-Alba, A., Mucino-Hernandez, G.,

Geronimo-Olvera, C., Maciel-Baron, L. A., et al. (2019). Cortical neurons

develop a senescence-like phenotype promoted by dysfunctional autophagy.

Aging 11, 6175–6198. doi: 10.18632/aging.102181

Moreno-Garcia, A., Kun, A., Calero, O., Medina, M., and Calero, M. (2018). An

overview of the role of lipofuscin in age-related neurodegeneration. Front.

Neurosci. 12:464. doi: 10.3389/fnins.2018.00464

Murray, C. A., and Lynch, M. A. (1998). Evidence that increased hippocampal

expression of the cytokine interleukin-1 beta is a common trigger for age-

and stress-induced impairments in long-term potentiation. J. Neurosci. 18,

2974–2981. doi: 10.1523/JNEUROSCI.18-08-02974.1998

Musi, N., Valentine, J. M., Sickora, K. R., Baeuerle, E., Thompson, C. S., Shen, Q.,

et al. (2018). Tau protein aggregation is associated with cellular senescence in

the brain. Aging Cell 17:e12840. doi: 10.1111/acel.12840

Nakamura, S., and Yoshimori, T. (2018). Autophagy and longevity. Mol. Cells

41, 65–72. doi: 10.14348/molcells.2018.2333

Nakamura, Y., Takeda, M., Suzuki, H., Morita, H., Tada, K., Hariguchi, S., et al.

(1989). Lysosome instability in aged rat brain. Neurosci. Lett. 97, 215–220.

doi: 10.1016/0304-3940(89)90166-3

Narita, M., Young, A. R., Arakawa, S., Samarajiwa, S. A., Nakashima, T., Yoshida,

S., et al. (2011). Spatial coupling of mTOR and autophagy augments secretory

phenotypes. Science 332, 966–970. doi: 10.1126/science.1205407

Negrete-Hurtado, A., Overhoff, M., Bera, S., De Bruyckere, E., Schatzmuller, K.,

Kye, M. J., et al. (2020). Autophagy lipidation machinery regulates axonal

microtubule dynamics but is dispensable for survival of mammalian neurons.

Nat. Commun. 11:1535. doi: 10.1038/s41467-020-15287-9

Nicholson, D. A., Yoshida, R., Berry, R. W., Gallagher, M., and Geinisman, Y.

(2004). Reduction in size of perforated postsynaptic densities in hippocampal

axospinous synapses and age-related spatial learning impairments. J. Neurosci.

24, 7648–7653. doi: 10.1523/JNEUROSCI.1725-04.2004

Norden, D. M., Muccigrosso, M. M., and Godbout, J. P. (2015). Microglial

priming and enhanced reactivity to secondary insult in aging, and traumatic

CNS injury, neurodegenerative disease. Neuropharmacology 96, 29–41.

doi: 10.1016/j.neuropharm.2014.10.028

Ogrodnik, M., Evans, S. A., Fielder, E., Victorelli, S., Kruger, P., Salmonowicz,

H., et al. (2021). Whole-body senescent cell clearance alleviates age-

related brain inflammation and cognitive impairment in mice. Aging Cell.

doi: 10.1111/acel.13296. [Epub ahead of print].

Ogrodnik, M., Zhu, Y., Langhi, L. G. P., Tchkonia, T., Kruger, P., Fielder, E.,

et al. (2019). Obesity-induced cellular senescence drives anxiety and impairs

neurogenesis. Cell Metab. 29, 1061–1077 e8. doi: 10.1016/j.cmet.2018.12.008

Ojo, B., Davies, H., Rezaie, P., Gabbott, P., Colyer, F., Kraev, I., et al.

(2013). Age-induced loss of mossy fibre synapses on CA3 thorns in

the CA3 stratum lucidum. Neurosci. J. 2013:839535. doi: 10.1155/2013/

839535

Ojo, J. O., Rezaie, P., Gabbott, P. L., and Stewart, M. G. (2015). Impact of age-

related neuroglial cell responses on hippocampal deterioration. Front. Aging

Neurosci. 7:57. doi: 10.3389/fnagi.2015.00057

Orr, M. E., Sullivan, A. C., and Frost, B. (2017). A brief overview of tauopathy:

causes, consequences, therapeutic strategies. Trends Pharmacol. Sci. 38,

637–648. doi: 10.1016/j.tips.2017.03.011

Pal, S., and Tyler, J. K. (2016). Epigenetics and aging. Sci. Adv. 2:e1600584.

doi: 10.1126/sciadv.1600584

Panczyszyn, A., Boniewska-Bernacka, E., and Goc, A. (2020). The role of telomeres

and telomerase in the senescence of postmitotic cells. DNA Repair 95:102956.

doi: 10.1016/j.dnarep.2020.102956

Pedrazzi, M., Patrone, M., Passalacqua, M., Ranzato, E., Colamassaro, D.,

Sparatore, B., et al. (2007). Selective proinflammatory activation of astrocytes

by high-mobility group box 1 protein signaling. J. Immunol. 179, 8525–8532.

doi: 10.4049/jimmunol.179.12.8525

Pertusa, M., Garcia-Matas, S., Rodriguez-Farre, E., Sanfeliu, C., and Cristofol, R.

(2007). Astrocytes aged in vitro show a decreased neuroprotective capacity. J.

Neurochem. 101, 794–805. doi: 10.1111/j.1471-4159.2006.04369.x

Frontiers in Aging Neuroscience | www.frontiersin.org 21 February 2021 | Volume 13 | Article 646924181

https://doi.org/10.1126/science.aag3048
https://doi.org/10.1016/j.neuron.2014.11.018
https://doi.org/10.1038/nature21029
https://doi.org/10.1371/journal.pone.0227887
https://doi.org/10.1083/jcb.117.2.395
https://doi.org/10.1073/pnas.1009485107
https://doi.org/10.3389/fnagi.2019.00049
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.ygcen.2011.02.005
https://doi.org/10.1038/nature13163
https://doi.org/10.1038/nature02661
https://doi.org/10.1007/s13311-019-00743-2
https://doi.org/10.3389/neuro.24.006.2009
https://doi.org/10.1038/s41598-019-56133-3
https://doi.org/10.2741/s425
https://doi.org/10.1111/trf.15300
https://doi.org/10.1126/science.1090842
https://doi.org/10.1016/j.cmet.2018.05.011
https://doi.org/10.1021/bi00399a010
https://doi.org/10.1186/s13059-019-1747-7
https://doi.org/10.1038/nn.2560
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.1158/1078-0432.CCR-10-2616
https://doi.org/10.18632/aging.102181
https://doi.org/10.3389/fnins.2018.00464
https://doi.org/10.1523/JNEUROSCI.18-08-02974.1998
https://doi.org/10.1111/acel.12840
https://doi.org/10.14348/molcells.2018.2333
https://doi.org/10.1016/0304-3940(89)90166-3
https://doi.org/10.1126/science.1205407
https://doi.org/10.1038/s41467-020-15287-9
https://doi.org/10.1523/JNEUROSCI.1725-04.2004
https://doi.org/10.1016/j.neuropharm.2014.10.028
https://doi.org/10.1111/acel.13296
https://doi.org/10.1016/j.cmet.2018.12.008
https://doi.org/10.1155/2013/839535
https://doi.org/10.3389/fnagi.2015.00057
https://doi.org/10.1016/j.tips.2017.03.011
https://doi.org/10.1126/sciadv.1600584
https://doi.org/10.1016/j.dnarep.2020.102956
https://doi.org/10.4049/jimmunol.179.12.8525
https://doi.org/10.1111/j.1471-4159.2006.04369.x
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Sikora et al. Cellular Senescence in Brain Aging

Petralia, R. S., Mattson, M. P., and Yao, P. J. (2014). Communication breakdown:

the impact of ageing on synapse structure. Ageing Res. Rev. 14, 31–42.

doi: 10.1016/j.arr.2014.01.003

Piechota, M., Sunderland, P., Wysocka, A., Nalberczak, M., Sliwinska,

M. A., Radwanska, K., et al. (2016). Is senescence-associated beta-

galactosidase a marker of neuronal senescence? Oncotarget 7, 81099–81109.

doi: 10.18632/oncotarget.12752

Rango, M., and Bresolin, N. (2018). Brain mitochondria, aging, Parkinson’s

Disease. Genes 9:250. doi: 10.3390/genes9050250

Ritzel, R. M., Doran, S. J., Glaser, E. P., Meadows, V. E., Faden, A. I.,

Stoica, B. A., et al. (2019). Old age increases microglial senescence,

exacerbates secondary neuroinflammation, andworsens neurological outcomes

after acute traumatic brain injury in mice. Neurobiol. Aging 77, 194–206.

doi: 10.1016/j.neurobiolaging.2019.02.010

Salas, I. H., Burgado, J., and Allen, N. J. (2020). Glia: victims or villains of the aging

brain? Neurobiol. Dis. 143:105008. doi: 10.1016/j.nbd.2020.105008

Salminen, A., Ojala, J., Kaarniranta, K., Haapasalo, A., Hiltunen, M., and

Soininen, H. (2011). Astrocytes in the aging brain express characteristics

of senescence-associated secretory phenotype. Eur. J. Neurosci. 34, 3–11.

doi: 10.1111/j.1460-9568.2011.07738.x

Schlachetzki, J. C. M., Toda, T., and Mertens, J. (2020). When function

follows form: nuclear compartment structure and the epigenetic landscape

of the aging neuron. Exp. Gerontol. 133:110876. doi: 10.1016/j.exger.2020.

110876

Shimada, A., Tsuzuki, M., Keino, H., Satoh, M., Chiba, Y., Saitoh, Y., et al.

(2006). Apical vulnerability to dendritic retraction in prefrontal neurones of

ageing SAMP10 mouse: a model of cerebral degeneration. Neuropathol. Appl.

Neurobiol. 32, 1–14. doi: 10.1111/j.1365-2990.2006.00632.x

Shireby, G. L., Davies, J. P., Francis, P. T., Burrage, J., Walker, E. M., Neilson,

G. W. A., et al. (2020). Recalibrating the epigenetic clock: implications

for assessing biological age in the human cortex. Brain 143, 3763–3775.

doi: 10.1093/brain/awaa334

Short, S., Fielder, E., Miwa, S., and von Zglinicki, T. (2019). Senolytics

and senostatics as adjuvant tumour therapy. EBioMedicine 41, 683–692.

doi: 10.1016/j.ebiom.2019.01.056

Sierra, A., Gottfried-Blackmore, A. C., McEwen, B. S., and Bulloch, K. (2007).

Microglia derived from aging mice exhibit an altered inflammatory profile.Glia

55, 412–424. doi: 10.1002/glia.20468

Sikora, E. (2013). Rejuvenation of senescent cells-the road to postponing

human aging and age-related disease? Exp. Gerontol. 48, 661–666.

doi: 10.1016/j.exger.2012.09.008

Sikora, E., Bielak-Zmijewska, A., and Mosieniak, G. (2019). Targeting normal and

cancer senescent cells as a strategy of senotherapy. Ageing Res. Rev. 55:100941.

doi: 10.1016/j.arr.2019.100941

Sikora, E., Bielak-Zmijewska, A., Mosieniak, G., and Piwocka, K. (2010). The

promise of slow down ageing may come from curcumin. Curr. Pharm. Des. 16,

884–892. doi: 10.2174/138161210790883507

Simkin, D., Hattori, S., Ybarra, N., Musial, T. F., Buss, E. W., Richter, H., et al.

(2015). Aging-related hyperexcitability in CA3 pyramidal neurons is mediated

by enhanced A-Type K+ channel function and expression. J. Neurosci. 35,

13206–13218. doi: 10.1523/JNEUROSCI.0193-15.2015

Simpson, J. E., Ince, P. G., Shaw, P. J., Heath, P. R., Raman, R., Garwood, C. J., et al.

(2011). Microarray analysis of the astrocyte transcriptome in the aging brain:

relationship to Alzheimer’s pathology and APOE genotype. Neurobiol. Aging

32 1795–1807. doi: 10.1016/j.neurobiolaging.2011.04.013

Sokolova, A., Hill, M. D., Rahimi, F., Warden, L. A., Halliday, G.M., and Shepherd,

C. E. (2009). Monocyte chemoattractant protein-1 plays a dominant role in

the chronic inflammation observed in Alzheimer’s disease. Brain Pathol. 19,

392–398. doi: 10.1111/j.1750-3639.2008.00188.x

Soreq, L., U., UK Brain Expression Consortium, North American Brain Expression

Consortium, Rose, J., Soreq, E., Hardy, J.,et al. (2017). Major shifts in glial

regional identity are a transcriptional hallmark of human brain aging. Cell Rep.

18 557–570. doi: 10.1016/j.celrep.2016.12.011

Souers, A. J., Leverson, J. D., Boghaert, E. R., Ackler, S. L., Catron, N. D.,

Chen, J., et al. (2013). ABT-199, a potent and selective BCL-2 inhibitor,

achieves antitumor activity while sparing platelets. Nat. Med. 19, 202–208.

doi: 10.1038/nm.3048

Spittau, B. (2017). Aging microglia-phenotypes, functions and implications

for age-related neurodegenerative diseases. Front. Aging Neurosci. 9:194.

doi: 10.3389/fnagi.2017.00194

Stavoe, A. K., Gopal, P. P., Gubas, A., Tooze, S. A., and Holzbaur, E. L. (2019).

Expression of WIPI2B counteracts age-related decline in autophagosome

biogenesis in neurons. Elife 8:e44219. doi: 10.7554/eLife.44219

Stichel, C. C., and Luebbert, H. (2007). Inflammatory processes in the aging

mouse brain: participation of dendritic cells and T-cells. Neurobiol. Aging 28,

1507–1521. doi: 10.1016/j.neurobiolaging.2006.07.022

Stoka, V., Turk, V., and Turk, B. (2016). Lysosomal cathepsins and their

regulation in aging and neurodegeneration. Ageing Res. Rev. 32, 22–37.

doi: 10.1016/j.arr.2016.04.010

Streit, W. J., Khoshbouei, H., and Bechmann, I. (2020). Dystrophic microglia in

late-onset Alzheimer’s disease. Glia 68, 845–854. doi: 10.1002/glia.23782

Sunderland, P., Augustyniak, J., Lenart, J., Buzanska, L., Carlessi, L., Delia,

D., et al. (2020). ATM-deficient neural precursors develop senescence

phenotype with disturbances in autophagy. Mech. Ageing Dev. 190:111296.

doi: 10.1016/j.mad.2020.111296

Tan, F. C., Hutchison, E. R., Eitan, E., andMattson, M. P. (2014). Are there roles for

brain cell senescence in aging and neurodegenerative disorders? Biogerontology

15, 643–660. doi: 10.1007/s10522-014-9532-1

Tchkonia, T., Palmer, A. K., and Kirkland, J. L. (2020). New horizons: novel

approaches to enhance healthspan through targeting cellular senescence

and related aging mechanisms. J. Clin. Endocrinol. Metab. 16, 263–275.

doi: 10.1210/clinem/dgaa728

Thibault, O., and Landfield, P. W. (1996). Increase in single L-type calcium

channels in hippocampal neurons during aging. Science 272, 1017–1020.

doi: 10.1126/science.272.5264.1017

Togo, T., Akiyama, H., Iseki, E., Kondo, H., Ikeda, K., Kato, M., et al. (2002).

Occurrence of T cells in the brain of Alzheimer’s disease and other neurological

diseases. J. Neuroimmunol. 124, 83–92. doi: 10.1016/S0165-5728(01)00496-9

Trompet, S., de Craen, A. J., Slagboom, P., Shepherd, J., Blauw, G. J., Murphy, M.

B., et al. (2008). Genetic variation in the interleukin-1 beta-converting enzyme

associates with cognitive function. The PROSPER study. Brain 131, 1069–1077.

doi: 10.1093/brain/awn023

Turner, D. A., and Deupree, D. L. (1991). Functional elongation of CA1

hippocampal neurons with aging in Fischer 344 rats. Neurobiol. Aging 12,

201–210. doi: 10.1016/0197-4580(91)90098-5

Uemura, E. (1985). Age-related changes in the subiculum of Macaca mulatta:

synaptic density. Exp. Neurol. 87, 403–411. doi: 10.1016/0014-4886(85)90171-2

van Deursen, J. M. (2014). The role of senescent cells in ageing. Nature 509,

439–446. doi: 10.1038/nature13193

Verkhratsky, A., Olabarria, M., Noristani, H. N., Yeh, C. Y., and Rodriguez,

J. J. (2010). Astrocytes in Alzheimer’s disease. Neurotherapeutics 7, 399–412.

doi: 10.1016/j.nurt.2010.05.017

von Zglinicki, T., Wan, T., and Miwa, S. (2021). Senescence in post-mitotic cells: a

driver of aging?Antioxid. Redox Signal. 34, 308–323. doi: 10.1089/ars.2020.8048

Wei, Y. B., Backlund, L., Wegener, G., Mathe, A. A., and Lavebratt, C.

(2015). Telomerase dysregulation in the hippocampus of a rat model of

depression: normalization by lithium. Int. J. Neuropsychopharmacol. 18:pyv002.

doi: 10.1093/ijnp/pyv002

Wengerodt, D., Schmeer, C., Witte, O. W., and Kretz, A. (2019). Amitosenescence

and pseudomitosenescence: putative new players in the aging process. Cells

8:1546. doi: 10.3390/cells8121546

Willis, C. M., Nicaise, A. M., Bongarzone, E. R., Givogri, M., Reiter, C. R., Heintz,

O., et al. (2020). Astrocyte support for oligodendrocyte differentiation can be

conveyed via extracellular vesicles but diminishes with age. Sci. Rep. 10:828.

doi: 10.1038/s41598-020-57663-x

Wirth, M., Benson, G., Schwarz, C., Kobe, T., Grittner, U., Schmitz, D., et al.

(2018). The effect of spermidine on memory performance in older adults

at risk for dementia: a randomized controlled trial. Cortex 109, 181–188.

doi: 10.1016/j.cortex.2018.09.014

Wong,W. T. (2013). Microglial aging in the healthy CNS: phenotypes, drivers, and

rejuvenation. Front. Cell. Neurosci. 7:22. doi: 10.3389/fncel.2013.00022

Ximerakis, M., Lipnick, S. L., Innes, B. T., Simmons, S. K., Adiconis, X., Dionne,

D., et al. (2019). Single-cell transcriptomic profiling of the aging mouse brain.

Nat. Neurosci. 22, 1696–1708. doi: 10.1038/s41593-019-0491-3

Frontiers in Aging Neuroscience | www.frontiersin.org 22 February 2021 | Volume 13 | Article 646924182

https://doi.org/10.1016/j.arr.2014.01.003
https://doi.org/10.18632/oncotarget.12752
https://doi.org/10.3390/genes9050250
https://doi.org/10.1016/j.neurobiolaging.2019.02.010
https://doi.org/10.1016/j.nbd.2020.105008
https://doi.org/10.1111/j.1460-9568.2011.07738.x
https://doi.org/10.1016/j.exger.2020.110876
https://doi.org/10.1111/j.1365-2990.2006.00632.x
https://doi.org/10.1093/brain/awaa334
https://doi.org/10.1016/j.ebiom.2019.01.056
https://doi.org/10.1002/glia.20468
https://doi.org/10.1016/j.exger.2012.09.008
https://doi.org/10.1016/j.arr.2019.100941
https://doi.org/10.2174/138161210790883507
https://doi.org/10.1523/JNEUROSCI.0193-15.2015
https://doi.org/10.1016/j.neurobiolaging.2011.04.013
https://doi.org/10.1111/j.1750-3639.2008.00188.x
https://doi.org/10.1016/j.celrep.2016.12.011
https://doi.org/10.1038/nm.3048
https://doi.org/10.3389/fnagi.2017.00194
https://doi.org/10.7554/eLife.44219
https://doi.org/10.1016/j.neurobiolaging.2006.07.022
https://doi.org/10.1016/j.arr.2016.04.010
https://doi.org/10.1002/glia.23782
https://doi.org/10.1016/j.mad.2020.111296
https://doi.org/10.1007/s10522-014-9532-1
https://doi.org/10.1210/clinem/dgaa728
https://doi.org/10.1126/science.272.5264.1017
https://doi.org/10.1016/S0165-5728(01)00496-9
https://doi.org/10.1093/brain/awn023
https://doi.org/10.1016/0197-4580(91)90098-5
https://doi.org/10.1016/0014-4886(85)90171-2
https://doi.org/10.1038/nature13193
https://doi.org/10.1016/j.nurt.2010.05.017
https://doi.org/10.1089/ars.2020.8048
https://doi.org/10.1093/ijnp/pyv002
https://doi.org/10.3390/cells8121546
https://doi.org/10.1038/s41598-020-57663-x
https://doi.org/10.1016/j.cortex.2018.09.014
https://doi.org/10.3389/fncel.2013.00022
https://doi.org/10.1038/s41593-019-0491-3
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Sikora et al. Cellular Senescence in Brain Aging

Xu, C., Wang, L., Fozouni, P., Evjen, G., Chandra, V., Jiang, J., et al. (2020). SIRT1

is downregulated by autophagy in senescence and ageing. Nat. Cell Biol. 22,

1170–1179. doi: 10.1038/s41556-020-00579-5

Xu, M., Pirtskhalava, T., Farr, J. N., Weigand, B. M., Palmer, A. K., Weivoda, M.

M., et al. (2018). Senolytics improve physical function and increase lifespan in

old age. Nat. Med. 24, 1246–1256. doi: 10.1038/s41591-018-0092-9

Yang, N., and Sen, P. (2018). The senescent cell epigenome. Aging 10, 3590–3609.

doi: 10.18632/aging.101617

Yim, W. W., and Mizushima, N. (2020). Lysosome biology in autophagy. Cell

Discov. 6:6. doi: 10.1038/s41421-020-0141-7

Yoshii, S. R., and Mizushima, N. (2017). Monitoring and measuring autophagy.

Int. J. Mol. Sci. 18:1865. doi: 10.3390/ijms18091865

Young, A. R., Narita, M., Ferreira, M., Kirschner, K., Sadaie, M., Darot, J. F., et al.

(2009). Autophagy mediates the mitotic senescence transition. Genes Dev. 23,

798–803. doi: 10.1101/gad.519709

Yousefzadeh, M. J., Zhu, Y., McGowan, S. J., Angelini, L., Fuhrmann-

Stroissnigg, H., Xu, M., et al. (2018). Fisetin is a senotherapeutic that extends

health and lifespan. EBioMedicine 36, 18–28. doi: 10.1016/j.ebiom.2018.

09.015

Yu, C., Narasipura, S. D., Richards, M. H., Hu, X. T., Yamamoto, B., and Al-

Harthi, L. (2017). HIV and drug abuse mediate astrocyte senescence in a

beta-catenin-dependent manner leading to neuronal toxicity. Aging Cell 16,

956–965. doi: 10.1111/acel.12593

Zhang, C., Xie, Y., Chen, H., Lv, L., Yao, J., Zhang, M., et al. (2020). FOXO4-DRI

alleviates age-related testosterone secretion insufficiency by targeting senescent

Leydig cells in aged mice. Aging 12, 1272–1284. doi: 10.18632/aging.102682

Zhang, P., Kishimoto, Y., Grammatikakis, I., Gottimukkala, K., Cutler,

R. G., Zhang, S., et al. (2019). Senolytic therapy alleviates Abeta-

associated oligodendrocyte progenitor cell senescence and cognitive

deficits in an Alzheimer’s disease model. Nat. Neurosci. 22, 719–728.

doi: 10.1038/s41593-019-0372-9

Zhu, M., Meng, P., Ling, X., and Zhou, L. (2020). Advancements in therapeutic

drugs targeting of senescence. Ther. Adv. Chronic Dis. 11:2040622320964125.

doi: 10.1177/2040622320964125

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Sikora, Bielak-Zmijewska, Dudkowska, Krzystyniak, Mosieniak,

Wesierska and Wlodarczyk. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 23 February 2021 | Volume 13 | Article 646924183

https://doi.org/10.1038/s41556-020-00579-5
https://doi.org/10.1038/s41591-018-0092-9
https://doi.org/10.18632/aging.101617
https://doi.org/10.1038/s41421-020-0141-7
https://doi.org/10.3390/ijms18091865
https://doi.org/10.1101/gad.519709
https://doi.org/10.1016/j.ebiom.2018.09.015
https://doi.org/10.1111/acel.12593
https://doi.org/10.18632/aging.102682
https://doi.org/10.1038/s41593-019-0372-9
https://doi.org/10.1177/2040622320964125
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


MINI REVIEW
published: 01 March 2021

doi: 10.3389/fnagi.2021.641101

Frontiers in Aging Neuroscience | www.frontiersin.org 1 March 2021 | Volume 13 | Article 641101

Edited by:

Cristina Marchetti,

European Brain Research

Institute, Italy

Reviewed by:

Sachchida Nand Rai,

University of Allahabad, India

Rita Raisman-Vozari,

Centre de Recherche en

Neuroscience de la Pitié-Salpêtrière,

France

*Correspondence:

Niels Hansen

niels.hansen@med.uni-goettingen.de

Received: 13 December 2020

Accepted: 03 February 2021

Published: 01 March 2021

Citation:

Hansen N (2021) Locus Coeruleus

Malfunction Is Linked to

Psychopathology in Prodromal

Dementia With Lewy Bodies.

Front. Aging Neurosci. 13:641101.

doi: 10.3389/fnagi.2021.641101

Locus Coeruleus Malfunction Is
Linked to Psychopathology in
Prodromal Dementia With Lewy
Bodies
Niels Hansen*

Department of Psychiatry and Psychotherapy, University Medical Center Goettingen, Göttingen, Germany

Background: The locus coeruleus (LC) is a nucleus in the human brainstem with a

variety of noradrenaline-driven functions involved in cognition, emotions, and perception.

Dementia with Lewy bodies (DLB) constitutes a neurodegenerative disease involving

deposits of alpha-synuclein, first appearing in the brainstem. The goal of this narrative

review is to delineate the relationship between the expression of psychiatric symptoms

as an early-onset of DLB and the degeneration of the LC’s noradrenaline system.

Methods: We searched in PubMed for relevant articles concerning LC degeneration and

psychiatric symptoms in prodromal DLB in this narrative review. We rely on the McKeith

criteria for prodromal psychiatric DLB.

Results: We found four studies that document neuronal loss, deposits of Lewy

bodies and other hints for neurodegeneration in the LC in patients with DLB.

Furthermore, we reviewed theories and studies on how the degenerated noradrenaline

LC system contributes to psychiatric DLB’s phenotype. We hypothesized how anxiety,

hallucinations, delusions, and depressive symptoms might occur in DLB patients due

to degenerated noradrenergic neurons entailing consecutive altered noradrenergic

transmission in the LC’s projection areas.

Conclusions: LC degeneration in prodromal DLBmight cause psychiatric symptoms as

the first and non-motor manifestation of DLB, as the LC is affected earlier by degeneration

than are dopaminergic structures such as the substantia nigra, which are impaired later

in the disease course.

Keywords: locus coeruleus, noradrenaline, neurodegeneration, psychiatry, prodromal dementia with Lewy bodies

INTRODUCTION

The locus coeruleus (LC) is the small, bilaterally shaped structure in the brainstem located in the
pons that contributes to cognitive functions (Berridge and Waterhouse, 2003; Sara and Bouret,
2012; Grueschow et al., 2020; James et al., 2020; Poe et al., 2020). The LC is the main location
of a highly flexible, adaptable noradrenergic system projecting in many cortical and subcortical
brain regions, thus explaining its highly relevant function in humans in everyday life, and essential
for us humans as feeling and thinking beings. Beside its involvement in cognitive processes, a
broader function recently emerged covering aspects of psychopathology, such as triggering anxiety
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(Morris et al., 2020), psychosis in alpha-synucleinopathies
(Wolters, 2001) and demotivation in schizophrenia (Mäki-
Marttunen et al., 2020), inattention to visual stimuli in the
attention deficit-hyperactivity and autism-spectrum disorders
(Boxhoorn et al., 2020), depressive symptoms in Alzheimer’s
disease (AD) (Förstl et al., 1992), suicide behavior (Roy et al.,
2017) and defective emotional-memory encoding (Jacobs et al.,
2020).

These studies imply the involvement of LC activity in
generating psychiatric symptoms such as fear, delusions,
hallucinations, and inattention. The conditions and
environmental factors inducing psychopathologic symptoms
are manifold in diverse disease manifestations that conclusions
regarding the development of psychiatric disease due to impaired
noradrenergic LC activity cannot be drawn. Asmentioned earlier,
the LC’s network is extremely important, and if degenerated,
provides a link to its potential brain dysfunctions. The LC’s
widespread projections to the prefrontal cortex, limbic system
containing structures such as the hippocampus, and amygdala
and well as other cortical and subcortical regions such as the
sensory cortex (Schwarz and Luo, 2015; Liebe et al., 2020) are
crucial in generating psychiatric symptoms (Figure 1). These
pathways are being intensively investigated, and novel pathways
have recently been identified. Attention control, for instance, is
mainly regulated by two different but relevant coeruleo-frontal

FIGURE 1 | Proposed model of how psychiatric symptoms develop in prodromal dementia with Lewy bodies due to locus-coeruleus degeneration. The arrows depict

the projection areas in the locus coeruleus (LC) noradrenaline system are suspected to be involved in the genesis of psychiatric symptoms as anxiety, depression,

perceptual dysfunction, inattention and memory dysfunction. The indicated specific neuronal pathways for each psychopathologic category such as anxiety,

depression, perceptual dysfunction, inattention and memory dysfunction are supposed to be degenerated due to early LC affection in prodromal DLB patients. AC,

auditory cortex; ACC, anterior cingulate cortex; AI, anterior insula; Fusifo Gyr, fusiform gyrus; Parahippo, parahippocampal gyrus; PBN, parabrachial nucleus; PFC,

prefrontal cortex; SC, somatosensory cortex; VC, visual cortex; VTA, ventral tegmental area.

cortical pathways recently disentangled by Bari’s group (Bari
et al., 2020). Moreover, both projections from the LC to cortical
regions and back-projections are fundamental, such as the
connection from the prefrontal cortex to the LC for LC-activity
guided attentional behavior, as recently demonstrated in a
study by Kuo et al. (2020). Recent evidence indicates dynamic
interplay between the amygdala and hippocampus in emotional
memory-processing guided by arousal-driven LC activity (Jacobs
et al., 2020), which can be compromised by LC dysfunction.
Furthermore, an extensive grid of noradrenergic projections to
cortical regions including the somatosensory cortex involving
interrelationships with other sensory systems are relevant for
perception; thus disorders of perception might be affected by
modulating noradrenergic LC activity (Figure 1) (McBurney-Lin
et al., 2019). Taken together, the noradrenergic LC system seems
to be a modulator of various cognitive and emotional states that
are susceptible to a damaged noradrenergic LC system.

PSYCHIATRIC PRODROMAL LEWY BODY
DEMENTIA

Dementia with Lewy bodies (DLB) is a disorder hallmarked by
a demential syndrome and underlying alpha-synucleinopathy
with Lewy bodies. Several clinical core criteria must be fulfilled
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to diagnose DLB, ranging from symptoms of Parkinsonism,
fluctuating attention and cognition, rapid eye movement (REM)
sleep behavioral disorder, and visual hallucinations according to
the McKeith criteria (McKeith et al., 2017). However, psychiatric
symptoms such as anxiety, delusions, or hallucinations other than
visual ones are considered only supporting criteria that do not yet
justify a DLB diagnosis in patients not presenting core features
apart from the indicative biomarker such as a nigrostriatal
deficit in (123)-I-2-ß-carbomethoxy-3ß-(4-iodophenyl)-N-(3-
fluoropropyl) nortropane SPECT (123I-FP-CIT SPECT). The
term prodromal DLB with psychiatric features was recently
coined as research criteria referring to a prodromal stage of
DLB in which psychiatric symptoms predominate (McKeith
et al., 2020). The assessment of DLB’s typical core features can
be confounded by psychiatric symptoms, thereby hindering a
bradykinesia assessment or neuropsychological testing. Recent
evidence suggests that the frequent detection of nigrostriatal
deficit via 123I-FP-CIT SPECT as an indicative biomarker for
DLB in patients presenting late-onset depression (Kazmi et al.,
2020) might support the hypothesis that DLB begins as a late-
onset psychiatric disorder. Diverse studies provided evidence that
psychiatric symptoms such as acoustic hallucinations, delusions,
and depressive symptoms at disease onset are much more often
present in DLB than in AD patients in clinically diagnosed
DLB and autopsy-confirmed DLB patients (Ballard et al., 1999).
Furthermore, a psychiatric onset of DLB was discerned in
nearly half of 234 DLB patients (Utsumi et al., 2020), thus
supporting psychiatric prodromal DLB as a main clinical entity
of prodromal DLB.

DEGENERATION OF THE LOCUS
COERULEUS IN DEMENTIA WITH LEWY
BODIES

The LC reveals degeneration and a loss of noradrenergic cells
in alpha-synucleinopathies such as DLB (Iseki et al., 2001;
Mori et al., 2002; Brunnström et al., 2011; Haglund et al.,
2016, Table 1). The noradrenergic LC system often becomes
degenerated early in both alpha-synucleinopathies such as
Parkinson’s disease (PD) (Solopchuk et al., 2018; Li et al., 2019),
and ß-amyloidopathies like Alzheimer’s disease (AD) (Zarow
et al., 2003; Hou et al., 2021). Both diseases are closely related
to Lewy body pathology, as mixed pathologies can coexist in
patients with cognitive impairment (Coughlin et al., 2020).
Lewy body dementia includes the terms PD dementia and
DLB (Haider et al., 2020). Although our review focusses on
prodromal DLB, it is important to report on insights into LC
degeneration in PD patients with cognitive impairment, as the
diseases are sometimes difficult to distinguish. For example, the
exact time at which motor or cognitive symptoms begin is often
unclear. The pathomechanism might be similar in both alpha-
synucleinopathies at an early stage in terms of the amount,
type, and spread of Lewy bodies within the LC region. Via
neuromelanin-sensitive MRI, a recent study (Li et al., 2019)
showed that the LC’s contrast-to-noise ratio in 23 PD patients
with mild cognitive impairment was lower than in control

TABLE 1 | Studies involving degeneration of locus coeruleus—noradrenaline

system in patients with dementia with Lewy bodies.

Number of

Subjects

Mean age

in years

Results effects of LC

degeneration

References

N = 26

DLB/PDD

79 DLB/PDD and AD

greater LC damage vs.

FTLD, VaD

Haglund

et al., 2016

N = 25

DLB/PDD

75 DLB/PDD and AD

higher LC degeneration

vs. FTLD, VaD

Brunnström

et al., 2011

N = 4 LB

PSP

78 LB and neuronal loss in

LC

Mori et al.,

2002

N = 9 DLB 75 Neuronal loss in all DLB

cases

Iseki et al.,

2001

AD, Alzheimer’s disease dementia; DLB, dementia with Lewy bodies; FTLD,

frontotemporal dementia; LB, Lewy bodies; LC, locus coeruleus; N, number; PDD,

Parkinson’s disease dementia; PSP, progressive supranuclear palsy; VaD, vascular

disease dementia; vs, versus. The age is shown as mean in years.

subjects. They observed a negative relationship between reduced
contrast to the LC and measures of executive dysfunction in
these patients (Li et al., 2019) implying an early contribution
by the LC– noradrenaline system to symptomatology in PD
patients. Another interesting study (Solopchuk et al., 2018)
in patients with PD assessed how specific symptoms were
associated with LC and subtantia nigra (SN) degeneration.
They found a correlation between the LC’s neuromelanin-
imaging values and depression (Solopchuk et al., 2018). Taking
a similar approach would thus be optimal to disentangle
depressive symptoms in patients with prodromal LBD to probe
for the relationship between early affective symptoms in DLB
and LC dysfunction. A recent study (Fischer et al., 2021)
investigated the neurodegeneration within the LC and SN
and correlation between the observed degeneration in these
nuclei and the occurrence of psychiatric symptoms such as
anxiety, depression, and psychosis. Surprisingly, they found
no association in PD patients between the aforementioned
symptoms and neuronal loss and gliosis in the LC, but in
the SN. This investigation points toward a major role played
by the SN in the development of psychopathology in PD
patients. However, this psychopathological development might
differ between PD patients presenting neuronal degeneration in
the SN and prodromal DLB patients. Possible reasons for that are
that (i) the LC is already affected early in DLB patients, and (ii)
psychopathological symptoms might occur due to noradrenergic
LC dysfunction.

To our knowledge, no working group is currently addressing
this issue. The degeneration in prodromal DLB starts early in
the LC, and precedes the neurodegeneration within the SN
(Del Tredici et al., 2002). This is why non-motoric features
may predominate in DLB’s prodromal stage. Furthermore, an
animal model (Bjerkén et al., 2019) demonstrated that the early
degeneration of LC neurons might exacerbate the dopaminergic
neuronal loss in the SN and impair its functionality as depicted by
striatal dopamine release. In other words, the LC degeneration
in DLB might pave the way for later SN degeneration
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along with worsening psychopathology related to dopaminergic
dysfunction. Hypocretin-neuronal loss in the LC in addition
to noradrenergic cells also are part of this degeneration
(Kasanuki et al., 2014), having potential consequences for sleep
dysfunction by impairing arousal function. However, there have
been no investigations to date addressing neurodegeneration
in prodromal DLB. It would also be worth knowing how LC
degeneration in prodromal DLB relates to neuroinflammation,
which seems to have an impact on LC degeneration in alpha-
synucleinopathies [as recently reviewed by Giorgi et al. (2020)
and shown in animal models (Wang et al., 2020)].

NORADRENERGIC MECHANISMS
INDUCING PSYCHIATRIC SYMPTOMS IN
PRODROMAL DEMENTIA WITH LEWY
BODIES

The loss of noradrenergic cells in the LC may lead to alterations
in noradrenaline and its derivatives, thus impairing various brain
functions. Amainmetabolite of noradrenaline called 3-methoxy-
4-hydroxyphenylglycol (MHPG) was demonstrated to be higher
in DLB than AD patients in cerebrospinal fluid, whereas
peripheral blood level of MHPGwas decreased in DLB compared
to AD patients (Janssens et al., 2018). These findings suggest
substantial alterations in noradrenaline and its metabolites
especially in DLB patients, probably due to LC degeneration.
We thus speculate that altered noradrenergic transmission in
LC projection regions and LC terminals due to LC degeneration
could affect psychiatric symptomatology in prodromal DLB with
predominant non-motoric features (Figure 1 for an overview of
noradrenergic LC function in relation to neurodegeneration due
to DLB). Many animal studies employing diverse methodologies
proved that anxiety is dependent on the noradrenergic LC-
amygdala (McCall et al., 2015, 2017; Llorca-Torralba et al.,
2019), the LC-parabrachial nucleus (PBN) (Yang et al., 2021) and
the orexinergic LC-thalamus circuits (Heydendael et al., 2014).
In addition, the damage to noradrenergic LC cells resulted in
increased anxiety in addition to defective social capacities (Song
et al., 2019) as well as depressive behavior (Itoi et al., 2011) in
rodents. These studies suggest that LC degeneration entailing
noradrenergic cell loss might enable anxiety in humans, although
strong evidence from DLB patients and LC affection is lacking.
For anxiety generation, an LC-amygdala and thalamus circuit is
proposed in our model (Figure 1).

Concerning depressive symptoms, there is evidence that
patients with depression reveal a reduced LC neuromelanin
contrast signal (Shibata et al., 2007), indicative of LC
degeneration. We know that mainly dopaminergic neuronal loss
in the ventral tegmental area (VTA), but not LC is diagnosed
in patients presenting symptoms of late-onset depression,
and in post-mortem evidence of Lewy bodies (Wilson et al.,
2013). These findings were recently corroborated by the fact
that 24% of patients suffering from late-onset depression
exhibited a nigrostriatal dopaminergic deficit in 123I-Ioflupane
SPECT (Kazmi et al., 2020). However, the VTA is not the
only source of dopamine, as it can also be released from

LC terminals in the hippocampus (Kempadoo et al., 2016)
and prefrontal cortex (Devoto et al., 2020) indicating that a
neuronal LC loss could entail impaired dopamine release as
a possible consequence. Depression due to LC degeneration
might be thereby explained. Prodromal LBD patients often suffer
delusions in addition to depressive symptoms. The development
of depressive symptoms is probably associated with decreased
LC activity mediated (1) by the LC amygdala pathway and
(2) the interconnection between the VTA and LC and (3) the
anterior cingulate cortex and fusiform gyrus (Del Cerro et al.,
2020) (Figure 1). The development of delusions might be
generated by combined abnormal degenerated noradrenergic
structures resulting in altered dopaminergic neurotransmission,
as the dopamine hypothesis is one theory explaining the
induction of psychosis (Meltzer and Stahl, 1976). Concurring
with this assumption, Wolters (2001) hypothesized further
that the fluctuating decrease in noradrenergic LC activity
combined with degenerated dopaminergic neurons in the SN
in alpha-synucleinopathies might result in psychotic symptoms
(Figure 1). In addition, the perception of salient stimuli is guided
by LC activation, thus the generation of misperception as a
possible psychotic symptom might be influenced by altered
LC activity caused by degeneration in addition to the stimuli
perception interacting and modulating with the LC’s cortical
projecting areas (Figure 1). Furthermore, attention deficits
caused by impaired noradrenergic transmission in coeruleo-
frontal pathways is a potential additional factor triggering visual
hallucinations (Figure 1), similar to the phenomenon of visual
hallucinations in DLB patients presenting frontal, basal ganglia
and insula atrophy measured via voxel-based morphometry,
and attention deficits, as Pezzoli recently proposed (Pezzoli
et al., 2019). Understanding how the LC-noradrenaline system
works in conjunction with the genesis of sensory, visual or
auditory experiences is relevant for the genesis of tactile,
visual, or acoustic hallucinations in prodromal DLB patients.
The LC can activate “silent” neurons after processing sensory
stimuli called sensory gating (Devilbiss and Waterhouse,
2004)—important for processing novel sensory stimuli, whose
function can be lost through LC degeneration in DLB. In
addition, the LC’s noradrenaline system enables the modulation
of task-specific sensory signals within the somatosensory
cortex (for review see Waterhouse and Navarra, 2019) that is
potentially affected by noradrenergic degeneration, leading to
dysfunctional perception. Noradrenergic LC projections lead
to an inhibition of neuronal responses in the visual cortex
(McLean and Waterhouse, 1994; Stowell et al., 2019) and in
the auditory cortex (Salgado et al., 2012). In particular, finely
tuned synaptic responses in the auditory cortex in the rat
depended on the LC’s firing mode determined by the arousal
level (Shinba et al., 2000). The LC system’s modulation enabling
these specific inhibitory connections to the auditory and visual
cortices might be absent in DLB patients’ degenerated LC
(Figure 1). The abnormal perceptions of DLB patients might
be due to the cortical hyperexcitability observed in human
visual and auditory cortices when abnormal perception is
present (Spencer et al., 2009; Braithwaite et al., 2013, 2015).
To summarize: these findings above suggest that in humans,
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degeneration of the LC noradrenaline system in prodromal
DLB patients might induce neuronal hyperexcitability in the
visual and auditory cortices due to reduced inhibition via
LC projections (Figure 1). Another aspect to be aware of
is that the LC noradrenaline system is believed to optimize
neural gain (Aston-Jones and Cohen, 2005)—assessable by
measuring the diameter of pupil dilation in humans. Impaired
noradrenergic transmission caused by LC degeneration in
prodromal DLB patients might explain the reduced neural
gain in these patients. Noradrenergic dysfunction might in
turn result in sensory-prediction errors triggering the inability
to reduce incoming stimuli due to their prior predictions,
and finally the incapacity to put the sensory experience in a
context, a condition already incorporated in the “disconnection
hypothesis” in the development of schizophrenic symptoms
(Friston et al., 2016). Compromised LC function in prodromal
DLB patients thus seems to be responsible for the genesis
of their delusional perception and hallucinations (Figure 1).
Another characteristic of DLB patients is fluctuating attentional
dysfunction, which might result from impaired noradrenergic
transmission within the coerulo-frontal pathway (Figure 1).
Moreover, noradrenaline helps to ensure the function of
selective attention (Dahl et al., 2020). The crosstalk between
the frontoparietal and salience network comprising structures
such as the anterior cingulated cortex and anterior insula
are important for LC-driven attentional control (Lee et al.,
2020). Therefore, a dysfunctional LC system might explain the
dysfunctional attention control in prodromal DLB patients, as
LC projections to the frontal and anterior cingulated cortices,
as well as the anterior insula might receive less activation due to
neuronal LC loss (Figure 1).

There is another prodromal DLB subtype besides psychiatric
prodromal DLB that is characterized by mild cognitive
impairment (McKeith et al., 2020). Episodic memory dysfunction
exists in DLB, and might be related to the spread of
alpha synuclein pathology in hippocampal subfields CA2/3
(Coughlin et al., 2020) as relevant structures for memory
formation. Furthermore, Coughlin et al. (2020) demonstrated
that hippocampal tau protein within the hippocampus subregion
CA2/3 correlated negatively with memory function in patients
with LBD. Given the LC’s pivotal role in memory processing
at various memory stages (Sara, 2015; Hansen, 2017) as shown
in animal models (Hansen and Manahan-Vaughan, 2015a,b)
and humans (Jacobs et al., 2015, 2020) it is likely that
LC degeneration with its LC terminals affect hippocampal
memory-processing in prodromal DLB patients. There is
evidence from neuroimaging studies in AD patients that LC
degeneration affects functional connectivity between memory-
relevant structures such as the parahippocampus and the
LC (Jacobs et al., 2015) leading to memory dysfunction.
It is hypothesized that memory functions are impaired
in patients with AD due to LC degeneration entailing
consecutive dysfunction of cellular correlates of long-term
memory formation (James et al., 2020). Animal models have
revealed the LC’s relevant role in hippocampal long-term
plasticity in different hippocampal subregions such as the dentate

gyrus and CA1 region (Lemon et al., 2009; Hansen andManahan-
Vaughan, 2015a,b). Interaction between the frontal cortex and
hippocampus is essential for memory formation (Eichenbaum,
2017). As the LC projects to both regions with afferent fibers
(Schwarz and Luo, 2015), it is tempting to postulate that LC
degeneration might affect both neuronal pathways concurrently,
thus leading to memory dysfunction in prodromal DLB patients
(Figure 1).

Taken together, a hypothesis is provided for LC involvement
in generating psychiatric symptoms such as depression, anxiety,
and psychosis including delusions and hallucinations (Figure 1)
that may characterize psychiatric-onset prodromal DLB. Future
research should aim to determine established and novel
genetic, molecular, and imaging biomarkers associated with the
dopaminergic and especially the noradrenergic LC system and
their interplay in prodromal DLB patients, thereby optimizing
diagnostics and specific treatment for such patients.

SYNOPSIS

Taken together, the LC noradrenaline system is a promising
nucleus that should be targeted in future neuroimaging studies
in prodromal DLB patients. Furthermore, investigations focusing
on noradrenaline biomarkers in blood and cerebrospinal
fluid should guide researchers to discover the relationship
between the noradrenergic system’s in vivo biomarkers and
the psychopathology of prodromal DLB patients. Taking this
approach, we believe it will be possible to optimize diagnostic
tools for detecting prodromal DLB.

PERSPECTIVE

Considered together, we provide a framework for the postulated
relationship between early-appearing psychopathology and
LC dysfunction due to Lewy body pathology in prodromal
DLB patients. Future research should address the potential
relationship between psychopathology and LC degeneration
along with LC dysfunction in prodromal DLB patients. In
vivo neuromelanin-sensitive imaging of the LC seems to be an
adequate tool for this purpose, as it is known to be sensitive
in neurodegenerative diseases such as PD or AD (Betts et al.,
2019). In addition, studies addressing functional connectivity via
fMRI would be of merit in prodromal DLB patients to assess the
LC system’s functionality with its various connections relevant
for LC function in prodromal DLB patients. LC neuroimaging
is sensitive enough to depict the LC’s integrity, as Hämmerer
et al. (2018) showed in elderly subjects—a method that might
also apply in prodromal DLB patients. Via in vivo LC imaging,
it would be possible to stratify patients such as prodromal
DLB patients in clinical trials according to their noradrenergic
dysfunction. Furthermore, we want to apply monoaminergic and
molecular biomarkers to assess LC system degeneration that
might be linked to neuropsychiatric symptoms in prodromal
DLB [as is evident in patients with AD (Jacobs et al., 2019)].
Noradrenaline-enhancing drugs such as noradrenaline reuptake
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inhibitors could be used in further trials to demonstrate the role
and extent of LC system involvement in prodromal LBD patients.
More investigation is warranted to explore the usefulness of
noradrenergic transmission-enhancing drugs as a therapeutic
target in prodromal DLB, as discussed recently (Vermeiren
and De Deyn, 2017). Keeping in mind that LC degeneration
even precedes SN degeneration and could worsen dopaminergic
SN degeneration, it would seem worthwhile to administer
noradrenaline-reuptake inhibitors to prevent further brain
damage in prodromal DLB. Noradrenaline-enhancing treatment
should be investigated in future studies with large cohorts of
prodromal DLB patients. The stratification of prodromal DLB
patients via LC imaging would help us identify suitable patients

for such a treatment regimen that could be implemented later,
after large-scale studies have delivered evidence on its safety,
tolerability, and efficacy in novel treatment guidelines.
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The hypothalamus plays a central role in homeostasis and aging. The hypothalamic

arcuate nucleus (ARC) controls homeostasis of food intake and energy expenditure and

retains adult neural stem cells (NSCs)/progenitor cells. Aging induces the loss of NSCs

and the enhancement of inflammation, including the activation of glial cells in the ARC,

but aging-associated alterations of the hypothalamic cells remain obscure. Here, we

identified Sox2 and NeuN double-positive cells in a subpopulation of cells in the mouse

ARC. These cells were reduced in number with aging, although NeuN-positive neuronal

cells were unaltered in the total number. Diet-induced obesity mice fed with high-fat diet

presented a similar hypothalamic alteration to aged mice. This study provides a new

insight into aging-induced changes in the hypothalamus.

Keywords: aging, arcuate nucleus, hypothalamic neuronal cell, Sox2, NeuN

INTRODUCTION

Aging is one of the biggest issues that human beings have been tackling. Studies using variousmodel
organisms from yeast, a unicellular eukaryote, to rhesus monkey, a primate, have characterized
aging, including genome instability, telomere shortage, mitochondrial dysfunction, and so on
(López-Otín et al., 2013). However, these are valid observations with aging, and our understanding
of the principle of aging mechanisms is still poor. The extension of a healthy life span is an
important subject for both natural science and economy. Despite numerous studies, it appears that
only caloric restriction succeeds in extending the life span of model organisms and humans (Klass,
1977; Weindruch et al., 1986; Chippindale et al., 1993; Lin et al., 2000; Colman et al., 2009). Caloric
restriction extends the life span of rats (McCay et al., 1935), whereas excess calorie intake increases
the risk for diseases and consequently shortens the life span (Biliński et al., 2015). Thus, controlling
feeding can be a point to controlling life span. Recent studies have revealed that signaling pathways,
such as the insulin-like growth factor pathway, are associated with the effects of caloric restriction
(Lakowski and Hekimi, 1998; Vitale et al., 2019), but it is largely unknown how caloric restriction
delays natural aging or induces the hormesis effect.

The hypothalamus is a part of the midbrain and is composed of various functional nuclei.
The arcuate nucleus (ARC) is a nucleus located in the mediobasal hypothalamus and plays a
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central role in homeostasis, including appetite, energy
expenditure, emotion, and sleep. Neuronal cells in the ARC
control homeostasis in response to the hormonal/peptide signals
released from peripheral organs and tissues. Food intake and
energy expenditure are mainly regulated by two types of neuronal
cells in the ARC, pro-opiomelanocortin (POMC)-expressing
neuronal cells and neuropeptide Y (NPY)/agouti-related protein
(AgRP)-co-expressing neuronal cells (Cowley et al., 2001;
Williams and Elmquist, 2012). POMC is cleaved into multiple
peptide hormones, including adrenocorticotropic hormone
(ACTH) and α-melanocyte-stimulating hormone (α-MSH;
Harno et al., 2018). The neuronal cells expressing POMC or
NPY receive signal hormones/peptides secreted from peripheral
organs and tissues and prompt to take an adequate action by
activating the brain neuronal circuit (Hâkansson et al., 1998). In
a fasted state, ghrelin released from the stomach activates the
NPY/AgRP neuronal cells, which promote feeding behavior. In
a fed state, leptin released from the adipose tissue inhibits the
NPY/AgRP neuronal cells and activates the POMC neuronal
cells, thereby suppressing feeding behavior and increasing energy
expenditure (Kim et al., 2018).

The ARC is also known as a region where adult neurogenesis
occurs (Kokoeva et al., 2005). Neural stem cells (NSCs)
characterized by the ability to self-renew and differentiate into
neuronal cells or glial cells are labeled with markers, including
Sox2, Bmi1, and Nestin (Lendahl et al., 1990; Molofsky et al.,
2003; Favaro et al., 2009; Zhang and Jiao, 2015). Although
defining the locations of hypothalamic NSCs and progenitor cells
is still under debate, tanycytes, the cells aligning the wall of the
third ventricle (3V), are considered NSCs in the hypothalamus
(Kokoeva et al., 2005; Lee et al., 2012; Robins et al., 2013).
Tanycytes, termed by their stretched shape (Horstmann, 1954),
act as the NSCs in response to signals in the cerebrospinal
fluid (CSF; Pierce and Xu, 2010; Li et al., 2012; McNay et al.,
2012; Haan et al., 2013; Chaker et al., 2016; Klein et al., 2019).
In addition to the role of NSCs, tanycytes are involved in the
regulation of energy expenditure and calorie intake (Clasadonte
and Prevot, 2018). Tanycytes sense and uptake nutrients and
signalingmolecules from the CSF in the 3V and conveymetabolic
signals to the neuronal cells in the parenchyma through their
stretched projections (Elizondo-Vega et al., 2015; Prevot et al.,
2018).

Increased inflammation and loss of NSCs are observed in
the hypothalamus of aged mice and high-fat diet (HFD)-fed
mice (Li et al., 2012; Zhang et al., 2013, 2017), supporting
excess calorie intake, which in turn accelerates aging and its
common machinery, leading to hypothalamic dysregulation.
Consistently, mice that genetically suppress inflammation or that
are implanted with young stem cells to the hypothalamus display

Abbreviations: ARC, arcuate nucleus; NSCs, neural stem cells; POMC, pro-

opiomelanocortin; NPY, neuropeptide Y; AgRP, agouti-related protein; ACTH,

adrenocorticotropic hormone; α-MSH, α-melanocyte-stimulating hormone; CSF,

cerebrospinal fluid; HFD, high-fat diet; PB, phosphate buffer; Ab, antibody;

PBS, phosphate-buffered saline; DAPI, 4′,6-diamidino-2-phenylindole; GFAP, glial

fibrillary acidic protein; PDGFRα, platelet-derived growth factor receptor α; Iba1,

ionized calcium-binding adapter molecule 1; DIO, diet-induced obese; SCN,

suprachiasmatic nucleus.

a delay in aging and a longer life span (Li et al., 2012; Zhang et al.,
2013, 2017). Thus, alterations of NSCs, such as decline in self-
renew and/or neuronal or glial differentiation, may be involved
in individual aging processes, but their molecular mechanisms
remain elusive.

Sox2 is a transcription factor well-known as a stem cell
marker that regulates self-renewal and differentiation. Sox2-
deficient mice experienced embryonic lethality (Avilion et al.,
2003). It is widely accepted that the expression of Sox2 is reduced
gradually during the differentiation of NSCs/progenitor cells
to functionally mature neuronal cells and glial cells (Cavallaro
et al., 2008). Accumulated evidence demonstrates that Sox2 is
also expressed in a part of differentiated neuronal cells and
glial cells in some regions of the brain and regulates their
cellular functions (Chou et al., 2013; Cheng et al., 2019; Mercurio
et al., 2019a,b). Thus, Sox2 regulates various cellular functions,
suggesting its involvement in homeostasis. Here, we investigated
the Sox2-positive cells in the ARC of the mouse hypothalamus
to understand its role in aging and identified Sox2 and NeuN
double-positive cells in a subpopulation of cells in the ARC of
the hypothalamus.

MATERIALS AND METHODS

Animals
C57BL/6J male mice purchased from CLEA Japan (Tokyo,
Japan) were maintained under a 12/12 light-dark cycle. For a
HFD experiment, 10-week-old male mice were fed with HFD
(45% fat of total calorie) and control diet (CD; 10% fat of
total calorie) (HD12451 and D12450H, respectively, Research
Diet, New Brunswick, NJ, USA) ad libitum for 16 weeks. All
animal experiments were performed in accordance with the
guidelines of the institution and approved by the administrative
panel on laboratory animal care of Kobe University. This study
was approved by the president of Kobe University after being
reviewed by the Animal Care and Use Committee of Kobe
University (approval number: 30–27), and animal experiments
were conducted in accordance with the regulations for animal
experimentation of Kobe University.

Immunofluorescence Microscopy
Deeply anesthetized mice were transcardially perfused with an
ice-cold phosphate buffer (PB; pH 7.4) containing a fixative
composed of 2% paraformaldehyde, 4% sucrose, 1mM sodium
pyruvate, Hanks’ balanced salt solution containing 1mM CaCl2
and 1mM MgCl2 (Thermo Fisher Scientific, Waltham, MA,
USA), 3 U/ml heparin sodium, and 10mM HEPES (pH 7.3).
The brains were dissected and incubated in the same fixative at
4◦C for 4 h and then dehydrated in 100 mM PB containing 20%
sucrose for 2 h, followed by incubation in 100 mM PB containing
25% sucrose (pH7.4) overnight. The brains were placed in Tissue-
Tek O.C.T. Compound (Sakura Finetek, Tokyo, Japan) and
frozen in acetone chilled with dry ice. The sections of 12-µm
thickness weremounted on glass slides and incubated inHistoVT
One, an antigen retrieval solution (Nacalai Tesque, Kyoto, Japan),
at 62◦C for 20 min, and then with Blocking One Histo (Nacalai
Tesque) at room temperature for 20 min. The specimens were
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incubated with primary antibodies (Abs) in Can Get Signal
Immunoreaction Enhancer Solution B (Toyobo, Osaka, Japan)
at 4◦C overnight. After three to four washes of 10min each
in phosphate-buffered saline (PBS), the samples were incubated
with secondary Abs and 1µg/ml 4’,6-diamidino-2-phenylindole
(DAPI; Nacalai Tesque) in the PBS at room temperature for
2 h. After three to four washes of 10min each in PBS, the
samples were mounted in FluorSave reagent (Merck Millipore,
Billerica, MA, USA). Images were captured with a BZ-X710
(Keyence, Osaka, Japan) fluorescence microscope. Maximum
signal intensity projection images were created from∼15 images
collected at a 500 nm step along the z-axis. The number of
cells with each marker in the ARC was counted manually,
and the average number of cells of two to four fields was
presented. Each Ab was obtained as follows: Sox2 (sc-17320, Y-
17, Santa Cruz Biotechnology, Dallas, TX, USA), Nestin (AF2736,
R&D Systems, Minneapolis, NE, USA), NeuN (MAB377X,
Merck Millipore), glial fibrillary acidic protein (GFAP; ab134436,
abcam, Cambridge, UK), PDGFRα (558774, BD Pharmingen,
Franklin Lakes, NJ, USA), Iba1 (019-19741,Wako, Osaka, Japan),
ACTH (sc-57021, B427, Santa Cruz Biotechnology), and AgRP
(AF634, R&D Systems). Alexa Fluor 488-conjugated Sox2 Ab was
obtained from Thermo Fisher Scientific (#53-9811-82, Thermo
Fisher Scientific).

Statistical Analysis
The number of counted cells was indicated as dot plots. The value
of p of each analysis was calculated as a two-tailed unpaired t-
test and is shown in figures. Statistical analysis was performed
with GraphPad Prism 8 software (GraphPad Software, San Diego,
CA, USA).

RESULTS

Aging-Associated Reduction of
Sox2-Positive Cells in Number in the ARC
A transcription factor Sox2, one of the several markers for NSCs,
regulates various signaling pathways and the maintenance of cell
stemness (Schaefer and Lengerke, 2020). Tanycytes are Nestin
and Sox2 double-positive cells and are widely accepted as the
NSCs in the ARC (Lee et al., 2012; Li et al., 2012; Robins
et al., 2013). Sox2-positive cells were previously found in the
parenchyma of the ARC, but they have not been investigated
in this region (Li et al., 2012). Consistent with these previous
observations, we first identified Nestin and Sox2 double-positive
cells along the wall of the 3V, which corresponded to tanycytes,
and Nestin-negative Sox2-positive cells in the parenchyma of
the ARC (Figure 1A). To understand hypothalamic aging, we
focused on Sox2-positive cells in the parenchyma of the ARC.
Frozen thin sections from young (3-month-old) and aged (24
to 26-month-old) mice were immunostained with the anti-Sox2
Ab (Figure 1B). The cells estimated by nuclear staining with
DAPI in the ARC were unaltered in total number with aging
(Figure 1C), but Sox2-positive cells were significantly reduced in
number in aged mice (Figures 1D,E). These results suggest that
Sox2-positive cells in the parenchyma of the ARC are reduced in

FIGURE 1 | Aging-associated reduction of Sox2-positive cells in number in

the arcuate nucleus (ARC). (A) Representative images of the

immunofluorescence labeling of Sox2 and Nestin and nuclear labeling with

4’,6-diamidino-2-phenylindole (DAPI) on the coronal sections of the

hypothalamus obtained from 3-month-old male mice. Insets of upper images

are shown in bottom images. Scale bars, 100µm. (B) Representative images

of the immunofluorescence labeling of Sox2 and nuclear labeling with DAPI on

the coronal sections of the hypothalamus obtained from 3-month-old (young)

and 25-month-old (aged) male mice. Scale bars, 100µm. (C,D) Dot plots

represent the number of all cells and Sox2-positive cells: (C) total number of

cells counted by DAPI and (D) the number of Sox2-positive cells. (E) Bar

graph represents the ratio of Sox2-positive cells to all cells. The mean of each

condition is indicated on graph and shown as horizontal lines. Error bars,

SEM. Young mice were 3-month-old. Aged mice were 24 to 26-month-old.

number with aging as described for the tanycytes (Zhang et al.,
2017).

Identification of Sox2 and NeuN
Double-Positive Cells in the ARC
Next, we attempted to characterize Sox2-positive cells in the
parenchyma of the ARC. The ARC consists of NSCs, neuronal
cells, and glial cells, such as astrocytes, oligodendrocytes, and
microglial cells. Neuronal cells, astrocytes, and oligodendrocytes
are differentiated from radial glial cells expressing Sox2, whereas
microglial cells originate from erythromyeloid precursors
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FIGURE 2 | Identification of Sox2 and NeuN double-positive cells in the ARC. (A,B) Representative images of the immunofluorescence labeling of indicated Abs and

nuclear labeling with DAPI on the coronal sections of the ARC from 3-month-old male mice: (A) Arrowheads indicate cells labeled with each marker; (B) Arrowheads

indicate Sox2 and neuropeptide double-positive cells. Scale bars in low magnification images, 100µm. Scale bars in high magnification images, 20µm. (C,D) Dot

plots represent the number of neuropeptide-positive cells and Sox2 and neuropeptide double-positive cells: (C) neuropeptide-positive cells and (D) Sox2 and

neuropeptide double-positive cells. The mean of each condition is indicated on graphs and shown as horizontal lines. (E,F) Bar graphs represent the ratio of Sox2 and

neuropeptide double-positive cells to Sox2-positive and neuropeptide-positive cells: (E) Sox2-positive cells and (F) neuropeptide-positive cells. Error bars, SEM.

(Kierdorf et al., 2013). Frozen thin sections prepared from
3-month-old mice were co-stained with Sox2 and respective
markers for each cell type: NeuN for neuronal cells; GFAP for
astrocytes; platelet-derived growth factor receptor α (PDGFRα)
for oligodendrocytes; and ionized calcium-binding adapter
molecule 1 (Iba1) for microglial cells. A part of neuronal
cells, astrocytes, and oligodendrocytes was co-labeled with
Sox2, although astrocytes and oligodendrocytes were fewer than
neuronal cells (Figure 2A). Microglial cells were not found to
be labeled with Sox2 in this study. Of neuronal cells, Sox2
was expressed in a part of ACTH-positive cells but rarely in
AgRP-positive cells (Figures 2B–F). These results indicate that
Sox2-positive cells in the parenchyma of the ARC are not only
NSCs but also neuronal cells, astrocytes, and oligodendrocytes
and that Sox2 and NeuN double-positive cells are much more
than Sox2 and GFAP double-positive and Sox2 and PDGFRα

double-positive cells in the ARC.

Aging-Associated Reduction of Sox2 and
NeuN Double-Positive Cells in Number in
the ARC
Since NeuN-positive cells were dominantly co-labeled with Sox2
of various cells in the parenchyma of the ARC (Figure 2A),
we further analyzed Sox2 and NeuN double-positive cells
in aged mice (Figure 3A). Quantitative analysis revealed that
Sox2 and NeuN double-positive cells were reduced in number
in aged mice (Figures 3B–D). Importantly, NeuN-positive
cells were unaltered in number with aging (Figure 3E). In
ratiometric analysis, the fraction of Sox2 and NeuN double-
positive cells in Sox2-positive cells was not altered (Figure 3F),
whereas that in NeuN-positive cells was significantly reduced
with aging (Figure 3G). These results indicate that aging
reduces Sox2 and NeuN double-positive cells in number
without affecting NeuN-positive cells in the parenchyma of the
ARC (Figure 3H).
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FIGURE 3 | Aging-associated reduction of Sox2 and NeuN double-positive cells in number in the ARC. (A) Representative images of the immunofluorescence

labeling of Sox2 and NeuN and nuclear labeling with DAPI on the coronal sections of the ARC from 3-month-old (young) and 25-month-old (aged) male mice. Scale

bars, 100µm. (B–E) Reduction of Sox2 and NeuN double-positive, but not NeuN-positive cells, in number in aged ARC. Dot plots represent the number of all,

Sox2-positive, Sox2 and NeuN double-positive, and NeuN-positive cells: (B) total number of cells counted by DAPI, (C) Sox2-positive cells, (D) Sox2 and NeuN

double-positive cells, and (E) NeuN-positive cells. The mean of each condition is indicated on graphs and shown as horizontal lines. (F,G) Reduction of the ratio of

Sox2 and NeuN double-positive cells to NeuN-positive cells, but not to Sox2-positive cells, in number in aged ARC. Bar graphs represent the ratio of Sox2 and NeuN

double-positive cells to Sox2-positive and NeuN-positive cells: (F) Sox2-positive cells; and (G) NeuN-positive cells. Error bars, SEM. Young mice were 3-month-old.

Aged mice were 24 to 26-month-old. (H) Schematic representation of the aging-associated reduction of Sox2 and NeuN double-positive cells in number. Gray areas

represent the ARC. 3V, the third ventricle.

Diet-Induced Obesity-Associated
Reduction of Sox2 and NeuN
Double-Positive Cells in Number in the
ARC
Obesity is an important risk factor for metabolic diseases that
increase mortality risk. In diet-induced obese (DIO) mice, the

loss of NSCs and the enhancement of inflammation have been

observed in the ARC (Milanski et al., 2009; Li et al., 2012).

These phenotypes are also found in aged mice, suggesting that

obesity promotes hypothalamic aging (Li et al., 2012; Zhang

et al., 2017). To test whether aging-associated reduction of Sox2

and NeuN double-positive cells in number in the parenchyma
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FIGURE 4 | Diet-induced obesity-associated reduction of Sox2 and NeuN double-positive cells in number in the ARC. (A) Formula of diets used in this study. CD,

control diet; HFD, high-fat diet. Both diets, as indicated in the catalog number, were purchased from Research Diets. (B) Bar graph represents the weight of animals

before feeding CD or HFD (0 week) and after 16 weeks of CD or HFD feeding (16 weeks). The mean of each condition is indicated on graph. Error bars, SEM. (C)

Representative images of the immunofluorescence labeling of Sox2 and NeuN and nuclear labeling with DAPI on the coronal sections of the ARC from mice fed with

CD and HFD. Scale bars, 100µm. (D–G) Reduction of Sox2 and NeuN double-positive cells, but not NeuN-positive cells, in number in HFD sample. Dot plots

represent the number of all, Sox2-positive, Sox2 and NeuN double-positive, and NeuN-positive cells: (D) total number of cells counted by DAPI, (E) Sox2-positive

cells, (F) Sox2 and NeuN double-positive cells, and (G) NeuN-positive cells. The mean of each condition is indicated on graphs and shown as horizontal lines. (H,I)

Reduction of the ratio of Sox2 and NeuN double-positive cells to NeuN-positive cells, but not to Sox2-positive cells, in number in HFD sample. Bar graphs represent

the ratio of Sox2 and NeuN double-positive cells to Sox2-positive and NeuN-positive cells: (H) Sox2-positive cells and (I) NeuN-positive cells. Error bars, SEM.

of the ARC is also found in DIO mice, mice were fed with
HFD (Figure 4). After 16 weeks of feeding, HFD- and CD-
fed animals gained weight from 23.7 to 44.3 g (1.87 folds, an
average of six animals) and from 24.3 to 33.4 g (1.38 folds, an

average of six animals), respectively (Figures 4A,B). As observed
in aged mice, Sox2-positive cells, but not NeuN-positive cells,
were reduced in number in HFD-fed mice (Figures 4C–G).
Furthermore, the fraction of Sox2 andNeuN double-positive cells
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in NeuN-positive cells was significantly reduced in the ARC in
themice fed with HFD (Figures 4H,I). These results indicate that
the reduced expression of Sox2 in the hypothalamic neuronal
cells in the ARC is also induced by feeding HFD, which is known
to accelerate aging.

DISCUSSION

Nestin and Sox2 double-positive tanycytes are widely accepted
as the NSCs in the ARC of hypothalamus and are reduced in
number by aging (Zhang et al., 2017). Nestin-negative Sox2-
positive cells were previously observed in the parenchyma of
the ARC (Li et al., 2012) but have not been characterized. We
first confirmed here the presence of Nestin and Sox2 double-
positive tanycytes and Nestin-negative Sox2-positive cells in
the parenchyma of the ARC. We then found a part of Sox2-
positive cells in the parenchyma of the ARC expressed NeuN.
Quantitative analysis showed that these Sox2 and NeuN double-
positive cells were reduced in number in aged mice, although
DAPI-positive or NeuN-positive cells in the ARC were not
reduced in each total number with aging. The Sox2 and NeuN
double-positive cells in the ARC may be either terminally
differentiated neurons with specific functions or neuronal cells
in specific stages of the differentiation process that may or may
not have their own specific functions. In the ARC, neuropeptide-
releasing neurons, such as POMC- or NPY-expressing neurons,
regulate food intake and energy expenditure (Cowley et al.,
2001; Williams and Elmquist, 2012), and those neurons have

been considered terminally differentiated neurons, but it has
been reported that the expression of POMC is also observed in
immature neurons (Padilla et al., 2010). In addition, it has also
been shown that Sox2 regulates not only the maintenance of
stemness but also neuronal functions (Mercurio et al., 2019b).
Collectively, accumulated evidence indicates that terminally
differentiated neurons and neuronal cells in the specific stages
of the differentiation process cannot be distinguished only based
on the expression of those functional molecules. We showed that
Sox2 was expressed in a part of ACTH-positive cells but rarely
in AgRP-positive cells. However, it cannot be concluded for these
reasons whether Sox2 andNeuN double-positive cells in the ARC
are terminally differentiated neurons with specific functions or
neuronal cells in specific stages of the differentiation process. If
Sox2 in the ARC neuronal cells possesses specific functions, it
may play a role in homeostasis by regulating neuronal functions,
and its reduction may lead to aging. Further characterization of
Sox2 and NeuN double-positive cells in the ARC is required to
address these issues.

It has been shown that neuronal death is induced by aging
in the brain, particularly in the hippocampus and the cerebral
cortex (Baker and Petersen, 2018). The aging-induced neuronal
cell death is enhanced by stresses, such as metabolic stresses,
hypoxia, and inflammation (Mattson and Arumugam, 2018).
On the other hand, it has been shown that neuronal death
is not induced by aging (Rapp and Gallagher, 1996). These
controversial results may be dependent on different experimental

conditions and brain regions (Markham et al., 2007). Thus, it
remains to be established whether neuronal death is induced
by aging in the brain, but it is evident that at least neuronal
degeneration is induced by aging in the brain (Hou et al.,
2019). As reported in rhesus monkey (Roberts et al., 2012), we
showed that DAPI-positive or NeuN-positive cells in the ARC
were not reduced in total number by aging or feeding HFD,
indicating that neuronal cell death in the ARC is not induced
by aging or feeding HFD. Therefore, the downregulation of
Sox2 in Sox2 and NeuN double-positive cells may be caused
by aging-associated degeneration by an unknown mechanism(s).
The functions of Sox2 andNeuN double-positive cells in the ARC
remain unresolved, but the reduction of Sox2 and NeuN double-
positive cells in number in the ARC can be utilized as an aging
marker for neuronal cells.

The functions of Sox2 have been investigated not only in
stem and progenitor cells but also in differentiated neuronal
cells. Dorsolateral geniculate nucleus plays a role in the visual
pathway. Dorsolateral geniculate nucleus neuron-specific Sox2-
knockout mice display defective visual due to the downregulation
of serotonin transporter and neuronal projections (Chou et al.,
2013;Mercurio et al., 2019a). The suprachiasmatic nucleus (SCN)
plays a central role in controlling circadian rhythm by receiving
visual information (Hâkansson et al., 1998). Deletion of Sox2
in the SCN neuronal cells reduces Period 2 and neuropeptides
release, leading to abnormal behavior (Cheng et al., 2019). Thus,
Sox2 not only regulates the maintenance of stemness but also
neuronal functions. We observed that Sox2 was expressed in the
neuropeptide-releasing cells, suggesting that Sox2 regulates the
release of these neuropeptides in the ARC. Indeed, NPY and
POMC are linked to aging: NPY declines with aging (Gruenewald
et al., 1994) and the NPY transgenic rats present longer life span
(Michalkiewicz et al., 2003), whereas caloric restriction fails to
extend the life span of NPY-deficient mice (Chiba et al., 2014).
Furthermore, the elevation of KATP channel activity induced
by increased mTOR signaling leads to hypertrophy of POMC
neuronal cells, eventually developing aging-dependent obesity
(Yang et al., 2012). Since tight junctions are incomplete in their
barrier activity in tanycytes aligning the wall of the 3V in the
ARC, its neuronal cells are exposed to CSF unlike neuronal cells
in other regions of the hypothalamus where tight junctions of
tanycytes have complete barrier activity to prevent an exposure
to CSF (Mullier et al., 2010). Sox2 plays a role in anti-oxidative
stress (Gopal et al., 2016). Neuronal cells may become vulnerable
to stresses by the aging-associated reduction of Sox2. Further
experiments using ARC neuronal cell-specific conditional Sox2
knockout mice are required to reveal the function of Sox2 in
the Sox2 and NeuN double-positive cells in appetite/satiety and
in aging.

During neuronal differentiation, the expression of Sox2 is
downregulated post-transcriptionally and/or post-translationally
(Pevny and Nicolis, 2010). MicroRNA-145 is known to suppress
the transcription factors required for the maintenance of
embryonic stem cells, such as Sox2, Oct4, and Klf4 (Xu et al.,
2009). MicroRNA-145 also regulates neuronal differentiation
by downregulating Sox2. An E3 ubiquitin ligase complex
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CUL4aDET−COP1 promotes the degradation of Sox2 via the
ubiquitin-proteasome system, shifting NSCs/neural progenitor
cells to neuronal cells (Cui et al., 2018). However, it is
largely unknown whether microRNA-145 and CUL4aDET−COP1

are upregulated in aged neuronal cells. Importantly, the
aging-associated reduction of proteasome activity is widely
demonstrated in various organisms (Powers et al., 2009),
suggesting that Sox2 is downregulated mechanistically rather
than by aging-associated proteasomal dysfunction. Further
studies are required to identify the upstream regulator of the
aging-associated reduction of Sox2.

We showed that Sox2 was reduced in HFD-fed mice, a DIO
model (Figure 4). Metabolic stresses, such as the elevation
of fatty acids and oxidative stress, may be involved in the
downregulation of Sox2. For example, the expression of
Sox2 is also regulated by cyclin-dependent kinase inhibitor
p21, which is upregulated under the oxidative stress
(Marqués-Torrejón et al., 2013). It is interesting to analyze
whether caloric restriction cancels or delays the reduction
of Sox2. Furthermore, it is important to examine if the
expression of Sox2 retained in the life span of mice, such as
transgenic mice, proves the contribution of Sox2 to aging.
Understanding the precise machinery underlying the aging-
associated reduction of Sox2 in number in the hypothalamic
neuronal cells will gain a new insight into preventing and/or
retarding aging.
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Beta-amyloid protein [Aβ(1-42)] plays an important role in the disease progress and

pathophysiology of Alzheimer’s disease (AD). Membrane properties and neuronal

excitability are altered in the hippocampus of transgenic AD mouse models that

overexpress amyloid precursor protein. Although gap junction hemichannels have

been implicated in the early pathogenesis of AD, to what extent Pannexin channels

contribute to Aβ(1-42)-mediated brain changes is not yet known. In this study we,

therefore, investigated the involvement of Pannexin1 (Panx1) channels in Aβ-mediated

changes of neuronal membrane properties and long-term potentiation (LTP) in an

animal model of AD. We conducted whole-cell patch-clamp recordings in CA1

pyramidal neurons 1 week after intracerebroventricular treatments of adult wildtype

(wt) and Panx1 knockout (Panx1-ko) mice with either oligomeric Aβ(1-42), or control

peptide. Panx1-ko hippocampi treated with control peptide exhibited increased neuronal

excitability compared to wt. In addition, action potential (AP) firing frequency was higher

in control Panx1-ko slices compared to wt. Aβ-treatment reduced AP firing frequency

in both cohorts. But in Aβ-treated wt mice, spike frequency adaptation was significantly

enhanced, when compared to control wt and to Aβ-treated Panx1-ko mice. Assessment

of hippocampal LTP revealed deficits in Aβ-treated wt compared to control wt. By

contrast, Panx1-ko exhibited LTP that was equivalent to LTP in control ko hippocampi.

Taken together, our data show that in the absence of Pannexin1, hippocampi are more

resistant to the debilitating effects of oligomeric Aβ. Both Aβ-mediated impairments

in spike frequency adaptation and in LTP that occur in wt animals, are ameliorated

in Panx1-ko mice. These results suggest that Panx1 contributes to early changes in

hippocampal neuronal and synaptic function that are triggered by oligomeric Aβ.

Keywords: pannexin 1 (Panx1), rodent, Alzheimer, beta-amyloid, CA1, hippocampus, LTP, amyloidosis
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INTRODUCTION

One key feature of the pathophysiology of Alzheimer’s disease
(AD) is beta-amyloid [Aβ(1-42)], a peptide that is a fundamental
component of amyloid plaques: insoluble deposits of material
within the brain that appear in the late stages of AD. Long before
plaques may form, Aβ(1-42) is believed to play a key role in the
onset and development of pre-symptomatic AD (Mucke et al.,
2000; Fukumoto et al., 2010; Edwards, 2019). In particular, the
oligomeric form of Aβ(1-42) causes debilitation of hippocampal
long-term potentiation (LTP), even when topically applied to
a hippocampal slice (Wang et al., 2004), or acutely applied in
vivo (Klyubin et al., 2005). Acutely, oligomeric Aβ(1-42) elevates
intracellular Ca2+-levels that impairs neuronal viability (Hardy
and Higgins, 1992; Mattson et al., 1992; Kuchibhotla et al., 2008).
It also triggers production of reactive oxygen species (Behl et al.,
1994; Hensley et al., 1994) and activation of microglia (Combs
et al., 1999), that also contribute to the pathophysiology of
AD. Although the precise mechanisms whereby oligomeric Aβ

mediates its effects are as yet unclear, changes occur rapidly once
it is present in the brain. Intracerebral inoculation of healthy rats
with oligomeric Aβ (1-42) triggers debilitations of hippocampal
LTP that are accompanied by changes in neuronal oscillations
(Kalweit et al., 2015). The latter effect may be supported by
Pannexin1 (Panx1) channels shared by hippocampal neurons
(Lopatár et al., 2015). Furthermore, degranulation ofmast cells by
Aβ(1-25) is mediated by Panx1 (Harcha et al., 2015), suggesting
that the hemichannel plays an active role in the pathophysiology
of AD.

Pannexins, including Panx1, Pannexin 2 and 3 are
transmembrane large-conductance cation channels that
enable the movement of ions and small molecules between
intracellular and extracellular compartments of vertebrate cell
systems (Sosinsky et al., 2011; Scemes and Velíšková, 2017;
Beyer and Berthoud, 2018). Panx1-channels are ubiquitously
expressed in all organs (Sandilos and Bayliss, 2012; Li et al., 2015)
and have been described in the brain, in structures such as the
cerebellum, thalamus and hippocampus (Scemes and Velíšková,
2017). Within the hippocampus they are expressed on both
neurones and interneurones (Zoidl et al., 2007), as well as on

astrocytes and microglia (Giaume et al., 2017; Willebrords et al.,
2017). They have been subjected to particular scrutiny in the
hippocampal CA1 region, where high levels have been reported
on pyramidal cells (Ray et al., 2005). Localized expression on
the postsynaptic membrane has also been described (Zoidl et al.,
2007; Sosinsky et al., 2011).

Panx1-channels are activated by neuronal depolarization, but
can also be opened by mechanical stress (Bao et al., 2004),
elevated intracellular Ca2+, K+ or ATP levels, or by hypoxia
(Locovei et al., 2006). Stimulation of purinergic P2X- oder P2Y-
receptors (Locovei et al., 2006) or glutamatergic N-methyl-D-
aspartate receptors (NMDAR) (Scemes et al., 2009; Dahl and
Keane, 2012; Sandilos and Bayliss, 2012; Penuela et al., 2013;
Chiu et al., 2014; Scemes and Velíšková, 2017; Willebrords et al.,
2017; Dahl, 2018) also results in activation of Panx1-channels.
The channels can undergo conformational changes that result
in alterations of their permeability, such as enabling selective

passage of Cl− (Dahl, 2018; Wang and Dahl, 2018). The channels
are Ca2+-permeable and support the propagation of Ca2+-waves
(Scemes et al., 2009; Dahl and Keane, 2012; Penuela et al., 2013;
Scemes and Velíšková, 2017).

Under physiological conditions, Panx1-channels support
communication between neurons and glia and also play a role
in immune responses (Scemes and Velíšková, 2017). In addition
to their contribution to neuronal excitability (Scemes and
Velíšková, 2017), the channels contribute to synaptic plasticity
(Prochnow et al., 2012; Ardiles et al., 2014), hippocampus-
dependent learning and memory (Prochnow et al., 2012), and
the regulation of the sleep-waking cycle (Kovalzon et al., 2017).
Panx1 acts as a tumor suppressor in glioma (Sandilos and Bayliss,
2012) and various roles in neuroprotection and homeostasis
have been described (Prochnow et al., 2012; Freitas-Andrade
and Naus, 2016; Dahl, 2018). Given this plethora of roles, it
is therefore perhaps not too surprising that dysfunctions of
Panx1-channels lead to pathophysiological changes of brain
function. Panx1 activation by ATP released from dying cells
serves to enhance ATP release and thus, further boost apoptosis
(Chekeni et al., 2010; Cisneros-Mejorado et al., 2015; Crespo
Yanguas et al., 2017). A similar process takes place with
regard to neuroinflammation, whereby elevated intracellular
levels of Ca2+, K+ or ATP stimulate the channels, which
then, supported by purinergic P2X7-receptor activation, lead
to activation of inflammasomes, the release of cytokines and
to cell death (Silverman et al., 2009; Adamson and Leitinger,
2014; Makarenkova and Shestopalov, 2014; Crespo Yanguas
et al., 2017). These latter processes are believed to form the
basis of Panx1-channel contributions to the pathophysiology of
AD (Giaume et al., 2017). Notably, Aβ leads to a prolonged
opening of Panx1-channels (Orellana et al., 2011; Quintanilla
et al., 2012; Freitas-Andrade and Naus, 2016). Furthermore,
the hemichannel’s ability to promote inflammation supports
disease progress (Harcha et al., 2015) and P2X7-mediated retinal
degeneration triggered by Aβ (Olivier et al., 2016). These
observations have to the proposal that Panx1 could be targeted
to prevent inflammasome activation in brain disease (Jian et al.,
2016; Kim et al., 2017). As yet, the contribution of Panx1 to Aβ(1-
42)-mediated debilitations of the hippocampus, a key target of
AD, has not been investigated, however.

In this study, we explored the cellular mechanisms underlying
the putative contribution of Panx1 to AD. Thus, we explored
to what extent Panx1 knockout alters the vulnerability of the
hippocampus to the oligomeric form of Aβ(1-42). Here, Aβ(1-
42), was applied intracerebrally to Panx1-ko, or wildtype, mice
1 week before in vitro examination of neuronal properties
and synaptic plasticity. Consistent with reports by others,
we observed elevated neuronal excitability and enhanced
LTP in the hippocampus of Panx1-ko mice compared to
wildtype controls (Prochnow et al., 2012) after treatment with
control peptide. Patch clamp recordings also revealed that
firing frequency was significantly decreased in both groups.
Furthermore, wild-type hippocampi exhibited Aβ-mediated
impairments in LTP and spike frequency adaptation that were
absent in Panx1-ko hippocampi. These findings suggest that
in the early stages of Aβ-mediated hippocampal debilitation,
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suppression of Panx1 hemichannels could prove beneficial to
hippocampal function.

MATERIALS AND METHODS

Animals
All experiments were conducted using 4–10 month-old male
and female Panx-1LoxP/CMV-cre mice and their wildtype
littermates (Zentrale Versuchstierhaltung Medizin, Ruhr
University Bochum). Animals were housed in custom-made
acclimatized and ventilated holding cupboards in an animal-
housing room with a controlled 12-h light/dark cycle. Water
and food were available ad libitum. The study was carried out in
accordance with the European Communities Council Directive
of September 22nd, 2010 (2010/63/EU) for care of laboratory
animals and all experiments were conducted according to the
guidelines of the German Animal Protection Law. They were
approved in advance by the North Rhine-Westphalia (NRW)
State Authority (Landesamt für Arbeitsschutz, Naturschutz,
Umweltschutz und Verbraucherschutz, NRW). All efforts were
made to minimize the number of animals used.

Treatment With Aβ(1-42)
Oligomeric Aβ(1-42) was prepared and aggregated as described
before (Kalweit et al., 2015). The soluble Aβ(1-42) peptide
was prepared in phosphate-buffered saline at p.H. 7.4. It was
subsequently diluted to a concentration of 50µM, shock-frozen
with liquid nitrogen and stored at −80◦C. The Aβ solution was
incubated for 3 h 1 day before the experiment to ensure that
oligomerization occurred (Kalweit et al., 2015) and subsequently
stored at −80◦C. It was thawed at room temperature 5min
before application in a dose of 10µM and a volume of 1 µl to
both lateral cerebral ventricles of anesthetized mice by means of
a Hamilton syringe. This volume differed from that one used in
the Kalweit study that involved intracerebral treatment of rats
(with 5microliter in a dose of 10 µM) (Kalweit et al., 2015).
Control animals received scrambled Aβ –peptide (Yamin et al.,
2016) in a dose of 10µM in a volume of 1 µl. The sequence
of the scrambled peptide (Biotrend Ag Zurich, Catalog No.:
BP0028-scr) was H-Ala-Ile-Ala-Glu-Gly-Asp-Ser-His-Val-Leu-
Lys-Glu-Gly-Ala-Tyr-Met-Glu-Ile-Phe-Asp-Val-Gln-Gly-His-
Val-Phe-Gly-Gly-Lys-Ile-Phe-Arg-Val-Val-Asp-Leu-Gly-Ser-
His-Asn-Val-Ala-OH. Experiments were also conducted in the
absence of any treatments to verify that the control peptide
did not elicit independent effects on neuronal responses (see
results section).

Slice Preparation
Animals were deeply anesthetized with isoflurane before
decapitation. Immediately afterwards, 350µm sagittal
hippocampal slices were prepared in cold (1–4◦C), oxygenated
saccharose solution (in mM: 87 NaCl, 2.6 MgSO4, 75 Saccharose,
2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 0.5 CaCl2, 2 D-Glucose)
(95% O2, 5% CO2). Slices were then incubated in the holding
chamber with aCSF (in mM: 125 NaCl, 3 KCl, 2.5 CaCl2, 1.3
MgSO4, 1.25 NaH2PO4, 26 NaHCO3 and 13 D-Glucose) at a

constant flow rate of 2 ml/min at 30◦C for at least 30min before
recordings were commenced.

Patch Clamp Recordings
Patch clamp recordings were conducted as described previously
(Novkovic et al., 2015). Hippocampal slices were placed in a
recording chamber that was located on an upright microscope.
Slices were continuously perfused with oxygenated aCSF (at
a constant flow rate of 1 – 2 ml/min). Recording pipettes
were pulled from borosilicate glass pipettes (1.5mm external
diameter) with a resistance of 6-10 M� and were then filled with
intracellular solution (in mM: 97.5 potassium gluconate, 32.5
KCl, 5 EGTA, 10 Hepes, 1 MgCl2, 4 Na2 ATP, adjusted to pH 7.3
with KOH). Recordings were performed from visually identified
soma of pyramidal neurons in the CA1 region. To verify the
identity of the pyramidal cells, biocytin-filling of cells was
conducted after recordings in the following manner (Figure 1A):
Biocytin (1 mg/ml) was added to the intracellular solution. No
gross morphological changes to the cells were evident in Panx1-
ko, or after Aβ-treatment. After patch clamp recordings, slices
were fixed in 4% paraformaldehyde in phosphate buffered saline
(PBS) at 4◦C for at least 48 h. Afterwards, the slices were kept
in 30% saccharose solution for at least 7 days. After slicing into
slices of 30µm at −35◦C, they were incubated overnight at
room temperature with streptavidin 1:1000 (CyTM3-conjugated
Streptavidin, Dianova, Hamburg, Germany) in 25% 0.2% Tx-
PBS (Triton X-100), 75% PBS and bovine serum albumin. Slices
were preserved in the dark and examined with a fluorescence
microscope (Leica DFC300 FX, Leica Microsystems GmbH,
Wetzlar, Germany).

Intrinsic membrane properties were determined by means
of a HEKA EPC10 amplifier using the PATCHMASTER
acquisition software (HEKA Elektronik Dr. Schulze GmbH,
Lambrecht/Pfalz, Germany). The following properties were
assessed: resting membrane potential, input resistance,
membrane time constant, excitatory threshold, sag, sag
ratio, firing frequency, action potential (AP) threshold, spike
amplitude, AP peak, half-width, 20%-width, time-to-peak,
afterhyperpolarization (AHP), time peak to AHP (Figure 1B).
In addition, fast, medium and slow elements of the AHP were
determined (Figure 1C).

Data underwent low-pass filtering at 2.9 kHz and were
digitized at 10 kHz. FITMASTER software (HEKA Elektronik
Dr. Schulze GmbH, Lambrecht/Pfalz, Germany) was used for
offline data analysis. Input resistance was calculated from the
slope of the linear fit of the relationship between the change
in membrane potential (1V) and the intensity of the injected
current (between−120 pA and +90 pA). The time constant was
determined from an exponential fit of the averaged voltage
decay. The resting membrane potential was determined from
the mean of 30 s basal recording time. The minimum current
needed to induce an action potential was defined as the threshold
current. The action potential amplitude was measured as the
voltage difference between the threshold and the peak. Firing
properties were investigated by applying current steps of 150 pA
in hyperpolarizing and depolarizing square pulses (1 s duration)
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FIGURE 1 | (A) Examples of pyramidal cells from wt and ko hippocampi that were filled with biocytin after recordings. Scale bars: horizontal 0.1mm, vertical 0.1mm.

(B) Summary of neuronal properties assessed within the action potential (AP). Red circles show the AP threshold and fast afterhyperpolarization (fAHP). (C) Medium

(mAHP) and slow elements of the AHP (sAHP) are indicated by the arrows.

through the patch-clamp electrode (in the range of−300–
400 pA).

Spike frequency adaptation was determined by counting the
number of spikes separately during each 100ms of the 1 s
depolarizing square pulse of 300 pA and converting the number
into a frequency in Hz.

fEPSP Recordings and Induction of LTP
A bipolar stimulation electrode (Fredrick Haer, Bowdowinham,
ME, USA) was placed in the Stratum radiatum of the CA1
region of the hippocampus and a glass field recording electrode
(impedance: 1–2M�) filled with aCSF was positioned in the CA1
dendritic area.

Test-pulse stimuli (0.025Hz, 0.2ms duration) were applied to
evoke field excitatory post-synaptic potentials (fEPSPs) that were
recorded with a sample rate of 10,000Hz. For each time point,
five responses were averaged. Before recordings were started, a
stimulus-response relationship was obtained with a stimulation
range of 50–600 µA (in 50 µA steps) to detect the maximal
fEPSP. The stimulation strength used for test-pulses was the
stimulus intensity that evoked ca. 50% of the maximal fEPSP.
After recording basal synaptic transmission for 40min, LTP was
induced by using theta burst stimulation (TBS) with three trains
10 s apart, each consists of 10 bursts of four pulses each at 100Hz,
delivered 200ms apart (Novkovic et al., 2015).

Statistical Analysis
A one way analysis of variance (ANOVA) was used for
statistical analysis, with the exception of analysis of firing
frequency and spike frequency adaptation, where an ANOVA
with repeated measures was used. Where appropriate, a post-
hoc Student’s t-test or Fischer’s least significant difference
(LSD) test was used to determine if statistical significances
occurred between two individual test conditions. Data are
expressed as the mean ± standard error of the mean. “N”
signifies the number of animals and “n” signifies the number
of hippocampal slices (LTP experiments), or cells (for patch
clamp data).

RESULTS

Panx1 Knockout Mice Exhibit Higher
Excitability Compared to Wild-Type Mice
We first compared excitability properties in Panx1-ko (N = 6,
n = 34) and wt mice (N = 6, n = 34) 1 week after treatment
with control (scrambled Aβ) peptide. We observed that the
restingmembrane potential (Figure 2A) was less negative and the
input resistance (Figure 2B) was significantly higher in Panx1-
ko compared to wt hippocampi (Table 1A). Furthermore, the
excitatory threshold was lower (Figure 2C, Table 1A).
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FIGURE 2 | Panx1 knockout mice exhibit higher excitability compared to wild type mice. Aβ-treatment has selective effects on excitability in both Panx1-ko and

wild-type hippocampi. In control (scrambled peptide-treated) animals, the hippocampi of Panx1-ko mice showed a more positive resting (membrane) potential (A), a

higher input resistance (B), and a lower excitatory threshold (C) compared to control wild-type (wt) hippocampi. One week following intracerebral treatment of mice

with oligomeric Aβ(1-42) peptide, wt and Panx1-ko hippocampi exhibited unchanged resting (membrane) potentials (A). Input resistance was signficantly increased in

Aβ-treated wt and unchanged in Panx1-ko hippocampi (B). The increase in input resistance in wt was equivalent to input resistance detected in Panx1-ko. The

excitatory threshold was unchanged in Aβ -treated wt and increased in Panx1-ko (C). *p < 0.05, **p < 0.01. Insets: Analog examples of action potentials evoked in

control peptide-treated wt and Panx1-ko (left) and in Aβ -treated animals (right).

TABLE 1 | Passive and active neuronal properties in wild-type vs. Panx1-ko hippocampi after treatment with control peptide.

(A) The table shows passive und active neuronal properties in wild-type (wt) and ko Panx1 mice following treatment with control (scrambled) peptide.

Firing frequencies (FF) evoked with currents in the range of 50 though 400pA are shown

Wt Panx1-ko t-test$/ ANOVA

Resting potential (mV) −63.62 ± 0.35 −61.84 ± 0.38 p = 0.0018$

Input resistance (M�) 150.79 ± 4.55 169.1 ± 5.32 p = 0.008$

Membrane time constant (ms) 16.34 ± 0.73 15.48 ± 1.01 p = 0.5$

Excitatory threshold (pA) 80.88 ± 4.74 60.44 ± 4.29 p = 0.002$

FF 50pA 0.12 ± 0.07 2.26 ± 0.76 ANOVA, firing frequency: F(3,132) = 7.98, p = 0.00006

FF 100pA 4.56 ± 0.72 8.82 ± 1.57

FF 150pA 11.32 ± 0.78 14.76 ± 1.55

FF 200pA 14.62 ± 0.75 18.47 ± 1.45

FF 250pA 16.76 ± 0.80 20.62 ± 1.45

FF 300pA 18 ± 0.85 22.29 ± 1.45

FF 350pA 18.88 ± 0.91 22.44 ± 1.53

FF 400pA 19.56 ± 0.97 22.53 ± 1.55

Sag (mV) −11.46 ± 0.52 −12.82 ± 0.79 p = 0.15$

Sag ratio 0.90 ± 0.004 0.89 ± 0.006 p = 0.24$

(B) The table shows action potential properties of wt- und Panx1-ko mice after control peptide treatment. Action potential (AP), afterhyperpolarization

(AHP)

Wt Panx1-ko t-test

AP threshold (mV) −38.26 ± 0.89 −37.01 ± 1.06 p = 0.39

Spike amplitude (mV) 96.52 ± 0.91 97.00 ± 1.36 p = 0.74

Time to peak (ms) 0.43 ± 0.01 0.39 ± 0.01 p = 0.0008

Time peak to AHP (ms) 2.60 ± 0.06 2.29 ± 0.06 p = 0.002

Total spike time (ms) 3.03 ± 0.07 2.68 ± 0.06 p = 0.001

Ascending slope (mV/ms) 231.46 ± 7.44 254.56 ± 8.20 p = 0.0081

Descending slope (mV/ms) 41.08 ± 1.18 48.60 ± 1.37 p = 0.0003

Half-width (ms) 0.97 ± 0.02 0.86 ± 0.02 p = 0.0008

20%-width (ms) 1.45 ± 0.03 1.28 ± 0.03 p = 0.0009

AP peak (mV) 58.26 ± 0.49 59.99 ± 0.68 p = 0.036

Significant effects are highlighted in bold. Values annotated with a $ refer to t-test.

Frontiers in Aging Neuroscience | www.frontiersin.org 5 March 2021 | Volume 13 | Article 591735206

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Südkamp et al. Pannexin-Deficit Modulates Neuronal Amyloidosis Response

Control Peptide-Treated Panx1 Knockout
Mice Exhibit Reduced Spike Frequency
Adaptation and Higher Action Potential
Firing Frequency Compared to Control
Wild-Type Mice
Reduced intrinsic excitability is associated with enhanced spike-
frequency adaptation (Disterhoft and Oh, 2007). We therefore
wondered whether the increase of intrinsic excitability that
we observed in Panx1-ko mice is accompanied by reduced
SFA and whether this is modulated by Aβ-treatment. Analysis
of spike frequency adaptation (SFA) revealed a more rapid
adaptation in wt compared to Panx1-ko mice following current
injections of 300 pA under control (scrambled peptide-treated)
conditions (Figures 3A,C, Table 1A). Thus, the enhanced
intrinsic excitability in control Panx1-ko was indeed associated
with poorer SFA.

Perhaps not surprisingly, the action potential firing frequency
was faster in Panx1-ko at all current steps (post-hoc LSD
p < 0.05 for all currents), with the exception of 50 and 400 pA
(Figures 3B,C, Table 1A).

When we examined additional action potential properties
in Panx1-ko mice, we observed that the time-to-peak was
shorter (Figure 4A, Table 1B), and the repolarisation time was

faster (Figure 4B, Table 1B). The total spike time was decreased
in Panx1-ko (Figure 4C, Table 1B), and the ascending and
descending slope of the AP were increased (Figures 4D,E,
Table 1B). In addition, the half-width and 20% width of the AP
were decreased (Figures 4F,G) and the AP peak was increased
(Figure 4H, Table 1B).

The Fast Afterhyperpolarization Is
Increased in Control Panx1 Knockout Mice
In general, the size of the afterhyperpolarization (AHP) is
determined by the number of action potentials during a burst
of activity and the corresponding elevation in intracellular
Ca2+−levels (Disterhoft and Oh, 2007). In line with this,
we observed that the fast AHP was enhanced in control
(scrambled peptide-treated) Panx1-ko compared to wild-type
controls (Figure 5, ∗∗∗p < 0.001). By contrast, the medium and
slow AHPs were not significantly different from one another in
control wt and Panx1-ko hippocampi (Figure 5).

Taken together, both passive and active membrane
properties revealed higher excitability in the hippocampi of
control peptide-treated Panx1-ko mice compared to control
peptide-treated wt mice.

FIGURE 3 | Panx1-knockout mice exhibit reduced spike frequency adaptation and higher action potential firing frequency compared to wild type mice after

control-peptide treatment. Aβ-treatment accelerates spike frequency adaptation and reduces action potential firing frequency in both Panx1-ko and wild-type

hippocampi. (A) Spike frequency adaptation (SFA) exhibited a more rapid adaptation in wt compared to Panx1-ko mice following current injections of 300 pA under

control (scrambled peptide-treated) conditions. A comparison of SFA in Aβ-treated vs. control-treated wt revealed a significantly faster SFA in Aβ-treated wt

hippocampi. SFA is equivalent in Aβ-treated Panx1-ko and wt control mice. (B) Action potential firing frequency was faster in Panx1-ko at all current steps, with the

exception of 50 and 400pA. Firing frequency was significantly decreased in both Aβ-treated wt. When all conditions were compared, control peptide-treated

Panx1-ko showed the highest firing frequency that was significantly different from firing frequency in control peptide-treated wt. The decrease in firing frequency in

Aβ-treated Panx1-ko hippocampi was indistinguishable from the firing frequency profile of control peptide-treated wt mice. Insets: analog examples of action potential

trains by a current intensity of 300 pA in control peptide-treated wt and Panx1-ko mice (C) and in Aβ-treated wt and Panx1-ko mice (D).
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FIGURE 4 | Action potential properties are unaltered in wild-type and Panx1-knockout hippocampus 1 week after Aβ-treatment. Under control (scrambled) peptide,

conditions, the hippocampi of Panx-ko mice exhibited a faster time to peak of the action potential (AP) (A), a faster time to peak of the afterhyperpolarization (AHP) (B)

and a faster total spike time (C) compared to wt slices. The AP also exhibited a faster ascending slope (D) and a faster AP descending slope (E), compared to wt. AP

half-width (F) and 20%-width (G) were reached more quickly and the AP peak (H) was significantly larger in panx1-ko hippocampus compared to hippocampi from

wt-animals. One week after intracerebral treatment with Aβ, the hippocampi of Panx-ko mice exhibited a faster time to peak of the action potential (AP) (A), but

differences in the time to peak of the afterhyperpolarization (AHP) (B) were not significant compared to wt slices. Panx-ko hippocampi exhibited a faster total spike

time (C) compared to wt slices, but differences in the ascending AP slope (D) and the descending AP slope (E) were not significant compared to wt hippocampi. AP

half-width (G) and 20%-width (G) were equivalent in Aβ-treated Panx1-ko and wt, but the AP peak was significantly larger in Aβ-treated Panx1-ko hippocampi

compared to Aβ,-treated hippocampi from wt-animals (H). No specific effects of Aβtreatment were found compared to control peptide-treatment when these

conditions were compared in Panx1-ko mice, or compared in wt mice. *p < 0.05, **p < 0.01, ***p < 0.001.

Differences in Neuronal Responses in
Panx1 Knockout and Wild-Type Mice Are
Not Caused by the Control Peptide
Treatment
To clarify if the differences in responses between wt and ko
mice were intrinsic, or resulted from treatment with control

(scrambled) peptide, we compared control peptide effects with
responses recorded in age-matched untreated animals (Table 2).
Equivalent differences were detected in untreated wt (N = 6,
n = 23) and Panx1-ko animals (N = 6, n = 19), as had been
detected in animals that had been treated with scrambled peptide
(wt N = 6, n = 34, Panx1-ko N = 6, n = 34). Here, resting
membrane potential was comparable in wt mice and Panx1-ko
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FIGURE 5 | The afterhyperpolarization is altered in control peptide and Aβ-treated wild-type and Panx1-knockout hippocampus. (A) In control (scrambled

peptide-treated) wt and Panx1-ko animals, the fast afterhypopolarization (AHP) was significantly more negative in Panx1-ko hippocampi compared to wt. One week

following Aβ-treatment this difference was also present. (B) The medium AHP was equivalent in Panx1-ko and wt hippocampi under all conditions tested. (C) The

slow AHP was equivalent in wt and Panx1-ko hippocampi following control peptide-treatment. Both wt and Panx1-ko hippocampi exhibited a significantly increased

negativity in the slow AHP after Aβ-treatment. Effects were equivalent in wt and Panx1-ko. *p < 0.05, **p < 0.01, ***p < 0.001. (D) Analog examples of AHP

responses evoked in control and Aβ-treated wt and Panx1-ko hippocampi.

responses were also equivalent (Tables 2A,B). Spike threshold
was also comparable (wt:−38.26mV control peptide vs.−37.03
untreated, p = 0.39; Panx1-ko:−39.02 control peptide vs.−37.01
untreated, p = 0.23). Firing frequency was also comparable
in control peptide-treated and untreated wt or Panx1-ko mice
(Tables 2A,B), whereby the higher firing frequency of Panx1-ko
compared to wt mice was still evident in scrambled peptide-
treated hippocampi [ANOVA: F(1,40) = 4.9812, p = 0.03]
(Supplementary Figure 1).

Aβ-Treatment Has Selective Effects on
Intrinsic Excitability in Both Panx1-ko and
Wild-Type Hippocampi
Having established that Panx1-ko mice exhibit higher intrinsic
excitability compared to wild-type littermates, we now explored
whether this property results in differing sensitivity to the effects
of intracerebral oligomeric Aβ-treatment.

One week after Aβ-treatment, we detected no relative changes
in resting membrane potential (Figure 2A) in wt (N = 6, n= 34)
and Panx1-ko mice (N = 6, n= 34) compared to values detected
in control peptide-treated animals. Input resistance increased
in Aβ-treated wt compared to wt controls, but no change
was evident in Aβ-treated wt compared to Panx1-ko controls
(Figure 2B). No difference was detected in input resistance
when Aβ-treated wt and Aβ-treated Panx1-ko were compared

(Figure 2B). The excitatory threshold became elevated after Aβ-
treatment in Panx1-ko mice compared to control ko (Figure 2C).
No change in excitatory threshold was apparent in Aβ-treated wt,
compared to wt controls (p= 0.2).

Aβ-Treatment Accelerates Spike
Frequency Adaptation and Reduces Action
Potential Firing Frequency in Both
Panx1-ko and Wild-Type Hippocampi
A comparison of spike frequency adaptation (SFA) in Aβ-
treated vs. control-treated wt revealed significantly faster SFA
in Aβ-treated wt hippocampi in the range of 300–1,000ms
(500ms excepted, Figure 3A, Table 3). SFA in Aβ-treated
Panx1-ko hippocampi was also significantly faster compared
to control Panx1-ko hippocampi (Figure 3A, Table 3) in the
range of 200ms through 1,000ms (300ms excepted, Figure 3A,
Table 3). SFA was significantly poorer in Aβ-treated wt mice
compared to Aβ-treated Panx1-ko, but effects were limited to
current injections at 400 and 600–800 pA (Figure 3A, Table 3).
Taken together, these data suggest that absence of Panx1
accelerates SFA under control conditions. Furthermore, Panx1-
ko limits the debilitating effects of Aβ-treatment on SFA,
whereby Aβ-mediated enhancements in SFA correspond to the
following hierarchy:
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TABLE 2 | Comparison of passive and active neuronal properties in untreated and

scrambled peptide-treated wild-type and Panx1-ko hippocampi.

(A)

wt untreated wt scr Aβ t-test/ANOVA

Resting membrane

potential (mV)

−62.95 ± 0.56 −63.62 ± 0.35 0.29

FF 50pA 0 ± 0 0.12 ± 0.07 ANOVA Firing

Frequency: F (1,54)

= 0.004, p = 0.95

FF 100pA 3.74 ± 0.86 4.56 ± 0.72

FF 150pA 9.91 ± 1.42 11.32 ± 0.78

FF 200pA 13.96 ± 1.55 14.62 ± 0.75

FF 250pA 16.65 ± 1.72 16.76 ± 0.80

FF 300pA 18.78 ± 1.85 18 ± 0.85

FF 350pA 19.96 ± 1.88 18.82 ± 0.93

FF 400pA 21.30 ± 1.93 19.56 ± 0.97

Threshold (mV) −37.03 ± 1.15 −38.26 ± 0.89 0.39

Peak (mV) 58.21 ± 0.74 58.26 ± 0.49 0.95

Spike Amp (mV) 95.24 ± 1.36 96.52 ± 0.91 0.42

Time to peak (ms) 0.40 ± 0.01 0.43 ± 0.01 0.12

AHP min (mV) −46.91 ± 0.68 −46.27 ± 0.48 0.44

AHP depth (mV) 9.88 ± 0.76 8.01 ± 0.72 0.09

Peak to AHP (ms) 2.45 ± 0.08 2.6 ± 0.06 0.13

Total spike time (ms) 2.85 ± 0.08 3.03 ± 0.07 0.1

(B)

panx1-ko

untreated

panx1-ko scr Aβ t-test/ANOVA

Resting membrane

potential (mV)

−61.38 ± 0.57 −61.84 ± 0.39 0.5

FF 50pA 1.26 ± 0.80 2.26 ± 0.77 ANOVA Firing

Frequency: F (1,51)

= 0.19, p = 0.67

FF 100pA 7.53 ± 1.59 8.82 ± 1.59

FF 150pA 14.32 ± 1.97 14.76 ± 1.57

FF 200pA 18.89 ± 2.01 18.47 ± 1.47

FF 250pA 22.05 ± 2.09 20.61 ± 1.47

FF 300pA 24.21 ± 2.02 22.29 ± 1.47

FF 350pA 25.47 ± 2.02 22.44 ± 1.56

FF 400pA 25.58 ± 2.23 22.53 ± 1.58

Threshold (mV) −39.02 ± 1.18 −37.01 ± 1.06 0.23

Peak (mV) 57.84 ± 1.38 59.99 ± 0.68 0.13

Spike Amp (mV) 96.86 ± 1.80 97.00 ± 1.36 0.95

Time to peak (ms) 0.41 ± 0.01 0.39 ± 0.01 0.09

AHP min (mV) −48.82 ± 0.85 −48.94 ± 0.58 0.9

AHP depth (mV) 9.80 ± 0.64 11.93 ± 0.90 0.095

Peak to AHP (ms) 2.55 ± 0.35 2.29 ± 0.06 0.37

Total spike time (ms) 2.96 ± 0.35 2.68 ± 0.06 0.34

A,B. The tables show resting membrane potential, firing frequency (FF) and action

potential properties in wild-type (wt) animals (A) or Panx1-ko mice (B) that were untreated,

or received control (scrambled) peptide treatment.

AP, Action potential; AHP, afterhyperpolarization.

Aβ-treated wt > Aβ-treated Panx1-ko= wt control > Panx1-
ko control.

Firing frequency was significantly decreased in both Aβ-
treated wt (Figures 3B,D) and Panx1-ko (Figures 3B,D).
(ANOVA control wt vs. Aβ-treated wt: F(3,132) = 7.98,
p = 0.00006, post-hoc LSD for 250 pA: p = 0.01, 300
pA: p = 0.003, 350 pA p = 0.0004, 400 pA p = 0.00005,
ANOVA control Panx1-ko vs. Aβ-treated Panx1-ko:
F(3,132) = 7.98, p = 0.00006, post-hoc LSD for 150 pA:
p= 0.02, 200 pA: p= 0.004, 250 pA: p= 0.003, 300 pA: p= 0.001,
350 pA: p= 0.002, 400 pA: p= 0.004).

When all conditions were compared (Figure 3B), we
found that control peptide-treated Panx1-ko showed the
highest firing frequency, that was significantly different
from firing frequency in control peptide-treated wt (post-
hoc LSD for 100 pA: p = 0.009, 150 pA: p = 0.03, 200
pA: p = 0.02, 250 pA: p = 0.02, 300 pA: p = 0.008, 350
pA: p = 0.03). The decrease in firing frequency in Aβ-
treated Panx1-ko hippocampi was indistinguishable from the
firing frequency profile of control peptide-treated wt mice
(Figure 3B).

Action Potential Properties Are Unaltered
in Wild-Type and Knockout Hippocampi 1
Week After Aβ-Treatment
One week after Aβ-treatment, further action potential properties
were unaltered in both wt and Panx1-ko hippocampi (Figure 4).
Thus, time-to-peak (Figure 4A), time from peak to the AHP
(Figure 4B), the total spike time (Figure 4C), the ascending
and descending slopes of the action potential (Figures 4D,E),
the action potential half-width and 20%-width (Figures 4F,G)
and the action potential peak (Figure 4H) remained unchanged
in wt and Panx1-ko hippocampi compared to their respective
controls. Some of the significant differences between these
action potential peoperties in wt compared to Panx1-ko were
sustained (time-to-peak (Figure 4A, post-hoc p = 0.01), total
spike time (Figure 4C, post-hoc p = 0.04) and peak of AP

(Figure 4H, post-hoc p = 0.02) after Aβ-treatment. For all other
AP properties, there were no significant differences between
wt and Panx1-ko after treatment with Aβ: time from peak to

the AHP (post-hoc p = 0.08), the ascending (post-hoc p =

0.06) and descending (post-hoc p = 0.06) slopes of the action
potential, the action potential half-width (post-hoc p = 0.06)
and AP 20%-width (post-hoc p = 0.14) were all unchanged
(Table 4).

The Afterhyperpolarization Is Altered in
Wild-Type and Knockout Hippocampi 1
Week After Aβ-Treatment
We observed that despite the fact that most passive membrane
properties were unaltered in wt and Panx1-ko hippocampi 1 week
after Aβ-treatment, firing frequency was significantly decreased
in both animal cohorts (Table 5). We wondered if this could be
explained by changes in the afterhyperpolarization elicited by
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TABLE 3 | Spike Frequency Adaptation (Hz) in wild-type and Panx1-ko hippocampi after treatment with oligomeric Aβ (1-42) or control peptide.

Time during

current

injection

wt control wt Aβ Panx1-ko

control

Panx1-ko Aβ wt

control

vs. wt

Aβ

Panx1-ko

control vs.

Panx1-ko Aβ

wt control

vs.

Panx1-ko

control

wt Aβ vs.

Panx1-ko Aβ

100ms 37.65 ± 2.24 41.18 ± 1.83 42.06 ± 2.79 38.53 ± 2.39 0.13 0.13 0.06 0.25

200ms 24.71 ± 1.14 21.18 ± 1.73 28.24 ± 1.71 23.53 ± 1.68 0.13 0.04 0.12 0.30

300ms 21.18 ± 0.92 15.88 ± 1.85 23.82 ± 1.52 20 ± 1.52 0.02 0.097 0.25 0.07

400ms 18.53 ± 1.20 11.76 ± 1.61 22.94 ± 1.82 18.24 ± 1.66 0.003 0.04 0.06 0.005

500ms 15.88 ± 1.20 12.06 ± 1.57 20.29 ± 1.49 15.59 ± 1.59 0.097 0.04 0.06 0.13

600ms 15.29 ± 1.42 7.94 ± 1.45 19.41 ± 1.89 12.94 ± 1.49 0.002 0.005 0.07 0.03

700ms 12.94 ± 1.30 7.35 ± 1.48 19.12 ± 1.66 12.35 ± 1.69 0.02 0.003 0.008 0.03

800ms 11.47 ± 1.34 6.47 ± 1.46 16.47 ± 1.83 11.18 ± 1.78 0.03 0.02 0.03 0.04

900ms 11.18 ± 1.25 5.29 ± 1.28 15.88 ± 1.47 8.82 ± 1.39 0.01 0.002 0.04 0.12

1,000ms 10.88 ± 1.15 5 ± 1.28 14.41 ± 1.85 8.82 ± 1.68 0.01 0.01 0.12 0.097

Spike frequency adaptation during current injections in the range of 100 through 1,000ms are shown in the table. Effects are shown for wt mice that were treated with control (scrambled)

peptide or oligomeric Aβ (leftmost columns) and for Panx1-ko mice that were treated with control peptide or oligomeric Aβ (3rd and 4th columns from the left). The four columns on the

right show post-hoc Fisher’s LSD p-values for comparisons of Panx1-ko, or wt animals that were treated with control peptide or Aβ, as a comparison of Panx1-ko and wt responses

to control peptide, or to oligomeric Aβ. Mixed ANOVA for all values: F(27,1188) = 1.8940, p = 0.00389. Significant effects are highlighted in bold.

TABLE 4 | Action potential and afterhyperpolarization properties in wild-type and Panx1-ko hippocampal neurons after treatment with oligomeric Aβ(1-42) or control

peptide.

wt control wt Aβ Panx1-ko

control

Panx1-ko Aβ ANOVA

AP threshold (mV) −38.26 ± 0.89 −38.75 ± 0.56 −37.01 ± 1.06 −36.79 ± 1.03 p = 0.36

Spike amplitude (mV) 96.52 ± 0.91 96.45 ± 0.90 97.00 ± 1.36 96.63 ± 1.32 p = 0.99

Time to peak (ms) 0.43 ± 0.01 0.43 ± 0.01 0.39 ± 0.01 0.39 ± 0.01 p = 0.003

Time peak to AHP (ms) 2.60 ± 0.06 2.57 ± 0.08 2.29 ± 0.06 2.41 ± 0.05 p = 0.003

Total spike time (ms) 3.03 ± 0.07 2.99 ± 0.08 2.68 ± 0.06 2.80 ± 0.05 p = 0.001

Ascending slope

(mV/ms)

231.46 ± 7.44 230.83 ± 6.56 254.56 ± 8.20 251.49 ± 8.01 p = 0.047

Descending slope

(mV/ms)

41.08 ± 1.18 41.93 ± 1.30 48.60 ± 1.37 45.40 ± 1.25 p = 0.0002

Half-width (ms) 0.97 ± 0.02 0.95 ± 0.02 0.86 ± 0.02 0.89 ± 0.02 p = 0.0005

20%-width (ms) 1.45 ± 0.03 1.40 ± 0.03 1.28 ± 0.03 1.34 ± 0.02 p = 0.0004

AP peak (mV) 58.26 ± 0.49 57.70 ± 0.75 59.99 ± 0.68 59.84 ± 0.67 p = 0.035

fAHP (mV) −8.01 ± 0.72 −7.90 ± 0.40 −11.93 ± 0.90 −10.68 ± 0.73 p = 0.0001

mAHP (mV) −4.86 ± 0.24 −5.58 ± 0.30 −4.74 ± 0.23 −5.42 ± 0.26 p = 0.062

sAHP (mV) −1.43 ± 0.15 −2.05 ± 0.15 −1.40 ± 0.16 −1.90 ± 0.17 p = 0.006

The table describes values obtained in assessing action potential (AP) and afterhyperpolarization properties of wt and Panx1-ko hippocampi that were treated with control (scrambled)

peptide or Aβ.

AP, Action potential; AHP, afterhyperpolarization; fAHP, fast AHP; mAHP, medium AHP; sAHP, slow AHP.

Significant effects are highlighted in bold.

Aβ-treatment. We observed a significant difference in the fast
AHP in Aβ-treated wt and Panx1-ko hippocampi (Figure 5A),
although effects with regard to the medium AHP were equivalent
(Figure 5B). The slow AHP was more negative in both wt
and Panx1-ko hippocampi after Aβ-treatment (Figure 5C),
compared to their respective controls, but effects were not

different between Aβ-treated wt and Panx1-ko hippocampi
(Table 4). This suggests that intrinsic changes in the AP firing
frequency may be mediated by Aβ-actions on the slow AHP,
whereas differences between the firing frequency sensitivity of
Aβ-treated wt and Panx1-ko hippocampi are mediated by Aβ-
actions on the fast AHP (Table 4).
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TABLE 5 | Summary of effects of oligomeric Aβ (1-42) or control

peptide-treatment on passive and active neuronal membrane properties of

hippocampal pyramidal cells.

Control vs. Aβ Control vs.

control

Aβ vs Aβ

wt × wt ko × ko wt × ko wt × ko

Resting potential - - ↓ -

Input resistance ↑ - ↑ -

Excitatory

threshold

- ↑ ↓ -

Firing frequency ↓ ↓ ↑ ↑

Time to peak of

AP

- - ↓ ↓

Peak to AHP - - ↓ -

Total spike time - - ↓ ↓

Ascending slope - - ↑ -

Descending slope - - ↑ -

Half-width of AP - - ↓ -

20% width of AP - - ↓ -

AP peak - - ↑ ↑

The table summarises significant differences detected in Panx1-ko and wt mice after

treated with oligomeric Aβ or control (scrambled) peptide. The outcome of statistical

comparisons of control peptide vs. Aβ treatment of either Panx1-ko or wt mice (leftmost

columns), control peptide effects in wt vs. Panx1-ko (middle column), and Aβ effects in

wt vs. Panx1-ko (rightmost column) are summarised. In all cases, the upward-pointing

arrows indicate an increase, and the downward-pointing arrows indicate a decrease in

values in the control condition. A dash signifies no effect.

AHP, Afterhyperpolarization; AP, Action potential.

Panx1-ko Mice Are Resistant to
Aβ-Mediated Deficits in Hippocampal
Long-Term Potentiation
Having detected specific changes in the action potential
firing frequency and AHP following Aβ-treatment that were
distinct in wt and Panx1-ko hippocampi, we wondered if
these changes confer an advantage or a disadvantage in the
enablement of hippocampal LTP. In wt mice we detected
a significant impairment of the early phase of LTP [t-test
revealed significance for the first 2 values (p = 0.002)]
following Aβ-treatment (N = 6, n = 7) compared to control
peptide treated wt (N = 6, n = 7) (Figure 6A). The later
phases of LTP were unaffected by Aβ-treatment, however
(Figure 6A).

By contrast, LTP was unaltered in Aβ-treated Panx1-
ko hippocampi (N = 4, n = 6), compared to control
peptide treated ko (N = 6, n = 9) (Figure 6B) [ANOVA
5 min-120min post-TBS: F(1,11) = 0.19, p = 0.67]. A
comparison of LTP evoked under control conditions in wt
and Panx1-ko hippocampi revealed no significant differences
(Figure 6C) [ANOVA 5 min-120min post-TBS: F(1,14) = 0.62,
p= 0.44].

This result suggests that the absence of Panx1 confers the
hippocampus with a greater resistance to Aβ-mediated deficits
in hippocampal long-term potentiation.

DISCUSSION

In this study, we observed that the hippocampi of Panx1-ko mice
display higher neuronal excitability compared to their wildtype
littermates, in line with previous findings (Prochnow et al.,
2012). Firing frequency is particularly affected, with Panx1-ko
hippocampi showing significantly higher responses both under
control (scrambled) peptide and untreated conditions compared
to wt-hippocampi. One week following intracerebral treatment
with Aβ(1-42), both ko and wt hippocampi exhibited significant
decreases in action potential firing frequency and increased
negativity of the afterhyperpolarization. Strikingly, although LTP
was impaired in Aβ-treated wt hippocampi, LTP was unaffected
by Aβ-treatment in Panx1-ko, suggesting that the absence of
Panx1 may be beneficial in the early stages of amyloidosis that
accompany AD progression.

Our observation that multiple aspects of passive and
active neuronal membrane properties were different in control
peptide-treated Panx1-ko hippocampi, compared to control wt
hippocampi, is consistent with reports by others that described
increased neuronal excitability in Panx1-ko mice (Prochnow
et al., 2012). In the present study, patch clamp recordings from
CA1 pyramidal cells revealed a more positive resting membrane
potential, a lower excitatory threshold, faster action potentials
and a higher action potential firing frequency in control
Panx1-ko hippocampi compared to control wt hippocampi.
Furthermore, spike frequency adaptation was less effective in
Panx1-ko hippocampi. Others have reported that the absence of
Panx1 reduces seizure activity in an animal model of epilepsy
(Santiago et al., 2011; Aquilino et al., 2020), indicating that Panx1
may be intrinsically involved in the maintenance of excitation in
physiological ranges.

In animal models of AD that include aspects such
as overexpression of amyloid precursor protein (APP),
hyperexcitability has been reported from 3 to 4 months of
age (Minkeviciene et al., 2009). Effects are mediated by inhibition
of the GABAA receptor (Orr et al., 2014). It has been proposed
that the direct consequence of GABAA receptor suppression will
be increased extrasynaptic glutamate levels and an increase in
the activation of GluN2B-containing NMDAR (Lei et al., 2016).

In line with this, hippocampi of 3–4 week-old mice that were
treated topically with oligomeric Aβ(1-40) demonstrated an
increase in the number of population spikes triggered by a single
stimulus, an increase in spontaneous EPSCs and a decrease in
the number of IPSCs (Lei et al., 2016). The same authors found
that pharmacological manipulations that normalized excitability,
rescued Aβ(1-40)-mediated deficits in LTP. In our study, we did
not detect changes in passive neuronal membrane properties
consistent with changes in GABAergic or glutamatergic
regulation in hippocampi from wt mice that had been treated 1
week previously with Aβ(1-42), although a significant increase
in input resistance was evident in wt compared to control
peptide-treated wt. These effects are consistent with a reduction
in cell surface area and a reduced cation conductance of the cells
(Rall, 1959; Spruston and Johnston, 1992). Action potential firing
frequency was decreased and the slow afterhyperpolarization was
more negative. The difference in our findings compared to the
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FIGURE 6 | Panx1-ko mice are resistant to Aβ-mediated deficits in hippocampal long-term potentiation. (A) One week after Aβ-treatment, the early phase of

hippocampal LTP was significantly impaired compared to control (scrambled) peptide-treated controls. (B) By contrast, LTP in Panx1-ko hippocampi was unaffected

by Aβ-treatment compared to controls. (C) A comparison of fEPSP values evoked 5min after TBS revealed a significant difference between control peptide-treated wt

and Aβ-treated wt that was absent in equivalently treated Panx1-ko mice. Insets: analog examples of potentials evoked 5min prior to theta burst stimulation (TBS) (1)

and 5min post-TBS (2), *p > 0.05.
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Lei et al., 2016 study may be related to differences in the mouse
strain used, the age of the animals, the peptide used, or the
treatment protocols. It may also be the case that an adaptation to
the acute effects of Aβ-treatment occured in the week following
inoculation, that was not possible in the short duration of the
acute protocol followed by Lei et al. (2016).

In Aβ-treated Panx1-ko hippocampi, an increase in excitatory
threshold occured compared to control peptide-treated ko mice.
Firing frequency was decreased and spike frequency adaptation
(SFA) was increased. The latter response profiles were similar to
effects seen in control peptide–treated wt mice. Aβ-treated wt
mice also exhibited a significant reduction of firing frequency
compared to wt controls. The changes in firing frequency and
SFA in both Aβ-treated Panx1-ko and wt mice were accompanied
by changes in the afterhyperpolarization. In both cohorts we
detected an increased negativity of the slow AHP, whereas
in Panx1-ko mice we detected an additional increase in the
negativity of the fast AHP. The fast AHP in both control and
Aβ-treated Panx1-ko were significantly more negative than in
control and Aβ-treated wt. These AHP changes may have formed
the basis of the decreased firing frequency and alterations in
spike frequency adaptation detected in both cohorts after Aβ-
treatment. The findings in our wt animals are consistent with the
observations of others with regard to changes in firing frequency
and the AHP in the hippocampus after Aβ-treatment (Yun
et al., 2006), or in transgenic mouse models of AD (Kaczorowski
et al., 2011; Zhang et al., 2015). A low amplitude of the slow
AHP lowers the threshold of LTP induction (Cohen et al., 1999;
Kaczorowski and Disterhoft, 2009; Sehgal et al., 2013). Thus, the
increased negativity of the slow AHP may have contributed to
the significant impairment of LTP that we detected in Aβ-treated
wt hippocampi. The question then arises as to why LTP was
unaffected by Aβ-treatment in Panx1-ko hippocampi.

It has been reported by others that the blockade of Panx1-
hemichannels causes a frequency-dependent shift in synaptic
plasticity that favours LTP to the disadvantage of LTD and
lowers the threshold for the induction of synaptic plasticity
(Ardiles et al., 2014). Effects are associated with deficits in spatial
reversal learning (Gajardo et al., 2018), a process that involves
the updating of memory of spatial content that is tightly linked
to hippocampal LTD (Kemp and Manahan-Vaughan, 2004,
2008; Goh and Manahan-Vaughan, 2013; Manahan-Vaughan,
2017). Furthermore, Panx1-ko mice also have deficits in object
recognition memory (Prochnow et al., 2012), a phenomenon that
is also tightly related to hippocampal LTD (Goh and Manahan-
Vaughan, 2013). A shift from LTD to LTP in Panx1-ko mice
may mean that the animals should show improvements in
information acquisition that is associated with LTP, such as
learning about global changes in space (Kemp and Manahan-
Vaughan, 2007; Manahan-Vaughan, 2017). This may derive from
changes in attention triggered by the absence of Panx1. In line
with this, an increase in behavioral activity through the light-
dark cycle has also been reported in Panx1-ko mice (Kovalzon
et al., 2017). Increased wakefulness may have the downside of
reduced sleep consolidation of acquired memories, however.
Taken together, frequency-dependent shift in Panx1-ko mice

towards LTP is a likely explanation for the resilience we observed
in Aβ-treated Panx1-ko hippocampi against debilitations of LTP.

The shift in preference of LTP over LTD induction may
be mediated by changes in the GluN2 subunit composition of
NMDAR (Gajardo et al., 2018). Whereas GluN2B-containing
NMDAR enable the induction of robust and lasting forms of LTP,
GluN2A-containing NMDAR support the induction of weaker
and more transient forms (Ballesteros et al., 2016). This would
explain the failure of reversal learning in Panx1-ko mice: robust
LTP is induced during cumulative spatial learning that becomes
resistant to updating during reversal learning. Where does this
possibility leave us in terms of our finding the Panx1-ko rescues
Aβ-mediated deficits in LTP? Functionally, this should mean
that spatial learning is reinforced, but it may also mean that
flexible updating of acquired memories, or extinction learning
is more difficult. Given that spatial memory loss is a distressing
early symptom of AD, this might be a minor “trade-off” in a
therapeutic approach that suppresses Panx1 function, such that
LTP can be maintained at pre-symptomatic levels.

To what extent the restoration of LTP can be sustained is
currently unclear. Mast cells are postulated to act as sensors
to Aβ-accumulation and help propagate a neuroinflammatory
response that attempts to protect against amyloidosis in AD
(Harcha et al., 2015). Aβ triggers rapid mast cell degranulation
thereby debilitating the mast cell response, but inhibition of
Panx1 prevents this process (Harcha et al., 2015). Thus, inhibition
of Panx1 might serve to maintain neuroprotective processes that
in turn sustain hippocampal function at least in the early phases
of AD. Consistent with this proposal, others have shown in
a transgenic mouse model of AD, where APP and presenilin1
are overrexpressed, that blockade of Panx1 ameliorated synaptic
defects in 6 months old APP/presenilin1 tg mice, and normalized
LTP (Flores-Muñoz et al., 2020). Interestingly, this study also
reported increased Panx1 expression in APP/presenilin1 tg
mice suggesting that changes in Panx1 may contribute to the
progress of AD.

CONCLUSIONS

In this study we provide novel evidence that absence of Panx1
causes an increase in neuronal excitability and of action potential
firing frequency, as well as a reduction of SFA in the CA1
region of the hippocampus compared to wt controls. We also
provide evidence of early adaptation of the hippocampus to
acute hyperexcitability effects of Aβ that have been reported
by others (Lei et al., 2016): 1 week following intracerebral
inoculation with Aβ(1-42) we detected no generalized changes
in neuronal excitability in ko and wt compared to their
respective controls. However, afterhyperpolarization responses
became more negative, firing frequency was reduced and SFA
enhanced in both Aβ-treated Panx1-ko and wt hippocampi.
In addition the excitatory threshold was lower in Panx1-ko,
suggesting that early adaptation to Aβ(1-42) involves a reduction
of neuronal excitability. Strikingly early LTP was significantly
impaired in Aβ-treated wt, but was unaffected in Panx1-ko.
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These data suggest that the absence of Panx1 provides the
hippocampus with increased resilience to the debilitating effects
of oligomeric Aβ(1-42).
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Angelika Wiȩckowska-Gacek †, Anna Mietelska-Porowska †, Dominik Chutorański,

Małgorzata Wydrych, Jan Długosz and Urszula Wojda*

Laboratory of Preclinical Testing of Higher Standard, Neurobiology Center, Nencki Institute of Experimental Biology, Polish

Academy of Sciences, Warsaw, Poland

Alzheimer’s disease (AD) is an aging-dependent, irreversible neurodegenerative disorder

and the most common cause of dementia. The prevailing AD hypothesis points to the

central role of altered cleavage of amyloid precursor protein (APP) and formation of

toxic amyloid-β (Aβ) deposits in the brain. The lack of efficient AD treatments stems

from incomplete knowledge on AD causes and environmental risk factors. The role

of lifestyle factors, including diet, in neurological diseases is now beginning to attract

considerable attention. One of them is western diet (WD), which can lead to many

serious diseases that develop with age. The aim of the study was to investigate whether

WD-derived systemic disturbances may accelerate the brain neuroinflammation and

amyloidogenesis at the early stages of AD development. To verify this hypothesis,

transgenic mice expressing human APP with AD-causing mutations (APPswe) were fed

with WD from the 3rd month of age. These mice were compared to APPswe mice, in

which short-term high-grade inflammation was induced by injection of lipopolysaccharide

(LPS) and to untreated APPswe mice. All experimental subgroups of animals were

subsequently analyzed at 4-, 8-, and 12-months of age. APPswe mice at 4- and

8-months-old represent earlier pre-plaque stages of AD, while 12-month-old animals

represent later stages of AD, with visible amyloid pathology. Already short time of

WD feeding induced in 4-month-old animals such brain neuroinflammation events as

enhanced astrogliosis, to a level comparable to that induced by the administration of

pro-inflammatory LPS, and microglia activation in 8-month-old mice. Also, WD feeding

accelerated increased Aβ production, observed already in 8-month-old animals. These

brain changes corresponded to diet-induced metabolic disorders, including increased

cholesterol level in 4-months of age, and advanced hypercholesterolemia and fatty liver

disease in 8-month-old mice. These results indicate that the westernized pattern of

nourishment is an important modifiable risk factor of AD development, and that a healthy,

balanced, diet may be one of the most efficient AD prevention methods.

Keywords: Alzheimer’s disease, western diet, metabolic syndrome, liver-brain axis, neuroinflammation, astroglia,

microglia, amyloid
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INTRODUCTION

Currently progress in scientific research has resulted in an
increase in life expectancy; unnatural for our species compared
to previous centuries. The consequences of this phenomenon
are age-related diseases: an increasingly important public health
and economic challenge in the world. The most commonly
diagnosed age-dependent neurological disorder is Alzheimer’s
disease (AD) (Ryu et al., 2019). According to the Alzheimer’s
Association report 1 in 10 people who are older than 65, and 1
in 2 over 85 will suffer from AD (Alzheimer’s Association, 2020).
The World Health Organization (World Health Organization,
2019) and the Alzheimer’s Association predict that by 2050
the number of AD patients will triple. Simultaneously, the
last 2–3 generations have experienced the epidemics of obesity
and non-infectious degenerative diseases, widely understood as
“civilization diseases” (World Health Organization, 2019). This
has culminated in the most common causes of death becoming
disorders, such as cancer, cardiovascular diseases, diabetic
complications (Kopp, 2019), and neurodegenerative diseases.
All of these disorders are related to metabolic impairment,
which is increasingly focusing the attention of scientists and
physicians on the role of lifestyle factors, including nutrition, in
the development of these diseases.

AD was first described at the beginning of the 20th
century, and since then, intensive research has been carried
out to understand the causes of its development and molecular
mechanisms. Today we know that AD is a multiform disease with
a very complex etiology and a long, latent, preclinical phase. Due
to these features, despite the considerable progress in knowledge,
we still cannot effectively treat patients suffering from AD (Long
and Holtzman, 2019). The two most typical neuropathological
changes observed in the brains of AD patients are deposits
of amyloid-β (Aβ) peptide accumulating predominantly in
the extracellular space in the form of senile plaques and in
brain blood vessels as cerebral amyloid angiopathy (CAA),
and deposits of over-phosphorylated forms of tau protein
forming intracellular neurofibrillary tangles (Dubois et al., 2016).
According to the prevailing amyloid cascade hypothesis, the
first phenomenon in the progression of AD is appearance of

the pathological Aβ peptides, a product of the amyloidogenic
proteolysis of amyloid precursor protein (APP) by the β-secretase
and γ-secretase transmembrane protein complexes. This process
is enhanced by mutations in genes encoding APP or one
of proteins constituting an enzymatic core of γ-secretase—
presenilin 1 or presenilin 2. Suchmutations cause development of
hereditary, early onset, familial form of AD (FAD). FAD accounts
for about 1% of diagnosed AD incidences, while the biggest
problem is sporadic, late onset AD (SAD), occurring in close
to 99% AD incidences (Cheng et al., 2020). Many hypotheses
have arisen to define causes, molecular mechanisms and their

Abbreviations: 4M, 4-month-old; 8M, 8-month-old; 12M, 12-month-old; 16M,

16-month-old; 20M, 20-month-old; APP, amyloid precursor protein; CTFs,

C-terminal end fragments; GRA, granulocytes; HChol, hypercholesterolemia;

LYM, lymphocytes; MetS, metabolic syndrome; MON, monocytes; NAFLD, non-

alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; SFAs, saturated

fatty acids; WBC, white blood cells; WD, western diet.

sequence in the development of SAD, however, none of them
covers the complexity of the etiology of this form of AD (Du
et al., 2018). Most of the currently known potential risk factors
for SAD, i.e., inflammation, hypertension, insulin resistance,
type 2 diabetes mellitus, cardiovascular diseases, past infections
and others, support the new hypothesis that environmental and
modifiable factors related to lifestyle can occupy the dominant
role in the molecular mechanisms responsible for development
of AD (Edwards et al., 2019). Inadequate diet can lead to the
development of metabolic syndrome (MetS), which includes
many of the above known risk factors for AD. An unhealthy
diet, through MetS development, has a negative effect on
the whole body beginning in early childhood, and gradually
impairing the proper functioning of the nervous system (Ricci
et al., 2017). The WHO considers modifiable risk factors,
such as diet, a significant aspect of AD prevention (World
Health Organization, 2019). However, while animal studies
have demonstrated the harmful effect of disbalanced content of
particular diet macroelements (fat, sugar, cholesterol) on factors
including memory, cognition, amyloidogenic accumulation of
toxic Aβ peptides or neuroinflammation (Julien et al., 2010;
Hohsfield et al., 2014; Vandal et al., 2014; Graham et al., 2016; Yeh
et al., 2020), the sequence of pathological events and molecular
mechanisms by which deficient diets like the western diet and
related peripheral metabolic disturbances affect brain pathology
have not been fully elucidated yet.

The western type of nourishment, referred to as western diet
(WD), is known as one of the biggest risk factors to health
and significantly contributes to the development of MetS. This
originated in the USA, but is spreading very quickly amongmany
developing countries in the world (Popkin et al., 2012; Kopp,
2019). Based on ultra-processed foods ready for consumption low
in nutritional value (Monteiro et al., 2013), WD is characterized
by a high content of simple sugars to the disadvantage of
complex carbohydrates, a high content of salt, saturated fatty
acids, trans fat acids and cholesterol. It also includes low content
of grain, fiber and mono- and polyunsaturated fatty acids,
including anti-inflammatory omega-3, -6, and -9 acids, vitamins
and microelements. WD causes such impairments as obesity,
type 2 diabetes mellitus, hyperinsulinemia and insulin resistance,
hypercholesterolemia (HChol), non-alcoholic fatty liver disease
(NAFLD), non-alcoholic steatohepatitis (NASH), and systemic
inflammation collectively known as MetS (Luque-Contreras
et al., 2014; Hosseini-Esfahani et al., 2018; Dabke et al., 2019).
MetS is known to lead to atherosclerosis, coronary artery disease,
strokes, hypertension, autoimmune disease, osteoporosis, and
cancer (Kopp, 2019). There are significant links between WD-
induced MetS and development of AD (Solfrizzi et al., 2004;
Whitmer et al., 2008; Gustafson et al., 2009, 2012; Besser
et al., 2014). It seems that diet-derived MetS may enhance
neurodegeneration mainly by causing impairment in the blood
brain barrier (BBB) resulting in enhanced accumulation of Aβ in
the brain and triggering neuroinflammation.

The formation and deposition of Aβ peptides is a process
that also occurs in the healthy brain and does not necessarily
result in cognitive impairment (Rodrigue et al., 2012; Bassendine
et al., 2020). Progression to AD then, is determined by
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the imbalance between the processes of Aβ formation and
its degradation and effective removal from the brain. The
brain’s mechanisms of Aβ removal and degradation include:
(1) phagocytosis and endocytosis by perivascular macrophages,
microglia, and astrocytes and (2) proteolytic degradation by
enzymes, such as insulin-degrading enzyme, neprilysin, and
matrix metalloproteinases (Xiang et al., 2015). Equally important
in cleansing Aβ from the brain and body are the peripheral organs
and tissues, among which the blood and the liver seem to play the
major roles (Cheng et al., 2020).

The main functions of the liver in a healthy organism
include lipid metabolism, immunomodulation, detoxification,
and endocrine activity (Cheng et al., 2020). Due to its detoxifying
function, the liver is an organ that degrades defective and
dangerous products, including circulating Aβ peptides. The
significant role of the liver in the clearance of Aβ is based on the
high affinity of Aβ for the circulating high-density lipoprotein
(HDL) with which Aβ is delivered from the periphery to the
liver (Robert et al., 2017). 70–90% of the plasma Aβ content
is transported to the liver via the soluble plasma form of low-
density lipoprotein receptor-related protein 1 (sLRP1). High
LRP1 expression was also confirmed in hepatocytes, where Aβ

is degraded with the participation of the bile. Biliary clearance
of Aβ is not only mediated by LRP1, but also by the drug
efflux pump: P-glycoprotein. Interestingly, the LRP1 in the
liver is very susceptible to changes in response to pathological
processes including inflammatory reactions, and can be quickly
and easily lowered, leading to impairment of liver effectiveness
in Aβ removal, followed by Aβ accumulation, both in the vessels
(CAA) and in the brain (Tamaki et al., 2006; Sagare et al., 2007;
Mohamed and Kaddoumi, 2013).

The balance between Aβ efflux from the brain to the
periphery and its influx from the periphery into the brain is
tightly controlled at the level of the BBB (Deane et al., 2004;
Hartz et al., 2010; Ito et al., 2014). While the passage of Aβ

peptides from the circulation into the brain across the BBB
is mediated mainly by the multi-ligand receptor for advanced
glycation end products (RAGE) (Montagne et al., 2017), the
LRP1 receptors are responsible for the removal of toxic Aβ from
the brain into circulation. The imbalance of these two processes
from increased expression of RAGE can lead to the excessive
accumulation of Aβ in the brain parenchyma in the form of Aβ

plaques (Mietelska-Porowska and Wojda, 2017; Sweeney et al.,
2019). The BBB’s permeability impairment in AD development
also causes increased infiltration of circulating immune cells
from the periphery into the central nervous system. This
phenomenon together with deposition of Aβ plaques can strongly
contribute to neuroinflammation and gradual disturbance of
neuronal functions.

Extensive data show that neuroinflammation plays a
crucial role in development of AD (Schwabe et al., 2020).
Neuroinflammation manifests in the brain as a strong activation
of inflammatory systems comprising pro-inflammatory
cytokines, chemokines, and glial cells; both microglia and
astrocytes (Kaur et al., 2019; Streit et al., 2020). According to
the classical hypothesis, Aβ deposition in the brain activates
microglia. Activated microglia have been proposed to recruit

astrocytes that actively enhance the brain inflammatory response
to Aβ (Lian et al., 2016). This leads to a local, cytokine-mediated,
acute-phase response, activation of the complement cascade and
induction of pro-inflammatory response. All of these factors can
contribute to neuronal dysfunction and death, either alone or
in concert (Bezzi et al., 2001a,b; Abbas et al., 2002; Brown and
Bal-Price, 2003; Allendorf et al., 2020; Yuan et al., 2020). Thus,
the switch of microglia to pro-inflammatory polarization appears
crucial for progression of neurodegeneration.

In recent years the number of publications documenting the
role of diet and related metabolic alterations in brain impairment
has significantly increased. The hypothesis tested in our study
was based on the collection of available knowledge on: (1) the
impact of individual dietary components on brain function, (2)
the impact of WD on the development of metabolic syndrome,
including NAFLD, (3) the role of WD as a pro-inflammatory
factor, (4) inflammation-dependent and metabolic disturbance-
dependent damage to the structure and function of the BBB
in AD, (5) the role of the BBB in amyloid-β distribution,
and the molecular components involved in amyloid-β transport
through the BBB, and (6) the neuropathological characteristics
of AD. Based on these premises, we hypothesized that
WD, by inducing peripheral metabolic disturbances including
NAFLD and a low-grade inflammatory state, accelerates AD
pathogenesis, particularly development of neuroinflammation
and amyloid pathology.

To verify the above presented hypothesis we used transgenic
mice expressing human APP with AD-causing mutations
(APPswe) fed with WD from the 3rd month of age, and for the
first time we tracked and characterized the detailed chronology
of WD-induced systemic and metabolic alterations followed by
brain Aβ pathology and neuroinflammatory changes. We found
that WD induced liver-brain-axis impairment and accelerated
onset of brain neuroinflammation and amyloidogenesis in the
early stages of AD development.

MATERIALS AND METHODS

Animals, Study Groups, and Timeline of
Experimental Procedures
Ten-week-old, male, transgenic APPswe mice [Tg line #1349; B6;
SJL-Tg(APPSWE)2576Kha], were purchased from TACONIC
BIOSCIENCES Laboratory, USA. APPswemice carry a transgene
coding for the 695-amino acid isoform of human APP with
the Swedish mutation (APP695 gene containing the double
mutation K670N, M671L) and develop amyloid plaques in
the brain at a late age. All animal experimentation was
performed in accordance with institutional guidelines following
approvals by the First Ethical Committee in Warsaw (no
783/2015, 24/2015 217/2016, 630/2018) and in accordance
with the Act of 15 Jan 2015 on the protection of animals
used for scientific or educational purposes and Directive
2010/63/EU of the European Parliament and of the Council
of 22 Sep 2010 on the protection of animals used for
scientific purposes. Upon delivery mice were maintained
in individually ventilated cages (IVC, Techniplast, Italy),
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TABLE 1 | Number of animals per group.

4-month-old (4M) 8-month-old (8M) 12-month-old (12M)

CTR n = 7 n = 8 n = 6

LPS n = 4 n = 4 n = 4

WD n = 4 n = 5 n = 5

WD + LPS n = 5 n = 5 n = 5

light/dark 12/12 h, 22 (±2)◦C temperature and 40–60% humidity
conditions and provided with water and dry food pellets
ad libitum.

All experiments were started in 13-week-old animals and
continued until 20-month of age. Four mice experimental groups
were created by a random assignment of animals: (1) control
(CTR) group was fed with the standard chow-diet during the
whole experiment, i.e., until 20 months; (2) LPS group was
injected intraperitoneally with LPS at the beginning of the
experiment, i.e., in 13-week-old animals (in accordance with the
protocol described below), and fed for the whole experiment
with the control chow-diet; (3) WD group was fed with western
diet from the beginning until the end of the experiment (WD
feeding started in 13-week-old animals and ended at 20-month-
old); and (4) WD + LPS—group fed with WD during the whole
experiment, like the WD group, and also injected with LPS at the
beginning of the experiment, like the LPS group.

During the course of the experiment, five age subgroups of
mice were created: 4-, 8-, 12-, 16-, and 20-month-old (4M, 8M,
12M, 16M, and 20M). Unfortunately, due to high mortality, we
were unable to keep all mice alive in 16M and 20M experimental
groups. Therefore, the quantitative analyses were performed in
4M, 8M, and 12M mice in all experimental groups: CTR, LPS,
WD, and WD + LPS. The number of animals in a particular
experimental and age group is given in Table 1. Data from 16M
and 20M mouse groups are presented as enriching information
obtained from qualitative analyses of incomplete groups.

The Induction of Systemic Inflammation by
Lipopolysaccharide Administration
Thirteen-week-old mice were intraperitoneally injected with LPS
at a dose of 0.5 mg/kg bm on 3 consecutive days. The LPS dose
and experiment paradigm was determined as described earlier
(Cazareth et al., 2014). The aim of LPS administration was to
induce acute, high-grade, systemic inflammation (Gasparotto
et al., 2017) which may cause a neuroinflammatory reaction in
the brain (Lopes, 2016) and may influence the expression and
processing of APP leading to generation of Aβ (Sheng et al.,
2003).

Because the systemic and cerebral response to LPS
administration is well-characterized, it was expected that
LPS (used once only at starting the experiment) would cause a
strong and short-term increase of neuroinflammatory markers.
Thus, LPS was used in this study as a reference, to test activation
of neuroinflammation. We tested if and when WD-induced
changes would produce an effect similar to or comparable to that
observed in young animals after acute administration of LPS.

TABLE 2 | Percentage composition of diet ingredients.

Nutrients Control chow-diet [%] Western diet [%]

Dry matter 87.7 96.6

Crude protein 19.0 20.7

Crude fat 3.3 30.0

Crude fiber 4.9 5.0

Crude ash 6.4 5.6

N free extracts 54.1 34.3

Starch 36.5 17.2

Sugar 4.7 16.3

Fatty acids 3.25 26.87

Saturated fatty acids 0.57 14.19

Unsaturated fatty acids 2.68 12.68

Cholesterol – 284 [mg/kg]

Bold values are intended to emphasize the content of components of theWD and SD diets

differ from each other. Highlighted values of dietary ingredients are of particular importance

in the context of the described changes.

TABLE 3 | Percentage composition of energy derived from particular diet

ingredients.

Nutrients Control chow-diet [%] Western diet [%]

Carbohydrates 58.0 29.0

Fat 9.0 54.0

Protein 33.0 17.0

Composition of Western Diet and Balanced
Control Diet
Tables 2, 3 show detailed comparison of both diets applied in this
study: balanced normal control diet (R/M-H V1534) and western
diet (EF R/M E15126-34), both sourced from Sniff R© Company.
Western diet is characterized by high levels of saturated fatty
acids, simple carbohydrates and cholesterol.

Mouse Euthanasia and Brain Tissue
Collection
Animals had last free access to food 3 h before the terminal
anesthesia. Prior to performing an intraperitoneal injection with
a mixture of medetomidine at a dose of 1 mg/kg (ORION,
Dexdomitor 0.5 mg/ml) and ketamine at a dose 75 mg/kg
(Biowet, Ketamine 100 mg/ml) in sterile 0.9% NaCl, mice were
sedated with isoflurane vapors (Baxter, AErrane 100% Liquid
Inhalation Vapor) for 30 s to minimize the stress associated with
entering the necropsy room and performing injection.

After euthanasia and transcardial perfusion with cold PBS
supplemented with 0.1% sodium orthovanadate (Sigma Aldrich)
and 1% heparin, mouse brains and internal organs were
collected on ice. All brains were divided into two hemispheres.
Right hemispheres were fixed in 10% buffered formalin and
processed to prepare paraffin sections for histological and
immunohistochemical analysis. From the brain left hemispheres,
four fragments were separated for tissue lysate preparation
and immunoblotting: hippocampus, entorhinal cortex, frontal
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cortex, and occipital cortex. The tissue lysates were first rapidly
frozen in liquid nitrogen, and then stored at −80◦C until the
day of homogenate preparation for biochemical analysis. Right
hemispheres of the mouse brains were fixed in 40% formalin
and processed to prepare paraffin sections for histological and
immunohistochemical analysis.

Human Brain Tissue Collection
Human brain tissue was obtained from the collection of the
Polish Brain Bank in the Institute of Psychiatry and Neurology.
The archival material was preserved in a 10% buffered formalin.
Tissue fragments were automatically processed in a fully enclosed
system (Leica HistoCore Pearl Tissue Processor). The tissue
samples were rinsed with distilled water for 24 h and then

dehydrated in an increasing alcohol series (6 changes). The
material was then cleared in xylene (4 changes). The tissue was
saturated with liquid paraffin (62◦C) in three changes for 2 h each
and then embedded in blocks. Paraffin blocks were cut into slices
8 µm thick.

Mouse Blood Collection
Blood was drawn straight from the heart of an anesthetized
mouse immediately before perfusion into SARSTEDT test tubes
with Li-heparin or EDTA K for biochemical and hematological
analysis, respectively. Plasma for biochemical analysis was
obtained from collected blood samples by centrifugation at 4,065
rcf for 30min at 15◦C.

Plasma Total Cholesterol Concentration
Plasma cholesterol concentration was determined using a
biochemical analyzer working in dry-plate technology (Fuji
DriChem NX500 Automated Clinical Chemistry Analyzer).

Hematological Analysis
Hematological analysis was performed using an automatic
hematology analyzer (SCIL Vet ABC Hematology Analyzer,
Scil Animal Care Company GmbH) employing an electrical
impedance technique.

Tissue Preparation for
Immunohistochemical Staining
Tissues of the mouse brain and internal organs were fixed with
10% buffered formalin for 14 days and then dehydrated in
70% EtOH prior to automatic processing and paraffinization in
an automatic tissue processor (Spin Tissue STP 120, Thermo
Scientific) in a series of increasing concentrations of EtOH, three
changes of xylene and two changes of liquid paraffin at 60◦C.
In order to prepare the paraffin blocks, the processed tissue
fragments were embedded using an embedding workstation
(HistoStar, Thermo Scientific). Paraffin blocks were cut on a
rotary microtome (Thermo Scientific): blocks from the brain
hemisphere into 8µm thick slices and from the livers into 5µm
thick slices.

Immunofluorescence (GFAP, Iba1, Aβ)
Before immunostaining with specific antibodies, the
deparaffinized and hydrated tissue slices were subjected to
the antigen retrieval process by incubation with 10mM sodium

citrate buffer (pH 6) with 0.05% Tween20, in three 5min
heating sessions in a microwave (600V), separated by gradual
cooling first at room temperature (RT) and then on ice. After
the revealing of epitopes, tissue was washed with saline with
0.3% Triton X-100 (PBS-TX) and placed for 2 h in phosphate
buffer blocking/permeabilizing solution containing 5% normal
goat serum and 1% BSA in PBS-TX. Next, brain slices were
incubated for 2 h at RT, and next for 16 h at 4◦C with one of
the following antibodies: rabbit anti-GFAP (ab7260), rabbit
anti-Iba1 [EPR16588], (ab178846) or mouse anti-β-Amyloid,
1–16 [6E10] (BioLegend 803001). Then tissue slices were washed
with PBS-TX (3 times for 5min) and incubated for 2 h at RT
with the respective Alexa Fluor conjugated antibody (ab150077,
ab150116, ab150080), protected from light. Finally, tissue slices
were washed, incubated for 10min with Hoechst (Sigma Aldrich)
to visualize nuclei, washed again with PBS-TX, and mounted
with Mowiol 4-88 (Sigma Aldrich).

Histology—Liver Staining
Histological structure visualization of liver tissues were done
by routine topographic staining with hematoxylin and eosin
(H&E). The liver tissue slides were stained using an automatic
stainer (Thermo Scientific, Varistain Gemini ES Automated Slide
Stainer) following a standard protocol. First, 5µm thick liver
slices were deparaffinized and rehydrated by serial incubations
with xylene and alcohol mixtures of different percentages. Then,
the tissue was stained for 2min in Mayer’s Hematoxylin solution
(O. Kindler &ORSAtec), differentiated in acid alcohol (1% HCl)
for 1min, washed in bluing reagent (Shandon) for 4min, and
incubated for 7min in 0.2% EOSIN Y alcoholic solution (O.
Kindler &ORSAtec). All steps were separated by 1min washes
in distilled water. Next, the liver tissue slices were dehydrated
using a number of washes in alcohol and xylene mixtures of
different percentages (70, 96, 100% ethanol for 30 s each and 3

changes of xylene, 1min each). Finally, the slides were manually
mounted with the xylene based mounting medium (Consul-
Mount, Thermo Scientific Shandon) and coverslipped.

Image Collection and Analysis of
Immunofluorescence
Immunofluorescence of immunostained brain slices was
analyzed with fluorescent and light microscope Nikon Eclipse
Ni. Brain tissue photos were taken with Image Pro-Plus 7 (Media
Cybernetic) and NIS (Nikon) software under lens magnification
×10, ×20, and ×40 (Nikon, SLR camera lenses, CFI Plan
Apochromat Lambda objectives, NA: 10×/0.30, 20×/0.50,
40×/0.75). Hippocampal sections were analyzed at the AP level
within the range −2.00 and −2.50 from Bregma. Quantitative
analysis of Iba1 positive staining area was performed using
ImageJ v.1.46 and Image Pro-Plus 7 (Media Cybernetic)
software. Immunofluorescence images (.tif) in grayscale from
×20 optical magnification were transformed into binary images
with applied threshold, calculated by the software by cutting the
tissue autofluorescence background and non-specific artifacts.
Next, the quantity of Iba1 positively stained area was measured
from different parts and cross-sections of the hippocampus (from
3 to 13 per animal) and presented as the mean percentage Iba1
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positive area (in µm2) always measured in equal hippocampus
tissue area (region of interest: ROI= 78525.65 µm2).

SDS-PAGE and Western Blotting
Mouse hippocampal tissue samples were lysed in ice-cold RIPA
buffer supplemented with phosphatase inhibitors [1mM sodium
orthovanadate, 1mM phenylmethanesulfonyl fluoride (PMSF),
1mM sodium pyrophosphate] and protease inhibitor Complete
Mini Mixture (Roche, Indianapolis, IN, USA). Efficient lysis was
achieved by pipetting up and down, passing through a 27-gauge
needle and rotating at 4◦C for at least 1 h. The lysed samples were
centrifuged at 14,000 rcf for 15min at 4◦C. The supernatants
were collected, the protein concentration in the supernatants
was measured using Pierce BCA Protein Assay (Thermo
Scientific, Waltham, MA, USA), and a mixture of Laemmli
buffer (BioRad, Hercules, CA, USA) with β-mercaptoethanol
(Sigma Aldrich) was added to the samples, following the
BioRad’s recommendations. The proteins (15–30 µg per well)
were resolved by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) on 10% tricine or glycine gels,
and transferred to polyvinylidene difluoride (PVDF) membranes
using traditional wet transfer or Trans-Blot Turbo Transfer
System (BioRad, Hercules, CA, USA). The membranes were
blocked by 2 h incubation in 5% bovine serum albumin (BSA)
dissolved in Tris Buffered Saline supplemented with 0.1%
Tween (TBST). Proteins were detected by immunoblotting with
the following specific primary antibodies: mouse anti-β-actin
[8H10D10] (3700S) and mouse anti-α-tubulin (3873S) from
Cell Signaling Technology, Inc., rabbit anti-GFAP (ab7260),
rabbit anti-P2RY12 [EPR18611] (ab184411), rabbit anti-CD68
(ab125212), and rabbit anti-APP C-terminus (Y188) (ab32136)
from Abcam, Cambridge, MA, USA, and corresponding
horseradish peroxidase (HRP)-conjugated secondary antibodies
(7076S, 7074S from Cell Signaling Technology, Inc.). The
membranes after immunoblotting were developed using Clarity
ECLWestern Blotting Substrate (BioRad, Hercules, CA, USA).

Chemiluminescence Analysis and
Densitometry
Immunoreaction signal was obtained through
chemiluminescence in ChemiDocTMXRS + Imaging System
with Image LabTM Software (Bio-Rad). Semi-quantitative
analysis of the band intensities, corresponding to the relative
amounts of the proteins, was performed by densitometry using
ImageJ v.1.46 software (Schneider et al., 2012).

Statistical Analysis
Statistical analysis was performed in GraphPad Prism 7 software.
The statistics from biochemical, morphological andWestern blot
analysis data are presented as an arithmetic mean ± standard
deviation (SD) from at least three animals per experimental
group (n = from 3 to 8). After examination of the normal
distribution with the Shapiro-Wilk test, and the equality
of variances, appropriate statistical tests have been selected.
Statistical significance was determined using unpaired Student’s
t-test or one-way analysis of variance (ANOVA) followed by

correction for multiple comparison with Bonferroni’s post-
test or unpaired, non-parametric Kruskal-Wallis test followed
by Dunn’s post-test with Bonferroni’s correction for multiple
comparisons, which are recommended in the situation when
experimental groups differ in the total number of individuals
per group and the number of individuals in groups is small.
P-values from Student’s t-test, one-way ANOVA and Kruskal-
Wallis test are reported in Table 4, and from post-hoc multiple
comparison tests in Supplementary Table 1. A p-value of
<0.05 was considered a predetermined threshold for statistical
significance (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). All p-values
for a specific statistical analysis are presented in Table 4 and
Supplementary Table 1.

RESULTS

Final Experimental Groups
As described in Materials and Methods, in the study four
experimental mouse groups were used: (1) CTR, (2) LPS, (3)
WD, and (4) WD + LPS. Each group of animals was analyzed
at five ages: 4M, 8M, 12M, 16M, and 20M. As verified in
the following chapters, control APPswe mice from 4M to
12M correspond to the early, pre-plaque stages of AD, before
amyloid plaque formation, which started not earlier than in 16M.
Precise information about applied statistical tests and obtained
values from particular analysis are reported in Table 4 and
Supplementary Table 1. Key values from one-way ANOVA and
Kruskal-Wallis tests have been also reported in the main text, and
from multiple comparison post-hoc tests on the figures.

Western Diet Induces Metabolic Disorders,
Such as Hypercholesterolemia, Obesity,
Non-alcoholic Fatty Liver Disease, and
Non-alcoholic Steatohepatitis
First we analyzed how WD affects metabolic parameters in
APPswe mice. As shown in Figure 1A, short-term WD feeding
(3 weeks) resulted in induction of HChol already in young, 4M
animals. Comparison of WD or WD + LPS groups to CTR
and LPS groups clearly demonstrated a very significant increase
of plasma cholesterol levels as early as in 4M animals on WD
(Figure 1A: 4M [F(3, 16) = 22.5, p < 0.001]). This HChol was
maintained in 8M and 12M mice fed with WD, i.e., after 5 and
9 months of WD feeding (Figure 1A: 8M [F(3, 17) = 36.2, p <

0.001], 12M [F(3, 13) = 7.0, p= 0.005]). Similarly, 3 weeks of WD
feeding increased the body weight in young, 4Mmice inWD and
in WD + LPS compared to CTR and LPS groups (Figure 1B:
4M [F(3, 16) = 4.7, p = 0.015]). Observed body weight gain was
deepened during further continuous WD feeding, resulting in
obesity in 8M mice (Figure 1B: 8M [F(3, 18) = 22.5, p < 0.001]).
In the 12M groups, the WD-fed mice still showed some higher
body weight compared to controls; smaller differences in the
mean body weight between all groups at 12M appear to be caused
by visible aging-related increases in the body weight in CTR and
LPS groups (Figure 1B: 12M [F(3, 16) = 2.4, p= 0.102]).

NAFLD is characterized by hepatic fat accumulation and
infiltration of immune cells in the liver parenchyma, leading to
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TABLE 4 | Results of statistical analysis.

Figure number:

analyzed parameter

Age group Statistical test Significance p-Value Value of

t/F/H statistic

Figure 1A:

Cholesterol

4M One-way

ANOVA

*** <0.001 F (3, 16) = 22.5

8M One-way

ANOVA

*** <0.001 F (3, 17) = 36.2

12M One-way

ANOVA

** 0.005 F (3, 13) = 7.0

Figure 1B:

Body weight

4M One-way

ANOVA

* 0.015 F (3, 16) = 4.7

8M One-way

ANOVA

*** <0.001 F (3, 18) = 22.5

12M One-way

ANOVA

ns 0.102 F (3, 16) = 2.4

Figure 2D:

Liver weight

4M Unpaired

t-Student

ns 0.088 t(6) = 2.0

8M Unpaired

t-Student

** 0.001 t(11) = 4.4

12M Unpaired

t-Student

ns 0.052 t(9) = 2.2

Figure 2E:

Liver vs. body weight

4M Unpaired

t-Student

ns 0.761 t(6) = 0.3

8M Unpaired

t-Student

** 0.007 t(11) = 3.3

12M Unpaired

t-Student

ns 0.229 t(9) = 1.3

Figure 3A:

GRA

4M Kruskal-Wallis ns 0.075 H(3) = 6.6

8M One-way

ANOVA

ns 0.233 F (2, 14) = 1.6

12M One-way

ANOVA

ns 0.853 F (3, 15) = 0.3

Figure 3B: 4M Kruskal-Wallis ns 0.068 H(3) = 6.7

MON 8M Kruskal-Wallis * 0.024 H(2) = 6.7

12M Kruskal-Wallis ns 0.918 H(3) = 0.6

Figure 3C:

LYM

4M One-way ANOVA ns 0.374 F (3, 16) = 1.1

8M One-way

ANOVA

ns 0.073 F (2, 14) = 3.2

12M One-way

ANOVA

ns 0.659 F (3, 15) = 0.7

Figure 3D: 4M One-way ANOVA ns 0.136 F (3, 16) = 2.1

WBC 8M Kruskal-Wallis ns 0.288 H(3) = 3.8

12M One-way

ANOVA

ns 0.695 F (3, 15) = 0.5

Figure 4A: 4M One-way ANOVA *** <0.001 F (3, 16) = 13.6

GFAP 8M One-way

ANOVA

ns 0.130 F (3, 17) = 2.2

12M Kruskal-Wallis ns 0.982 H(3) = 0.8

Figure 5A: 4M Kruskal-Wallis *** <0.001 H(3) = 19.2

Iba1 8M Kruskal-Wallis *** <0.001 H(3) = 37.7

12M Kruskal-Wallis *** <0.001 H(3) = 19.1

Figure 5B:

P2RY12

4M One-way ANOVA ns 0.529 F (3, 16) = 0.8

8M Kruskal-Wallis * 0.045 H(3) = 8.0

12M Kruskal-Wallis * 0.023 H(3) = 9.5

(Continued)
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TABLE 4 | Continued

Figure number:

analyzed parameter

Age group Statistical test Significance p-Value Value of

t/F/H statistic

Figure 5C:

CD68

4M One-way

ANOVA

ns 0.391 F (3, 16) = 0.4

8M Kruskal-Wallis ns 0.172 H(3) = 5.0

12M Kruskal-Wallis ** 0.003 H(3) = 13.8

Figure 6B:

APP full-length

4M One-way

ANOVA

** 0.005 F (3, 16) = 6.4

8M One-way

ANOVA

ns 0.085 F (3, 18) = 2.6

12M One-way

ANOVA

ns 0.051 F (3, 15) = 3.3

Figure 6B:

APP CTFs

4M One-way

ANOVA

** 0.001 F (3, 16) = 8.5

8M One-way

ANOVA

ns 0.287 F (3, 18) = 1.4

12M One-way

ANOVA

ns 0.161 F (3, 15) = 2.0

ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001. Bold values are intended to represent statistically significant values.

FIGURE 1 | Western diet induces hypercholesterolemia (HChol) and obesity. Graphs show Western diet-induced increases of (A) plasma cholesterol level, and (B)

body weight, in 4-, 8-, and 12-month-old APPswe mice in WD and WD + LPS groups compared to CTR and LPS. All the data are presented as arithmetic mean ±

SD (n = from 3 to 8 animals per experimental group). The statistics were calculated using unpaired ANOVA with Bonferroni’s post-hoc test. A p-value of <0.05 was

considered a predetermined threshold for statistical significance.
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cytokine release causing hepatocytes injury and subsequent liver
pathology characteristic for NASH both in humans (Friedman
et al., 2018; Morsiani et al., 2019) and mice (Tojima et al., 2012;
Liang et al., 2014). In our study,WD feeding resulted in a marked
lipid droplet deposition and microvesicular steatosis observed
as discrete round lipid vacuoles within hepatocytes (Figure 2,
dotted arrows), hypertrophic hepatocytes (Figure 2, arrows),
hepatocellular ballooning andmacrovesicular steatosis (Figure 2,
#). Moreover, WD induced lobular inflammation revealed as
deposits of inflammatory cells (Figure 2, ∗), indicating NASH.
These signs of liver damage were observed gradually, starting
as early as in 4M WD as well as WD + LPS mice and
were not found in CTR and LPS animals. Three weeks of
WD feeding induced mainly microvesicular steatosis and mild
macrovesicular steatosis characterized by small size (Figure 2A).
Significant liver damage was observed after 5 months of WD
feeding, i.e., at 8M hepatocellular ballooning with macrovesicular
steatosis and strong inflammatory cells infiltration in the
liver parenchyma (Figure 2B). These morphological changes
dramatically deepened after 9 months of WD feeding, in the 12M
mice (Figure 2C).

Despite the severe hepatocytes damage, a large increase in
liver weight was found in 8M mice fed with WD (Figure 2D:
8M [t(11) = 4.4, p = 0.001]). Graphs in Figures 2D,E show that
observed liver weight gain constitutes a significant proportion
of body weight gain with significant increase in 8M mice fed
with WD (Figure 2E: 8M [t(11) = 3.3, p = 0.007]). Altogether,
these data demonstrate WD-induced development of extensive
fatty liver with profound hepatocytes degradation, characteristic
of the late stages of severe NAFLD and NASH (Lindenmeyer and
McCullough, 2018). The differences in liver weight/body weight
ratios between WD and CTR groups were not as pronounced in
12M mice (Figure 2D: 12M [t(9) = 2.2, p = 0.052], Figure 2E:
12M [t(9) = 1.3, p = 0.229]). This seems due to body and liver
weight gain related to aging in the control group.

Western Diet Is Associated With Signs of
Low-Grade Systemic Inflammation
In order to assess whether diet-induced inflammation in the
metabolic organ tissues coexists with signs of inflammation
in circulating blood, we performed hematological and
morphological analysis of blood. The innate immune system is
the first line of defense against initial environmental challenges,
and is activated much more rapidly than the adaptive immune
system. Granulocytes (GRA) comprise 60–70% of blood
leucocytes, and more than 90% of granulocytes are neutrophils,
making up the largest fraction of white blood cells (WBC).
Neutrophils are typically the first immune cells to respond to
inflammation and can exacerbate the chronic inflammatory
state by helping to recruit macrophages and by interacting
with antigen-presenting cells (Talukdar et al., 2012). In line
with this, we observed that 3 weeks of WD already caused
some non-significant increase of blood GRA concentration in
4M mice in WD and WD + LPS groups compared to control
CTR and LPS groups (Figure 3A: 4M [H(3) = 6.6, p = 0.075]).
The same increasing trend in GRA levels continued after 5
months of WD feeding in both WD and WD + LPS groups

(Figure 3A: 8M [F(2, 14) = 1.6, p = 0.233]). Similarly, 3 weeks
of WD induced a non-significant increase of blood monocytes
concentration (MON) (Figure 3B: 4M [H(3) = 6.7, p = 0.068]).
The increase was maintained in 8M mice from WD and WD +

LPS (Figure 3B: 8M [H(2) = 6.7, p = 0.024]). Also, a tendency
to an increase of blood lymphocytes concentration (LYM) was
observed (Figure 3C: 8M [F(2, 14) = 3.2, p = 0.073]), which
suggests that WD induced some activation of the adaptive
immune system. An increase of total WBC concentration
in the blood, comprising various white cell subpopulations,
appeared in 4M and 8M mice, in the WD and WD + LPS
groups (Figure 3D: 4M [F(3, 16) = 2.1, p = 0.136], 8M [H(3)

= 3.8, p = 0.288]), but the changes were not significant. In
turn, WD in 12M mice led to some non-significant reduction
in the concentration of GRA, MON, LYM and WBC in the
blood (Figure 3A: 12M [F(3, 15) = 0.3, p = 0.853], Figure 3B:
[H(3) = 0.6, p = 0.918], Figure 3C: [F(3, 15) = 0.7, p = 0.659],
Figure 3D: [F(3, 15) = 0.5, p = 0.695]). In the light of WD-
induced metabolic disturbances (Figure 2), this reduction may
have been triggered by infiltration of immune cells into adipose
tissue, liver, and brain, where immune cells secrete a number
of pro-inflammatory cytokines and chemokines to counteract
metabolic damage (Xu et al., 2014; Shukla et al., 2019; Liu et al.,
2020). In contrast to the leucocyte parameters (Figure 3), the
global analysis of such basic erythrocyte parameters as red blood
cells count, anisocytosis indicator and mean cell volume did
not show any changes between tested groups (data not shown).
Overall, the hematological analysis of blood demonstrated some
non-significant increases in the levels of WBC, especially GRA
and MON, after only 3 weeks of WD feeding, and in LYM after
5 months of WD. The trends in increases observed in blood cell
subpopulations cannot be ignored despite the lack of significance
but should be evaluated in the context of inflammatory processes
detected in the metabolic tissues, such as liver because white
blood cells infiltrate the inflamed liver tissue. Moreover, given
that there are no clear criteria for defining low-grade systemic
inflammation, its detection cannot be based only on significant
differences in blood morphology parameters, but should also
consider shifts of the analyzed parameters to the upper limits
of the norms, as shown in our study. Taking this into account,
WD-induced trends in increased leucocyte levels in the context
of concurrence with HChol, obesity, and NAFLD support the
detection of low-grade systemic inflammation.

Western Diet Induces Neuroinflammation
and Contributes to the Impairment in
Astroglia and Microglia Activation
Three weeks of WD feeding enhanced astrogliosis in the
hippocampal brain region as revealed by increased levels of the
astrocyte marker glial fibrillary acidic protein (GFAP) detected
by immunoblotting in the young, 4M APPswe mice in WD and
WD + LPS groups compared to CTR group (Figure 4A: 4M
[F(3, 16) = 13.6, p< 0.001]). Similarly enhanced GFAP levels were
observed in LPS mice compared to CTR mice (Figure 4A: 4M
[F(3, 16) = 13.6, p< 0.001]). Thus, short-termWD feeding caused
astrogliosis at a comparable level to that induced by LPS injection,
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FIGURE 2 | Western diet induces non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH). Microscopic images of hematoxylin-eosin

histological staining of liver tissue from (A) 4-month-old APPswe mice fed with WD for 3 weeks, (B) 8-month-old APPswe mice fed with WD for 5 months, (C)

(Continued)
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FIGURE 2 | 12-month-old APPswe mice fed with WD for 9 months; dotted arrows—microvesicular steatosis (discrete round lipid vacuoles within hepatocytes),

arrows—hypertrophic hepatocytes, #—hepatocellular ballooning and macrovesicular steatosis, *–lobular inflammation; scale bars correspond to 50µm;

magnification: ×20. (D,E) Graphs show comparison of (D) liver weight in WD and CTR mice at 4-, 8-, and 12-months of age and (E) the liver vs. body weight ratio in

WD and CTR mice 4-, 8-, and 12-months of age. Data are presented as arithmetic mean ± SD (n = from 3 to 8 animals per experimental group). The statistics were

calculated using unpaired Student t-test. A p-value of <0.05 was considered a predetermined threshold for statistical significance.

suggesting that WD acts as an agent comparable to LPS, a
well-characterized, infection-derived, acute-neuroinflammatory
agent. Moreover, Figure 4 demonstrates that WD, like LPS,
accelerated astrogliosis in the hippocampus of this AD mouse
model: the level of astrogliosis observed after a short period of
WD feeding in 4M animals was comparable to the level induced
by mutation in APP in older, i.e., 8M and 12M APP control mice.
These data indicate that WD accelerated astrocyte activation
by 4 months. Furthermore, immunoblotting data in Figure 4

showed no differences among all groups in GFAP levels in the
hippocampal tissue of 8M and 12M mice. This suggests that the
activated astroglia reached a constant level and underwent an
adaptive state (Figure 4A: 8M [F(3, 17) = 2.2, p = 0.130], 12M
[H(3) = 0.8, p = 0.982]). All the described changes were also
reflected in the qualitative analysis of hippocampal tissue using
immunofluorescence (Figure 4B and Supplementary Figure 1).

Immunofluorescence analysis in Figure 5A showed that WD
after 5 and 9 months of feeding resulted in significantly
enhanced microglial activation in the hippocampus, as indicated
by increased immunofluorescence staining area of ionized
calcium-binding adapter molecule 1 (Iba1), which is a microglial
activation marker, in 8M and 12M mice from WD and WD
+ LPS groups compared to both control groups: standard diet
(CTR) group and LPS treated group (Figure 5A: 8M [H(3) =

37.7, p < 0.001], 12M [H(3) = 19.1, p < 0.001], Figure 5A’
and Supplementary Figure 2). Of note, compared to young
4M animals, in 12M mice Iba1 positive area increased in
hippocampal tissue from CTR and LPS groups demonstrating
aging-relatedmicroglial activation. Nevertheless, even in the 12M
animals, the hippocampal Iba1 positive areas in mice from WD
and WD + LPS groups were still significantly larger than in age-
matched mice from CTR and LPS groups (Figure 5A: 12M [H(3)

= 19.1, p < 0.001]). There were no significant changes in Iba1
hippocampal levels after 3 weeks of WD feeding compared to
CTR mice fed with standard diet in contrast to LPS treatment
(Figure 5A: 4M [H(3) = 19.2, p < 0.001]). Altogether, the results
in Figure 5 demonstrate that compared to standard diet, WD
feeding enhanced and accelerated microglial activation by 4
months, causing the largest increase in Iba1 levels after 5 months
of WD, and persisting during aging in the older animal groups
(Figure 5A: 8M, 12M). Figure 5 shows also that compared to the
CTR group, intraperitoneal injection of LPS did not significantly
increase Iba1 levels in all age groups, and even caused some
lowering of Iba1 levels in 4M animals (Figure 5A: 4M [H(3) =

19.2, p < 0.001]).
While the Iba1 marker is widely used to detect microglial

activation, it is not sufficient to indicate microglial polarization
state because Iba1 is expressed both in pro-inflammatory and
anti-inflammatory microglia (M1 and M2, respectively).
Generally, it is difficult to find a marker unique for

pro-inflammatory resident microglia because of a very high
similarity of pro-inflammatory markers on microglia and
on activated monocyte-derived macrophages (MDM) which
infiltrate the brain from the periphery during pathological
conditions (Walker and Lue, 2015; Orihuela et al., 2016).
Instead we decided to look at an anti-inflammatory marker:
P2RY12, known to be highly-specific for resident, homeostatic,
microglia. P2RY12 has been defined as a specific marker to
discriminate between microglia, with high levels of expression,
and macrophages (Butovsky et al., 2014; Mildner et al., 2017).
In our research WD did not change the level of P2RY12 in the
hippocampus of 4M, 8M, and 12M APP mice (Figure 5B: 4M
[F(3, 16) = 0.8, p = 0.529], 8M [H(3) = 8.0, p = 0.045 with no
significant differences in post-hocmultiple comparison test], 12M
[H(3) = 9.5, p = 0.023 with no significant differences in post-hoc
multiple comparison test]). This suggests that WD-induced
activation of microglia is not associated with anti-inflammatory
polarization, but rather with a pro-inflammatory profile.

Further we investigated whether WD-induced activation of
microglia affected basic microglial phagocytic function. To
this aim we analyzed the level of CD68, an indicator of
microglial phagocytic activity present in both M1 and M2
microglia (Martinez et al., 2013; Walker and Lue, 2015). The
phagocytic function of microglia is crucial to clear accumulated
Aβ debris and plaques in humans (Zotova et al., 2011,
2013). As demonstrated in Figure 5C, Long-term WD feeding
led to decreased hippocampal CD68 levels in 12M animals
compared to controls fed standard diet (Figure 5C: 12M [H(3)

= 13.8, p = 0.003]). These data suggest that in the brains
of WD-fed APPswe mice activated pro-inflammatory microglia
cells were losing their abilities to efficiently phagocytose Aβ

debris and deposits. This inefficient removal of Aβ deposits
probably accelerated amyloid plaque formation, so we decided
to verify this hypothesis by measuring immunofluorescence
of Aβ.

Western Diet Accelerates Aβ Accumulation
and Plaques Formation in the
Hippocampus and Increases Levels of
Amyloid Precursor Protein
Our immunofluorescence analysis of the mouse hippocampus
showed Aβ plaque formation after as little as 5 months of
WD feeding (Figure 6A). Aβ plaques were detected in the
hippocampus of WD and WD + LPS mice first at the age of 8M
and 12M (Figure 6A: 8M, 12M). In control CTR and LPS mice
Aβ plaques were not detected until the animals reached the age
of 16 months, i.e., 8 months later (Figure 7). Due to particularly
highmortality among old animals fed withWD, no animals in the
WD group reached 16-months of age, but some mice in the WD
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FIGURE 3 | Western diet induces low-grade systemic inflammation. Graphs show WD-induced increases of (A) blood granulocytes (GRA) concentration in 4- and

8-month-old APPswe mice, (B) monocytes (MON) concentration in 4- and 8-month-old APPswe mice, (C) lymphocytes (LYM) concentration in 8-month-old APPswe

mice and (D) total white blood cells (WBC) concentration in 8-month-old APPswe mice. All the data are presented as arithmetic mean ± SD (n = from 3 to 8 animals

per experimental group with exception in 8M LPS groups where means were calculated based on n = 2, and these values were not included in statistical analysis).

The statistics were calculated using one-way analysis of variance (ANOVA) followed by Bonferroni’s post-test or non-parametric Kruskal-Wallis test followed by Dunn’s

post-test. A p-value of <0.05 was considered a predetermined threshold for statistical significance.
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FIGURE 4 | Western diet accelerates astrogliosis in APPswe mouse hippocampus. (A) Graphs show mean GFAP levels detected by immunoblotting in the

hippocampal tissue lysates from CTR, LPS, WD, and WD + LPS groups of mice at 4-, 8-, and 12-months of age. Below are representative immunoblots. WD caused

increased GFAP levels in the hippocampus of 4-month-old APPswe mice. Data are presented as arithmetic mean of GFAP/actin ± SD (n = from 4 to 8 animals per

experimental group). The statistics were calculated using one-way analysis of variance (ANOVA) followed by Bonferroni’s post-test or non-parametric Kruskal-Wallis

test followed by Dunn’s post-test. A p-value of <0.05 was considered a predetermined threshold for statistical significance. (B) Representing immunofluorescence

images show the increases in GFAP staining in the hippocampus in WD and WD + LPS mice compared to CTR mice. All mice were 4-month-old; the scale bar

corresponds to 50µm; magnification ×20; green fluorescence—GFAP, blue fluorescence—Hoechst (nuclei).
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FIGURE 5 | Western diet accelerates hippocampal microglia activation and impairs their phagocytic function. (A) Graphs show mean areas of the microglia activation

marker Iba1 positive staining detected in hippocampal tissue by immunofluorescence microscopy in CTR, LPS, WD, and WD + LPS groups of APPswe mice at 4-, 8-,

and 12- months of age. All the data are presented as the arithmetic mean ± SD of Iba1 positive staining area from many different parts and cross-section of the

hippocampi from 1 or 2 representative animals per group. The statistics were calculated using non-parametric Kruskal-Wallis test followed by Dunn’s post-test. A

p-value of <0.05 was considered a predetermined threshold for statistical significance. Graphs demonstrate that Iba1 immunostaining increased in WD and WD +

LPS groups compared to both control groups and that the most significant increase was detected in 8-month-old mice. (A’) Representative immunofluorescence

images of the data shown in A present the increases in Iba1 positive staining in hippocampal tissue from 8-month-old APPswe mice in WD and WD + LPS groups

compared to CTR and LPS groups; the scale bar corresponds to 50µm; magnification: ×20; red fluorescence—Iba1, blue fluorescence—Hoechst (nuclei). Graphs

show mean protein levels detected by immunoblotting of microglial anti-inflammatory homeostatic marker P2RY12 (B) and microglial phagocytic marker CD68 (C) in

the mouse hippocampal tissue lysates from CTR, LPS, WD, and WD + LPS groups at the age of 4, 8, and 12 months. Below are representative immunoblots.

Immunoblotting results show no differences in P2RY12 hippocampal levels among all experimental groups in 4-, 8-, and 12-month-old APPswe mice (B), and

decrease of hippocampal CD68 level in 12-month-old WD mice (C). All the data from P2RY12 and CD68 markers are presented as arithmetic mean ± SD (n = from 4

to 8 animals per experiment). Statistical data in (B,C) were calculated using one-way analysis of variance (ANOVA) followed by Bonferroni’s post-test or

non-parametric Kruskal-Wallis test followed by Dunn’s post-test. A p-value of <0.05 was considered a predetermined threshold for statistical significance.

+ LPS group survived, presenting accumulation of Aβ plaques
in the hippocampus (Figure 7). Compared to well-characterized
control APPswe mice in which amyloid plaques started to be
detected at 16-months of age, WD accelerated Aβ accumulation

and plaque formation in the hippocampus meaning that in mice
fed WD amyloid plaques started to be detected not at 16- but
at 8-months of age. Aβ peptides are generated from amyloid

precursor protein (APP) in the amyloidogenic pathway and
deposited as plaques (Jäger et al., 2009; Hare, 2010; Haass et al.,
2012). In healthy individuals, most of the APP is constitutively
cleaved by α-secretase generating the soluble ectodomain of APP

(sAPPα) and a truncated C-terminal peptide (CTF-α or C-83).
In the amyloidogenic pathway, APP is proteolyzed by β-secretase
(BACE-1) forming the membrane bound C-terminal fragment
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FIGURE 6 | Western diet accelerates deposition of amyloid-β plaques and APP accumulation in the hippocampus. (A) Comparative immunofluorescence images of

brain hippocampal tissue from 4-, 8-, and 12-month-old APPswe mice probed with anti-Aβ antibody 6E10 show accelerated formation of Aβ plaques (*) in the

(Continued)
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FIGURE 6 | hippocampus of 8-month-old APPswe mice fed with WD (WD and WD + LPS groups compared to CTR and LPS control groups). In control APPswe

mice fed with standard diet (CTR) or treated with LPS, Aβ plaques were not observed even at the age of 12 months, and as shown in Figure 3 were detected as late

as in 16-month-old mice group; the scale bar corresponds to 50µm; lens magnification ×20; red fluorescence—6E10 (amyloid-β staining), blue

fluorescence—Hoechst (nuclei). (B) Graphs show increased levels of APP full-length and its C-terminal end fragments in WD and WD + LPS experimental groups in

4-month-old APPswe mouse hippocampus obtained in Western blot analysis. All the data are presented as arithmetic mean of APP full-length/actin and CTFs/actin ±

SD (n = from 4 to 8 animals per experimental group). The statistics were calculated using one-way analysis of variance (ANOVA) followed by Bonferroni’s post-test. A

p-value of <0.05 was considered a predetermined threshold for statistical significance.

FIGURE 7 | In 16-month-old APPswe mice deposition of amyloid-β plaques in the hippocampus occurs in all experimental groups including animals fed standard diet.

The microphotographs show immunofluorescence labeling of Aβ (6E10) in the brain hippocampal tissue of 16-month-old APPswe mice from CTR, LPS, and WD +

LPS experimental groups. Aβ plaques (*) are present in all experimental groups at this age; the scale bar corresponds to 50µm; lens magnification ×20; red

fluorescence—6E10 (amyloid-β), blue fluorescence—Hoechst (nuclei).

(CTF-β or C-99), which is further cleaved by the γ-secretase
leading to Aβ production and plaque formation. Our Western
blotting analysis of APP and its CTFs showed that 3 weeks of
WD feeding increased the hippocampal APP level (Figure 6B:
APP full 4M [F(3, 16) = 6.4, p= 0.005]), and its CTFs (Figure 6B:
CTFs 4M [F(3, 16) = 8.5, p = 0.001]), demonstrating enhanced
cleavage of APP. These processes were observed 4 months earlier
inWD fedmice than inmice fed standard diet (CTR or LPSmice)
(Figure 6B: 8M). In all 8M and 12M experimental groups the
levels of APP and its CTFs were similar (Figure 6B: APP full 8M
[F(3, 18) = 2.6, p = 0.085] and 12M [F(3, 15) = 3.3, p = 0.051],
CTFs 8M [F(3, 18) = 1.4, p = 0.287], and 12M [F(3, 15) = 2.0,
p = 0.161]). These data suggest that WD feeding impacts APP
gene transcription and influences the activity of secretases, and
dysregulates the glial cell activity and accumulated Aβ clearance
resulting in accelerated amyloid plaque formation.

Some additional support for development of amyloidopathy
in the established “metabolic” mouse model of AD was
provided by comparison of amyloidopathy in the brain

hippocampal tissue in 20M WD + LPS APPswe mice to
the post-mortem brain tissue of in the 85-year-old human
patient diagnosed with SAD (Supplementary Figure 3). We
observed that long-term WD feeding led to the development
of neuropathological changes associated with highly advanced
amyloidopathy indistinguishable from those observed in the
brain of SAD patient. Overall, the data collected in WD-treated
APPswe mice suggest that the mouse model may be a useful
tool for future research on participation of metabolic factors and
peripheral processes in development and progression of AD.

Summary of the Obtained Results
We have analyzed and characterized the sequence of
neuropathological events induced both by the presence of
human APP transgene carrying Swedish mutation (Figure 8A),
and the presence of human APPswe transgene in mice
chronically fed with Western diet (Figure 8B). We observed
that this transgene disturbs glial cells’ activity revealed by
considerable hippocampal astrogliosis in 8-month-old mice
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FIGURE 8 | Timelines presenting the neuropathology cascades of events in APPswe mice fed with standard diet compared to mice fed western diet. (A) Timeline

showing the neuropathological cascades of events in the brain of control APPswe mice fed with standard chow diet. (B) Timeline of the WD-induced

neuropathological cascades of events in APPswe mouse brain shows the accelerated pathology induced by Western diet feeding.

and microglial activation in 12M mice. Further, we observed
that the mutant APP induces strong enhancement of full-length
APP level and cleavage of its C-terminal forms in 8M mice.
Despite these processes we observed deposits of Aβ plaques only
in 16M APP mice (Figure 8A). We observed that western diet
feeding accelerates pathology induced by the APP mutation.
Experimental groups of APPswe mice fed with WD developed
neuroinflammation and Aβ pathology much earlier than control,
untreated, APPswe mice. WD induced astrogliosis after only
3 weeks of WD feeding in the youngest analyzed group of 4M
mice, so 4 months earlier than in controls. Moreover, the data
indicate activation of pro-inflammatory microglial phenotype
with impairment of their phagocytic abilities after 5 months
of WD feeding in 8M mice, 4 months earlier than in control
mice. Enhancement of full length APP quantity and cleavage of
its CTFs was observed after 3 weeks of feeding, in 4M mice, 4
months earlier than in control mice, and accumulation of Aβ

plaques after 5 months of feeding in 8M mice, 8 months earlier
than in control mice.

These results demonstrate that WD strongly influences,
accelerates, and enhances the AD pathological processes induced
by the APP mutation in the APPswe mouse model. The most
significant novel finding in our study is characterization, for
the first time, of the chronology of WD-induced systemic
metabolic alterations followed by neuroinflammatory changes,
where activation of astroglia preceded microglial activation and
brain Aβ pathology.

DISCUSSION

This study showed the sequence of processes occurring in the
body under the influence of WD, leading to the acceleration of
the onset of Aβ accumulation in the brain and the progression of
Alzheimer’s disease. The age groups of APPswe mice analyzed in
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FIGURE 9 | Scheme summarizing the role of liver function in the relationship between WD-induced metabolic and systemic disturbances, and neuropathological

changes in the brain leading to accelerated AD development. APP, amyloid precursor protein; HChol, hypercholesterolemia; NAFLD, non-alcoholic fatty liver disease;

NASH, non-alcoholic steatohepatitis; MetS, metabolic syndrome.

this study (4M, 8M, 12M, 16M, and 20M) reflect the following
age ranges in humans: 17–20, 35, 50, 65–68, 85 years of age,
respectively. As shown in this study, the APPswe control (CTR)
mice from 4M to 12M correspond to the early pre-plaque stages
of AD, without Aβ deposits in the brain in which we observed
different pathological processes known to lead to Aβ aggregation.
Thus, the APPswe model employed in this study allows for fairly
precise translation of the disease timeline to progressive AD
stages in human. Furthermore, we found that in this APPswe
model, WD induced metabolic disorders and accelerated the
onset of pathological changes in the brain including development
of amyloidopathy. The oldest APPswe mice maintained on
WD for more than 16 months in 20M WD + LPS group
showed characteristic features of the late advanced stage of
AD development with strongly developed neuropathological
lesions. These observations indicate that theWD-treated APPswe
mouse model developed by us corresponds well to human AD

pathology. The findings presented in this study are also in line
with results showing that WD can impair cognition, learning
and memory, and enhance or induce pathological features in the
brain, both in rodents (Kanoski and Davidson, 2011; Leigh and
Morris, 2020) and in humans (Kalmijn et al., 2004; Francis and
Stevenson, 2011; Baym et al., 2014; Attuquayefio et al., 2017).

Numerous studies have shown the influence of different
western-type diets on metabolic disorders and several articles
demonstrated WD-induced upregulation of neuroinflammatory
markers in wild-type animals (Thirumangalakudi et al., 2008;
Jena et al., 2018; Rutkowsky et al., 2018). These data support the
testing of the WD role in AD development in wild-type animals.
Our results also provide a strong basis for future research in
wild-type mouse models with no AD mutations in the genome,
which will allow us to determine whether the western type of
nourishment could be a direct cause of the development of SAD
as well.
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Obtained results provide support for AD as a systemic
disease, not confined to the brain, and for the hypothesis
presented schematically in Figure 9 how WD-related metabolic
impairment can accelerate brain malfunctioning. In the APPswe
mice on WD we found the simultaneous presence of HChol,
obesity, NAFLD, and some signs of low-grade inflammation
which altogether represent MetS. These peripheral changes
induced by WD were associated with the activation of brain glial
cells indicative of development of neuroinflammation (Figure 9).
Importantly, we observed neuroinflammation already in the
brains of the youngest mice, after 3 weeks of WD, at the same
time when metabolic disturbances in the periphery became
evident. This observation indicates thatWDmust have caused an
almost immediate impairment of BBB brain protection, leading
to the activation of glial cells. This then contributed to the
intensification of the amyloidogenic APP cleavage path, the
formation of new Aβ peptides and at the same time causing
impairment in Aβ clearance from the brain (Figure 9). The
obtained results confirm the hypothesis that WD feeding acts as
a trigger for induction of MetS and disturbances in the activity of
innate and adaptive immune systems. Below we discuss in more
detail how these processes most probably cross-talk and influence
themselves leading to the strong disbalance in peripheral
homeostasis and to disruption of the BBB, and later enhance
neuroinflammation and Aβ deposition in the hippocampus.

WD-Induced Hypercholesterolemia in AD
Development
Within 3 weeks of WD feeding we observed an increase in body
weight and hypercholesterolemia (HChol), defined as increased
levels of LDL (“bad cholesterol”) and low levels of HDL (“good
cholesterol”) in blood plasma. Our results are in line with HChol
as a known risk for AD and other neurodegenerative diseases
(Kosari et al., 2012; Xue-Shan et al., 2016). In particular, our data
support the observation that midlife HChol is usually associated
with earlier AD onset in human (De Oliveira et al., 2014),
particularly regarding higher levels of LDL inducing cortical
amyloid deposition (Rodríguez et al., 2006). Brain cholesterol is
one of the crucial elements for maintaining brain homeostasis
and neuronal functions (Dietschy and Turley, 2001; Vance, 2012),
building up the myelin sheaths of oligodendrocytes, astrocytes
and neuronal axons (Mahley and Rall, 2000; Puglielli et al.,
2003; Canevari and Clark, 2007). Under normal conditions, an
efficiently functioning BBB effectively counteracts the influx of
peripheral cholesterol into the brain, but under the influence
of metabolic disorders and associated inflammatory factors BBB
permeability is enhanced (Chakraborty et al., 2017). Cholesterol
can pass through the BBB in both directions, and its final serum
level is an outcome of these processes (Umeda et al., 2012).

High levels of diet-derived serum cholesterol cause its
conversion into 27-hydroxycholesterol, the cholesterol form able
to flow freely through the BBB. It is mediated by enhanced
levels of cytochrome P450 CYP27A1 and CYP7A1 isoforms in
hepatocytes during NAFLD (Testa et al., 2016; Zhang et al., 2018;
Gamba et al., 2019; Chen et al., 2020). The increased influx of
27-hydroxycholesterol into the brain contributes to the induction

of brain oxidative stress and development of AD (Testa et al.,
2016; Ioannou et al., 2017; Mast et al., 2017; Loera-Valencia et al.,
2019; Chew et al., 2020; Wong et al., 2020). The pathological
consequences of brain HChol are also linked with cholesterol
function as an important component of cell membrane lipid
rafts, where APP and β- and γ-secretases involved in its
amyloidogenic proteolysis are located. Evidence shows that
HChol and an increased brain cholesterol level are connected
with increased cholesterol concentration in membrane lipid rafts
which enhances APP amyloidogenesis and Aβ production in
neurons (Allinquant et al., 2014) and astrocytes (Xiu et al., 2006;
Avila-Muñoz and Arias, 2015).

WD-Induced Obesity in AD Development
Our results in WD-fed mice are also in agreement with extensive
human data demonstrating a clear link between WD-induced
obesity and the onset of AD (Solfrizzi et al., 2004; Whitmer
et al., 2008; Gustafson et al., 2009, 2012; Besser et al., 2014)
with obesity increasing the chance of AD development 6-fold
(Kivipelto et al., 2005). Mechanistically, storage capacities of
obese adipose tissue are exceeded and, in such conditions, free
fatty acids “spill over” and accumulate in metabolic tissues,
such as skeletal muscle, liver and pancreas (van Herpen and
Schrauwen-Hinderling, 2008). Excessive exposure of adipocytes
and adipocyte-tissue-resident immune cells to free fatty acids
initiates pro-inflammatory signaling pathways (Lyons et al.,
2016) resulting in the secretion of pro-inflammatory agents from
adipocytes and resident immune cells leading to lipotoxicity
and insulin resistance (Hotamisligil, 2017; Burhans et al., 2019).
In line with the described factors contributing to low-grade
inflammation, our data also indicated signs of a systemic
low-grade inflammatory state. Hematological analysis of blood
demonstrated increases in the level of WBC, especially GRA
and MON, after only 3 weeks of WD feeding, and in LYM
after 5 months of WD, and shifts of the analyzed parameters
to the upper limits of physiological norms. It indicates an
almost immediate WD-induced activation of the entire arsenal
of immune responses, both innate as well as adaptive, to defend
against the damaging effects of unhealthy dietary components.

In the group of 8M animals (WD andWD+ LPS) a noticeable
increase both in WBC and in body weight was observed. The
correlation between WBC count and body weight is known
to be caused by leptin released from adipose tissue, which
stimulates hematopoiesis (Wilson et al., 1997). The presence of
leptin receptors on hematopoietic stem cells (both in mice and
humans), and the observation that leptin stimulates myelopoiesis
and lymphopoiesis further indicates the link between adipose
tissue andWBC count (Laharrague et al., 2000). Moreover, given
that high-fat diet in mice is known to cause an increase in
neutrophil recruitment from blood into adipose tissue (Elgazar-
Carmon et al., 2008) it seems plausible that neutrophils play a
role in initiating the inflammatory cascade in response to obesity.
Adipose tissue neutrophils produce chemokines and cytokines,
facilitating macrophage infiltration, which could contribute
specifically to the diet-derived chronic low-grade inflammation.

A decrease in body weight detected in the WD-fed group at
12 months of age can be explained by a loss of weight due to
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the appearance of AD symptoms and development of serious
metabolic disorders probably resulting in decreased food intake.
In addition, the high cholesterol content ofWD in this study may
represent another factor contributing to body weight loss in long-
fed animals, given that a high-cholesterol diet in the 3xTg-AD
model caused unexpected weight loss in mice after 12 months
of feeding (Hohsfield et al., 2014). It seems that AD-related
transgenes and associated genotypes may modify cholesterol
metabolism in the periphery and its subsequent accumulation in
fatty tissues resulting in elevated stress and anxiety, culminating
in body weight loss.

WD-Induced Liver Pathology in AD
Development
Among organs responsive to pro-inflammatory factors is the
liver. The immune response in the liver plays a pivotal role
in the development of NAFLD, but the precise regulation
of the immune response is unclear and liver neutrophil and
macrophage activation is considered to be a double-edged sword
(Xu et al., 2014). In accordance with this knowledge, we observed
in our study an increase in the level of granulocytes and
monocytes in the blood during WD feeding, alongside increased
infiltration of pro-inflammatory cells into the liver tissue in the
course of NASH. We have shown that only 3 weeks of feeding
WD to mice caused hepatocyte hypertrophy and lipid vacuoles to
form within. These morphological changes in liver tissue worsen
with age and with continued WD feeding, finally leading to
hepatocellular ballooning and macrovesicular steatosis, which
are hallmarks of developing NASH in older mice (8M, 12M).
The advanced WD-derived damage in the liver together with
the accompanying infiltration of inflammatory cells confirms the
development of NAFLD.

Our results are consistent with the knowledge that typical WD
ingredients are responsible for such liver impairment (Berná and
Romero-Gomez, 2020). Also, WD modulates the accumulation
of triglycerides and antioxidants in the liver, which affects insulin
sensitivity and post-prandial triglyceride metabolism (Musso
et al., 2003). Saturated fatty acids (SFAs) in WD significantly
increase liver steatosis because of the induction of lipogenesis
in the liver and lipolysis in adipose tissue. Moreover, SFAs affect
glutathione metabolism leading to oxidative stress (Franko et al.,
2018; Rosqvist et al., 2019). Monosaccharides and disaccharides
abundant in WD-type meals also affect liver functioning. There
is a strong association between the risk of NAFLD and products
containing high amounts of sucrose or fructose like corn syrup,
cakes, soft drinks and sugary snacks. Like SFAs, fructose from
food stimulates lipogenesis in the liver and leads to steatosis,
but also manifests with increased levels of plasma alanine
aminotransferases, an indicator of functional liver impairment
(Chiu et al., 2018; Berná and Romero-Gomez, 2020).

The physiological role of the liver involves many processes
that are involved in mechanisms related to the development and
progression of AD. Structural and/or functional damage of the
liver reduces its ability to effectively remove and degrade Aβ. In
patients with liver diseases, low hepatic expression of LRP1 and
high levels of circulating Aβ are observed because Aβ clearance

decreases due to low hepatic LRP1 activity (Wang et al., 2017).
A recent epidemiological study demonstrated that comorbidities
associated with mild cognitive impairment and dementia due to
AD were predominantly diet-induced disorders, such as NAFLD,
cirrhosis, cerebrovascular diseases, or type 2 diabetes mellitus
all of which are characterized by a reduction in removal of Aβ

(Bassendine et al., 2020). NAFLD is strongly related to diet-
induced hepatic insulin resistance (Kumashiro et al., 2011).
In healthy conditions insulin promotes LRP1 translocation to
the cell membrane in hepatocytes and favoring Aβ clearance
by LRP1, but insulin resistance makes this process poor or
impossible leading to a general increase of Aβ level (Tamaki et al.,
2007).

Our results also showed that liver damage is correlated
with the deposition of Aβ in the brain. WD accelerated the
accumulation and deposition of Aβ by about 8 months compared
to control APPswe mice. Furthermore, liver pathology, such
as NAFLD and NASH enhances the level of cholesterol in the
bloodstream, particularly of 27-hydroxycholesterol, the form
able to flow freely through the BBB. This accumulation of
cholesterol in the brain favors production of Aβ in lipid
rafts as described earlier, contributing to the vicious circle
to AD progression.

WD-Derived BBB Disruption as an “Open
Gate” Into the Brain in AD Progression
BBB disruption seems to be a very early disorder occurring
simultaneously with the activation of an immune response to
damaging dietary factors. In particular, Aβ level in the brain
depends on the continuous control of Aβ influx and efflux via
receptors RAGE and LRP1 located at the BBB (Zlokovic et al.,
2010). Intake of diets high in SFAs, cholesterol and carbohydrates
increases levels of circulating Aβ, disturbs its peripheral clearance
by the liver and impairs brain Aβ clearance and efflux by
decreased LRP1 and increased RAGE protein expression or
activity (Kim et al., 2016; Gali et al., 2019). In turn, BBB
dysfunction triggers oxidative stress and neuroinflammation,
which causes enhancement of the activity of β-secretase and γ-
secretase promoting generation of a new portion of Aβ peptides
(Cai et al., 2018).

Since clinical manifestations of AD start from impairment
of memory, we analyzed WD-dependent alteration in the
brain predominantly in the hippocampus. In addition, the
hippocampus is especially sensitive to changes in nutrients
supplied to the body with food, as well as to circulating toxins
and metabolic products. WD affects predominantly the CA1
and CA3 areas, subiculum and dentate gyrus (Hargrave et al.,
2016). The large pyramidal neurons within the hippocampus
epitomize the high metabolic demand and have a unique
metabolic profile that makes these neurons especially sensitive
to damage from environmental and metabolic insults. The
hippocampus is particularly susceptible to high levels of SFAs
and simple sugars (Kanoski and Davidson, 2010; Hsu and
Kanoski, 2014). Moreover, the consumption of WD reduces
the level of BDNF in the hippocampus (Molteni et al., 2002),
increases neuroinflammation (Pistell et al., 2010), impairs
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synaptic plasticity (Stranahan et al., 2008), and alters dendritic
morphology (Granholm et al., 2008), glutamatergic signaling
via upregulation of synaptic clearance mechanisms leading to
NMDA receptor desensitization (Valladolid-Acebes et al., 2012)
and blood vessel structure (Freeman et al., 2011).

WD-Induced Activation of Astrocytes in AD
Progression
This study showed that activation of astrocytes in WD-fed mice
occurred relatively early, together with HChol, NAFLD, and
enhanced brain accumulation of APP and its cleavage to CTFs,
and preceded microglial activation. In agreement with these
data, studies on human brain samples showed an increase in
reactive gliosis that appears to precede the development of the
characteristic lesions of AD (Wharton et al., 2009; Sidoryk-
Wegrzynowicz et al., 2011).

The astrocyte activation was probably induced as a common
result of HChol and NAFLD. It was shown earlier, that in vitro
cholesterol exposure induced astrocyte activation, increased APP
content, and enhanced APP-BACE-1 interaction. These effects
were associated with an enrichment of lipid rafts’ cholesterol
patches in the astrocyte membrane and with increased reactive
oxygen species production, that results in astrocytes activation
(Avila-Muñoz and Arias, 2015). In turn, enlarged lipid rafts
harboring activated receptors and adaptor molecules serve as an
organizing platform to initiate inflammatory signaling (Miller
et al., 2020).

Astrocyte activation leads to changes in both expression
of aquaporin 4 and its redistribution from astrocytic end-feet
membranes to non-end-feet ones in BBB parenchyma and plays
an important role in the proper functioning of the lymphatic
system responsible for brain clearance of accumulated toxic Aβ,
which results in enhanced brain Aβ accumulation (Yang et al.,
2011; Iliff et al., 2014; Kress et al., 2014; Xu et al., 2015; Peng et al.,
2016; Zhang et al., 2017). Also, activated astrocytes produce and
release pro-inflammatory molecules that may also be critical for
the generation of Aβ (Avila-Muñoz and Arias, 2014).

WD-Induced Microglial Impairment in AD
Progression
Extensive evidence suggests that microglia play a significant
role in development of AD. Microglial phagocytosis in the
early stage of AD was considered beneficial, being the key
mechanism preventing formation, and promoting removal, of Aβ

plaques (Salter and Stevens, 2017; Richter et al., 2020). However,
during disease progression, microglial phagocytosis seems to
become insufficient and rather detrimental, combined with their
pro-inflammatory activity, not counteracting but promoting
pathology (Vogels et al., 2019; Streit et al., 2020). In agreement
with this view, our study revealed the accelerated activation of
microglia and its M1 pro-inflammatory polarization profile after
5 months of WD in 8M APPswe mice. We observed microglial
activation and changes in their polarization profile 4 months
later than changes in diet-induced astrocyte activation, which
suggests that microglia disturbances can be triggered in part by
the astrocyte inflammatory response.

WD-induced hippocampal surplus of Iba1 may display
a pro-inflammatory profile revealed by both activated brain
resident microglia and pro-inflammatory monocyte-derived
macrophages (MDMs) infiltrating the brain from the periphery
through the disrupted BBB. This possibility is consistent with
the observed enhancement of the number of monocytes in
the blood in 4M and 8M APPswe mice fed with WD from 3
weeks to 5 months and its normalization to basal levels in 12M
mice; it suggests brain infiltration by monocytes at the earlier
stages, and indicates the possible role of peripheral immune cells
like MDMs in induction of impairment of microglial function
and neuroinflammation.

Some data underscore the crucial role of diet-derived SFAs
in microglial activation and neuroinflammation (Pistell et al.,
2010; Gupta et al., 2012; Wang et al., 2012). Given that SFAs
(e.g., palmitic and stearic acids) are free to cross the BBB,
especially under HFD conditions (Niu et al., 2016), brain SFA
homeostasis is dependent on SFA levels in the periphery. It is
further conceivable that diets rich in SFAs may increase brain
uptake of SFAs from plasma through the BBB (Wang et al.,
1994) resulting in their brain accumulation. WD-derived SFAs in
the brain can impair microglial function via signaling involving
microglial CD14-TLR4-MD2 complex which induces NFκB
signaling, triggering secretion of pro-inflammatory cytokines and
later neuroinflammation (Wang et al., 2012; Rocha et al., 2016;
Moser et al., 2018).

This study also showed impairment inmicroglial phagocytosis
abilities, revealed by hippocampal decrease of CD68, which
correlated with the initiation of Aβ plaque formation. These
observations suggest that microglial polarization to the M1 pro-
inflammatory state leads to the loss of their abilities to clear Aβ

debris resulting in Aβ accumulation, amyloid plaque deposition,
and deepening of neuroinflammation.

Differences in Responses to WD and LPS
Our study focused on comparison of WD-fed animals to the
normal-diet-fed group. Treatment with LPS was analyzed
additionally as a control, and we employed statistical
methodology accordingly. Moreover, we did not analyze
the age factor but we focused on the impact of a given treatment
in groups at the same age, where each treatment was considered
independently. Nevertheless, the study provided some data for
comparison of LPS-induced changes to WD-induced changes
during AD development.

Numerous bacterial molecules, including LPS, activate the
immune response by interaction with pattern recognition
receptors, such as TLRs. LPS particles are bound to the
lipopolysaccharide binding protein (LBP) and then attached to
CD14 protein present on the surface of macrophages, monocytes,
granulocytes, and B lymphocytes, which causes an increase
in integrin expression and release of large amounts of pro-
inflammatory cytokines (IL-1,−6, TNFα) (Wright et al., 1989;
Zinöcker and Lindseth, 2018). This results in the activation of
endothelial cells and transmits the signal to produce acute-phase
proteins in the liver (Moshage, 1997).

On the other hand, the triggers of the inflammatory reaction
in obesity caused by WD are not quite clear and the literature
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provides many hypotheses. The activation of an obesity-related
innate immune response is likely to involve pattern recognition
receptors including TLRs (Monteiro and Azevedo, 2010).

There was a significant increase in mortality in the WD group
relative to LPS-induced WD mice. This was most likely due to
“saturation” of TLR receptors by palmitates from food, which
prevents activation of the LPS-dependent pathway characterized
by acute inflammation (Milanski et al., 2009). It seems that
aged WD mice had significantly higher levels of inflammation
than WD + LPS, which is correlated with an increase in pro-
inflammatory cytokine synthesis. That is supported by studies
in which cytokine synthesis (e.g., IL-6 and TNF) before and
after LPS stimulation was measured in animals fed with WD.
The animals presented increased transcription of cytokines
before stimulation and a significant decrease in their expression
afterward (Napier et al., 2019).

Another possible, complementary, mechanism to increase
16M WD rodent group mortality compared to 16M WD + LPS
may be the effect of dietary components on the HPA axis. Studies
on the effects of short- and long-term WD on hypothalamic and
hippocampal inflammatory reactions in mice exposed to acute
LPS-induced inflammation have shown that animals on a HFD
diet have a significant increase in the expression of glucocorticoid
receptor of the hypothalamus after LPS stimulation compared
to WD mice in which this expression is markedly lower (De
Souza et al., 2005; Milanski et al., 2009; Thaler et al., 2012;
Pohl et al., 2014; Astiz et al., 2017). Glucocorticoids act in
negative feedback loops to suppress the HPA-axis, creating a shift
from pro-inflammatory to anti-inflammatory immune responses
(Elenkov and Chrousos, 1999). It can therefore be presumed
that the LPS combined with WD had, in a way, a protective
function to suppress the pro-inflammatory response in the
central nervous system by stimulating peripheral corticosterone
production (Elenkov and Chrousos, 1999; John and Buckingham,
2003).

Conclusions
The comparison of the described results with the literature
indicates a good reflection of the animal model used both in
terms of disease progression over time and the observed systemic
changes caused by WD and LPS. The neuropathological pattern
of Aβ platelets obtained in animals does not differ from that
observed in humans.

This study showed that the westernized pattern of
nourishment: (1) leads to development of metabolic syndrome
including HChol, obesity, NAFLD and signs of low-grade
systemic inflammation, (2) induces the neuroinflammatory
processes revealed by glial cell hyperactivation, and finally
(3) accelerates amyloid pathology in the AD brain. This
indicates that such diet-derived metabolic alterations as
hypercholesterolemia and obesity, cause systemic low-grade
inflammation and NAFLD, which is strongly linked to the
impairment of liver-BBB-brain axis. BBB malfunctioning
and liver disruption accelerate neuroinflammatory processes
revealed by glial cell over-activity and deposition of Aβ plaques
in the brain.

Analysis of these results in the light of existing literature
indicates that AD is a disorder not only of the brain but of
the whole organism. Peripheral processes and organs can play a
crucial role in AD development. In particular, diet-induced liver
damage leads to a failure in Aβ degradation and clearance that
seems to be one of the main factors accelerating the development
of AD. Thus, the westernized pattern of nourishment should
be considered as an important modifiable risk factor of AD
development. A healthy, balanced, diet and regular controlling
of the metabolic state of the body and prevention and treatment
of liver diseases may be some of the most efficient AD prevention
methods and would also support treatment of patients diagnosed
with AD.
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Wiȩckowska-Gacek et al. Western Diet in Alzheimer’s Disease

Gamba, P., Staurenghi, E., Testa, G., Giannelli, S., Sottero, B., and Leonarduzzi, G.

(2019). A crosstalk between brain cholesterol oxidation and glucosemetabolism

in Alzheimer’s disease. Front. Neurosci. 13:556. doi: 10.3389/fnins.2019.00556

Gasparotto, J., Ribeiro, C. T., Bortolin, R. C., Somensi, N., Fernandes, H. S.,

Teixeira, A. A., et al. (2017). Anti-RAGE antibody selectively blocks acute

systemic inflammatory responses to LPS in serum, liver, CSF and striatum.

Brain. Behav. Immun. 62, 124–136. doi: 10.1016/j.bbi.2017.01.008

Graham, L. C., Harder, J. M., Soto, I., De Vries, W. N., John, S. W. M., and

Howell, G. R. (2016). Chronic consumption of a western diet induces robust

glial activation in aging mice and in a mouse model of Alzheimer’s disease. Sci.

Rep. 6:21568. doi: 10.1038/srep21568

Granholm, A. C., Bimonte-Nelson, H. A., Moore, A. B., Nelson, M. E., Freeman, L.

R., and Sambamurti, K. (2008). Effects of a saturated fat and high cholesterol

diet on memory and hippocampal morphology in the middle-aged rat. J.

Alzheimers Dis. 14, 133–145. doi: 10.3233/JAD-2008-14202

Gupta, S., Knight, A. G., Gupta, S., Keller, J. N., and Bruce-Keller, A. J.

(2012). Saturated long-chain fatty acids activate inflammatory signaling in

astrocytes. J. Neurochem. 120, 1060–1071. doi: 10.1111/j.1471-4159.2012.

07660.x

Gustafson, D. R., Bäckman, K., Joas, E., Waern, M., Östling, S., Guo, X., et al.

(2012). 37 years of body mass index and dementia: observations from the

prospective population study of women in Gothenburg, Sweden. J. Alzheimers

Dis. 63, 1882–1891. doi: 10.3233/JAD-2011-110917

Gustafson, D. R., Bäckman, K., Waern, M., Östling, S., Guo, X., Zandi, P., et al.

(2009). Adiposity indicators and dementia over 32 years in Sweden. Neurology

73, 1559–1566. doi: 10.1212/WNL.0b013e3181c0d4b6

Haass, C., Kaether, C., Thinakaran, G., and Sisodia, S. (2012). Trafficking and

proteolytic processing of APP. Cold Spring Harb. Perspect. Med. 2:a006270.

doi: 10.1101/cshperspect.a006270

Hare, J. (2010). Trafficking of amyloid β-precursor protein products C83 and

C99 on the endocytic pathway. Biochem. Biophys. Res. Commun. 401, 219–224.

doi: 10.1016/j.bbrc.2010.09.033

Hargrave, S. L., Davidson, T. L., Zheng, W., and Kinzig, K. P. (2016). Western diets

induce blood-brain barrier leakage and alter spatial strategies in rats. Behav.

Neurosci. 130, 123–135. doi: 10.1037/bne0000110

Hartz, A. M. S., Miller, D. S., and Bauer, B. (2010). Restoring blood-brain barrier P-

glycoprotein reduces brain amyloid-β in a mouse model of Alzheimer’s disease.

Mol. Pharmacol. 77, 715–723. doi: 10.1124/mol.109.061754

Hohsfield, L. A., Daschil, N., Orädd, G., Strömberg, I., and Humpel, C. (2014).

Vascular pathology of 20-month-old hypercholesterolemia mice in comparison

to triple-transgenic andAPPSwDIAlzheimer’s diseasemousemodels.Mol. Cell.

Neurosci. 63, 83–95. doi: 10.1016/j.mcn.2014.10.006

Hosseini-Esfahani, F., Bahadoran, Z., Moslehi, N., Asghari, G., Yuzbashian, E.,

Hosseinpour-Niazi, S., et al. (2018). Metabolic syndrome: findings from 20

years of the tehran lipid and glucose study. Int. J. Endocrinol. Metab. 16:e84771.

doi: 10.5812/ijem.84771

Hotamisligil, G. S. (2017). Inflammation, metaflammation and immunometabolic

disorders. Nature 542, 177–185. doi: 10.1038/nature21363

Hsu, T. M., and Kanoski, S. E. (2014). Blood-brain barrier disruption: mechanistic

links between western diet consumption and dementia. Front. Aging Neurosci.

6:88. doi: 10.3389/fnagi.2014.00088

Iliff, J. J., Chen, M. J., Plog, B. A., Zeppenfeld, D. M., Soltero, M., Yang,

L., et al. (2014). Impairment of glymphatic pathway function promotes

tau pathology after traumatic brain injury. J. Neurosci. 34, 16180–16193.

doi: 10.1523/JNEUROSCI.3020-14.2014

Ioannou, G. N., Subramanian, S., Chait, A., Haigh, W. G., Yeh, M. M., Farrell, G.

C., et al. (2017). Cholesterol crystallization within hepatocyte lipid droplets and

its role in murine NASH. J. Lipid Res. 58, 1067–1079. doi: 10.1194/jlr.M072454

Ito, S., Ohtsuki, S., Murata, S., Katsukura, Y., Suzuki, H., Funaki, M., et al. (2014).

Involvement of insulin-degrading enzyme in insulin-and atrial natriuretic

peptide-sensitive internalization of amyloid-β peptide in mouse brain capillary

endothelial cells. J. Alzheimers Dis. 38, 185–200. doi: 10.3233/JAD-122077

Jäger, S., Leuchtenberger, S., Martin, A., Czirr, E., Wesselowski, J., Dieckmann, M.,

et al. (2009). α-secretase mediated conversion of the amyloid precursor protein

derived membrane stub C99 to C83 limits Aβ generation. J. Neurochem. 111,

1369–1382. doi: 10.1111/j.1471-4159.2009.06420.x

Jena, P. K., Sheng, L., Di Lucente, J., Jin, L. W., Maezawa, I., and Wan, Y.

J. Y. (2018). Dysregulated bile acid synthesis and dysbiosis are implicated

in Western diet-induced systemic inflammation, microglial activation, and

reduced neuroplasticity. FASEB J. 32, 2866–2877. doi: 10.1096/fj.201700984RR

John, C. D., and Buckingham, J. C. (2003). Cytokines: Regulation of the

hypothalamo-pituitary-adrenocortical axis. Curr. Opin. Pharmacol. 3, 78–84.

doi: 10.1016/S1471-4892(02)00009-7

Julien, C., Tremblay, C., Phivilay, A., Berthiaume, L., Émond, V., Julien, P.,

et al. (2010). High-fat diet aggravates amyloid-beta and tau pathologies

in the 3xTg-AD mouse model. Neurobiol. Aging 31, 1516–1531.

doi: 10.1016/j.neurobiolaging.2008.08.022

Kalmijn, S., Van Boxtel, M. P. J., Ocké, M., Verschuren, W. M. M., Kromhout,

D., and Launer, L. J. (2004). Dietary intake of fatty acids and fish in

relation to cognitive performance at middle age. Neurology 62, 275–280.

doi: 10.1212/01.WNL.0000103860.75218.a5

Kanoski, S. E., and Davidson, T. L. (2010). Different patterns of memory

impairments accompany short- and longer-termmaintenance on a high-energy

diet. J. Exp. Psychol. Anim. Behav. Process. 36, 313–319. doi: 10.1037/a0017228

Kanoski, S. E., andDavidson, T. L. (2011).Western diet consumption and cognitive

impairment: links to hippocampal dysfunction and obesity. Physiol. Behav. 103,

59–68. doi: 10.1016/j.physbeh.2010.12.003

Kaur, D., Sharma, V., and Deshmukh, R. (2019). Activation of microglia

and astrocytes: a roadway to neuroinflammation and Alzheimer’s disease.

Inflammopharmacology 27, 663–677. doi: 10.1007/s10787-019-00580-x

Kim, D. G., Krenz, A., Toussaint, L. E., Maurer, K. J., Robinson, S. A., Yan, A., et al.

(2016). Non-alcoholic fatty liver disease induces signs of Alzheimer’s disease

(AD) in wild-type mice and accelerates pathological signs of AD in an AD

model. J. Neuroinflammation 13:1. doi: 10.1186/s12974-015-0467-5

Kivipelto, M., Ngandu, T., Fratiglioni, L., Viitanen, M., Kåreholt, I., Winblad,

B., et al. (2005). Obesity and vascular risk factors at midlife and the

risk of dementia and Alzheimer disease. Arch. Neurol. 62, 1556–1560.

doi: 10.1001/archneur.62.10.1556

Kopp, W. (2019). How western diet and lifestyle drive the pandemic of obesity and

civilization diseases. Diabetes Metab. Syndr. Obes. Targets Ther. 12, 2221–2236.

doi: 10.2147/DMSO.S216791

Kosari, S., Badoer, E., Nguyen, J. C. D., Killcross, A. S., and Jenkins, T. A. (2012).

Effect of western and high fat diets on memory and cholinergic measures in the

rat. Behav. Brain Res. 235, 98–103. doi: 10.1016/j.bbr.2012.07.017

Kress, B. T., Iliff, J. J., Xia, M.,Wang,M.,Wei Bs, H. S., Zeppenfeld, D., et al. (2014).

Impairment of paravascular clearance pathways in the aging brain.Ann. Neurol.

76, 845–861. doi: 10.1002/ana.24271

Kumashiro, N., Erion, D. M., Zhang, D., Kahn, M., Beddow, S. A.,

Chu, X., et al. (2011). Cellular mechanism of insulin resistance in

nonalcoholic fatty liver disease. Proc. Natl. Acad. Sci. U.S.A. 108, 16381–16385.

doi: 10.1073/pnas.1113359108

Laharrague, P., Oppert, J. M., Brousset, P., Charlet, J. P., Campfield, A.,

Fontanilles, A.M., et al. (2000). High concentration of leptin stimulatesmyeloid

differentiation from human bone marrow CD34+ progenitors: potential

involvement in leukocytosis of obese subjects. Int. J. Obes. 24, 1212–1216.

doi: 10.1038/sj.ijo.0801377

Leigh, S.-J., and Morris, M. J. (2020). Diet, inflammation and the gut microbiome:

mechanisms for obesity-associated cognitive impairment. Biochim. Biophys.

Acta 1866:16576. doi: 10.1016/j.bbadis.2020.165767

Lian, H., Litvinchuk, A., Chiang, A. C. A., Aithmitti, N., Jankowsky, J. L.,

and Zheng, H. (2016). Astrocyte-microglia cross talk through complement

activation modulates amyloid pathology in mouse models of Alzheimer’s

disease. J. Neurosci. 36, 5775–5789. doi: 10.1523/JNEUROSCI.2117-15.2016

Liang, W., Menke, A. L., Driessen, A., Koek, G. H., Lindeman, J. H., Stoop, R.,

et al. (2014). Establishment of a general NAFLD scoring system for rodent

models and comparison to human liver pathology. PLoS ONE 12:e115922.

doi: 10.1371/journal.pone.0115922

Lindenmeyer, C. C., and McCullough, A. J. (2018). The natural history of

nonalcoholic fatty liver disease—an evolving view. Clin. Liver Dis. 22, 11–21.

doi: 10.1016/j.cld.2017.08.003

Liu, Y., Lu, X., Li, X., Du, P., and Qin, G. (2020). High-fat diet triggers

obesity-related early infiltration of macrophages into adipose tissue and

transient reduction of blood monocyte count. Mol. Immunol. 117, 139–146.

doi: 10.1016/j.molimm.2019.11.002

Loera-Valencia, R., Goikolea, J., Parrado-Fernandez, C., Merino-Serrais, P., and

Maioli, S. (2019). Alterations in cholesterol metabolism as a risk factor for

Frontiers in Aging Neuroscience | www.frontiersin.org 24 April 2021 | Volume 13 | Article 654509241

https://doi.org/10.3389/fnins.2019.00556
https://doi.org/10.1016/j.bbi.2017.01.008
https://doi.org/10.1038/srep21568
https://doi.org/10.3233/JAD-2008-14202
https://doi.org/10.1111/j.1471-4159.2012.07660.x
https://doi.org/10.3233/JAD-2011-110917
https://doi.org/10.1212/WNL.0b013e3181c0d4b6
https://doi.org/10.1101/cshperspect.a006270
https://doi.org/10.1016/j.bbrc.2010.09.033
https://doi.org/10.1037/bne0000110
https://doi.org/10.1124/mol.109.061754
https://doi.org/10.1016/j.mcn.2014.10.006
https://doi.org/10.5812/ijem.84771
https://doi.org/10.1038/nature21363
https://doi.org/10.3389/fnagi.2014.00088
https://doi.org/10.1523/JNEUROSCI.3020-14.2014
https://doi.org/10.1194/jlr.M072454
https://doi.org/10.3233/JAD-122077
https://doi.org/10.1111/j.1471-4159.2009.06420.x
https://doi.org/10.1096/fj.201700984RR
https://doi.org/10.1016/S1471-4892(02)00009-7
https://doi.org/10.1016/j.neurobiolaging.2008.08.022
https://doi.org/10.1212/01.WNL.0000103860.75218.a5
https://doi.org/10.1037/a0017228
https://doi.org/10.1016/j.physbeh.2010.12.003
https://doi.org/10.1007/s10787-019-00580-x
https://doi.org/10.1186/s12974-015-0467-5
https://doi.org/10.1001/archneur.62.10.1556
https://doi.org/10.2147/DMSO.S216791
https://doi.org/10.1016/j.bbr.2012.07.017
https://doi.org/10.1002/ana.24271
https://doi.org/10.1073/pnas.1113359108
https://doi.org/10.1038/sj.ijo.0801377
https://doi.org/10.1016/j.bbadis.2020.165767
https://doi.org/10.1523/JNEUROSCI.2117-15.2016
https://doi.org/10.1371/journal.pone.0115922
https://doi.org/10.1016/j.cld.2017.08.003
https://doi.org/10.1016/j.molimm.2019.11.002
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles
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Purpose: Imaging of the choroid may detect the microvascular changes associated with
early-onset dementia (EOD) and may represent an indicator for detection of the disease.
We aimed to analyze the in vivo choriocapillaris (CC) flow density in EOD patients using
optical coherence tomography angiography (OCTA) and evaluate the association with its
clinical measures.

Methods: This cross-sectional study used the OCTA to image and analyze the
choriocapillaris (CC) of 25 EOD patients and 20 healthy controls. Choriocapillaris flow
density in the 3 mm area and 6 mm area was measured by an inbuilt algorithm in the
OCT tool. Brain volume using magnetic resonance imaging and cognitive assessment
was done and recorded.

Results: Significantly reduced capillary flow density of the choriocapillaris was seen
in EOD patients when compared to healthy controls in the 3.0 mm (P = 0.001) and
6.0 mm (P < 0.001) area respectively. Montreal Cognitive Assessment (MoCA) scores
in EOD patients positively correlated with choriocapillaris flow density in the 3 mm area
(Rho = 0.466, P = 0.021). Disease duration of EOD patients also negatively correlated
with choriocapillaris density in the 3 mm area (Rho = −0.497, P = 0.008).

Discussion: Our report suggests that choriocapillaris damage may be a potential
indicator of early-onset dementia. Microvascular impairment may be involved in the early
phase of dementia without aging playing a role in its impairment.

Clinical Trial Registration: www.ClinicalTrials.gov, ChiCTR2000041386.

Keywords: choriocapillaris flow density, Montreal cognitive assessment, duration, optical coherence tomography
angiography, hippocampus
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INTRODUCTION

With the major upsurge in the aging population, dementia
has been a major public health concern worldwide (Livingston
et al., 2017). However, the high prevalence of dementia in the
elderly can overshadow the importance of its occurrence in
younger patients. Early-onset dementia (EOD), which is defined
as dementia before age of 65 years old and often associated with
genetic factors, can provide critical biological mechanisms that
may apply to late-onset dementia (LOD). For instance, the high
prevalence of inherited dementias in younger patients has led to
the identification of causative genes and subsequent molecular
mechanism of direct relevance to the more common sporadic
disease seen in older patients.

Moreover, EOD is a good model to study the factors
interacting with both dementia and the aging process, such as
the vascular factor, whose contribution is often questioned in
the dementia pathogenesis since the vessels are also undergoing
degeneration during the aging process. Recent reports (Zlokovic,
2011; Laing et al., 2020) have shown that microvascular
influences affecting cerebral microcirculation may contribute to
the pathogenesis of dementia. Reports have also suggested that
decreased cerebral blood flow occurs before the onset of clinical
dementia which was trailed by decreased amyloid-beta clearance
resulting in neurotoxicity (Kalaria et al., 2012; Cunha et al.,
2017) making the possibility of vascular factor as a pre-clinical
dementia biomarker.

Visual dysfunction such as loss of vision has been reported
to be one of the earliest manifestations in dementia (Sadun
et al., 1987; Katz and Rimmer, 1989) and some have suggested
that these changes occur before the onset of dementia (Pillai
and Cummings, 2013; Tzekov and Mullan, 2014). Reports
have shown that these visual abnormalities are associated with
the degeneration of the brain’s visual pathway (Javaid et al.,
2016). Besides, recent reports have suggested that deposition
of amyloid in the brain also occurs in the optic nerve (second
cranial nerve) and retina which lead to neuroaxonal loss
(Koronyo-Hamaoui et al., 2011; Javaid et al., 2016). With
the association between the retina and the brain, in vivo
reports have shown the structural changes occur in the retinal
choroid during the pathogenesis of dementia (Bulut et al., 2016;
Cunha et al., 2017). Sequentially, the retinal choroid has been
proposed as a potential early and noninvasive microvascular
indicator in the eye for neurodegeneration in the brain because
of the abundance of microvasculature (Trebbastoni et al.,
2016; Cunha and Castanheira-Dinis, 2017). Nonetheless, the
clinical use of the retinal choroid as a reliable indicator
for dementia remains questionable given varying findings.
Previous reports focused predominantly on the total choroidal
thickness with little attention on the choroidal microvasculature
(choriocapillaris, CC).

Optical coherence tomography angiography (OCTA) allows
the noninvasive in vivo visualization of the multiple capillary
plexus in the retina and choroid. Previous reports have shown an
enlargement of the foveal avascular zone (FAZ) and significant
macula density loss in dementia patients; however, very little is
known of the choroidal microvasculature in dementia patients.

We hypothesize that the CC flow changemight be correlated with
the severity of EOD. In a cohort study of patients with EOD, we
aimed to assess the in vivo choriocapillaris flow density (CFD)
changes in early-onset dementia (EOD) patients and healthy
controls using OCTA.

MATERIALS AND METHODS

Study Design and Participants
In this study, we enrolled 28 EOD patients from the neurology
department of West China Hospital. Twenty healthy controls
were recruited as well. Demographic data such as body mass
index, education level, age, and gender were recorded. All
participants enrolled in this study underwent a Mini-Mental
State Examination (MMSE) and Montreal Cognitive Assessment
(MoCA). Clinical information of all participants was recorded.
All EOD patients met the diagnostic criteria of EOD (Rossor
et al., 2010) and the national institute of neurological speech
disorders and stroke (NINCDS-ADRDA; McKhann et al., 1984).
Subjects with histories of ocular or neurologic diseases that
could affect the results such as high refractive errors of
more than +5.0 or −6.0 diopters, age macular degeneration,
diabetic retinopathy, glaucoma, cataracts, corneal diseases,
cystic macular, coagulopathy, and uncontrolled hypertension
were excluded. Other exclusion criteria were as follows: a
history of symptomatic stroke or carotid stenosis of ≥50%,
and other neurological disorders; a history of brain trauma,
tumor. Intracranial infection and systemic inflammatory disease;
contraindication for MRI; alcohol or drug abuse, and psychiatric
disorders; local eye disorders that could cause optic fundus
disease such as various eye inflammatory responses or eye
surgeries (e.g., cataract extraction or laser surgery, severe
cataract, glaucoma) within 6 months before enrollment.
Healthy controls also followed the aforementioned exclusion
criteria; participants with uncontrolled hypertension were
also excluded. The study was approved by the Biomedical
Research Ethics Committee and the Committee on Human
Research of West China Hospital, Sichuan University (2020-
104). Informed consent was obtained from participants or
their guardians.

Three-Dimensional Magnetic Resonance
Imaging (MRI) Scanning and Brain Volume
Measurements
MRI scanning was performed on a 3-T MRI unit (Signa
750 W GE Healthcare, Milwaukee, WI, USA). The scanning
protocol was as follows: (i) whole brain 3 D-T1 BRAVO
sequence (TR/TE 8.5/3.2 ms; Prep time: 450 ms, flip angle 12◦;
voxel size 1.0 × 1.0 × 1.0 mm); (ii) T2 FLAIR (TR/TE/TI
9,000/95/2,474 ms; voxel size 0.93 × 0.93 × 5.0 mm; gap
1 mm); (iii) T2 propeller (TR/TE 5,039/110 ms; voxel size
0.58 × 0.58 × 5.0 mm; gap 1 mm); and (iv) 3D-ASL (TR/TE
4,809/10.7 ms; slice thickness 4 mm; Post label delay 2,024 ms;
arms 8; number of excitation 3) during resting state, subjects
were told not to concentrate on any particular subject, but just to
relax with their eyes closed. The complete scanning protocol took
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20 min. Brain structure volume was automatically measured by
AccuBrainTM brain structure volumetry tool (Abrigo et al., 2019)
as shown in Table 2 (Supplementary Figure 1).

Ophthalmic Examination
Enrolled participants underwent comprehensive ophthalmic
examination including intraocular pressure (IOP), visual
acuity under illumination, fundus imaging using the fundus
camera, and spectral-domain optical coherence tomography
examination.

Acquisition of OCTA Images
The RTVue XR Avanti Spectral Domain OCT system (Optovue,
Inc., Fremont, CA, USA) equipped with AngioVue software was
used to image each participant’s eye. While centered on the
fovea, Angio Retina 3.0 mm and HD Angio Retina 6.0 mm
were imaged in each participant. The choroidal microvessels,
choriocapillaris, were defined as the microvessels within the
Bruch’s membrane and the upper boundary of the stroma
(Figure 1). Motion correction and 3D projection artifact
reduction were done by the Avanti system of the OCTA tool.
The choriocapillaris (CC) was evaluated by the in-built software
of the OCTA tool as previously detailed (Yang et al., 2019).
The capillary density in the CC was defined as the percentage
(%) occupied by the microvasculature in the analyzed area
i.e., 3 × 3 mm and 6 × 6 mm. Images with signal quality
(SQ) less than 6 were excluded (Lim et al., 2018). Images with
motion artifacts seen on the en face images or irregular/blurred
segmentation of the choriocapillaris were also excluded from
our data analyses. Images included in our data analyses were of
good quality.

Statistical Analyses
SPSS software (version 22) was used to perform statistical
analyses. Data were expressed as the mean ± standard deviation
(SD). A generalized estimating equation (GEE) was used to
compare the differences between the choriocapillaris flow density
(both 3 mm2 and 6 mm2) between the healthy controls and
the EOD group while adjusting for inter-eye dependencies, SQ,
and risk factors (hypertension, diabetes, age, and gender, and
educational level). Pearson correlation was used to evaluate the
association between the OCT parameters, MRI variables, and
clinical variables in EOD participants. P-values less than 0.05
(P < 0.05) were considered to be statistically significant.

RESULTS

A total of 28 EOD patients were screened and three EOD patients
were excluded because of incompletion of OCTA examination.
Twenty-five EOD patients (mean age 61.0 ± 5.5 years)
and 20 healthy controls (HC, mean age 58.1 ± 3.0 years)
were included in the final analyses (Table 1). The mean
duration of EOD patients was 2.4 ± 1.56 years; their mean
cognitive assessment scores were as follows: MMSE score
=12.62 ± 5.04 and MoCA score = 11.15 ± 8.06 as shown in
Table 1.

Forty-one eyes from 25 EOD patients and 39 eyes from
20 healthy controls were included in our data analyses. Ten eyes

TABLE 1 | Baseline characteristics of the study population.

EOD HC P-value

Number 25 20
Number of eyes 41 39
Gender 15/10 11/9
Age (years) 61.04 (5.45) 58.14 (2.98) 0.063
Education

Illiteracy 3 2
Elementary school 5 4
Middle school and higher 17 14

Duration (years) 2.4 (1.56)
MMSE score 12.62 (5.04) 28.29 (1.33) <0.001
MoCA score 11.15 (8.06) 26.71 (1.33) <0.001

Ophthalmology exam

IOP (mmHg) 13.84 (2.01) 14.01 (1.98) 0.862
VA (Snellen chart) 0.70 (0.27) 1.04 (0.11) <0.001
VA (LogMAR) 0.16 (0.16) -0.18 (0.05) <0.001

Descriptive statistics were calculated using mean (SD) for continuous variables.
Abbreviations: AD, Alzheimer’s disease; HC, healthy controls; MMSE, Mini-Mental State
Examination; MoCA, Montreal Cognitive Assessment; IOP, intraocular pressure; VA, visual
acuity; LogMAR, logarithm of the minimum angle of resolution.

TABLE 2 | Magnetic resonance imaging variables of EOD patients.

MRI variables Mean (SD)

Volume (ml)
Total volume with CSF 1, 373.84 (124.97)

Total volume 1, 027.59 (99.21)

Hippocampus 5.63 (1.05)

Left hippocampus 2.78 (0.51)

Right hippocampus 2.85 (0.57)

Ratio
Total volume with CSF 98.72 (6.4)

Total volume 72.47 (11.68)

Hippocampus 0.43 (0.13)

Left hippocampus 0.23 (0.16)

Right hippocampus 0.24 (0.16)

MRI, magnetic resonance imaging; CSF, cerebrospinal fluid.

were excluded owing to poor image quality (SQ < 6) and
motion artifacts. EOD patients (7.70 ± 1.09) had significantly
lower (P < 0.001) SQ when compared with healthy controls
(8.90 ± 0.88). Demographics, clinical variables, and MRI
parameters are shown in Table 1. Figure 1 shows the en face
OCTA image of the choriocapillaris and the angiograms of
the choriocapillaris flow area (yellow) in EOD and healthy
controls. Interrupted choriocapillaris was seen in the en
face OCTA image of EOD patients while showing reduced
choriocapillaris flow area when compared with healthy controls
(Figure 1).

Comparison of OCTA Parameters Between
EOD and Healthy Controls
EOD patients (63.79 ± 4.16%) showed significantly reduced
choriocapillaris density (P = 0.001, Table 3) in the 3 × 3 mm
area when compared with healthy controls (67.20 ± 3.08%).
In the 6 × 6 mm area, EOD patients (66.35 ± 3.15%)
also showed significantly reduced choriocapillaris density
(P < 0.001, Table 3) when compared with healthy controls
(70.85 ± 1.85%).
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FIGURE 1 | Segmentation and representative image of the choriocapillaris (CC). The choriocapillaris is the microvessels within the Bruch’s membrane and the upper
boundary of the stroma. Early-onset dementia (EOD) showed interrupted choriocapillaris in the optical coherence tomography angiography (OCTA) image. The CC
flow showed reduced choriocapillaris density when compared with healthy controls.

TABLE 3 | Comparison of the choriocapillaris flow density.

EOD HC P-value

Choriocapillaris 3 mm, % 63.79 (4.16) 67.20 (3.08) 0.001
Choriocapillaris 6 mm, % 66.35 (3.15) 70.85 (1.86) <0.001

Data were adjusted for inter-eye dependencies, SQ, risk factors (hypertension, diabetes,
age, and gender), and educational level. Abbreviations: EOD, early-onset dementia; HC,
healthy control; SQ, signal quality.

TABLE 4 | Correlation between choriocapillaris densities, MRI variables and
clinical variables.

MoCA P-value

CC%, 3 × 3 mm 0.466 0.021
CC%, 6 × 6 mm 0.321 0.118

Duration P-value

CC%, 3 × 3 mm −0.497 0.008
CC%, 6 × 6 mm −0.301 0.094
Total hippocampus ratio 0.489 0.039
Ratio hippocampus volume (ml) 0.519 0.019

CC, choriocapillaris; MoCA, Montreal cognitive assessment.

Association Between Choriocapillaris
Densities and Clinical Variables
MoCA scores in EOD patients positively correlated with
choriocapillaris flow density in the 3 mm area (Rho = 0.466,
P = 0.021; Table 4) but did not significantly correlate with
choriocapillaris flow in the 6 mm area (Rho = 0.321, P = 0.118;
Table 4). Visual acuity (LogMAR) in EOD patients also
significantly correlated with the choriocapillaris flow density in
the 6 mm area (Rho = −0.222, P = 0.001). Disease duration
of EOD patients also negatively correlated with choriocapillaris
density in the 3 mm area (Rho = −0.497, P = 0.008; Table 4) but

not with the choriocapillaris of the 6 mm area (Rho = −0.301,
P = 0.094; Table 4).

Association Between MRI Variables and
MoCA Scores
MoCA scores showed significant correlation with the ratio of
total hippocampus (Rho = 0.489, P = 0.039; Table 4) and
right hippocampus volume (Rho = 0.519, P = 0.019; Table 4)
respectively in EOD patients.

DISCUSSION

Our current study assessed the in vivo choriocapillaris
density in EOD patients and the association with its clinical
variables. Compared with healthy controls, EOD patients had
significantly reduced choriocapillaris flow density. Moreover,
the choriocapillaris flow density was negatively correlated with
the disease duration and severity of cognitive impairment
using MoCA respectively. Our data add to the notion that
there is a significant difference in the choriocapillaris changes
between EOD and healthy controls. Taken together with the
structural choroidal changes that occur in dementia patients,
our study suggests that choriocapillaris changes assessed with
the OCTA may be potentially useful in monitoring the course of
the disease.

The choroid, which lies between the retina and outer layer
of the eye, accounts for the majority of blood supply to the
retina. It is responsible for the blood supply to the outer
retina which includes the retinal pigment epithelium (RPE)
and photoreceptors, and some portions of the inner retina
(McLeod and Lutty, 1994). OCTA has been reported to be a
convenient and invasive method to screen andmonitor dementia
development (Zhang et al., 2020). Our current study used an
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in-built software in the OCTA tool to assess the choriocapillaris
blood flow in EOD patients which helps the reduction of
projection artifacts. The choriocapillaris flow density data and
motion artifacts were corrected with the in-built algorithmwhich
made our measurements more reliable as previously reported
(Zhang et al., 2016). Our study showed that EOD patients had
significantly reduced choriocapillaris density when compared
with healthy controls suggesting that microvascular changes in
the choriocapillaris could be a useful indicator for understanding
the pathological mechanism assessing the disease. Our study
expands the understanding of the microvascular changes which
occur in the eye of EOD and how these changes could be useful
indicators for assessing the disease.

The cerebrovascular mechanism of dementia was proposed
for decades (Raz et al., 2016). The most controversial issue of
vascular mechanism in dementia is the role of aging in vascular
impairment; it has been shown that aging has a great effect on
microvessels thus lowering their importance in the pathogenesis
of dementia. Aging, which causes the atrophy of vessels, creates
an ischemic condition that affects the choroid, the powerhouse
of blood supply in the eye as previously reported (Wildsmith
et al., 2013). The significant reduction in the choriocapillaris flow
area after adjusting for age shows that EOD primarily affects the
choriocapillaris without the effect of the aging process. With the
choroidal vessels being the powerhouse of the posterior segment,
our report suggests that the choriocapillaris is significantly
affected in EOD. As such, the significant reduction in the flow
density of the choriocapillaris of our EOD patients may be
due to the distinctive microvascular pathology associated with
dementia itself.

Fundamental methods for diagnosis of AD are based
on neuropsychological assessment such as Mini-Mental
State Examination scores (MMSE; Pasi et al., 2015) and
Montreal Cognitive Assessment (MoCA; Horton et al., 2015),
which are used to evaluate the cognitive status in dementia
patients. The association between OCT parameters and these
neuropsychological assessments can be useful in the clinical
evaluation and monitoring of patients with dementia, as the
severity of cognitive impairment can be measured. A novel
finding in our current study was an association shown between
the choriocapillaris flow density and the MoCA scores. The
association between MoCA scores and choriocapillaris may
suggest that MoCA is sensitive to microvascular damage as
previously reported (Pasi et al., 2015). Our present study also
showed that disease duration was associated with reduced
choriocapillaris flow density; the negative association suggests
that the longer the duration of dementia, the greater the
reduction in choriocapillaris flow density in EOD patients and
vice versa.

Besides, our current study found a significant correlation
between reduced visual acuity and choriocapillaris flow density
in EOD patients indicating that dysfunction of vision is
associated with reduced choriocapillaris flow density. Visual
dysfunction such as loss of visual acuity has been reported
to be one of the earliest clinical manifestations in dementia
(Sadun et al., 1987). Instances where retinal homeostasis is
impaired by the development and progression of a disease, the

outer retina (mainly the photoreceptors, which is responsible
for the acuity of vision and receives its oxygenation from the
choriocapillaris) may be highly susceptible to modifications in
the microcirculation of the choroid (Soukup et al., 2019). As
such, we speculate that reduced choriocapillaris flow density in
EOD contributes to dysfunction of vision in the disease cascade
of dementia.

Hippocampal atrophy, a marker which can be assessed with
MRI, is often used as an indicator for neurodegeneration in
dementia. Accumulating MRI studies (Du et al., 2001; van de Pol
et al., 2007) have shown significant reduction of hippocampal
volume in dementia patients when compared with healthy
controls. Our current study found positive correlation between
MoCA score and total hippocampal ratio in EOD patients;
we also showed that smaller right hippocampal volume was
associated with MoCA scores in EOD patients. The degeneration
of hippocampal volume is often associated with cognitive
impairment where both positive and negative relationships have
been found (Van Petten et al., 2004). However, the positive
correlation seen in our report suggests that reduced MoCA
scores reflects the hippocampal structure in EOD patients and
vice versa.

The major limitation of the study is the observational cross-
sectional design. Another limitation is our small sample size.
Thus, longitudinal studies with larger sample sizes are needed
to validate our speculations. Our study did not evaluate the
thickness of the choroid, deeper vessels of the choroid, and outer
retina; we used the in-built software of the OCTA tool which
provides the microvascular density of the choriocapillaris. The
wavelength of the OCTA is not long enough to penetrate deeper
into the choroid to image the deeper vessels of the choroid.
Although previous reports have shown choroidal thinning in
dementia/AD, these reports used different OCT machines or
external software to segment and give a report on the choroid.
Our current study relied on the in-built software of the OCTA
machine which could give data on the choriocapillaris, the
superficial microvasculature of the choroid, which is found
beneath the Bruch membrane; therein, future studies are needed
to evaluate the choroidal and outer retinal thickness with the
microvasculature of the choroid. Our current report did not
assess the microvasculature of the brain and is another limitation
in our study. In vivo imaging of the cerebral microvasculature is
extremely challenging due to the extremely scattering properties
of the skull and the relatively high optical density of the brain
cortex. Besides, the size of the cerebral microvasculature is small
(3—7 µm in diameter) and in vivo imaging may be challenging
due to the resolution of the MRI tool. The inclusion of dementia
patients with a different genemutationmay be another limitation
in our study.

In conclusion, our study showed that EOD patients have
significantly reduced choriocapillaris flow density. Our report
suggests that choriocapillaris damage may be a potential
indicator of early-onset dementia and its impairment may be
involved in the earliest phase of dementia without aging playing
a role in it. We also showed that microvascular damage in the
choriocapillaris is associated with cognitive impairment using
MoCA. Our study suggests that imaging of the choriocapillaris
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may help in monitoring the disease progression and facilitate the
evaluation of some therapies for dementia.
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There is growing consensus that certain lifestyles can contribute to cognitive impairment
and dementia, but the physiological steps that link a harmful lifestyle to its negative
impact are not always evident. It is also unclear whether all lifestyles that contribute to
dementia do so through the same intermediary steps. This article will focus on three
lifestyles known to be risk factors for dementia, namely obesity, sedentary behavior, and
insufficient sleep, and offer a unifying hypothesis proposing that lifestyles that negatively
impact cognition do so through the same sequence of events: inflammation, small
vessel disease, decline in cerebral perfusion, and brain atrophy. The hypothesis will
then be tested in a recently identified risk factor for dementia, namely hearing deficit. If
further studies confirm this sequence of events leading to dementia, a significant change
in our approach to this debilitating and costly condition may be necessary, possible,
and beneficial.

Keywords: obesity, sedentary lifestyle, sleep insufficiency, inflammation, cerebral small vessel disease, cerebral
blood flow, cognitive decline, a unifying hypothesis

INTRODUCTION

Dementia is a growing problem. It impacts the individual, his or her family, and the society they
live in. Certain lifestyles have been confirmed to contribute to dementia, but the steps leading from
the harmful lifestyle to its cognitive impact have not always been clear. This review proposes a
stepwise progression from three selected lifestyles to their cognitive impact. It also suggests that the
same process links all harmful lifestyles to their negative impacts on memory function.

Dementia represents a significant personal, family, and social burden, and the number
of people with dementia is rising in many parts of the world (Patterson, 2018). One
major factor leading to this increase is the longer life expectancy seen in many regions
(Beltrán-Sánchez et al., 2015). As a result, the number of people with dementia has doubled since
1990 (GBD 2016; Dementia Collaborators, 2019). In contrast, there is growing consensus in the
literature that dementia is not an inevitable companion to old age (Qiu and Fratiglioni, 2018).
Rather, cognitive decline appears more likely when certain lifestyles have been present (Laurin
et al., 2001; Serrano-Pozo and Growdon, 2019; Smith, 2019). This realization has shifted the
scientific and social discourse in dementia from the search for a therapy to promoting prevention
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of the condition. The 2020 report of the Lancet Commission
identified twelve potentially modifiable risk factors for dementia
including less education, hypertension, hearing impairment,
smoking, obesity, depression, physical inactivity, diabetes, and
low social contact (Livingston et al., 2020), and suggested that
40% of worldwide dementias may be due to these factors.

Research has also provided two additional important
observations relevant to the etiology of dementia. The first was
that drugs that successfully eliminated cerebral accumulations
of beta amyloid have so far shown only modest impact on
cognitive deficits (Oxford et al., 2020), although trials are still
ongoing. Ever since the original description that these proteins
were present in the brains of individuals dying with dementia,
they were considered to be etiologically significant in inducing
dementia, and the modest impact they have had to date has
forced a reappraisal of our approach to dementia.

The second landmark observation was that a decline in
cerebral blood flow (CBF) was an early cerebral event that
heralded the decline in cognitive function and may precede the
appearance of the clinical syndrome by many years (Iturria-
Medina et al., 2016). This finding confirmed that vascular
insufficiency is a major etiologic factor that anticipates the onset
of cognitive deficits, and that the protein deposits found in the
brain of demented individuals were more likely a consequence
of the disease rather than its cause. While this was a major step
forward in our understanding of the etiology of dementia, it
left open the question: do all harmful lifestyles lead to cerebral
hypoperfusion? If so, what are the physiological mechanisms that
lead to the decline in CBF when a harmful lifestyle has persisted?

Several publications have proposed that inflammation may
be the link between lifestyle, genetics, and Alzheimer’s disease
(Uzoni et al., 2015; Newcombe et al., 2018), but the mechanisms
that link inflammation to this outcome are not clear. This
review will focus on 3 lifestyle factors that negatively impact
cognition, namely obesity, sedentary behavior, and insufficient
sleep. In each case, a summary of the research associating the
lifestyle to subsequent cognitive decline will be presented, and
the impact of the lifestyle on cerebral vascular perfusion will be
explored. The potential mechanisms linking the lifestyle to its
eventual impact on perfusion will then be reviewed. A unifying
hypothesis will be proposed, namely, that all lifestyles that
negatively impact cognition do so through the activation of
inflammatory factors, which then lead to small vessel disease,
resulting in a reduction in cerebral perfusion and causing atrophy
of structures essential for normal cognition (Figure 1). The
evidence supporting this hypothesis for the three chosen lifestyles
will be presented, and its potential application in the setting
of hearing deficit, a newly identified risk factor for dementia,
will then be explored. As well, the implications of this renewed
understanding of dementia for the individual and for society
will be presented.

OBESITY

After some debate on the matter, it is now well accepted that
obesity is associated with cognitive decline (Whitmer et al., 2008).

The debate was triggered by a report that obesity may in fact
reduce the risk for dementia (Qizilbash et al., 2015), but a number
of methodological oversights were subsequently identified in this
publication, pointing especially to the fact that a reduction in
weight may occur in those affected by dementia (Singh-Manoux
et al., 2018), implying that lower weight in later life may be due
to the illness and consequently cannot be used to describe the
association of obesity with dementia.

Studies recognizing that obesity in early and middle years
negatively impact later cognitive abilities leave no doubt as to the
long-term impact of obesity on memory functions, reestablishing
obesity as a major risk factor for dementia (Xu et al., 2011; Kerti
et al., 2013; Schwartz et al., 2013; Martin and Davidson, 2014).

The importance of this association is partly due to the growing
problem of obesity in many jurisdictions. In the United States,
in 2010, 35.5% of men and 35.8% of women satisfied the
criteria for obesity (body mass index (BMI) of 30 or more)
(Flegal et al., 2012), with a clear trend for increasing prevalence
of obesity between 1999 and 2012 in both men and women
(Ford et al., 2014).

The presence of inflammatory mediators in obesity is so
well established that adipose tissue is now considered to be an
immune organ (Makki et al., 2013). In their extensive review
on the topic of inflammation in obesity, Chait and Hartigh
(2020) point out that inflammation associated with adipose tissue
is chronic, sterile, low grade and impacts function of liver,
muscle, and pancreas. Visceral adipose tissue is associated with
secretion of inflammatory cytokines, and the elevated levels of
C-reactive protein (CRP) and serum amyloid A are likely in
response to the interleukin-6 (IL-6) secretion from the adipose
tissue (Gu et al., 2018b). As well, tumor necrosis factor alpha
(TNFα) levels positively correlate with adiposity, BMI, insulin
levels, and insulin resistance (Zahorska-Markiewicz et al., 2000;
Kern et al., 2001).

A positive feedback loop may link inflammation and obesity.
Genetic polymorphisms near a central regulator of inflammatory
cell function that coordinates inflammation is associated with
obesity in humans, and silencing it in the laboratory setting
reduces obesity (Karunakaran et al., 2020). This points to the
complex relationship between inflammation and obesity.

Recent literature emphasizes the fact that small vessel disease
is a consequence of systemic inflammation (Gu et al., 2018a).
Small vessel disease (SVD) refers to any pathologic process that
damages small end arteries, arterioles, venules, and capillaries
(Poggesi et al., 2012). Rouhl et al. (2012) confirmed the activation
of an inflammatory process in 163 patients suffering their first-
ever lacunar stroke, and this was followed a few short years later
by a study in patients who suffered traumatic brain injury which
confirmed that acute cerebral blood flow was a biomarker of
underlying neuroinflammatory pathology (Sankar et al., 2019).
Thus, inflammatory mediators are mechanistically associated
with both SVD and reduced CBF.

Vermeer et al. (2007) included obesity in the list of lifestyles
that are associated with SVD in the brain, evidenced on
MRI by white matter hyperintensities. This association has
been confirmed by other investigators (Yamashiro et al., 2014).
Elevated BMI is also known to be associated with decreased
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FIGURE 1 | Illustration of a unifying hypothesis that proposes lifestyles that negatively impact cognition do so through the same sequence of events: inflammation,
activation of the interleukin pathway, small vessel disease, damage to endothelial cells, decline in cerebral perfusion, and brain atrophy. Three harmful lifestyles are
shown, obesity, sedentary behavior and insufficient sleep, all of which are potentially reversible therefore offering an opportunity for meaningful therapeutic
interventions. Cerebral amyloidosis may play a synergistic role in this sequence however this phenomenon is currently not reversible. Figure was made in
BioRender.com.

blood flow in the prefrontal cortex of otherwise healthy adults
(Willeumier et al., 2011), and a more recent evaluation using
single photon emission computed tomography (SPECT) showed
that higher BMI correlated with decreased perfusion in virtually
all brain regions (Amen et al., 2020). Perhaps not surprisingly,
given these facts, obese individuals had lower total cerebral brain
volume compared to metabolically healthy non-obese individuals
(Angoff et al., 2019), and Hamer and Batty (2019) reported that
higher levels of all obesity measures were related to lower gray
matter volume in many brain regions, an observation confirmed
by Dekkers et al. (2019). Stanek et al. (2011) reported that a “(BMI
X age”) interaction was noted in the corpus callosum, implying
that damage to certain brain structures increases with both the
degree of obesity and its duration.

In conclusion, obesity as a risk factor for cognitive decline
would seem to fit well into the working hypothesis proposed
here, namely that a specific physiological sequence, triggered
by inflammation and resulting ultimately in brain atrophy,

underlies the progression from the risk factor to the eventual
cognitive decline.

SEDENTARY LIFESTYLE

Sedentary behavior refers to activities that do not substantially
increase energy expenditure above the resting level (Pate et al.,
2008). In 2011, Barnes and Yaffe (2011) projected the impact
of risk factor reduction on the prevalence of dementia and
proposed that in North America, 21% of dementias could
be attributed to physical inactivity. More recently, a study in
Swedish women showed that 32% of those with low peak
fitness, 25% with medium and 5% with high fitness subsequently
developed dementia (Horder et al., 2018). In a systematic review
and meta-analysis, Sanders et al. (2019) suggested a dose-
response relationship between exercise and cognitive function,
confirming the conclusion from a 10-year follow-up study by
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Hamer et al. (2018) which showed that memory and executive
function were preserved by physical activity.

There is abundant literature confirming that sedentary
behavior is associated with an inflammatory environment, and
that exercise has anti-inflammatory benefits. After adjusting
for all potential extraneous factors, sedentary behavior was
associated with higher levels of TNFα and leptin (Allison et al.,
2012). Henson et al. (2013) showed that sedentary time was
detrimentally associated with levels of CRP, IL-6, and leptin. This
was followed by a study in which reallocating 30 min of sedentary
time to moderate and vigorous physical activity was associated
with a more favorable inflammatory profile, characterized by
higher adiponectin and lower complement component C3, leptin,
and IL-6 (Phillips et al., 2017). Parsons et al. (2017) confirmed
in the same year that sedentary activity was associated with
higher levels of IL-6, CRP, and tissue plasminogen activator
(tPA), while higher total physical activity levels were associated
with lower levels of these inflammatory mediators. In 2018, Tsai
et al. (2017) reported that an acute bout of aerobic exercise
significantly increased serum levels of brain derived neurotrophic
factor (BDNF) and insulin-like growth factor 1 (IGF-1), which
may counter the inflammatory environment.

The literature linking prolonged sitting with a decline in
cerebral perfusion is extensive. Carter et al. (2018) reported
a significant decline in blood flow velocity in the middle
cerebral artery when sitting is uninterrupted, compared with
2-min light intensity walking breaks every 30 min. The benefit
disappeared if the sitting period was prolonged. Zlatar et al.
(2019) confirmed that longer sedentary time was significantly
associated with lower CBF in lateral and medial frontal regions,
which confirmed the earlier work by Bailey et al. (2013) showing
that sedentary aging is associated with a longitudinal decline
in CBF. Finally, the literature has persistently confirmed the
positive impact of regular physical activity on CBF (Kleinloog
et al., 2019; Hartman et al., 2020; Maasakkers et al., 2020;
Steventon et al., 2020).

White matter hyperintensity volume in the brain is higher
with longer sedentary time, and the relationship appears to
be modulated by kidney function (Bronas et al., 2019). Rhyu
et al. (2010) showed in monkeys that exercise increased the
vascular volume fraction in the motor cortex, a response that
disappeared after a 3-month sedentary period. Burzynska et al.
(2016) reported that moderate to vigorous physical activity was
associated with lower white matter hyperintensity volume in
healthy older adults, and a randomized controlled trial in older
women showed that resistance training reduced the progression
in white matter hyperintensity (Bolandzadeh et al., 2015).

The association of sedentary behavior with brain atrophy
is also amply evidenced in the literature. Siddarth et al.
(2018) reported that the thickness of the medial temporal lobe,
the parahippocampal and entorhinal regions and subiculum
correlated inversely with hours of sitting per day. Hashimoto et al.
(2016) investigated the relationship between physical activity and
hippocampal volume and concluded that hippocampal atrophy
was associated with physical inactivity. A review by Cooper
et al. (2018) confirmed that running improves hippocampal
neurogenesis, neural circuitry, and synaptic plasticity. In a

sub-sample from the Reykjavik Study cohort, Arnardottir et al.
(2016) showed that more gray and white matter volumes at
baseline were associated with more total physical activity, and
the 5-year change in MRI-derived white matter volume was
associated with total physical activity. The authors summarize
their findings by confirming that a robust association exists
between brain atrophy and lack of physical activity.

SLEEP INSUFFICIENCY

Sleep is essential, and enough of it is crucial for cognitive
function. The brain uses sleep as an opportunity to rid itself
of metabolites that accumulated during wakefulness (Xie et al.,
2013), repair connections that may have been damaged (Bellesi
et al., 2013), and consolidate learning acquired during the day
(Yang et al., 2014).

Many environmental factors can interfere with the adequacy
of sleep, including the use of technology (Gamble et al., 2014),
the consumption of stimulants (Ogeil and Phillips, 2015), and
environmental noise (Hume et al., 2012). Short sleep duration
and disturbed sleep, when chronic, are related to several
cardiovascular (Huang L.-K. et al., 2020; Huang T. et al., 2020),
metabolic and neuropsychiatric diseases (Irwin, 2015). As well,
a number of medical conditions can render sleep inadequate,
most prominently sleep apnea (Dempsey et al., 2010), and restless
leg syndrome (Guo et al., 2017). In studying the impact of
sleep disturbances on inflammation or small vessel disease, it is
important but often difficult to separate the contribution made
by any underlying medical condition from that made by the
associated sleep derangement. For example, obstructive sleep
apnea does indeed impact sleep adequacy, but it also triggers
hypoxia, and it becomes difficult but important to take that into
account when studying the impact of sleep on cognition.

With these limitations in mind, there is ample evidence that
poor sleep quality is associated with a reduction in cognitive
functions (Lim et al., 2013; Osorio et al., 2015). Sleep promotes
the formation of dendritic spines to consolidate learning into
long-term memory (Yang et al., 2014), and poor sleep quality and
duration interrupt this process. Adequate sleep also promotes
inflammatory homeostasis and by contrast, insufficient sleep
activates several inflammatory mediators and can lead to systemic
and chronic low-grade inflammation (Besedovsky et al., 2019).
Sleep duration of less than 5 h elevates the body’s inflammatory
burden including elevations in CRP, IL-6 and TNFα (Smagula
et al., 2016). Disturbed sleep and insomnia are also strongly
associated with upregulation of CRP and IL-6 (Irwin et al., 2016).
Adolescents are not spared: compared to controls, those suffering
from insomnia and short sleep duration exhibit systemic
inflammation and significantly higher CRP level (Fernandez-
Mendoza et al., 2017; Slavish et al., 2018). In a systematic
review of the topic, extreme long sleep duration as well as sleep
disturbance and shorter sleep duration were associated with
higher levels of CRP and IL-6 (Irwin et al., 2016). Telomere length
is an index of cellular aging, and since ongoing inflammation is
known to contribute to telomere dysfunction (Jose et al., 2017),
it is not surprising that shortened sleep has been shown to
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contribute to shortening of the telomere (Kaszubowska, 2008;
Childs et al., 2015).

Brain atrophy is evident in those who are perennially sleep
deprived (Sexton et al., 2014; Gelber et al., 2015). This is
presumed to be a consequence of small vessel disease, and several
studies have shown an association between poor sleep quality
and the severity of white matter hyperintensities noted on MRI
(Ramos et al., 2014; Del Brutto et al., 2015). Each hour of
reduced sleep duration significantly augmented the expansion
rate of the ventricles (Lo et al., 2014). Fjell et al. (2020) correlated
self-reported sleep measures with MRI-derived hippocampal
volumes in more than 3000 cognitively normal participants and
reported that worse sleep characteristics correlated with greater
hippocampal volume loss. In restless leg syndrome, a major cause
of sleep disturbance, the longer the duration of the condition
the more likely it was to be accompanied by brain small vessel
disease (Ferri et al., 2016), and obstructive sleep apnea, when
moderate to severe, has also been reported as an independent
risk factor for the development of cerebral white matter changes
(Kim et al., 2013).

The impact of sleep disturbances on CBF has been studied in
acute sleep deprivation and in the setting of sleep apnea. Regional
cerebral perfusion was reduced after acute sleep deprivation
(Zhou et al., 2019), and patients with insomnia showed a
consistent pattern of hypoperfusion across 8 pre-selected cerebral
regions, with deactivation in the basal ganglia being particularly
pronounced (Smith et al., 2002). In untreated obstructive sleep
apnea, CBF was significantly lower in multiple brain regions, and
the hypoperfusion partially reversed when treatment of the apnea
was instituted (Kim et al., 2017). Using SPECT, Joo et al. (2007)
showed that in patients suffering with obstructive sleep apnea
regional CBF was reduced in bilateral hippocampal gyri and other
regions involved in memory function, spatial learning, executive
function, and attention. This association of sleep disturbance with
reduced CBF in brain regions essential for cognitive functions has
subsequently been confirmed (Baril et al., 2015).

DISCUSSION

The 2020 Lancet Commission Report lists 12 modifiable risk
factors that are associated with cognitive decline. The Report
states that together these account for 40% of worldwide
dementias (Livingston et al., 2020). The report also emphasizes
that the number of people with dementia is rising and stresses
the importance of considering a life course model for these
modifiable risk factors. The report gives the example of weight
and blood pressure, which usually fall in later life, and warns
that lower weight in later life might signify illness, not an
absence of risk.

The three lifestyles chosen for discussion here were included in
the Lancet Commission report as contributing to dementia. Their
prevalence in society is increasing. Particularly in western society
the populations are becoming more obese (Mitchell et al., 2011),
more sedentary (Owen et al., 2010), and the demands of work
and other responsibilities frequently interfere with the adequacy
of sleep (Bixler, 2009). Taking these 3 lifestyles as prototypes for

those that contribute to a decline in cognition, a sequence of
events is proposed to explain how a harmful lifestyle leads to this
unfortunate outcome.

The hypothesis offered suggests that the offending lifestyle
leads to the persistent generation of inflammatory mediators
that are harmful to the viability of small vessels. Several articles
have confirmed the link between small vessel disease and the
white matter hyperintensities seen on MRI (Verhaaren et al.,
2015; Wardlaw et al., 2015; Rosenberg et al., 2016; ter Telgte
et al., 2018). It is proposed that small vessel disease eventually
leads to a decline in CBF, followed by atrophy of cerebral
structures essential for cognitive function. Our hypothesis does
not necessarily imply the activation of neuroinflammation but
may lead to it subsequently (Low et al., 2021).

The pathophysiologic sequence of events proposed here is
evident with each of the harmful lifestyles selected, but the
hypothesis that this sequence of events occurs with every harmful
lifestyle will only be confirmed when longitudinal studies make
the relevant measurements, in the same population, starting
with cognitively normal individuals and following them with
simultaneous periodic measurements of cognitive function,
inflammation profile, the viability of cerebral small vessels,
determination of regional CBF, and measurement of the volume
of brain structures relevant to cognitive function. The success of
any interventional studies to modify the course of dementia can
only be judged against this information.

Ever since the description of the extracellular amyloid plaques
and the intracellular tau neurofibrillary tangles accumulating
in the brains of Alzheimer patients, the therapeutic emphasis
has been on eliminating them from the brain. Several drug
trials have now been completed which targeted these proteins
without significant favorable impact on the cognitive deficits
of the patients (Yiannopoulou et al., 2019). Nonetheless,
cerebral amyloidosis and other causes of inflammation can have
synergistic deleterious effects on cognitive function. To this date
however, the only effective approach to avoiding or delaying
dementia may be the correction of lifestyles known to contribute
to cognitive decline.

In a major study made possible by the Alzheimer Disease
Neuroimaging Initiative (ADNI), which collected information on
several brain parameters starting with cognitively normal patients
and following them as their cognitive functions declined, it was
shown that these proteins accumulated late, following several
physiological events in the brain, with the initial trigger to the
entire cascade being a decline in CBF, an event that preceded
the appearance of the clinical syndrome by years (Iturria-Medina
et al., 2016). The hypothesis presented here is further upstream
from the decline in CBF and seeks to link lifestyles known to be
harmful to cognition into current accepted knowledge.

To explain the link between dementia risk factors and the
reduction in CBF, investigators have explored the longitudinal
relationship between the presence of cerebral small vessel disease
and the decline in CBF, particularly with a view to determining
which is cause and which is effect. Shi et al. (2016) performed
a systematic review of studies that assessed CBF in small vessel
disease, and their results suggest that hypoperfusion in the whole
brain and low cortical blood flow is likely a consequence of
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white matter hyperintensities. Van der Veen et al. (2015) had
a year earlier shown that larger periventricular and deep white
matter hyperintensities were associated with a decline in CBF
4 years later, but reduced baseline CBF was not associated
with progression of lacunes and white matter hyperintensities.
The consensus then appears to be that small vessel disease
(SVD) precedes the decline in CBF, lending support to the
hypothesis proposed here.

Endothelial cells form the main barrier between the circulating
blood and the vessel wall, and they are the primary target
of inflammation (Steyers and Miller, 2014). Inflammatory
markers have been associated with periventricular white matter
hyperintensities, the main MRI signature of SVD in the brain
(Rosano et al., 2012). Several abnormalities in the interleukin
pathways have been linked to SVD including TNFα, IL-10,
and IL-21 (Swardfager et al., 2017). Flex et al. (2014) had
linked proinflammatory gene polymorphisms to dementia, and
C-reactive protein is considered an endothelial toxin that is
predictive of SVD (Mitaki et al., 2016). It is therefore no surprise
that midlife systemic inflammation has been associated with the
appearance of SVD in later life (Walker et al., 2017).

The idea that harmful lifestyles lead to inflammation was
emphasized by a number of investigators, most prominently
by Littman a number of years ago (Littman et al., 2007),
and more recently by Newcombe et al. (2018), and then
Nivukoski et al. (2019).

The link between inflammation and subsequent dementia
extends to systemic conditions associated with inflammation,
including inflammatory bowel disease (Zhang et al., 2020),
and rheumatoid arthritis (Sangha et al., 2020), both of which
have been associated with a higher dementia risk. This led
to several attempts to treat Alzheimer’s disease by targeting
neuroinflammation (Ardura-Fabregat et al., 2017), but none were
sufficiently promising to merit further assessment.

If the hypothesis offered here is to be truly universal, each
of the 12 harmful lifestyles identified in the Lancet Report
should be shown to be associated with inflammation and its
consequences as proposed here. That is beyond the scope of this
review, but inflammation is known to occur in most dementia
risk factors identified by the Lancet Report, including excessive
alcohol intake, smoking, depression, diabetes, and air pollution.
Less education, identified as a risk factor for dementia, may lead
to poverty which may lead to SVD through the more affordable
pro-inflammatory fat-laden and heavily processed diet.

One cognitive risk factor identified in the Lancet Report
that may not at first glance fit into the proposed hypothesis is
hearing deficit. Having said that, midlife hearing impairment
is associated with temporal lobe volume loss including in
the hippocampus (Armstrong et al., 2019). Eckert et al.
(2013) have used an estimate of SVD to show that age-
related changes in low frequency hearing was related to
a global decline in vascular health, and Tabuchi (2014)
has described the occurrence of auditory dysfunction in
patients with cerebrovascular disease. Hearing deficit may
also accompany dementia risk factors such as obesity (Hu
et al., 2020), sedentary behavior (Loprinzi, 2013), and
sleep apnea (Chopra et al., 2016). Hearing loss therefore

may be a consequence of inflammation, and evidence that
inflammation-induced vasospasm is involved in the pathogenesis
of acquired sensorineural hearing loss was eloquently presented
recently by Eisenhut (2019). Windsor and Ruckenstein
(2018), in fact suggested that anti-inflammatory therapies
may reduce sensorineural hearing loss. In addition, a study
by Ponticorvo et al. (2019) showed that there was reduced
cerebral perfusion in patients with hearing loss detectable
prior to brain structural damage. This is not to deny that the
disconnection from the auditory environment that hearing
deficit implies may also play a role in inducing cognitive
deficit, since those using hearing aids reduce their risk for
cognitive decline (Amieva et al., 2018; Maharani et al., 2018),
but hearing deficit may fit into the hypothesis presented here
better than suspected.

The hypothesis presented raises the need for individual,
societal and pharmacological responses that could reduce the risk
of dementia. Disseminating the message that dementia is not
inevitable as we get older, and that individuals have significant
control over their dementia risk, can be very empowering and
may lead to individuals incorporating lifestyles and habits that
reduce the risk. A concerted effort to spread this message by
the organizations implicated in dementia prevention and care
can be effective.

It is important in this regard to be reminded that the sequence
of pathophysiologic steps identified here are at play for years
prior to the appearance of cognitive deficits (Low et al., 2019).
Consequently, it is unlikely that dementia would be alleviated by
incorporating healthy lifestyles after the appearance of cognitive
deficits. For this reason, younger populations should be targeted
by the message that we individually have control over our risk for
dementia as we age.

It is estimated that the cost of dementia care will overwhelm
many healthcare budgets (World Health Organization, 2017).
The determination of governments to reduce the prevalence
of dementia should lead them to increase public education
on the topic, impose taxation on unhealthy dietary drinks
and foods, and stand the ground when industry responds.
When we became convinced that smoking was the cause
of most lung cancers, the healthcare system developed a
discourse with the public and with governments which
eventually led successfully to limitations on consumption.
We need to regenerate that energy to reduce the risk of
dementia in society.

Could an anti-inflammatory approach be useful in treating or
delaying dementia? This review would suggest that the answer
is positive, but clinical trials with anti-inflammatory drugs have
found no evidence for efficacy in treating dementia (Rivers-Auty
et al., 2020). There are multiple probable reasons for this, in
addition to the time displacement between inflammation and
its cognitive consequence. Inflammation is complex, and each
lifestyle contributing to increased dementia risk may activate
one or more specific inflammatory mediators requiring specific
inhibitory intervention. Further research into the inflammatory
profile associated with each dementia risk factor is needed,
followed by the development and testing of an inhibitor. In the
meantime, acquisition of healthy lifestyles may be the only path
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to reducing dementia risk for the individual and prevalence of the
condition in society.

CONCULSION

This review proposes a unifying hypothesis that all lifestyles
that contribute to cognitive impairment do so in the
same stepwise fashion. The harmful lifestyle activates
inflammatory mediators which cause cerebral small vessel
disease. This then negatively impacts blood flow to the
affected region causing it to lose volume and reducing its
contribution to cognitive function. The review confirms
this sequence in 3 lifestyles: obesity, sedentary existence
and sleep insufficiency. It then shows that the same
process likely occurs in hearing deficit. If confirmed, this

hypothesis suggests individual, societal and therapeutic
approaches that may counteract the growing burden of
cognitive decline.
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Cadmium (Cd) is an environmental contaminant, which is a potential risk factor in the
progression of aging-associated neurodegenerative diseases. Herein, we have assessed
the effects of chronic administration of Cd on cellular oxidative stress and its associated
Alzheimer’s disease (AD) pathologies in animal models. Two groups of mice were used,
one group administered with saline and the other with Cd (1 mg/kg/day; intraperitoneally)
for 3 months. After behavioral studies, molecular/biochemical (Immunoblotting, ELISAs,
ROS, LPO, and GSH assays) and morphological analyses were performed. We
observed an exacerbation of memory and synaptic deficits in chronic Cd-injected mice.
Subacute and chronic Cd escalated reactive oxygen species (ROS), suppressed the
master antioxidant enzymes, e.g., nuclear factor-erythroid 2-related factor 2 and heme
oxygenase-1, and evoked the stress kinase phospho-c-Jun N-terminal kinase 1 signaling
pathways, which may escalate AD pathologies possibly associated with amyloidogenic
processes. These findings suggest the regulation of oxidative stress/ROS and its
associated amyloid beta pathologies for targeting the Cd-exacerbated AD pathogenesis.
In addition, these preclinical animal studies represent a paradigm for epidemiological
studies of the human population exposed to chronic and subacute administration of Cd,
suggesting avoiding environmental contaminants.

Keywords: Cadmium, reactive oxygen species, antioxidant genes Nrf-2/HO-1, Alzheimer’s disease,
neurodegeneration

INTRODUCTION

Alzheimer’s disease (AD) is a progressive age-associated brain disorder. AD significantly
becomes prevalent with the aging of the world’s population, and the world is opposing
a great challenge, the era of aging. Thus, aging is one of the biggest risk factors of
neurodegenerative diseases such as AD and its associated dementia (Livingston et al., 2019).
The synergistic effects of environmental factors, genetic factors, and lifestyle accelerate
memory defects and contribute to the progression and onset of neurodegenerative diseases
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(Engstrom et al., 2017; Moser and Pike, 2017; Newcombe
et al., 2018). Globally, overwhelming evidence indicated that
environmental factors are the main factors that induced the
pathology of neurodegenerative diseases. In environmental
factors, metals are the key neurotoxic chemicals that induce
impaired homeostasis in the olfactory neurons and the brain.
The detrimental effects of metals on the brain are closely linked
with progression of neurodegenerative disorders including AD
(Mascagni et al., 2003; Kim et al., 2018; Newcombe et al., 2018;
Huat et al., 2019).

Cadmium (Cd) is one of the major environmental
contaminants, which exists in various foods, mostly in cereals,
vegetables, root crops, seafood, and debris of meat, and most
importantly in tobacco smoke. Of note, consumption of tobacco
products or inhalation of tobacco smoke increases the risk
of Cd-related morbidities or vice versa and other morbidities
in the general population (Sanders et al., 2015; Kippler et al.,
2016; Richter et al., 2017; Ganguly et al., 2018; Gustin et al.,
2018). From the last few years, several epidemiological studies
reported that people at early-age exposure to Cd have been
observed for alterations in cognition deficits (Sanders et al.,
2015; Gustin et al., 2018). Additionally, a huge number of
epidemiological studies reported that environmental exposure
to Cd may implicate in the etiology of other fatal chronic
diseases, e.g., kidney, cardiovascular diseases, cancer, and liver
diseases (Horiguchi et al., 2013; Li et al., 2016; Zhou et al.,
2016; Satarug et al., 2020). Recently, the accumulation of Cd
in the brain has been documented, where it acts as a potent
neurotoxin (Min and Min, 2016; Peng et al., 2017). However,
these epidemiological studies would require proof of concept
and evidence research-based investigation in age-associated
preclinical animal models. From the last few years, several
in vitro and in vivo studies have been designed to investigate
the detrimental effects of chronic Cd in the brain. Nevertheless,
the comprehensive underlying cellular impairments yet remain
elusive in the Cd-induced memory deficits of phenotype (Shukla
et al., 1996; Antunes and Biala, 2012; Akinyemi et al., 2017;
Favorito et al., 2017; Larner et al., 2017; Wang et al., 2018;
Pulido et al., 2019). Previous studies have suggested that Cd
can cross the blood-brain barrier (BBB) and may accumulate
in the brain tissue and elicit severe neurotoxicity (Wang and
Du, 2013). In the brain, Cd induces activation of inflammation,
oxidative stress, and neuronal apoptosis (Chen et al., 2008; Xu
et al., 2011; Yuan et al., 2018). Recent epidemiological studies
reported that blood Cd levels were significantly associated
with AD-related mortality among older adults (Min and
Min, 2016; Peng et al., 2017). However, these cellular and
molecular mechanisms remain elusive; very few studies have
been conducted on the role of Cd in inducing age-related
neurodegenerative conditions and AD-like pathological changes
in the brain.

Numerous studies reported that Cd acts as a potent
reactive oxygen species (ROS) and oxidative stress inducer
which mediated other signaling and cellular homeostasis and
consequently led to neurodegeneration. Antioxidants nuclear
factor-erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1
(Nrf2/HO-1) are key regulators of the antioxidant response

and play a role in protecting cells against oxidative stress (Ma,
2013; Loboda et al., 2016; Cores et al., 2020). Under normal
conditions, Nrf2 is present in the cytoplasm in an inactive state
with its inhibitory protein, kelch-like ECH-associated protein
1 (Keap-1; Tkachev et al., 2011). Several factors may disrupt
this association causing the dissociation of Nrf2 from kepa-1
and translocating Nrf2 to the nucleus (Kensler et al., 2007),
causing the induction of other genes such as HO-1 (Numazawa
et al., 2003). Similarly, activated ROS/oxidative stress triggers
mitogen-activated protein kinases (MAPKs), including phospho-
c-Jun N-terminal kinase 1 (p-JNK1). Further, the cross talk and
correlation between Nrf2 and activated p-JNK have been widely
described in neuroinflammation and neurodegeneration (Ali
et al., 2018; Lee et al., 2019; Cores et al., 2020). The suppression of
Nrf2 and activation of p-JNK have aggravated the inflammatory
events and amyloidogenesis (Ahmed et al., 2017; Rehman et al.,
2018; Bahn et al., 2019). Herein, our aim is to investigate the
detrimental effects of subacute and chronic Cd administration on
accumulation of oxidative stress/ROS, Nrf2/HO-1, and activated
p-JNK which might be associated with increased amyloid β

(Aβ) level and hence possibly develop a feedforward mechanism
which subsequently exacerbates AD pathologies in the aged
mice’s brain.

MATERIALS AND METHODS

Materials and Chemicals
Cadmium chloride, 2′7′-dichlorodihydrofluorescein diacetate
(DCFH-DA), 3,3-diaminobenzidine tetrahydrochloride
(DAB), and dimethyl sulfoxide (DMSO) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Lipid
peroxidation (LPO assay) kit catalog # K739-100) and
glutathione (GSH) assay kit catalog # K264-100 were
obtained from BioVision corporation (A 95035 USA). The
Aβ42 ELISA kit was obtained from Invitrogen, Thermo Fisher
Scientific (Rockford, IL, USA) Dulbecco’s modified Eagle’s
medium (DMEM) was obtained from Gibco Life Sciences.
The chamber slides were obtained from Thermo Fisher
Scientific (75 Panorama Creek Drive Rochester, NY14625-
2385, USA).

Mice, Housing Environment, and Ethics
Statement
The mice used for experimental purposes were old male
wild-type C57BL/6N mice (44–50 g, 16 months old) and were
kept in the university animal housing at the 12-h/12-h light/dark
cycle and a maintained temperature (23◦C) with humidity
environment 60 ± 10% in a separate and pathogen-free room.
The mice were allowed free access to normal food and water
ad libitum. For the animal care and treatments in this animal
model, we have followed the guidelines (Approval ID: 125)
issued by the ethics committee (IACUC), Division of Applied
Life Sciences, Gyeongsang National University, South Korea. All
the experiments were performed according to the established
ARRIVE protocols and guidelines.
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Establishing Aging and Environment
Factor (Cd) Interaction Preclinical Animal
Model
We selected environmental factor (Cd) as an interactive model
with an aging preclinical model to escalate brain degeneration
(Figure 1A). To execute our hypothesis and experiments, we
aimed to include two groups in our study (Figure 1B). The old
mice of 16 months (12/group) were randomly divided into the
following two groups and throughout the treatment paradigm,
and the animals were handled very carefully to minimize the
suffering and stress conditions.

(i) The mice were treated with saline as a vehicle for 3 months
(Cont-).

(ii) The mice were treated with Cd as an environmental factor at
a dose of 1 mg/kg for 3 months (Cd-).

Cd in its salt form cadmium chloride was dissolved in
normal saline and administered at the dose of 1 mg/kg/day,
intraperitoneally (I.P) for 3 months. Similarly to the control
group, the same amount of saline was administered for 3 months
under the same conditions.

The Evaluation of Learning and Memory
Functions
To assess the learning and memory functions in the Cont- and
Cd- mice, we performed behavioral assays [Morris water maze
(MWM) and a Y-maze test] after the completion of chronic

treatment of saline and Cd. The mice were carried out to a
separate and control behavioral room, and experiments were
conducted with careful protocols according to universal ethical
guidelines.

MWM Test
TheMWM test is a parameter task to evaluatememory functions.
The experimental apparatus consisted of a circular water tank
(100 cm in diameter, 40 cm in height) containing water
(23 ± 1◦C) to a depth of 15.5 cm, which was rendered opaque
by adding white paint. A transparent escape platform (10 cm
in diameter, 20 cm in height) was hidden 1 cm below the
water surface and placed at the midpoint of one quadrant. After
3 months of treatment completion, the MWM test was started as
1st day and completed on the 6th day (Figure 1B). Each mouse
received training each day for four consecutive days using a single
hidden platform in one quadrant with three rotating starting
quadrants. Latency to escape from the water maze (finding
the submerged escape platform) was calculated for each trial.
The probe test was performed by removing the platform and
allowing each mouse to swim freely for 60 s. The time the mice
spent in the target quadrant (where the platform was located
during hidden platform training) was measured. The time spent
in the target quadrant is considered to represent the degree
of memory consolidation that has taken place after learning.
All data were recorded using video-tracking software (SMART,
Panlab Harvard Apparatus Bioscience Company, USA).

FIGURE 1 | Schematic diagram. (A) These schematic illustrations show our hypothesis for interaction and synergistic effects of an environmental factor (Cd) and
aging. (B) The illustrative graphical representation indicated our study designing to establish the control of aging and Cd-induced aging models. The treatment
paradigms, behavioral studies [Morris water maze (MWM) and Y-maze tests], animal authorization, and biochemical as well as immunohistochemical representation
were indicated for the entire study.
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Y-Maze Test
The Y-maze was constructed from painted black wood. Each arm
of the maze was 50 cm long, 20 cm high, and 10 cm wide at the
bottom and top. After the MWM test, the Y-maze was initiated
on day 7 and completed on day 9 (Figure 1B). On day 7, the mice
were habituated with Y-maze environment. On day 8, we used
the training session three times a day, and then on day 9 we did
the final test using a three-time session for all mice. Each mouse
was placed at the center of the apparatus and allowed to move
freely through the maze for three 8-min sessions. The series of
arm entries was visually observed. The spontaneous alternation
was defined as the successive entry of themice into the three arms
in overlapping triplet sets. Alteration behavior (%) was calculated
as follows: [successive triplet sets (entries into three different
arms consecutively)/total number of arm entries-2]× 100.

Mouse Euthanization and Protein
Extraction From the Mouse Brains for
Immunoblotting and Various Biochemical
Assays
Following the completion of behavioral assays, the mice
were brought to a separate control surgical room. The mice
were euthanized with cervical dislocation (approved from
the institute ethical committee) without anesthesia because
anesthesia decreased the body temperature of the animals,
which might interfere with finding and inducing artificial tau
phosphorylation and other cellular signaling impairment (Ali
et al., 2015). Instantly, the brains were collected and incubated
in 1% RNA later, and cortical and hippocampal tissues were
carefully separated. The collected cortical and hippocampal
tissues were stored at −80◦C until further processing. The
cortical and hippocampal tissues were homogenized in 0.2 M
phosphate-buffered saline (PBS) with a phosphatase inhibitor
and protease inhibitor cocktail and then centrifuged at 10,000 g
at 4◦C for 25 min. The supernatants were collected and stored
at −80◦C until processing. After preliminary confirmation in
individual cortical and hippocampal mouse brain protein, the
protein was further pooled from seven mice for each tissue per
group (none of the mice were excluded) for immunoblotting and
other biochemical assays and ELISAs.

The ROS Assay in the Cortical and
Hippocampal Brain Homogenates
The ROS assay was based on the oxidation of DCFH-DA
to 2′,7′-dichlorofluorescein (DCF). Subsequently, cortical and
hippocampal homogenates were diluted with ice-cold Lock’s
buffer at a ratio of 1:20 to maintain 2.5 mg tissue/500 ml final
concentration. The reaction mixture of Lock’s buffer (1 ml,
pH = 7.4), 0.2 ml homogenate, and 10 ml of DCFH-DA (5 mM)
was incubated at room temperature for 15 min to convert
DCFH-DA to the fluorescent product DCF. The conversion of
DCFH-DA to DCF was performed using a spectrofluorometer
with excitation at 484 nm and emission at 530 nm. For
background fluorescence assessment (conversion of DCFH-DA
in the absence of homogenate), we ran parallel blanks. The

quantification analysis of ROS is expressed as pmol DCF
formed/mg protein in cortical and hippocampal homogenates.

The LPO Analysis in the Cortical and
Hippocampal Brain Homogenates
According to the manufacturer’s protocols and guidelines, the
LPO amount was examined in the cortical and hippocampal
(n = 7 mice per group) homogenates through assessing the level
of malondialdehyde (MDA), a biomarker of LPO.

The GSH Analysis in the Cortical and
Hippocampal Brain Homogenates
According to the manufacturer’s protocols and guidelines, the
GSH amount was examined in the cortical and hippocampal
(n = 7 mice per group) homogenates using the commercially
available GSH assay kit.

The In vitro Culture and Drug Treatment
The immortalized murine hippocampal (HT22) neuronal cells
were cultured in 35-cm2 plates (Thermo Scientific, NuncTM

EasYFlaskTM 75-cm2 NunclonTM Delta surface, Thermo Fisher
Scientific A/S, Kamstrupvej 90. P.O. Box 280 DK-4000 Roskilde,
Denmark), and the numbers of astrocytes and HT22 cells were
counted using a disposable hemocytometer (the full grid on a
hemocytometer contained nine squares of 1 mm2 each) through
the addition of 10 ml of the media that contained the cells
to both sides of the hemocytometer chamber. Four 1/25-mm2

corners and themiddle central square were used to count the cells
under 10× magnification using an Olympus IX70 microscope.
The average number of cells on both sides of the chamber was
calculated. The cells (2 × 104/ml) were further subcultured in
chamber slides (Thermo Fisher Scientific 75 Panorama Creek
Drive Rochester, NY14625-2385, USA) in DMEM supplemented
with 10% FBS and 1% antibiotics at 37◦C in humidified air
containing 5% CO2. After the cells reached 50–80% confluence,
they were treated with Cd (10 µM) and a JNK-specific inhibitor
SP600125 (20 µM). The cells in the control group were treated
with DMSO (0.01%) because we dissolved the SP600125. After
a 12-h drug treatment, cells were washed with 0.01 M PBS
and fixed with 4% paraformaldehyde and kept at −80◦C until
processing for immunofluorescence and immunohistochemical
analyses.

Western Blot Analysis
Immunoblotting was performed as previously described
(Badshah et al., 2015; Ali et al., 2018). Briefly, the protein
concentrations for both cortical and hippocampi were measured
through a Bio-Rad protein assay kit (Bio-Rad Laboratories, CA,
USA). Equal amounts of protein (10–30 µg) underwent sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
using 4–12% BoltTM Mini Gels (Novex, Life Technologies).
The membranes were blocked in 5% (w/v) skim milk to reduce
nonspecific binding and incubated with primary antibodies
(details available in Table 1) overnight at 4◦C. After undergoing
a reaction with a horseradish peroxidase-conjugated secondary
antibody (goat anti-mouse IgG, goat anti-rabbit IgG, and rabbit
anti-goat IgG were purchased from Santa Cruz Biotechnology),
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TABLE 1 | The list of primary antibodies and their detailed information.

Antibody Host Application Manufacturer Catalog Number Concentration

Nrf-2 Rabbit WB/IF Santa Cruz Biotechnology SC 722 1:1,000/1:100
HO-1 Mouse WB/IF Santa Cruz Biotechnology SC 136961 1:1,000/1:100
Aβ Mouse WB/IF Santa Cruz Biotechnology SC-28365 1:1,000/1:100
Iba-1 Rabbit WB Santa Cruz Biotechnology SC 98468 1:1,000
GFAP Mouse WB/IF Santa Cruz Biotechnology SC 33673 1:1,000/1:100
PSD-95 Mouse WB Santa Cruz Biotechnology SC 71933 1:1,000
Synaptophysin Rabbit IF Santa Cruz Biotechnology SC 17750 1:100
Aβ (6E10) Mouse IF Covance, CA, USA SIG-39300 1:100

IF, immunofluorescence; WB, Western blotting.

as appropriate, the proteins were detected using an ECL
detection reagent according to the manufacturer’s instructions
(Amersham Pharmacia Biotech, Uppsala, Sweden). Then, X-ray
films were scanned, and the optical densities of the bands were
analyzed through densitometry using the computer-based Sigma
Gel program, version 1.0 (SPSS, Chicago, IL, USA).

The Mouse Perfusion and Brain Tissue
Preparation for Morphological Assessment
We performed the perfusion in a separate control room in
which the heating system was designed to control the body
temperature maintained at 36◦C–37◦C (Badshah et al., 2014; Ali
et al., 2015). The mice were first perfused transcardially with
0.9 saline solution and then with 4% ice-cold paraformaldehyde,
and brains were postfixed for 72 h in 4% paraformaldehyde and
transferred to 20% sucrose for 72 h. Then, brains were frozen in
O.C.T. compound (A.O, USA), and 14-µm coronal sections were
cut using a CM 3050C cryostat (Leica, Germany). The sections
were thaw-mounted on ProbeOn Plus charged slides (Fisher,
USA).

Immunofluorescence Staining and
Confocal Microscopy Analysis
Immunofluorescence was performed as previously described
(Ahmad et al., 2016; Khan et al., 2017). Briefly, the slides
carrying brain tissue and chamber slides containing cells
were washed twice for 10 min in 0.01 M PBS, followed
by incubation for 1 h in blocking solution containing
2% normal serum according to the antibody treatment
and 0.3% Triton X-100 in PBS. After blocking, the slides
were incubated overnight at 4◦C in the primary antibodies,
diluted 1:100 in blocking solution. Following incubation with
primary antibodies (mentioned in Table 1), the sections
were incubated for 2 h in fluorescein isothiocyanate (FITC)
secondary antibodies and tetramethylrhodamine isothiocyanate
(TRITC)-labeled antibodies (1:500; Santa Cruz Biotechnology).
The slides were mounted with ProLong Antifade Reagent
(Molecular Probe, Eugene, OR, USA). Staining patterns of the
double immunofluorescence and single immunofluorescence
were examined using a confocal laser-scanning microscope
(CLSM; FlouView FV 1000). Five images per section (tissue)
were captured (by the operator blinded to the experimental
groups) from every respective group. Next, the real confocal
images were changed to the tagged image file format (TIF).
Quantification of immunofluorescence intensity in the same

region of the cortex/total area and hippocampus/total area of TIF
images for all groups was measured using ImageJ software using
the method described as follows. The TIF image background
was optimized according to the threshold intensity, and the
immunofluorescence intensity was analyzed at the specified
threshold intensity for all groups and was expressed as the
integrated density of the samples relative to the control.

The ELISAs in the Cortical and
Hippocampal Brain Homogenates
According to the manufacturer’s protocols and guidelines, the
cortical and hippocampal homogenates as well as cell lysates
where appropriate were processed for the Aβ1–42 through Elisa
analysis.

Statistics
The obtained immunoblot results/images were scanned and
quantified via densitometry analyses using the Sigma Gel
System (SPSS Inc., Chicago, IL, USA). Density values were
expressed as the mean ± standard error of the mean
(SEM). For immunofluorescence and immunohistological image
quantification, we used ImageJ software. The statistical analyses
and histogram representation were done through GraphPad
Prism 8 using one-way analysis of variance (ANOVA) followed
by two-tailed independent Student’s t-test and Tukey test where
applicable. The data are presented as the means ± SEM of
the three independent biological and reproducible experiments.
Statistical significance = P < 0.05.

RESULTS

Cd-Exposure Accelerated Memory
Impairment in Mice
The interaction between environment, genetic, and lifestyle
factors induced accumulative effects andmediated AD pathology
(Engstrom et al., 2017; Moser and Pike, 2017; Newcombe
et al., 2018). Considering the environmental factor’s effect on
aging, we chose the most potent environmental ubiquitous
contaminant Cd and evaluate its chronic treatment (1 mg/kg,
i.p., for 3 months) effect on the mouse brain. Subsequently, on
termination of treatment, we performed MWM and Y-maze test
(Figure 1B). In the MWM test, the observed latency time to
reach the hidden platform during a training session for 4 days
indicated that comparative to control mice the Cd-treated mice
took a long time get to reach the hidden platform (Figure 2A).
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FIGURE 2 | Cd exposure accelerated memory impairment in mice. The behavioral studies were performed through MWM and the Y-maze test. The mice (12 mice
per group) were used for the behavioral analysis. (A) The time it took [escape latency (sec)] to reach the submerged hidden platform during training. (B) The graphs
represent the duration spent in the target quadrant (where the platform was located during the hidden platform training session) during the probe test. (C) The
number of platform crossings during the probe test. (D) The graphs represent the % of spontaneous alternation behavior in the Y-maze test. The escape latencies in
the behavioral tests were analyzed using a two-way ANOVA, with training days as the repeated measurements, while for other probe tests and Y-maze test, the
Student’s unpaired t-test was used. The graphs express the means ± standard error of the mean (SEM; n = 12 mice/group). Significance = **p < 0.01, ***p < 0.001;
ns = non-significant.

Next, after a 1-day interval, the hidden platform was taken and
probe testing was carried out. The results of the probe task show
that mice treated with Cd spent very little time in the target
quadrant where the hidden platform was placed (Figure 2B).
The mice treated with Cd have also been observed significantly
with less number of platform crossing (Figure 2C). To assess
spatial working memory functions, we performed the Y-maze
test after the execution of the MWM test. The results of the
Y-maze show that Cd-exposed mice showed less spontaneous
alteration behavior in % compared to control mice, revealing that
Cd impaired spatial memory functions (Figure 2D).

Cd Exposure Induced Synaptic
Dysfunction in Mice
To confirm the behavioral results, we examined biochemically
and immunohistochemically the main pre- and postsynaptic
protein markers implicated in memory functions. The
immunoblotting indicated that Cd exposure significantly
reduced the presynaptic (synaptophysin; Synap) and
postsynaptic (postsynaptic density; PSD-95) markers in the
brain of mice compared to the control mice (Figure 3A). The

confocal results also confirmed that chronic Cd remarkably
reduced immunofluorescence reactivity of Synap and PSD95 in
the Cd-treated mice compared to control mice (Figure 3B).
Together, these results supported that environmental factors
(Cd) aggravate the aging risk factor and expedite the memory
and synaptic impairment of aging mice.

Cd Exposure Accumulated Oxidative
Stress/ROS
Cellular homeostasis impairment related to excessive oxidative
stress and ROS accumulation leads to alteration in memory
impairment and neuronal degeneration (Beckhauser et al.,
2016). Further, other factors such as aging increase vulnerability
to accumulated oxidative stress and ROS (Topic et al.,
2016). Here, we observed the aggravated ROS and MDA
accumulation through ROS and LPO assays in the brain
of mice compared to the control mice (Figures 4A–D).
Also, we found a significant reduction in the level of
antioxidant enzyme GSH in the brain’s homogenates
of chronic Cd-exposure mice compared to control mice
(Figures 4E,F).
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FIGURE 3 | Cd exposure induced synaptic dysfunction in mice. (A) Western blot images against presynaptic (Synap) and postsynaptic (PSD-95) protein markers in
the cortical and hippocampal regions of the brain and their respective histograms. β-Actin was used as a loading control. The histograms represented as the
means ± SEM (n = 7 mice/group) for three independent repeated and reproducible experiments. Significance = ***p < 0.001; Student’s unpaired t-test. See
Supplementary Figure 1 for uncropped and original blots. (B) Representative immunofluorescence images of PSD-95, respectively (green: FITC and blue: DAPI) in
the cortical and hippocampal regions of the mouse brain. The histograms represented as the means ± SEM for n = 5 mice per group, and the number of
independent experiments = 3. Magnification: 10×. Scale bar = 50 µm. Significance = ***p < 0.001; Student’s unpaired t-test.

Cd Exposure Perturbed Antioxidant
Nrf2/HO-1 Pathways
The Cd exposure induced accumulated oxidative stress and
ROS production, speculated to induce imbalance of the
cellular homeostasis and perturb the antioxidant Nrf2/HO-
1 pathways. Our results supported the previous studies and
found that Cd treatment to the mice significantly abated
the Nrf2 and HO-1 levels compared to the normal mouse
brain (Figure 5A). The confocal microscopy results indicated
reduced Nrf2 immunofluorescence reactivity in the Cd-treated
mouse brain compared to the control mice (Figure 5B).

These results unveiled that chronic Cd significantly aggravates
the accumulation of oxidative stress/ROS and suppressed the
endogenous antioxidant enzymes in the brain, suggesting that Cd
exposure may further exacerbate the impairment in the cellular
homeostasis of the brain.

Cd Exposure Increased the p-JNK and
BACE-1 Levels
The exposure of Cd impaired non-amyloidogenic (ADAM10
and neutral endopeptidase) processes of APP, which
is responsible for the prevention of Aβ aggregation
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FIGURE 4 | Chronic Cd exposure escalated oxidative stress/ROS accumulation. (A,B) Histograms indicated results of ROS assay in the cortical and hippocampal
regions of the mouse brain. The results were represented as the means ± SEM (number = 7 mice/group) for three repeated independent and reproducible
experiments. Significance = ***p < 0.001; Student’s unpaired t-test. (C,D) Histograms indicated results of LPO assay and MDA analyses in the cortical and
hippocampal regions of the mouse brain. The results were represented as the means ± SEM (number = 7 mice/group) for three repeated independent and
reproducible experiments. Significance = ***p < 0.001. Student’s unpaired t-test. (E,F) Histograms indicated results of GSH assay in the cortical and hippocampal
regions of the mouse brain. The results were represented as the means ± SEM (number = 7 mice/group) for three repeated independent and reproducible
experiments. Significance = ***p < 0.001; Student’s unpaired t-test.

(Endres and Fahrenholz, 2012; Li et al., 2012). However, the Cd
effects and mechanisms for amyloidogenic pathways are not well
explored. Therefore, we next aimed to assess the main stress
kinase p-JNK and their relationship with the amyloidogenic
pathway, because recently we investigated that activated p-JNK
leads to Aβ accumulation through activation of BACE-1
(Endres and Fahrenholz, 2012). Therefore, it was postulated
that activated p-JNK might trigger BACE-1 in the Cd-exposed
model. We found through immunoblotting that chronic Cd
significantly activated p-JNK and BACE-1 levels in the brain
compared to the control brain (Figure 6A). Confocal microscopy
results also demonstrated that Cd significantly induced p-JNK
immunofluorescence reactivity (Figure 6B). Further, we
observed that Cd (10 µM) activated both p-JNK and BACE-1
in the HT22 cells, while the JNK-specific inhibitor (SP600125)
rescued the activated p-JNK and BACE-1 immunoreactivity
and co-localization in the Cd-exposed HT22 cells (Figure 6C),
indicating that activated p-JNK has a role in BACE-1 activation.

Cd Exposure Escalated the Amyloidogenic
Pathway Through Activation of p-JNK
Activated BACE-1 acts through APP and converts it to Aβ,
which accumulated in the aggregated form of the Aβ dodecamer.
AβO and dodecamer are the most neurotoxic species of Aβ

(Endres and Fahrenholz, 2012; Li et al., 2012; Ali et al., 2015,
2018; Beckhauser et al., 2016; Ng et al., 2016; Topic et al.,

2016; Rehman et al., 2018; Shah et al., 2018). Therefore,
we analyzed the APP and Aβ oligomer. Correspondingly,
p-JNK and BACE-1 chronic Cd also escalated APP and
the monomeric, oligomer, and dodecamer forms of Aβ in
the brain compared to the control brain (Figure 7A). Aβ

immunofluorescence indicated that Cd exposure increased
the Aβ immunoreactivity in the brain mice compared to
the control mice brain (Figure 7B). Further, to confirm
immunoblotting/confocal microscopy results, we assessed the
Aβ1–42 level through ELISA. The elevated level of Aβ1–42
was observed in the Cd-treated mouse brain compared
to the control mouse brain (Figure 7C). To determine
the underlying mechanism of JNK in the amyloidogenic
processes, we used the JNK inhibitor and analyzed that
SP600125 reduced the Aβ immunofluorescence reactivity in
the Cd-exposed HT22 cells compared to Cd-exposed cells
without SP600125 treatment (Figure 7D). Further, the in vitro
Aβ1–42 ELISA results demonstrated that SP600125 significantly
alleviated the Aβ1–42 level in the Cd-exposed HT22 cells
compared to Cd-exposed cells without SP600125 treatment
(Figure 7E). Overall, these results suggest that Cd induced
activated ROS, suppressed antioxidant Nrf2, and activated
p-JNK, which has a role in amyloid genic pathways. However,
further mechanistic studies are needed to determine the
exact underlying mechanism of these signaling in AD
pathologies.
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FIGURE 5 | Cd exposure perturbed antioxidant Nrf2/HO-1 pathways. (A) The Western blot images against Nrf2 and HO-1 in the cortical and hippocampal regions
of the brain and their respective histograms. β-Actin was used as a loading control. The histograms represented as the means ± SEM (n = 7 mice/group) for three
repeated independent and reproducible experiments. Significance = **p < 0.01, ***p < 0.001; Student’s unpaired t-test. See Supplementary Figure 2 for
uncropped and original blots. (B) Representative immunofluorescence images of Nrf2 (red: TRITC and blue: DAPI) in the cortical and hippocampal regions of the
mouse brain. The histograms represented as the means ± SEM for n = 5 mice per group, and the number of independent experiments = 3. Magnification: 10×.
Scale bar = 50 µm. Significance = ***p < 0.001.

DISCUSSION

The major objective of this study was to explore the underlying
mechanism of environmental factors such as cadmium chloride
(Cd) in inducing AD-like pathological changes in the animal
and cellular models. Cadmium exposure may induce an impaired
antioxidant system, whichmay induce neurodegeneration and its
associated memory impairment, correlating with human studies
showing that people exposed to environmental factors would
be more susceptible to aging. Both aging and environmental

pollutants (Cd) are worldwide community problems since Cd
is a major ubiquitously existing toxic food contaminant and
is associated with lifestyle such as tobacco smoking habits
and addictions (Kippler et al., 2012, 2016; Sanders et al.,
2015; Richter et al., 2017; Ganguly et al., 2018; Gustin et al.,
2018). Therefore, its underlying detrimental effects should
be highlighted with a major focus on the old population,
which are more vulnerable toward brain degenerations and its
associated critical consequences such as cognitive impairments.
We demonstrated that administration of chronic Cd to the
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FIGURE 6 | Cd exposure increased the expression of p-JNK and BACE-1. (A) Western blot images against p-JNK and BACE-1 in the cortical and hippocampal
regions of the brain and their respective histograms. β-Actin was used as a loading control. The histograms represented as the means ± SEM (n = 7 mice/group) for
three repeated independent and reproducible experiments. Significance = ***p < 0.001; ###p < 0.001 Student’s unpaired t-test. See Supplementary Figure 3 for
uncropped and original blots. (B) Representative immunofluorescence images of p-JNK (green: FITC and blue: DAPI) in the cortical and hippocampal regions of the
mouse brain. The histograms represented as the means ± SEM for n = 5 mice per group, and the number of independent experiments = 3. Magnification: 10×.
Scale bar = 50 µm. Significance = ***p < 0.001; ###p < 0.001. (C) The double immunofluorescence and co-localization of p-JNK (green: FITC and blue: DAPI) and
BACE-1 (red: TRITC and blue: DAPI) in the hippocampal neuronal HT22 cells exposed to Cd (10 µM) and SP600125 (20 µM). The data are indicated as the ±SEM
for n = 5 images per group, and the number of independent experiments = 3.

mice induced memory dysfunctions, accumulation of oxidative
stress and ROS, instigation of stress kinase p-JNK1, and
suppression of antioxidant Nrf2/HO-1 pathways. Also, Cd
exposure triggers activation of gliosis and other inflammatory
receptors and mediators which induce neuroinflammation and
consequently leads to neurodegeneration. These results represent
proof of evidence that Cd acts as a potent environmental
pollutant/contaminant, which accelerates aging-related AD
pathologies, supporting previous epidemiological studies which
have reported that Cd exposure and intoxication are remarkably
correlated with AD-like pathological changes in humans (Min
and Min, 2016; Peng et al., 2017).

Numerous earlier studies reported that environmental
pollutants induced detrimental effects on human health and
showed that Cd is mainly accumulated in the main organ of
the body such as the liver, kidney, and heart (Horiguchi et al.,
2013; Sanders et al., 2015; Kippler et al., 2016; Richter et al., 2017;
Ganguly et al., 2018; Gustin et al., 2018). Nevertheless, recently
several encouraging and compelling pieces of evidence reported
that Cd crossed the BBB which accumulates in a different
region of the brain. For Cd-induced neurotoxicity, the most

vulnerable areas of the brain are the hippocampus and cortex,
which are responsible formemory functions. Thus, accumulation
of Cd mediates the impairment of spatial working memory
and recognition memory, which our results also supported that
chronic Cd exacerbates learning and memory deficits in the
mice, which confirmed biochemical and immunohistochemical
analyses through evaluation of pre- and postsynaptic markers.
Our results were also supported by a few remarkable studies
which showed that Cd is detrimental to dendritic spine density
and synaptic plasticity as well as reduction of PSD95, which leads
to memory defects (Antunes and Biala, 2012; Pulido et al., 2019).
Chronic Cd exposure has been responsible for olfactory deficits
along with cognitive impairments in young male mice. Further, a
prospective cohort human study provided evidence that at the
age of 10 years childhood Cd exposure might be responsible
for impaired cognition in males. Similarly, Cd-exposed females
exposed at the prenatal and childhood stages have been examined
for behavioral impairment (Notarachille et al., 2014; Kippler
et al., 2016; Gustin et al., 2018). These human cohort studies
and other studies, as well as previous animal studies and our
findings on preclinical animal models, provide evidence that
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FIGURE 7 | Cd exposure escalated the amyloidogenic pathway through activation of p-JNK. (A) Western blot images against Aβ oligomer in the cortical and
hippocampal regions of the brain and their respective histograms. β-Actin was used as a loading control. The histograms represented as the means ± SEM
(n = 7 mice/group) for three repeated and reproducible independent experiments. Significance = ***p < 0.001; Student’s unpaired t-test. See Supplementary
Figure 4 for uncropped and original blots. (B) Representative immunofluorescence images of Aβ (green: FITC and blue: DAPI) in the cortical and hippocampal
regions of the mouse brain. The histograms represented as the means ± SEM for n = 5 mice per group, and the number of independent experiments = 3.
Magnification: 10×. Scale bar = 50 µm. Significance = ***p < 0.001; Student’s unpaired t-test. (C) The ELISA results for Aβ1–42 in the homogenates of the cortical
and hippocampal regions of the brain. The histograms represented as the means ± SEM (n = 7 mice/group) for three repeated and reproducible independent
experiments. Significance = ***p < 0.001; Student’s unpaired t-test. (D) The immunofluorescence images of Aβ (green: FITC and blue: DAPI) in the hippocampal
neuronal HT22 cells exposed to Cd (10 µM) and SP600125 (20 µM). The data are indicated as the ±SEM for n = 5 images per group, and the number of
independent experiments = 3. Significance = ***p < 0.001; ##p < 0.01; one way ANOVA followed by Tukey’s test. (E) The ELISA results for Aβ1–42 in the cell lysates
of hippocampal neuronal HT22 cells exposed to Cd (10 µM) and SP600125 (20 µM). The data are indicated as the ± SEM for n = 5 per group, and the number of
independent experiments = 3. Significance = ***p < 0.01; ##p < 0.01; one way ANOVA followed by Tukey’s test.

Cd might cause gender-specific, genetically variable-based, and
age-specific brain-associated diseases, but at the older age, it
accelerates other aging-associated complications, which might
be of more concern for the whole world, suggesting that as
much as possible our old population should be less exposed to
environmental pollutant/contaminant factors to reduce aging-
associated brain disorder burden, particularly dementia, a major
health problem to the community.

Recently, Huat et al. critically reviewed that overwhelming
evidence showed that metals, e.g., lead, methyl mercury, and
Cd, are the potent inducers of oxidative stress and elevated
ROS accumulation, which leads to cellular aberrant homeostasis
(Kim et al., 2018; Huat et al., 2019). Potent pro-oxidant
and ROS stimulant Cd also suppressed the endogenous
antioxidant system. Cd has been involved in the suppression

of Nrf2/HO-1 pathways (Kensler et al., 2007; Agnihotri et al.,
2015; Khan et al., 2019; Branca et al., 2020), supported by our
studies that subacute administration of Cd reduced theNrf2/HO-
1 level in the aged mouse brain. Nevertheless, further studies
are needed to explore the modulation pattern of Nrf2/HO-1 in
response to acute and subacute administration of Cd or other
environmental pollutants at different periods of experimental
models. Of note, Nrf2 stimulation has a role in the suppression
of BACE-1, so it is possible that the reduced level of Nrf2 also
favors the p-JNK activation of BACE-1 and consequently the
production and accumulation of Aβ (Rehman et al., 2018; Bahn
and Jo, 2019; Bahn et al., 2019).

Epidemiological studies reported that Cd levels in the blood
plasma are implicated in the pathologies of AD and its associated
mortality in people, supported by several studies that Cd has a key

Frontiers in Aging Neuroscience | www.frontiersin.org 11 June 2021 | Volume 13 | Article 650930272

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Ali et al. Cadmium Induces AD-like Pathological Changes in Mice Brains

FIGURE 8 | Represents the generalized overview and possible mechanistic
approach of subacute Cd administration which induced Alzheimer’s disease
(AD)-associated pathologies in the aged mice’s brain. Represented that
direct correlation and mechanism between the Nrf2 and p-JNK as well as
their relationship with BACE-1 should be determined comprehensively in
in vitro and in vivo models.

role in the accumulation of Aβ in the brain (Ashok et al., 2015;
Min andMin, 2016; Peng et al., 2017; Kim et al., 2018; Huat et al.,
2019). Notably, the combination of Cd with other environmental
elements (arsenic and lead) robustly increased APP, BACE-1,
and PSEN1 which led to Aβ aggregation, supposing a synergistic
effect of Cd with other environmental factors which trigger
AD pathologies (Ashok et al., 2015; Zhou et al., 2015). During
elevated stress kinases, the most important stress kinase is
activated p-JNK, which has been implicated in the production
of amyloidogenic pathways through activation of β-secretases,
which leads to cleavage of the β-APP site, resulting in triggered
misfolded aggregation of the Aβ oligomer and accumulation of
Aβ plaques, and inhibition of p-JNK reduced this amyloidogenic
pathway (Ashok et al., 2015; Zhou et al., 2015; Rehman et al.,
2018). The previous studies demonstrated that chronic Cd
accelerates the basic hallmarks of AD, which further mediates
AD-associated pathologies. Of note, our results demonstrated
that subacute and chronic Cd administration increased the
Aβ dodecamers in the aged mouse brain as compared to
the nontreated mice. It has been worth describing that Aβ

dodecamers are associated with aging and have been found at
higher levels in aging patients with mild cognitive dysfunctions
(Lesn et al., 2013). These studies were further supported by
a study that administration of Aβ dodecamer to healthy rats
induced memory deficits (Lesné et al., 2006), indicating that they
mediate age-associated AD pathologies.

The effect of environmental contaminants on ROS/oxidative
stress-mediated AD pathologies and their relationship with
metabolic stress should be investigated. This is because the
lifestyle and brain metabolism-associated AMP-activated protein
kinase (AMPK) and silent information regulator 1 (Sirt-1)
signaling have a key role in maintaining cellular homeostasis
and protecting the cells against external and internal stress or
insults and have a protective role in AD pathologies (Shah
et al., 2017; Gu et al., 2018; Yoon et al., 2018; Ali et al., 2021).
AMPK act as a fuel sensor and master regulator of cellular
energy and plays a vital role in stress conditions and regulates
the global cellular energy homeostasis in the brain as well
as in the peripheral system. Likewise, Sirt1 has a promising
role in cell longevity, senescence, and cellular signaling, and
homeostasis which prevents aggregation of misfolded proteins,
neuroinflammation, and neurodegeneration (Zhang et al., 2011;
Hardie et al., 2012; Shah et al., 2017). Further, aging is the
major risk factor for AD and its associated dementia. With the
progression of aging, immunosenescence takes place in the CNS
which increases vulnerability to diseases (Cribbs et al., 2012;
Maqbool et al., 2013). The overstimulated proinflammatory has
been produced in the aged brain. Therefore, it is important to
highlight the effect of subacute administration of Cd on these
signaling pathways in the different time periods of treatment
associated with aging.

CONCLUSIONS

In conclusion, we demonstrated that Cd is a potent environment
neurotoxic factor which induces AD-related pathological
features in the mice’s brain. We investigated that administration
of subacute and chronic Cd to the mice induced elevated
ROS/oxidative stress, suppressed the antioxidant Nrf2/HO-
1 markers, and evoked p-JNK1 which might trigger the
activation of the Aβ pathologies and learning and memory
impairment (Figure 8). Of note, the direct correlation and
mechanism between Nrf2 and p-JNK as well as their relationship
with BACE-1 should be determined comprehensively in in vitro
and in vivo models. Therefore, Cd exposure shows a critical
health problem that threatens the quality of life and must
be considered a serious pathophysiological risk factor for
neurodegenerative diseases. We believe that this preclinical
animal finding unveils cellular mechanisms for targeting
Cd-exacerbated neurodegeneration, but also representing a
paradigm for people exposed to Cd and suggesting to avoid
environmental factors in their late life to mitigate Alzheimer’s
pathology-associated dementia. Most importantly, one of the
interesting studies described the co-relation and synergetic
effect of the gene–environment (ApoE4 and Lead) interaction
which impaired cognitive behavior in animals (Engstrom et al.,
2017). Further, in the future, we warrant and suggest that the
gender and genetic variability bases particularly for late-onset
AD associated with ApoE4 carrier-based studies as well as in the
context of lifestyle should be designed and investigated in the
aging preclinical animal models of neurodegenerative diseases.
These models and translation research will directly impact
our community to study epidemiological and retrospective
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approaches in the population and would be useful for the
researchers to further elucidate the underlying mechanism of
subacute administration of Cd, which will lead to identify the
cellular therapeutic targets or the prevention and management
of environmental contaminant-associated brain degeneration.
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The elderly population is growing worldwide, with important health and socioeconomic
implications. Clinical and experimental studies on aging have uncovered numerous
changes in the brain, such as decreased neurogenesis, increased synaptic defects,
greater metabolic stress, and enhanced inflammation. These changes are associated
with cognitive decline and neurobehavioral deficits. Although aging is not a disease,
it is a significant risk factor for functional worsening, affective impairment, disease
exaggeration, dementia, and general disease susceptibility. Conversely, life events
related to mental stress and trauma can also lead to accelerated age-associated
disorders and dementia. Here, we review human studies and studies on mice and rats,
such as those modeling human neurodegenerative diseases, that have helped elucidate
(1) the dynamics and mechanisms underlying the biological and pathological aging of
the main projecting systems in the brain (glutamatergic, cholinergic, and dopaminergic)
and (2) the effect of defective glutamatergic, cholinergic, and dopaminergic projection on
disabilities associated with aging and neurodegenerative disorders, such as Alzheimer’s
and Parkinson’s diseases. Detailed knowledge of the mechanisms of age-related
diseases can be an important element in the development of effective ways of
treatment. In this context, we briefly analyze which adverse changes associated
with neurodegenerative diseases in the cholinergic, glutaminergic and dopaminergic
systems could be targeted by therapeutic strategies developed as a result of our better
understanding of these damaging mechanisms.

Keywords: glutamatergic, cholinergic, dopaminergic system, physiological aging, neurodegenerative diseases,
therapeutic targets

INTRODUCTION

Aging is the process of progressive and usually slow degradation of a living organism.
Understanding the physiological aging process in both animal models and humans is difficult
because of the lack of well-defined aging indicators/factors and the lack of biomarkers indicating
the onset of this process. In the central nervous system (CNS), aging involves the cognitive
impairment, motor disorders, or emotional disturbances (Johnson et al., 2008), alterations that
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are the consequence of changes in the brain. Several studies in
which rigorous quantitative methods have been used show that
the number of neurons in the hippocampus, putamen, medial
mammillary nucleus, hypothalamus, and the nucleus basalis of
Meynert (NBM) seems to be stable through physiological aging
(Freeman et al., 2008). Changes in aged brains include shrinkage
of neurons in several areas, such as the neocortex, hippocampus,
basal forebrain, and substantia nigra (SN) (Coleman and Flood,
1987; Fjell et al., 2014), and decreased dendritic length or
complexity in certain brain areas (Jacobs et al., 1997; de
Brabander et al., 1998) and loss of synapses (Presumey et al., 2017;
Cobley, 2018; Wilton et al., 2019).

The age-related morphological changes are accompanied
by a decline in several neurotransmission pathways, namely,
glutamatergic (Kumar and Foster, 2019), cholinergic (Henke and
Lang, 1983; Shen and Barnes, 1996), and dopaminergic (Reeves
et al., 2002; Luo et al., 2019) pathways. These three systems
interact by stimulating or inhibiting activities of the others. The
cholinergic system, which modulates pyramidal neurons in the
cerebral cortex, and the glutaminergic system, which influences
dopaminergic projection in the striatum (Figure 1), control
important vital functions, such as cognitive and motor skills.

The cholinergic system is involved in memory and learning,
and the impairment of its function due to loss of neurons
or loss of their cholinergic phenotype compromises cognition
and is regarded as the earliest event in Alzheimer’s disease
(AD) etiology. In contrast, glutamatergic neurons are the most
abundant in the CNS; and, consequently, their loss constitutes the
greatest share in brain atrophy. Dopaminergic neurons, relatively
scarce in number compared with other neuronal populations, are
particularly prone to neurodegeneration, and their loss in the
substantia nigra pars compacta (SNpc) causes motor impairment
to the extent of immobilization in Parkinson’s disease (PD) in the
absence of medication.

During physiological aging, all these systems undergo age-
related changes resulting in continued although the modest loss
of neurons, consistent with functional decline. However, thanks
to neural plasticity, compensatory strategies are spontaneously
developed and help to maintain sufficient cognitive capacity.
The loss of functional independence stems rather from physical
incapacitation caused by loss of mass and strength of skeletal
muscles, driven probably by the age-related and unstoppable
death of motoneurons, which even occurs in otherwise healthy
elderly persons.

Pathological aging manifests itself in an increased rate of
neuronal loss resulting in massive brain atrophy, accelerated
decline in mental capacity, neurodegenerative disorders, and,
finally, in complete dependence on round-the-clock care. The
most common age-related neurodegenerative diseases are AD
and PD. The clinical symptoms of AD are progressive loss
of memory and cognitive impairment. In patients with AD,
abnormal accumulation of amyloid β (Aβ) and tau proteins in
senile plaques and neurofibrillary tangles may lead to astrocytosis
and microgliosis. Furthermore, in cognitively normal aged
people, senile plaques, granulovacuolar degeneration, and Hirano
bodies are present but to a substantially lesser extent (Serrano-
Pozo et al., 2011). PD is a progressive neurodegenerative

disease associated with slow and continuous degeneration of
dopaminergic neurons in SNpc and in the ventral tegmental
area (VTA). The neurodegeneration within the nigrostriatal
system is the dominant but not the only pathological process
characterizing PD. The pathology of PD also includes changes
in dopaminergic neurons in the mesocorticolimbic system and
in the hypothalamic dopaminergic system. In the later stages
of the disease, cholinergic (the basal nucleus of Meynert),
serotonergic (raphe nuclei), and noradrenergic (locus coeruleus)
systems are also affected (Peterson and Li, 2018; Liu, 2020).
PD symptoms include both motor and non-motor symptoms
(DeMaagd and Philip, 2015).

In this review, we have compared the changes in the
glutamatergic, cholinergic, and dopaminergic systems during
physiological and pathological aging in humans and in mouse
and rat models of AD and PD. We aim to show that many
changes in these three systems, although qualitatively similar
in physiological and pathological aging, differ in intensity and
advancement. We will identify the changes that are not present
in physiological aging and are most probably irreversible, such
as substantial death of selected neuron populations and loss
of motor and cognitive functions in neurodegenerative diseases
(Figures 2A,B). To develop future treatment strategies, we
suggest that it is important to determine whether and how the
gradual age-related changes in normal aging are accelerated in
disease conditions.

GLUTAMATERGIC SYSTEM

Glutamate Signaling Pathways in
Multiple Brain Functions and Synaptic
Plasticity
Glutamate is the most common neurotransmitter in the CNS.
Almost 40% of all neurons are classified as glutamatergic,
and more than 90% of all neurons have glutamate receptors.
Most glutamatergic neurons are located in the frontal cortex.
There are five major cortical glutamate pathways (Figure 1):
(1) the cortico-cerebellar pathway that controls glutamate
release; (2) the cortico-striatal and cortico-accumbens pathways
that participate in the cortico-striatal-thalamic loops; the (3)
thalamo-cortical and (4) cortico-thalamic pathways; and finally,
the (5) cortico-cortical pathway (not shown in Figure 1),
where glutamatergic neurons communicate with each other.
The cortico-cerebellar, cortico-striatal, and cortico-thalamic
pathways send projections to the subcortical structures and
regulate glutamate neurotransmission (Stuber et al., 2010; Reiner
and Levitz, 2018). Because of its extensive projection circuits,
glutamate is involved in learning, memory formation and
storage, and synaptic plasticity (Mayer and Westbrook, 1987).
The ability to induce long-term potentiation (LTP) or long-
term depression (LTD) in the hippocampus by glutamatergic
receptors, both ionotropic and metabotropic, determines
synaptic plasticity (Collingridge et al., 2010). Synaptic plasticity
is often calcium-dependent and requires alteration of the actin
cytoskeleton in dendrites and local mRNA translation of synaptic
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FIGURE 1 | Scheme of the main glutamatergic, cholinergic, and dopaminergic neurocircuits and their convergence in the human brain. AMG, amygdala; HDB,
horizontal limb of the diagonal band of Broca; HIP, hippocampus; LDT, laterodorsal tegmental nucleus; MS, medial septum; NAc, nucleus acccumbens; NBM,
nucleus basalis of Maynert; PPT, pedunculopontine tegmental nucleus; SN, substantia nigra; ST, striatum; TH, thalamus; VDB, vertical limb of the diagonal band of
Broca; VTA, ventral tegmental area.

proteins (Sapoznik et al., 2006; Murakoshi and Yasuda, 2012;
Bosch et al., 2014).

Receptors
There are two types of glutamatergic receptors: ionotropic
(iGluR) and metabotropic (mGluR). Ionotropic receptors are
ligand-gated ion channels activated by glutamate. Binding
of glutamate to such a receptor causes excitation of the
neuron by depolarization. The vast majority of glutamatergic
transmission is mediated by the ionotropic α-amino-3-hydroxy-
5-methyl-4-isoxazolpropionic acid and N-methyl-D-aspartate
receptors (AMPARs and NMDARs, respectively). The best-
known glutamate receptor is an NMDAR. This ionotropic
receptor may be synaptic or extra-synaptic. In addition to
glutamate, it can also bind glycine. Upon deactivation, because
of low voltage and weak stimulation, Mg2++ blocks the
ion channel. Activation of synaptic NMDARs is involved
in LTP signaling, and activation of extra-synaptic NMDARs
is associated with LTD and excitotoxicity (Hardingham and
Bading, 2010). Activation of NMDARs requires the binding
of two molecules of glutamate or aspartate and two glycines
(Laube et al., 1997). Opening the channel causes the influx
of calcium ions into the cell. The synaptic signal is then
amplified by the Ca2+/calmodulin-dependent cascade activation
of protein kinase II (CaMKII). Physiological stimulation of
synaptic NMDARs is essential for the survival of the neuron. This

is related to NMDAR neuroprotective function – suppression
of apoptosis and activation of transcription factors promoting
survival, such as cyclic AMP response element (CRE)-binding
protein (CREB) (Monti and Contestabile, 2000; Kolarova et al.,
2003; Hardingham and Bading, 2010). However, an NMDAR
is also responsible for glutamate toxicity. Overstimulation
of NMDARs can cause an excessive influx of Ca2+ into
the neuron and, thus, cell death. Long-term imbalance in
NMDAR signaling leads to neurodegenerative diseases and
acute cell damage (Hardingham and Bading, 2010). In turn,
weak stimulation of extra-synaptic NMDARs causes a slight
increase in Ca2+ levels in the postsynaptic compartment
and the release of phosphatases that mediate LTD induction
(Luscher and Malenka, 2012).

The AMPAR is another receptor that binds glutamate to
transmembrane ion channels. It often coexists in the same
synapse as NMDAR and can enhance its activity. Glutamate
binding to AMPARs (Twomey et al., 2017) opens ion channels
and causes an influx of Na+ that initiates depolarization.
AMPARs respond to stimulation even weaker than that triggering
evoked potential, resulting in weak depolarization of the
postsynaptic membrane. Another group of ionotropic receptors
are kainate receptors, which are functionally very similar to
AMPARs (Pinheiro and Mulle, 2006).

Metabotropic glutamate receptors belong to the family of
G proteins; and mGluRs are widespread in the CNS, implying
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FIGURE 2 | (A) Changes in the efficiency of projection systems during physiological aging and in age-related neurodegenerative disorders. Efficiency of projecting
systems declines slowly during physiological aging because of the slow but progressive deterioration in various mechanisms affecting cholinergic, glutamatergic, and
dopaminergic systems, symbolized by small, lightly colored circles; yellow, cholinergic; blue, glutamatergic; and pink, dopaminergic. The overall efficiency of these
systems allows the elderly to remain fully independent in daily activities and to continue professional activities (threshold value of reversible disorders). We may
assume that the accelerated worsening of the various process leads to their severe and extensive impairment, symbolized by larger and heavy colored circles. In
addition, pathological processes appear that are not observed during physiological aging, symbolized by squares. The overall efficiency of projecting systems
declines gradually, diminishing the functional independence and hampering professional activities. The overt decline calls for medical intervention, which helps to
alleviate symptoms and probably may slow the progression of deterioration. At present, there are no therapies that reverse (symbolized by the green arrow) or even
stop the progression of neurodegeneration. Thus, inevitably, functional regression continues up to complete dependence, necessitating round-the clock care until
death. This situation is symbolized by being below the threshold value for irreversible disorders in the line for dementia syndromes line. (B) Specific changes in the
structure and function of glutamatergic, cholinergic, and dopaminergic projection systems during physiological aging (left panel) and in age-related neurodegenerative
diseases (right panel). ACh, acetylcholine; AChE, acetylcholine esterase; BDNF, brain-derived neurotrophic factor; CDNF, cerebral dopamine neurotrophic factor;
ChAT, choline acetyltransferase; D1 and D2, dopaminergic receptors 1 and 2; DA, dopamine/dopaminergic; GDNF, glial cell line-derived neurotrophic factor;
mAChRs, muscarinic acetylcholine receptors; nAChRs, nicotinic acetylcholine receptors; p75, low-affinity nerve growth factor receptor; SN, substantia nigra; TrkA,
tropomyosin receptor kinase A/high-affinity nerve growth factor receptor; VAChT, vesicular acetylcholine transporter; VTA, ventral tegmental area.
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their involvement in many functions of the brain. They form
three groups of receptors. Group 1 receptors (mGluR1 and
mGluR5) are postsynaptic receptors that, like NMDARs, mediate
direct excitatory synaptic transmission, promote Ca2+ inflow,
and lead to the activation of protein kinase C (PKC), which
increases the likelihood of NMDAR channel opening (Riedel
et al., 2003; Niswender and Conn, 2010). Group 2 (mGluR2 and
mGluR3) and Group 3 receptors (mGluR4, mGluR6, mGluR7,
and mGluR8) are found mainly presynapticaly in glutamatergic
and GABAergic neurons. They down-regulate adenylate cyclase
(cAMP), inhibit Ca2+ channels, and activate K+ channels
(Niswender and Conn, 2010; Ribeiro et al., 2017). In addition,
they act as autoreceptors that inhibit the release of glutamate or
gamma-aminobutyric acid (GABA). All groups of metabotropic
receptors may have neuroprotective properties and promote cell
proliferation or activate a survival-promoting signaling cascade
(Kingston et al., 1999a,b; Ribeiro et al., 2017). However, the
mGluR5 present in astrocytes may be involved in astrocyte
dysfunction or degeneration (Paquet et al., 2013). This may cause
impairment in glutamate turnover during aging and age-related
neurodegenerative diseases (Palmer and Ousman, 2018).

Glutamate Turnover – Close Cooperation of Neurons
and Astrocytes
Central nervous system glutamate is located almost exclusively
inside cells. Free extracellular glutamate level is tightly regulated
by astrocytes to ensure proper transmission. Astrocytes are
essential in the synthesis and reuptake of glutamate. Released
glutamate molecules, which do not bind to receptors, are
removed from the extracellular space by transporters present
in the astrocyte membrane, preventing overstimulation of
neurons by glutamate (Paulsen et al., 1987). The astrocytic
glutamate transporters are excitatory amino acid transporter
(EAAT) isoforms 1 and 2. The mouse homologues are glutamate
aspartate transporter 1 (GLAST1) and glutamate transporter
1 (GLT-1). Almost 80% of the glutamate taken up from the
extra-synaptic space is converted into glutamine by glutamine
synthetase (Farinelli and Nicklas, 1992). Glutamine can be taken
up again by the presynaptic neuron. Inside the neuron, glutamine
is converted to glutamate by phosphate-activated glutaminase
(PAG), which completes the glutamate turnover cycle.

Most of the glutamate comes from the glutamine–glutamate
cycle (Shank et al., 1985). In addition, glutamate can also be
produced from α-ketoglutarate (αKG). αKG is an intermediate in
the tricarboxylic acid (TCA) cycle, which means that glutamate
can be synthesized from glucose (McKenna, 2007). Synthesis in
this way requires pyruvate carboxylase, an enzyme that is not
present in neurons but is present in astrocytes. However, this
synthetic pathway is not very efficient. Some glutamate is lost
because of conversion into lactate, glutathione, or purines (Shank
et al., 1985; Sonnewald et al., 1993).

Physiological Aging of Glutamatergic
System
Neurons in the aging brain are particularly susceptible to
excitotoxicity. For this reason, malfunction of the glutamatergic

system, which may readily lead to excitotoxicity, can be
particularly dangerous for the nervous system.

Number of Glutamatergic Neurons
In animal studies, a decreased number of glutamatergic neurons
were observed in aged rats, mostly in the frontal and cerebral
cortices (Heumann and Leuba, 1983), and subtle changes in
synaptic composition and function in the hippocampus were
reported (Shi et al., 2007). The loss of these neurons was not
very severe and may reflect the normal physiological extinction
of nerve cells with age.

Glutamate Level and Metabolism
Studies on rats indicate that there is no change in both
glutamate and glutamine syntheses, and that glutamate turnover
is unchanged with age. This is supported by the level and activity
of astrocytic glutamine synthetase, which similarly does not
change with age (Segovia et al., 2001a). Saransaari and Oja (1995)
found that glutamate level generally increased during adolescence
and decreased with age in mice. Nevertheless, glutamatergic
signaling is not disrupted despite decreased glutamate level,
probably because glia and unaffected neurons compensate for
this deficiency (Porras and Mora, 1995). Neuronal plasticity is
retained with age by being able to increase the intracellular
release of Ca2+ from cytoplasmic stores (Sapoznik et al., 2006).
Results obtained from studies on mice and rats showed a decrease
in the level of glutamate in the cortex during aging (Strolin-
Benedetti et al., 1991; Saransaari and Oja, 1995; Jing et al.,
2016). In contrast, Stephens et al. (2011) showed heterogeneity
of hippocampal glutamatergic neurotransmission in aging F344
rats. The resting level of glutamate in the extracellular space
was unchanged with aging; however, stimulus-evoked glutamate
release and clearance capacity was enhanced in the dentate gyrus
of aged rats. On the other hand, most in vitro and in vivo studies
have not shown changes in glutamate release during aging. This
stable level of glutamate release in aging organisms has been
observed in most of the brain areas of NMRI mice and Fisher
and Wistar rats (reviewed in Segovia et al., 2001b). The lack
of change in glutamate release may be due to compensatory
changes in glutamate uptake. Reduced glutamate uptake and a
loss in the number of high-affinity glutamate transporters in
glutamatergic terminals of 24-month-old aged rats have been
described (Vatassery et al., 1998).

Glutamate levels decline in the hippocampus, anterior
cingulate gyrus, and other cortical areas during aging (Schubert
et al., 2004; Kaiser et al., 2005; Chang et al., 2009; Hädel et al.,
2013; Huang et al., 2017). A magnetic resonance spectroscopy
(MRS) study on healthy young and old patients revealed that the
glutamate-glutamine-glutamate turnover cycle is also affected in
the anterior cingulate cortex and hippocampus. In addition, it
has been shown that the density of glutamatergic neurons and
their metabolic activity are reduced in cerebral lobes and in the
cerebellum of healthy elderly people (Ding et al., 2016; Huang
et al., 2017). A meta-analysis of glutamate neurometabolites
also confirms a decline in the glutamatergic system status
in the elderly compared with younger people. Glutamate
concentrations were significantly lowered in older compared with
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those in younger adults, whereas the concentration of glutamine
was significantly higher in older individuals (Roalf et al., 2020).
The higher level of glutamine in the elderly group is probably due
to an imbalance of the neural-astroglial mechanism regulating
glutamate metabolism; and glutamate neurometabolites are
found mainly in neurons, whereas glutamine is found in glial
cells. Age-related impairment of the glutamatergic system also
includes the decreased size of glutamatergic neurons, fewer
dendritic branches, and shortened axon length, and decreased
glutamate neurotransmission, which may contribute to cognitive
impairment (Drachman, 2006).

Expression of Glutamatergic Receptors
The most significant and consistent finding is the age-related
decrease in the density of glutamatergic NMDA receptors in the
cortical areas, striatum, and hippocampus of Long–Evans and
Fischer 344 rats (Nicolle et al., 1996; Mitchell and Anderson,
1998). It seems that aging animals are more sensitive to a
higher concentration of glutamate in the synaptic cleft, as shown
in senescence-accelerated mice (SAM-P/8) (Kitamura et al.,
1992) and in different strains of mice and rats (Segovia et al.,
2001b). Data on age-related changes in the AMPAR expression
are more ambiguous. In C57Bl and BALB/c mice, a decrease
in glutamatergic AMPAR densities with increasing age (3–
30 months) in the frontal and parietal cortices and hippocampal
CA1 region has been reported (Magnusson and Cotman, 1993),
whereas in rats, the AMPAR density in the cortical areas did not
change with age (Cimino et al., 1993). No age-related changes
in metabotropic receptor density were observed in rats, as well
as no alteration in the binding of glutamate and in responses
mediated by these receptors were reported (Jouvenceau et al.,
1997; Magnusson, 1997). The EAAT level decreases with aging
in Sprague–Dawley rats, which may facilitate glutamate toxicity
(Potier et al., 2010; Pereira et al., 2017). Decreased glutamate
transporter activity associated with increased excitotoxicity and
neurodegeneration was observed in the brains of patients with
AD, supporting the possibility that abnormal functioning of
this system might be induced by increased stimulation of
glutamatergic receptors (Masliah et al., 1996).

In summary, the glutamatergic system function does not
appear to be significantly reduced in aging rodents and humans.
Likewise, there is a slight downward trend in glutamate levels.
The stability of the glutamatergic system may be the result of
a balance between glutamate release and reuptake provided by
a compensatory activity from astroglia. The age-related decline
in glutamate appears to affect neurons rather than astrocytes.
An increase in the number and/or activity of astrocytes during
aging (Clarke et al., 2018) may compensate for the insufficient
neuronal reuptake of glutamate. On the other hand, there are
studies that have shown that aging astrocytes are less able to
remove glutamate and convert it to glutamine and, thus, may be
involved in excitotoxicity (Palmer and Ousman, 2018).

Understanding the physiological aging process in both animal
models and humans is difficult because of the lack of well-defined
aging indicators/factors and the lack of biomarkers for the onset
of this process. These limitations need to be taken into account
when interpreting the results.

Age-Related Disturbances of
Glutamatergic Signaling in the
Pathogenesis of AD and PD
Glutamate seems to play a pivotal role in the etiology of AD
and PD, because of its abundance in brain tissue and, in part,
because it is at the crossroads of multiple metabolic pathways.
It has been shown that if the balance of glutamate turnover is
disrupted, the perturbation of glutamate neurotransmission has
severe consequences, leading to the onset of neurodegenerative
diseases (reviewed by Bukke et al., 2020; Iovino et al., 2020; Wang
J. et al., 2020). Understanding the role of the glutamatergic system
in the pathophysiology of AD and PD may allow the development
of improved therapeutics for these neurodegenerative disorders.

Loss of Glutamatergic Neurons in AD
Glutamatergic pyramidal neurons are very sensitive to oxidative
stress and to the excitotoxic effects of overstimulation.
Hypersensitive neurons have a higher energy requirement;
however, disrupted glutamatergic transmission causing excessive
Ca2+ influx affects the two most important energy-producing
organelles in the cell-mitochondria and the endoplasmic
reticulum (Lan et al., 2014; Muddapu et al., 2020). Long-lasting
oxidative stress and ionic imbalance may contribute to the loss
of glutamatergic neurons in neurodegenerative diseases, such as
AD or PD (Chen et al., 2013).

In patients with AD, there is evidence of a loss of glutamatergic
neurons, especially in the neocortex (layers III and IV) and the
CA1 region of the hippocampus (West et al., 1994; Gómez-Isla
et al., 1996; Simić et al., 1997; de Toledo-Morrell et al., 2000; Price
et al., 2001; von Gunten et al., 2006).

Impaired Glutamatergic Recycling and Signaling in
AD
Glutamatergic neurons terminals are affected at an early stage
in a mouse model of AD, produced by the intracerebral
administration of soluble Aβ1–42 (Canas et al., 2014). Moreover,
the glutamate recycling system appears to be severely impaired
(Wang and Reddy, 2017). There is evidence that the toxic Aβ

has a strong influence on the glutamatergic system. In vitro
studies on cultured hippocampal astrocytes of Sprague–Dawley
rats indicate that Aβ can decrease the uptake of glutamate
from the synaptic cleft, and, thus, enables greater glutamate
availability and activates the signaling cascades responsible for
neuronal edema (Parpura-Gill et al., 1997; Fernández-Tomé
et al., 2004). Aβ may also contribute to glutamate release by
interacting with presynaptic proteins, such as synaptophysin
or synaptotagmin, as shown in rat cortical neuronal cultures
(Jang et al., 2014). Moreover, Aβ appears to directly modulate
NMDAR function. It is also responsible for blocking the binding
of glutamate receptor co-agonists or antagonists and loss of
synapses in the SN/neuroblastoma hybrid cell line (MES 23.5)
(Le et al., 1995), in pyramidal neurons of the organotypic
hippocampal slices (Shankar et al., 2007), and in cultured
cerebellar cells (Kawamoto et al., 2008). Aβ can regulate the
functional state of NMDARs through synaptic proteins, such
as PSD-95, in hippocampal neuronal cultures (De Felice et al.,
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2007). In addition, Fuchsberger et al. (2019) showed that
oral administration of monosodium glutamate impairs memory
through an increased accumulation of Aβ and phospho-tau and
decreased AMPAR signaling and LTP blocking in APP/PS1 mice
with amyloidopathy.

Changes in glutamatergic synapses are accompanied by
altered calcium dynamics in dendrites and dendritic spines,
leading to activation of calcineurin (Shankar et al., 2007;
Cavallucci et al., 2013). Elevated Ca2+ levels may also contribute
to the phosphorylation of tau and ubiquitin, proteins whose
abnormal forms are present in AD (Mattson, 1992). Another
consequence of Ca2+ ‘ influx is slow swelling and degeneration
of neurons in murine cortical cell cultures (Koh and Choi,
1991). Abnormal calcium signaling activates catabolic enzymes
that induce the production of reactive oxygen species (ROS)
and reactive nitrogen species (RNS), which leads to damage of
the cytoskeleton and cell membrane in cultured hippocampal
neurons (Mattson, 1992).

Glutamatergic transmission and neuronal excitability are both
modulated by mGluR. In AD, mGluR and Aβ interact with
each other and can influence the severity of the disease. Group
1 mGluRs appear to influence Aβ toxicity (Chen et al., 2013).
The role of group 2 mGluRs is rather ambiguous. On one
hand, they may contribute to the production and release of Aβ

(Kim et al., 2010); and on the other, they appear to exert a
neuroprotective effect (Bruno et al., 1997). Group 3 mGluRs
show mainly neuroprotective effects, as their main function is to
reduce glutamate release (Bruno et al., 2000; Ribeiro et al., 2017).
The metabotropic mGluR5 receptor appears to be a promising
therapeutic target. Studies have shown that modulation of this
receptor can reduce behavioral deficits, glutamate signaling
disorders, and tau pathology in APPswe/PS1dE9 (APP/PS1) mice
(Haas and Strittmatter, 2016).

There is also an association between defective tau
phosphorylation and glutamate receptors, mediated by PSD-95
synaptic proteins and Fyn kinase. They mediate a mutual toxic
interaction of Aβ and tau at synapses and activate the signaling
cascade, leading to excitotoxicity and degeneration of neurons
(Ittner et al., 2010; Revett et al., 2013; Hu et al., 2014).

It is postulated that in the late stage of the disease, tau
pathology may cause irreversible changes in synaptic function
(reviewed by Benarroch, 2018). Disruption of dendritic transport
results in a reduction in the transport of glutamate receptors and
proteins anchoring it in synapses and a reduction in the number
of mitochondria in synapses of rTg4510 mice (Hoover et al.,
2010) and in mice expressing mutant human presenilin 1, PS1
(M146L) as well as mice carrying the double mutation of human
amyloid precursor protein APP (Tg2576) and PS1 (M146L)
(Trushina et al., 2012). Phosphorylation of tau-specific domains
may also induce excessive microtubule stability (impairment
of dynamic instability, which is a physiological feature of
microtubules) in dendrites, which may impair synaptic plasticity
(reviewed by Brandt and Bakota, 2017). Interestingly, recent
studies have shown that increased glutamate reuptake decreased
tau pathology in a mouse model of AD [rTg(TauP301L)4510]
(Hunsberger et al., 2015a,b) and in a transgenic Drosophila model
of AD (Kilian et al., 2017). The data also suggest that as the

disease progresses, tau accumulation in astrocytes may contribute
to increased conversion of glutamate to GABA (Quevenco et al.,
2019) and, thus, may prevent glutamate toxicity in mouse models
of tauopathy (Crescenzi et al., 2017; Hebron et al., 2018).

In humans, a lower level of the vesicular glutamate
transporter (VGluT) (Kirvell et al., 2006) and astrocytic EAAT
dysfunction (Scott et al., 2011) has been reported. Glutamatergic
neurotransmission decreases with physiological aging, but in
patients with mild cognitive impairment (MCI) or AD, these
disorders are more acute and correlate with dysfunctions in the
glutamatergic system (Kantarci, 2007; Riese et al., 2015). Some
researchers have postulated that reduced glutamatergic markers
may be a good diagnostic tool for the early diagnosis of AD
(Huang et al., 2017).

Changes in synaptic iGluRs and mGluRs are among the many
pathological alterations observed in the development of AD. The
reduction in the number of synapses containing glutamatergic
receptors and dendritic branching dystrophy occurs in the early
stage of AD and may affect the severity of the disease (Arendt,
2009; Pozueta et al., 2013; Benarroch, 2018). Excessive Ca2+

influx, which causes pathological signaling and gradual reduction
of synaptic function and ultimately cell degeneration, was
observed in patients with AD. Changes in Ca2+ influx correlated
with memory impairment in patients with AD (Jansone et al.,
2016). Memantine, which is a NMDAR antagonist and drug used
in the treatment of AD, reduces the toxicity caused by excessive
Ca2+ in humans (Lipton, 2005; Matsunaga et al., 2015; Kishi et al.,
2017; Kabir et al., 2019).

Hyperactivity in Glutamatergic Signaling in PD
In patients with Parkinson’s disease (PD), the loss of
dopaminergic neurons in the substantia nigra (SN) and the
subsequent deficiency of dopamine (DA) in the striatum lead
to the excessive activation of glutamatergic projection to the
globus pallidus and to the pars reticularis of SN. Glutamate
antagonists appear to have anti-parkinsonian therapeutic activity
(Greenamyre and O’Brien, 1991; Schmidt et al., 1992; Blandini
et al., 1996; Blandini, 2010). In PD, disturbance of glutamate
homeostasis and excitotoxicity are associated with excessive
NMDAR activation (Wang J. et al., 2020; Trudler et al., 2021) and
insufficient glutamate reuptake in the striatum (Calon et al., 2003;
Iovino et al., 2020). In early PD, this glutamatergic hyperactivity
may compensate for the loss of neurons in SN (Ampe et al., 2007;
Shimo and Wichmann, 2009), but as the disease progresses, it
causes impairment of the striatal signaling loop. In addition,
VGluT1 and VGluT2 levels are altered in specific regions of the
Parkinson’s brain. VGluT1 and VGluT2 expression was increased
in the putamen, whereas VGluT1 was dramatically decreased in
the prefrontal and temporal cortices of patients with PD (Kashani
et al., 2007). Interestingly, a growing body of research indicates
an important role for mGluR in motor control, as it produces
a direct excitation and disinhibition of GABAergic projection
neurons in the substantia nigra pars reticulata (Awad et al., 2000;
Marino et al., 2001). Group 1 mGluRs respond to dopaminergic
stimulation in experimental models of PD (Dekundy et al., 2006),
Group 2 mGluRs reduce glutamate release (Picconi et al., 2002)
and modulate synaptic inputs and calcium signals in striatal
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cholinergic interneurons (Pisani et al., 2002), and Group 3
mGluRs reduce both GABAergic and glutamatergic transmission
in the rat substantia nigra pars reticulata and globus pallidus
(Wittmann et al., 2001; Matsui and Kita, 2003). Persistently high
glutamate levels can modulate/suppress DA evoked release by
activating the Group 1 mGluRs in SNpc DA terminals.

In summary, chronically increased excitatory glutamatergic
signaling, even if moderate in physiological aging, tends to induce
excitotoxicity, leading to neuronal degeneration. In several
neurodegenerative diseases, such as AD and PD, ample evidence
suggests that glutamatergic dysregulation is an important
contributor to disease pathology, although the molecular basis
for this may be different for each disease and may reflect
multiple pathways leading to disease. Contrary to physiological
aging, disorders of the glutamatergic system in disease states are
associated with severe deficiency of information transmission
in the neural network and impairment of cognitive processes
(Lewerenz and Maher, 2015; Figure 2B).

CHOLINERGIC SYSTEM

Role of Cholinergic Projection in
Cognitive Function
The cholinergic basal forebrain is composed of a collection
of magnocellular hyperchromic neurons located within the
medial septum (MS), vertical and horizontal limbs of the
diagonal band of Broca (vDB and hDB respectively), and
basal magnocellular nucleus (NBM). These neurons in the
septal/diagonal band complex and in NBM provide the major
cholinergic innervation to the hippocampus and the entire
neocortical mantle, respectively (Mesulam et al., 1983; Hedreen
et al., 1984; Figure 1).

Receptors
The primary neurotransmitter of the cholinergic system,
acetylcholine (ACh), acts as a neuromodulator and takes part
in control of cortical activity. The impact of ACh on the
cortical circuit depends on the expression of its specific receptors
and the concentration of the neurotransmitter. There are five
cholinergic muscarinic receptor subtypes (M1–M5), all of them
being expressed in the CNS but at different levels and in different
locations. For example, M1 and M3 appear to be the most
abundant muscarinic receptors expressed in the hippocampus
and entorhinal cortex in adult mouse, whereas M5 is poorly
expressed. The M1–M5 receptors can be subdivided into two
major functional classes according to their G-protein coupling
preference. The M1, M3, and M5 receptors selectively couple
to G-proteins of the Gq/G11 family, whereas the M2 and
M4 receptors preferentially activate Gi/Go-type G-proteins.
Coupling ACh through the first group (M1, M3, and M5) but not
through the second group results in an increase in intracellular
calcium (Lanzafame et al., 2003).

Nicotinic acetylcholine receptors (nAChRs) are a family of
transmembrane neurotransmitter receptors that play critical
functions in the central and peripheral nervous systems
(Albuquerque et al., 2009). They are also found in neuromuscular

junctions. Nicotinic receptors consist of five subunits and
combine into heteromeric and homomeric pentamers (Dani,
2015). In mammals, 16 subunits have been identified, and marked
with Greek letters and then Arabic numbers – α1–α7, α9–10, β1–
β4, γ, δ, ε. Neurons and muscle cells contain nicotinic receptors
composed of distinct subunits, which result in the classification
of nAChR into neuronal and muscle types, e.g., α4β2- and
α7-nAChR (neuronal type) and α1β1γδ-nAChR (muscle type).
nAChRs mediate some actions of the neurotransmitter ACh in
the neuromuscular junction of the autonomic ganglia and at
selected synapses in the brain and spinal cord. Neuronal nAChRs
influence the release of the neurotransmitter, interacting with the
signaling pathways of secondary messengers and controlling the
flow of Ca2+ (Zoli et al., 2015).

Modulation of Synaptic Plasticity and Cognitive
Processes
ACh can alter the activity of pyramidal neurons through
rapid inhibition followed by slow depolarization. The rapid
inhibition is partly mediated by nAChRs and mAChRs, which
stimulate cortical GABAergic interneurons. In contrast, slow
depolarization is moderated by M1 mAChRs, activation of which
leads to the closure of M-type potassium channels in pyramidal
neurons. Moreover, ACh increases glutamate release by binding
to α4β2 nAChRs at the endings of thalamo-cortical projections in
the sensory and associative cortices. On the other hand, activation
of mAChRs on parvalbumin-positive interneurons lowers GABA
release and reduces the inhibition of pyramidal cells. Activation
of inhibitory M2 mAChRs at the axonal ends of pyramidal
cells inhibits cortico-cortical transmission (Picciotto et al., 2012;
Obermayer et al., 2017). The activation or inhibition of nicotinic
and muscarinic receptors in the cholinergic projection system
is responsible for the control of autonomic processes, sleep,
wakefulness, and cognitive processing.

Synaptic plasticity is a mechanism connected with learning
and memory, which can be modulated by ACh in hippocampus.
Activation of cholinergic signaling via α7 nAChRs induces LTP
and suppresses LTD induction, influencing synaptic plasticity in
mouse hippocampal slices (Nakauchi and Sumikawa, 2012, 2014).
Administration of carbachol, a cholinergic agonist, enhanced LTP
in the CA1 region of the rat hippocampus (Blitzer et al., 1990).

The LTP phenomenon may underlie spatial memory
formation, which is mediated by cholinergic signaling from
the MS and vDB nuclei to the hippocampus. In memory tests
performed in rats, ACh levels were elevated in the hippocampus
(Mitsushima et al., 2013) and in the fronto-parietal cortex during
a continuous attention task (Arnold et al., 2002). Damage to
or inhibition of the activity of MS and vDB neurons leads
to impairment of learning and memory in rats (Mizumori
et al., 1990; Markowska et al., 1995). In addition, injections
of scopolamine, a muscarinic receptor antagonist, into the rat
hippocampus showed lower scores on a spatial discrimination
task. This suggests a role for mAChRs in spatial learning
(Carli et al., 1999; de Bruin et al., 2011). Similarly, in healthy
adults, scopolamine causes memory deficits (Thomas et al.,
2008). Healthy aging humans and animals perform worse in
hippocampus-related learning and memory tasks as compared
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with younger adults, and nicotine administration remedies partly
or completely this deficit (Zeid et al., 2018). In aging rodents,
hippocampal LTP facilitation and immediate improvement of
spatial memory is caused by both acute and chronic types of
nicotine administration (Levin and Torry, 1996; Srivareerat et al.,
2011). The acute and chronic nicotine types of administration
improve cognitive performance in patients suffering from
neurodegenerative disorders. It was found that relatively short-
term nicotine patch exposure improved learning and memory in
patients with probable AD, and that this improvement persisted
throughout the washout period (Wilson et al., 1995).

Dependence on the Availability of Neurotrophic
Factors
The differentiation, survival, and function of basal forebrain
cholinergic neurons (BFChN) are dependent upon the actions
of nerve growth factor (NGF) and its high-affinity receptor
tyrosine kinase (TrkA) and the low affinity receptor p75NTR

(Huang and Reichardt, 2001; Skaper, 2018). These receptors
are produced in BFChN and transported to their projection
sites (Sobreviela et al., 1994). The target areas of cholinergic
neurons (cortex and hippocampus) contain the highest level
of NGF protein and NGFmRNA in the brain. Furthermore,
the vast majority of mRNA and protein for both TrkA and
p75NTR NGF receptors are expressed by BFChN in both rats and
humans (Sofroniew et al., 2001; Niewiadomska et al., 2011). By
combining in situ hybridization detection of trkAmRNA with
immunocytochemical detection of protein, it was determined
that the TrkA receptor and its mRNA was also detected in
other regions of the brain, namely, paraventricular nucleus of
the thalamus, interpeduncular nucleus, prepositus hypoglossal
nucleus, vestibular nuclei, raphe obscuris, cochlear nucleus,
sensory trigeminal nuclei, hippocampus, and gigantocellular as
well as paragigantocellular neurons in the medullary reticular
formation (Gibbs and Pfaff, 1994; Lee et al., 1998; Bhattacharyya
and Mondal, 2013). In contrast to TrkA, p75NTR was found only
in a minority of NGF-responsive cell populations (Holtzman
et al., 1995).

Physiological Aging of Cholinergic
System
The early accepted view that there is a significant loss of
cholinergic cells during physiological aging is now questioned.
It is assumed that cholinergic neurons of the basal forebrain
undergo moderate degenerative changes during aging, resulting
in cholinergic hypofunction, leading to memory deficits that
progress with age. Significant neuronal cell loss has been found
rather in pathological aging, such as AD, while normal aging
is accompanied by a gradual loss of cholinergic function due
to dendritic synaptic and axonal degeneration, as well as a
reduction in trophic support, such as the one mediated by NGF.
As a consequence of these changes, there is only a loss in the
cholinergic phenotype of the basal neurons and not in their
atrophy (Schliebs and Arendt, 2011).

Animal Studies
From studies with aged rats as a model of physiological aging
(Niewiadomska et al., 2000, 2002) provide evidence for only

moderate deterioration of the cholinergic system with age. Age-
related impairment of the rat cholinergic system is related
to the loss in the basal cholinergic phenotype of neurons, as
measured by choline acetyl transferase (ChAT) and the TrkA
expression, rather than to the acute degeneration of neuronal
cell bodies. This assumption was confirmed by the restoration
of the cholinergic phenotype of basal forebrain neurons with the
NGF treatment of old rats, increasing their number and restoring
normal morphology.

Human Studies
Studies on non-demented young and old people have shown that
axons in the brain of youngest subjects were almost homogenous
in diameter and thin with small, fine varicosities. In older people,
axons present some deformations, but the number of such
abnormalities was increased significantly in very old subjects.
There were no Aβ deposits in the basal forebrain cholinergic
neurons in young people, but they appeared in small numbers
in the brains of older people. On the other hand, in basal
forebrain areas, tau-containing filamentous tangles appeared in
young people, and their number increased with age (Geula et al.,
2008). In addition, a decrease in the expression of the calbindin-
D28K gene in the striatum and the NBM was observed with
aging, which likely disrupts the Ca2+-buffering capacity and leads
to hypofunction or atrophy of some cholinergic neurons (Geula
et al., 2003; Ahmadian et al., 2015).

There is also a decrease in ACh synthesis with age in the
cortex (Schliebs and Arendt, 2011). One of the limiting steps in
the synthesis of ACh is the concentration of choline, which is
transported back into the cell by high affinity choline uptake.
Brain choline uptake is reduced in the elderly compared with
younger people (Decker, 1987). Choline and acetyl coenzyme A
are substrates for ChAT, which carries out the synthesis of ACh.
In mentally healthy people, ChAT activity is reduced with age,
particularly in the hippocampus and in the cortex and caudate
nucleus (Perry et al., 1977; Decker, 1987). However, another
study found no statistical difference between older and younger
patients in ChAT activity in the cortex and the caudato-putamen
(Wilcock et al., 1982; Nagai et al., 1983; Gilmor et al., 1999;
Contestabile et al., 2008). These data are in agreement with those
from vesicular acetylcholine transporter (VAChT) studies, which
showed only a slight age-dependent decrease in VAChT binding
to the cell membrane of presynaptic cholinergic terminals in the
cortex and hippocampus (Kuhl et al., 1996). It is possible that age-
related cholinergic dysfunction is the result of decreased choline
uptake and ACh turnover (Cohen et al., 1995; Katz-Brull et al.,
2002), which may lead to axonal degeneration and synaptic loss
but not neurodegeneration (Grothe et al., 2013).

An in vivo single photon emission computed tomography
(SPECT) study demonstrated a decrease in nicotinic receptor
availability dependent on age (Mitsis et al., 2009). Studies in
human brains have shown that with age, the binding of nicotine
to high-affinity receptors in the hippocampus, entorhinal
cortex, and the frontal and temporal cortices is reduced
with advancing age (Court et al., 1997; Marutle et al., 1998;
Hellström-Lindahl and Court, 2000). Moreover, in the human
frontal cortex, the mRNA expression of α4 and β2 nAChRs
subunits also declines with age (Tohgi et al., 1998a), but in
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the hippocampus and putamen only the level of β2 nAChR
mRNA is significantly reduced (Tohgi et al., 1998a,b). Muscarinic
receptor binding of cholinergic ligands is also reduced with
age in the subicular complex and entorhinal cortex (Court
et al., 1997), caudate nucleus, putamen, frontal cortex and
hippocampus (Rinne, 1987). The binding decline in the subicular
complex and entorhinal cortex concerns M1 and M3+4 receptor
subtypes. Detailed analysis revealed that the reduced ligand
binding was not due to a decline in the number of receptors.
It was generally shown that during healthy aging and the
development of neurodegenerative diseases, the overall mAChR
level appears to be preserved or moderately reduced in the
neocortex and hippocampus (Palacios, 1982; Smith et al., 1988;
Lebois et al., 2018).

Age-Related Disturbances of Cholinergic
Signaling in the Pathogenesis of AD
and PD
The cholinergic system plays an important role in AD
pathophysiology. The degeneration of cholinergic neurons of the
basal forebrain in the early stage of AD and the accompanying
decline in memory and cognitive functions have become the
basis for the formulation of one of the oldest theories of
the etiology of AD – the cholinergic hypothesis (Davies and
Maloney, 1976; Whitehouse et al., 1981, 1982; Bartus et al.,
1982; Wilcock et al., 1982; Ferreira-Vieira et al., 2016). The sites
of the greatest concentration of neurofibrillary tangles made
of aggregated tau protein in AD are the axons of cholinergic
neurons projecting from the basal forebrain into the cortex.
The presence of neurofibrillary tangles is accompanied by
abnormal changes in the morphology and function of cholinergic
neurons (Hampel et al., 2019). Changes in the cholinergic
system during progression of AD have been documented by
assessing the major functional components of cholinergic cells
and signaling: the acetylcholine-synthesizing and -degrading
enzymes, ChAT and acetylcholinesterase (AChE), respectively,
VAChT that transports ACh into the vesicles, mAChRs and
nAChRs, and the requirement of cholinergic neurons to receive
neurotrophic support by NGF mediated by high- (TrkA) and
low-affinity (p75NTR) receptors for survival (Hampel et al., 2018).

Degeneration of BFChN in AD
Studies on patients with AD have shown that in the early
stages of the disease, the lesion involves mainly the presynaptic
parts of the cholinergic system. Degeneration of cholinergic
neurons manifests first as a dystrophy of NBM and MS axons,
which are projecting to the cerebral cortex and hippocampus,
respectively (Lehéricy et al., 1993; Hampel et al., 2018). In
general, the number of BFChN in AD patients was reduced
to about 40% of the control value, whereas the population of
large cholinergic neurons was reduced by as much as 80%.
In addition, morphometric measurements showed significant
shrinkage (perikaryon diameter reduction by 80%) of surviving
neurons (Rinne et al., 1987; Vogels et al., 1990). In the basal
forebrain of murine models of AD, a significant loss of cholinergic
neurons compared with control groups was also observed. The

significant BFChN degeneration in mice matches that observed
in post-mortem brains of patients with AD (Belarbi et al., 2009;
Cranston et al., 2020). Studies have shown that abnormalities
in cortical cholinergic axons, such as thickening or ballooning
of terminals, are present in young people, but they are more
frequent in non-demented elderly people. In severe AD, there
is a decrease in the number of cholinergic axonal abnormalities
relative to the mild form of AD, which could be the result
of degeneration of axons with morphological abnormalities
(Geula et al., 2008).

Aberrant Cholinergic Signaling Exacerbates
Pathological Changes in AD
Reduction in ChAT activity (Davies, 1976; Perry et al., 1977;
Rossor et al., 1982; Wilcock et al., 1982), cholinergic receptor
number (Nordberg and Winblad, 1986), AChE activity (Davies,
1976; Geula and Mesulam, 1995), and decrease in high affinity
choline uptake have been observed in AD (Rylett et al., 1983;
Pascual et al., 1991). These changes are mainly the result of
significant depletion of cholinergic axons in the cerebral cortex
and the loss of cholinergic neurons in the basal forebrain
(Geula and Mesulam, 1995).

Research on patients with AD has shown a decline in nAChR
binding relative to older non-demented people in those cortical
areas that are affected in AD, such as the medial temporal,
insular, and posterior cingulate cortices (Sultzer et al., 2017). The
impairment of the cholinergic α4β2 nAChR correlated with the
greater amount of amyloid deposition (Okada et al., 2013) and
impairment of cognitive functioning, especially episodic memory
and executive function/working memory (Sabri et al., 2018) in
patients with AD.

Studies on cell cultures and in guinea pig brains after
systemic administration of physostigmine have shown that Ach
may suppress Aβ production through stimulation of the non-
amyloidogenic cleavage of APP by activation of mAChRs (Wolf
et al., 1995; Beach et al., 2001) and nAChRs in PC12 cell
culture (Kim et al., 1997). Furthermore, ACh has an impact
on the phosphorylation of tau by mAChRs and nAChRs.
Administration of nicotine or nAChR agonists to SH-SY5Y cell
cultures overexpressing α3 or α7 nAChRs increased the level
of phosphorylated and non-phosphorylated tau. This effect was
reversed by nAChR antagonists (Del Barrio et al., 2011). In ApoE-
deficient mice (murine model of familial AD), the administration
of the M1 agonist caused a decrease in hyperphosphorylated
tau level (reviewed in Fisher et al., 1998). Moreover, stimulation
of muscarinic receptors led to the protection of cells from
apoptosis caused by DNA damage, mitochondrial impairment,
and oxidative stress in SH-SY5Y cells (Christopoulos and
Mitchelson, 2003; De Sarno et al., 2003). There was evidence
that Aβ causes the uncoupling of M1 mAChR from G-protein,
which led to inhibition of the M1 receptor function in AD.
These abnormalities may induce excessive production of Aβ by
inhibition of signaling in the sAPPα pathway (Jiang et al., 2014).

Insufficient Neurotrophic Support in AD
Alterations in the NGF ability to interact with its two receptors,
TrkA and p75NTR, have been observed in an AD mouse model,
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accompanied by a reduced concentration of matured NGF
(mNGF) in the cortex and hippocampus (Capsoni et al., 2010).
Significant differences in TrkAmRNA concentration in BFChN
have been noted in patients with AD compared with age-
matched controls (Mufson et al., 1996). No notable changes have
been observed in the expression of p75NTR, suggesting that a
selective deficit in TrkA signaling may be responsible for the
reduced trophic support to BFChN. NGF is synthesized as the
precursor protein pro-NGF. In AD, pro-NGF has been found to
accumulate in the hippocampus and cortex (Fahnestock et al.,
2004). A similar observation in Fisher 344 rat slices and in adult
male Wistar rats with pharmacologically induced failure in NGF
maturation implies a general shift in NGF metabolism, which
may be responsible for the change in pro-NGF to NGF ratio
(Bruno and Cuello, 2006; Allard et al., 2012). It has also been
observed that the decrease in TrkA receptors is accompanied
by reduced mNGF availability, suggesting that reduced trophic
support may be responsible for the lower expression of the
BFChN cholinergic phenotype (Allard et al., 2012). Pro-NGF
signaling in the absence of mNGF has been shown to be capable
of inducing atrophy of the BFChN and impairing memory
consolidation in mice (Capsoni et al., 2011). In support of this,
pharmacologically induced chronic failure in NGF maturation
has been shown to result in increased pro-NGF level, cholinergic
degeneration, and cognitive impairment in rat models (Allard
et al., 2018). Cognitive deficits that arise from an increased pro-
NGF signaling are a consequence of the interaction between
pro-NGF and p75NTR in the absence of its rival signaling
partner mNGF. When p75NTR is stimulated without concomitant
TrkA signaling, it mediates a variety of intracellular cascades,
leading to apoptosis.

Impairment of the Cholinergic System Is Involved in
the Etiology of PD
Studies have shown that the cholinergic function of the basal
forebrain is impaired in patients with PD (Arendt et al.,
1983; Whitehouse et al., 1983). Loss of cholinergic cells in
NBM is greater than that seen in AD (Liu et al., 2015).
Positron emission tomography (PET) studies on PD and on
Parkinson’s dementia showed cortical (Hiraoka et al., 2012;
Shimada et al., 2015) and thalamic (Kotagal et al., 2012)
reductions in AChE activity. In addition, AChE activity is
lower in patients with PD with dementia than in patients
with non-demented PD (Ruberg et al., 1986). Moreover, in
patients with PD with or without dementia, reduced VAChT
level in the parietal and occipital cortices (Kuhl et al., 1996),
decreased nAChR binding and activity (Fujita et al., 2006;
Oishi et al., 2007; Meyer et al., 2014), and increased mAChR
binding in the frontal cortex (Asahina et al., 1998) were
reported. Compared with controls, ChAT activity is decreased
in patients with PD in the frontal cortex and the substantia
innominata, and these changes correlate with the severity of
dementia (Dubois et al., 1983). The cognitive decline observed
in PD is also connected with cholinergic disturbance. It is even
suggested that cortical cholinergic function is more severely
affected in parkinsonian dementia than in AD (Bohnen et al.,
2003). Moreover, cholinesterase inhibitors, such as rivastigmine

and donepezil, exert beneficial effects on cognition and other
behavioral symptoms (Mamikonyan et al., 2015).

There is evidence that degeneration of cholinergic neurons
in the pedunculopontine nucleus may be connected with
freezing of gait and postural instability. The number of AChE-
positive neurons was reduced in patients with postural disability
compared with those without balance deficits (Karachi et al.,
2010). Patients with episodes of fall had lower VAChT expression
in the thalamus than patients without episodes of fall. Similarly,
patients with episodes of freezing showed a reduction of VAChT
binding in the striatum and limbic archicortex (Liberini, 1997;
Bohnen et al., 2019).

In summary, age-related deterioration in the functions of the
cholinergic system is not particularly severe. It mainly concerns
the attenuation of the phenotype of cholinergic neurons, which is
manifested by a decrease in ACh secretion, moderate reduction
of ChAT and VAChT levels, and lower expression of muscarinic
receptors. In contrast, the development of neurodegenerative
diseases is associated with very serious damage to the structure
and functions of the cholinergic system, which is manifested by
degeneration of cholinergic neurons, substantial loss of ChAT
and AChE activity, a significant reduction in VAChT level,
decreased ACh release, mAChRs and nAChRs signaling damage,
reduced choline re-uptake, and lower neurotrophic support by
NGF (Figure 2B).

DOPAMINERGIC SYSTEM

Involvement of Dopamine and
Dopaminergic Receptors in the
Regulation of Motor Function
In early 1960, because of the newly implemented method of
formaldehyde histofluorescence, Carlsson, Falck, and Hillarp
were the first to identify two novel catecholamines in the
brain: noradrenaline and DA (Carlsson et al., 1962; Falck et al.,
1962). In 1964, 12 different catecholaminergic cell groups were
identified in the brain, located from the medulla oblongata to the
hypothalamus (Dahlstroem and Fuxe, 1964). Later, another five
cell groups were discovered in the diencephalon, olfactory bulb,
and retina (Vogt Weisenhorn et al., 2016). DA is a catecholamine
synthesized in the cytoplasm of dopaminergic neurons in the
CNS from L-tyrosine. L-tyrosine in the presence of cofactors is
transformed to L-DOPA by tyrosine hydroxylase (TH). Then,
L-DOPA is then rapidly decarboxylated to dopamine by the
aromatic L-amino acid decarboxylase (Musacchio, 2013).

Dopaminergic neurons are anatomically and functionally
heterogeneous groups of cells. Nine dopaminergic cell groups
were distinguished in the mammalian brain using methods
of immunohistochemistry (Björklund and Dunnett, 2007).
They are localized in the diencephalon, mesencephalon, and
olfactory bulb. The nigrostriatal, mesolimbic, mesocortical,
and tuberoinfundibular pathways are the main dopaminergic
pathways in the brain (Figure 1). These pathways consist
of cell bodies and axonal projections arising primarily from
the SN, VTA, and the arcuate nucleus of the hypothalamus
(Chinta and Andersen, 2005).
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Motor System
The motor system integrates multimodal sensory information
for posture maintenance and coordinated voluntary movement
(Guyton and Hall, 2000; Takakusaki, 2013). Skeletal muscles are
stimulated by motoneurons of the spinal cord. The activity of
these neurons is controlled by motor centers in the cerebral
cortex, pons, and brainstem (Kandel et al., 1991). Moreover,
motor centers of the cerebral cortex and the spinal cord are
controlled by the cerebellum and subcortical nuclei (Kandel et al.,
1991; Purves et al., 2018).

Movement control is carried out through a complex,
hierarchically ordered neural network. The cerebral cortex is
involved in the control of voluntary movements and the motor
decision process. Thalamus and basal ganglia (BG) use different
pathways to initiate (direct pathway) and terminate (indirect
pathway) the motor program by controlling muscle tone, muscle
length, speed, and strength of the movement. Brainstem is
responsible for postural control and regulation of muscle strength
and tension. Interactions between the spinal cord and the
structures of the cerebral cortex occur through the midbrain
locomotor, subthalamic locomotor, and cerebellar locomotor
regions (Takakusaki, 2013, 2017).

Basic locomotor pattern is generated by spinal interneural
networks, referred to as the central pattern generator (CPG).
This network generates rhythmic signals that cause stimulation
of the antagonistic flexor and extensor muscles and promotes
coordinated work of the limbs both in animals and humans. The
activity of the CPG network is modified by direct or indirect
modulation in the corticospinal tract and descending tracts of the
brainstem (Takakusaki, 2013, 2017).

Receptors
Dopamine receptors are commonly expressed in the CNS, but
they are also found in blood vessels, retina, heart, kidneys, and
adrenals controlling the release of catecholamines and renin–
angiotensin system (Missale et al., 1998; Ayano, 2016).

There are five main types of DA receptors. The dopamine
1 (D1) and dopamine 2 (D2) receptors are the most abundant
receptors of all dopaminergic receptors in the CNS. D1 receptors
are involved in the regulation of the release of neurotransmitters,
such as GABA, glutamate, and ACh. D2 autoreceptors are found
in both somatodendritic and axonal compartments and have a
key role in the regulation of secretion in dopaminergic neurons.
They control the timing and amount of DA released from
their terminals in target regions in response to changes in the
extracellular level of the neurotransmitter, as found in mice
and rats (George and O’Dowd, 2007; Yapo et al., 2017; Marcott
et al., 2018). It is believed that the activation of D2 presynaptic
receptors is the basic mechanism of regulating DA release
via a G-protein coupled receptor-mediated negative feedback
loop (reviewed by Elsworth and Roth, 1997). Stimulation of
D2 autoreceptors in mice and rats leads to a decrease in the
concentration of cAMP and to a reduction in the phosphorylation
of TH by protein kinase A (PKA) that, in turn, leads to reduced
DA synthesis and decreased locomotor activity (Kebabian et al.,
1972; Bao et al., 2010). In vitro research has shown that D2-type
receptors may inhibit voltage-gated Ca2+ channels and that this

could have a direct impact on DA release (Congar et al., 2002;
Kisilevsky and Zamponi, 2008).

Almost all dopaminergic neurons express D3 receptors. They
function as autoreceptors and regulate DA secretion in both
ventral and dorsal striata. In mice, D3 receptors also inhibit DA
release from presynaptic terminals; however, their contribution
is significantly smaller compared with D2 receptors (Joseph
et al., 2002). D4 receptors are highly distributed in frontal
lobe regions; therefore, they are involved in the modulation
of cognitive functions, whereas D5 receptors are expressed in
postsynaptic dopamine-stimulated cells of the hypothalamus
(Neve et al., 2004).

Basal Ganglia and Medium Spiny Neurons in the
Striatum
Basal ganglia are a group of neuronal circuits, which are
situated deep within the cerebral hemispheres. BG are strongly
interconnected with the cerebral cortex, thalamus, and brainstem,
as well as several other brain areas (Blandini et al., 2000). BG have
many incompletely understood functions related to cognition
and emotions, but they are best known for their role in movement
control. The main components of BG are the corpus striatum
(both ventral and dorsal parts), the globus pallidus [both internal
(GPi) and external (GPe) segments], SN, and the subthalamic
nucleus (STN) (Carpenter, 1976; Mas et al., 2017; Fazl and
Fleisher, 2018; Young et al., 2020). The striatum is the main part
of the neuronal circuits of BG. Caudate and putamen are partly
separated by corticofugal and corticopetal fibers of the internal
capsule (Lanciego et al., 2012).

Around 95% of neurons in the striatum are medium spiny
neurons (MSNs) (Kemp and Powell, 1971), and they use
GABA as a neurotransmitter. The remaining 5% of neurons
in the corpus striatum are interneurons containing ACh,
somatostatin, nicotinamide adenine dinucleotide phosphate
(NADPH)-diaphorase, or GABA associated with parvalbumin,
calretinin, or nitric oxide synthase (NOS) (Kawaguchi et al.,
1995). In the striatum, besides dopaminergic inputs from SN,
dopaminergic inputs from the cortical areas are also found.

Striatum exhibits a variety of receptors because of multiple
inputs of diverse neurotransmitter systems (Sulzer et al., 2016;
Jamwal and Kumar, 2019). There are two major pathways
emerging within the BG, a direct excitatory pathway and an
indirect inhibitory pathway. In the direct pathway, D1 receptor-
expressing neurons in the striatum provide GABAergic axons to
the GPi and to the SN pars reticulata. The GPi sends numerous
inhibitory endings to the thalamus-modulating activity of the
thalamic nuclei, which in turn regulates the activity of the
motor cortex. In the indirect pathway, D2 receptor-containing
striatal neurons send inhibitory GABAergic axons to the GPe,
which in turn sends an inhibitory projection to the STN.
The STN exerts a stimulating effect on the GPi inhibiting the
thalamus and motor cortex (Lanciego et al., 2012; Freeze et al.,
2013). The direct pathway is thought to facilitate movement
while the indirect pathway suppresses movement. Dopaminergic
signaling is crucial to the maintenance of physiological processes,
and an unbalanced activity of dopaminergic pathways may
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lead to dysfunction related to neurodegenerative diseases
(Milardi et al., 2019).

Physiological Aging of the Dopaminergic
System
Both human and animal studies indicate that the dopaminergic
system components deteriorate during aging (Joyce, 2001; Branch
et al., 2016). The increase in DA synthesis and the decrease in
the number of dopaminergic receptors during aging depend on
individual differences in vulnerability to nervous system damage
(Reeves et al., 2002; Berry et al., 2016).

Changes in the Number of the Dopaminergic Neurons
The loss of dopaminergic neurons with age was observed in SN
of mice (Noda et al., 2020) and humans (Ma et al., 1999; reviewed
by Reeve et al., 2014); while in other structures, the number of
dopaminergic neurons was not significantly reduced (Mann et al.,
1984; Fearnley and Lees, 1991). An age-related loss of cells in the
dopaminergic system in rats has been demonstrated (Sabel and
Stein, 1981; Gao et al., 2011). The study of Felten et al. (1992a,b)
in 26-month-old Fischer 344 rats revealed a 27% loss of DA cell
bodies in SNpc and a 30% loss of DA nerve terminals in the
rostral caudato-putamen, compared with 3-month-old control
rats. They, however, mentioned that the absence of phenotypic
markers for dopaminergic neurons does not necessarily mean
that the cells have died. Aging may influence neurotrophic factor
signaling and the regulation of tyrosine hydroxylase activity
(Parkinson et al., 2015). Factors that contribute to neuronal loss
in SN are oxidative stress, Ca2+ handling, respiratory deficiency,
iron accumulation, or mitochondrial DNA defects. All of these
factors may contribute to the development of PD (Hindle, 2010;
Reeve et al., 2014).

In humans, the brain dopaminergic system also deteriorates
with age. In SN, loss of dopaminergic neurons may reach up to
10% per decade (Ma et al., 1999; Buchman et al., 2012), which
may correlate with motor and cognitive impairment (Mukherjee
et al., 2002; Nyberg and Bäckman, 2004).

DA Metabolism, Receptors, and Oxidation
The results of a study on C57BL/6NNia mice revealed that
morphological changes in dopaminergic neurons observed
in 10-month-old adult animals were characterized by the
accumulation of lipofuscin in dopaminergic neurons, a
markedly reduced dopamine content, and an increase in the
number of fragmented axons in the nigro-striatal pathway.
These changes intensified until at least 30 months of age
(McNeill et al., 1984).

Studies on rats indicate that there is age-dependent reduction
in the level of DA release (Shimizu and Prasad, 1991; Gordon
et al., 1995), DA uptake (Hebert and Gerhardt, 1999), DA
transporters levels, and level of D2 receptors in postsynaptic
sites in the striatum (Han et al., 1989; Roth and Joseph,
1994). Moreover, the mRNA level of DA transporter in the
substantia nigra is reduced (Himi et al., 1995). These data
suggest deterioration of DA release and uptake in the brain with
age. Several studies have reported an age-related decline in DA
concentration in the striatum (Cruz-Muros et al., 2007), but

many other studies have not found such a decrease (Morgan
and Finch, 1988; Felten et al., 1992b; Hebert and Gerhardt,
1999). A similar discrepancy has been noted in reports on DA
receptor binding and DA uptake. However, most reports suggest
an age-related decline in the DA nigrostriatal system in 24- to 27-
month-old Fischer 344 and Sprague-Dawley rats (Strong et al.,
1982, 1984; Marshall and Joyce, 1988; Felten et al., 1992b).

Human studies by PET and SPECT revealed that D1 and D2
receptors (Volkow et al., 1996; Kaasinen et al., 2000; Ishibashi
et al., 2009; Karrer et al., 2017) and DA transporters (Volkow
et al., 1996; Ishibashi et al., 2009; Karrer et al., 2017) are decreased
in the nigrostriatal pathway. Interestingly, DA synthesis seems to
be not affected or even enhanced (Kish et al., 1995; Braskie et al.,
2008; Dreher et al., 2008); and since DA reuptake is lowered, DA
may remain longer in the synaptic cleft in older individuals (Berry
et al., 2016; Karrer et al., 2017).

Neuromelanin is a dark pigment appearing in several neuronal
populations, mainly in dopaminergic neurons of SN. The
formation of neuromelanin has been debated: whether it is
enzymatically mediated or whether it is an autooxidation process
of dopamine derivatives (Zecca et al., 2001). The level of
neuromelanin increases with age before declining after 80 years
of age (Zecca et al., 2002; Zucca et al., 2017; Carballo-Carbajal
et al., 2019; Vila, 2019). It has been proposed that the synthesis
of neuromelanin and its accumulation with age indicate an
ongoing damage of cytosolic DA. Such a claim is supported
by the fact that in dopaminergic neurons of VTA, only a
small amount of melanin is generated over a lifetime. This
may be related to the greater level of cytosolic dopamine in
SN neurons as compared with VTA ones, which in turn may
be related to the compensating activity of dihydropyridine-
sensitive Cav1.3 channels in SN but not VTA neurons (Mosharov
et al., 2009). Increase in the level of dopamine-derived species
disturbs the redox balance and escalates the oxidative stress
during a period in life in which dementia syndromes develop
(Sulzer et al., 2008).

Another area of damage due to neuromelanin accumulation
may be the ubiquitin-proteasome system and intracellular
vesicular trafficking. The equilibrium between dopamine and
neuromelanin is crucial for cellular homeostasis; however, when
neuromelanin-containing organelles accumulate high load of
toxins and iron during aging, a neurodegenerative process
can be triggered (Liang et al., 2004; Zucca et al., 2017).
When neuromelanin takes up over 50% of the cytoplasmic
volume of DA neurons about the sixth decade of life, this
pigment potentiates the tendency of α-synuclein to form toxic
protofibrillar and fibrillar species leading to cell degeneration
(Shtilerman et al., 2002; Uversky et al., 2002). α-Synuclein
plays a role in proteasome function, whose impairment
can lead to the death of catecholaminergic neurons. The
findings suggest that α-synuclein aggregation is a key feature
associated with a decline in the proteasomal and lysosomal
function and support the hypothesis that cell degeneration
in PD involves dysfunction of these activities, impaired
protein clearance, protein accumulation, and aggregation leading
to cell death (Petrucelli et al., 2002; Xu et al., 2002;
Zucca et al., 2018).
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Age-Related Disturbances of
Dopaminergic Signaling in the
Pathogenesis of PD and AD
The neurodegenerative process leading to the development of
PD symptoms may last for many years (Hou et al., 2019).
Deterioration of the dopaminergic system is believed to be
the main cause of PD motor symptoms. The nigrostriatal
pathway seems to be the most affected, but the mesolimbic and
mesocortical pathways also appear to be affected (Vallone et al.,
2000; Prediger et al., 2014). Deterioration of motor functions
is associated with prominent loss of dopaminergic neurons in
SN (Fearnley and Lees, 1991; White et al., 2010), the decline in
striatal DA transporters levels (Miller et al., 1997), and reduction
in striatal TH-positive axonal staining (Ryoo et al., 1998).

It should be added that in Parkinson’s disease, serious
symptoms unrelated to motor impairment, such as anxiety,
depression, cognitive decline, fatigue, disturbances of smell, sleep,
and mood, and gastrointestinal function, are also observed. Non-
motor symptoms may precede PD pathology by five or even
more years, and at the beginning, they may not be linked
with PD (Goldman and Postuma, 2014; Zhang et al., 2016).
These symptoms are associated not only with damage of the
dopaminergic projection but also with impairment of other
neurotransmission pathways, such as those of glutamatergic and
cholinergic, for example.

Loss of Dopaminergic Neurons in PD
Neuronal loss in PD arises as a result of oxidative stress,
dysfunction of mitochondria (Bose and Beal, 2016; Segura-
Aguilar, 2019; Valdinocci et al., 2019; Kim et al., 2021),
deterioration of protein degeneration, and accumulation of
α-synuclein or neuromelanin in SN (Reeve et al., 2014).
Post-mortem brain samples obtained from patients with PD
show that dopaminergic neurons are damaged because of
mitochondrial dysfunction and chronic ROS production (Dauer
and Przedborski, 2003). Mitochondrial abnormalities linked
to the disease include mitochondrial electron transport chain
impairment, alterations in mitochondrial morphology and
dynamics, mitochondrial DNA mutations, and anomaly in Ca2+

homeostasis (Subramaniam and Chesselet, 2013). Substantial
increase in oxidative stress and disruption of Ca2+ homeostasis
and sustained increases in cytosolic-free Ca2+ were observed
in several forms of PD. The etiology of PD involves defects in
the mitochondrial respiratory chain (Perier et al., 2010, 2012),
which in turn results in increased apoptotic cell death (Lev
et al., 2003). The activity of complex I, which is one of the
components of the mitochondrial electron transport chain, has
been reported to be reduced in parkinsonian dementia with
Lewy body disease (Poirier et al., 1994). Infusion of 1-methyl-4-
phenyl-1,2,3,6- tetrahydrodropyridine (MPTP), which produces
the animal model of PD by specific degeneration of dopaminergic
neurons, selectively inhibits mitochondrial complex I (Langston
et al., 1983; Burns et al., 1985).

Disturbances of Trophic Support in PD
Loss or disturbance of specific trophic factors, their receptors, or
their signal cascades may also promote PD (Palasz et al., 2019a,

2020). Decreased levels of neurotrophic factors, such as BDNF
(brain-derived neurotrophic factor), NGF, neurotrophin-3, and
neurotrophin-4 were observed in PD (Siegel and Chauhan, 2000).
BDNF, mesencephalic astrocyte-derived neurotrophic factor
(MANF), glial cell line-derived neurotrophic factor (GDNF), and
cerebral dopamine neurotrophic factor (CDNF) have been shown
to be neuroprotective and neurorestorative toward damaged
dopaminergic neurons in cell cultures and in various PD animal
models (Allen et al., 2013; Voutilainen et al., 2015; Lindahl
et al., 2017). Restoring the physiological level of these trophic
factors by inducing their expression may be considered a therapy,
which may halt the decline or even restore the function of the
dopaminergic system (Langston, 2006; Palasz et al., 2017).

Non-motor Disturbances Related to the
Dopaminergic System in PD
DA is involved not only in the regulation of movement control,
but also contributes to the reward system, behavior, and learning
(Schultz, 1998). In the reward pathway, dopaminergic neurons in
the VTA project to the nucleus accumbens (NAc) and prefrontal
cortex forming the mesocorticolimbic circuit (Cooper et al.,
2017; Pavăl, 2017). DA can stimulate dopaminergic receptors
located on MSN, which are the dominant cell type in NAc.
Dopaminergic stimulation of MSN in the NAc core appears to be
crucial for selecting motivational stimuli connected with reward
or aversion (Soares-Cunha et al., 2020), while in the NAc shell
this stimulation drives behavioral responses to repeated exposure
to rewarding experiences (Meredith et al., 2008; Cooper et al.,
2017). Age-related dysfunctions in the midbrain dopaminergic
regulation of the human reward system were observed by PET
examination (Dreher et al., 2008). Marked loss of dopaminergic
system function and pathologies of reward stimuli processing
were demonstrated both in healthy aging and in age-related
neurodegenerative disorders, such as PD and AD, both in
humans (Chau et al., 2018; Drew et al., 2020) and animal model
studies (Ouachikh et al., 2013; Nobili et al., 2017).

The mesocorticolimbic ascending dopaminergic pathways to
the prefrontal cortex are implicated in cognitive control of
working memory and reward-based learning (Cools et al., 2019;
Ott and Nieder, 2019; Douma and de Kloet, 2020). However,
in many dopamine-related disorders, cognitive deficits are also
accompanied by abnormal dopamine signaling in the striatum,
which has been associated with impaired value-based learning,
choice, and motivation. Similar findings from studies with
experimental animals show that reversal learning is altered by
damage to the ventral striatum, specifically the NAc (Nonomura
and Samejima, 2019; Smith et al., 2020) or modulation of
dopaminergic incoming signaling to the NAc (Alsiö et al.,
2019). It has also been shown that dopaminergic receptors of
the D1 and D2 families assume complementary roles in the
control of cognitive processes (Bezu et al., 2017; Horst et al.,
2019). Cognitive deficits in PD include structural, functional,
and metabolic correlates. A distinction should be made between
executive dysfunction mediated by dopaminergic transmission,
seen in milder stages of PD compared with global dementia
syndrome, which may occur as the disease progresses. In
advanced PD, the deterioration of the neurotransmitter systems

Frontiers in Aging Neuroscience | www.frontiersin.org 14 July 2021 | Volume 13 | Article 654931290

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-654931 July 13, 2021 Time: 11:25 # 15

Gasiorowska et al. Age-Related Changes in Signaling Between Neurons

goes beyond the dopaminergic system and also involves the
noradrenergic, serotonergic, and cholinergic systems, which are
mutually responsible for the decline in cognitive ability (reviewed
by O’Callaghan and Lewis, 2017).

Several psychological symptoms are associated with
depression in patients with PD (Garlovsky et al., 2016).
Depression is one of the most common non-motor symptoms
related to PD, occurring in approximately 20% of patients. In
many patients with PD, depression is the presenting symptom
(Ryan et al., 2019). Magnetic resonance imaging showed changes
in connections and decreased projection between the cortex and
amygdala in patients with PD with depression. The amygdala is
innervated by dopaminergic neurons originating from the VTA
(Remy et al., 2005). Dysfunction of mesolimbic dopaminergic
pathways derived from VTA and projecting to the amygdala
and bed nucleus was reported (Volkow et al., 2011; Bananej
et al., 2012; Hu et al., 2015; Huang et al., 2015). A number of
studies also indicate the involvement of dopaminergic D1 and
D2 receptors on the MSN of the NAc in the development of
depression in patients with PD (Francis and Lobo, 2017).

Impairment in the Dopaminergic System Also Occurs
in AD
Even though the dopaminergic system is not a key player
in AD, it is affected in AD (Joyce et al., 1997; Martorana
and Koch, 2014; D’Amelio et al., 2018). Although the loss of
dopaminergic neurons has been identified in the AD brain
(Roostaei et al., 2017), no neuronal loss was observed before
the formation of Aβ plaques (Nam et al., 2018). In addition,
a recent study connects the polymorphism of dopamine beta-
hydroxylase with AD pathology (Belbin et al., 2019). Moreover,
treatment with levodopa improved cognitive ability in patients
with AD (Martorana et al., 2009). A recent meta-analysis linking
the dopaminergic system and AD has summarized that the level
of DA and D1 and D2 receptors were decreased in patients with
AD (Pan et al., 2019). However, the role of this neurotransmitter
system still remains unclear in AD.

Summing up, the changes in the dopaminergic system
associated with aging mainly involve the weakening of
the neurotransmitter phenotype of neurons and, thus, the
deterioration of proper movement control. In contrast, in PD
and other dementias with parkinsonian symptoms, a number
of dopaminergic disorders are observed, such as increased
susceptibility of DA neurons to toxic insults, substantial loss
of DA neurons in SN and VTA, significant reduction of
dopaminergic projection in the striatum, a severe decline in
striatal dopamine transporter level, polymorphism of dopamine
β-hydroxylase, accumulation of neuromelanin and β-synuclein
in DA neurons of SN, and loss of trophic support specific for
dopaminergic neurons by GDNF, BDNF, and CDNF.

In general, a comparison of brain changes within the
glutamatergic, cholinergic, and dopaminergic systems in healthy
elderly people and in people who exhibit symptoms of
neurodegenerative diseases shows that there are fundamental
morphological, biochemical and functional differences between
normal physiological aging and pathological aging associated
with disease processes, the most common of which are the

so-called dementia syndromes. These disease processes are
usually irreversible and result in severe disturbances in the three
projection systems discussed (Figure 2).

THERAPEUTIC APPLICATIONS

The search for an AD therapy appears to be an extremely
frustrating endeavor. Liu et al. (2019) counted 2,117 clinical
trials testing various approaches for the treatment of AD.
As a result, no new drug for AD has been approved since
the approval of memantine (an NMDAR antagonist) in 2003
following the approval in 2001 of galantamine, the last of four
acetylcholine esterase inhibitors (AChEIs) (the others being
tacrine, donepezil, rivastigmine) recommended in the treatment
of dementia (Cummings et al., 2014). Both memantine and
AChEIs are regarded as symptomatic drugs, although their
postulated mechanism of action may confer neuroprotection.

Similarly, only symptomatic treatment with L-DOPA and
agonists of dopamine receptors are presently available treatments
for PD. There is no pharmacotherapy of PD that would stop
or delay the progression of this disease (Fox et al., 2018;
Hayes et al., 2019).

Addressing Glutamatergic System
Memantine has moderate binding affinity and rapid blocking–
unblocking receptor kinetics (Parsons et al., 1993; Danysz
et al., 2000). Thanks to this binding profile, memantine
may correct the dysfunctional NMDAR activation present in
AD. Mild, but chronic stimulation of glutamatergic receptors
may ultimately lead to neuronal damage/death. This low-level
pathological stimulation is blocked by memantine, however,
when a physiological signal arrives in the form of a transiently
elevated glutamate level, and memantine dissociates from
NMDAR allowing for normal neurotransmission. Accordingly,
memantine allows the better detection of physiological stimuli
and at the same time confers neuroprotection (Danysz et al.,
2000; Parsons et al., 2007). Memantine may also protect
neurons from the excitotoxicity caused by excessive activation of
NMDARs (Willard et al., 2000).

It is likely that modification of memantine leading to its
enhanced binding to extra-synaptic NMDA receptors will be
beneficial. These receptors are localized on dendrites and non-
perisynaptic parts of the dendritic spines, and their activation
requires a high glutamate level (Hardingham et al., 2002). Bordji
et al. (2010) found that sustained activation of extra-synaptic
NMDARs but not synaptic NMDARs strongly enhanced the
neuronal production of Aβ. A kind of vicious cycle takes place
when Aβ increases glutamate level, which in turn increases Aβ

production. Thus, specific inhibition of extra-synaptic NMDARs
seems a desired goal. Nitromemantine, an improved NDMAR
antagonist, is able to selectively block the aberrant activation of
extra-synaptic NMDARs and protects synapses from Aβ-induced
damage both in vitro and in vivo (Talantova et al., 2013).
However, it should also be noted that memantine reduces the
levels of the secreted form of Aβ precursor protein (APP) and
secreted Aβ in human neuroblastoma cells (Ray et al., 2010).
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It is interesting that a single molecule may be a multi-
targeting compound. Memantine is likely to be such a molecule,
and Song et al. (2008) showed in rat primary cortical cultured
neurons that memantine decreased tau phosphorylation, elevated
by Aβ. Wang et al. (2015) demonstrated that memantine can
rescue protein phosphatase-2A (PP2A) activity, inhibited by
I1

PP2A – an endogenous inhibitor of this phosphatase. This
inhibitor is upregulated in the AD brain, and its overexpression
in Wistar rats, induced with a viral vector, resulted in abnormal
hyperphosphorylation of tau and neurodegeneration. Memantine
rescued PP2A activity by decreasing its demethylation at
Leu309 selectively, which resulted in the inhibition of tau
phosphorylation and prevented neurodegeneration. Of note,
memantine exerted these effects by non-NMDAR-mediated
interaction; thus, it may regard not only NMDAR antagonist but
also an anti-tau-phosphorylation agent. In addition, memantine
may upregulate autophagic flux, and this effect was found
to be independent of its interaction with NMDARs (Hirano
et al., 2019). This was inferred from the observation that
neither agonist nor antagonist of NMDARs (NMDA and
D-AP5, respectively), in the presence or absence of memantine,
affected the level of LC3-II, in contrast to memantine alone,
which elevated the LC3-II level. LC3-II is the microtubule-
associated protein 1A/1B-light chain 3 (LC3) conjugated to
phosphatidylethanolamine and serves as an autophagy marker.
However, this observation does not exclude the possibility
that memantine may also induce stimulation of autophagy
via NMDARs. This possibility could not be verified by the
authors of the study, as NMDAR may have been non-
functional in the SHSY5Y cells used in this experiment.
However, in the T-98G model, a malignant glioma cell line,
the knockdown of NMDAR prevented memantine-induced
increase of LC3-II (Yoon et al., 2017), thus in these cells, the
presence of NMDAR seems indispensable for pro-autophagic
effects of memantine.

With respect to the glutamatergic system, the dysfunctional
activation of NMDARs may be caused by the impaired uptake
of glutamate by astrocytes through their EAATs, mainly by
EAAT2. In AD, the loss of EAAT2 protein and function is
observed (Jacob et al., 2007). Aβ impairs the function of EAAT2
in glia, attenuating glutamate clearance in the synaptic cleft
(Scimemi et al., 2013; Di Domenico et al., 2017). In addition,
Aβ enhances the release of glutamate from presynaptic neurons
(Brito-Moreira et al., 2011) and astrocytes (Talantova et al., 2013).
Elevated glutamate level can cause a low level of excitation,
which removes Mg2+ blockage of the NMDAR and increases
the continuous influx of Ca2+ into postsynaptic neurons.
This causes “background noise” at rest (Parsons et al., 2013),
which interferes with the physiological activation of NMDARs.
Recovery of EAAT2 function, impaired by Aβ, may help reduce
the excessive resting level of glutamate. Two compounds were
synthetized, which act as EAAT2 activators. They were able to
enhance the glutamate translocation rate in cultured astrocytes
(Kortagere et al., 2018). Both of these compounds may have
therapeutic potential, but this has to be confirmed by in
vivo studies.

Addressing Cholinergic System
It is believed that the degeneration of cholinergic neurons
observed in AD causes a decline in ACh level, which weakens
signaling and leads to cognitive decline and memory impairment
(Terry and Buccafusco, 2003). In advanced AD, the Ach level is
decreased by 10% (Giacobini, 2003). Inhibition of the action of
the ACh hydrolyzing enzyme AChE by AChEIs should elevate
the level of ACh and in this way help to alleviate the symptoms of
AD. Elevated ACh levels may also have neuroprotective effects,
since they will increase NGF secretion. On the other hand, the
lower level of ACh attenuates the production and release of NGF
from the hippocampus and cortex, the projection targets for
cholinergic neurons. This leads to diminished NGF uptake by
presynaptic terminals of the cholinergic projection axons and
finally to the deficit of retrogradely transported NGF in the
BFChN. As a result, this deficit results in BFChN atrophy or in
the loss of their cholinergic phenotype. This further leads to the
decline in ACh level and a kind of vicious cycle ensues. Once the
level of ACh is raised by an AChEI, the above-described process
is reversed, and the chances for the continued survival of BFChN
are increased (Cuello et al., 2019).

Treatment with AChEIs may be an appropriate line of therapy,
but the question arises as to whether the treatment may be
modified in order to increase its efficacy and target specificity.
One interesting approach is presented by Moss (2020). His
underlying thesis is the contention that the inhibition of AChE
exerted by currently used AChEIs is too weak. This inhibition
is dose-dependent, but it is not possible to increase daily doses
of AChEIs because of gastric side effects caused by these drugs.
He proposes to replace these short-acting compounds with
irreversible AChEIs, which are long-acting and are inherently
CNS selective. Such compounds are more than twice as effective
in inhibiting brain AChE. Methane sulfonyl fluoride (MSF) is a
well-known irreversible AChE inhibitor. When given orally over
8 weeks to patients with mild or moderate AD (Moss et al.,
1999), it produced an estimated ∼66% inhibition of AChE in the
brain, which improved cognition, an improvement that persisted
unabated through the following 8 weeks after ending MSF.
MSF itself is a compound with a short half-life in an aqueous
environment, and a much higher degree of AChE inhibition in
the CNS as compared with peripheral tissues derives entirely
from the fact that the rate of AChE synthesis is much lower in
the former than in the latter. As a result, during the necessary
repeated MSF dosing, the AChE inhibition level stabilizes at a low
level in the peripheral tissues while continues to grow in CNS.
On one hand, it confers to MSF selectivity toward CNS; and on
the other, it raises the danger of surpassing the upper limit of the
therapeutic window.

Another approach is to activate α7 AChR. It was found
(Medeiros et al., 2014) that this may have a pro-cognitive
effect. A-582941, a selective α7 nAChR agonist, given to aged
3xTg-AD mice, restored their cognition to the level observed
in age-matched non-transgenic mice. At the molecular level,
A-582941 induced the expression of c-Fos and BDNF, and
phosphorylation of CREB and neurotrophic tyrosine receptor
kinase type 2 (NTRK2). However, the A-582941 treatment did

Frontiers in Aging Neuroscience | www.frontiersin.org 16 July 2021 | Volume 13 | Article 654931292

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-654931 July 13, 2021 Time: 11:25 # 17

Gasiorowska et al. Age-Related Changes in Signaling Between Neurons

not ameliorate AD-associated changes, such as Aβ deposits,
tau phosphorylation, and the presence of inflammatory cells.
In contrast, Wang X. L. et al. (2020) activated α7 nAChR in
primary hippocampal cells and in a APPswe/PSEN1dE9 double-
transgenic AD mouse model with PNU-282987. The activation
of α7 nAChR improved the cognitive abilities of mice and,
among others, reduced the deposition of Aβ in the hippocampus.
Interestingly, Cecon et al. (2019) found that Aβ binds specifically
and with high affinity to α7 nAChR and that this can be
prevented and reversed with, among other compounds, the
above-mentioned PNU-282987.

Rivastigmine, a drug mainly used in AD, is possibly useful
as an adjunct therapy for general or specific motor symptoms
including gait. It was found that the degree of cognitive
impairment is strongly associated with the incidence of fall, which
is a major problem for many patients with PD. Rivastigmine, by
its action as an inhibitor of AChE, can slow the deterioration of
cognitive function and lower the incidence of fall in these patients
(Li et al., 2015). These findings are in line with the evidence of
serious cholinergic denervation in PD (Bohnen and Albin, 2011).

Combined Memantine and AChEIs
Treatment
It seemed plausible that the combined treatment with memantine
plus one of the AChEIs may increase the efficacy of the
medication. Combined donepezil and memantine were approved
as a treatment for patients with moderate to severe AD in
2014 (Deardorff and Grossberg, 2016). The combination was
more beneficial for cognition, functioning, behavior, and global
assessment than donepezil alone in patients with mild or
severe AD (Tariot et al., 2004). A subsequent analysis of this
study encompassing 404 patients revealed the superiority of
combined therapy, among others, in language and memory
(Schmitt et al., 2006), and the improvement or stabilization of
symptoms occurred in a greater proportion of patients in the
combination treatment group than in the donepezil only group
(van Dyck et al., 2006).

It has been shown that most patients with moderate/severe
AD with sustained cognitive decline on AChEI monotherapy
stabilized or improved on the mini-mental state examination
(MMSE) score with the addition of memantine (Dantoine
et al., 2006). However, the advantages of combination therapy
appeared to be limited to moderate/severe AD, as the inclusion
of patients with mild AD and the omission of severe AD
cases made the difference between patients treated with
AChEIs (donepezil, rivastigmine, galantamine) in combination
with memantine and the corresponding monotherapy groups
insignificant (Porsteinsson et al., 2008). When, however, patients
with mild AD were excluded from the subsequent analysis,
the combination treatment regained its statistically significant
superiority over AChEIs monotherapies (Atri et al., 2013). In this
context, it should be noted that memantine is not approved for
the treatment of mild AD.

Favorable outcome of combined therapies in moderate/severe
AD was further confirmed when an extended-release
formulation of memantine was added to treatment with

AChEIs (Grossberg et al., 2013). The post hoc analysis of this
clinical trial (NCT00322153) revealed that this formulation of
memantine, when added to AChEI treatment, resulted in early
and maintained improvement evaluated by neuropsychiatric
inventory, clinician’s interview-based impression of change, and
activities of daily living scales (Grossberg et al., 2018). In a trial
(ISRCTN49545035), where donepezil was (1) continued, (2)
discontinued, (3) replaced by memantine, and (4) continued
with memantine added, the best results were obtained for the
latter case, although the improvement was insignificant, maybe
because of the small sample size. Interestingly, the authors
concluded their study with the statement that the combination
of donepezil and memantine brought no significant benefits over
donepezil given alone (Howard et al., 2012).

A meta-analysis of 54 studies on placebo-controlled AD
trials of donepezil and memantine alone or in combination,
published up to early 2020, allowed to state that this combination
showed better outcomes in cognition, global assessment, daily
activities, and neuropsychiatric symptoms, when compared
with monotherapy and placebo. Importantly, the inclusion of
memantine slows the progression of AD (Guo et al., 2020). The
following picture emerged based on meta-analysis of the results
of 41 randomized controlled AD trials, published up to mid-
2017, in which the effects of treatment of AD from mild to
the severe stage with AChEIs and memantine were reported
(Dou et al., 2018). It can be concluded that with respect to
cognition, both galantamine and donepezil were probably most
effective in mild/moderate AD, while donepezil plus memantine
in moderate/severe AD. Neither of the treatments was likely
to improve neuropsychiatric symptoms based on the 10-item
version of the neuropsychiatric inventory (NPI) (delusions,
hallucinations, agitation, depression, anxiety, euphoria, apathy,
disinhibition, irritability, aberrant motor behavior), and the
findings of Dou et al. (2018) diverged from those reported
by Guo et al. (2020), who claimed that each treatment did
improve these symptoms.

The effect of memantine in slowing down AD progression
had been reported in a meta-analysis by Wilkinson and
Andersen (2007), based on six placebo-controlled, 6-month
studies in patients with moderate/severe AD. Two of these
studies included AChEIs. Significantly more (28%) placebo-
treated patients showed any clinical worsening than memantine-
treated ones (18%), and that marked clinical worsening also
occurred more frequently in placebo-treated patients compared
with memantine-treated ones (21% vs. 11%). A more recent
meta-analysis, based on 10 trials performed between 1997
and 2011 (Kennedy et al., 2018) brought rather discouraging
results; and the authors found that patients receiving AChEI
or memantine experienced a significantly greater annual rate
of decline on Alzheimer Disease Assessment Scale-cognitive
subscale (ADAS-cog) than patients receiving neither medication.
It should be remembered that the higher ADAS-cog score, the
worse the performance. However, it is a bit puzzling that in
the table entitled, Participant Characteristics by Concomitant
Medication Group the ADAS-cog score was the highest in the
no medication group, and after 24 months it was still the highest
in this group, concomitantly with the score rise, which was also
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the greatest in this group, more than twice of score rise in
the other groups.

Yet another meta-analysis (McShane et al., 2019) reported that
in moderate/severe AD (with or without AChEIs medication),
memantine consistently offered a small clinical benefit versus
placebo but brought no benefit in mild AD. Finally, Liang
et al. (2018), by Bayesian network meta-analysis (NMA) for
the analysis of MMSE results from 35 clinical trials, arrived
with the conclusion that memantine ranked the highest from
six AD drugs, i.e., memantine and five AChEIs with respect to
cognitive benefit.

The effectiveness of memantine and AChEIs is slightly
different when considering their effect on structural changes
in the brain. Rate of brain volume changes, for instance, the
annualized percent change of total brain volume (% TBV/y)
may be seen as an objective measure of neuroprotection. In this
regard, there is convincing evidence that treatment with AChEIs
is more effective in slowing down this rate than memantine
(Kishi et al., 2015).

In the face of some ambiguity, it is worth quoting McShane
et al. (2019) conclusion of authors: Clinical heterogeneity in AD
makes it unlikely that any single drug will have a large effect
size, and means that the optimal drug treatment may involve
multiple drugs, each having an effect size that may be less than
the minimum clinically important difference.” A multi-target
approach to AD treatment is being seen increasingly as viable.
However, no matter how tempting this approach may be, its
application requires adopting a fundamental criterion, namely,
that the effect of combined drugs therapy should be greater
than the effect of each of the drugs given alone. In light of
the data discussed above, the fulfillment of this criterion has
yet to be achieved.

Addressing Dopaminergic System
In contrast to AD, where symptomatic treatments bring rather
marginal effects, in PD, the characteristic motor impairments
of PD can be relieved to some extent by treatment. Although
impairments appear once the loss of dopaminergic neurons
in SN is already advanced, symptomatic treatment for some
time with levodopa preparations, DA agonists, and monoamine
oxidase-B (MAO-B) inhibitors is clinically effective (Fox et al.,
2018). The recommendations and descriptions of the vast
repertoire of drugs available for the treatment of various aspects
of PD are permanently updated, and the reader is referred
to the many comprehensive studies that address this issue,
e.g., Troncoso-Escudero et al. (2020).

Currently, no disease-modifying treatment of PD exists that
would stop or delay the progression of this disease (Fox et al.,
2018; Hayes et al., 2019). It is suggested that physical activity may
be both preventive against PD and slow PD progression (Ahlskog,
2018), although confirmation by clinically relevant trials is
lacking. This is in contrast to animal studies, where in many
instances physical training efficiently ameliorated or completely
abolished the effects of various insults against dopaminergic
neurons (Palasz et al., 2019a). Studies revealed that physical
exercise influenced multiple pro- and anti- neurodegenerative

processes, specifically involving neurotrophic factors, notably
BDNF (Palasz et al., 2019b, 2020).

Deep Brain Stimulation Effects on
Neurotransmitter Signaling
High-frequency electrical stimulation applied to chosen brain
structures, named deep brain stimulation (DBS), turns out to
be a highly effective therapeutic measure in many instances,
notably in movement disorders. Initially, it was assumed that
DBS silenced these structures, causing their functional lesion.
For instance, DBS applied to STN may reduce rigidity, tremor,
and bradykinesia, i.e., may reverse PD hypokinetic state. This
is due to the reduction of glutamatergic output from STN
directed to GPi, which attenuates GPi activity, resulting in
reduced inhibition of the thalamus and alleviation of hypokinetic
symptoms (Hashimoto et al., 2003). In a similar way, STN-DBS
reduces the inhibition of thalamus exerted by SNpc, which is the
other main target of STN.

One recent view is that electrical stimulation can entrain a
less detrimental pattern of activity of dysfunctional neuronal
circuits (McIntyre and Anderson, 2016). Such a view seems more
compatible with the observations that DBS of GPi may alleviate
hypokinetic symptoms in PD and hyperkinetic ones in dystonia
(Jakobs et al., 2019).

Besides immediate symptomatic effects, DBS may also exert
neurochemical effects (McIntyre and Hahn, 2010). For instance,
Lee et al. (2006) found in rats that continuous electrical
stimulation of the subthalamic nucleus evoked short-lasting
increase of striatal DA efflux and that stimulation of the area
dorsomedial to STN caused about 10 times greater DA efflux,
which gradually reached a plateau and then slowly decreased.
Various brain structures are electrically stimulated for specific
purposes, for instance, DBS was applied to NBM with the
intention of improving memory in patients with dementia
(Mankin and Fried, 2020). Chronic stimulation of this nucleus
resulted in slowing of cognitive decline as measured by ADAS-
cog, ADAS memory, and MMSE, in a small group of early- and
patients with late-stage AD (Kuhn et al., 2015). These results
should be regarded with caution, a recent clinical trial provided
Class II evidence that in patients with dementia with Lewy body
disease, active DBS stimulation of NBM did not significantly
change selective recall scores compared with sham stimulation
(Maltête et al., 2021).

SUMMARY

The efficiency of cholinergic, glutamatergic, and dopaminergic
projecting systems declines slowly during physiological aging
because of a slow but progressive deterioration as a result of
various mechanisms. The residual efficiency of these systems,
however, allows the elderly to remain fully independent in
daily activities and even to continue professional activities. It
is likely that the accelerated worsening of various processes
leads to severe and extensive impairments in their functioning,
aggravated by the pathological processes, which are not observed
in physiological aging. The overall efficiency of projecting systems
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declines gradually, diminishing functional independence and
hampering professional activities. At present, there are no
therapies that reverse or at least stop the progression of the
demise of these systems. Thus, inevitably, functional regression
continues, rendering those affected to end up on life-long, round-
the-clock care.

CONCLUSION AND OUTLOOK

Physiological aging of the nervous system does not significantly
deteriorate the functions of neurotransmission systems in the
brain, such as the glutamatergic, cholinergic, and dopaminergic
systems. These projection systems remain functional during
physiological aging and have the ability to compensate for adverse
changes with age. However, the failure of these systems underlies
specific aspects of dementia and motor disorders associated with
Alzheimer’s and Parkinson’s diseases.

In the context of late-onset neurodegenerative diseases, we
hypothesize that there are genetic or environmental factors
that interfere with intrinsic measures supporting physiological
aging. The key question is what has been changed by aging
that renders the nervous system vulnerable to such genetic
and environmental factors that make it finally succumb to
fatal, irreversible neurodegeneration. Alternatively, we could
ask how the nervous system maintains its normal aging.
There are a number of inevitable, age-dependent alterations.
Some of them may be inconsequential, the others detrimental,
but because of compensatory strategies emerging during
physiological aging, a sufficient level of functioning for a
particular transmitter system may be maintained. This, in turn,
leads us to ask why compensatory strategies lose their efficiency
in neurodegenerative diseases.

The glutamatergic, cholinergic, and dopaminergic projection
systems are the target of clinical pharmacotherapy with limited
and transient efficacy in advanced stages of neurodegeneration.
These neurotransmitter systems may also serve as good targets
in prophylactic therapy, but this would need a detailed
search for changes related to early aging and compensatory
mechanisms seem justified. Introduction of early treatments

may increase the chances of maintaining physiological aging
of the nervous system despite the presence of genetic and/or
environmental risk factors (Figure 2A). It is essential to
find out if there is a time prior to neurodegeneration when
prophylactic therapy maybe effective since, despite the many
different initial causes of neurodegenerative disorders, the disease
process leads to unstoppable and lethal neurodegeneration. It
can be hypothesized that the transition from physiological aging
to profound nervous system dysfunction in neurodegenerative
diseases is caused by impaired compensatory processes and
the emergence of self-aggravating or, more likely, mutually
aggravating processes. If this proves to be true, it is imperative
to identify these processes as they may be likely targets
of pharmacological intervention, even in advanced stages of
neurodegeneration.
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Objectives: To compare gray matter microstructural characteristics of higher-order
olfactory regions among older adults with and without hyposmia.

Methods: Data from the Brief Smell Identification Test (BSIT) were obtained in 1998–
99 for 265 dementia-free adults from the Health, Aging, and Body Composition study
(age at BSIT: 74.9 ± 2.7; 62% White; 43% male) who received 3T diffusion tensor
imaging in 2006–08 [Interval of time: mean (SD): 8.01 years (0.50)], Apolipoprotein
(ApoEε4) genotypes, and repeated 3MS assessments until 2011–12. Cognitive status
(mild cognitive impairment, dementia, normal cognition) was adjudicated in 2011–12.
Hyposmia was defined as BSIT ≤ 8. Microstructural integrity was quantified by mean
diffusivity (MD) in regions of the primary olfactory cortex amygdala, orbitofrontal cortex
(including olfactory cortex, gyrus rectus, the orbital parts of the superior, middle, and
inferior frontal gyri, medial orbital part of the superior frontal gyrus), and hippocampus.
Multivariable regression models were adjusted for total brain atrophy, demographics,
cognitive status, and ApoEε4 genotype.

Results: Hyposmia in 1998–99 (n = 57, 21.59%) was significantly associated with
greater MD in 2006–08, specifically in the orbital part of the middle frontal gyrus, and
amygdala, on the right [adjusted beta (p value): 0.414 (0.01); 0.527 (0.01); respectively].

Conclusion: Older adults with higher mean diffusivity in regions important for olfaction
are more likely to have hyposmia up to ten years prior. Future studies should address
whether hyposmia can serve as an early biomarker of brain microstructural abnormalities
for older adults with a range of cognitive functions, including those with normal cognition.

Keywords: hyposmia, gray matter, olfaction, older adults, orbitofrontal cortex, MRI

INTRODUCTION

A reduced sense of smell or hyposmia is common in older adults, (Doty and Kamath, 2014) with
more than 60% of those aged 65 to 80 years and more than 80% of those over 80 having reduced
olfaction compared to younger age groups (Doty et al., 1984). A reduction in odor identification
may result from abnormalities in various parts of the olfactory system, both peripheral and central,
but converging evidence indicates that at least in a subset of individuals, abnormalities in olfaction
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result from neurodegeneration of central olfactory pathways. The
central olfactory structures include the primary olfactory cortex
(amygdala, anterior olfactory nucleus, piriformis cortex) and the
orbitofrontal cortex (OFC) (Barresi et al., 2012).

Many of olfactory-related regions are also important for
cognition and memory, and are vulnerable to neuropathological
abnormalities, including amyloid accumulation, small vessel
disease, and alpha-synuclein inclusions (Braak et al., 2003;
Rahayel et al., 2018). For these reasons, hyposmia is considered
a prodromal marker of neurodegenerative diseases, especially
Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Tabert
et al., 2005; Baba et al., 2012; Barber et al., 2017; Chen et al.,
2017; Yaffe et al., 2017). Onset of olfactory dysfunction may
pre-date the diagnosis of neurodegenerative disorders by years
and perhaps decades. Olfactory impairment is found to be
associated with increased risk of dementia among community-
dwelling older adults (Yaffe et al., 2017). In addition, olfactory
dysfunction in otherwise healthy older adults (Berendse et al.,
2001; Ponsen et al., 2004; Ross et al., 2008; Chen et al., 2017) and
those with other prodromal features (Mahlknecht et al., 2015)
predicts incident PD (Siderowf et al., 2012; Jennings et al., 2017).
A post-mortem study of community-dwelling older adults found
impaired odor identification to be associated with increased
density of neurofibrillary tangles in the entorhinal cortex and
hippocampus (Wilson et al., 2007). Initial evidence suggests
olfactory abnormalities may predict brain beta-amyloid via PET
(Rahayel et al., 2018).

Neuroimaging volumetric studies support the notion that
olfactory dysfunction in older adults is a prodromal marker of
neurodegeneration in areas that are important both for memory
and olfaction. Brain volumetric studies of older adults without
dementia showed worse olfactory function was associated with
smaller volumes of hippocampus, entorhinal and perirhinal
cortices, (Segura et al., 2013; Devanand et al., 2015; Dintica et al.,
2019). Olfactory deficits in patients with early AD and mild
cognitive impairment, were associated with lower hippocampal
and amygdala volumes (Kjelvik et al., 2014).

While prior imaging studies have focused on AD or PD-
related regions, higher-order olfactory regions, including the
orbitofrontal cortex, have received less attention; one functional
neuroimaging study highlighted the role of this group of regions
in early aging (Wang et al., 2017). Moreover, studies have for the
most part relied on volumetric measures, which capture advanced
neurodegenerative stages.

Diffusion tensor imaging (DTI) is a neuroimaging sequence
sensitive to microstructural and cellular changes occurring prior
to volumetric changes (Alexander et al., 2007). We characterize
the association between hyposmia and DTI-derived measures of
olfactory regions, in community-dwelling older adults who were
dementia-free at the time of olfaction testing.

METHODS

Study Population
The study sample was obtained from participants enrolled in
the community-based Health, Aging and Body Composition

(Health ABC) study. The Health ABC study was a prospective
cohort of Black and White men and women aged 70 to 79, on
whom functional decline, especially changes in body composition
with age, was studied. It started in 1997–1998 and had 3075
participants from two sites, Pittsburgh, PA and Memphis, TN
(Simonsick et al., 2001).

Criteria for enrollment included: (i) no difficulty to walk a
quarter of a mile, climb 10 steps, or perform activities of daily
living; (ii) free of life-threatening cancers, and (iii) plan to reside
in the area for 3 years (Simonsick et al., 2001). Of the 1,527
Pittsburgh site participants, 819 who returned for a follow-up
visit in 2006–2008 were offered to participate in an ancillary
study called the Healthy Brain Project (Rosano et al., 2015).
There were 314 Health ABC study participants at the Pittsburgh
site who were eligible to undergo 3T DTI MRI, and could walk

TABLE 1 | Participant characteristics and associations with hyposmia.

Hyposmia in 1998-1999

Analytic
Sample
(n = 265)

Yes (n = 57) No (n = 208)

BSIT* mean, (SD) 9.8 (2.04) 6.6 (1.6) 10.6 (1.0)

Age mean, (SD) 74.9 (2.7) 75.0 (3.1) 74.8 (2.6)

Race (White), N (%) 165 (62.2) 36 (63.2) 129 (62.0)

Gender (male), N (%) 114 (43.0) 81 (38.9) 33 (57.9)

Education, N (%)

Less than HS 31 (11.7) 8 (14.0) 23 (11.1)

HS grad 90 (34.0) 19 (33.3) 71 (34.1)

Postsecondary 144 (54.3) 30 (52.6) 114 (54.8)

ApoEε4, N (%) 66 (26.3) 15 (27.8) 51 (25.9)

Current smoker, N (%) 10 (3.8) 1 (1.8) 9 (4.3)

Hypertension, N (%) 137 (51.9) 28 (49.1) 110 (52.9)

Diabetes, N (%) 106 (40.2) 25 (43.9) 81 (39.1)

Stroke, N (%) 25 (9.4) 5 (8.8) 20 (9.6)

Head injury, N (%) 17 (6.4) 5 (8.8) 12 (5.8)

Recent cold, N (%) 22 (8.3) 6 (10.5) 16 (7.7)

3MS, mean (SD) 94.2 (4.5) 93.0 (4.9) 94.5 (4.4)

3MS, mean (SD) in 2006-2008 93.7 (5.7) 92.5 (6.5) 94.1 (5.4)

3MS, mean slope (SD) from 1998-99 to
2006-2008

–0.1 (0.3) –0.2 (0.3) –0.1 (0.3)

Cognitive status, 2011-2012, N (%)

Normal Cognition 91 (34.4) 12 (21.1) 79 (38.0)

Mild Cognitive impairment 66 (24.9) 11 (19.3) 55 (26.4)

Dementia 49 (18.5) 14 (24.6) 35 (16.8)

Dead/no adjudication 59 (22.3) 20 (35.1) 39 (18.8)

Normalized gray matter volume of total
brain, 2006-2008, mean (SD)

0.28 (0.02) 0.3 (0.02) 0.3 (0.02)

Interval of time between BSIT and MRI
in 2006-08 (mean, SD)

8.01 (0.5) 8.01 (0.5) 8.00 (0.5)

Interval of time between BSIT and
cognitive assessment in 2011-12
(mean, SD)#

12.66 (0.2) 12.6 (0.2) 12.7 (0.2)

Data are concurrent with Brief Smell Identification Test (BSIT), except as
described otherwise.
# n = 200.
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TABLE 2 | Bivariate associations of hyposmia in 1998–99 with mean diffusivity of gray matter in 2006–08 in regions of interest.

All cohort (SD) Hyposmia (SD) Between-group comparisons

(n = 265) Yes (n = 57) No (n = 208) Mean difference p value

Orbitofrontal cortex (OFC):

Olfactory cortex left 0.991 (0.172) 1.010 (0.954) 0.985 (0.161) 0.02 0.34

right 0.931 (0.137) 0.919 (0.156) 0.934 (0.132) –0.02 0.47

Superior frontal gyrus, orbital part left 0.912 (0.141) 0.931 (0.173) 0.907 (0.131) 0.02 0.24

right 0.936 (0.127) 0.943 (0.144) 0.934 (0.123) 0.001 0.62

Middle frontal gyrus, orbital part left 0.830 (0.117) 0.852 (0.140) 0.824 (0.110) 0.03 0.11

right 0.816 (0.117) 0.849 (0.141) 0.807 (0.108) 0.04 0.02

Inferior frontal gyrus, orbital part left 0.943 (0.100) 0.951 (0.104) 0.940 (0.099) 0.01 0.49

right 0.971 (0.121) 0.988 (0.141) 0.967 (0.115) 0.02 0.24

Superior frontal gyrus, medial orbital left 0.940 (0.136) 0.952 (0.134) 0.937 (0.136) 0.02 0.45

right 0.911 (0.110) 0.925 (0.128) 0.907 (0.104) 0.02 0.26

Gyrus rectus left 1.081 (0.176) 1.11 (0.238) 1.07 (0.154) 0.04 0.13

right 0.984 (0.162) 1.00 (0.209) 0.980 (0.147) 0.02 0.39

Amygdala left 0.973 (0.113) 0.976 (0.132) 0.973 (0.107) 0.003 0.83

right 1.007 (0.146) 1.05 (0.199) 0.996 (0.126) 0.05 0.02

Hippocampus left 1.256 (0.154) 1.31 (0.173) 1.30 (0.134) 0.01 0.64

right 1.074 (0.114) 1.31 (0.126) 1.29 (0.136) 0.02 0.35

Thalamus left 1.044 (0.084) 1.03 (0.088) 1.05 (0.083) –0.019 0.13

right 0.962 (0.071) 0.956 (0.072) 0.964 (0.0.071) 0.007 0.48

Mean Diffusivity Values in units of mm2/s, multiplied by 1000. p < 0.05 are indicated in italics.

20 m (Rosano et al., 2012). Of these 314, 50 were excluded due
to missing or incomplete DTI MRI mean diffusivity (MD) data
(n = 29), missing or unreliable Brief Smell Identification Test
(n = 10), or Modified Mini-Mental State (3MS) test score of <80
(n = 10) at the time of BSIT testing.

Standard Protocol Approvals,
Registrations, and Patient Consent
The institutional review boards of all the participating
institutions approved the Health ABC study protocol. All
participants provided informed consent (Rosano et al., 2012).

The Brief Smell Identification Test (BSIT
Sensonics, Inc., Haddon Heights, NJ)
The BSIT is a 12-item cross-cultural, rapid odor identification
test, developed from the larger 40-item University of
Pennsylvania Smell Identification Test (UPSIT) (Doty and
Kamath, 2014). It utilizes a non-invasive method of ‘scratch ‘n
sniff ’ using odorant strips, with scores ranging from 0 to 12.
Participants are asked to smell the strips containing an odorant,
and selectively identify an odor from a list of four multiple
choices. Higher scores indicate better olfaction. A score of ≤8
is deemed abnormal across ages and genders. Based on this
cut-point, we identified adults as having “hyposmia” (Doty,
1995; Doty et al., 1996; El Rassi et al., 2016; Chen et al., 2017;
Yaffe et al., 2017), (score ≤ 8) or no hyposmia (score > 8).
BSIT was tested in 1999–2000, that is in Health ABC Year 3
(Chen et al., 2017).

Neuroimaging
MRI scanning was performed during 2006–08 (Health ABC
years 10, 11, and 12) using a 3T Siemens scanner with a 12-
channel head coil, at the University of Pittsburgh’s MR Research
Center. That is, MRI was performed at a mean of 8.01 years (SD:
0.50) after BSIT. Axial T1-weighted images were obtained using
these parameters: TR = 2300 ms; TE = 3.43 ms; TI = 900 ms;
flip angle = 9; slice thickness = 1 mm; FOV = 256∗224 mm;
voxel size = 1 mm∗1 mm; matrix size = 256∗224; and number
of slices = 176.

Diffusion-weighted imaging parameters used for DTI are
as follows: single-short spin-echo sequence; TR = 5300 ms;
TE = 88 ms; TI = 2500 ms; flip angle = 90; FOV = 256∗256 mm;
two diffusion values of b = 0 and 1000 s/mm; 12 diffusion
directions; four repeats; 40 slices; matrix size = 128∗128; voxel
size = 2 mm∗2 mm; slice thickness = 3 mm and GRAPPA = 2.

Eddy current correction and motion correction of diffusion-
weighted images were performed using FMRIB’s eddy software,
which simultaneously corrects for volume-to-volume subject
motion and eddy current distortions (Andersson and
Sotiropoulos, 2016). Due to the lack of b0 field-maps for
subjects, we were unable to perform susceptibility distortion
correction on these data.

Mean diffusivity (MD) (mm2/s) was obtained by processing
diffusion-weighted images in FMRIB’s Diffusion Toolbox (FDT)
using the DTIFIT tool (Behrens et al., 2003). Partial volume
effects of cerebrospinal fluid (CSF) can artificially inflate MD
values in cortical voxels and cortical atrophy can increase this
effect (Metzler-Baddeley et al., 2012). Free water elimination
was performed using a modified version of Pasternak et al.’s
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TABLE 3 | Results of multivariable linear regression models showing association of hyposmia in 1998–99 with mean diffusivity of gray matter in 2006–08 in selected
regions of interest.

Region
name

Beta (p value), (R-square)

Unadjusted Adjusted for:

Normalized
gray matter
volume of
total brain

Age¶ Gender Race Education Cognitive
status¶

ApoEε4 All covariates

Right
middle
frontal
gyrus,
orbital part

0.420 (0.02),
(0.02)

0.414 (0.01),
(0.15)

0.412 (0.02),
(0.03)

0.339 (0.05),
(0.05)

0.418 (0.02),
(0.03)

0.428 (0.01),
(0.03)

0.434 (0.01),
(0.02)

0.526 (0.003),
(0.04)

0.441 (0.01),
(0.17)

Right
Amygdala

0.521 (0.01),
(0.02)

0.527 (0.01),
(0.10)

0.499 (0.02),
(0.06)

0.479 (0.03),
(0.03)

0.524 (0.02),
(0.03)

0.536 (0.01),
(0.04)

0.552 (0.01),
(0.03)

0.571 (0.01),
(0.03)

0.562 (0.01),
(0.18)

¶ : at the time of Brief Smell Identification Test (BSIT) testing (Health ABC Year 3).
Estimates were multiplied by 10,000. p < 0.05 are indicated in italics.

method to account for cortical signal contamination by CSF
(Pasternak et al., 2009). Briefly, the partial volume fraction of
CSF in each diffusion-weighted image voxel was estimated from
the T1-weighted structural image using FMRIB’s Automated
Segmentation Tool (FAST) (Zhang et al., 2001). The isotropic
“free water” component of the diffusion signal was subtracted
prior to tensor fitting and MD calculation by DTIFIT (see
supplement for more details).

Mean diffusivity (MD) map alignment to the MNI template
was performed as follows. FMRIB’s Linear Image Registration
Tool (FLIRT) was used to register the T1-weighted structural
image and the diffusion-weighted b0 image (Jenkinson et al.,
2002). FMRIB’s Non-linear Image Registration Tool (FNIRT)
(Jenkinson et al., 2002) was then used to register the T1-weighted
structural image to the T1-weighted 2mm-resolution MNI
template. The resulting linear and non-linear transformations
were combined to bring the MD maps into MNI space.

For this study, we chose brain regions of interest (ROIs)
based on them being part of the described olfactory pathway
in humans (Albers et al., 2006; Ibarretxe-Bilbao et al., 2010),
and used labels based on Tzourio’s AAL parcellations (Tzourio-
Mazoyer et al., 2002). Based on the neuroimaging data available,
these regions included: amygdalae because of its role in primary
olfactory cortex, regions of the OFC (including olfactory cortex;
orbital parts of the superior, middle and inferior frontal gyri; the
medial orbital part of the superior frontal gyrus; and the gyrus
rectus); we also included the hippocampus because of previously
shown associations.

Finally, a gray matter mask (also derived from FAST
processing of the T1-weighted image) was applied to the cortical
ROIs. This step was performed to minimize the contribution
of white matter and CSF to MD values extracted from our
ROIs.MD values were extracted from the MNI-aligned and gray
matter-masked MD maps using these AAL ROIs.

MD is a reflection of cell membrane integrity and higher
values may reflect underlying cell membrane damage (Alexander
et al., 2007), the presence of perivascular lacunae (Sepehrband
et al., 2019), or other tissue disruption (LeBihan, 2003).

Covariates
Total gray matter volume divided by intracranial volume,
indicating gray matter atrophy, 3MS and age at the time of
BSIT testing (Health ABC Year 3), gender, race, education, and
ApoEε4 were considered as potential confounders.

Cognitive Status
Repeated measures of 3MS were obtained in years 1, 3, 5, 7, 9 and
annually thereafter. Cognitive decline was estimated via linear
mixed model with random intercepts and random slopes, using
all available data from time of BSIT to the time of MRI.

In 2011–12 (Year 14 of the Health ABC study) a consensus-
committee based adjudication of cognitive status was performed
based on an extensive review of data collected from Health
ABC study since 1998–99 including: cognitive function,
mobility and disability, medical records, hospitalizations,
medications, and physician’s diagnoses. All data were reviewed
by a group of investigators with expertise in neurology
(including AD and PD experts), psychiatry, neuroradiology,
geriatric medicine, cognitive psychology, gerontology, and
epidemiology. Participants were designated as having mild
cognitive impairment, dementia, or being cognitively normal.
Participants who had died or were in nursing homes after the
MRI and by the time of adjudication were classified as a fourth
group labeled as “dead/no diagnosis.” The PD adjudication was
also performed separately in 2015 based on consensus review
by neurologists (Chen et al., 2017). Given the small number
of PD cases (n = 7), these participants were included in the
dementia category.

Statistical Analyses
We tested bivariate associations of hyposmia (yes/no)
with population characteristics at time of BSIT, and with
neuroimaging or cognitive status, using Chi-squared test
or analysis of variance, for categorical and continuous
variables, respectively.

The regions significantly associated with hyposmia at a
significance of p < 0.05, were considered for inclusion in
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multivariable linear regression models. In the multivariable
linear regression models, each brain region of interest was
the outcome, hyposmia was the predictor, and each of the
following covariates was entered into separate regression models:
normalized gray matter volume of total brain, cognitive status
(MCI, dementia, cognitively normal) age at time of BSIT testing,
gender, race, education, and ApoEε4. A final model had all
covariates entered simultaneously. In sensitivity analyses, 3MS
at time of neuroimaging, or at time of BSIT, or decline from
BSIT to neuroimaging entered the model instead of adjudicated
cognitive status. Statistical analyses were conducted using SAS
software version 9.4.

RESULTS

In this diverse sample with 43% males and 38% Blacks, about one-
quarter had hyposmia (Table 1). The mean BSIT for the hyposmia
group was 6.6 [SD: 1.03]. Those who had hyposmia were almost
the same age as that of those who did not. Cognitive function,
measured using 3MS, was significantly lower in the hyposmia
group as compared to the no hyposmia group, both at the time of
BSIT (p = 0.026) and at the time of MRIs (p = 0.045). However, the
rate of cognitive decline appeared similar between the two groups
(p = 0.354). Among the participants with cognitive adjudication
in 2011–12, prevalence of dementia was 16% for those without
hyposmia and 24% for those with hyposmia.

In bivariate analysis comparing those with hyposmia
compared to those without, mean gray matter MD was
significantly greater in the middle frontal gyrus, orbital part and
in the amygdala in the right hemisphere (Table 2). Between group
differences in other regions were not statistically significant.

Associations remained statistically significant in multivariable
models (Table 3). Results were similar in sensitivity analyses
adjusted for 3MS values instead of cognitive status (not shown).

DISCUSSION

In this study of community dwelling older adults, those with
greater mean diffusivity in regions important for olfaction were
more likely to have had hyposmia as early 8 years prior. The
amygdala and orbitofrontal cortex are both established higher-
order olfactory regions. Although participants were free from
dementia at the time of the olfaction testing, cognitive function
worsened during subsequent years and a large proportion
developed dementia, particularly so in the hyposmia group.

Increased mean diffusivity may indicate microstructural
abnormalities that can be reflective of early underlying
neurodegeneration (Weston et al., 2015). Thus, our findings add
support to the utility of olfactory dysfunction as a biomarker
of increased risk for neurodegenerative disorders, even among
community-dwelling older adults with a range of cognitive
function. Consistent with prior studies in this cohort (Chen
et al., 2017; Yaffe et al., 2017), that found lower BSIT scores to
predict incident dementia or PD, our findings suggest that there
may be structural neurodegeneration in higher-order olfactory
structures related to low BSIT scores.

Our finding of an association with regions of the olfactory
cortex is novel. In examining the imaging correlates of olfactory
loss in older adults, most studies have focused on medial temporal
regions, due to their association with memory, with a primary
objective to understand hyposmia as a biomarker for AD. In
contrast, we have utilized a much more comprehensive approach
to study the neural correlates of hyposmia. If hyposmia is one of
the earliest prodromal features of neurodegeneration, structural
changes in primary, and in higher order olfactory regions such as
the orbitofrontal cortex, would be expected.

We did not find an association with hippocampus. This is in
apparent contrast with prior neuroimaging imaging studies of
older adults with hyposmia (Segura et al., 2013; Devanand et al.,
2015; Vassilaki et al., 2017; Dintica et al., 2019). However, samples
in prior studies have had wider age ranges including middle-aged
participants, whereas ours only included participants in their 70s
and early 80s. Perhaps the smaller range of MD values in our
sample could explain the lack of significant associations. Other
differences with prior studies challenge direct comparisons. For
instance, prior studies have had cross-sectional designs with
olfaction and neuroimaging measures obtained very close in time.
Secondly, unlike prior volumetric studies, we investigated mean
diffusivity which may have greater sensitivity to capture earlier
stages of gray matter abnormalities as compared to volumetric
imaging, prior to radiologically overt volumetric reductions.

Parkinson’s disease and its prodrome provide a model from
which to gain insights into olfaction as a biomarker of underlying
neurodegeneration in higher order olfactory structures. Olfactory
dysfunction is present in over 90% of individuals with PD (Doty
et al., 1988). A few volumetric MRI studies have demonstrated
olfactory area atrophy in PD compared to healthy controls,
with some small studies showing a possible relationship between
olfactory region volumes and olfactory function in PD (Fullard
et al., 2017). In addition, studies examining ROI DTI changes
in PD vs. controls underscore the relevance of olfactory tracts
(Scherfler et al., 2013), anterior olfactory region (Rolheiser et al.,
2011), and other regions in the primary and secondary olfactory
regions (Ibarretxe-Bilbao et al., 2009; Georgiopoulos et al., 2017),
including middle frontal gyrus (Karagulle Kendi et al., 2008).

Strengths of our study include having a diverse sample
with 43% males and 38% Blacks. We used a hypothesis-driven
approach in choosing the brain ROIs, based on them being
the commonly defined central olfactory structures in humans.
Availability of DTI MRI data including the small parcellated
regions as described by Tzourio’s AAL helped us to study smaller
GM regional microstructure within larger brain regions (Felix
et al., 2020) such as the OFC. Age-related atrophy can lead to
increased CSF signal contamination and overestimation of MD;
free water elimination allows us to mitigate the effect of CSF
contamination in this older cohort. Limitations include the fact
that those found eligible to undergo MRI may have had relatively
lower prevalence of serious illnesses than older adults who may
not have been eligible. Available data for this study limits us from
defining causality, since we only have one set of neuroimaging
data and we did not have repeated measures of olfaction. Lack
of field maps or susceptibility distortion correction may limit
the accuracy of cortex gray matter segmentation. The study
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population having advanced age, and being composed of healthy
survivors, may contribute to selection bias, as is common in
studies of such age groups.

In summary, in community-dwelling older adults,
microstructural integrity in olfaction-related regions may
reflect olfactory faculties, independently of cognitive status.
These findings support the utility of olfactory testing as
a predictive biomarker of early neurodegeneration. Future
structural neuroimaging studies of hyposmia in older adults
should consider including a broader set of higher-order olfactory
structures such as OFC and amygdalae, to provide a more
comprehensive picture of the aging olfactory system.
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