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Editorial on the Research Topic

Mechanisms of Neuronal Recovery in the Central Nervous System

The central nervous system (CNS) is highly plastic, allowing for the integration of new neuronal
circuits and vascular networks. This capacity to dynamically change brain structures upon external
stimuli lays the groundwork for the adaptive transformations that help shape the many brain
functions. However, the mammalian brain and spinal cord have minimal capacity for self-renewal,
notably lacking robust mechanisms of adaptation to injury and reduced flexibility in terms of tissue
repair and healing.

In this Research Topic published across Frontiers in Cell and Developmental Biology and
Frontiers in Cellular Neuroscience, a collection of articles describing the most recent findings into
the mechanisms that drive the physiological adaptation to neuronal injury draw a general picture
of the current understanding of cellular and molecular processes involved in neuronal injury,
neuronal regeneration, and restoration of brain functions.

Animal species better suited for investigating neural plasticity help us understand some of the
primary mechanisms for neuronal regrowth. In this collection, two articles describe molecular
processes for regeneration in zebrafish. First, Demirci et al. made a comprehensive description
of transcriptional changes in the recovery phase of telencephalon damage; this comparative
transcriptome analysis of the reorganizing telencephalon provides biological targets for assessing
traumatic brain injuries in humans. Then, Shimizu et al. explored radial glia proliferation in
neurogenic niches by performing histological analyses that revealed increased isolectin B4-positive
macrophages before radial glia proliferation and identified IL6/Stat3 signaling as a trigger of radial
glia activation during tectum regeneration.

Understanding the transcriptional profile of these processes is also relevant in mammalian
systems. Here, Chohan puts into perspective how interventions based on the endogenously coded
machinery for adult neurogenesis could provide a means to develop therapies. These therapies
include the transplantation of gene-edited neuronal precursors for achieving neural repair in CNS
injury and disease. Approaches like these enhance our understanding of the overall impact of
directed therapies to recover function, as shown by Jermakowicz et al., who tested whether low-
frequency electrical stimulation of the rat nucleus raphe magnus after incomplete spinal cord
injury reversed damage. In this setting, the non-specific serotonin 5-HT7 receptor antagonist
pimozide alleviated the initial transcriptional response of the injured spinal cord by stimulating
the raphe magnus.

Besides transcriptional regulation, the control of the metabolic process is also a relevant
mechanism to protect the brain from different types of insults where autophagy might play a key
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role. Torres-Esquivel et al. proved that alternative energetic
substrates to glucose, such as the ketone body β-hydroxybutyrate,
mechanistically help the brain engage the autophagic flux to
prevent neuronal death by modulating the AMPK pathway. In
another study using cultured spinal cord motor neurons as a
model, Chen et al. described that autophagy inhibition increases
the injury caused by oxygen and glucose deprivation. Both studies
indicate that the proper activation of autophagy is needed to
prevent the neuronal death elicited by metabolic stress.

The regulation of metabolic signaling can also improve
neurological functions after damage. Bader et al. tested the
treatment potential of glucagon-like peptide 1 (GLP-1) and
glucose-dependent insulinotropic polypeptide (GIP) mimetics
in a murine model of traumatic brain injury. They found that
both a GLP-1 analog and a dual agonist of GLP-1 and GIP
receptors improved cognitive deficiencies, neurodegeneration,
and neuroinflammation, which were mechanistically mediated
through the regulation of the PKA pathway.

The classical mechanisms of regulation of neural damage and
recovery have also been explored in detail in this Research Topic,
with new insights into the role of mitochondrial regulation of
neuronal death. Benítez-Rangel et al. characterized the molecular
responses of caspase-3 activation under different death inducers
in a model of cerebellar granule neurons. They showed that
voltage-gated Ca2+ channels in the endoplasmic reticulum are
critical to maintaining mitochondrial membrane polarization.

As well, axon regeneration, regulation of vascularization, and
neuroinflammation were given extensive consideration. Chung
et al. reviewed the literature on the role of growth-associated
protein-43 and brain acid-soluble protein 1 in neurodegenerative
diseases. Both proteins present with alterations in their
expression and phosphorylation profiles, highlighting both their
involvement in neural injury response and regeneration, and
their therapeutic potential to compensate for neuron loss. Jara
et al. reviewed how CNS circuit connectivity after damage
is enhanced by electrical stimulation by activating genetic
neuroplasticity programs, revealing its therapeutic potential to
enhance neuronal repair and recovery. Sutherland and Geoffroy
summarize the evidence of axon growth decline with aging
and evaluate how the cumulative alterations in astrocytes and
microglia contribute to the impaired axonal repair with age.
Sobrido-Cameán et al. examined the effect of inhibiting gamma-
secretase on axonal regeneration after spinal cord injury in
the sea lamprey. The authors used two different transcriptomic
assessments with two related-drug applications targeting GABA
receptors, suggesting gamma-secretase targeting as an effective
axonal repair approach.

Regulation of brain perfusion is crucial for matching neuronal
energetic demands. Regarding cerebrovascular regulation,
Filchenko et al. explored the critical role of caveolin in the
evolution of edema in stroke and its relation to the expression
of aquaporin-4. The authors showed that loss of caveolin-1
results in decreased aquaporin-4 expression and contributes
to brain swelling. Hierro-Bujalance et al. demonstrated
that erythropoietin administration in a model of germinal

matrix-intraventricular hemorrhage reduced long-term brain
atrophy and malfunction. Vanherle et al. made a case for
linking cardiovascular disease to cognitive impairment and
dementia, where the diminished cerebral blood flow potentially
induces neuronal death, especially in hypertension, heart failure,
and stroke.

Finally, on the regulation of neuroinflammation, Jung and
colleagues critically discussed the literature on the role of
TNF-α-mediated neuroinflammatory processes and the potential
of immunomodulatory imide drugs targeting the 3’UTR of
TNF-α to reduce inflammation-associated neurodegenerative
processes. The authors situate these compounds as potential
inductors to alleviate symptoms and slow down the progression
of neurodegenerative disease. Hu et al. investigated the
regulatory effects of miR34a on the expression of major
histocompatibility complex class I in hippocampal neurons
and its involvement in shaping the neural morphology
during development.

Despite not providing an exhaustive overview of the
mechanisms that can be used for neuronal repair upon injury,
this Research Topic collects original research articles and
literature reviews that are representative of highly active research
domains within the overall purpose of regenerating and/or
repairing neurons for reestablishing adequate neuronal function.
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Ian D. Hentall*
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The spinal cord after injury shows altered transcription in numerous genes. We tested
in a pilot study whether the nucleus raphé magnus, a descending serotonergic
brainstem region whose stimulation improves recovery after incomplete spinal cord
injury (SCI), can influence these transcriptional changes. Rats received 2 h of low-
frequency electrical stimulation in the raphé magnus 3 days after an impact contusion
at segment T8. Comparison groups lacked injuries or activated stimulators or both.
Immediately following stimulation, spinal cords were extracted, their RNA transcriptome
sequenced, and differential gene expression quantified. Confirming many previous
studies, injury primarily increased inflammatory and immune transcripts and decreased
those related to lipid and cholesterol synthesis and neuronal signaling. Stimulation plus
injury, contrasted with injury alone, caused significant changes in 43 transcripts (39
increases, 4 decreases), all protein-coding. Injury itself decreased only four of these 43
transcripts, all reversed by stimulation, and increased none of them. The non-specific 5-
HT7 receptor antagonist pimozide reversed 25 of the 43 changes. Stimulation in intact
rats principally caused decreases in transcripts related to oxidative phosphorylation,
none of which were altered by stimulation in injury. Gene ontology (biological process)
annotations comparing stimulation with either no stimulation or pimozide treatment in
injured rats highlighted defense responses to lipopolysaccharides and microorganisms,
and also erythrocyte development and oxygen transport (possibly yielding cellular
oxidant detoxification). Connectivity maps of human orthologous genes generated in
the CLUE database of perturbagen-response transcriptional signatures showed that
drug classes whose effects in injured rats most closely resembled stimulation without
pimozide include peroxisome proliferator-activated receptor agonists and angiotensin
receptor blockers, which are reportedly beneficial in SCI. Thus the initial transcriptional
response of the injured spinal cord to raphé magnus stimulation is upregulation of genes
that in various ways are mostly protective, some probably located in recently arrived
myeloid cells.

Keywords: spinal cord injury, mRNA, raphe magnus nucleus, electrical stimulation, rat (Brown Norway)

Abbreviations: cAMP, cyclic adenosine monophosphate; DAVID, Database for Annotation, Visualization and Integrated
Discovery; DBS, deep brain stimulation; DGE, differential gene expression; EPO, erythropoietin; FC, fold change;
MS, multiple sclerosis; NCBI, National Center for Biotechnology Information; NRM, nucleus raphé magnus; pCREB,
phosphorylated cAMP response binding element; pim, pimozide; PPAR, peroxisome proliferator-activated receptor; pPKA,
phosphorylated protein kinase A; SCI, spinal cord injury; st, stimulation; TBI, traumatic brain injury.
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Jermakowicz et al. Modulated Transcription After Spinal Injury

INTRODUCTION

Mechanical SCI causes numerous molecular, cellular and
structural changes that vary in duration and onset, both at
the site of injury and beyond (Dulin et al., 2015; O’Shea
et al., 2017). These include changes in gene transcription
that collectively and individually could influence recovery via
protein synthesis and downstream molecules. It is therefore
of interest to find ways to modify influential transcriptional
changes by enhancing or opposing them according to their
benefit or harm. Here we explore whether activity in a raphé
nucleus of the hindbrain, the NRM, regulates transcription
after SCI. The NRM is one of several ventral medullary
nuclei that send overlapping serotonergic projections (as
well as non-serotonergic projections) directly to the dorsal
and ventral spinal cord, others being the nucleus raphe
obscurus, nucleus raphe pallidus and the laterally adjacent
paragigantocellularis and gigantocellularis nuclei (Kwiat and
Basbaum, 1992; Gautier et al., 2017).

Previously, we showed that prolonged electrical stimulation
of the NRM (for several days to weeks) significantly enhanced
recovery from various autonomic, sensory, and motor deficits
of contusional cervical or thoracic SCI in rats, while improving
myelination and serotonergic innervation near the lesion
(Hentall and Burns, 2009; Hentall and Gonzalez, 2012; Vitores
et al., 2018). A shorter period of NRM stimulation (2 h) was
found to restore injury-depleted levels in the spinal cord of cAMP
and its downstream targets, phosphorylated cAMP response
element-binding protein, and pPKA (Carballosa-Gonzalez et al.,
2014), which cause neurotrophic effects via alterations in
gene expression (Hannila and Filbin, 2008; Carballosa-Gonzalez
et al., 2014; Batty et al., 2017). Stimulation of the midbrain’s
median and dorsal raphé, which send ascending projections
throughout the forebrain, analogously yielded partial restoration
of anatomic and functional deficits following TBI in rats,
as well as normalizing cAMP levels, thus establishing the
generality of the idea that raphé nuclei provide central links
for restorative feedback. In mice, prolonged NRM stimulation
attenuated signs of experimental autoimmune encephalomyelitis,
a model of MS, including cellular pathology and cytokine
upregulation (Madsen et al., 2017), which further supports
this idea. Our general aim in the studies cited above has
been to achieve lasting, clinically significant recovery with a
period of prolonged electrical DBS by evoking neurotrophic or
protective effects from activated neuronal systems. In contrast,
most studies of DBS for neurodegenerative conditions such
as SCI, TBI, and MS have focused on the acute reversal of
overt problematic signs or symptoms (e.g., pain, paralysis,
altered mental status), without necessarily remedying the
underlying pathology (Roy and Aziz, 2014; Shin et al., 2014;
Chari et al., 2017).

Here, we examine transcriptional changes produced by NRM
stimulation in rats with thoracic (T8) SCI. Stimulation was
applied for 2 h to the NRM on the third day after a weight-drop
SCI at segment T8. At this post-injury stage, many molecular
pathways that promote plasticity and inflammation are near
their peak (David and Kroner, 2011; Mao et al., 2016). The

relatively brief period of stimulation, lasting just long enough
for initial transcriptional effects to emerge, was followed by
immediate extraction of various portions of the spinal cord and
standard processing for RNA sequence analysis. Both injured and
non-injured controls were studied with and without stimulation
(n ≥ 3). Additional injured rats (n = 2) received stimulation
after being pretreated with the non-specific 5-HT7 antagonist
pimozide, to assess possible participation of serotonin release
from the axon terminals of NRM neurons. The results proved
surprising. Our working hypothesis was that stimulation in
injured rats would induce neurotrophic transcriptional effects
and predominantly reverse injury-produced changes. Instead it
altered a small number of genes that are mostly concerned with
inflammation and erythrocyte formation, very few of which were
altered by injury alone. These findings shed new light on the
brainstem’s descending modulatory influence on endogenous
processes in healthy and injured spinal cord, and also identified
molecules with potential for improving outcomes after SCI.

MATERIALS AND METHODS

Animal Surgical Procedures and
Treatments
All experiments were performed in accordance with the
guidelines of the NIH Guide for the Care and Use of
Laboratory Animals, and were approved by the University
of Miami Miller School of Medicine Institutional Animal
Care and Use Committee. Female young-adult Sprague-Dawley
rats (220–240 g, 10–12 weeks old), obtained from Harlan
Sprague-Dawley, Inc. (Indianapolis, IN, United States), were
anesthetized with intraperitoneal ketamine (50 mg/kg) plus
xylazine (10 mg/kg) and mounted in a stereotaxic head holder.
Following a midline back incision and lateral dissection of the
spinous musculature, a T8 laminectomy was performed and a
moderate bilateral contusion injury was caused with a NYU-
MASCIS Impactor, which applied a force by letting a 10 g rod
of 2 mm diameter drop 12.5 mm centered on the midline of
the spinal cord (Kearney et al., 1988). Some control animals
received a laminectomy without the contusion injury. Dissected
muscle layers were sutured and the skin was closed with wound
clips. Animals recovered on a 37◦C heating blanket. The opioid
buprenorphine (0.01 mg/kg bid, subcutaneous) was given daily
for analgesia and the antibiotic gentamycin (0.01 mg/kg bid,
subcutaneous) to prevent infection. Bladder volume was checked
daily and manually emptied.

At 72 h after the injury or sham injury, the animals were
anesthetized with isoflurane (1.2% in oxygen) by face mask after
induction in a glass chamber and mounted in a stereotaxic holder.
A single monopolar stimulating microelectrode was placed in
the brainstem by making a linear skin incision and drilling a
1.8 mm craniostomy on the midline, 2.2 mm caudal to the
interaural line. To apply stimulation, a tungsten microelectrode
(AC impedance 0.5 megohm, diameter 0.13 mm) was inserted
into the midline NRM at the stereotaxic coordinates 2.2 mm
caudal and 10 mm ventral to the interaural line (flat-skull
orientation). Accuracy was confirmed by observing bilateral facial
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twitching 1.2–1.5 mm above the target, which disappeared once
the electrode reached the NRM. This localization method was
validated histologically in a previously published study (Hentall
and Gonzalez, 2012). Monopolar stimulation, consisting of 8-
Hz trains of cathodal pulses (30 µA, 1 ms), was given for
2 h in a 5 min, 50% duty cycle, ending in the stimulation
phase. Electrodes were also placed in sham and injured control
animals that did not receive the 2 h of stimulation. One
injured group received pimozide by intraperitoneal injection
of 1 mg/kg, 1 h prior to stimulation onset. Immediately after
the stimulation period, the subdural spinal cord (including pia-
arachnoid) was rapidly dissected and transversely sectioned into
three 0.5 cm blocks encompassing the C4–C6, T7–T9, and L1–L3
spinal segments. The blocks were immediately placed in liquid
nitrogen and stored at −80◦C. Animals were euthanatized by
isoflurane overdose. No adverse effects of stimulation or other
treatment were seen.

RNAseq Sample Preparation
Cervical, thoracic and lumbar regions were combined for RNA
analysis. Preparation and sequencing of RNA libraries was carried
out by personnel of the John P. Hussman Institute for Human
Genomics at the Center for Genome Technology, University of
Miami Miller School of Medicine. RNA isolated from rat spinal
cords was extracted using Trizol and purified using the QIAGEN
(Venlo, Netherlands) RNeasy kit, by following the kit’s standard
protocol. Samples were analyzed with an Agilent Bioanalyzer
(Santa Clara, CA, United States). All analyzed samples passed
minimum quality and quantity threshold required for RNA
sequencing, including RNA integrity score above 7.0. Mean
concentration of total RNA were 0.43 µg/µl (SD: 0.15); the mean
purity (260/280 ratio) was 2.06 (SD: 0.041) and was > 2.02
in all individuals. From each sample, 500 ng of total RNA
was provided to an Illumina TruSeq Stranded Total RNA
Library Prep Kit with Ribo-Zero (San Diego, CA, United States)
to create ribosomal RNA-depleted sequencing libraries with a

unique barcode. Sequencing was performed to >25 million
raw reads in a single-end 75 bp sequencing run on the
Illumina NextSeq500.

Production of RNAseq Data
Raw sequence data was processed by the on-instrument Real
Time Analysis software (v.2.7.7) transferred to de-multiplexed
FASTQ files with the Illumina-supplied scripts in BCL2FASTQ
software (v2.17). The quality of the reads was determined with
FASTQC software1 for per base sequence quality, duplication
rates, and overrepresented k-mers. Illumina sequencing adapters
were trimmed from the ends of the reads using the Trim
Galore! Package2, then aligned for Rattus norvegicus (Rnor_5.0)
with the STAR aligner (v2.5.0a) (Dobin et al., 2013). Gene
count quantification for aligned reads was performed using the
GeneCounts function within STAR against the Ensembl gene
build pipeline (release 79).

Data Analysis
Experimental groups, to which rats were assigned in random
order, were as follows: group A, sham injury and sham
stimulation; group B, SCI and sham stimulation; group
C, SCI and stimulation; group D, SCI with stimulation
and pimozide; group E, sham injury with stimulation.
Many subjects had also provided material for a previously
published assay of cAMP, cAMP response element-binding
protein and protein kinase A (Carballosa-Gonzalez et al.,
2014); exceptions were one subject in group E and both
subjects in group D, whose samples were contemporaneous
with the rest but had not previously been assayed for
publication. Within 5 experimental groups, there were 10
possible contrasts, of which 6 were analyzed (Table 1). These
contrasts are named in the text by the positively changed

1http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
2www.bioinformatics.babraham.ac.uk/projects/trim_galore

TABLE 1 | Groups and contrasts analyzed.

Contrast: name, ratio Group Injury Stimulation Pimozide Number flagged (up/down) SD (difference)

±SCI(0), B/A B, n = 3 Yes No No 982 (922/60) 1047

A, n = 4 No No No

±st(SCI), C/B C, n = 3 Yes Yes No 43 (39/4) 327

B, n = 3 Yes No No

±pim(st/SCI), D/C D, n = 2 Yes Yes Yes 81 (52/29) 601

C, n = 3 Yes Yes No

±st(0), E/A E, n = 5 No Yes No 28 (20/8) 226

A, n = 4 No No No

±st/SCI(0), C/A C, n = 3 Yes Yes No 1150 (1084/66) 854

A, n = 4 No No No

±SCI(st), C/E C, n = 3 Yes Yes No 1374 (1205/168) 911

E, n = 5 No Yes No

The last column shows the numbers of significant differences in individual genes that were flagged by EdgeR software, according to the joint criteria FDR < 0.05 and
abs(log2(FC)) > 1. The condition in the first row provided the numerator for FC, the second row provided the denominator. Increases [log2(FC) > 1] and decreases
[0 < log2(FC) < 1] are consistently thus defined in this paper. The standard deviation (SD) was calculated from the differences in count taken over all genes. Underlining
specifies the parameter(s) varied in the given contrast.

Frontiers in Cellular Neuroscience | www.frontiersin.org 3 November 2019 | Volume 13 | Article 5109

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00510 November 15, 2019 Time: 13:53 # 4

Jermakowicz et al. Modulated Transcription After Spinal Injury

factor followed in parentheses by the constant background.
Thus, ±st(SCI) refers to the contrast of stimulation (st) with
no stimulation in injured rats, ±SCI(st) contrasts injury
with no injury in stimulated rats, ±pim(st/SCI) contrasts
pimozide’s presence with its absence in stimulated, injured
rats; ±st(0), ±SCI(0), and ±st/SCI(0) respectively contrast
stimulation, injury or both with their absence (in rats with no
other interventions).

Differential gene expression analysis was performed on the
gene count data with edgeR software (Robinson et al., 2010).
Gene counts were normalized against total aligned reads to
generate counts-per-million for each gene in each sample.
Given the relatively small sample sizes per group, the exact
test implemented in EdgeR was used to determine differential
expression, producing a false discovery rate (FDR) p-value.
Significant differential expression was decided by EdgeR with
joint criteria of FDR < 0.05 and a greater than 100% change:
abs(log2(FC)) > 1, where FC is FC. For comparison, output
from two other DGE software packages, DESeq2 and baySeq,
was also examined (Hardcastle and Kelly, 2010; Love et al.,
2014). Numbers of significant increases and decreases obtained
in different contrasts were analyzed in 2 × 2 contingency tables
with the two-tailed Chi-square test.

Pathway and network analyses were performed with Ingenuity
Pathway Analysis (QIAGEN), using as input the lists of genes
with FDR < 0.05, as determined by EdgeR. Gene ontology
(biological process) analysis was performed for each set of
genes meeting EdgeR cutoff criteria of abs(log2(FC)) > 1 and
FDR < 0.05 with the DAVID3. Statistical overrepresentation was
determined with the default settings in DAVID. Gene names
used in tables were official gene symbols given by DAVID,
supplemented by Gene from the United States’ NCBI.

Human orthologs of rat genes flagged in the various EdgeR
contrasts were obtained from the Ensembl 2018 website (Zerbino
et al., 2018). The resulting human gene list was applied to
the L1000 gene expression database of the CLUE software
platform (Subramanian et al., 2017). This platform produced a
connectivity map that was analyzed with the Query tool to find
classes of perturbagens (drugs) whose expression signatures most
closely resembled those yielded by the experiments.

Data Availability
The high-throughput sequence data is available from the GEO
repository of the NCBI, accession number GSE133093. Other
data relevant to the study’s conclusions are available on request
from the corresponding author.

RESULTS

Numbers Flagged as Upregulated or
Downregulated
A total of 32,494 transcripts with unique rat gene identification
(Ensembl) numbers were analyzed. These included 1,563
micro RNAs, 1,471 small RNAs, and 22,019 experimentally

3https://david.ncifcrf.gov/tools.jsp

confirmed protein-coding RNAs; further details are given in
the Supplementary Figure 1. For all six contrasts, the DGE
software applications EdgeR and DESEq2 were of roughly
equal leniency, and showed mean overlap of 75% for selected
transcripts. The baySeq application was considerably more
stringent, flagging on average 45% of those flagged by the
other two software applications (Supplementary Figure 1).
The following presentation is limited to results obtained with
EdgeR. In the key contrasts ±st(SCI) and ±st(0), neither
DESeq2 nor baySeq found any significant genes that were not
flagged by edgeR.

The contrasts ±SCI(0), ±st/SCI(0) and ±SCI(st), all of
which pair intact rats with rats injured 3 days previously,
revealed a large number of differentially expressed transcripts.
These numbers differed significantly (pairwise Chi-squared
contingency tables, p < 0.0001). Contrast ±SCI(0) showed
fewer differentially transcribed genes (n = 982) than ±st/SCI(0)
(n = 1150), and±SCI(st) showed the most differentially expressed
transcripts (n = 1374). The relatively brief interventions of
2 h of stimulation or 3 h of pimozide’s presence caused
far fewer significant alterations in transcription. The numbers
of genes affected in the contrast ±pim(st/SCI) (n = 81)
was significantly different (p = 0.0009) from the numbers
for ±st(SCI) (n = 43), but the latter was not significantly
different (p = 0.10) from the contrast ±st(0) (n = 28). With
the brief interventions, there was also less variation in the
difference between counts for the paired conditions, as reflected
in their standard deviations (Table 1). All three interventions
(injury, stimulation, pimozide) consistently produced more
increases than decreases in transcript counts (Table 1): pimozide
[contrast ±pim(st/SCI)] revealed 64% increases, injury alone
[contrast ±SCI(0)] revealed 94% increases and stimulation after
injury [contrast ±st(SCI)] revealed 91% increases. Differing
kinetics of decay and synthesis may in some cases have
contributed to this imbalance (see section “Discussion”).

Genes Affected by Stimulation:
Responses to Injury Alone
The contrast showing the effect of stimulation in injury,
contrast ±st(SCI), was of greatest importance for the goals of
this study. It found that 43 transcripts, all protein-coding, had
changed significantly (Table 2). When one of these 43 transcripts
was flagged in another contrast involving injury, the direction of
the effect was consistent: for example, in the opposite direction
of the effects from injury alone [contrast ±SCI(0)] and in the
same direction as the effect of injury plus stimulation compared
with untreated rats [±st/SCI(0)] and as the effect of injury versus
sham on stimulated rats [±SCI(st)] (Table 2). However, it was
notable that only 9% of injury-produced transcriptional changes
[contrast ±SCI(0)], all downregulation, were reversed by NRM
stimulation [contrast±st(SCI)].

The effect of stimulation on injury could also be shown less
directly, by comparing genes flagged as altered by stimulation
plus injury, in contrast ±st/SCI(0), with those flagged by
injury alone, in contrast ±SCI(0). Some genes (n = 315)
showed altered transcription after stimulation plus injury, in
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TABLE 2 | Genes altered by stimulation in injured animals, selected by contrast ±st(SCI).

Protein (gene) ±SCI(0) ±st(SCI) ±pim(st/SCI) ±st/SCI(0) ±SCI(st)

∗Similar to 60S ribosomal protein L12 (RGD1564883) −6.63 7.12 −10.44
∗Cathepsin G (Ctsg) 3.90 −2.26 2.55
∗Carbonic anhydrase I (Car1) 3.78 −2.49
∗Defensin NP-4 precursor (Np4) 3.69 −2.85 2.35
∗Matrix metallopeptidase 13 (Mmp13) −1.85 3.55 −3.17 1.70 2.41
∗Defensin alpha 5 (Defa5) 3.31 −3.36 1.83 2.45

Rh-associated glycoprotein (Rhag) 3.18 2.86

Pro-platelet basic protein (Ppbp) 2.92 −4.08 2.14 4.13
∗Myeloperoxidase (Mpo) 2.86 −2.42 1.71 2.72
∗Hemogen (Hemgn) 2.63 −2.65 2.23
∗Neutrophilic granule protein (Ngp) 2.60 −1.62 1.57

Rh blood group, D antigen (Rhd) 2.54 −2.49 1.84 1.95
∗Defensin RatNP-3 precursor (RatNP-3b) 2.50 −2.99 2.70
∗S100 calcium binding protein A8 (S100a8) 2.37 −2.22 2.10 1.74
∗Solute carrier family 4, member 1 (Slc4a1) 2.36 −1.93 2.26

Elastase, neutrophil expressed (Elane) 2.35 −3.00 2.93
∗S100 calcium binding protein A9 (S100a9) 2.35 −1.86 1.83 1.57

Eosinophil peroxidase (Epx) 2.30
∗Alpha hemoglobin stabilizing protein (Ahsp) 2.29 −2.48 2.05

Multimerin 1 (Mmrn1) 2.24 1.90
∗Cathelicidin antimicrobial peptide (Camp) 2.16 1.36 1.75

Erythroblast membrane-associated protein (Ermap) 2.10 2.08

ATP binding cassette subfam. A member 13 (Abca13) 2.04 1.66

Kell blood group, metallo-endopeptidase (Kel) 2.00 2.47

Kruppel like factor 1 (Klf1) 2.00 1.52 1.75

Interleukin-23 receptor-like (LOC103690079) 1.92 −2.74

Nuclear factor, erythroid 2 (Nfe2) 1.87 1.99

Roundabout homolog 1 (Robo-1) 1.82 2.13 2.09

5′-aminolevulinate synthase 2 (Alas2) 1.75 −1.99 1.53

T-cell Ig and mucin domain containing 2 (Timd2) 1.71 3.25 3.08

Hemoglobin, alpha 2 (Hba2) 1.68 −2.03 1.28

Ficolin B (Fcnb) 1.65 2.71 2.70

Hemoglobin, alpha 1 (Hba1) −1.11 1.61 −1.89 1.17

Beta globin minor gene (LOC100134871) 1.58 −1.66 1.06

Aquaporin 1 (Aqp1) 1.54 1.57

Hemoglobin subunit beta (Hbb) −1.14 1.49 −1.66

Erythrocyte membrane protein band 4.2 (Epb42) 1.45 1.31

Hemoglobin, beta adult major chain (Hbb-b1) 1.30 −1.89 1.20

Integrin subunit alpha 2b (Itga2b) 1.12 1.23

AABR07043748.1 (unmapped) −1.47

Solute carrier family 17 member 7 (Slc17a7, Vglut1) −2.16 −2.57 −2.97

Guanylate binding protein family member 6 (Gbp6) −4.50 5.56 −3.73 −4.31

AABR07043200.1 (uncharacterized) −6.33 −6.47 −6.22

Also listed are those additionally selected by other contrasts involving injured animals: ±SCI(0), ±pim(st/SCI), ±st/SCI(0) and ±SCI(st). Quantities are log2(FC). Selection
was made with edgeR analysis according to the criteria abs(log2(FC)) > 1 and FDR < 0.05. Genes marked by ∗ meet the stricter criterion FDR < 0.00001. Positive
numbers indicate relative upregulation by injury, stimulation, pimozide or stimulation plus injury; negative numbers represent relative downregulation.

contrast ±st/SCI(0), but were not affected by injury alone,
in contrast ±SCI(0). Most genes (n = 835) were flagged by
both contrasts, and some (n = 147) were flagged by ±SCI(0)
but not ±st/SCI(0). As seen in Table 2, of the 43 genes
selected by contrast ±st(SCI), 15 were flagged by ±st/SCI(0)
but not by ±SCI(0), 3 were flagged by ±SCI(0) but not
by ±st/SCI(0) and one gene (Mmmp13) was flagged by both
contrasts. This numerical imbalance confirms that stimulation

caused changes in transcription mainly in genes that were
unaffected by injury alone.

Effect of Pimozide on the Response to
Stimulation
Pimozide significantly altered 58% of the genes affected by
stimulation after injury. Despite the possibility of bias for
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increases over decreases described above and the low sample
number (n = 2 rats), genes flagged in contrast ±pim(st/SCI)
showed a consistent direction of effect on genes flagged in
contrast ±st(SCI) (Table 2). That is, upregulation was reversed
in 24 genes and downregulation was reversed in one gene.

Effect of Injury on the Response to
Stimulation
Among rats that received stimulation, comparison of injured
with intact groups, in contrast ±SCI(st), yielded further insight.
A large number (n = 1374) of genes was flagged by±SCI(st), most
of which (36 of 43) were also flagged by contrasting stimulation
with no stimulation, ±st(SCI) (Table 2). Injury thus profoundly
alters the response to stimulation. Confirming this conclusion,
the transcriptional response of intact rats to stimulation, as
determined by contrast ±st(0), yielded a list of 28 flagged genes
(Table 3), none of which was among those significantly affected
by stimulation in injured rats [±st(SCI)]. Many genes flagged
by±st(0) were not protein-coding: 10 were genes for small RNAs.
Unlike in injured rats, significant effects of stimulation in intact
rats were in the same direction as the effects (when present) of
injury and pimozide (Table 3).

Genes of Interest
Individual genes of greatest interest for understanding the effect
of NRM stimulation on SCI are those flagged by all of the
three contrasts that involved stimulation (without pimozide) in
injury:±st(SCI),±SCI(st) and±st/SCI(0). Twelve of these genes
were increased by stimulation: Mmp13, Defa5, Ppbp, Mpo, Rhd,
S100a8, S100a9, Camp, Klf1, Robo-1, Timd2, and Fcnb. Of these
12 genes, 7 also passed the considerably more restrictive filtering
criterion of FDR < 0.00001, and all except one of these (Camp)
was reversed by pimozide (Table 2). Three genes that were
flagged in these three contrasts were decreased by stimulation:
Slc17a7, Gbp6 and the uncharacterized AABR07043200.1, of
which only the decrease in Gbp6 was reversed by pimozide.
Figure 1 shows the normalized counts for all 5 experimental
conditions of the key characterized genes that were upregulated
or down-regulated.

Few sRNA and miRNA genes underwent significantly altered
transcription under any experimental condition. Mir100 was
down-regulated in the contrasts ±SCI(0) and ±SCI(st).
Mir3593 was down-regulated in the contrast ±SCI(st).
Finally Mir6326, Mir675, and Mir21 were up-regulated in
the contrast±SCI(st).

TABLE 3 | Genes selected by contrast ±st(0) (effect of stimulation in non-injured rats).

Gene name Transcript type ±st(0) ±pim(st/SCI) ±SCI(0)

AABR07007730.1 (unmapped) Processed_pseudogene 6.01 6.87

Kallikrein B1 (Klkb1) Protein_coding 5.73 6.22

Rn50_X_0694.1 (unmapped) Processed_pseudogene 5.70

Similar to Tpi1 protein (RGD1563601) Processed_pseudogene 3.77

AABR07021745.1 (unmapped) Small nuclear RNA 2.05 3.87

Prothymosin alpha (Ptma) Protein_coding 1.99

AC127784.3 (unmapped) Small nucleolar RNA 1.79 1.94

Neutrophil immunoglobulin-like receptor 1 (Nilr1) Protein_coding 1.77 3.45

AC129753.3 (unmapped) Small nucleolar RNA 1.73 2.84

Leukocyte immunoglobulin-like receptor (Lilrb3l) Protein coding 1.71 2.99

AABR07067449.1 (unmapped) Small nucleolar RNA 1.51

AC118113.1 (unmapped) Small nucleolar RNA 1.46

AC112093.1 (unmapped) Small nucleolar RNA 1.25

AC097575.3 (unmapped) Small nuclear RNA 1.24 1.58

AABR07005613.1 (unmapped) Miscellaneous_RNA 1.22

AABR07050379.1 (unmapped) Small nuclear RNA 1.22 2.02

AABR07072283.4 (unmapped) Small Cajal body-specific RNA 1.18

Flavin containing monooxygenase 3 (Fmo3) Protein coding 1.15

Ribosomal_L22 domain containing protein (RGD1359290) Protein coding 1.10

AABR07036645.1 (unmapped) Small nucleolar RNA 1.08 1.39

AC094643.2 (unmapped) Protein coding −1.02

ATPase subunit 8 (mt-Atp8) Protein coding −1.04

Early growth response 1 (Egr1) Protein coding −1.07

Cytochrome b (mt-Cyb) Protein coding −1.12

NADH dehydrogenase subunit 2 (mt-Nd2) Protein coding −1.20

NADH dehydrogenase subunit 4L (mt-Nd4l) Protein coding −1.52

TNF receptor superfamily member 14 (Tnfrsf14) Protein coding −2.03

Major intrinsic protein of lens fiber (Mip) Protein coding −3.01

Their transcript type is also listed shown. Quantities shown are log2(FC), as in Table 2. Genes that additionally showed significant effects of pimozide [±pim(st/SCI)] or
untreated injury [±SCI(0)] are indicated in the adjacent columns.
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FIGURE 1 | Normalized RNA molecular counts from individual rats for 14 characterized genes identified as prominently up-regulated (n = 12) or down-regulated
(n = 2) by stimulation. The included genes were those flagged by all three contrasts ±st(SCI), ±SCI(st) and ±st/SCI(0), as listed in Table 2. The vertical axis is scaled
logarithmically and log zero values (equal to –∞) are presented separately off-scale.

Inferred Pathways and Biological
Processes
Injury primarily increased inflammatory and immune transcripts
and decreased those related to lipid and cholesterol synthesis
and neuronal signaling, confirming previous reports (Bareyre
and Schwab, 2003; Chamankhah et al., 2013; Shi et al., 2017).
This was seen in the top canonical pathways determined
with Ingenuity Pathway Analysis (Table 4) and in DAVID
gene ontologies (biological process) for the contrast ±SCI(0)
(some of which are listed in Table 5). Stimulation after
injury had a major effect on pathways concerned with defense
responses to lipopolysaccharides and various microorganisms
(fungi, bacteria, yeast, viruses) and related inflammatory
and immune responses (Tables 4, 5). Many of these same
pathways were among the principal targets of pimozide. Also
prominent among the pathways affected by stimulation in injury
were erythrocyte development, oxygen transport and heme
biosynthesis (Tables 4, 5). On the other hand, stimulation
without injury, contrast ±st(0), had its largest effects on
the canonical pathways for oxidative phosphorylation and
mitochondrial dysfunction, with little influence on inflammatory
and immune processes (Table 4). The DAVID gene ontologies
(biological process) for contrast ±st(0) found that only two
terms reached (weak) significance: “response to hyperoxia” and
“regulation of apoptotic process.”

Resemblances of Expression Patterns to
Perturbation With Drug Classes
The L1000 gene expression database of the CLUE software
platform (clue.io) (Subramanian et al., 2017) was used to
ascertain drug classes whose actions on cell cultures resembled
to some quantifiable degree the effect of NRM stimulation on
SCI. Human orthologs of the rat genes flagged in the two
EdgeR contrasts ±st(SCI) and ±pim(st/SCI) were obtained
from the Ensembl 2018 website (Zerbino et al., 2018). From
the contrast ±st(SCI), which had flagged 43 rat genes, 37
human orthologous genes could be identified, and from the
contrast ±pim(st/SCI), which originally yielded 81 rat genes,
65 human orthologous genes were identified (Supplementary
Table 1). These two human gene lists were input to the CLUE
Query tool to probe the database connectivity map, constructed
from genetic changes in various human cell culture lines in
response to diverse drugs. The classes of perturbagens (drugs)
whose expression signatures most closely resembled those
obtained in the experiments are listed in Table 6. The similarity
score for the ±pim(st/SCI) contrast was reversed so that the
absence of the drug pimozide was designated as the positive
effect. High similarity (>98%) was reached in both contrasts by
four perturbagen classes: PPAR agonists, angiotensin receptor
antagonists, glucocorticoid receptor agonists, and nucleoporin
loss of function (LOF).
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TABLE 4 | Top canonical pathways indicated by IPA for the effects of injury alone
[±SCI(0)], of stimulation after injury [±st(SCI)], stimulation on intact rats [±st(0)],
and of pimozide on injured, stimulated rats [±pim(st/SCI)].

Pathway p-Value Overlap

±SCI(0) up-regulated

EIF2 signaling 4.59E−27 35.3% 78/221

TREM1 signaling 1.98E−16 45.3% 34/75

Role of macrophages, fibroblasts, and
endothelial cells in rheumatoid arthritis

1.90E−14 23.6% 73/309

Fc receptor-mediated phagocytosis in
macrophages and monocytes

7.15E−14 37.6% 35/93

Role of pattern recognition receptors in
recognition of bacteria and viruses

1.75E−13 31.4% 43/137

±SCI(0) down-regulated

Superpathway of cholesterol biosynthesis 9.06E−18 60.7% 17/28

Cholesterol biosynthesis I 1.56E−12 76.9% 10/13

Cholesterol biosynthesis II (via
24,25-dihydrolanosterol) 1.56E−12

1.56E−12 76.9% 10/13

Cholesterol biosynthesis III (via desmosterol) 1.56E−12 76.9% 10/13

Synaptic long term depression 1.43E−09 16.4% 24/146

±st(SCI)

Role of IL-17A in psoriasis 2.13E−04 15.4% 2/13

Osteoarthritis pathway 5.34E−03 1.4% 3/211

Tetrapyrrole biosynthesis II 8.40E−03 20.0% 1/5

Heme biosynthesis II 1.51E−02 11.1% 1/9

Atherosclerosis signaling 1.94E−02 1.6% 2/127

±st(0) ±st(SCI) ±st(SCI)

Oxidative phosphorylation 1.21E−11 7.3% 8/109

Mitochondrial dysfunction 4.54E−10 4.7% 8/171

Sirtuin signaling pathway 9.91E−06 2.1% 6/291

Glycine degradation (creatine biosynthesis) 3.46E−03 50.0% 1/2

MSP-RON signaling pathway 6.92E−03 2.8% 2/72

±pim(st/SCI)

Role of IL-17A in psoriasis 2.38E−04 15.4% 2/13

G protein signaling mediated by tubby 1.48E−03 6.2% 2/32

Tec kinase signaling 3.41E−03 1.8% 3/170

RhoGDI signaling 3.82E−03 1.7% 3/177

Agranulocyte adhesion and diapedesis 4.72E−03 1.6% 3/191

DISCUSSION

General Observations and Technical
Considerations
The effect of the NRM, or indeed of any brainstem system,
on transcription in the spinal cord has not previously been
reported. Here we show that transcriptional changes occurred
in the first 2 h of NRM stimulation in a small fraction of
the total genome. A longer period of stimulation probably
could have produced more changes, as seen with the 3-day
injury period and even with the 3-h presence of pimozide.
The effect of the NRM stimulation differed completely between
injured and normal spinal cord. The changes due to stimulation
were for the most part not reversals (or enhancements) of
those caused by injury alone, and thus implicate a distinct set
of genes. In SCI, stimulation affected primarily transcription
in genes with defensive immune functions. Other notable

changes were in genes involved in erythrocyte development,
such as constituent molecules of hemoglobin. There was a
paucity of neuron-specific effects. These general findings lead
to a somewhat revised and more complex model of the
NRM’s repair effect, with defensive and protective processes
preceding (and perhaps permitting or evoking) the regenerative
benefits of stimulation.

The validity of the findings and their interpretation must take
into account the low numbers in each group. Low numbers are
not uncommon in RNAseq studies, typically imposed by costs
and by other external factors. A study of biological replicate
numbers with various DGE software applications (Schurch et al.,
2016), found that EdgeR, DESeq2, and baySeq can all produce
satisfactory and mutually consistent conclusions with as few
as three replicates, given a < 5% false discovery rate and a
fold change of ±50% [or abs(log2(FC)) > 0.58]. Here, we
applied a more restrictive criterion for fold change of ±100%
[abs(log2(FC)) > 1] along with the < 5% false positive rate,
and all groups except pimozide treatment consisted of > = 3
rats. Further strengthening the conclusions, the core list of
altered genes (Figure 1, see section “Genes of Interest”) was
derived from three paired contrasts that utilized all but two
of the studied animals (n = 15). Thus the early changes in
gene transcription found with NRM stimulation in injured
animals can be specified with reasonable certainty. However, the
findings strictly apply to female rats only, under conditions of
treatment with buprenorphine, gentamycin and halothane, and
the possibility remains of different genes emerging from contrasts
made under other conditions or in other types of subject.

Pimozide is an antipsychotic drug that acts as an antagonist
with a high affinity for both 5-HT7 receptors and for dopamine
D2 subtype receptors (Roth et al., 1994). In the two subjects tested
with pimozide, the drug consistently blocked and never enhanced
the effects of stimulation in injury on individual genes. The
descending pathways from the NRM are strongly serotonergic
whereas dopaminergic projections are not prominent in the
spinal cord and their cell bodies are distant to the site of
stimulation (van Dijken et al., 1996). Thus the results with
pimozide suggest that the effect of NRM stimulation after SCI
was mediated in many genes by serotonin release, while a role
for dopamine release is unlikely. The relatively rapid effect of
pimozide in reversing gene expression induced by 2 h of NRM
stimulation in SCI is likely to have occurred at the level of post-
synaptic 5-HT7 receptors in the spinal cord. These receptors have
been implicated in anti-inflammation, repair, and neuroplasticity
at various CNS sites including the spinal cord (Kvachnina et al.,
2005; de las Casas-Engel et al., 2013; Carballosa-Gonzalez et al.,
2014; Di Pilato et al., 2014; Volpicelli et al., 2014; Fields and
Mitchell, 2015). However, an action of pimozide at other CNS
sites or other organs, which then indirectly causes a block of the
influence of NRM stimulation on RNA synthesis in the spinal
cord appears unlikely.

Measurements made after the 2 h time window of stimulation
or after 3 days of injury represent snapshots of dynamic processes,
which may include transient or long-lasting or even multiphasic
changes in messenger RNA level. Changes in transcription
rate are thought to determine the direction of most effects,
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TABLE 5 | Gene Ontology terms (biological process, GOTERM_BP_DIRECT) found to be enriched in by stimulation after injury [±st(SCI)] or its modification by pimozide
[±pim(st/SCI)].

Term GO number ±st(SCI) ±pim(st/SCI) ±SCI(0)

Defense response to fungus 0050832 6.52E−08 6.74E−08

Erythrocyte development 0048821 1.60E−07 5.81E−04

Oxygen transport 0015671 4.25E−06 6.20E−06

Leukocyte migration involved in inflammatory response 0002523 2.02E−04 1.86E−04

Defense response to bacterium 0042742 3.44E−04 3.83E−03 1.62E−02

Negative regulation of growth of symbiont in host 0044130 3.59E−04 1.33E−02

Hydrogen peroxide catabolic process 0042744 3.61E−04 3.31E−04

Killing of cells of other organism 0031640 4.36E−04 5.04E−04

Ammonium transport 0015696 2.69E−03

Ammonium transmembrane transport 0072488 4.14E−03

Response to lipopolysaccharide 0032496 6.48E−03 7.80E−04 1.98E−09

Chronic inflammatory response 0002544 7.43E−03

Cellular oxidant detoxification 0098869 8.26E−03 8.18E−03

Response to yeast 0001878 8.55E−03

Response to hydrogen peroxide 0042542 1.02E−02 1.08E−02

Defense response to Gram-positive bacterium 0050830 1.55E−02 2.67E−07

Innate immune response 0045087 3.20E−02 9.36E−05 1.86E−13

Antibacterial humoral response 0019731 3.23E−02

Response to virus 0009615 7.13E−04 4.20E−04

Defense response to virus 0051607 3.64E−03 1.07E−08

Terms were obtained with DAVID 6.8. Those additionally enriched by injury in untreated rats [±SCI(0)] are also listed. The input data for DAVID came from gene lists
containing both up-regulated and down-regulated genes that met the EdgeR criteria abs(log2(FC)) > 1 and FDR < 0.05. Values shown are Benjamini probabilities, which
were applied to the enrichment criterion p < 0.05.

because degradation rates and post-transcriptional processing
are constant for most individual genes (Rabani et al., 2011,
2014), although inflammatory and immune signaling genes and
targets of NFκB signaling are more likely to show modulated
degradation (Rabani et al., 2011). The half-life of decay is
typically slower than the transcription rate, which suggests
the possibility of bias in favor of detecting increases over
decreases. The half-life of messenger RNA in mammalian cell
cultures averages 7–9 h, with a lower median, e.g., 4–6 h, and
regulators of transcription and signal transduction tend to have
shorter half-lives (Friedel et al., 2009; Schwanhausser et al.,
2011). Therefore, given typical half-lives, the finding that 94%
of changes were increases after the 3 day post-injury period
probably reflects true differences in the direction of transcription
rates. However, the finding that 91% of changes after the 2 h
stimulation window were increases is alternatively explained by
the slowness of decay.

Background Studies
This work is part of a series exploring the central control
of endogenous repair mechanisms. It is proposed that the
various brainstem raphé nuclei, including the NRM, form
the central links of feedback loops controlling repair. In
our model, raphé neurons receive sensory, chemical and
central-state signals indicative of recent injury (e.g., pain,
vestibular input, hypothermia, circulating cytokines). Their
evoked electrical activity then causes axonal release of serotonin
and co-release of neuropeptide transmitters from terminals that,
collectively, innervate almost the entire CNS (Molliver, 1987;

Hornung, 2003). Trophic and protective cellular effects can be
produced by these various neuropeptides: thyrotropin releasing
hormone (Daimon et al., 2013), substance P (Jiang et al., 2012;
Kim et al., 2015), galanin (Hobson et al., 2008), met-enkephalin
(Narita et al., 2006; Campbell et al., 2012) as well as by serotonin
(Azmitia, 2007; Trakhtenberg and Goldberg, 2012), all acting
through non-synaptic volume transmission (Ridet et al., 1993;
Agnati et al., 1995; Borroto-Escuela et al., 2015). As in the
response to infection which is frequently concurrent with injury,
an endogenous repair system from the perspective of natural
selection should promiscuously exploit (facilitate or depress)
multiple molecular and cellular mechanisms.

The main experimental evidence for this model is that some
days or weeks of stimulation in a raphé nucleus starting in the first
days following incomplete contusional SCI or fluid-pressure TBI
or induction of MS-like signs was found to improve behavioral
signs over several weeks (Hentall and Gonzalez, 2012; Carballosa
Gonzalez et al., 2013; Madsen et al., 2017). Concomitant
histological changes seen at chronic endpoints following
stimulation include increased myelination and serotonergic
innervation around the injury after T8 SCI (Hentall and
Gonzalez, 2012), increased calcitonin gene related peptide after
C5 SCI (Vitores et al., 2018), restored volume loss in neocortex
after TBI (Carballosa Gonzalez et al., 2013), and lessened cellular
pathology and cytokine production in experimental autoimmune
encephalomyelitis (Madsen et al., 2017).

The mechanisms leading to these long-term changes are
likely to involve complexly interwoven cellular and molecular
processes. To better understand the proximate causes of
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TABLE 6 | Perturbagens (pharmacologic and genetic) whose expression
signatures most closely resemble the effect of stimulation after injury and its
modification by pimozide.

Drug class % similarity −(% similarity)
±st(SCI) ±pim(st/SCI)

PPAR receptor agonist 99.78 99.97

Nucleoporin LOF 99.59 99.73

Phospholipases GOF 99.46 81.78

Structural maintenance of
chromosomes proteins LOF

99.40 <80%

Angiotensin receptor antagonist 99.02 99.22

Wnt family GOF 98.55 96.27

SRC inhibitor 98.53 <80%

Potassium channel blocker 98.37 <80%

Glucocorticoid receptor agonist 98.24 98.48

Imidazoline ligand 97.9 <80%

Bacterial DNA gyrase inhibitor 97.87 <80%

SRY LOF 97.61 93.55

NFkB pathway inhibitor 97.14 87.87

HMGCR inhibitor 96.44 <80%

FOS transcription factor family GOF 96.18 99.8

Heat shock 70 kDa proteins LOF 95.71 <80%

Proteasome pathway LOF 95.30 <80%

NKL subclass homeoboxes and
pseudogenes LOF

94.86 <80%

Serine proteases GOF 94.59 98.28

Na-K-Cl transporter inhibitor 94.5 88.32

The genes flagged as affected by stimulation in injury [contrast±st(SCI)], as listed in
Table 2, were converted to their human equivalents, if known, and fed to the Query
function of the CLUE software platform (clue.io) (Subramanian et al., 2017). The
genes flagged as affected by pimozide in rats that were both stimulated and injured
[contrast ±pim(st/SCI)] were similarly processed, but their effects were reversed
(i.e., similarity scores were multiplied by −1). GOF, genetic gain of function; LOF,
genetic loss of function.

improved recovery with NRM stimulation, this and some other
studies have focused on more acute, post-injury endpoints and
shorter stimulation periods. An immunostaining study of 3-day
C5 injury after 2 days of NRM stimulation showed changes
in numbers of inflammatory cell types and a transition from
neural precursors to radial glia that facilitate differentiation
(Jermakowicz et al., 2019). In rats with 3-day T8 contusions,
2 h of NRM stimulation, as in the present protocol, restored
normal levels of injury-depleted cAMP, phosphorylated cAMP
response binding element (pCREB), and pPKA (Carballosa-
Gonzalez et al., 2014). The same study showed that NRM
stimulation had no significant effects on levels of cAMP, pPKA
or pCREB in intact animals, but pimozide in intact animals
with or without stimulation lowered cAMP to injured levels.
Reversal of cAMP depletion has also been shown in the
neocortex and hippocampus of rats with 3-day old TBI following
3 days of electrical stimulation in the median raphé nucleus
(Carballosa Gonzalez et al., 2013).

Interpretation of Main Findings
Cyclic AMP can promote axonal regeneration following SCI
via elevated pPKA and pCREB, which subsequently increases

expression of various trophic genes, although a non-genetic route
via pPKA can also have beneficial effects on the cytoskeleton via
the small G protein, Rho (Lehmann et al., 1999; Hannila and
Filbin, 2008). Given the previously demonstrated NRM-evoked
recovery of cAMP after T8 SCI (Carballosa-Gonzalez et al., 2014),
it was unsurprising that transcriptional effects of stimulation were
seen. However, it was not expected that the main increases would
be in defensive and pro-inflammatory genes, for example, Ctsg,
Np4, RatNP-3b, Defa5, Elane, Mpo, S100a8, S100a9, and Ppbp.
The proteins S100A8 and S100A9 are frequently combined as
the antimicrobial dimer calprotectin (Striz and Trebichavsky,
2004). They probably arrive in the injured spinal cord as
constituents of myeloid cells, particularly neutrophils (Fleming
et al., 2006; Mitchell et al., 2008), which are thought to be
deleterious to recovery (McCreedy et al., 2018), although S100A8
and S100A9 can also be induced in macrophages and microglia
by neuropathic states (Abe et al., 1999). While there is some
indirect evidence that S100A9 promotes recovery from SCI (Roet
et al., 2013), but pro-inflammatory effects are more likely the
dominant initial action.

Other genes upregulated by stimulation in SCI may also have
deleterious effects. Mpo has been shown by gene knockout to
exacerbate secondary injury after SCI (Kubota et al., 2012). Ctsg
is a pronociceptive mediator in the spinal cord (Liu et al., 2015),
as is carbonic anhydrases (gene Car1) (Asiedu et al., 2010).
Neutrophil elastase, which is released by activated neutrophils,
is reported to be a key mediator of secondary pathogenesis
in SCI (Semple et al., 2015). On the other hand, matrix
metalloproteinase 13 is a matrix-degrading enzyme released from
monocytes that is important in functional recovery after SCI
(Shechter et al., 2011). Of the several microRNAs tagged in these
studies, Mir21, which was upregulated in the contrast ±SCI(st),
is of greatest interest. Mir21 is increased by exercise after
SCI and improves recovery in rats, probably by regulating the
pro-regenerative PTEN/mTOR pathway, since it lowers PTEN
messenger RNA and raises mTOR messenger RNA (Liu et al.,
2012). Few of the genes affected by stimulation after SCI (Table 2)
are particularly associated with the CNS. One exception was
the downregulated solute carrier family 17 member 7 (Slc17a7),
also known as Vglut1, whose protein transports glutamate into
synaptic vesicles (Shigeri et al., 2004); its levels in the spinal
cord are reported to be decreased after peripheral nerve damage
(Rotterman et al., 2014; Wang et al., 2016). Acute decreases
in Vglut1 (Slc17a7) with stimulation, as observed here, could
lead to lower net glutamate release, which is likely to reduce
damage due to over-stimulation of neurons (Krzyzanowska
et al., 2014), although recovery ultimately requires restoration
of Vglut1 (Burnside et al., 2018). A second exception was Robo-
1, which was increased by stimulation, whose protein product
an important player in pioneer longitudinal axon guidance
(Kim et al., 2011).

Another interesting group of genes unexpectedly upregulated
by stimulation in injury is related to erythrocyte development
and oxygen transport: Klf1, Rhd, Rhag, Hbb, Hba, Hba2, Hbb-
b1. The last four produce components of hemoglobin, which is
constitutively expressed in the brain and spinal cord (Biagioli
et al., 2009; Richter et al., 2009; Russo et al., 2013), and may
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act protectively by sequestering oxygen and free radicals (Xie
and Yang, 2016). Indeed, “cellular oxidant detoxification” also
featured among biological processes enriched by stimulation
after SCI (Table 5). The key regulator of erythropoiesis,
erythropoietin (EPO), is known to promote recovery and
regeneration in SCI (Gassmann et al., 2003; Matis and Birbilis,
2009). There were no significant changes in expression of the
Epo gene in this study, but it is possible that the increase
in erythropoietic genes was due to increased erythropoiten
release (Hasselblatt et al., 2006). Both the protein and Epo
messenger RNA are reported to be increased by serotonin in
the mouse hippocampus (Choi and Son, 2013). Further study
of how erythropoiten synthesis and release responds at different
time points post-injury and during NRM stimulation appears
to be warranted.

The prevalence of altered transcription in exogenous cells
of the injured spinal cord requires further experimental
investigation. Among various possibilities to test, arriving
myeloid cells such as neutrophils could be more attracted to
the spinal cord’s injury site after they have been altered in
some way by NRM stimulation. Alternatively, transcription in
exogenous cells, once arrived, could be influenced (perhaps
toward a pro-regeneration phenotype) by the NRM stimulation
or by local sequelae of that stimulation. Classic synapses are
not necessary for the effects of the NRM stimulation, since
both serotonin and co-released neuropeptides participate in non-
synaptic volume transmission in the spinal cord (Ridet et al.,
1993). A growing body of evidence implicates serotonin in both
neural and humoral aspects of immune control. Serotonin and
its receptors are present on numerous cells of the adaptive and
innate immune systems and have been implicated in macrophage
activation (Jiang et al., 2009; Krabbe et al., 2012; Baganz and
Blakely, 2013).

CONCLUSION

The present study adds important new details to the general
concept that the raphé system senses and alleviates stress or
injury. The effects of NRM stimulation on gene transcription
were very different in injured and intact animals, mirroring
our prior study of the effects of NRM stimulation on levels
of cAMP, PKA, and CREB (Carballosa-Gonzalez et al., 2014).
The earliest changes in gene transcription brought about by
NRM stimulation were seen to be confined mainly to defensive
and erythropoietic functions. Whereas a week or more of
NRM stimulation facilitates repair (Hentall and Burns, 2009;
Hentall and Gonzalez, 2012; Madsen et al., 2017; Vitores et al.,
2018), the shorter 2-h period used here intensified transcription
of predominantly inflammatory genes. Although the products
of these genes are often assumed to be harmful, immune
responses cannot necessarily be simply parsed into harmful
and beneficial processes (Doty et al., 2015; Li et al., 2018).
Conceivably, the inflammatory effects of substances such as
S100A8 and S100A9, however harmful they may be initially,
are necessary preliminaries with net benefits to the overall
repair process, and lead later to neural-specific effects. Consistent

with these ideas, three of the four top perturbagen classes
that resembled the effect of 2 h of stimulation (Table 6) are
known to produce improvements in SCI: PPARs agonists (Park
et al., 2007), angiotensin receptor antagonists (Guler et al.,
2010) and glucocorticoid receptor agonists, although this last
group’s benefits in SCI are more controversial (Akhtar et al.,
2009). Furthermore, all three classes inactivate inflammatory
pathways, such as those controlled by NF-κB (Bekhbat et al.,
2017; Labandeira-Garcia et al., 2017; Villapol, 2018). The
present study thus tends to confirm the therapeutic promise
of these drug classes. The study also provides further support
for interim DBS of the NRM or, more practically from
the surgical standpoint, of its midbrain periaqueductal gray
input, as a therapy for SCI that may ultimately be superior
to single or combined drugs in its simplicity and safety of
application and the range of signs and symptoms improved
(Chari et al., 2017).
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Neuroinflammation is initiated when glial cells, mainly microglia, are activated by threats
to the neural environment, such as pathogen infiltration or neuronal injury. Although
neuroinflammation serves to combat these threats and reinstate brain homeostasis,
chronic inflammation can result in excessive cytokine production and cell death
if the cause of inflammation remains. Overexpression of tumor necrosis factor-α
(TNF-α), a proinflammatory cytokine with a central role in microglial activation, has
been associated with neuronal excitotoxicity, synapse loss, and propagation of the
inflammatory state. Thalidomide and its derivatives, termed immunomodulatory imide
drugs (IMiDs), are a class of drugs that target the 3′-untranslated region (3′-UTR) of
TNF-α mRNA, inhibiting TNF-α production. Due to their multi-potent effects, several
IMiDs, including thalidomide, lenalidomide, and pomalidomide, have been repurposed
as drug treatments for diseases such as multiple myeloma and psoriatic arthritis.
Preclinical studies of currently marketed IMiDs, as well as novel IMiDs such as 3,6′-
dithiothalidomide and adamantyl thalidomide derivatives, support the development
of IMiDs as therapeutics for neurological disease. IMiDs have a competitive edge
compared to similar anti-inflammatory drugs due to their blood-brain barrier permeability
and high bioavailability, with the potential to alleviate symptoms of neurodegenerative
disease and slow disease progression. In this review, we evaluate the role of
neuroinflammation in neurodegenerative diseases, focusing specifically on the role of
TNF-α in neuroinflammation, as well as appraise current research on the potential of
IMiDs as treatments for neurological disorders.

Keywords: neuroinflammation, tumor necrosis factor-α (TNF-α), neurodegeneration, thalidomide, lenalidomide,
pomalidomide, apremilast, immunomodulatory imide drugs (IMiDs)

INTRODUCTION

Inflammation is initiated as the body’s immune cells activate inflammatory cascades to
prevent tissue damage from injury or infiltrating antigens. When successful, the inflammatory
response eradicates pathogens, instigates the processes of wound healing and angiogenesis,
and then subsides. Contrary to this protective homeostatic action, inflammation has been
observed in a multitude of diseases, and its impact on neurological disorders has been
proposed as a leading cause of disease progression in recent years. Within the CNS,
microglia, known as ‘the brain’s immune cells,’ interact with astrocytes and neurons by
assuming phagocytic phenotypes and releasing inflammatory cytokines. This can cause
neurodegeneration, phagocytosis of synapses, diminished neural function, microglial activation,
inflammatory cytokine release, and further microglial activation until threat to the neural
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environment abates. Activation of astrocytes, termed astrogliosis,
also occurs as part of the inflammatory process. When acute, this
neuroinflammatory response is necessary and even beneficial to
the neural environment in eliminating pathogens or aiding brain
repair. However, when extreme threats to the neural environment
such as protein aggregates (i.e., lewy bodies, neurofibrillary
tangles) accumulate in the brain and protractedly sustain
inflammation, continuous gliosis and apoptosis can occur as a
result of unregulated inflammatory cytokine release. Continuity
of this activated state results in chronic inflammation, which is
implicated in virtually all neurological disorders, including AD,
PD, and ALS.

The majority of neurodegenerative diseases affect the aging
population, which is growing at an exponential rate due to
medical advancements that have prolonged lifespan (He et al.,
2015). For example, AD is projected to affect an estimated 13.8
million people over the age of 65 in the U.S. alone during the next
few decades (Alzheimer’s Association, 2019), while the number
of PD patients is expected to rise to 1.24 million people in the
next decade (Marras et al., 2018). Despite considerable effort and
resources, drug developments to combat these neurodegenerative
disorders have resulted in a mere handful of drugs that mitigate
symptoms rather than slow disease progression (Mehta et al.,
2017). There are numerous reasons why clinical trials have thus
far largely failed, including the recruitment of patients too far
into disease progression. However, the greatest reason for failure
may be the selection of the disease target, exemplified by the
predominant focus on inhibiting amyloid or tau aggregation
for reversing AD and reducing α-synuclein to treat PD. There
is a great need to expand target mechanisms to encompass
prevention of chronic neuroinflammation, which has been
elucidated as a key factor driving neurological disease progression
through multiple cascades that include processes impacting the
classical targets of amyloid, tau and α-synuclein.

MECHANISM AND SIGNALING EVENTS
OF NEUROINFLAMMATION IN CNS
NEURODEGENERATIVE DISEASES

In response to deleterious stimuli such as injury or dysregulation
in the CNS, proinflammatory cytokines and in particular, TNF-
α, are released by brain endothelial cells, neurons, infiltrating

Abbreviations: Aβ, Beta-amyloid; Ach, acetylcholine; AD, Alzheimer’s disease;
ALS, amyotrophic lateral sclerosis; APP, amyloid precursor protein; ARE,
AU-rich element; BBB, blood–brain barrier; CCI, controlled cortical impact;
COX-2, cyclooxygenase-2; ChEI, cholinesterase inhibitor; CNS, central nervous
system; CSF, cerebrospinal fluid; DA, dopaminergic; DAMP, damage-associated
molecular pattern; HD, Huntington’s disease; IFN, interferon; IL, interleukin;
IMiD, immunomodulatory imide drug; iNOS, inducible nitric oxide synthase;
LPS, lipopolysaccharide; LTD, long-term depression; LTP, long-term potentiation;
MAPK, mitogen-activated protein kinases; MS, multiple sclerosis; mTBI, mild
traumatic brain injury; NF-κB, nuclear factor kappa-light-chain-enhancer of
activated B cells; PAMP, pathogen-associated molecular pattern; PD, Parkinson’s
disease; PNS, peripheral nervous system; PPARγ, peroxisome proliferator-
activated receptor gamma; pTau, phosphorylated tau; ROS, reactive oxygen
species; TBI, traumatic brain injury; TBM, tuberculous meningitis; TGF-β,
transforming growth factor beta; TLRs, toll-like receptors; TNF-α, tumor necrosis
factor alpha; UTR, untranslated region.

immune cells, and resident glial cells (Sébire et al., 1993; Gadient
and Otten, 1994; Ringheim et al., 1995; Reyes et al., 1999).
This leads to activation of transcription factors by MAPKs,
namely ERK, JNK, and p38, causing the upregulation of oxidative
stress inducers and TNF-α, and the activation of microglia,
astrocytes, and the NF-κB pathway (von Bernhardi et al., 2015).
The NF-κB pathway can be canonically or non-canonically
activated. Canonical activation involves direct NF-κB activation
by TNF-α or proinflammatory triggers, such as ROS, and
leads to increased proinflammatory gene expression. Canonical
activation is necessary for a fast and acute response to both
peripheral and central threats and injuries. In contrast, non-
canonical activation occurs in response to various stimuli such
as lymphotoxin and is slower, with specific, long-term effects.
Lymphotoxin is a proinflammatory cytokine that activates the
NF-κB pathway, initiating changes in gene expression crucial for
not only inflammation, but also for processes such as lymph
node development and gastrointestinal immune homeostasis
(Bauer et al., 2012). Although most NF-κB activation is canonical,
non-canonical activation has been implicated in neural stem
cell pluripotency and possibly differentiation (Yang et al., 2010;
Zhang and Hu, 2012; Xiao et al., 2018).

Whereas an inflammatory response is fundamental to
successfully fight off disease and reestablish homeostasis in
response to injury, an acute inflammation can become chronic
and exacerbate disease when inflammatory pathways are mis-
regulated. Neuronal NF-κB activation generally promotes cell
survival and can mediate glial cell activation, proliferation,
and inflammation (Tansey and Goldberg, 2010). When the
PI3K/AKT/mTOR pathway is activated, the NF-κB sequestering
protein IKB is released and NF-κB proinflammatory target genes
are expressed, further stimulating the inflammatory pathway
(Lokensgard et al., 2000; Kaltschmidt et al., 2005; Mémet, 2006).
Proinflammatory cytokines can induce the expression of iNOS
or COX-2 and lead to ROS production (Hirsch and Hunot,
2009). ROS cause oxidative damage that, in turn, can cause
DNA damage, shortening of telomeres, increased apoptosis, and
aging. A rise in ROS can lead to increased autophagy, which is
consistent with the increased Aβ autophagy and dysfunctional
mitochondria observed in AD patients (Cui et al., 2012).
Oxidative damage results in an increase in ROS, which leads
to yet further oxidative damage and feeds this self-propagating
cycle (Cui et al., 2012). ROS may also trigger protein misfolding,
potentially leading to protein aggregation, which is a classical
hallmark of neurodegenerative diseases such as AD and PD
(Narhi et al., 1999; Virmani et al., 2013). When cytokines, PAMPs,
and DAMPs stimulate receptors such as TLR to canonically
activate the NF-κB pathway, genes expressing proinflammatory
cytokines are triggered, activating the nervous system’s immune
response (Jana et al., 2008; Baker et al., 2011; Clark and
Vissel, 2018). This leads to inflammation of the CNS, which is
maintained until the brain environment reaches conditions to
trigger deactivation of the immune response.

The presence of proinflammatory cytokines can also cause
a shift or polarization of resting microglia to adopt their
activated states. Microglial activation is routinely divided into
two main phenotypes, M1 and M2, albeit that microglia can lie
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anywhere within the broad spectrum between these states (Town
et al., 2005; Mosser and Edwards, 2008). M1 macrophages are
activated by IFN-γ, IL-6, ROS, iNOS, and TNF-α in what is
referred to as classical activation. Classical activation results in
proinflammatory cytokine release, lymphocyte recruitment, and
a strengthened immune response. M2 macrophage activation,
also referred to as alternative activation, has neurotrophic and
anti-inflammatory effects and leads to tissue repair. Alternative
activation occurs as a result of stimulation by IL-4/10/13, and
TGF-β. The M1:M2 phenotypic ratio is greater in times of injury,
and higher ratios have been associated with chronic inflammation
(Colton et al., 2006; Baker et al., 2011; Tang and Le, 2016).

Whereas mild levels of TNF-α and oxidative species may
be neuroprotective and anti-apoptotic, excessive or prolonged
neuroinflammation can be detrimental to brain health (Arends
et al., 2000; Lee et al., 2010; Wenzel and Klegeris, 2018).
In this regard, inflammation may be either protective or
harmful depending on factors that include the activation cause,
intensity, target, duration, transcriptional changes, and resulting
intercellular activities (Scherbel et al., 1999; Gabbita et al.,
2012). Additional elements such as increased blood-brain barrier
(BBB) permeability along with CNS recruitment of peripheral
lymphocytes can exacerbate chronic inflammation and cause
a prolonged autoimmune-like response to injury (Hirsch and
Hunot, 2009; Van Eldik et al., 2016). Continuous dysregulation
of cytokine production can result in neurotoxicity and disrupt
neural function (Hanisch, 2002).

As excessive neuroinflammation can impair neural function
and induce neurotoxicity, regulating cytokines and restoring
the brain microenvironment to pre-inflammatory conditions
is crucial for reestablishing brain health following neural
injury. Lowering and inhibiting proinflammatory cytokines,
enhancing the activity of anti-inflammatory cytokines, effective
phagocytic cell clearance, and selective inactivation of NF-κB
can constrain inflammation and limit neuronal dysfunction
and demise in neurodegenerative models (Baker et al., 2011;
Song and Suk, 2017; Kabba et al., 2018).

THE ROLE OF INFLAMMATION AND
TNF-α IN NEURODEGENERATIVE
DISEASE (FIGURE 1)

TNF-α is a proinflammatory cytokine produced by monocytes
in the periphery and microglia, neurons, and astrocytes in the
CNS (Clark et al., 2010). As a key player in inflammation, TNF-α
acts as a major regulator of acute phase inflammation, initiating
inflammatory cytokine signaling cascades (Parameswaran and
Patial, 2010). Outside of the context of injury and inflammation, a
lower level of constitutively expressed TNF-α is suggested to have
physiological roles affecting fetal development, cardiovascular
health, and various components of the immune system, including
hematopoietic cell regeneration, affecting development and
homeostasis of peripheral systems (Haider and Knöfler, 2009;
Mizrahi and Askenasy, 2014; Urschel and Cicha, 2015). In
the neural environment, constitutive physiological levels of
TNF-α regulate synaptic plasticity, both in the context of

injury (Liu Y. et al., 2017; Rizzo et al., 2018), development,
and homeostasis (Gilmore et al., 2004; Lewitus et al., 2016;
Liu Y. et al., 2017). TNF-α modulates dendritic maturation,
pruning, and synaptic connectivity to respond to alterations
in sensory stimuli to maintain homeostatic plasticity (Kaneko
et al., 2008; Lewitus et al., 2016; Yee et al., 2017). One key
mechanism regulating this is the cell-surface expression of AMPA
receptors, a type of glutamate receptor regulating the influx of
Ca2+ and Na+ in action potential initiation. AMPA receptors,
whose trafficking is regulated by TNF-α, are key players in
excitatory neurotransmission and long-term potentiation (LTP).
Specifically, glial TNF-α has been shown to improve synaptic
efficacy by increasing the cell-surface expression of AMPA
receptors. Conversely, blocking TNF-α-mediated signaling has
the opposite action. Notably, whereas TNF-α can adjust
AMPA receptor cell surface expression, LTP and LTD are
unaffected by TNF-α, but are regulated by physiological levels
of the proinflammatory cytokine IL-1β. In contrast, TNF-α
continuously adjusts synaptic scaling to keep the postsynaptic
balance of excitatory synapses around a firing rate set point
for optimal efficiency. In this manner, synaptic scaling provides
a homeostatic form of synaptic plasticity, elicited to globally
diminish (downscaling) or elevate (upscaling) the excitatory
drive during chronic inactivity or hyperactivity, respectively,
to maintain optimal neuronal performance (Liu Y. et al., 2017;
Rizzo et al., 2018).

In response to injury, TNF-α functions to restore
brain homeostasis during acute inflammation, acting as a
defensive guard to protect against CNS injury, infection,
neurodegeneration, and neurotoxicity. As with excessive
production of other proinflammatory cytokines, unregulated
TNF-α expression contributes to chronic inflammation,
glutamatergic toxicity, synaptic loss, and excessive gliosis.
Chronic TNF-α expression is observed in MS, ALS, PD, ischemia,
HIV-associated dementia, and AD (Decourt et al., 2016;
Hu et al., 2019).

All neurodegenerative diseases possess a neuroinflammatory
component (Lee et al., 2010). A rise in brain TNF-α, for example,
has been described across neurodegenerative disorders and may
play a role in not only disease pathology and progression, but
also the advancement of some of these diseases into others. An
injury to the CNS in the event of a TBI can, for instance, lead to
chronic inflammation that fuels Aβ misfolding and an increased
risk for AD, as observed in post-mortem studies of TBI patients
(Roberts et al., 1994; Ikonomovic et al., 2004; DeKosky et al.,
2007). As a prolonged or chronic inflammatory response can
induce an environment that is susceptible to dysfunction, TNF-
α may be an ideal drug target as a treatment strategy to mitigate
neurodegenerative diseases (Ramos-Cejudo et al., 2018).

Traumatic Brain Injury
In response to TBI, cell death in the meninges, blood vasculature,
and parenchyma is observed in the immediate impact area
(DeWitt and Prough, 2003; Roth et al., 2014). Following
primary injury, secondary injury is propagated by the resulting
increase in ROS (Hall et al., 1994), glutamatergic toxicity
(Bullock et al., 1995), and inflammation (Shi et al., 2019).
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FIGURE 1 | Effects of TNF-α in the CNS. Inflammatory stimuli such as Aβ, α-synuclein or oxidative stress can cause neuronal death and glial cell activation, which
leads to the release of inflammatory cytokines such as TNF-α. In severe cases, peripheral macrophages can infiltrate the compromised blood-brain barrier to
propagate an immune response in the CNS. TNF-α activates two types of receptors- TNFR1 and TNFR2. These function differentially, with TNFR1 promoting
apoptosis and activating NF-κB, which leads to proinflammatory cytokine production and glial activation, which leads to neuroinflammation and neuronal death.
More glial cell activation occurs in response to this pathway, feeding the positive feedback loop of increased neuroinflammation leading to increased cell death and
vice versa. On the other hand, TNFR2 activation appears largely to be neuroprotective, stimulating neurogenesis and promoting cell survival and growth (Chen and
Palmer, 2013; Longhi et al., 2013).

Weakening of the BBB in response to injury can lead to
CNS infiltration of peripheral monocytes and subsequent
transformation into macrophages, as described in a
study of controlled cortical impact (CCI) murine models
(Hsieh et al., 2013).

Inflammation allows the CNS to respond to challenges such
as TBI, and in ideal situations, reinstate neural function. To
elucidate the role of TNF-α in TBI, TNF-α was knocked out
in mice, after which cognitive performance was measured.

Results showed that in the acute post-injury phase, TNF-α
(−/−) mice performed better, but later, these same animals
functioned worse than wildtype mice, with the TNF-α (−/−)
mice exhibiting no cognitive recovery and a greater cortical
injury volume (Scherbel et al., 1999; Longhi et al., 2013).
The TNF-α receptor (TNFR) has two different subtypes,
TNFR1 and TNFR2, which produce different effects when
activated. Activation of neuronal/microglial TNFR1 contributes
to neuroinflammation and degeneration, while activation of
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TNFR2 largely protects against the consequences of CNS injury,
such as toxic accumulation of ROS/Ca2+, via the NF-κB pathway
(Barger et al., 1995; Fontaine et al., 2002; Chen and Palmer,
2013; Longhi et al., 2013). TNFR1/2 KO mice exhibit increased
vulnerability to ischemia and seizure-induced neuron damage
(Bruce et al., 1996), indicating the need to selectively activate
TNFR2 and deactivate TNFR1 at specific timepoints following
injury to promote recovery.

Alzheimer’s Disease
Alzheimer’s disease is an age-related neurodegenerative disease
characterized by Aβ plaque and neurofibrillary tangle formation.
Aβ aggregation is initiated in the frontal neocortex, including
the orbitofrontal and transentorhinal cortices (Braak and Braak,
1991; Thal et al., 2002), and accumulates between neurons,
resulting in synaptotoxicity (Dubnovitsky et al., 2013; Nieweg
et al., 2015). As Aβ plaques can form more than a decade prior
to cognitive symptom appearance in AD patients, numerous
studies report tau pathology to correlate better with cognitive
decline (Bejanin et al., 2017; Mielke et al., 2017). Similar to
Aβ aggregation, tau tangles begin formation in the entorhinal
cortex and manifest in areas of the brain controlling higher order
cognitive processes such as memory formation and decision
making (Pooler et al., 2013). Recent evidence suggests Aβ

aggregates propagate tau tangle formation and the combined
pathology of Aβ and tau aggregates lead to cognitive decline
(Hanseeuw et al., 2019).

Multiple genetic and environmental factors contribute to AD
risk. Some of these factors enhance neuroinflammation and
hasten disease progression (Duyckaerts et al., 2009). APOE-
ε4, a genetic risk factor for AD, intensifies brain atrophy.
Rodents with the APOE-ε4 allele have higher proinflammatory
cytokine release in response to LPS stimulation (Fernandez
et al., 2019), indicating microglial hypersensitivity associated
with the presence of APOE-ε4. Deactivation of another gene
that aids in AD prevention, PIN1, leads to pTau accumulation
and an increase in neuroinflammation (Clark and Vissel, 2018).
Furthermore, activated glial cells have been widely found in post-
mortem brains of AD patients (Heneka et al., 2015), indicating
the presence of inflammation in late term AD brains.

Inflammation is also observed throughout AD progression
and directly contributes to AD pathology. Early neuronal changes
in AD pathology include increased production of prostaglandins,
which stimulate inflammation at injury sites. Microglial
activation is observed prior to cerebral neurodegeneration
and astrocyte activation (Cagnin et al., 2001; Vehmas et al.,
2003), and brain inflammation occurs early in preclinical AD
patients (Monson et al., 2014). In middle to late stages of the
disease, Aβ and pTau accumulate and astrocyte activation
ensues (Vehmas et al., 2003). Neuroinflammation and cytokine
production continue to increase as a result (Hoozemans et al.,
2006). NF-κB has been shown to regulate the transcription
of BACE1, an enzyme with an essential role in APP cleavage,
due to the proximity of the BACE1 promoter to several NF-κB
binding sites (Sambamurti et al., 2004). Upregulation of BACE1
leads to increased γ-secretase-mediated cleavage of APP, which
leads to the generation and accumulation of Aβ (reviewed

in Cole and Vassar, 2008), which in turn leads to increased
inflammation, to yield a positive feedback loop of increased
pathology (Combs et al., 2001; Kinney et al., 2018). There are
also several signal transduction pathways linking cytokines such
as TNF-α, IL-1, and IFN-γ with APP processing and subsequent
Aβ plaque formation, as well as tau tangle formation (Griffin
et al., 2006; Yamamoto et al., 2007; Shaftel et al., 2008). Due to
the complex and broad impact that inflammatory processes can
have in AD, theories such as the ‘damage signals hypothesis’
have arisen. This hypothesis theorizes that accumulation of cell
stress from oxidative stress or neural injury results in long-term
innate immune system activation/chronic neuroinflammation
that instigates neurodegeneration, and ultimately leads to AD
(Maccioni et al., 2009). It thereby provides a unifying mechanism
to account for the diversity of risk factors that over long
periods of time can bring different individuals into common
pathways leading to AD.

To date, Aβ and pTau have been the most popular targets in
AD drug development and research. However, emerging views
of neural Aβ and pTau accumulation as disease hallmarks rather
than the initial causes of AD, as well as the lack of success in
AD drug development using these targets have led to a search for
new drug targets. In vivo positron emission and single-photon
emission computed tomography (PET and SPECT) scans of
AD patients and AD transgenic mouse studies have pointed to
neuroinflammation as a biomarker for disease progression and
severity, allowing for the possibility of more accurate prediction
of cognitive decline in preclinical or early AD patients (Hamelin
et al., 2018; Focke et al., 2019). This suggests the need to look
into factors of inflammation as potential therapeutic targets for
AD. TNF-α, a key and initiating element in neuroinflammation,
is known to activate various parts of the amyloid pathway, which
underpins a key component of AD pathology. Hence targeting
TNF-α, which appears to be both involved throughout both early
and late stages of the cascades that trigger Aβ accumulation, may
lead to a viable treatment for AD (Sriram and O’Callaghan, 2007;
Clark et al., 2010; Clark and Vissel, 2018).

Recent research showing the positive effects of physical
exercise, IL-6 supplementation, and anti-inflammatory
medications to reduce TNF-α in AD models supports the premise
that lowering TNF-α may mitigate or prevent AD pathology
(Decourt et al., 2016). In addition, the increasing number and
sophistication of ligands that permit time-dependent in vivo
imaging of microglial and astrocyte activation, whether by
PET or SPECT (for review see Edison et al., 2018), together
with exosome technology to quantitatively follow inflammatory
proteins enriched from brain derived exosomes available in the
plasma (Pulliam et al., 2019) have the potential to serve for early
diagnosis of AD, to monitor disease progression and to test
the efficacy and the most effective time window for potential
anti-inflammatory treatment strategies.

Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis, a disease characterized by a loss
of motor neurons in motor cortex, brainstem, and spinal cord,
also demonstrates aspects of inflammation that may drive disease
progression. Although the mechanisms through which ALS
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progresses remain to be more fully elucidated, mutations in ALS-
associated genes such as C9orf72 or SOD1, which may activate
microglia, increase risk of ALS (Brettschneider et al., 2012; Lall
and Baloh, 2017). Activated microglia, astrocytes, and T cells have
been found in all sites of motor neuron injury in ALS brains.
ALS patients often generate immune responses to autoantigens,
implying dysregulation of the immune system (Lall and Baloh,
2017). In addition, the over-activation of NF-κB and resulting
inflammation leads to motor neuron degeneration in ALS disease
models (Akizuki et al., 2013; Palotas et al., 2017).

Based on familial studies of ALS, C9orf72 mutations are
the most common genetic cause of ALS, accounting for
approximately 40% of familial ALS and 5–10% of sporadic ALS
cases (DeJesus-Hernandez et al., 2011; Renton et al., 2011).
C9orf72 is a protein thought to regulate endosomal trafficking
(Farg et al., 2014), and its mutation was the first genetic
link to frontotemporal dementia and ALS pathology. Some
ALS cases have shown cognitive decline driven by TDP-43, a
major source of ALS and FTD proteinopathy, and microglial
activation in frontotemporal regions of the brain (Brettschneider
et al., 2012). Rodent studies have shown links between reduced
expression of C9orf72 and upregulation of TREM2, a protein
expressed solely in microglia within the CNS and associated
with increased phagocytosis of cell debris and pathogens (Lall
and Baloh, 2017; Gratuze et al., 2018), leading to increased
microglial activation and inflammation in the spinal cord (Fellner
et al., 2017). Factors in CSF from ALS patients activate rat
astroglial and microglial cultures, upregulating inflammatory
cytokines, downregulating neuroprotective factors, and causing
neurodegeneration in cocultures containing motor neurons
(Mishra et al., 2016, 2017).

There is also substantial evidence behind the role for TNF-
α in ALS. TNF- α is reported to be upregulated in the blood
and CSF of ALS patients (Babu et al., 2008; Cereda et al., 2008),
and TNFR1 and TNF-α have been found to be upregulated in
the spinal cord of SOD1 mutant mice (Veglianese et al., 2006;
Brambilla et al., 2016). According to genomic sequencing data,
TNF-α is a major differentially expressed gene affecting protein
interactions in ALS patients with C9orf72 mutations, making
TNF-α a promising target for ALS treatment (Kotni et al., 2016).
RNA sequencing data also points to TNF-α as a major regulator of
upregulated inflammatory pathways in ALS patients’ spinal cords
(Brohawn et al., 2016). Astrocyte and motor neuron cocultures
from mice with mutations in genes linked to ALS, such as FUS
or SOD1, demonstrate an increased release of TNF-α, leading
to excitotoxicity-induced neurodegeneration. This degeneration
can be blocked with TNF-α antibodies or synthesis inhibitors,
such as thalidomide (Tortarolo et al., 2015; Kia et al., 2018).

Parkinson’s Disease
Parkinson’s disease, an age-related neurodegenerative
disorder, is distinguished by a progressive motor phenotype
that encompasses tremors, rigidity, and bradykinesia.
Neuropathologically, PD is characterized by the presence of Lewy
bodies- intracellular proteinaceous inclusions that are chiefly
comprised of insoluble α-synuclein aggregates. These aggregates
induce deterioration of DA neurons in the substantia nigra pars

compacta (SN) and fibers within the striatum (Polymeropoulos
et al., 1997; Miller et al., 2004), as well as BBB dysfunction from
increased production of inflammatory cytokines such as TNF-α
and IL-6 (Dohgu et al., 2019). Neuroinflammation is implicated
in PD as seen through results of post-mortem autopsies and
molecular findings. Large numbers of activated microglia are
universally observed in PD patient brains post-mortem, and
PD brains and CSF have elevated levels of inflammatory factors
such as TNF-α, IL-1β, IL-6, and IFN-γ. Furthermore, the densest
population of microglia in the brain appears to lie in the midbrain
with DA neurons, which are particularly sensitive to cytokines
and oxidative stress. Astrocyte exposure to α-synuclein results
in astrogliosis and sensitization of the inflammatory pathway,
which ultimately leads to neuronal death in neuron and astrocyte
cocultures (Chavarría et al., 2018; Hughes et al., 2019).

Neuroinflammation intensifies with disease progression
(Mccoy et al., 2006; Hirsch and Hunot, 2009), and there is a
multitude of research suggesting inflammation can trigger PD
pathology. Some of this research revolves around associations
of immune function-related genes [i.e., LRRK-2, HLA-DR,
Nurr1 (Gardet et al., 2010; Hamza et al., 2010; Decressac
et al., 2013)] and high levels of phosphorylated α-synuclein
proteins with higher risk and incidence of PD. Other theories
revolve around the possibility of α-synuclein aggregating in
the olfactory bulb or gut lumen due to inflammatory processes
and being spread to the striatum via the olfactory tract, vagus
nerve, or spinal cord through a prion-like propagation (Hawkes
et al., 2007; Greene, 2011). There is also evidence of greater
α-synuclein aggregation in response to oxidative stress, which
induces inflammation (Myöhänen et al., 2012; Scudamore
and Ciossek, 2018). In this regard, PD patients may be more
sensitive to chronic inflammation, as it may promote α-synuclein
aggregation (Brundin et al., 2008; Hirsch and Hunot, 2009;
Lema Tomé et al., 2013).

Several treatments focused to mitigate neuroinflammation
have been shown to positively impact PD models. Early treatment
with NSAIDs or other anti-inflammatory drugs has been shown
to delay or prevent PD onset (Tansey and Goldberg, 2010).
TNF-α inhibitors have been shown to block neurotoxin-induced
nigral DA neuron loss by 50% (Mccoy et al., 2006) and attenuate
reductions in striatal dopamine in MPTP rodent models (Boireau
et al., 1997; Ferger et al., 2004), highlighting the potential use of
these agents as treatments for PD.

Multiple Sclerosis
Multiple sclerosis is a neurological demyelinating disorder in
which immune cells from the periphery infiltrate boundaries of
the CNS and attack the myelin sheath coating axons, leading
to myelin, axonal, and neuronal degeneration (Shechter et al.,
2013). The pathological basis of disease initiation remains an
area of critical investigation, and it is unclear as to whether MS
originates in the CNS, where degeneration of oligodendrocytes
triggers activation and infiltration of peripheral immune cells,
or if MS is initiated by autoimmune mechanisms within the
periphery (Stys et al., 2012; Ghasemi et al., 2017).

Microglial activation takes part in the prevention and repair
of MS in its early stages, but also acts to exacerbate disease
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by releasing inflammatory cytokines to increase peripheral
immune cell recruitment and induce demyelination (Rawji and
Yong, 2013). Of the inflammatory cytokines involved in MS
progression, TNF-α has been at the forefront of MS pathology,
with autopsy results showing elevated TNF-α levels in areas of
active lesion formation (Hofman et al., 1989). An increase in
TNF-α levels in the CSF of patients with chronic progressive
MS, as compared to those with stable MS, has also been
observed, indicating a link between heightened TNF-α levels
and MS progression (Sharief and Hentges, 1991). Reductions in
proinflammatory cytokines, including TNF-α, have been shown
to decrease demyelination and immune cell infiltration into the
CNS in models of experimental autoimmune encephalomyelitis
(EAE), one of the primary models of MS in preclinical research
(Nomura et al., 2011; Haghmorad et al., 2019).

Although TNF-α blockers have shown promising results in
EAE models, clinical trials of TNF-α-targeting drugs have proven
to be ineffective and even detrimental in MS patients (Van Oosten
et al., 1996). There have even been reports of MS onset in TNF-
α-blocker therapy for treatment of other diseases (Titelbaum
et al., 2005; Al Saieg and Luzar, 2006; Pfueller et al., 2008;
Bradshaw et al., 2016), pointing to the sensitivity of MS to
levels of systemic TNF-α. These detrimental effects could be
due to the non-selective inhibition of TNF-α (Williams et al.,
2014; Steeland et al., 2017; Pegoretti et al., 2018; Sanadgol et al.,
2018; Valentin-Torres et al., 2018; Fischer et al., 2019), pointing
to the need for research that elucidates the subtype and time-
dependent roles of TNF-α and inflammation in pathways relating
to myelination.

HISTORY AND MECHANISM OF
THALIDOMIDE (FIGURE 2)

Thalidomide (α-phthalimidoglutarimide) was first marketed by
Chemie-Grunenthal in 1957 under the drug name “Contergan.”
It was advertised as a safe, multipotent drug capable of treating
symptoms ranging from anxiety to hyperthyroidism (Lenz, 1988;
Vargesson, 2015). It was prescribed to pregnant women in Europe
as a well-tolerated morning sickness treatment. However, after
4 years and approximately 10,000 babies born with congenital
limb deficiencies, thalidomide was taken off of the market due
to its teratogenic effects (McBride, 1961; Vargesson, 2015).

Repurposing of the drug began more than 50 years ago
as a serendipitous treatment for erythema nodosum leprosum
(ENL), a skin disorder caused by leprosy (Sheskin, 1965).
Since then, thalidomide has been discovered to have anti-
angiogenic and anti-inflammatory properties, with the potential
to treat a multitude of diseases, such as AIDS, certain cancers,
and rheumatoid arthritis. Currently, it is being used to treat
multiple myeloma, refractory anemia and Crohn’s disease
(Wilhelm et al., 2006; Kurtin and List, 2009).

In 1991, thalidomide was discovered to inhibit TNF-α
synthesis (Sampaio et al., 1991) and as a consequence, novel
analogs, often referred to as IMiDs, have been synthesized and
evaluated in the hope of enhancing drug potency and decreasing
side effects. Thalidomide and analogs have been found to

possess a broad range of actions, including anti-angiogenic, anti-
proliferative, and anti-inflammatory effects (Zeldis et al., 2011;
Figure 3).

In the periphery, thalidomide has anti-angiogenic and anti-
proliferative properties (Arrieta et al., 2002), making it a potential
drug for treatment of diseases such as cancer (D’Amato et al.,
1994). Thalidomide was FDA approved to treat refractory
multiple myeloma in 2013 due to its induction of apoptosis of
myeloma cells and ability to inhibit bone marrow support to
myeloma cells by impairing cell adhesion (Mitsiades et al., 2002;
Vallet et al., 2008). Thalidomide also has analgesic properties
shown in models of neuropathic pain, attributed to its ability to
attenuate TNFR expression (Andrade et al., 2012).

Within the CNS, thalidomide has been shown to reduce
the generation and secretion of inflammatory cytokines such
as IL-1, IL-6, IL-8, IL-12, GM-CSF and TNF-α (Vallet et al.,
2008; Majumder et al., 2012). The drug downregulates NF-κB
in activated B cells (Keifer et al., 2001; Yagyu et al., 2005; Paul
et al., 2006; Li et al., 2009) and degrades TNF-α mRNA by
altering it at its 3′-UTR (untranslated region) to destabilize the
cytokine post-transcriptionally, ultimately shortening its half-life
(Moreira, 1993; Zhu et al., 2003; Figure 3). With lower TNF-
α levels, proinflammatory cytokine production is inhibited, and
neuroinflammation is reduced. Thalidomide has also been shown
to have anti-oxidative and anti-apoptotic effects in stroke and TBI
models (Farfán et al., 2015; Tsai et al., 2018).

Although thalidomide derivatives have varying properties and
potencies, they all appear to lower TNF-α. A breakthrough in
understanding potential mechanisms underpinning thalidomide
and related IMiDs is that some appear to bind to cereblon, a
critical component of an E3 ubiquitin ligase complex with an
intermediary role in immunomodulation (Mendy et al., 2012;
Figure 4). In the context of multiple myeloma, thalidomide
analogs cause cereblon to interact with associated factors to
form a ligase that breaks down Ikaros (IKZF1) and Aiolos
(IKZF3), two members of the Ikaros family of zinc finger
transcription factors important in B-cell development (Krönke
et al., 2014). The protein degradation abilities of thalidomide
via its interactions with cereblon have been an emerging topic
of interest in the field of drug development (Winter et al., 2015;
An and Fu, 2018). However, the implications and detailed
mechanism of cereblon interactions with thalidomide’s anti-
inflammatory response remain unclear (Millrine and Kishimoto,
2017). It is quite possible that IMiDs have both cereblon-
dependent and independent mechanisms that impact TNF-α
and its multiple associated proteins in neuroinflammation, as
not all IMiDs with TNF-α inhibiting properties have cereblon
binding potential (Min et al., 2016; Millrine and Kishimoto,
2017). It is clear, however, that cereblon and IKZF1/3 are
expressed within the brain and are associated with learning and
memory, with mutations in cereblon posing a risk for intellectual
disabilities (Higgins et al., 2004; Chang and Keith Stewart, 2011).
Interestingly, in an integrated multi-cohort transcriptional
meta-analysis of neurodegenerative diseases in which genes
associated with M1-polarized macrophages/microglia and
reactive astrocytes were strongly enriched, IKZFI was identified
across all of the neurodegenerative disorders evaluated
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FIGURE 2 | (A–C) History of thalidomide and IMiDs. (A) Thalidomide discovery, market withdrawal, and repurposing (Sheskin, 1965; Lenz, 1988; Vargesson, 2015).
(B) FDA approval of IMiDs (Aragon-Ching et al., 2007; FDA and CDER, 2014; Fala, 2015; Ríos-Tamayo et al., 2017). (C) Preclinical studies using IMiDs (Sampaio
et al., 1991; Corral et al., 1996; Zhu et al., 2003; Baratz et al., 2015; Wang et al., 2016b; Decourt et al., 2017; Liu T. et al., 2017; Rubenstein et al., 2018).

(Li et al., 2014). Thalidomide has also shown anticonvulsant
actions in seizure models of mice, possibly through the inhibition
of iNOS (Payandemehr et al., 2014), which, likewise, has a role in
inflammation (Mansouri et al., 2018).

CLINICAL TRIALS OF THALIDOMIDE
AND ITS ANALOGS IN
NEURODEGENERATIVE DISEASE

Thalidomide and its analogs have and are continuing to be
evaluated in clinical trials that have led to the repurposing of
IMiDs for diseases such as multiple myeloma. Thus far, the
majority of research and clinical trials performed on novel
thalidomide derivatives have related to peripheral diseases. The
few trials that have had CNS disease targets (Table 1) have
focused on the anti-angiogenic properties of IMiDs. For instance,
NCT02415153 is a phase I trial in which the tolerability and
best dose of pomalidomide in treating younger patients with
persistent tumors of the brain or spine are being studied.
NCT01553149 is a phase II trial that compares the effects of
low and high doses of lenalidomide in treating younger patients
with juvenile pilocytic astrocytomas or recurrent, refractory, or
progressive optic nerve pathway gliomas.

However, these drugs have yet to be evaluated systematically
in subjects of neurodegenerative disease. Thus far, thalidomide
has been tested in ALS patients in 2 studies. One study

(NCT00231140) was terminated prematurely due to safety
concerns regarding a common sinus bradycardia effect in the
patients (Meyer et al., 2008). Another study (NCT00140452)
observed primarily adverse effects and no improvement in
treated subjects (Stommel et al., 2009). Thalidomide has also
been tested in AD patients, but no differences in BACE1,
a genetic measure of AD severity, were observed and 14
out of 25 patients dropped out of the trial due to adverse
drug effects (Decourt et al., 2017), preventing the trial from
administering the necessary dose to see an efficacious response
(NCT01094340). Although thalidomide trials of neurological
diseases have been unsuccessful to date, forthcoming trials should
be focused on more potent new generation IMiDs in treating
neurological diseases as, clearly, improvements over thalidomide
need to be made in new analogs before they can be used
to effectively treat neuroinflammation. Drug dose adjustment
to mitigate toxicity and enhance potency via an increased
understanding of drug-to-target attraction and bioavailability
should be made for future clinical studies. As an example of the
latter, lenalidomide distribution into brain is surprisingly low,
in contrast to thalidomide (Rozewski et al., 2012). Whereas the
structure and lipophilicity of lenalidomide and thalidomide are
similar, a recent study suggests that the former is a substrate
of the efflux transporter, P-glycoprotein (Hofmeister et al.,
2011), which actively removes select compounds from the brain
as part of the BBB (Erickson et al., 2012). Future research
focused on separating the anti-inflammatory from the primary
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FIGURE 3 | Thalidomide mechanism of action and pleiotropic effects: Following introduction of cell stressors such as inflammatory cytokines or pathogens, the
NF-kB transcription factor is activated, leading to increased transcription and translation of TNF-α. Thalidomide binds to the 3′-UTR of TNF-α mRNA, leading to
mRNA destabilization and inhibiting TNF-α cytokine production. Thalidomide has anti-angiogenic (D’Amato et al., 1994; Zeldis et al., 2011) and anti-proliferative
(Arrieta et al., 2002; Zeldis et al., 2011; Mendy et al., 2012) properties, inhibiting tumor growth, and making it a promising candidate for cancer treatment.
Thalidomide also possesses anti-inflammatory (Sampaio et al., 1991; Zeldis et al., 2011; Farfán et al., 2015) properties, which have the potential to be used in
inhibiting inflammation contributing to neurological disease. Thalidomide has differential roles in the periphery versus the CNS, activating anti-apoptotic (Baratz et al.,
2015; Farfán et al., 2015; Tsai et al., 2018) pathways in neurons and pro-apoptotic (Mitsiades et al., 2002; Gockel et al., 2014) in monocytes.

adverse effects of IMiDs could potentially lead to repurposing of
thalidomide analogs as treatments for neurodegenerative diseases
such as AD, PD, ALS, or TBI.

ADVANTAGES OF THALIDOMIDE
DERIVATIVES OVER OTHER DRUGS

Thalidomide analogs such as lenalidomide and pomalidomide
are the lead IMiDs being tested in clinical trials (Bartlett
et al., 2004a). One advantage of thalidomide is its high
bioavailability (90% after oral dosing) and distribution to the
brain (brain/plasma ratio 0.89 in rodent studies (Huang et al.,
2005), CSF/plasma ratio 0.42 in non-human primates (Muscal
et al., 2012). As noted, a key mechanism by which thalidomide
inhibits TNF-α production is post-transcriptionally via mRNA
degradation (Moreira, 1993; Rowland et al., 1999). TNF-α levels,

like other proteins, are regulated both transcriptionally and post-
transcriptionally. However, under healthy control conditions the
translation of TNF-α mRNA into protein is highly repressed
via RNA-binding proteins and miRNAs that interact with AREs
within the 3′-UTR of TNF-α (Mazumder et al., 2010). This
translational control provides a tactical benefit for cells, such
as microglia, that generate and release proteins that have a
physiological role (at routine low levels) and an immune role (at
high concentrations), allowing a rapid change in roles through
the use of pre-existing mRNAs to sidestep the lengthy nuclear
control mechanisms (i.e., transcription, splicing, and transport).
Simultaneously, it affords the equally rapid reversibility through
modifications (e.g., reversible phosphorylation) of the regulatory
intermediates. Collectively, this permits rapid activation or
cessation of synthesis of a specific protein required for
inflammation. Hence, in response to LPS or a similar challenge,
a 3 to 4 log (1000 to 10,000-fold) increase in TNF-α protein
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FIGURE 4 | Protein degradation mechanism of Thalidomide via cereblon-binding: Thalidomide is composed of glutarimide and phthalimide moieties, which interact
differentially with various targets. The glutarimide ring binds cereblon to create an E3 ubiquitin ligase complex (Mendy et al., 2012), while phthalimide targets
non-cereblon proteins (Noguchi et al., 2004). The formation of an E3 ubiquitin ligase complex leads to protein degradation (Winter et al., 2015; An and Fu, 2018),
which underlies the ability of IMiDs to treat multiple myeloma (Krönke et al., 2014) and potentially other diseases in which protein aggregation or malfunction play a
role. The exact mechanism of TNF-α inhibition by IMiDs is yet to be elucidated, but is likely to be a combination of effects of both glutarimide and phthalimide
moieties (Schett et al., 2010; Millrine and Kishimoto, 2017; Chelucci et al., 2019). CRBN, Cereblon; DDB1, DNA damage-binding protein 1; CUL4, Cullin-4; ROC1,
Regulator of Cullins-1.

secretion can be swiftly delivered by removal of the translational
blockade and concurrent activation of transcription. A group of
RNA-binding proteins are recruited to the ARE within the 3′-
UTR of TNF-α that, collectively, stringently regulate translation.
These include the RNA stabilizing protein HuR, heterogeneous
nuclear ribonucleoprotein (hnRNP)-A1, T cell intracellular Ag
(TIA)-1, TIA-1–related protein, AUF1 and tristetraprolin (TTP).
For example, hnRNP-A1 binding to the ARE element represses
TNF-α mRNA basal translation, and subsequent phosphorylation
of hnRNP-A1 by Mnk, a kinase downstream of p38 MAPK,
lowers its affinity for the ARE and, thereby, restores TNF-α
translation (Mazumder et al., 2010). Likewise, TTP and AUF1
both destabilize TNF-α mRNA and thus reduce its translation
into protein (Zhang et al., 2002; Lai et al., 2015). Both these
RNA-binding proteins appear to be regulated by p38 MAPK,
and p38 MAPK has been shown to be inhibited by thalidomide
(Noman et al., 2009) – providing one of likely several mechanisms
via which thalidomide and similar IMiDs regulate TNF-α levels.
As TNF-α expression has been shown to be upregulated in
models of neurological disease (Colton et al., 2006; Brohawn
et al., 2016; Lindenau et al., 2017), supporting the need to
target TNF-α to decrease neuroinflammation accompanying
neurodegeneration, the high brain penetrance of thalidomide
and analogs together with an ability to repress TNF-α at

the level of its synthesis, provides a promising approach to
mitigate neuroinflammation.

Support of TNF-α as a drug target for neurodegenerative
disorders is provided by etanercept (Enbrel R©) and infliximab
(Remicade R©). These TNF-α specific monoclonal antibodies and
recombinant fusion proteins are widely used TNF-α modulators
that have proven to be highly effective against a broad number of
inflammatory-mediated diseases, including rheumatoid arthritis,
Crohn’s disease, ulcerative colitis, psoriatic arthritis, plaque
psoriasis and ankylosing spondylitis (for review see Sedger and
McDermott, 2014; Monaco et al., 2015), and have been applied to
neurological disorders. By acting as a false target and binding to
soluble and membrane-bound TNF-α, these biologicals prevent
TNF-α from interacting with its receptors, thereby precluding
ligand triggered TNFR signaling. The application of the anti-
TNF-α antibody chimeric monoclonal antibody approach to
neurodegenerative disorders was pioneered by Tobinick (2010,
2018). In a 6-month open AD trial, etanercept administration
demonstrated significant improvements in dementia patients
(Tobinick et al., 2006), whereas infliximab has been reported
to improve cognition in an AD case study (Shi et al., 2011),
providing positive preliminary data that warrants support to
follow up in a double blind study. Notably for systemic disorders
like rheumatoid arthritis, both etanercept and infliximab require
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TABLE 1 | Clinical trials of Thalidomide and its FDA approved analogs relating to neurological disorders.

Candidate Condition ClinicalTrials.gov
Identifier(s)

Clinical phase Results

Thalidomide Amyotrophic
Lateral Sclerosis
(ALS)

NCT00231140,
NCT00140452

Pilot, Phase II Study was terminated due to bradycardia occurrence as a common
adverse effect (Meyer et al., 2008); no significant improvement in function or
cytokine profile following 9 months of treatment (Stommel et al., 2009).

Thalidomide Arachnoiditis NCT00284505 Phase II Unavailable

Thalidomide Epilepsy NCT01061866 Phase I, II The mean number of seizures in the patients tested decreased from 27 ± 4
to 7 ± 1 seizures per month, showing a high therapeutic potential for
thalidomide on refractory seizures (Palencia et al., 2010).

Thalidomide CNS tumor and
metastases

NCT00049361,
NCT00527657,
NCT00039468,
NCT00179881,
NCT00098865,
NCT00006358,
NCT00079092,
NCT00014443,
NCT00112502,
NCT00047281,
NCT00047294

Phase I, II, III No beneficial effect of thalidomide on CNS metastases was observed. In a
trial with thalidomide treatment combined with radiation therapy
(NCT00049361), nearly half of the thalidomide treatment group
discontinued treatment due to side effects (Knisely et al., 2008). When
given in conjunction with radiation therapy and temozolomide, efficacy was
low (Atkins et al., 2008; Penas-Prado et al., 2015) (NCT00112502). Some
trials are ongoing (NCT00179881) or have no reported results.

Thalidomide Adrenoleuko-
dystrophy

NCT00004450 Orphan study Immunosuppressive drugs combinations had no beneficial effect on
patients (Berger and Gärtner, 2006).

Thalidomide Alzheimer’s Disease NCT01094340 Phase II, III Thalidomide was poorly tolerated by trial participants, preventing patients
from reaching the target dose of thalidomide and causing patients to drop
out of the study prematurely (Decourt et al., 2017).

Lenalidomide CNS tumor NCT00036894,
NCT03050450,
NCT01553149,
NCT00100880,
NCT0370316,
NCT03558750

Phase I, II Lenalidomide proved to be well tolerated in CNS tumor patients (Fine et al.,
2007) (NCT00036894), and was found to have antitumor activity in pediatric
CNS tumor patients (Warren et al., 2010) (NCT00100880). Some trials are
ongoing (NCT01553149, NCT03703167) or have no reported results.

Lenalidomide POEMS Syndrome NCT00971685,
NCT01816620,
NCT02193698,
NCT02921893

Phase II Lenalidomide treatment in conjunction with dexamethasone significantly
relieved symptoms of POEMS, such as extravascular volume overload,
organomegaly, and pulmonary hypertension (Li et al., 2018)
(NCT01816620). NCT02921893 is ongoing, but preliminary data suggests
ixazomib, dexamethasone, and lenalidomide combination therapy is
effective at treating POEMS syndrome (Dispenzieri et al., 2019).

Lenalidomide Neuropathy NCT00665652 Phase II Trial was terminated due to unexpected paraproteinemia side effect
(Connolly et al., 2010).

Pomalidomide CNS tumor NCT02415153,
NCT03257631,
NCT03798314

Phase I, II Pomalidomide treatment of children with CNS tumors failed to meet clinical
significance (Fangusaro et al., 2019). NCT03798314 is ongoing.

intravenous or subcutaneous injection for routine administration
as they are biologicals that possess a low bioavailability and are
subject to degradation if taken orally. As protein therapeutics,
they have strictly limited BBB penetration, and are hence best
administered by perispinal injection paired with Trendelenburg
positioning- a head-down tilt placing to attempt to facilitate
drug delivery into the CSF following their distribution into the
cerebrospinal venous system (Tweedie et al., 2007; Tobinick,
2010, 2018; Sumbria et al., 2017; Clark and Vissel, 2018).

In contrast and as noted, thalidomide, is orally active, has
a high bioavailability and readily permeates the BBB, allowing
for its easy and less invasive administration. Studies comparing
etanercept, infliximab, and thalidomide treatments are rare, but
a preclinical one exists in a STZ-induced dementia rat model
that demonstrated the efficacy of all three treatments to mitigate
neurodegeneration. Thalidomide was favored as the treatment

group by the studies’ authors as it demonstrated a trend for lowest
neuritic plaque formation (Kübra Elçioğlu et al., 2015).

A promising feature of the above approaches is their
pleiotropic nature, as TNF-α is tied into multiple signaling
pathways that impact key mediators on inflammation.
Unfortunately, TNF-α lowering agents are not a magic bullet
for all inflammatory disorders. Adverse events can be severe
in some patients. For anti-TNF-α antibodies, infections can
develop, up to 20% of subjects do not initially respond to
therapy, and immunogenicity can occur that leads to a lack of
response in up to 46% of patients over 12 months of treatment
(Ben-Horin et al., 2014). In contrast, IMiDs are known to be
teratogenic and therefore cannot be prescribed to women who
are pregnant or who may become pregnant during therapy.
Thalidomide is associated with neutropenia, leukopenia and
lymphopenia at high doses as well as with peripheral neuropathy
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and somnolence. Nevertheless, the repurposing or repositioning
of a drug, if efficacious and tolerable, can be beneficial as it can
lead to a rapid disease treatment with limited resources and/or
a proof of mechanism study that, if positive, can then open up a
new and focused drug development. The cost of clinical trials to
demonstrate safety and efficacy of an original drug can take up
to 15 years and $2.6 billion (DiMasi et al., 2016). In comparison,
repurposing an existing drug provides an accelerated route in
light of its known clinical safety and pharmacokinetic data –
resulting in substantially lower costs [as low as $8.4 million
and 3–12 years (Agrawal, 2015; Hernandez et al., 2017)] and a
lower rate of attrition. As a pertinent example, thalidomide was
successfully repurposed by Celgene for the treatment of a broad
number of systemic inflammatory disorders and cancers. Thus
far, however, the preclinical promise of thalidomide in animal
models of neurodegeneration has not translated into clinical
efficacy (Meyer et al., 2008; Stommel et al., 2009; Decourt et al.,
2017) as sufficient CNS TNF-α and anti-inflammatory action
appears unachievable in the absence of dose-limiting adverse
effects. This, amongst other factors, provides a basis of evaluating
both existing and new analogs that may pair higher potency with
greater tolerability.

CURRENT RESEARCH SURROUNDING
THALIDOMIDE ANALOGS

Thalidomide has been modified to form several analogs, some
of which have been widely tested for efficacy in treating various
cancerous and immunological diseases. These new analogs have
been generated to provide more TNF-α inhibition, a broader
range of activities and, in some cases, a high BBB penetrance
(Corral et al., 1996; Tweedie et al., 2007).

Not all thalidomide analogs have the same properties; for
instance, analogs such as apremilast are PDE inhibitors, while
others are not. While non-PDE inhibiting analogs stimulate
T cells, IL-2, and IFN-γ production, PDE inhibiting analogs
have little effect on peripheral T cells (Corral et al., 1999;
Marriott et al., 1999).

Thalidomide (THALOMID R©) and First
Generation of IMiDS (1996–1998;
Figure 5)
Currently, thalidomide is used in the treatment of a broad
number of inflammatory disorders such as Crohn’s disease,
arthritis, ulcerative colitis, ENL, multiple myeloma, and dermal
conditions involved with Behcet’s disease, as well as some
types of cancers (Sheskin, 1965; Wettstein and Meagher, 1997;
Haslett et al., 2005; FDA and CDER, 2014). Additionally,
as already noted, due to its multipotent characteristics,
thalidomide has been evaluated for repurposing across numerous
neurological disorders.

In preclinical studies, both short-term and long-term
thalidomide treatment of AD rodents led to decreases in
overall disease pathology, neuroinflammation, and cognitive
impairment (He et al., 2013; Kübra Elçioğlu et al., 2015).

Thalidomide has also been shown to have anti-apoptotic effects in
stroke models in vitro and in vivo. These effects are likely due to
thalidomide’s induction of phosphorylated Akt and activation of
the pro-growth PI3K/Akt pathway, which potentially counter the
apoptotic effects associated with AD and stroke. Thalidomide’s
protection against oxidative stress may also play a part in
offsetting neuronal damage (Hyakkoku et al., 2009; Zhang et al.,
2010; Farfán et al., 2015). Thalidomide has also shown promise
in patients with blindness rising from TBM, with case studies
of multiple patients being completely cured of blindness from
a reduction of inflammation (Roberts et al., 2003; Schoeman
et al., 2010). However, a pilot study of thalidomide treatment
in children with TBM was terminated due to adverse effects
(Schoeman, 2000).

To create the first generation of IMiDs, imide carbonyl
groups of the thalidomide backbone were thionated in specific
key positions. The resulting thiothalidomide analogs possess
enhanced TNF-α inhibition, with di- and tri-thionated species
demonstrating enhanced anti-TNF activity relative to standard
thalidomide (Zhu et al., 2003). TNF-α lowering potency
increased with the number of thions added to the glutarimide
backbone, with trithiothalidomide decreasing TNF-α levels 30-
fold more effectively than thalidomide (Greig et al., 2004;
Tweedie et al., 2009).

3,6′-Dithiothalidomide (3,6′-DT), a compound developed and
evaluated within our laboratory, demonstrated a decrease in
microglial activation, TNF-α levels, and chronic inflammation
in LPS-induced cell and rat models. In rats, treatment restored
cognitive function and normalized plasticity-mediating gene
expression in the hippocampus (Belarbi et al., 2012).

In mild TBI (mTBI) models, 3,6′-DT ameliorated all effects
of injury in mice when treatment was administered from 1 to
12 h post-injury. These effects involved reversal of mTBI-induced
decreases in cognitive function, increases in activated astrocytes,
neuronal loss, increased TNF-α, and increased apoptosis in a
mouse model of concussive injury (Baratz et al., 2011, 2015).
These actions translated to a moderate to severe rat model of
TBI in which 3,6′-DT significantly reduced contusion volume,
neuronal degeneration, neuronal apoptosis and neurological
deficits when administered within 5 h of injury, substantially
lowering pro-inflammatory cytokines at the transcription and
translation level, and suppressing neuronal markers of oxidative
stress (Batsaikhan et al., 2019).

In AD mouse models of stereotaxic intracerebroventricular
Aβ1 -42, 3,6′-DT ameliorated Aβ-induced neuroinflammation
and microglial activation, prevented neurodegeneration,
and improved memory (Russo et al., 2012). In 3xTg
(APPSwe/PS1M146V/tauP301L) AD mice, long term thalidomide
or 3,6′-DT treatment stabilized TNF-α gene expression
and protein levels to WT levels. However, thalidomide
treatment failed to prevent cognitive decline in 3xTg
mice’s working memory, whereas 3,6′-DT treatment
successfully achieved this. Furthermore, only 3,6′-DT
treatment increased the ratio of resting and activated
microglia, which is associated with neuroprotection
(Gabbita et al., 2012). 3,6′-DT treatment of 3xTg AD
mice also resulted in lower hippocampal Aβ levels, tau
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FIGURE 5 | Chemical structures of thalidomide and its analogs.

deposits, and improved cognition (Gabbita et al., 2012;
Tweedie et al., 2012).

In focal ischemic stroke mouse models, 3,6′-DT proved to
be efficacious when administered 1–3 h post-stroke to reduce
neuronal loss, inhibit TNF-α, IL-1β, iNOS, and apoptosis,
whereas thalidomide showed no significant effect. Notably, TNFR
KO mice were not rescued with 3,6′-DT post-injury, consistent
with a critical role for the suppression of TNF-α production and
TNF-α signaling in the therapeutic action of 3,6′-DT, and the
value of potent TNF-α suppressing agents to restrain microglial
activation and inflammation (Yoon et al., 2013). In separate
studies, 3,6′-DT treatment of mice post-hypoxia or blast injury
attenuated injury-related increases in TNF-α and changes in
synaptic transmission (Wall et al., 2015; Wang et al., 2018),
thereby, cross-validating the suppression of TNF-α generation
and release to mitigate inflammation-mediated neuronal damage
across animal models of CNS injury. Finally, in a recent study,
both 3,6′DT and thalidomide were demonstrated to mitigate the
severity of L-dopa-induced dyskinesia in nigrostriatal-lesioned
rat models of PD, suppressing both microgliosis and elevated
TNF-α in the striatum and substantia nigra, and restoring IL-10
anti-inflammatory cytokine levels (Boi et al., 2019).

Second Generation – Lenalidomide
(REVLIMID R©) (FDA Approved 2006;
Figure 5)
Lenalidomide, marketed as Revlimid by Celgene, is an analog
of thalidomide with an amino group on the C4 position
of the benzene ring system. Cellular studies have shown
lenalidomide to activate T cells, suppress angiogenesis, and
modulate inflammation by decreasing cytokines (Melchert
and List, 2007). The drug induces M2 polarization of
macrophages by upregulating IL-10 and activating STAT3,

acting against inflammation to promote survival in MS models
(Weng et al., 2018). It also downregulates inflammation-related
miRNA in astrocyte cultures stimulated with LPS and MRP8
(Omran et al., 2013). Lenalidomide has also been reported to be
2,000-fold more potent than thalidomide in inhibiting TNF-α
secretion from monocytes (Vallet et al., 2008). Lenalidomide
treatment of ALS transgenic mice resulted in enhanced motor
performance, decreased motor neuron death, and increased
life span (Kiaei, 2006). Lenalidomide and, in particular,
combination therapy with ROS scavenger Nanoceria were shown
to ameliorate cognitive decline, CNS myelin loss, ventricular
volume enlargement, neuroinflammation, and white matter
damage in a MS model in mice (Eitan et al., 2015). Thalidomide
and lenalidomide have also been shown to reduce microgliosis
and NF-κB activation, motor deficits, and excitotoxicity and DA
fiber loss in the striatum of PD mouse models (Palencia et al.,
2015; Valera et al., 2015), supporting the potential use of IMiDs
as a treatment for PD.

Lenalidomide was approved by the FDA in May 2006 for
combination treatment with dexamethasone for relapsed or
refractory multiple myeloma, and has undergone clinical trials
for an increasing number of solid tumor malignancies, including
prostate cancer, melanoma, and glioma (Aragon-Ching et al.,
2007). It was also approved to treat myelodysplastic syndromes
in 2005 (List, 2006; Melchert and List, 2007). The drug is
currently in a phase 2 trial for relapsed CNS myeloma treatment
(Rubenstein et al., 2018), and appears to have fewer adverse
effects compared to thalidomide in the treatment of multiple
myeloma. Notably, thalidomide’s often prominent side effects
of constipation, peripheral neuropathy, and drowsiness, were
not observed in lenalidomide clinical trials (Richardson et al.,
2002), suggesting that these may not necessarily be drug-
class dependent. Lenalidomide was determined to be safe in
clinical trials for refractory melanoma, with T-cell stimulatory
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effects in cancer patients (Bartlett et al., 2004b). However, its
association with increased risk for stroke was recently observed
in multiple myeloma patients (de Celis et al., 2018). Although
lenalidomide is not associated with the level of neurotoxicity
that accompanies thalidomide (where peripheral neuropathy
is reported in up to 83% of myeloma patients, Dalla Torre
et al., 2016), with the longer use of lenalidomide reports of
neurotoxicity – albeit milder than thalidomide and sometimes
subclinical – are appearing in the literature (Dalla Torre et al.,
2016). In contrast, venous thromboembolism has emerged as
lenalidomide’s most common side effect (Bartlett et al., 2004a;
Melchert and List, 2007), which may potentially be reduced when
used in combination therapy with aspirin (Baz et al., 2005).

There is limited information in relation to the utility of
lenalidomide in neurodegenerative disorders, but its evaluation
in a PD α-synuclein mouse model demonstrated promising
activity. It reduced motor behavioral deficits and mitigated DA
fiber loss in the striatum. Microgliosis was decreased in both
the striatum and hippocampus, and pro-inflammatory cytokines
expression levels were decreased leading to a reduction in NF-κB
activation (Valera et al., 2015).

Third Generation – Pomalidomide
(POMALYST R©) (FDA Approved 2013;
Figure 5)
Pomalidomide, marketed by Celgene under the name Actimid, is
one of the most potent thalidomide derivatives to be discovered
thus far. In a rat model of moderate to severe TBI, pomalidomide
treatment ameliorated injury-induced neurodegeneration,
apoptosis, cognitive decline, and proinflammatory cytokine
upregulation when given up to 5 h post-injury. The same
effects were observed in primary microglia and cortical cell
cultures challenged with glutamate in a dose-dependent
manner (Wang et al., 2016a). As shown in oxidative stress
models, pomalidomide has neuroprotective and antioxidative
effects mediated by Nrf2/SOD2/catalase pathways (Tsai et al.,
2018). Finally, a recent study has demonstrated the activity
of pomalidomide post-injury administration in a rat model
of ischemic stroke, reducing the cerebral infarct volume and
mitigating functional deficits (Tsai et al., 2019). A recent novel
compound of interest, 3,6′-dithiopomalidomide (3,6′-DP),
combines the advantages of thionation evident in 3,6′-DT on
the thalidomide backbone into third generation pomalidomide.
Preliminary studies demonstrate the potent action of 3,6′-DP in
rodent TBI at one fifth of the efficacious dose of pomalidomide,
and further results in other neuroinflammatory cellular and
animal models are awaited with interest.

As noted earlier, recent studies have shown that IMiDs,
excluding apremilast, bind to cereblon. Cereblon interacts with
the DNA damage-binding protein-1 (DDB1), Cullin 4 (Cul4A or
Cul4B), and regulator of Cullins 1 (RoC1) to create the functional
E3 ubiquitin ligase complex. Within this ligase complex, cereblon
acts as a substrate receptor to target select proteins for proteolysis
via a ubiquitin-proteasome pathway (Shi and Chen, 2017).
Cereblon appears to be one of many substrate receptor proteins
that can be recruited into the E3 ubiquitin ligase complex to allow

it to target different substrates. In this regard, IMiDs have been
reported to form a molecular bridge between cereblon, within the
E3 ubiquitin ligase complex, and its target protein to destine it
for proteasome degradation. The glutarimide moiety of the IMiD
binds cereblon, and the phthalimide moiety binds to the target
proteins (Chamberlain et al., 2014; Fischer et al., 2014). Known
targeted proteins, such as IKZF1/3, are predicted to possess a
β-hairpin motif that comes into contact with the phthalimide
structure (Petzold et al., 2016). Thalidomide, lenalidomide,
or pomalidomide treatment hence leads to diminished levels
of IKZF1/3, and likely other select proteins, which causes
upregulation of IL-2 and activates T cells (Haslett et al., 2005;
Gandhi et al., 2014). Pomalidomide appears to be the most
potent with regards to T cell co-stimulation, but appears to have
similar anti-angiogenic activity to that of lenalidomide (Bartlett
et al., 2004b). Pomalidomide effectively modulates tumorigenesis
and angiogenesis, making it a favorable drug for use in cancer
treatment. It has been approved for use in multiple myeloma
patients for whom lenalidomide and bortezomib have failed to
prevent disease progression (Ríos-Tamayo et al., 2017).

Fourth Generation – Apremilast (Otezla R©)
(FDA Approved 2014; Figure 5)
Apremilast was FDA approved to treat moderate to severe
cases of plaque psoriasis and psoriatic arthritis in 2014 (Fala,
2015). Similar to other IMiDs, apremilast inhibits TNF-α protein
synthesis. However, as noted previously, the drug acts via
PDE4 inhibition, upregulating cAMP and thereby reducing
proinflammatory cytokine production. Although apremilast is
effective in treating peripheral inflammation, it has poor brain
penetrance, as shown in in vivo pharmacokinetic studies using
radioactivity to measure drug levels in the brain (Committee for
Medicinal Products for Human Use [CHMP], 2014). LogP values
of apremilast and other thalidomide analogs indicate apremilast
has higher lipophilicity than other IMiDs, and its molecular
size (460.5 Da) and general features are within the range of
molecules that can cross the BBB (Table 2). However, in vitro
confirmation of apremilast as a P-glycoprotein substrate, the low
CNS MPO Score of apremilast in comparison to other IMiDs
(Table 2), and its low brain/plasma concentration ratio of ≤0.1
in pharmacokinetic studies (Committee for Medicinal Products
for Human Use [CHMP], 2014) support its lack of potential as
an active drug for CNS disorders. There do not currently appear
to be any literature reports of apremilast evaluation in animal
models of neurodegeneration.

Adamantyl and Noradamantyl
Phthalimidines (Luo et al., 2018; Figure 5)
Adamantyl groups can be added to drugs to increase lipophilicity,
drug stability, and plasma half-life (Liu J. et al., 2011). Adamantyl
groups also strengthen molecule interactions with CNS targets,
allowing development of more efficient drugs. For instance,
iron chelator Desferrioxamine B (DFOB), which was seen to
be effective in PD cell and animal models, was conjugated
with adamantane and increased 66-fold in efficacy (Liddell
et al., 2013). Likewise, many neuroprotective drugs such as
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TABLE 2 | Factors of drug pharmacokinetics at physiological conditions.

Drug name Molecular
weight
(g/mol)

cLogP cLogD
(pH7.4)

Number of
Hydrogen

bond donors

Number of
Hydrogen bond

acceptors

Topological
polar surface

area (Å2)

Strongest
basic pKa

calculation

CNS MPO
Score

Thalidomide 258.2 0.02 0.02 1 4 83.55 11.59∗ 4.8

3,6′-Dithiothalidomide 290.4 1.80 1.79 1 2 49.41 9.8∗ 4.9

Lenalidomide 259.3 −0.71 −0.71 2 4 92.50 2.31 5.4

Pomalidomide 273.2 −0.16 −0.16 2 5 109.57 1.56 4.8

3,6′-Dithiopomalidomide 305.4 0.97 0.96 2 3 75.43 2.33 5.5

Apremilast 460.5 1.31 1.31 1 7 119.08 12.98∗ 3.1

Adamantyl phthalimidine 295.4 3.86 3.86 0 1 20.31 −1.04 3.7

Noradamantyl phthalimidine 253.3 2.75 2.75 0 1 20.31 −0.85 4.7

Molecular weight, cLogP/D value, number of Hydrogen bond donors/acceptors, topological polar surface area, and pKa were generated using Chemicalize for several
IMiDs, including a recent pomalidomide derivative of interest- 3,6′-dithiopomalidomide (3,6′-DP). IMiDs generally follow the Lipinski rule of five, which predicts the likelihood
of a drug being delivered to its target in human physiological conditions based on its physical properties (Banks and Greig, 2019). A CNS MPO Score, which predicts
drug BBB permeability, was calculated using parameters and functions described by Wager et al. (2010). Higher CNS MPO Score correlates with greater drug BBB
permeability. ∗ Indicates the calculated strongest acidic pKa value used to calculate CNS MPO Score when the calculated strongest basic pKa value was not provided in
Chemicalize calculations. Calculated acidity values are not necessarily representative of the neutral parent compound and may instead reflect the pKa of a corresponding
protonated species.

memantine, one of the only drugs approved to treat AD, and
amantadine, which is used to treat Parkinson disease, contain
adamantyl groups (Rascol et al., 2011; Salomone et al., 2012).
Another adamantyl derivative, N-adamantyl-4-methylthiazol-2-
amine (KHG26693), suppresses oxidative damage caused by Aβ

and LPS-induced increases in proinflammatory cytokines by
suppressing NF-κB (Cho et al., 2015; Kim et al., 2017).

Our laboratory synthesized 15 novel IMiDs featuring
adamantyl and noradamantyl phthalimidines. As noted earlier,
the glutarimide and phthalimide moieties of thalidomide and
analogs interact with cereblon and its targeted proteins,
respectively, and modifications in these moieties could
potentially influence the affinity and selection of targeted
proteins (Yu et al., 2019). These 15 compounds have been shown
to have nitrite and TNF-α lowering activity. The degree of
nitration of adamantyl phthalimidines has also been shown to
affect drug efficacy, with higher nitration yielding greater anti-
nitrite activity (Luo et al., 2018). Interestingly, in a broader series
of novel IMiDs likewise synthesized within our laboratory in
which both small and substantial modifications were introduced
into the glutarimide and phthalimide moieties, the resulting
agents demonstrated a range of pharmacological actions (Beedie
et al., 2016). Cohorts of compounds expressed anti-angiogenic
properties, others anti-inflammatory properties and some
exhibited both, thereby, allowing the separation of these and
likely other actions. Compounds from these series are now being
evaluated in animal models of neurodegeneration, and results
are awaited with interest.

CONSIDERATIONS PRIOR TO IMiD
CLINICAL TRIALS FOR
NEURODEGENERATIVE DISEASE

Although thalidomide analogs are promising, there are still
negative findings and drug adverse effects that must be

addressed prior to its use for targeting inflammation in
neurodegenerative disease.

First, thalidomide appears to be a pleiotropic drug, affecting
multiple biological pathways upon entering the circulatory
system. Although the multipotency of thalidomide gives the
drug potential to treat a multitude of symptoms via many
positive pathways, it also increases the risk for drug side effects.
For instance, thalidomide has been very effective in healing
orogenital ulceration via its anti-inflammatory effects while
simultaneously inducing or exacerbating erythema nodosum
via its T-cell costimulatory effects in Behcet syndrome patients
(Hamuryudan et al., 1998). Thalidomide’s co-stimulation of
T-cells has also been observed in a clinical trial of thalidomide in
HIV patients (Corral et al., 1999; Vergara et al., 2017), pointing
to the possibility of thalidomide inducing inflammation in
immunocompromised individuals. The mechanisms underlying
other adverse actions, such as the teratogenic effect, have
yet to be fully characterized but are postulated to consist
of a combination of thalidomide/metabolite interactions with
the bodily environment, including thalidomide binding with
cereblon, which yields angiogenesis inhibition (Vargesson, 2015).
Additionally, recent research reveals that thalidomide interacts
with cereblon to target and repress SALL4, a key transcription
factor of the Spalt-like family with a critical role in embryonic
limb development (Donovan et al., 2018; Matyskiela et al.,
2018; Vargesson, 2019). Interestingly, nitric oxide has been
shown to diminish thalidomide-induced teratogenicity by 80–
94% (Siamwala et al., 2012), shedding light on the possibility
of interventions that can be used to potentially mitigate adverse
effects of IMiDs.

Another factor to consider is the multifaceted nature of
neuroinflammation. Neuroinflammation sometimes promotes
recovery from injury and is necessary at certain time points.
For example, 50% of mTBI patients experience meningeal
vascular injury from which they recover via actions of
inflammatory myeloid cells. Subduing inflammation post-
injury may potentially prevent positive effects of inflammation
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(Russo et al., 2018). As the inflammatory response is time-
dependent and multi-faceted, IMiDs, which target both TNFR1
and TNFR2 activation, must be administered at timepoints
corresponding to the detrimental effects of inflammation when
treating various neurological diseases.

After the most efficacious thalidomide analogs are chosen
for clinical studies following preclinical research, phase I
trials to evaluate their safety and efficacy in humans with
neurodegenerative diseases must be designed and conducted. As
thalidomide analogs prevent and mitigate inflammation, clinical
trials should be focused on AD patients that demonstrate elevated
biomarkers associated with increased neuroinflammation.

Testing the efficacy of thalidomide analogs in conjunction
with other drugs targeting different aspects of inflammation
(i.e., RXR/PPARγ agonists) or neurodegeneration to enhance
neuroprotective effects could also be taken into consideration.
Furthermore, as enhancing oral bioavailability of the drug has
been an issue due to low drug solubility, finding ways to enhance
drug solubility while maintaining its oral delivery method is
also critical. Delivering lower doses of thalidomide and analogs
via solid dispersions is a potential alternative that can increase
bioavailability (Barea et al., 2017), especially for patients with
diminished drug absorption abilities.

SUMMARY

Repurposing drugs already on the market and modifying existing
pharmacologic structures could yield therapeutic interventions
capable of meeting pressing needs for neurological disease.
Among drugs already on the market, thalidomide has shown
great success despite its controversial history, yielding several
analogs that have been approved for the treatment of diseases
ranging from multiple myeloma to arthritis. Recent clinical
studies of thalidomide have demonstrated that its preclinical
promise in animal models of neurodegeneration does not
translate to human disease consequent to dose-limiting adverse
actions. Translational studies of second, third and fourth
generation drugs have yet to be undertaken, and there is recent
promising preclinical data on pomalidomide that, if cross-
validated, may be supportive of human trials. Small, open label

clinical trials of the anti-TNF-α antibody strategy involving
perispinal injection suggest that targeting TNF-α is a reasonable
approach to potentially treat a range of neurodegenerative
disorders. Recent medicinal chemistry studies on the backbone
of the classical glutarimide and phthalimide moieties that
are common to thalidomide, lenalidomide, and pomalidomide
indicate that we can separate pharmacological actions from one
another. By altering the chemical structure of thalidomide and its
analogs, we may be able to increase potency and bioavailability
of IMiDs, and reduce their adverse action, possibly expanding
their use to target neuroinflammation to ameliorate symptoms
of neurological disease and even slow their progression.

Preclinical studies on TNF-α inhibition using thalidomide and
IMiDs in models of diseases such as ALS, PD, AD, and TBI have
shown promise, indicating the potential for the advancement of
select members of this drug class from the bench to clinical trials
and eventually, to the bedside of patients of neurological disease
in need of treatment.
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Traumatic brain injury (TBI) is a commonly occurring injury in sports, victims of motor
vehicle accidents, and falls. TBI has become a pressing public health concern with no
specific therapeutic treatment. Mild TBI (mTBI), which accounts for approximately 90%
of all TBI cases, may frequently lead to long-lasting cognitive, behavioral, and emotional
impairments. The incretins glucagon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP) are gastrointestinal hormones that induce glucose-
dependent insulin secretion, promote β-cell proliferation, and enhance resistance
to apoptosis. GLP-1 mimetics are marketed as treatments for type 2 diabetes
mellitus (T2DM) and are well tolerated. Both GLP-1 and GIP mimetics have shown
neuroprotective properties in animal models of Parkinson’s and Alzheimer’s disease.
The aim of this study is to evaluate the potential neuroprotective effects of liraglutide,
a GLP-1 analog, and twincretin, a dual GLP-1R/GIPR agonist, in a murine mTBI
model. First, we subjected mice to mTBI using a weight-drop device and, thereafter,
administered liraglutide or twincretin as a 7-day regimen of subcutaneous (s.c.)
injections. We then investigated the effects of these drugs on mTBI-induced cognitive
impairments, neurodegeneration, and neuroinflammation. Finally, we assessed their
effects on neuroprotective proteins expression that are downstream to GLP-1R/GIPR
activation; specifically, PI3K and PKA phosphorylation. Both drugs ameliorated mTBI-
induced cognitive impairments evaluated by the novel object recognition (NOR) and the
Y-maze paradigms in which neither anxiety nor locomotor activity were confounds, as
the latter were unaffected by either mTBI or drugs. Additionally, both drugs significantly
mitigated mTBI-induced neurodegeneration and neuroinflammation, as quantified by
immunohistochemical staining with Fluoro-Jade/anti-NeuN and anti-Iba-1 antibodies,
respectively. mTBI challenge significantly decreased PKA phosphorylation levels in
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ipsilateral cortex, which was mitigated by both drugs. However, PI3K phosphorylation
was not affected by mTBI. These findings offer a new potential therapeutic approach
to treat mTBI, and support further investigation of the neuroprotective effects and
mechanism of action of incretin-based therapies for neurological disorders.

HIGHLIGHTS

- Liraglutide and twincretin ameliorate mTBI-induced cognitive deficits.
- Liraglutide and twincretin mitigate mTBI-induced neurodegeneration.
- Liraglutide and twincretin alleviate mTBI-induced elevation in microglial expression.
- mTBI challenge result in a decline in p-PKA levels in ipsilateral cortex.
- Liraglutide and twincretin attenuate mTBI-induced reduction in p-PKA expression.

Keywords: glucagon-like peptide-1, glucose-dependent insulinotropic polypeptide, incretin, traumatic brain
injury, concussive head injury, twincretin, liraglutide

INTRODUCTION

Traumatic brain injury (TBI) is a profound public health
concern, affecting at least 1.7 million people in the United States
alone each year and leading to diverse impairments,
hospitalizations, and deaths (Faul et al., 2010). TBI has
hence become a major economic burden, as the total
annual cost of TBI in the United States including direct
costs of medical treatments and deaths, as well as reduced
productivity, was estimated to be 60.43 billion U.S. dollars,
based on data from 2000 (Finkelstein et al., 2006). The
major causes of TBI are falls, vehicle accidents, assaults,
and sport injuries (Bruns and Hauser, 2003). These injuries
are more frequent among men, especially adolescents and
young adults, due to vehicle accidents and alcohol-related
trauma, and the elderly due to a higher risk for falls (Moppett,
2007). Diagnosis of TBI relies mainly on clinical symptoms,
including level of consciousness and amnesia, as well as CT
findings evaluating morphological brain damage following
exposure to injury (Tagliaferri et al., 2006; Maas et al.,
2008). There is a growing body of evidence suggesting
that TBI is a significant risk factor for the development
of neurodegenerative diseases such as Parkinson’s and
Alzheimer’s disease (Fleminger et al., 2003; Tweedie et al.,
2013; Gardner and Yaffe, 2015).

Traumatic brain injury results in a myriad of
pathophysiological changes that develop in two phases.
Primary brain injury, which is a direct consequence of
the external force exerted on the brain, consists of tissue
distortion and destruction proximal to the injury and disruption
of axons and small vessels, causing immediate necrotic
neuronal cell death (Greve and Zink, 2009). Processes initiated
during the primary phase lead to progressive and extended
secondary damage, including neuroinflammation, oxidative
stress, and glutamate excitotoxicity, which all contribute to
neuronal apoptotic cell death (Werner and Engelhard, 2007;
Greve and Zink, 2009).

Mild TBI (mTBI) accounts for approximately 80–90% of all
TBI cases (Levin and Diaz-Arrastia, 2015). Although routine

diagnostic evaluations of mTBI patients often fail to show
clear structural brain damage, these patients frequently suffer
short- and long-lasting cognitive, behavioral, and emotional
impairments (Daneshvar et al., 2011). Such impairments
include, among others, memory and concentration deficits,
poor executive functions, depression, and anxiety-related
disorders (Levin and Diaz-Arrastia, 2015). Continuation of
these symptoms for 1–3 months post injury has been defined
as “post-concussive syndrome” (PCS), whereas continuation
for more than 3 months is defined as persistent PCS (PPCS).
Some 50% of mTBI casualties suffer from PCS and 15%
suffer PPCS for more than 1 year following the injury
(Coronado et al., 2012); with a recent report suggesting yet
higher rates (McInnes et al., 2017). Whereas clinical mTBI
management generally includes assessment, observation,
symptomatic treatment, and post-discharge follow-up,
there remains a significant need to develop evidence-based
interventions to mitigate long-term impairments and disabilities
(Levin and Diaz-Arrastia, 2015).

The incretins, glucagon-like peptide-1 (GLP-1) and
glucose-dependent insulinotropic polypeptide (GIP), are
glucose-lowering, intestinal-derived peptides. Their receptors,
GLP-1R and GIPR, are primarily localized to pancreatic
islet cells and implicated in the treatment of type 2 diabetes
mellitus (T2DM) (Lovshin and Drucker, 2009; Seino et al.,
2010). However, both receptors are also present elsewhere
and particularly throughout the nervous system, on the
dendritic branches of neurons as well as on activated
microglia and astrocytic cells (Hamilton and Holscher,
2009; Figueiredo et al., 2011). As incretins act protectively
and trophically on β-cells (Trümper et al., 2001; Drucker,
2003; Li et al., 2003) and their receptors are coupled to
the cAMP second messenger pathway whose upregulation
is associated with neuroprotection and anti-inflammation
(Tabuchi et al., 2002; Perry and Greig, 2003; Cui and So,
2004), the potential therapeutic benefit of incretin mimetics
in brain pathologies is of growing interest. Our hypothesis
is that incretin mimetics provide neurotrophic, protective,
and anti-inflammatory processes, similar to their actions in
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pancreas (Perry et al., 2002; Nyberg et al., 2005; Li et al., 2010b;
Paratore et al., 2011).

In animal models, incretin analogs have been efficacious in
preclinical models of: (i) Alzheimer’s disease (Li et al., 2010a;
McClean et al., 2011; Faivre and Holscher, 2013), (ii) Parkinson’s
disease (Bertilsson et al., 2008; Li et al., 2009, 2016), (iii) stroke
and ischemia (Li et al., 2009; Hyun Lee et al., 2011), (iv) peripheral
neuropathy (Perry et al., 2007), (v) amyotrophic lateral sclerosis
(Li et al., 2012), (vi) Huntington’s disease (Martin et al., 2009),
and (vii) TBI (Rachmany et al., 2013; Li et al., 2015; Yu et al., 2016;
Tamargo et al., 2017; Bader et al., 2019). Moreover, as marketed
GLP-1 analogs to treat T2DM are well-tolerated and rarely cause
hypoglycemia, clinical trials have been undertaken to investigate
the therapeutic effects of exendin-4 or liraglutide on Alzheimer’s
disease (Egefjord et al., 2012; Gejl et al., 2016), and Parkinson’s
disease patients (Aviles-Olmos et al., 2013; Athauda et al., 2017),
and continue to be evaluated.

Previous studies by our group characterized select
neuroprotective actions of liraglutide, a GLP-1 analog, and
twincretin, a dual GLP-1 and GIP analog. Both analogs
augmented cell viability following exposure to oxidative stress
and glutamate excitotoxicity in neuronal cell cultures. The
cAMP/PKA/CREB pathway apparently played an important
role in these neuroprotective actions. Moreover, both agents
mitigated short-term cognitive impairments in a concussive
mTBI rodent model (Li et al., 2015; Tamargo et al., 2017),
indicating translational relevance from cellular studies to
in vivo ones.

The present study sought to provide a more comprehensive
assessment of the potential therapeutic benefits of these incretin-
based therapies on the cognitive deficits and brain pathology
that occur following mTBI using the same rodent model that
mimics key post concussive symptoms in humans. Specifically,
the aim of the present study was to evaluate whether liraglutide
and twincretin administration of a clinically translatable
dose could mitigate mTBI-induced cognitive deficits, neuronal
degeneration, and neuroinflammation, and to appraise which
downstream cascade of GLP-1R/GIPR activation was primarily
responsible for these neuroprotective actions. A secondary
aim was to compare these two incretin-related therapeutic
approaches to determine whether a therapeutic advantage
exists in activating both GLP-1R and GIPR by twincretin
in comparison to only the GLP-1R by liraglutide with
clinically relevant doses.

MATERIALS AND METHODS

Experimental Animals
Adult ICR mice (6–8 weeks), weighting 31–34 g, were kept
five per cage with food and water ad libitum, at a constant
temperature of 22 ± 5◦C and under 12 h light/dark cycle. All
experimental procedures were conducted during the light phase
of the cycle. Each mouse was used in only one experiment and
all efforts were made to minimize potential suffering. The Ethics
Committee of the Sackler Faculty of Medicine approved the
experimental protocol (M-14-050 and M-15-011), in compliance

with the guidelines for animal experimentation of the National
Institutes of Health (DHEW publication 85-23, revised, 1995).

Mild Traumatic Brain Injury Model
Head injury was induced using a weight drop head trauma
device, as previously described (Zohar et al., 2003; Milman
et al., 2005). This device is composed of a metal tube (80 cm
long, 13 cm inner diameter) and a sponge under the tube to
support the head of the mice. The mice were lightly anesthetized
by inhalation of isoflurane and put under the device. A metal
weight (30 g) was then dropped from the top of the 80 cm
tube to strike the head of the mouse on the right temporal
side between the corner of the eye and the ear. Immediately
following the injury, mice were put back in their original cages for
recovery. Sham mice were treated similarly to mTBI challenged
mice. They were anesthetized by isoflurane and aligned under
the weight drop device, but not exposed to the injury. They
were then returned to their cages for recovery. Sham and mTBI
mice were indistinguishable following their recovery from the
procedure. Body temperature has been shown to be maintained
in our previous studies with this procedure, and the selection
of animal number for individual studies (whether behavioral,
immunohistochemical, or biochemical) was determined from the
variance in the data of our prior studies.

Drug Administration
246.7 µg/kg of liraglutide or 50 µg/kg twincretin prepared in
isotonic saline was administered to mice once daily in a 7-
day regimen of subcutaneous (s.c.) injections, with the first
injection given 30 min following the injury. Liraglutide dose
(246.7 µg/kg/day) is equivalent to the common human dose
(20 µg/kg/day) normalized to body surface area across species
based on FDA guidelines (U.S. Department of Health and
Human Services et al., 2005). Twincretin dose (50 µg/kg/day)
was chosen based on previous studies in mice diabetes model
(Finan et al., 2013) and on the manufacturer’s recommendation.
Notably, twincretin and liraglutide are used in humans at the
same dose; specifically, both at 1.8 mg daily by s.c. administration.
Translation of this 1.8 mg dose in an 88.8 kg human across
species is approximately 246.7 µg/kg in a mouse for each agent.
However, in the current mouse study, the twincretin selected
dose was fivefold lower; specifically 50 µg/kg. This dose was
based on preliminary studies indicating that it was on the linear
portion of the dose–response curve. Mice were randomly divided
into four groups: a sham group, an mTBI group, a liraglutide
following mTBI group, and a twincretin following mTBI group.
Sham and mTBI mice were injected by saline in the same regimen
as treatment groups.

Experimental Procedures
The timeline of the experimental procedures following exposure
to mTBI is shown in Figure 1. Mice were subjected to mTBI
and 30 min later, a 7-day regimen of either liraglutide or
twincretin treatment was initiated. The behavioral tests were
performed at 7 or 30 days following the injury in separate
groups of animals. Immunohistochemical staining assessments
were performed on brains that were collected 72 h post injury.
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FIGURE 1 | Scheme of study design time line. Animals were exposed to sham/mTBI and 30 min later were given liraglutide (247.6 µg/kg), twincretin (50 µg/kg), or
saline once daily via s.c. injections for 7 days {the human dose of liraglutide and twincretin is 1.8 mg s.c. daily that, for a 88.8 kg human [the mean weight of a male
American (Yuan et al., 2017)], following normalization to body surface area across species in line with U.S. Department of Health and Human Services Food and
Drug Administration guidelines (Han et al., 2016), translates to a mouse dose of approximately 247.6 µg/kg}. Behavioral tests to assess behavior and cognitive
abilities were carried out 7 and 30 days following mTBI in separate cohorts of animals. Immunohistochemical staining to evaluate neurodegeneration and
neuroinflammation was performed 72 h following mTBI challenge. Western blot analysis to assess changes in neuroprotective protein levels following mTBI and drug
treatments was performed starting from 1 h to 1 week post mTBI. Each experimental time point was performed using a different group of mice (NOR: novel object
recognition paradigm; EPM: elevated plus maze paradigm).

Western blot analysis was carried out on brain tissue collected
from 1 h to 1 week post mTBI.

Behavioral Tests
Behavioral assessments were conducted 7 or 30 days post
mTBI. Each mouse was used for one time point only. Mouse
behavior and cognition were assessed using the elevated plus
maze, novel object recognition (NOR) and Y-maze paradigms.
All equipment used for the behavioral tests was cleaned
with 70% ethanol between sessions to minimize any olfactory
influences on behavior.

Elevated Plus Maze Paradigm
The elevated plus maze was used to evaluate anxiety-like
behavior of the mice, as previously described (Zohar et al.,
2011). This test relies on the preference of rodents to explore
enclosed darkened environments rather than open, bright, and
elevated environments. In addition, this test was used to evaluate
locomotor activity of the mice. The apparatus consisted of a black,
four-armed Pexiglass maze, in which two of the arms have low
walls (open—30 × 5 × 1 cm) and the other two arms have
high walls (closed—30 × 5 × 15 cm). Similar arms face each
other, and all have no roof. Each mouse was put in the middle
of the apparatus, facing one of the open arms, and was allowed to
explore the arena for 5 min. The amount of time the mice spent in
the open arms and the number of entries to the open/closed arms
was recorded. Longer duration of time spent within the open
arms has been associated with lower anxiety levels (Belzung and
Griebel, 2001), while higher number of entries to the open/closed
arms is indicative to higher locomotor activity.

Novel Object Recognition Paradigm
The NOR task was chosen to assess the recognition and visual
memory of the mice, as previously described (Edut et al., 2011).

This paradigm relies on the tendency of rodents to investigate
novel objects within their environment rather than known ones.
This task is used to evaluate whether a mouse is able to
discriminate between a familiar and a novel object. The arena
consists of an open field black Plexiglass box (59 × 59 × 20 cm
size); 48 h prior to the test, mice were individually put in the
empty arena for habituation for 5 min. 24 h later, the mice were
exposed to two identical objects within the arena for 5 min. On
the test day, 24 h later, one of the familiar objects was replaced
with a novel one, and mice were allowed to explore the arena
again for 5 min, during which the time spent near the novel
and the familiar object was measured. A preference index was
calculated as follows: (time near novel object− time near familiar
object)/(time near novel object + time near familiar object)
(Dix and Aggleton, 1999).

Y-Maze Paradigm
The Y-maze paradigm was used to evaluate spontaneous
exploration, responsiveness to novel environments and spatial
memory function, as previously described (Baratz et al., 2010).
This test relies on the preference of rodents to explore new
environments rather than familiar ones. The apparatus consists of
three-armed black Plexiglass maze with arms separated by 120◦.
Each arm was identical (8 × 30 × 15 cm); however, different
spatial cues were placed in each arm (i.e., a triangle, a square,
or a circle). The start arm was chosen randomly. In the first
session of the test, the mouse was put in the start arm of the
arena and allowed to explore another arm while the third one
was blocked for 5 min. The mouse was then returned to its
home cage for 2 min. Meanwhile, the arena was cleaned with
70% ethanol. In the second session of the test after an interval of
2 min, all arms were open for exploration for 2 min. The time
the mouse spent in the familiar arm and in the new arm was
measured. A preference index was calculated as follows: (time in
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new arm − time in familiar arm)/(time in new arm + time in
familiar arm) (Dix and Aggleton, 1999).

Immunohistochemical Staining
Immunohistochemistry studies were performed on mouse
hippocampal (CA3 and dentate gyrus) and lateral cortical tissue
sections obtained from animals euthanized on day 3 after injury;
72 h after injury and initiation of the various treatments, mice
were anesthetized with a combination of ketamine (100 mg/kg)
and xylazine (10 mg/kg) and perfused transcardially with 10 ml
phosphate buffered saline (PBS) followed by 20 ml of 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4.
Brains were removed, fixed overnight in 4% PFA, and then
placed in 1% PFA. Prior to sectioning, brains were transferred
to 30% sucrose for 48 h. Frozen coronal sections (30 µm)
were cut on a cryostat and collected serially from bregma ∼
−1.28 mm to ∼ −2.4 mm. The sections were placed in a
cryoprotectant solution containing phosphate buffer, ethylene
glycol, and glycerin, and stored at −20◦C. In all groups of
mice, sections from both hemispheres were stained and analyzed.
Random free-floating sections were blocked by 0.1% Triton X-
100 in PBS (PBST) and 10% normal horse serum for 1 h at
25◦C and incubated for 48 h at 4◦C with appropriate primary
antibodies specific to key features of interest in our studies.
Controls consisted of omission of primary antibodies. Brain
sections from multiple groups were reacted in the same well
and evaluations were made by an observer blinded to the
treatment groups.

FJB and NeuN Immuno-Staining
To assess the neurodegeneration occurring at an early stage
following mTBI, we performed double-staining using Fluoro
Jade B (FJB), a marker of degenerating neurons, and neuronal
nuclear antigen (NeuN), a marker of mature neurons. Sections
were incubated for 48 h with a mouse primary antibody that
detects NeuN (Millipore; MAB377, 1:50 in incubation buffer).
After NeuN incubation, sections were washed and incubated
with a Cy3 labeled anti-mouse secondary antibody (Jackson;
715-165-150, 1:300 incubation buffer). The probed sections
were mounted onto 2% gelatin coated slides and stained
with FJB (Millipore; AG310), as described by Schmued and
Hopkins (2000). The brain sections were observed using a
Zeiss Axiovert 200 fluorescence microscope (Zeiss), using a
×20 magnification. For each brain, three to four sections were
used to capture six to eight images from the hippocampus
(CA3 and dentate gyrus) and cortex. A ratio of the number
of degenerating neurons (FJB positive cells) to the number of
mature neurons (NeuN positive cells) was used as an index
of trauma-induced neuronal degeneration. Images were taken
from both sides of the brain, and subsequently, were quantitively
analyzed using ImageJ 1.50i software to provide a mean value for
each brain region.

GFAP/Iba-1 Immuno-Staining
To assess changes in the expression of reactive astrocytes and
activated microglia, sections were incubated for 48 h with
rabbit glial fibrillary acidic protein (GFAP) primary antibody

(Dako; Z0334, 1:500 in incubation buffer) or with rabbit ionized
calcium-binding adapter molecule 1 (Iba-1) primary antibody
(Wako; 019-19741, 1:500 in incubation buffer), respectively.
The sections then were washed and incubated with donkey
anti-rabbit secondary antibody (Abcam; Alexa Fluor R© 594
ab150064, 1:300 in incubation buffer). After rinsing with
PBST, sections were mounted onto 2% gelatin-coated slides.
The brain sections were observed using a Leica SP5 confocal
microscope (Leica, Germany), using a ×40 magnification. For
each brain, three to four sections were used to capture six to
eight images from the hippocampus (CA3 and dentate gyrus)
and cortex. Images were taken from both sides of the brain,
and subsequently, were quantitively analyzed using the Imaris
software (Bitplane AG, Zurich, Switzerland) to provide a mean
value for each brain region.

Western Blotting
To assess the phosphorylated PI3K/PKA levels in mouse cortex
and hippocampus, brains were collected following cervical
translocation 1 h to 1 week following mTBI induction. Right/left
cortex and right/left hippocampus were separated and frozen
in liquid nitrogen, then stored in −80◦C. Thereafter, brains
were dissociated and homogenized in a buffer lysis (Tissue
Protein extraction Reagent, Pierce) supplemented with a protease
inhibitor cocktail (Halt Protease Inhibitor Cocktail, Sigma–
Aldrich) using a Teflon pestle homogenizer. Homogenates were
centrifuged for 15 min at 4◦C and 14,000 r/min and the
supernatant liquids were separated from the precipitates and
stored at −80◦C. Sample buffer was added to the samples
and then stored at −20◦C. Samples were heated to 90◦C for
3 min; 30 µl of each sample was then loaded and run on
4–20% Mini-Protean TGX gels (Bio-Rad; 456-1094) followed
by transfer onto nitrocellulose membranes (Bio-Rad; 1704159)
by a transfer system (Trans-Blot Turbo, Bio-Rad). Afterward,
blots were blocked for 1 h at room temperature, with Tris-
buffered saline, containing 0.01% Tween-20 and 5% BSA or
powdered milk. Membranes were then incubated overnight
at 4◦C with a rabbit primary phospho-PI3K antibody (Cell
signaling; 4228, 1:1000) or a rabbit primary phospho-PKA
antibody (Cell signaling; 5661, 1:900) followed by washings with
TTBS. Membranes were then incubated at room temperature
for 1 h with horseradish peroxidase-conjugated goat anti-rabbit
antibody (Jackson; 111-035-003, 1:10,000). Bands were then
visualized using enhanced chemiluminescence reagents for 1 min
(enhanced chemiluminescence assay) (Millipore, Billerica, MA,
United States) by Viber Fusion FX7 imaging system (Viber
Lourmat, France). A densitometry analysis of the detected
signal was made using ImageJ software. Uniform loading was
verified by stripping and re-probing with a mouse primary
α-tubulin antibody for 30 min in room temperature (Santa
Cruz; sc-53030, 1:10,000), followed with conjugated goat anti-
mouse secondary antibody (Jackson, 115-035-003, 1:10,000).
The value of each sample was determined by the ratio of
p-PI3K or p-PKA and α-tubulin. Averages of control values
in each membrane were set to 1, and all other samples were
calculated accordingly.
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Data Analysis
All results are presented as mean ± SEM and were analyzed
by SPSS V 25 software. One-way ANOVA tests were performed
for comparisons between multiple datasets, followed by Fisher’s
least significant difference (LSD) post hoc analysis, when found
significant. Significant values between means are expressed as
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

RESULTS

mTBI Exposure and
Liraglutide/Twincretin Treatment Has No
Effect on Anxiety and General Well-Being
of the Mice
Following mTBI exposure and treatment with either liraglutide
or twincretin, male ICR mice were evaluated using the elevated
plus maze at 7 and 30 days post mTBI among separate cohorts.
Specifically, two parameters were evaluated, the anxiety-like
behavior and locomotor activity of the mice, by recording the
time spent in the open arms of the maze and the total number
of entrances to each arm of the maze, respectively.

As illustrated in Figures 2A,B, there were no differences in
the time spent in the open arms between all groups at both time
points tested, indicating that anxiety-like behavior of the mice
was not affected either by the injury or by treatment with either
liraglutide or twincretin.

Evaluation of the locomotor activity of the same animals
revealed all groups had an approximately equal number
of entrances to the arms of the maze and were not
differentiated from one another at either 7 or 30 days
post injury (Figures 2C,D), suggesting that the locomotor
activity of the mice was unaffected by mTBI challenge or by
liraglutide/twincretin treatment. Hence, mTBI and drug actions
on anxiety and locomotor were not evident and cannot be
considered caveats when evaluating actions on cognition.

Liraglutide or Twincretin Treatment
Reverses mTBI-Induced Cognitive
Impairments in Mice
To assess the effects of liraglutide and twincretin treatment on
post mTBI memory formation, the NOR and Y-maze paradigms
were performed on mice at 7 and 30 days post injury, which
received sham procedure, mTBI, or mTBI followed by either
liraglutide or twincretin treatment. The time that mice spent
investigating the novel/familiar object or arm was recorded, and
a preference index was then calculated.

We have previously demonstrated that mice challenged with
mTBI demonstrate cognitive impairments in visual and spatial
memory, as evaluated by the NOR and Y-maze paradigms,
respectively, and, notably, that liraglutide and twincretin
ameliorate these impairments (Li et al., 2015; Tamargo et al.,
2017). We show, herein, similar experiments with a direct
comparison between the two drugs using doses relevant to
clinical utilization of these agents [specifically, the selected
liraglutide dose (246.7 µg/kg/day) translates across species to the

human dose routinely used in T2DM; whereas the twincretin
dose (50 µg/kg/day) translates to one-fifth of the dose used in
humans]. There are two rationales for this approach. First is a
cross validation with our previous work. Second, and particularly
importantly, the immunohistochemical and molecular studies
detailed below have not been previously undertaken for either
liraglutide or twincretin, and were performed using brain tissue
from a population of behaviorally evaluated animals.

The NOR test was used to examine visual recognition
memory. mTBI-challenged mice suffered a significant visual
memory deficit, evidenced by a reduced novel object exploration
time compared to sham mice at both 7 and 30 days
post injury (p < 0.001, Figures 3A,B). This deficit was
substantially ameliorated by either liraglutide or twincretin
treatment (p < 0.01). Importantly, at both 7 and 30 days
post injury in separate cohorts of mice, liraglutide treatment
demonstrated only partial recovery, as compared to controls,
whereas twincretin resulted in full recovery. Notably, twincretin
treated mTBI mice demonstrated significantly higher object
discriminatory preference as compared to liraglutide treated
mice (p < 0.05).

The Y-maze paradigm was implemented to evaluate the
spatial memory. At both time points evaluated, mTBI-challenged
mice experienced spatial memory impairment, as compared to
sham mice (p < 0.001, Figures 3C,D); spending similar times
exploring each arm of the maze. Treatment with either liraglutide
or twincretin fully attenuated this impairment at both times
tested (p < 0.001), with no observed superiority for one or the
other treatments.

Liraglutide or Twincretin Treatment
Reduces mTBI-Induced Neuronal
Degeneration
Assessment of degenerating neurons induced by mTBI was
undertaken immunohistochemically using FJB staining and
a NeuN antibody at 72 h following the injury. Three
different brain areas were evaluated: the temporal cortex,
CA3 region, and the dentate gyrus. FJB is widely used to
label neurons that are undergoing degenerative processes,
since it specifically binds to degenerating neurons. NeuN
antibody is routinely used to detect mature neurons, as it
specifically recognizes the DNA-binding neuron-specific protein
NeuN. A ratio of the degenerating neurons in each area was
determined as: number of cells undergoing degeneration/number
of mature cells (FJB/NeuN). The larger this ratio, the greater
the extent of the neuronal degeneration. mTBI challenge
resulted in a significant elevation in degenerating neurons as
compared to the sham procedure (p < 0.001, Figure 4). This
cellular loss was diffuse and occurred throughout each of
the three evaluated brain regions. Importantly, mTBI-induced
neurodegeneration was both substantially and significantly
mitigated by treatment with either liraglutide or twincretin
(p < 0.001), and the FJB/NeuN ratios from drug-treated
groups were similar to those of controls. There was no
additional therapeutic benefit observed for twincretin compared
to liraglutide treatment.
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FIGURE 2 | mTBI exposure and liraglutide/twincretin treatment do not impact the overall condition of the mice, as assessed in the elevated plus maze at both 7 and
30 days post trauma. Anxiety-like behavior assessment at 7 (A) and 30 (B) days post injury. The time spent in open arms of the maze was recorded and compared
between groups. One-way ANOVA analysis showed that there were no differences between groups and that all groups of mice spent equivalent times in the open
arms at both 7 and 30 days post mTBI [A: F (3,56) = 0.064; NS and B: F (3,51) = 0.374; NS]. Values are mean ± SEM. Locomotor activity at 7 (C) and 30 (D) days
post injury. The number of total entrances to the arms of the maze was recorded and compared between groups. One-way ANOVA analysis demonstrated that there
were no differences between the groups and all groups of mice had an approximately equal number of entrances to the arms at both 7 and 30 days post mTBI [C:
F (3,56) = 0.830; NS, and D: F (3,51) = 0.218; NS]. Values are mean ± SEM.

Liraglutide/Twincretin Treatment
Mitigates mTBI-Induced
Neuroinflammation by Reducing
Activated Microglial Expression, but
Does Not Impact Astrogliosis
Evaluation of neuroinflammatory processes occurring
subsequent to mTBI exposure was obtained by
immunohistochemical staining using two different antibodies;
GFAP labels reactive astrocytes and Iba-1 labels microglia.
These were likewise studied across three different brain regions:
temporal cortex, CA3 region, and the dentate gyrus, 72 h
post injury. Increases in the expression and activation of
astrocytes and microglia, together with acute upregulation of
proinflammatory cytokines such as interleukin (IL)-1β, tumor
necrosis factor (TNF)-α, and IL-6 (Patterson and Holahan,
2012), are key components in injury processes evident following
mTBI. mTBI exposure induced a significant elevation in astrocyte
and microglial reactivity within all three brain regions examined
(p < 0.01 and p < 0.05, respectively, Figures 5, 6). Treatment

with neither liraglutide nor twincretin affected the mTBI-
induced elevation in GFAP expression (Figure 5). However, both
treatments equally reduced Iba-1 elevated immunoreactivity
caused by mTBI challenge (p < 0.05, Figure 6).

mTBI Induction Causes a Reduction in
PKA Expression in the Ipsilateral Cortex
but Does Not Affect PI3K Levels
To assess the effect of mTBI on the levels of neuroprotective
proteins downstream to activation of GLP-1/GIP receptors,
Western blot analysis was performed to quantify the levels of
the phosphorylated form of PKA and PI3K in a time-dependent
manner (1, 24, 48, and 72 h and 1 week post trauma) in
four different brain regions: ipsilateral (right)/contralateral (left)
cortex, and ipsilateral/contralateral hippocampus. Following
activation of GLP-1R/GIPR, activated PKA is involved in the
cAMP/PKA/CREB signaling pathway, whereas activated PI3K is
involved in the PI3K/AKT pathway (Li et al., 2010b; Kim et al.,
2017; Athauda and Foltynie, 2018). Both pathways promote cell
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FIGURE 3 | Liraglutide and twincretin treatments lead to improvement in mTBI-induced cognitive impairments at both 7 and 30 days post trauma. Visual memory
was assessed using the novel object recognition (NOR) paradigm at 7 days (A) and 30 days (B) post injury. Preference index was used to represent the relative time
that animals spend exploring a novel object compared to a familiar one, which reflects visual memory. One-way ANOVA test followed by Fisher’s LSD post hoc
analysis revealed that the preference index of mTBI group was significantly lower than all other groups at both time points [A: F (3,60) = 17.135; p < 0.001 and B:
F (3,47) = 23.22; p < 0.001, ∗∗p < 0.01, ∗∗∗p < 0.001). The preference index of the liraglutide treated group was significantly lower than sham and twincretin treated
group at 7 days (#p < 0.05 vs. sham and §p < 0.05 vs. mTBI + liraglutide), while only lower than twincretin treated group at 30 days (§p < 0.05 vs.
mTBI + liraglutide). Values are mean ± SEM. Spatial memory was evaluated using the Y-maze paradigm at 7 (C) and 30 days (D) post injury. Preference index was
used to represent the relative time that animals spent exploring a novel arm of the maze compared to a familiar one, reflecting spatial memory. One-way ANOVA
followed by Fisher’s LSD post hoc analysis revealed that the preference index of mTBI group was significantly lower than all other groups at both time points [C:
F (3,75) = 15.851; p < 0.001 and D: F (3,61) = 9.811; p < 0.001, ∗∗∗p < 0.001]. Treatment with either liraglutide or twincretin led to similar normalization. Values are
mean ± SEM.

survival as well as neurite outgrowth, memory formation, and
inhibition of apoptosis. mTBI challenge resulted in reduced levels
of p-PKA in the ipsilateral cortex evident between 24 h to 1 week
post mTBI (24–48 h: p < 0.001, 72 h–1 week: p < 0.05), whereas
all other brain regions remained unaffected [Figure 7 (please
note that in Figure 7F, sample no. 2 of the original membrane
was cropped from the image, as noted in the figure legend)]. In
contrast, mTBI did not significantly alter PI3K phosphorylation
levels across any of the brain regions (Figure 8).

Liraglutide/Twincretin Treatment
Attenuates mTBI-Induced Decline in
p-PKA Expression in the Ipsilateral
Cortex
As mTBI induced a significant change in expression of
only p-PKA in ipsilateral cortex (Figure 7A), the effect
of liraglutide or twincretin on p-PKA in this area was

assessed at the most affected time point: 48 h. Treatment
with either liraglutide or twincretin rescued the significant
reduction in p-PKA expression 48 h following mTBI
induction in the ipsilateral cortex (p < 0.01, Figure 9,
please note that the order of the samples is not as in the
original image of the membrane). Both treatments had
similar efficacy.

DISCUSSION

The present study proposes a potential therapeutic strategy to
treat mTBI sequalae. Incretin analogs have successfully been used
to treat T2DM for many years and are well tolerated. In addition
to their insulinotropic actions, incretins promote pancreatic
β-cell proliferation and inhibit apoptotic processes in these cells
(Baggio and Drucker, 2007; Seino et al., 2010). These protective
and trophic effects, along with enhanced memory formation,
are evident in the brain (Perry et al., 2002; During et al., 2003;
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FIGURE 4 | Liraglutide and twincretin treatments mitigate mTBI-induced neurodegeneration, 72 h post trauma. Graphs showing the quantification of degenerating
neurons as the ratio of FJB/NeuN in the temporal cortex (A), CA3 region (B), and the dentate gyrus (C). One-way ANOVA test followed by Fisher’s LSD post hoc
analysis demonstrated that mTBI induction led to significant elevation in the ratio of degenerating neurons compared to sham tissues in all regions tested [A:
F (3,16) = 26.695; p < 0.001, B: F (3,16) = 48.130; p < 0.001, and C: F (3,15) = 73.021; p < 0.001, ∗∗∗p < 0.001]. Treatment with either liraglutide or twincretin
caused a significantly lower FJB/NeuN ratio compared to mTBI (∗∗∗p < 0.001), suggesting a reduction in the development of neurodegeneration following the injury.
Values are mean ± SEM. (D) Representative images of immunohistochemical staining in the dentate gyrus are presented. NeuN positive cells are shown in red and
FJB positive cells are shown in green; merged images show the overlap of FJB/NeuN positive cells. The scale bars are 50 µm.

Nyberg et al., 2005; Li et al., 2009, 2010b; Paratore et al.,
2011) since incretins cross the blood–brain barrier (BBB) and
their receptors are expressed on neurons throughout the brain
(Hamilton and Holscher, 2009; Figueiredo et al., 2011; Spielman
et al., 2017). Numerous preclinical studies have emphasized
the neuroprotective and neurotrophic actions of incretins and
analogs in different rodent models of neurological disorders and
neurodegenerative diseases, in which incretin mimetics enhanced
memory and learning, promoted neuronal survival, induced
neurogenesis, and inhibited neuroinflammation (Perry et al.,
2007; Bertilsson et al., 2008; Li et al., 2009, 2016; Holscher
and Li, 2010; McClean et al., 2011; Faivre and Holscher, 2013;
Kim et al., 2017). Since findings from these preclinical studies
were promising, GLP-1 analogs are now being investigated in
humans in clinical trials for treatment of Alzheimer’s disease
(Egefjord et al., 2012; Gejl et al., 2016) and Parkinson’s disease
(Aviles-Olmos et al., 2013; Athauda et al., 2017, 2019). While
several pharmacological treatments besides incretin analogs have
been identified for these neurodegenerative diseases, TBI lacks

any evidence-based treatment (Levin and Diaz-Arrastia, 2015).
Therefore, investigation for a potential therapy that may alleviate
the cognitive, behavioral, and emotional deficits occurring after
TBI is important.

The pathophysiology of mTBI is complex and characterized
especially by neuronal cell death and axonal damage induced
primarily by the direct physical impact itself and secondarily by
oxidative stress, neuroinflammation, mitochondrial dysfunction,
DNA damage, and other pathological processes (Maas et al.,
2008; Choe, 2016; McInnes et al., 2017). Since incretins have the
capability to intervene in more than one of these pathological
events (Perry et al., 2002; Nyberg et al., 2005; Iwai et al., 2006;
Li et al., 2010b; Paratore et al., 2011; Yu et al., 2016; Verma
et al., 2017), incretin mimetics have the potential to serve as
neuroprotective agents following mTBI.

Our previous studies focused on the effects of several clinically
relevant incretin analogs on mTBI-induced impairments in
cellular and rodent mTBI models following administration of
clinically translatable doses (Glotfelty et al., 2019). Specifically,
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FIGURE 5 | Liraglutide and twincretin treatments do not affect the mTBI-induced elevation in reactive astrocyte expression, 72 h post trauma. Graphs presenting
quantification of the total surface labeled with GFAP in the temporal cortex (A), CA3 region (B), and the dentate gyrus (C). One-way ANOVA followed by Fisher’s LSD
post hoc analysis revealed that mTBI induction resulted in a significant elevation in GFAP expressing cells compared to sham tissues in all regions tested [A:
F (3,14) = 3.917; p < 0.05, B: F (3,15) = 3.785; p < 0.05, and C: F (3,15) = 4.178; p < 0.05, ∗∗p < 0.01]. Treatment with neither liraglutide nor twincretin affected this
elevation as compared to mTBI. Liraglutide treatment following mTBI did not prevent the elevation in GFAP expression as compared to sham mice in the CA3 region
(∗p < 0.05); GFAP expression in the twincretin treatment group was significantly higher than control in all three regions (∗p < 0.05). Values are mean ± SEM.
(D) Representative images of immunohistochemical staining in the CA3 region are presented. GFAP positive cells are shown in red and DAPI positive cells are shown
in blue. The scale bars are 75 µm.

we demonstrated the efficacy of exendin-4 (a GLP-1 analog),
liraglutide (a long acting GLP-1 analog), twincretin (a dual GLP-
1/GIP analog), and PT302 (a sustained release formulation of the
GLP-1 analog Exanatide) to mitigate cellular damage associated
with mTBI pathologies such as oxidative stress, glutamate
induced toxicity, and apoptotic cell death. Moreover, these agents
were successful in ameliorating the cognitive deficits evident
following exposure to mTBI in mice (Rachmany et al., 2013; Li
et al., 2015; Tamargo et al., 2017; Bader et al., 2019; Glotfelty
et al., 2019) and other mTBI-induced brain pathologies such as
neurodegeneration and neuroinflammation (Bader et al., 2019).

In the current study, we aimed for a more comprehensive
and comparative evaluation of the potential benefit of enhancing
incretin activity in the brain on mTBI-induced cognitive, cellular,
and molecular impairments. To this end, we examined whether
liraglutide and twincretin could be used as neuroprotective agents

in a preclinical mTBI mouse model. In addition, we sought
to assess whether there was a therapeutic advantage in jointly
activating the two incretin receptors by twincretin vs. single GLP-
1R activation by liraglutide. Liraglutide is an FDA approved
treatment for T2DM, whereas twincretin is under investigation
in ongoing clinical trials to treat T2DM (Finan et al., 2013; Frias
et al., 2017; Portron et al., 2017; Schmitt et al., 2017).

Mice were exposed to mTBI using our well-characterized
closed-head weight drop model that mimics key mTBI symptoms
and pathologies in humans (Zohar et al., 2003; Milman et al.,
2005), and post injury were administered either liraglutide at
a translatable dose to humans [247.6 µg/kg: equivalent to a
1.8 mg dose in a human of approximately 88.8 kg weight (the
mean weight of a male American (U.S. Department of Health
and Human Services et al., 2016)], following normalization to
body surface area across species in line with FDA guideline
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FIGURE 6 | Liraglutide and twincretin treatments reduce the mTBI-induced elevation in activated microglia expression, 72 h post trauma. Graphs presenting
quantification of the total surface labeled with Iba-1 in the temporal cortex (A), CA3 region (B), and the dentate gyrus (C). One-way ANOVA followed by Fisher’s LSD
post hoc analysis demonstrated that mTBI induction led to a significant elevation in Iba-1 expressing cells compared to sham tissues in all regions tested [A:
F (3,14) = 5.117; p < 0.05, B: F (3,14) = 4.060; p < 0.05, and C: F (3,14) = 11.102; p < 0.01, ∗p < 0.05 in the cortex and CA3 and ∗∗p < 0.01 in the dentate gyrus].
Treatment with either liraglutide or twincretin following mTBI induction attenuated this elevation as compared to mTBI with no treatment. Values are mean ± SEM.
(D) Representative images of immunohistochemical staining in the temporal cortex are presented. Iba-1 positive cells are shown in green and DAPI positive cells are
shown in blue. The scale bars are 75 µm.

[U.S. Department of Health and Human Services Food and
Drug Administration 2005 (U.S. Department of Health and
Human Services et al., 2005)] or twincretin in a previously
used efficacious dose in rodent models (50 µg/kg; Finan et al.,
2013; Tamargo et al., 2017) by s.c. injections once a day for 7
consecutive days. Subsequently, mice were assessed behaviorally
and cognitively, and brains of different mice cohorts were used
for immunohistochemical staining and Western blot evaluations.

Mild TBI impairment in cognitive abilities was manifested
in the NOR and Y-maze paradigms at both 7 and 30 days
post mTBI (evaluated in separate cohorts of mice for each
time point). Importantly, treatment with either liraglutide
or twincretin protected against these short and longer term
cognitive impairments, without impacting measures of anxiety
or locomotor activity. Reports in the literature indicate
that some TBI models can induce anxiety-like behavior

(Washington et al., 2012), and there are accounts of anti-
anxiety and antidepressant effects among GLP-1 and its analogs
(Isacson et al., 2011; Anderberg et al., 2016). We avoided
anxiety symptoms following the injury by using short-term
anesthesia at the time of the TBI impact induction, to
ensure that animals were unaware of the procedure. Hence,
untoward actions on either anxiety or motor activity cannot be
considered confounds when evaluating liraglutide and twincretin
mitigation of mTBI-induced cognitive impairments, and these
positive actions are in line with prior reports regarding the
cognitive alleviation provided by incretin analogs following
an mTBI challenge (Rachmany et al., 2013; Li et al., 2015;
Tamargo et al., 2017; Bader et al., 2019; Glotfelty et al.,
2019), as well as in Alzheimer’s disease models (Faivre
and Holscher, 2013; Shi et al., 2017; Batista et al., 2018;
Glotfelty et al., 2019).
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FIGURE 7 | mTBI results in a decline in p-PKA levels in ipsilateral cortex. Graphs presenting p-PKA expression in ipsilateral/right (A) and contralateral/left (C) cortex
and ipsilateral (E) and contralateral (G) hippocampus in sham and 1 h to 1 week following mTBI. One-way ANOVA followed by Fisher’s LSD post hoc analysis
revealed a significant reduction in p-PKA expression in cortex right 24 h to 1 week following mTBI [A: F (5,36) = 12.060; p < 0.001, ∗∗∗p < 0.001 sham vs. 24, 48 h
and ∗p < 0.05 sham vs. 72 h, 1 w], ##p < 0.01, ###p < 0.001 mTBI 1 h vs. mTBI 24 h and vs. 48 h, respectively, when the maximal reduction present in 48 h was
followed by an elevation in the levels of PKA (72 h–1 week, §p < 0.05 vs. 48 h). Blots from all other regions remained unchanged by the injury [C: F (5,36) = 0.809;
NS, E: F (5,36) = 0.585; NS, G: F (5,35) = 1.373; NS]. Values are mean ± SEM. (B,D,F,H) Representative images of gel electrophoresis followed by immunoblot
analysis using antibodies against p-PKA and α-tubulin in ipsilateral cortex, contralateral cortex, ipsilateral hippocampus, and contralateral hippocampus, respectively.
A crop of the original image was performed in 7F at loading site number 2 of the gel due to an abnormal value of a control sample that was therefore excluded from
the statistical analysis.

In the NOR paradigm, treatment with twincretin, notably,
resulted in significantly greater improvement in visual memory
over that achieved by liraglutide, which likely is due to activation
of both GLP-1R and GIPR, in contrast to liraglutide activation
of GLP-1R alone. Several studies comparing the efficacy of dual
GLP-1R/GIPR vs. a GLP-1R agonist across various pathologies,
likewise, demonstrated a therapeutic advantage for the dual
agonist. This was observed in diabetic (Finan et al., 2013),
Parkinson’s disease (Yuan et al., 2017), and ischemia (Han et al.,
2016) models. In these prior studies, the same doses of the two

substances were evaluated. In our study, however, the twincretin
dose appraised (50 µg/kg) was, of note, some fivefold lower than
liraglutide (247.6 µg/kg). Similarly, in the Y-maze paradigm in
which an equal mitigation of mTBI-induced spatial memory loss
was achieved with the two incretin mimetics, twincretin achieved
this at one-fifth of the dose of liraglutide.

Our preliminary, dose-finding studies with twincretin in
cellular and animal models demonstrated its greater potency over
a single GLP-1R agonist at equimolar doses, and supported the
evaluation of the selected twincretin 50 µg/kg dose (as opposed

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 January 2020 | Volume 7 | Article 35656

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00356 December 23, 2019 Time: 16:44 # 13

Bader et al. Incretin Mimetics for Taumatic Brain Injury

FIGURE 8 | mTBI challenge does not affect the p-PI3K levels in the cortex and hippocampus. Graphs showing p-PI3K expression in ipsilateral/right (A) and
contralateral/left (C) cortex and ipsilateral (E) and contralateral (G) hippocampus in sham and 1 h to 1 week following mTBI. One-way ANOVA analysis showed no
significant differences between the groups in all brain regions, indicating that mTBI induction does not affect the p-PI3K levels at the times tested [A: F (5,24) = 0.538;
NS, C: F (5,24) = 0.365; NS, E: F (5,24) = 1.236; NS, G: F (5,23) = 0.813; NS]. Values are mean ± SEM. (B,D,F,H) Representative images of gel electrophoresis
followed by immunoblot analysis using antibodies against p-PI3K and α-tubulin in ipsilateral cortex, contralateral cortex, ipsilateral hippocampus, and contralateral
hippocampus, respectively.

to the 247.6 µg/kg dose), as the former appeared to be at the
top end of the linear portion of the dose–response curve. In this
context, twincretin provides a potential advantage in terms of
potency over liraglutide, as in ongoing clinical trials twincretin
(also known as RG7697 and NNC 0090-2746; Frias et al., 2017;
Portron et al., 2017; Schmitt et al., 2017) is currently being
evaluated at a dose of 1.8 mg, and appears to be well tolerated and
efficacious. As noted, the clinically approved dose of liraglutide
is also 1.8 mg in T2DM (i.e., 247.6 µg/kg in a mouse). Hence,
in synopsis, a fivefold lower dose of twincretin provided similar
or greater activity across outcome measures, as compared to a
clinically translatable dose of liraglutide.

A caveat of our study is that we were unable to evaluate
twincretin in comparison to a clinically translatable dose of a

single GIPR agonist. Whereas single GIPR agonists are available
as pharmacological tools and several are long-acting (Glotfelty
et al., 2019), none have translated into humans and hence no
information is available as to a clinically translatable dose to
support a comparative evaluation. Our prior studies evaluating
a constant infusion of GIP in moderate TBI to overcome its rapid
disappearance, demonstrated its ability to mitigate impairments
when plasma GIP levels were raised by 2.2-fold (Yu et al.,
2016). This prior study suggests that a relatively modest elevation
in the level of an incretin can provide a biologically relevant
effect, which is important in the light of the relatively small
but quantifiable amount that enters the brain following systemic
administration of incretin mimetic: with CSF levels achieving
some 2% of plasma levels (Bader et al., 2019).
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FIGURE 9 | Liraglutide and twincretin treatments block mTBI-induced
reduction in p-PKA expression in the ipsilateral cortex. (A) Graph showing the
p-PKA expression levels in ipsilateral/right cortex 48 h following mTBI.
One-way ANOVA followed by Fisher’s LSD post hoc analysis revealed a
significant reduction in p-PKA expression in ipsilateral injured cortex 48 h
following mTBI as compared to sham [F (5,28) = 12.603; p < 0.001,
∗∗p < 0.01]. Treatment with either liraglutide or twincretin reduced the decline
observed in mTBI affected brains (∗∗p < 0.01, respectively). Values are
mean ± SEM. (B) Representative images of gel electrophoresis followed by
immunoblot analysis using antibodies against p-PKA and α-tubulin in the
ipsilateral cortex. A crop of the original image was performed, and sample
number 3 was replaced by sample number 8, since the sample of
mTBI + liraglutide was on loading site number 8 of the gel.

To gain a more thorough understanding of the causes
of the cognitive impairments observed following mTBI, we
examined select cellular changes in cortex and hippocampal
regions associated with brain injury by performing
immunohistochemical staining at 72 h post mTBI induction. This
time point was chosen based on previous studies demonstrating
that a number of biochemical changes are both evident and
plateau at 72 h following mTBI (Tashlykov et al., 2007; Israelsson
et al., 2009; Rubovitch et al., 2010). A significant elevation in
neurodegenerative markers was observed across all regions
evaluated. Treatment with each of the incretin analogs fully
mitigated this. These results are in accord with elevations in
neurodegenerative processes that occur following blast-mTBI
and their amelioration by a clinically translatable dose of the
GLP-1R agonist exendin-4 (Tweedie et al., 2016b). Moreover,
a sustained-release formulation of exenatide (PT302) similarly
prevented the elevation in neurodegenerative processes and

prolonged neuronal loss following injury exposure in the same
mTBI-model as in the present study (Bader et al., 2019).

We previously reported that our mTBI model, in line
with other studies, induces key neuroinflammatory changes,
including elevations in astrocyte and microglial expression, pro-
inflammatory cytokine TNF-α levels, and expression of genes
involved in inflammatory processes in several regions of the
brain (Baratz et al., 2015; Tweedie et al., 2016a; Bader et al.,
2019). In the current study, treatment with either liraglutide
or twincretin reduced elevated microglial reactivity but failed
to mitigate astrocyte changes, which is interesting in the light
of recent studies suggesting that neurodegenerative processes
triggered by neuroinflammation and the activation of microglia
are mediated via A1 activated astrocytes (Liddelow et al., 2017;
Yun et al., 2018). An increasing number of studies suggest
that GLP-1R activation provides anti-inflammatory action, which
our study supports. When evaluating these parameters at later
time points, other studies have reported that incretin mimetics
reduced elevated astrocyte expression in addition to microglial
expression after 7–14 days of treatment (Yu et al., 2016; Barreto-
Vianna et al., 2017; Yuan et al., 2017). One explanation for this
difference, vs. our study, could be that the effect of these drugs on
astrocytes occurs at a delayed time point compared to their effect
on microglia, which was observed at 72 h following treatment
initiation herein. Moreover, the GLP1R is highly expressed on
microglia, in comparison to its expression on neurons and
astrocytes (Iwai et al., 2006; Yun et al., 2018). Microglia have also
been reported to generate and secrete GLP-1 (Kim et al., 2009;
Kappe et al., 2012), and prior studies have demonstrated that
GLP-1R agonists inhibit the activation of microglia in cellular
studies following LPS stimulation and in vivo in response to
numerous types of injury (Kim et al., 2009, 2017; Li et al., 2012;
Gullo et al., 2017; Athauda and Foltynie, 2018; Wu et al., 2018;
Yun et al., 2018). This results in a decline in the production of
proinflammatory cytokines such as TNF-α and, as found in our
study, a reduction in Iba-1 staining [as Iba-1 is a pan-microglial
marker whose expression increases with microglial activation
(Hopperton et al., 2018)].

Finally, to understand how our mTBI model and incretin
analogs regulate neuroprotective protein expression, we
examined the levels of PKA and PI3K phosphorylation in the
cortex and hippocampus by Western blot. Contrary to the
cellular pathways that incretins activate in the pancreas, those
activated in brain remain to be fully characterized (Glotfelty
et al., 2019). Multiple studies have proposed signaling pathways
downstream to GLP-1R or GIPR activation in neurons (Perry
and Greig, 2003; Li et al., 2010b; Holscher, 2014; McGrath et al.,
2015; Kim et al., 2017; Athauda and Foltynie, 2018; Verma et al.,
2018). In general, stimulation of either incretin receptors leads
to the activation of the cAMP/PKA/CREB pathway that induces
neuroprotection, inhibits apoptosis, regulates expression of genes
that promote cell survival, and enhances memory formation
(Glotfelty et al., 2019). This pathway also appears involved in
GLP-1R mediated anti-inflammation (Wu et al., 2018). Agonist
binding to the incretin receptors also activates the PI3K protein,
which triggers several intracellular pathways involving the PKC,
AKT/PKB, and MAPK proteins that ultimately promote cell
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proliferation and regulate expression of genes interfering with
apoptotic processes (Perry and Greig, 2003; Holscher, 2014;
McGrath et al., 2015; Kim et al., 2017; Athauda and Foltynie,
2018; Verma et al., 2018).

In our model, mTBI induction did not affect p-PI3K levels.
Previous studies investigating the effects of mTBI on proteins
involved in the PI3K/AKT signaling pathway demonstrated
inconsistent findings; some reports showed a decline in the
activation of the PI3K/AKT pathway following mTBI (Chen
et al., 2012; Shen et al., 2017); others showed an upregulation
of this pathway (Rubovitch et al., 2010; Wang et al., 2017) and
still others showed non-significant effects (Gao et al., 2016).
Differences in the activation of this pathway following mTBI
are apparently model-, time-, and region-dependent. However,
p-PKA levels were decreased following mTBI exposure, which is
consistent with previous findings showing downregulation in the
cAMP/PKA/CREB pathway following mTBI (Atkins et al., 2009;
Wang et al., 2018). Finally, treatment with each of liraglutide
and twincretin resulted in attenuation in the mTBI-induced
reduced expression of p-PKA. This likely contributes to the
manifested neuroprotective effects of liraglutide and twincretin.
Our previous work on neuronal cells in vitro demonstrated that
incretin analogs activate adenylyl cyclase, increase production of
cAMP, and also activate CREB (Li et al., 2010a,b, 2015; Tamargo
et al., 2017; Glotfelty et al., 2019), with twincretin having a
particularly potent action (Tamargo et al., 2017).

CONCLUSION

Liraglutide and twincretin effectively prevented cognitive
impairments and secondary damages induced by mTBI in
mice. Although these two incretin mimetics similarly and fully
inhibited these deficits in the majority of our evaluations, there
appeared to be a potency advantage for twincretin, as similar
or greater actions were achieved at a fivefold lower dose than
liraglutide (50 and 247.6 µg/kg, respectively). By contrast, in
humans, both drugs are administered at the same dose (1.8 mg)
(Frias et al., 2017). Future studies within our collaborative
group are focused to investigate the neuroprotective effects of
liraglutide, twincretin and related analogs across a range of
doses in order to obtain a dose–response analysis to allow a
more comprehensive comparison between incretin mimetics and
inform the optimal conditions for a human mTBI clinical trial.
The consistent efficacy of clinically translatable doses of incretin

mimetics mitigating neurodegenerative, neuroinflammatory, and
behavioral outcome measures across preclinical TBI models
(Glotfelty et al., 2019) is reinforced by the current study, and
provides yet further support for the selection of an incretin
mimetic to evaluate this treatment strategy in humans.
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Mounting evidence indicates that the presence of cardiovascular disease (CVD) and
risk factors elevates the incidence of cognitive impairment (CI) and dementia. CVD
and associated decline in cardiovascular function can impair cerebral blood flow
(CBF) regulation, leading to the disruption of oxygen and nutrient supply in the brain
where limited intracellular energy storage capacity critically depends on CBF to sustain
proper neuronal functioning. During hypertension and acute as well as chronic CVD,
cerebral hypoperfusion and impaired cerebrovascular function are often associated
with neurodegeneration and can lead to CI and dementia. Currently, all forms of
neurodegeneration associated to CVD lack effective treatments, which highlights the
need to better understand specific mechanisms linking cerebrovascular dysfunction and
CBF deficits to neurodegeneration. In this review, we discuss vascular targets that have
already shown attenuation of neurodegeneration or CI associated to hypertension, heart
failure (HF) and stroke by improving cerebrovascular function or CBF deficits.

Keywords: cerebral blood flow, cerebrovascular function, hypertension, heart failure, stroke

INTRODUCTION

The cerebral circulation plays a critical role in matching nutrient and oxygen supply to neuronal
activity and thus, is intimately linked to proper brain function (Iadecola, 2013, 2017; Wolters
et al., 2017; Leeuwis et al., 2018). However, it appears to have been long under-recognized in
the field of neurodegenerative research despite mounting evidence that associates also classical
neurodegenerative diseases, such as Alzheimer’s disease and Parkinson’s disease, to impairments in
cerebrovascular structure and function (Freitag et al., 2006; Kovacs et al., 2014; Bos et al., 2017). We
have come a long way, and focus has shifted to include the vascular origins of neurodegeneration
(Iadecola, 2013; Castillo et al., 2019).

In recent years, it came apparent that during cardiovascular disease (CVD), the most prevalent
disease burden worldwide (GBD 2017 Causes of Death Collaborators, 2018), structural and
functional impairments of the cerebral circulation majorly contribute to the development of
neurodegeneration and cognitive impairment (CI) (Kuller et al., 2005; Jefferson et al., 2010;
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Gorelick et al., 2011; Haring et al., 2013; Takeda et al.,
2019). Cerebrovascular alterations, ranging from endothelial
dysfunction, vascular remodeling and inflammation to
capillary rarefaction, blood-brain-barrier (BBB) damage
and neurovascular uncoupling promote neurodegeneration
in CVD (Iadecola, 2013, 2017) and have also been associated
to the pathogenesis of Alzheimer’s disease (Carnevale et al.,
2016). Precise mechanisms underlying neurodegenerative
processes and CI in CVD are reviewed in detail elsewhere
(Iadecola, 2013; O’Brien and Thomas, 2015; Castillo et al., 2019),
but it is generally considered that such cerebromicrovascular
alterations contribute to a decline in cerebral blood flow
(CBF) that reduces metabolic support for neural signaling,
thereby exacerbating neuronal dysfunction (Iadecola, 2013).
Strong epidemiological and experimental evidence suggest
an exacerbation of cognitive dysfunction during hypertension
and heart failure (HF) (Jefferson et al., 2010; Gorelick et al.,
2011). Thus, controlling cardiovascular risk factors has become
increasingly important not only in the prevention of deleterious
acute consequences (i.e., stroke), but also for reducing the risk of
developing CVD-associated neurodegeneration that may lead to
the development of CI and dementia (Sprint Mind Investigators
for the Sprint Research Group, Williamson et al., 2019). Although
the association between CVD and increased dementia risk is well
established (Kuller et al., 2005; Jefferson et al., 2010; Gorelick
et al., 2011; Haring et al., 2013), it is still unclear if treatments
would reverse already established CI. Because of its intimate
link to neuronal function, targeting the cerebral vasculature to
improve CBF has yielded some promising results in respect to
neuro-regenerative processes (Meissner et al., 2012; Lidington
et al., 2019). This article summarizes vascular targets that
have shown to attenuate neuronal degeneration or cognitive
function associated to hypertension, HF and stroke by improving
cerebrovascular function or CBF deficits. For this purpose, we
mainly included studies in this review that discussed mechanisms
related to cerebrovascular function or CBF regulation, which
showed improvements of vascular function and/or a mitigation
of neurodegeneration (e.g., impairment of neuronal structure,
memory function, neurological function) after targeting these
mechanisms. We apologize to all researchers whose work is only
indirectly mentioned through review article citations.

TARGETING CEREBROVASCULAR
MECHANISMS TO IMPROVE CBF AND
ATTENUATE NEURODEGENERATION
DURING HYPERTENSION AND
CARDIOVASCULAR DISEASE

Hypertension
Chronic hypertension is the most prevalent cardiovascular
disorder and the leading cause of cardiovascular and
cerebrovascular morbidity and mortality worldwide (Drozdz
and Kawecka-Jaszcz, 2014; Ibekwe, 2015). It is one of the most
important modifiable risk factors for stroke and HF (Ibekwe,
2015), and has also been associated to the pathogenesis of

Alzheimer’s disease (Carnevale et al., 2016). Hypertension alters
the morphology as well as the function of cerebral vessels (Joutel
et al., 2010; Meissner, 2016; Meissner et al., 2017), however,
our knowledge about its effects on neurovascular coupling and
hypertension-induced molecular changes in the different cell
types of the neurovascular unit is still very fragmented.

Angiotensin II (AngII), the primary effector hormone
of the renin angiotensin system (RAS), is considered the
main contributor to impairments of neurovascular coupling
independent of blood pressure (Kazama et al., 2004). It is
suggested that vascular and glial cells, but not neurons, drive the
changes in neurovascular coupling in response to AngII (Kazama
et al., 2004; Capone et al., 2011). In the group of hypertensive
drugs, angiotensin II receptor type 1 (AT1R) antagonists have
been shown to prevent a decline in CBF in elderly hypertensive
patients (Bloch et al., 2015) by potentially counteracting
cerebrovascular dysfunction and local reactive oxygen species
(ROS) production. Interestingly, treatment with Ang-(1-7),
which are opposing many AngII effects on AT1R, lowered
AngII levels in spontaneously hypertensive rats (SHR) and
most interestingly, associated to decreased neuronal apoptosis.
Favorable Ang-(1-7) effects on CBF are thought to result from
effects on bradykinin levels (Lu et al., 2008), nitric oxide (NO)
release, and endothelial NO synthase (NOS) expression (Zhang
et al., 2008), and through Mas receptors (Jiang et al., 2013)
that are thought to be involved in astrocyte-mediated calcium
signaling during hypertension (Guo et al., 2010).

Recent evidence has emerged that statins, cholesterol-
lowering drugs, may be beneficial in hypertension, specifically
for the reversal of cognitive decline (Don-Doncow et al.,
2018). Hypertension-induced BBB impairment was reversed
after atorvastatin treatment, suggesting a novel role for statins
in hypertension-associated brain dysfunction (Kalayci et al.,
2005). Moreover, simvastatin normalized cerebromicrovascular
perfusion and increased cerebral capillary density in SHR
(Freitas et al., 2017). Precise mechanisms underlying these
favorable effects on the cerebral microvasculature are yet to be
determined. Besides affecting cerebromicrovascular perfusion
and BBB stability, statin-mediated anti-inflammatory effects
decreased in both rolling leukocyte presence and leukocyte
adhesion to cerebral endothelial cells (Freitas et al., 2017), which
may hinder leukocyte infiltration into the brain and thus, reduce
neuroinflammation (Don-Doncow et al., 2018). Adverse immune
activation and infiltration is considered a key mechanism in
neurodegeneration associated to hypertension or hypertensive
stimuli (Faraco et al., 2016, 2018; Don-Doncow et al., 2019).
High dietary salt concentrations have been shown to suppress
endothelial function and CBF, resulting in CI by mechanisms
involving an expansion of the Th17 cells in the small intestine
that leads to a systemic increase in IL-17 (Faraco et al., 2018).
By inhibiting the phosphorylation of endothelial NOS and thus,
NO production in cerebral endothelial cells, IL-17 is thought
to contribute to the neurovascular dysfunction and thus, the
development of CI (Faraco et al., 2018). Neuroinflammation
is generally accepted as a key player in the pathophysiology
of hypertension, involving higher oxidative stress levels,
immune activation and recruitment, and BBB impairment
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(Rodriguez-Iturbe et al., 2017). To date, only little is known
about the precise mechanisms linking hypertension-associated
inflammation to cerebrovascular dysfunction or CBF and hence,
its link to neurodegeneration and CI is mostly elusive. A recent
study showed the role of perivascular macrophages (PVMs)
as mediators of hypertension-associated neuronal dysfunction
and memory impairment in response to AngII (Faraco et al.,
2016). The activation of the AT1R on PVMs, which was shown to
induce NADPH oxidase 2 (NOX2)-mediated ROS production,
is not only thought to trigger BBB impairment but also CBF
reduction. Depletion of PVMs as well as PVM-specific AT1R
deletion protected against the development of neurovascular
uncoupling, CBF deficits and memory impairment induced by
hypertension (Faraco et al., 2016). Overexpression of CuZn-
superoxide dismutase in the subfornical organ prevented
hypertension-induced alteration in neurovascular coupling
and endothelium-dependent responses in somatosensory
cortex, confirming an AngII-mediated neurovascular unit
dysfunction during hypertension that involves ROS (Capone
et al., 2012). Despite proven mechanistic involvement, ROS
inhibition or immunomodulation have not yet been evaluated
therapeutically in hypertension-associated neurodegeneration.
Like ROS, many other targets have been identified as mechanisms
linking neurodegeneration and hypertension, but their effective
therapeutic potential to promote neuro-regeneration in the
hypertensive brain is yet to be tested.

Heart Failure
Heart failure-associated morbidity has grown as the frequently
accompanying cognitive decline majorly affects disease outcome,
accelerating disease progression by reducing the ability to execute
self-care activities and treatment compliance (Hajduk et al.,
2013). Epidemiological studies not only showed that the majority
of HF patients develop some form of cognitive decline or memory
loss, but that they develop them earlier in life compared to
the healthy population (Cacciatore et al., 1998; Pressler, 2008;
Pressler et al., 2010; Hajduk et al., 2013; Leto and Feola, 2014;
Meissner et al., 2015). To date, no therapeutic options exist.
Restoring hemodynamic properties and correcting vascular risk
factors seem to be the primary approach in the management of
CI in HF patients. Experimental mouse models emulate several
key features of HF-associated brain complications, including
reduced CBF and compromised neurological function (Meissner
et al., 2015), and are therefore valuable model systems to study
molecular mechanisms underlying neurodegeneration and CI
associated to HF.

In healthy patients, cerebral auto-regulatory mechanisms can
compensate for fluctuations in cardiac output and blood pressure
by lowering cerebrovascular resistance (Paulson et al., 1990;
Willie et al., 2014). During HF, however, increased vascular tone
successes vasodilation that normally counterbalances increased
vasoconstriction (Gruhn et al., 2001; Choi et al., 2006; Yang
et al., 2012). Hence, cerebral autoregulation might not be
able to fully compensate hemodynamic changes, leading to
decreased CBF that may directly translate to structural and
functional alterations in the brain (Yang et al., 2012). Previous
work identified a novel microvascular mechanism by which HF

critically reduces CBF and thus, impairs memory function (i.e.,
tested in a novel object recognition task) in a mouse model
of congestive HF. Here, augmented sphingosine-1-phosphate
(S1P) signaling associates to enhanced myogenic tone that
translates into compromised autoregulation and restricted CBF
(Meissner et al., 2012; Yang et al., 2012). Pharmacological
inhibition as well as genetic deletion of S1P receptor 2
(S1PR2) abolished the HF-induced augmentation of myogenic
tone in isolated posterior cerebral arteries (Yang et al., 2012).
Such augmented cerebrovascular S1PR2 signaling results from
disturbances in S1P homeostasis during HF where an acquired
cystic fibrosis transmembrane regulator (CFTR) dysfunction
critically impairs the cerebrovascular S1P degradation, and hence
increases S1P bioavailability for S1PR2 signaling on vascular
smooth muscle cells (Meissner et al., 2012). Augmented tumor
necrosis factor alpha (TNF-α) signaling in cerebral arteries
was identified as molecular link that not only stimulates S1P
production but also limits S1P degradation by down-regulating
CFTR (Meissner et al., 2012; Yang et al., 2012; Figure 1).
Scavenging TNF-α with Etanercept successfully abolished the
pathological augmentation of cerebrovascular vasoconstriction
in HF and thus, improved cerebral perfusion (Meissner et al.,
2015). As a clinical intervention, however, Etanercept carries
significant unwanted risks associated to its importance in
neuronal function and blood pressure control (Baune et al.,
2008; Kroetsch et al., 2017). Similarly, directly targeting S1P
and its receptors bears considerable disadvantages due to its
pleiotropy and cell-type specific functionality. Thus, correcting
S1P homeostasis by normalizing S1P homeostasis (i.e., through
stabilizing CFTR function) yielded beneficial effects (Lidington
et al., 2019). Pharmacological treatment of HF mice improved
neuronal integrity (i.e., dendritic lengths and spine density) and
memory function through normalizing pathological alterations
in cerebral artery CFTR expression, vascular reactivity, and
CBF (Lidington et al., 2019). Targeting S1P-CFTR signaling,
therefore, may emerge as valuable tool to manage cerebrovascular
dysfunction, impaired cerebral perfusion, and neuronal injury
contributing to HF-associated neurodegeneration and memory
deficits. CFTR therapeutics could have unanticipated, non-
beneficial effects in other tissues by for instance, increasing
CFTR expression above normal levels. Thus, repurposing of
clinically approved CFTR correctors necessitates more rigorous
pre-clinical testing.

Another target of pre-clinical investigation in attempt to
link HF and neurodegeneration is inflammation associated
to CBF deficits. In a mouse model of slowly developing
HF, vascular CI was observed during the early stages of HF
and interestingly, preceded the development of left ventricular
dysfunction (Adamski et al., 2018). Precise non-cardiac-
dependent contributors to such early onset vascular CI still need
to be confirmed. However, platelet hyperactivity, contributing to
BBB impairment and in turn, cerebral endothelial inflammation
and impairment of NO−dependent vasoregulation was put
forward to promote the development of CI and lead to a chronic
manifestation of CBF deficits during advanced HF (Adamski
et al., 2018). Key players involved in this signaling cascade
remain unknown and hence, platelet-targeting therapy as strategy
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FIGURE 1 | Schematic illustration of sphingosine-1-phosphate (S1P) signaling-mediated myogenic tone regulation in vascular smooth muscle cells. (A) Tumor
necrosis factor alpha (TNF-α) stimulates sphingosine kinase 1 (Sphk1)-mediated S1P production in a mitogen activated protein kinase (MAPK)-dependent manner.
S1P is released to the extracellular space, where it activates S1P receptor (S1PR) 2–dependent signaling pathways, leading to vasoconstriction. TNF-α stimulates
the downregulation of the cystic fibrosis transmembrane conductance regulator (CFTR), which transports S1P across the plasma membrane for degradation by S1P
phosphohydrolases (SPP) or S1P lyases (SPL). (B) During heart failure (HF) and hemorrhagic stroke, augmented S1P production by SphK1 and limited S1P
degradation enhance S1PR2-mediated vasoconstriction that leads to reduced cerebral blood flow (CBF) and neurodegeneration. (C) Targeting S1PR2 signaling by
inhibiting S1PR2 or improving S1P degradation by enhancing CFTR expression and activity normalizes myogenic tone and cerebral perfusion. This normalization
associates to reduced neuronal injury. Image created by BioRender.

to reverse neurodegeneration and CI associated to early HF is
yet to be validated. To date, only few studies have investigated
molecular targets to re-establish normal CBF during HF, which
highlights the need for more pre-clinical research efforts to
identify targetable mechanisms with capacity to improve brain
function during HF.

Stroke
Stroke is associated with the highest incidence of severe disability,
of which neurological deficits are reported in 50% of all patients
6 months after a stroke event (Bordet et al., 2017; Merriman
et al., 2018). Ischemic stroke leads to complete blood flow
disruption, resulting in irreversible changes and cell death in
the ischemic core and in parts of the surrounding area, the
so-called penumbra. Reperfusion in the penumbra in the acute
phase after ischemia onset limits the extent of tissue damage
and helps improving functional outcome. It is, therefore, the
main target of acute neuroprotective treatments (Lin et al.,
2013), of which tissue plasminogen activator (tPA) is currently
the only approved medication. The therapeutic window of
tPA, however, is limited to 3–4.5 h post-stroke onset as tPA
administration beyond 4.5 h increases the risk of developing
edema and hemorrhagic transformation that in turn, is associated
with delayed ischemia (Pena et al., 2017). Targeting vascular
function and re-establishing proper CBF has been focus of
many preclinical research efforts and yielded some promising
results that warrant testing in humans (Iwasawa et al., 2018;
Lidington et al., 2019).

The stimulation of angiogenesis via the vascular endothelial
growth factor (VEGF) represents one of the most researched

targets to improve CBF after stroke despite the controversy
regarding its effects. Studies using VEGF treatment post-
stroke revealed a clear importance of administration route and
timing. VEGF injected systematically in the acute post-stroke
phase induces BBB leakage and hemorrhagic transformation
(Abumiya et al., 2005) accompanied by augmented ischemic
lesions. Intravenous injection of human recombinant VEGF
48 h post-stroke on the other hand promoted angiogenesis and
reduced neurological deficit in rats (Zhang et al., 2000). Mice
overexpressing VEGF post-stroke had smaller ischemic volume
and more pronounced new vessel formation, interestingly,
without CBF improvements in the ischemic area or aggravating
effects on the BBB (Wang et al., 2005). In addition to
angiogenesis, the beneficial effect of exogenous VEGF may
also be mediated by its anti-apoptotic and pro-survival effects
in neurons (Sanchez et al., 2010). Accordingly, brain derived
neurotrophic factor (BDNF) was identified as major regulator
of angiogenic processes (Usui et al., 2014) that mediates
its angiogenic effects via a crosstalk with VEGF (Li et al.,
2006). In stroke patients significant lower BDNF levels were
detected, which were positively correlated with poor functional
outcome (Schabitz et al., 2007). Similar to VEGF, exogenous
BDNF administration post-stroke resulted in smaller ischemic
size and significantly improved functional outcome in rat
models by inducing hippocampal neurogenesis and reducing
neuroinflammation in the acute phase of stroke (Schabitz
et al., 2007; Ravina et al., 2018). Its effects on CBF related
to improved stroke outcome, however, are still elusive. Nerve
growth factor (NGF) seems to be similarly linked to VEGF-
mediated pro-angiogenic effects in the ischemic brain. In rodent
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models, intranasal administration of NGF increased VEGF
serum levels, increased microvessel density in the penumbra
region, improved neurological outcome, and reduced ischemic
injury 7 days post-stroke (Li et al., 2018). The beneficial
effects of intranasal application of NGF are currently tested
in a clinical trial in patients after acute ischemic stroke
(ClinicalTrials.gov Identifier: NCT03686163). Although effects
on CBF are warranted for most of these studies, angiogenesis-
boosting therapy to re-establish proper perfusion evolved as
promising therapeutic target in acute stroke therapy. Besides
testing the classical growth factor-mediated therapy approaches
in rodent models, AT1R blockers, which are widely used anti-
hypertensive medications, were re-discovered to show pro-
angiogenic effects after stroke and were reported to increase
CBF in the ipsilateral hemisphere (Ito et al., 2002; Engelhorn
et al., 2004; Alhusban et al., 2013). Similarly, AngII type 2
receptor (AT2R) agonists were shown to result in enhanced
relaxation of basilar arteries and improved CBF after permanent
middle cerebral artery occlusion (Faure et al., 2008). Nonetheless,
the effectiveness of Angiotensin receptor (ATR) treatment is
under debate as LIFE, ACCESS and MOSES trials demonstrated
a decrease in the frequency of stroke after AT1R blockade
(Dahlof et al., 2002; Schrader et al., 2003, 2005), while such
treatment failed to show beneficial effects in other trials
(Sandset et al., 2011).

Similar to cerebrovascular ATR effects, modulation of S1P
receptors has shown beneficial effects on cerebrovascular
function and CBF in experimental stroke. The selective
S1PR1 agonist SEW2871 revealed positive effects on CBF,
potentially resulting from increased diameter of leptomeningeal
collateral vessels and enhanced vasodilatation in leptomeningeal
anastomoses associated with increased phosphorylation of
endothelial NOS in the ipsilateral hemisphere during chronic
cerebral hypoperfusion (Iwasawa et al., 2018). Besides CBF
improvements, researchers also reported an attenuation of infarct
size and an improvement of neurological function assessed
by neuroscoring.

In a model of subarachnoid hemorrhage (SAH), a form
of stroke that originates from a hemorrhage but often
exacerbates through secondary ischemia (van Gijn et al., 2007),
increased cerebrovascular myogenic tone and hence, increased
cerebrovascular resistance and reduced CBF was associated
to augmented S1PR2 signaling in vascular smooth muscle
cells (Yagi et al., 2015). Therapeutic administration of S1PR2
antagonist JTE013 improved cerebrovascular function, reduced
neuronal injury and significantly enhanced neurological function
(i.e., neuroscore reduction). TNF-α inhibition resulted in a
similarly improved functional outcome (Yagi et al., 2015).
TNF-α-induced impairment of cerebrovascular function that
associates to CBF deficits and secondary ischemia during
SAH (Vecchione et al., 2009; Yagi et al., 2015) are thought
to stem from altered S1P signaling as TNF-α alters S1P
degradation, which leaves more S1P available for pro-constrictive
S1PR2 signaling in mural cells (Figure 1). Improving S1P
degradation normalized the perfusion deficits, reduced neuronal
injury, and improved neurological function in this SAH model
(Lidington et al., 2019).

Overall, targeting the cerebral vasculature and improving
vascular function and thus, normalizing CBF post-stroke evolved
as promising path to improve post-stroke recovery. More studies
are needed that evaluate CBF effects of different treatment
strategies in addition to the commonly used assessment criteria
for stroke outcome, such as infarct volume and neuroscore.

OUTLOOK

We have come a long way to appreciate the association
between CVD and cognitive function. Hence, efforts to
preserve and restore cerebrovascular function and integrity
drastically increased. The identification of important drivers of
vasoregulation and thus, CBF is more and more valued to possess
the capacity as therapeutic intervention early in disease processes
to either prevent neurodegeneration or boost neuro-regeneration
not only in CVD but also in classical neurodegenerative
diseases. However, our mechanistic knowledge relating CVD-
associated cerebrovascular dysfunction to neurodegeneration
and potentially CI is still very fragmented, with only few targets
with larger applicability emerging thus far. Particularly, the
modulation of AT1R or S1P signaling has shown promising
effects on cerebrovascular function and CBF and in turn,
neuronal function in different pre-clinical disease models
(Meissner et al., 2012; Yang et al., 2012; Yagi et al., 2015).
Other emerging targets with a wider applicability still warrant
a validation in CVD models. Transcranial infrared brain
stimulation (TIBS) is suggested to stabilize patients with CI
and memory deficits through stimulation of mitochondrial
ATP production in the brain (de la Torre et al., 2019). This
approach may not only counteract reduced energy availability
but also increase CBF through augmenting endothelial NO
production and thereby, limit neuronal degeneration (Uozumi
et al., 2010). Further research is needed to identify unifying
mechanisms that are applicable to several diseases. In light of that,
engagement of different pre-clinical and clinical communities
in concerted efforts is required to successfully answering still
outstanding question.
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Neural repair in injury and disease presents a pressing unmet need in regenerative
medicine. Due to the intrinsically reduced ability of the brain to replace lost and damaged
neurons, reversing long-term cognitive and functional impairments poses a unique
problem. Over the years, advancements in cellular and molecular understanding of
neurogenesis mechanisms coupled with sophistication of biotechnology tools have
transformed neural repair into a cross-disciplinary field that integrates discoveries from
developmental neurobiology, transplantation and tissue engineering to design disease-
and patient-specific remedies aimed at boosting either native rehabilitation or delivering
exogenous hypoimmunogenic interventions. Advances in deciphering the blueprint of
neural ontogenesis and annotation of the human genome has led to the development of
targeted therapeutic opportunities that have the potential of treating the most vulnerable
patient populations and whose findings from benchside suggest looming clinical
translation. This review discusses how findings from studies of adult neurogenesis
have informed development of interventions that target endogenous neural regenerative
machineries and how advances in biotechnology, including the use of new gene-editing
tools, have made possible the development of promising, complex neural transplant-
based strategies. Adopting a multi-pronged strategy that is tailored to underlying neural
pathology and that encompasses facilitation of endogenous regeneration, correction of
patient’s genomic mutations and delivery of transformed neural precursors and mature
disease-relevant neuronal populations to replace injured or lost neural tissue remains no
longer a fantasy.

Keywords: neural stem cells, transplantation, adult neurogenesis, neurological disorders, genome-editing

INTRODUCTION

Contrary to long held belief, adult neurogenesis (AN) is now a well-recognized phenomenon in
mammals. While constitutively active AN is restricted to two forebrain regions, the subgranular
zone (SGZ) of the dentate gyrus (DG) of the hippocampus and the subventricular zone (SVZ) lining
the ventricles, variable degrees of reactive neurogenesis is present in several other brain regions
that is activated in response to injury or disease onset (Jin et al., 2006). Importantly, impairments
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in AN have been linked to a number of neurological and
psychiatric diseases (Hoglinger et al., 2004; Reif et al., 2006),
indicating the value of developing therapies that boost AN
potential of cell replacement in tackling brain dysfunction.

In contrast to mammals, lower vertebrates such as teleost
fish and amphibians (such as axolotl and salamander) have
expanded neurogenic capacities. Unsurprisingly, most of our
understanding of human AN processes continues to be informed
by findings in lower vertebrate models that also display
comparable expression patterns and functions of neurogenic
molecular controls. Intriguingly, some amphibian species display
life-long de-differentiation and trans-differentiation processes
during repair (as seen during retinal and lens regeneration
in newts), phenomenon absent in mammals. Using recently
developed gene-editing toolkits, studies in these species can
provide mechanistic insights into why such phenomenon are
scaled down in mammals and be informative for developing
novel disease relevant cell-replacement strategies.

The remarkable ability of the adult mammalian brain to
functionally integrate new neurons into existing circuitries
(Falkner et al., 2016) combined with the progress in our
understanding of these phenomenon in non-mammalian and
mammalian models has now made possible the development of
therapies that can awaken latent neurogenic programs, direct
resident neuronal fates into cell types of need and replace injured
or diseased neurons in brain regions within and outside that
of DG and SVZ. This review discusses AN in mammalian
and non-mammalian brains, the reparative potential of cell-
based transplant therapy in neurodegenerative diseases and the
therapeutic application of novel gene-editing approaches in the
framework of designing disease- and patient-specific curative
strategies (Figure 1).

ADULT NEUROGENESIS IN THE
MAMMALIAN BRAIN

Evidence of Adult Neurogenesis in
Mammals: A Brief History
Initial anatomical evidence of the existence of AN in mammals
did not arrive until the 1960s when, using thymidine-H3

autoradiographic techniques, Joseph Altman reported evidence
of the formation of newborn neurons in the adult brain (Altman,
1962, 1963; Altman and Das, 1965, 1967). Follow-up electron
microscopic studies extended support to the claim of radio-
labeled cells as being neuronal (Kaplan and Hinds, 1977), still,
a lack of use of definitive neuronal markers to co-label radio-
labeled cells and a failure to replicate this in non-human primates
(Rakic, 1985; Eckenhoff and Rakic, 1988) prevented the field from
reaching consensus.

Almost a decade after Altman’s initial findings, Fernando
Nottebohm, following up on his discovery of sexually dimorphic
and seasonally regulated song-control system in the songbird
(Nottebohm and Arnold, 1976; Nottebohm, 1981), crucially
demonstrated adult-born cells’ neuronal identity and functional
integration into adult circuits (Goldman and Nottebohm, 1983;

Paton and Nottebohm, 1984; Alvarez-Buylla et al., 1990a). Soon
after, the glial nature of NSCs in songbirds was described
(Alvarez-Buylla et al., 1990b), which was followed by similar
observations in the mammalian SVZ (Doetsch et al., 1999) and
hippocampus (Seri et al., 2001, 2004). Later, the isolation of
mitogen-responsive multipotent cells and successful induction
of reactive neurogenesis suggested continuance of prenatal
permissive regenerative programs into the adult mammalian
brain (Reynolds and Weiss, 1992; Lois and Alvarez-Buylla, 1993;
Luskin, 1993; Palmer et al., 1995). Finally, AN in the SVZ and
hippocampus was shown to exist in humans (Eriksson et al., 1998;
Spalding et al., 2013; Ernst et al., 2014).

Adult Neurogenesis in the Sub-Ventricular Zone
Initial characterization of the adult human SVZ by Alvarez-
Buylla et al., reported a ribbon of astrocytes lining the lateral
ventricles with few surrounding proliferating cells (Sanai et al.,
2004). In particular, the human SVZ was reported to lack the
cellular organizational structure and rostral migratory stream
(RMS) characteristics of its rodent counterpart (Figure 1,
legend). A follow-up study by the same group reported
strong expression of immature cell markers and RMS in
the infant human SVZ, both of which sharply declined after
birth (Sanai et al., 2011). In addition, a novel migratory
stream to the cortex was described in the infant brain (Sanai
et al., 2011). In contrast, another group found robust SVZ
proliferation and a RMS containing glial cells, proliferating
cells and neuroblasts organized around a lateral ventricular
extension reaching the olfactory bulb (OB) in the adult
(Curtis et al., 2007; Kam et al., 2009). These disparate adult
human data underscore the importance of applying more
reliable, species-specific progenitor/immature cell markers and
optimizing methodological approaches for identifying NSCs (see
also below). From a therapeutic perspective, the existence of
SVZ neurogenesis in humans could have important implications
for neurodegenerative disorders as neuroblasts were recently
shown to migrate to and differentiate into interneurons in
the striatum (Ernst et al., 2014) [but also see Dennis et al.
(2016)] and carbon-14 birth-dating studies have suggested that
adult-born striatal neurons might be preferentially depleted in
Huntington’s disease (HD) (Ernst et al., 2014). Moreover, in
animals models of PD, stimulation of SVZ precursors has been
shown to rescue dopamine (DA) mediated behaviors (Spalding
et al., 2005; Androutsellis-Theotokis et al., 2009).

Adult Neurogenesis in the Hippocampal Dentate
Gyrus
Whether the adult human hippocampus contains self-renewing
NSCs is a topic of much interest. Eriksson et al. (1998)
initially reported newly generated BrdU-labeled cells in the
human DG that co-expressed neuronal markers. This finding
was corroborated by studies demonstrating the presence of
neural progenitors in surgically excised brain specimens (Roy
et al., 2000; Palmer et al., 2001) and carbon-14 birth-dating
studies that revealed substantial DG neuronal turnover
(Spalding et al., 2013). Recently, Boldrini et al. (2018) also
found preserved DG neurogenesis in individuals 14–79 years
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FIGURE 1 | Adult neurogenesis in mammals and non-mammals. Lessons from non-vertebrate neurogenesis and implications for designing cell-based transplant
therapies. Mammalian SVZ Neurogenesis: Characterization of neurogenesis in the rodent SVZ has revealed the existence of quiescent and active populations of
proliferating cells. While heterogenous populations of NSCs have been described, “type-B” cells maintaining close proximity with the ependymal cell layer include
nestin-expressing populations that asymmetrically divide to form Ascli and Dlx2 expressing “type-C” cells, also called transit-amplifying cells, which then
symmetrically divide to form Dcx-positive type-A neuroblasts. These neuroblasts constitute the rostral migratory stream (RMS) that eventually contributes to OB
peri-glomerular and granule cells. Recent studies have suggested that “type-B” cells are derived from embryonic NSCs that also generate striatal, septal or cortical
neurons and become quiescent between E13.5-15.5 until their activation in adulthood (Fuentealba et al., 2015). Within the OB, granule cells form >95% of the
adult-born population (Winner et al., 2002; Naritsuka et al., 2009; Merkle et al., 2014). Optogenetic activation paired with odor stimulation of adult-born neurons has
been shown to facilitate difficult olfactory discrimination learning, an effect that is absent following photoactivation of early postnatal born neurons (Alonso et al.,
2012). In addition, two photon-targeted recordings from peri-glomerular neurons have revealed that adult-born cells functionally integrate in the OB circuitry and
whose activity is regulated by experience-dependent plasticity (Livneh et al., 2014). Mammalian DG Neurogenesis: Whether the adult mammalian hippocampus
contains self-renewing NSCs or whether the neighboring lateral ventricular niche containing true NSCs maintains neurogenesis in the hippocampus has been
contested (Seaberg and van der Kooy, 2002; Bull and Bartlett, 2005) but several recent studies have documented the presence of self-renewing, multipotent cells
expressing embryonic NSC markers in the DG with fate mapping analysis confirming their stem cell behavior in vivo (Seri et al., 2001; Lagace et al., 2007; Imayoshi
et al., 2008; Lugert et al., 2010; Bonaguidi et al., 2011; Encinas et al., 2011; Urban et al., 2016; Pilz et al., 2018). In the adult hippocampus (DG), SGZ radial glia-like
cells give rise to proliferative non-radial-like populations that differentiate into neuroblasts. Upon differentiation, these neuroblasts develop into granule cells (Pilz
et al., 2018). The embryonic origin of adult precursors in the DG in rodents was recently traced to a common Hopx-positive precursor population that is responsible for

(Continued)
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FIGURE 1 | Continued
generating both developmental and AN, with the precursors not undergoing a lineage specification change during any stage of development (Berg et al., 2019).
Non-mammalian Vertebrates: In contrast to mammals, non-mammalian vertebrates including certain fish and salamander species display a remarkable amount of
neurogenic capacity in the adult. More than a dozen constitutive neurogenic zones have been described in the adult teleost (Grandel et al., 2006; Maruska et al.,
2012), and while constitutive neurogenesis is limited to the forebrain in the newt (Berg et al., 2010) and the forebrain and ventricular zone in the axolotl (Maden et al.,
2013), neuronal loss in these species following injury leads to complete regeneration (Bernardos et al., 2007; Parish et al., 2007; Berg et al., 2010; Skaggs et al.,
2014). This latter capacity is reminiscent of, albeit less efficacious, reparative recruitment of quiescent progenitors found in rodents (Barnabe-Heider et al., 2010;
Sirko et al., 2013; Magnusson et al., 2014). Implications for Designing Brain Repair Strategies: The limited ability of AN in mammals to enable neural repair could be
due to a presence of reduced number of NSCs, available progenitors that maybe fate-restricted or strong inhibitory cues from glia. As mentioned, studies focused on
naturally occurring neurogenic process that are present in lower vertebrates can yield important insights into why those mechanisms are restricted in mammals
(Bhattarai et al., 2016, 2020). Evidence for the presence of evolutionary conserved genes related to regeneration as revealed by recent genome sequencing of
species with enhanced regenerative capacities and the development of techniques that make those species amenable to gene-editing (Howe et al., 2013; Irion et al.,
2014; Elewa et al., 2017; Nowoshilow et al., 2018) has paved the way for in-depth investigation of neurogenic molecular controls and their comparison across
mammals and non-mammalian species to design novel therapies. Created with Biorender.com.

of age, with older individuals having a smaller quiescent
progenitor pool. The existence of lifelong hippocampal AN was
further confirmed in two very recent studies that examined
neurogenesis throughout normal and pathological aging in AD
patients (Moreno-Jimenez et al., 2019) and in individuals with
mild cognitive impairment (Tobin et al., 2019), with findings
suggesting impaired neurogenesis in both conditions. This is
not surprising since an enhanced DG neurogenic capacity has
been linked to reduced susceptibility to cognitive impairments in
patients with AD pathology (Briley et al., 2016) and enhancing
hippocampal neurogenesis improved cognition in an AD mouse
model (Choi et al., 2018). In stark contrast, other groups have
observed a sharp decline in proliferating cells in childhood,
observing only sparse number of proliferating cells in the
adult hippocampus that were of microglia lineage (Dennis
et al., 2016). In addition, Sorrells et al. (2018), using DCX
and PSA-NCAM to label immature neurons, found a sharp
reduction in hippocampal neurogenesis in childhood observing
no new neurons in the adult. Intriguingly, the authors found
that both these markers, which are widely used to identify
neurogenesis in other species, can label mature neurons and
glial cells in humans. Marker expression can depend on tissue
preservation techniques and DCX is known to be sensitive
to postmortem breakdown (Boekhoorn et al., 2006) posing
significant challenges to cross-study comparisons. Future studies
could benefit by allocating efforts to documenting the clinical
profile and mode of death of patients as both these factors can
drastically influence neurogenesis rates. In addition, applying
quality control procedures, including minimizing postmortem
delay, optimizing brain fixation methods to preserve neuronal
morphology and marker expression, standardization of protocols
for identification of neurogenic neurons and examination of gene
expression patterns, along with development of more specific
markers of neurogenic neurons in humans may be beneficial.

Adult Neurogenesis in the
Non-mammalian Brain: Similarities to
Adult Mammalian Neurogenesis
Several similarities exist between mammalian and non-
mammalian species regarding AN. These include the
sites of neurogenesis [the ventricular lining within the
telencephalon appears to be the site of origin of new
neurons in many mammalian and non-mammalian species

(Goldman and Nottebohm, 1983; Doetsch et al., 1999; Ganz
et al., 2010; Rothenaigner et al., 2011)], identity of neurogenic
progenitors as well as the molecular machineries that regulate
proliferation of NSCs. Like in mammals (Doetsch et al., 1999),
some progenitor populations in birds, fishes and amphibians
also have glial characteristics (Alvarez-Buylla et al., 1990b;
Rothenaigner et al., 2011; Kirkham et al., 2014). Moreover,
molecular controls governing quiescence of NSCs show
remarkable conservation between vertebrate species: e.g., Notch
signaling has been shown to regulate radial glial quiescence in
zebrafish (Alunni et al., 2013), newt (Kirkham et al., 2014) and
adult mouse (Imayoshi et al., 2010) and transcription factors Id1
and Fezf2 that are associated with increased quiescence in adult
mouse NSCs (Nam and Benezra, 2009) have also been identified
in zebrafish (Berberoglu et al., 2014; Rodriguez Viales et al., 2015).
Intriguingly, Ascl1 upregulation has been linked to the activation
of the retinal latent progenitors, Muller glia, in zebrafish during
retinal regeneration following lesions (Ramachandran et al.,
2011) and forced overexpression of Ascl1 in Muller glia in young
mice coaxes these progenitors toward a neurogenic fate (Ueki
et al., 2015) rather than the gliogenic fate that is normally seen
in older mice (Dyer and Cepko, 2000). Comparative studies of
species can thus yield important insights into the biology of AN
and be informative for therapeutic strategies that harness AN
potential of tissue repair (Kizil and Bhattarai, 2018; Figure 1).

NEURAL TRANSPLANTATION AS
CELL-BASED THERAPY

On the other hand, transplantation of NSCs or progenitors to
replace diseased neurons is an alternate strategy that comes
with the opportunity of directing therapy to brain regions
where it is most needed (Figure 1 and Table 1). Also, the self-
renewing attribute and migratory nature of NSCs/progenitors
make them attractive therapeutic candidates in the setting of
diffuse damage to the brain.

Fetal and Embryonic Tissue-Based
Transplants in Pre-clinical Models and
Clinical Trials
Initial proof-of-concept transplantation studies carried out
during 70 and 80s demonstrated long-term viability of grafted
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TABLE 1 | Summary of select studies involving cell-transplant based repair strategies in in vivo pre-clinical neurodegenerative disease models.

Repair
strategy

References Type of cell
grafted/manipulated

Disease/
model

Functional impact

Fetal-tissue based (Bjorklund and Stenevi,
1979)

Fetal ventral midbrain tissue PD/rat 6-OHDA Restoration of DA innervation
and motor improvement

(Isacson et al., 1984) Fetal striatal tissue HD/rat Ibotenic-acid Reduction in locomotor and
metabolic hyperactivity

(Low et al., 1982; Gage
et al., 1984)

Fetal substantia nigra and
septal nuclei

Aging, hippocampal lesions Improved motor coordination
and spatial learning

(Gaillard et al., 2007;
Falkner et al., 2016)

Fetal tissue Motor, visual cortex Long range, synaptic, functional
integration with host circuitries

MSCs-based (Hellmann et al., 2006) mBM-MSCs PD/rat 6-OHDA Cells migrate to lesioned
hemisphere and differentiate
into neurons

(Bahat-Stroomza et al.,
2009)

hBM-MSCs PD/rat 6-OHDA Reduction in motor
impairments, regeneration of
DA terminals

(Lee et al., 2009) hAD-MSCs HD/rat QA-lesion, mouse R6/2 Improved motor performance,
reduced huntingtin aggregates

(Lin et al., 2011) hBM-MSCs HD/mouse QA-lesion, R6/2 Improved motor performance in
QA-lesion model

(Shin et al., 2014) hMSCs AD/mouse Aβ treated Increased autophagy and Aβ

clearance

(Garcia et al., 2014) VEGF overexpressing
BM-MSCs

AD/mouse APPswe/PS1
double transgenic

Increased vascularization,
cognition, decreased Aβ

plagues

(Kim et al., 2010) ALS-hBM-MSCs ALS/mouse SOD1G93A Increased lifespan, increased
MN survival

(Kim et al., 2014) hAD-MSCs ALS/mouse SOD1G93A Release of growth factors,
increased life span

hESCs-based (Kriks et al., 2011) hESC-DA neurons PD/mouse, rat 6-OHDA,
monkey MPTP

Long term survival and motor
restoration

(Grealish et al., 2014) hESC-DA neurons PD/rat 6-OHDA Motor restoration comparable
to human fetal grafts

(Steinbeck et al., 2015) Inhibitory opsin-expressing
hESC-DA neurons

PD/mouse 6-OHDA Light-induced silencing of grafts
re-introduced motor defects

(Chen et al., 2016) CRISPR-engineered
DREADD expressing
hESC-DA neurons

PD/mouse 6-OHDA Control of motor behaviors by
CNO

(Aubry et al., 2008) hESC-striatal progenitors HD/rat QA-lesion DARPP32 + differentiation

(Ma et al., 2012) hESC-striatal progenitors HD/mouse QA-lesion Correction of locomotive
deficits and circuit integration

(Faedo et al., 2017) hESC-striatal progenitors HD/rat QA-lesion Long-range circuit integration

(Espuny-Camacho
et al., 2017)

hESC-cortical progenitors AD/chimeric APP/PS1 mouse Susceptibility of human
neurons to Tau

(Yue et al., 2015) hESC-basal forebrain
cholinergic neurons

AD/mouse 5XFAD, APP/PS1 Improvement in learning and
memory

(Rossi et al., 2010) hESC-MNP SCI/rat Improvement in motor function

(Wyatt et al., 2011) hESC-MNP ALS, SMA, SCI Increased growth factor
secretion

iPSCs-based (Hargus et al., 2010) DA neurons differentiated
from patient fibroblasts

PD/rat 6-OHDA Correction of AMPH-induced
rotation behavior

(Samata et al., 2016) DA progenitors
differentiated from human
PSCs

PD/rat 6-OHDA, monkey MPTP Restoration of motor deficits

(Kikuchi et al., 2017a) DA neurons differentiated
from healthy and PD
fibroblasts

PD/monkey MPTP Long-term survival of DA cells.
Increase in spontaneous
movement.

(Kikuchi et al., 2017b) Healthy or idiopathic
PD-iPSCs differentiated
from fibroblasts and
peripheral blood cells

PD/mouse α-Synuclein, rat
6-OHDA

Lack of α-Synuclein
accumulation. Motor
improvement

(Continued)
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TABLE 1 | Continued

Repair
strategy

References Type of cell
grafted/manipulated

Disease/
model

Functional impact

(Jeon et al., 2012) CAG-repeat HD-iPSCs HD/rat QA-lesion Initial behavioral recovery.
Development of HD pathology.

(An et al., 2012) CAG-repeat-corrected
HD-iPSCs

HD/mouse R6/2 Rescue of pathogenic HD
signaling

(Mu et al., 2014) Mouse iPSCs HD/rat QA-lesion Improved learning and memory

(Cha et al., 2017) Mouse iPSCs AD/mouse 5XFAD Reduced Aβ plaque, improved
cognition

(Fujiwara et al., 2013) hiPSCs- cholinergic
neurons

AD/mouse PDAPP Improved spatial memory

(Popescu et al., 2013) hiPSCs-MNP ALS/rat SOD1G93A Motor neuron generation

(Nizzardo et al., 2014) hiPSCs-NSC ALS/mouse SOD1G93A Improved neuromuscular
function, reduced motor neuron
loss

In vivo direct reprogramming (Torper et al., 2013) Exogenous human
astrocytes. Endogenous
mouse striatal astrocytes

PD/mouse 6-OHDA Conversion into DA neurons

(Rivetti di Val Cervo
et al., 2017)

Endogenous mouse striatal
astrocytes

PD/mouse 6-OHDA Conversion into DA neurons.
Correction of gait

(Pereira et al., 2017) Endogenous midbrain and
striatal NG2 glia

PD/mouse 6-OHDA Conversion into PV neurons

(Niu et al., 2013) Endogenous striatal
astrocytes

Aging/mouse Conversion into neuroblasts
and mature neurons

(Guo et al., 2014) Endogenous cortical
astrocytes and NG2 glia

AD, Stab-injury/mouse Conversion into glutamatergic
and GABA neurons

(Su et al., 2014) Endogenous and
exogenous astrocytes

SCI/T8 hemi-section mouse Neurogenesis and conversion
into GABA neurons

(El Waly et al., 2018) Endogenous mouse
neuroblasts

Demyelination/
cuprizone-induced

Conversion into myelin
producing oligodendrocytes

(Torper et al., 2015) Endogenous mouse NG2
glia

Mouse Conversion into glutamatergic
and GABA neurons

MSC, Mesenchymal Stem Cell; hESC, human Embryonic Stem Cell; hiPSC, human induced Pluripotent Stem Cell; PD, Parkinson’s Disease; 6-OHDA, 6-hydroxydopamine;
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; HD, Huntington Disease; QA, Quinolinic Acid; R6/2, Huntingtin transgene insertion 62; hBM, human bone marrow;
hAD, human Adipose; Aβ, beta-amyloid; AD, Alzheimer’s Disease; APPswe/PS1, amyloid beta precursor protein/presenilin 1; 5XFAD, mice express human APP and PSN1
transgenes with a total of five AD-linked mutations; PDAPP, APP expressed under PDGF promoter; ALS, amyotrophic lateral sclerosis; SOD1, superoxide dismutase 1;
SCI, spinal cord injury; SMA, spinal muscular atrophy.

neural tissue and evidence for functional replacement for
missing neurons. In animal models of PD and HD, transplanted
fetal rat substantia nigra tissue established connections with
host striatum and reversed motor and metabolic deficits
(Perlow et al., 1979; Isacson et al., 1984). Additional support
came from the long-term survival of human fetal neural
tissue in monkeys (Redmond et al., 1988), that led to
the commencement of transplantation of fetal tissue into
the striatum of PD patients (Lindvall et al., 1990; Spencer
et al., 1992). Intriguingly, the initial open-label clinical trials
demonstrated restoration of DA synthesis resulting in significant
and long-lasting clinical improvements of motor function
(Hauser et al., 1999; Piccini et al., 1999). Though variable
clinical efficacy was observed, the ability of allografts to
survive, integrate and function in diseased host environment,
in some cases up to 20 years (Bega and Krainc, 2014),
was in itself an exciting finding. Subsequent double-blinded,
placebo controlled clinical trials, however, failed to reveal
definitive results and long-term follow up studies revealed
the development of α-synuclein aggregates in grafted fetal

neurons (Kordower et al., 2008) and graft-induced dyskinesias
(Freed et al., 2001; Hagell et al., 2002; Olanow et al.,
2003), effects later attributed to heterogenous spread of
transplanted cells and/or graft contamination by serotonergic
cells (Politis et al., 2010). In addition, early withdrawal of
immunosuppression, severe phenotype of transplanted patients
and grafts’ non-innervation of the ventral striatum were
identified as some of the limiting factors. Based on these
findings, a new multi-center trial with fetal-based transplantation
to PD patients is currently underway that hopes to address
these concerns (Moore et al., 2014; Kirkeby et al., 2017).
Therapeutic potential of neural transplantation was similarly
first explored for HD in rodent and non-human primate
models (Wictorin et al., 1989; Peschanski et al., 1995; Kendall
et al., 1998), the positive results of which led to fetal striatal
implantation in patients in the mid- to late-90s (Bachoud-
Levi et al., 2000, 2006; Hauser et al., 2002). However,
disease-like neuronal degeneration of grafted tissue upon
postmortem analysis raised uncertainty about this approach
(Cicchetti et al., 2009; Table 1).
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Limitations of Using Fetal and Embryonic
Origin Cell-Based Transplantation
Strategies
It is worth mentioning here that both PD and HD, at least
in their earlier stages, involve relatively specific cellular and
regional pathologies: nigrostriatal DA neurons in PD and
striatal medium spiny neurons in HD, making them suitable
to tissue grafts dissected from fetal regions that contain the
target cell population. However, it should also be kept in mind
that pathologies in these conditions are not region-specific.
For instance, in PD, non-DA and non-motor symptoms can
cause significant disability, especially in patients with advanced
pathology (Chaudhuri et al., 2006) and while striatal pathology
dominates initial stages of HD, cell loss in the motor and
cingulate cortices correlates with the degree of motor and mood
dysfunction characteristic of the disease in later stages (Thu
et al., 2010). Therefore, to alleviate the full repertoire of advanced
disease symptomatology, adjuvant therapy for secondary disease
processes maybe required. Indeed, widespread brain degenerative
changes have been proposed to offset therapeutic efficacy of
an otherwise viable graft (Li et al., 2016). Such a strategy may
also not be applicable to disorders of diffuse pathology such as
stroke, AD, SCI, and ALS, that involve pathological alterations
in multiple neuronal and glial cellular phenotypes and brain
regions. Lastly, the most obvious limitation to fetal transplants
is the limited availability of graft sources which have traditionally
been derived from human embryos causing significant logistical
and ethical concerns.

PRECISION THERAPEUTICS

Human Embryonic and Induced
Pluripotent Stem Cell Technologies
Given the variable clinical efficacy, risk of contamination
by non-specific cell types and ethical concerns associated
with fetal grafts, alternative transplant sources have been
sought to boost endogenous reparative mechanisms. Recently,
pluripotent stem cells (PSCs) (Gurdon, 1962; Evans and
Kaufman, 1981; Martin, 1981) including hESCs (Thomson
et al., 1998; Reubinoff et al., 2000) derived from pre-implantation
embryos, and hiPSCs (Takahashi and Yamanaka, 2006; Yu
et al., 2007; Park et al., 2008) that are reprogrammed
from somatic cells using a defined cocktail of transcription
factors, have attracted tremendous interest in the field of
regenerative medicine. Use of autologous hiPSCs can also
overcome immune mismatch-mediated graft rejection and
circumvent ethical and logistical issues associated with the use
of hESCs. While hiPSC technology is by design usable to
treat donor patients limiting its cost-effectiveness and scalability
(Nakatsuji et al., 2008), hypo-immunogenicity in hiPSCs was
recently achieved via inactivation of the major histocompatibility
complex (MHC) and overexpression of the transmembrane
protein CD47 (Deuse et al., 2019), potentially conferring a
remarkable universal donor capability to hiPSCs (Figure 1
and Table 1).

Genome-Editing
The development of biotechnology allowing generation of hiPSCs
from non-viral techniques and gene-editing tools that enable
site-specific corrections of disease-causing gene mutations have
made genome-edited hiPSC-based cell therapy an ideal choice
in the field of precision therapeutics. Using genome-editing
tools, such as zinc finger nucleases (ZFNs) (Bibikova et al.,
2003), TAL effector nucleases (Boch et al., 2009) and the
more specific clustered regulatory interspaced short palindromic
repeats (CRISPR)/CRISPR-associated (Cas) system (Mali et al.,
2013), that enable precise corrections of deleterious mutations,
genome corrected-iPSCs are now being generated. Already,
advances have led to generation of engineered cells that are
able to deliver therapeutic factors and that carry minimal risks
of tumorigenicity in preclinical models of PD (Kriks et al.,
2011; Grealish et al., 2014; Hallett et al., 2015; Steinbeck et al.,
2015; Kikuchi et al., 2017a; Shi et al., 2017). Using ZFNs,
generation of isogenic disease and control hiPSCs from PD
patients’ cortical neurons carrying the α-synuclein mutations
A53T (Chung et al., 2013) and LRRK2 (Reinhardt et al., 2013)
and their insertion into hESCs (Soldner et al., 2011) have been
described. Lately, CRISPR/Cas system has been used to correct
α-synuclein mutations in PD hiPSCs (Heman-Ackah et al., 2016;
Soldner et al., 2016), remove HTT-repeat expansion mutation in
HD hiPSCs (Xu et al., 2017) and correct mutations in presenilin
(PSEN) in AD basal forebrain cholinergic neurons (Ortiz-
Virumbrales et al., 2017). While majority of these studies have
employed ex vivo manipulation of hiPSCs, successful in vivo gene
editing of post mitotic cells, as has been shown in five-familial
AD and amyloid precursor protein (APP) knock-in mice (Park
et al., 2019), has opened up the tantalizing prospect of eliminating
the need for cell transplants for brain repair. In theory, in vivo
gene editing is a similar concept to the one used for in vivo direct
reprogramming in which non-neuronal cells are converted into
disease-specific neurons directly in situ with preclinical studies
showing successful integration of reprogrammed cells into host
circuits within the cerebral cortex (Guo et al., 2014), striatum
(Torper et al., 2015), midbrain (Torper et al., 2013) and the spinal
cord (Su et al., 2014) in heterogenous disease contexts (Figure 1
and Table 1).

DISCUSSION

Applying a Multi-Pronged Strategy for
Repair of Neural Tissue
Alterations in AN appear to be a common feature in many
neurological and psychiatric disorders (Sahay and Hen, 2007;
Winner et al., 2011; Niv et al., 2012; Pun et al., 2012). Studies
in experimental models can yield important insights into AN
biology including its potential for cell replacement in disease
and injury contexts (van Tijn et al., 2011; Newman et al., 2014).
Yet to achieve successful tissue restoration, a combinatorial
therapeutic strategy might be required that includes boosting
of endogenous neurogenic processes, in vivo genome-correction
of endogenously generated NSCs/progenitors/mature neurons,
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transplantation of ex vivo gene-corrected neurons and the
delivery of neurotherapeutic factors. Transplantation of fate-
restricted progenitors that retain the capability to migrate and
differentiate into mature neurons and functionally integrate into
existing circuits has the benefit of decreasing the number of
transplants and chances of developing non-specificity issues.
Still, multiple cellular phenotypes might be required to construct
a therapeutically efficacious graft, whose composition must
be geared toward correcting primary genetic deficits and
secondary phenotypes. Transplant composition for chronic
neurodegenerative diseases, especially in advanced stages, might
require a greater dependence on exogenous cells due to the
extensive damage to host tissue, while also attempting to
correct mutations in remaining diseased neuronal populations.
Acute injuries, on the other hand, would require a greater
role for neurotrophic factors and modification of extracellular
matrix to facilitate regeneration of existing tissue, while at the
same time replacing lost or damaged neural populations by

promoting endogenous neurogenesis and transplanting fate-
restricted precursors and/or reprogrammed mature neurons.
Given the above, perhaps the most effective approach while
designing cell-based therapy might be to adopt a multi-pronged
strategy that cumulatively addresses the shortcomings of the
above-mentioned tissue restoration strategies and that is tailored
to the brain disease in hand.
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In a recent study, we showed that GABA and baclofen (a GABAB receptor agonist)
inhibit caspase activation and promote axon regeneration in descending neurons of
the sea lamprey brainstem after a complete spinal cord injury (Romaus-Sanjurjo et al.,
2018a). Now, we repeated these treatments and performed 2 independent Illumina
RNA-Sequencing studies in the brainstems of control and GABA or baclofen treated
animals. GABA treated larval sea lampreys with their controls were analyzed 29 days
after a complete spinal cord injury and baclofen treated larvae with their controls
9 days after the injury. One of the most significantly downregulated genes after both
treatments was a HES gene (HESB). HES proteins are transcription factors that are
key mediators of the Notch signaling pathway and gamma-secretase activity is crucial
for the activation of this pathway. So, based on the RNA-Seq results we subsequently
treated spinal cord injured larval sea lampreys with a novel gamma-secretase inhibitor
(PF-3804014). This treatment also reduced the expression of HESB in the brainstem and
significantly enhanced the regeneration of individually identifiable descending neurons
after a complete spinal cord injury. Our results show that gamma-secretase could be a
novel target to promote axon regeneration after nervous system injuries.

Keywords: notch, gamma-secretase, axon regeneration, GABA, baclofen, RNA-Seq, lamprey, spinal cord injury

INTRODUCTION

In mammals, including humans, spinal cord injury (SCI) is a devastating event that can lead to
permanent disability. The death of neurons that are not replaced after the injury and lack of axon
regeneration of axotomized neurons are two of the main causes of permanent neurological deficits
after SCI. In striking contrast to mammals, lampreys, as other basal vertebrates, are able to recover
locomotion spontaneously after a complete SCI (Rodicio and Barreiro-Iglesias, 2012; Romaus-
Sanjurjo et al., 2018b). During recovery from a complete SCI, lampreys are able to regenerate
approximately 50% of their brainstem descending neurons and this partial axonal regeneration
is needed for recovery (Davis and McClellan, 1994; Jacobs et al., 1997; Cornide-Petronio et al.,
2011; Parker, 2017). This offers an interesting vertebrate model to find new signaling pathways
responsible for neuronal survival and axon regeneration in descending neurons after SCI.
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In a recent study, we showed that endogenous GABA
promotes axon regeneration in descending neurons of lampreys
after a complete SCI, and that GABOB (a GABA analog)
and baclofen (a GABAB receptor agonist) treatments further
promoted axon regeneration (Romaus-Sanjurjo et al., 2018a,
2019). GABA and baclofen treatments also inhibited caspase
activation in giant individually identifiable descending neurons
following the complete SCI (Romaus-Sanjurjo et al., 2018a).
Here, we repeated the GABA and baclofen treatments and carried
out 2 independent Illumina RNA sequencing (RNA-Seq) studies
in the brainstems of control non-treated animals and treated
animals. The aim of these RNA-Seq studies was to obtain gene
expression data that could reveal secondary pathways modulated
by GABAergic signaling in injured neurons and identify new
signaling pathways that could be involved in the control of
neuronal survival and axon regeneration in lampreys.

As shown below, results from these RNA-Seq experiments
revealed changes in the expression of a HES gene. HES proteins
are key mediators of the Notch signaling pathway (Engler et al.,
2018). In the developing central nervous system, Notch signaling
is mainly known for its role in neurogenesis and neuronal
differentiation (see Imayoshi and Kageyama, 2011; Engler et al.,
2018; Sagner et al., 2018), a feature that is conserved in developing
lampreys (Lara-Ramirez et al., 2019). But, interestingly, a
recent study showed that Notch signaling also inhibits axon
regeneration in worms (El Bejjani and Hammarlund, 2012;
Po et al., 2012). Whether this is also the case in vertebrates
was not known. Here, we provide evidence showing that the
pharmacological inhibition of gamma-secretase promotes axon
regeneration after a complete SCI in lampreys.

MATERIALS AND METHODS

Animals, SCI and Drug Treatments
All experiments involving animals were approved by the
Bioethics Committee at the University of Santiago de Compostela
and the Conselleriìa do Medio Rural e do Mar of the Xunta de
Galicia (license reference JLPV/IId; Spain), and were performed
in accordance with European Union and Spanish guidelines
on animal care and experimentation. Animals were deeply
anesthetized with 0.1% MS-222 (Sigma, St Louis, MO) in lamprey
Ringer solution before all experimental procedures.

Mature and developmentally stable larval sea lampreys,
Petromyzon marinus L. (n = 149; between 100 and 120 mm in
body length, 5–7 years of age), were used in this study. Larval
lampreys were collected from the river Ulla (Galicia, north-
western Spain), with permission from the Xunta de Galicia, and
maintained in aerated freshwater aquaria at 15◦C with a bed
of river sediment until their use in experimental procedures.
Larval lampreys were randomly distributed between the different
experimental groups.

SCI surgical procedures and drug treatments with GABA
and baclofen were performed as previously described (Romaus-
Sanjurjo et al., 2018a; Figure 1). Briefly, the rostral spinal
cord was exposed from the dorsal midline at the level of the
5th gill. A complete spinal cord transection was performed

with Castroviejo scissors and the spinal cord cut ends were
visualized under the stereomicroscope. After SCI, animals were
returned to individual freshwater tanks. Each injured animal
was examined 24 h after surgery to confirm that there was no
movement caudal to the lesion site. The animals were allowed
to recover in individual freshwater tanks at 19.5◦C. GABA and
baclofen were applied in the water where the animals were left
after the SCI surgical procedures (GABA at a concentration of
500 µM and baclofen at a concentration of 125 µM). GABA
treated animals and their controls were processed for RNA
extraction 29 days post-lesion (dpl) [when spontaneous axon
regrowth begins to predominate Zhang et al. (2005); Figure 1].
Baclofen treated animals and their controls were processed
for RNA extraction 9 days post-lesion [at a time in which
caspase activation begins to be detected in injured neurons
(Barreiro-Iglesias and Shifman, 2012, 2015) and axon retraction
predominates Zhang et al., 2005; Figure 1].

PF-3804014 [a novel gamma-secretase inhibitor (Lanz et al.,
2010) that has been used in recent studies to inhibit Notch
signaling (e.g., Samon et al., 2012; Wu et al., 2017); Tocris
Bioscience, United Kingdom] treatment after a complete SCI (see
previous paragraph) was done as previously described for taurine
treatments (Sobrido-Cameán et al., 2019). In these experiments,
PF-3804014 was dissolved in lamprey Ringer solution (137 mM
NaCl, 2.9 mM KCl, 2.1 mM CaCl2, 2 mM HEPES; pH 7.4) at
a concentration of 5 mM, soaked in a small piece of Gelfoam
(Pfizer; New York, NY) and placed on top of the site of injury
at the time of spinal cord transection. Control animals went
through the same surgical procedures but were only treated
with Gelfoam soaked in lamprey Ringer. Axon regeneration was
assessed 11 weeks post-lesion (wpl) in control (n = 16) and PF-
3804014 (n = 21) treated animals using Neurobiotin (Vector,
Burlingame, CA) as a retrograde tracer as previously described
(Sobrido-Cameán et al., 2019). Briefly, at 11 wpl a second
complete spinal cord transection was performed 5 mm below
the site of the original transection and Neurobiotin (Vector) was
applied in the rostral end of the transected spinal cord with the
aid of a minute pin (#000). The animals were allowed to recover
for 1 week to allow transport of the tracer from the application
point to the neuronal soma of descending neurons. Since the
original SCI was a complete spinal cord transection, only neurons
whose axons regenerated at least 5 mm below the site of injury
were labeled by the tracer. The presence of Neurobiotin in whole-
mounted brains/spinal cords was detected using Avidin-D-FITC
conjugated (Vector; 1:500).

Imaging and Quantifications
A spectral confocal microscope (model TCS-SP2; Leica, Wetzlar,
Germany) was used to acquire images of the whole-mounted
brains/spinal cords. The identity of regenerated (Neurobiotin
labeled) and non-regenerated identifiable descending neurons
was determined for each brain. Giant descending neurons are
always identifiable by their know location and big size (Jacobs
et al., 1997) regardless of the presence of the tracer. Then, we
calculated the percentage of regenerated identifiable neurons per
animal and the total number of regenerated and non-regenerated
neurons for all animals in the control and treated groups.
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FIGURE 1 | Experimental design for the RNA-Seq experiments.

For axon quantification, we scanned the rostral spinal cord
(starting at the obex) using a 20x objective. Then, we traced a
horizontal line through the middle of the spinal cord confocal
stack (Figure 2A) using the Fiji software and manually quantified
the number of axons crossing this line. To avoid missing
overlapping axons we counted through the stack of optical
sections using the counting plugin in Fiji. Only the axons that
regenerate through the site of injury (ascending or descending)
are labeled with the tracer. Note that with this preparation, we can
only quantify the coarsest axons; therefore, it is likely that more
axons actually regenerated both in control and treated animals.
The experimenter was blinded during all quantifications.

Total RNA Isolation
After the GABA or baclofen treatment periods (29 days in the
GABA experiment and 9 days in the baclofen experiment) the
brainstems of control and treated larvae were dissected out and
immediately put in RNAlater (Ambion Inc., TX, United States)
(Figure 1). RNA extraction was performed using the RNeasy
mini kit (Qiagen, Germany) with DNase treatment following
the manufacturer’s instructions. Isolated RNAs were eluted in
nuclease free water. RNA quality and quantity were evaluated in
a Bioanalyzer (Bonsai Technologies, Spain) and in a NanoDrop R©

ND-1000 spectrophotometer (NanoDrop R© Technologies Inc.,
DE, United States). RNAs were stored at −80◦C until use for
RNA-Seq.

RNA Sequencing
In the GABA experiment, 3 GABA treated and 3 control samples
(each sample containing the RNA from 4 brainstems of 4 different
animals; n = 24 in total) were sent to the Wellcome Trust Centre
for Human Genetics (Oxford, United Kingdom) for library
preparation and sequencing. RNA quality was checked again
in a Bioanalyzer (Bonsai Technologies). All samples had RNA
integrity number (RIN) of >8 (RIN measures how degraded the
RNA is on a 0–10 scale, 10 being the least degraded). mRNA
sequencing libraries were prepared from poly dT selected mRNA
using the Illumina TrueSeq Stranded mRNA Library Preparation
kit according to the manufacturer’s protocol. The average insert
size of the libraries was approximately 300 bp. A different

barcode was used for each sample to enable demultiplexing of
the sequencing data. Sequencing was conducted on an Illumina
HiSeq 4000 as 150 bp paired-end reads, yielding 23.2 to 27.8
million reads per sample.

In the baclofen experiment, 5 baclofen treated and 5 control
samples (each sample containing the RNA of 8 brainstems of
8 different animals; n = 80 animals in total) were sent to
Edinburgh Genomics (Edinburg, United Kingdom) for library
preparation and sequencing. RNA quality was checked again
in a Bioanalyzer (Bonsai Technologies). All samples had RNA
integrity number (RIN) of >7.5. mRNA sequencing libraries
were prepared from poly dT selected mRNA using the Illumina
TrueSeq Stranded mRNA Library Preparation kit according
to the manufacturer’s protocol. The average insert size of the
libraries was approximately 300 bp. A different barcode was
used for each sample to enable demultiplexing of the sequencing
data. Sequencing was conducted on an Illumina NovaSeq S1
flowcell as 100 bp paired-end reads, yielding 26.8 to 37.6 million
reads per sample.

Quality Validation and Read Mapping
Between 23.2 and 37.6 million paired-end reads per sample were
obtained (individual figures are shown in Supplementary Table
S1). Sequencing quality was evaluated using FastQC. The quality
of the baclofen experiment was significantly better than that of
the GABA experiment (Supplementary Figure S1), non-etheless
the sequencing output of both experiments showed average base
qualities above 30 (reliability of the base call, the error probability
of a quality of 30 is 0.001), except for the very last bases of the right
reads of the GABA experiment (bases 141–150). Raw paired-end
FASTQ files were quality filtered using Fastp (Chen et al., 2018)
to remove leading or trailing bases with Phred quality scores <15
(‘-q 15’), reads with length <30 base pairs (‘-l 30’), polyG tails
(‘–trim_poly_g’) and trim adaptor sequences (detected by per-
read overlap, default). Significantly more reads were trimmed
from the GABA experiment, congruent with the sequence quality
assessment. The resulting trimmed FASTQ files were aligned
against the latest lamprey genome assembly (Pmar_germline
1.0) (Smith et al., 2018) using STAR (Dobin et al., 2013) in 2-
pass mapping mode (–twopassMode Basic) with the following
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FIGURE 2 | Changes in HESB expression in the brainstem of injured animals
after drug treatments. (A) Changes in the expression of HESB in the
brainstem of injured animals after GABA or baclofen treatments (RNA-Seq).
HESB gene expression is represented as read counts normalized by DESeq’s
median of ratios, and ** represents that the differences between the two
groups are significant with false discovery rate corrected p-values between
0.01 and 0.001. Note that results are not comparable between the 2
RNA-Seq experiments. (B) Change in the expression of HESB in the
brainstem of 1 wpl animals after the PF-3804014 treatment (qPCR). HESB
expression is represented as log2 fold change in comparison to the mean of
the controls, and * represents that the differences between the two groups are
significant with p-value between 0.05 and 0.01. For both A and B, boxplots
show the median, 25th and 75th percentiles, red dots represent the mean and
whiskers extend to the most extreme data point which is no more than 1.5
times the length of the box away from the box.

parameters: 10 maximum multiple alignments allowed per
read (–outFilterMultimapNmax 10), 10 maximum mismatches
per read pair (–outFilterMismatchNmax 10), minimum and
maximum intron lengths of 20 and 1 M bp, respectively
(–alignIntronMin 20; –alignIntronMax 1000000), maximum
distance of 1 Mb between mate reads (–alignMatesGapMax
1000000) and detection of chimeric sequences with a minimum
mapped length of 20 bp (–chimSegmentMin 20; –chimScoreMin
1). The percentage of unique mapped reads ranged between 60.2
to 73.7%, with multimapping reads representing 9.3 to 26.1% and
unaligned reads 13.1 to 18.1% (Supplementary Table S1).

Transcriptome Reconstruction and Gene
Expression
StringTie (Pertea et al., 2015) with default parameters
(fr-firststrand, ‘–rf ’) was used to construct the lamprey

transcriptome from our samples using the genome alignment
files. The resulting genome-guided transcriptome has 110,157
transcripts distributed in 57,134 genes. Transcript length ranged
from 80 to 73,302 bp, with an average of 2314 bp, N50 of
5,304 bp and N90 of 987 bp. FeatureCounts (Liao et al., 2014)
was used to quantify gene expression at the gene level with
the following parameters: fragments (paired-end reads) were
counted instead of individual reads (‘-p’), only fragments with
both ends mapped were considered (‘-B’), chimeric fragments
were not considered (‘-C’), and strand specified as reversely
stranded (‘-s 2’). Statistical analyses related to differential
expression were performed using R v.3.5.21. The output
matrix was input into the R/Bioconductor package DESeq2
(Love et al., 2014).

The Benjamini-Hochberg false discovery rate (FDR) was
applied, and transcripts with corrected P-values < 0.05 were
considered differentially expressed genes. Heatmaps were drawn
using the R package ‘gplots’ v.3.01.12. Pathway analyses were
performed using Reactome (Fabregat et al., 2018), converting all
non-human gene identifiers to their human equivalents.

RNA-Seq Data Records
Raw FASTQ files for all samples were uploaded to the NCBI
Sequence Read Archive (SRA), and are publicly available
under BioProject accession numbers PRJNA561093 (GABA)
and PRJNA561123 (Baclofen). The constructed transcriptome
is available in the NCBI Transcriptome Shotgun Assembly
(TSA) database under accession GHVE00000000. Read
counts for each transcript were deposited in NCBI Gene
Expression Omnibus (GEO) and are available under accession
number GSE137860.

qPCR Experiments After PF-3804014
Treatment
4 brainstems (n = 4 animals) from control 1 wpl vehicle treated
animals and 4 brainstems (n = 4 animals) from 1 wpl PF-
3804014 treated animals were processed for qPCR analyses of
HESB (GenBank accession number: MN833804) expression.
Specific primers for targeted genes were designed using
Primer3: HESB-forward AAAGCAAAGACGGGACAGGA,
HESB-reverse GATGTCCGCCTTCTCCAGTT, GAPDH-
forward CAGATTCGTCCAGCTCCGTT, GAPDH-reverse
CCATTGTGGAGCGGATGTCA. qPCR was performed on a
Stratagene Mx3005P thermocycler (Agilent Technologies) using
Brilliant III Ultra-Fast SYBR Green QPCR Master Mix in a final
volume of 12.5 µL following the manufacturer’s protocol with
1 µL of cDNA per reaction. Primer concentration was 300 nM
and each sample was run in duplicate. The cycling parameters
were: 50◦C for 2 min, 95◦C for 10 min, followed by 40 cycles
of amplification at 95◦C for 15 s and 60◦C for 1 min. After
amplification, a dissociation step was performed raising the
temperature from 65 to 95◦C to create a melting curve and
ensure the presence of a single amplification product. qPCR data
were obtained by the MxPro software (Agilent Technologies)

1http://www.R-project.org/
2https://cran.r-project.org/web/packages/gplots/index.html
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and quantification cycle values (Cq) calculated for each replicate
and then averaged to obtain the final Cq value. HESB Cq values
were normalized using the reference gene (GAPDH), and fold
changes were calculated for each sample using the average of the
controls as reference.

Statistical Analyses
Statistical analysis was carried out using Prism 6 (GraphPad
software, La Jolla, CA). Data were presented as mean ± SEM.
Normality of the data was determined by D’Agostino–Pearson
omnibus test and all data passed the normality test. A Student’s
t-test was used to determine significant differences in the qPCR
experiment and between control and PF-3804014 treated animals
(percentage of regenerated neurons per animal and number of
regenerated axons per animal). A Fisher’s exact test was used
to determine significant differences between control and PF-
3804014 treated animals (total number of regenerated neurons).

RESULTS

RNA-Seq Differential Expression
Analyses
In previous work, we showed that both GABA and baclofen
promote axon regeneration after a complete SCI in lampreys
(Romaus-Sanjurjo et al., 2018a). Here, we aimed to identify new
genes involved in axon regeneration in lampreys that might
be regulated by GABAergic signaling. For this we carried out
2 independent RNA-Seq studies in the brainstems of injured
animals after GABA or baclofen treatments. 23 differentially
expressed genes were detected between GABA-treated and
control samples, and 82 differentially expressed genes between
baclofen-treated and control samples (Supplementary File 1). At
29 dpl, treatment with GABA induced mostly the downregulation
of genes compared to control animals (Supplementary File 1;
7 up-regulated and 16 down-regulated genes). The opposite
trend was seen at 9 dpl with baclofen, which induced the
upregulation of a higher number of genes (Supplementary
File 1; 63 upregulated and 18 downregulated genes). This
included changes in the expression of genes known to promote
axon regeneration, like the transcription factor KLF7 (increased
expression after baclofen treatment; see discussion).

A HES transcription factor [annotated as HESB in another
lamprey species Lampetra planeri (Lara-Ramirez et al., 2019)]
was the most significantly downregulated gene in response to
GABA (logFC = −0.47; Figure 2A, and Supplementary File 1);
and it was also one of the most significantly down-regulated genes
in response to baclofen (logFC = -0.44; Figure 2; Supplementary
File 1). The sea lamprey HESB transcript sequence was deposited
in GenBank under accession number MN833804. HES proteins
are key transcription factors in the Notch signaling pathway
(Ohtsuka et al., 1999). Concordantly, Reactome pathway analysis
revealed a significant enrichment of many pathways relating to
Notch signaling (FDR p-value < 0.05) amongst differentially
expressed genes after both treatments (see Supplementary File
2). This suggests that Notch signaling might play a crucial role in
axon regeneration in lampreys.

Pharmacological Inhibition of
Gamma-Secretase Promotes Axon
Regeneration After a Complete SCI
Gamma-secretase activity is crucial for the release of the Notch
intracellular domain (NICD) to activate the transcription of
target genes like the HES family of transcription factors (see
Fischer and Gessler, 2007). So, based on the RNA-Seq results
we decided to treat larval sea lampreys after a complete spinal
cord transection with the novel gamma-secretase inhibitor
PF-3804014. First, qPCR experiments showed that the PF-
3804014 treatment also caused a significant decrease in HESB
expression in the brainstem of spinal cord injured animals (1
wpl) as compared to vehicle treated controls (logFC = −0.45;
Student’s t-test, p = 0.0307; Figure 2B). At 11 wpl, the PF-
3804014 treatment significantly promoted axon regeneration of
individually identifiable descending neurons (Figure 3A; the
M1-3, I1-6, B1-B6, Mth, and Mth’ descending neurons) of
the sea lamprey (Figures 3B–D); both when looking at the
percentage of regenerated identifiable descending neurons per
animal (Student’s t-test, p = 0.0132; Figures 3B,C) or at the
total number of regenerated identifiable neurons (Fisher’s exact
test, p = 0.0032; Figures 3B,D). Moreover, the acute PF-3804014
treatment significantly increased the number of regenerated
axons (ascending or descending) in the spinal cord following a
complete SCI (Student’s t-test, p = 0.0134; Figures 3E,F). These
results show that inhibiting gamma-secretase activity acutely
after a complete spinal cord transection enhances true axon
regeneration in sea lamprey neurons.

DISCUSSION

Our 2 RNA-Seq studies in the brainstem of spinal cord injured
larval sea lampreys revealed a significant downregulation of a
HES transcription factor (HESB) and a significant enrichment
of the Notch signaling pathway after GABA and baclofen
treatments. The fact that this was detected in 2 independent
RNA-Seq studies carried out in different sequencing platforms,
using 2 different GABAergic drugs and at 2 different time
points after injury provided strong confidence on the possible
importance of this signaling pathway during regeneration.
Gamma-secretase activity is crucial for the release of NICD
to activate the transcription of target genes like the HES
family of transcription factors (see Fischer and Gessler, 2007).
Treatments with the gamma-secretase inhibitor PF-3804014 also
caused a significant decrease in the expression of HESB in
the brainstem and a significant increase in axon regeneration
after a complete SCI. Specifically, this treatment led to a
significant increase in the regeneration of individually identifiable
descending neurons of the lamprey brainstem. This is in
agreement with our previous results showing improved axon
regeneration after baclofen or GABOB treatments after SCI
in lampreys (Romaus-Sanjurjo et al., 2018a). So, the Notch
signaling pathway appears to be of crucial importance in
the regulation of axon regrowth after SCI in lampreys.
Our results also suggest that GABA signaling promotes
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FIGURE 3 | PF-3804014 promotes axon regeneration after a complete SCI. (A) Schematic drawing of a dorsal view of the sea lamprey brainstem showing the
location of giant individually identifiable descending neurons (modified from Sobrido-Cameán and Barreiro-Iglesias, 2018). The box marked “E” indicates the spinal
cord region shown in Panel E. The line used to count the number of regenerated axons in the spinal cord is also indicated. M, mesencephalon; R, rhombencephalon;
SC, spinal cord. (B) Photomicrographs of dorsal views of whole-mounted brains showing regenerated identifiable descending neurons, as identified by retrograde
tracer labeling, in control and PF-3804014 treated animals. Note the increased number of labeled (regenerated) identifiable neurons in PF-3804014 treated animals.
(C) Graph showing significant changes (asterisk) in the percentage of regenerated identifiable descending neurons per animal (controls: n = 16 animals; PF-3804014
treated: n = 21 animals) after the PF-3804014 treatment (control: 57,22 ± 4.132%; PF-3804014: 68.95 ± 2.354%). (D) Graph showing significant changes
(asterisks) in the total number of regenerated neurons after the PF-3804014 treatment (control: 292 neurons regenerated, 252 non-regenerated; PF-3804014: 444
neurons regenerated, 272 non-regenerated). (E) Photomicrographs of whole-mounted spinal cords showing regenerated axons, as identified by tracer labeling, in
control and PF-3804014 treated animals. Note the increased number of regenerated axons in PF-3804014 treated animals. The line used to count the number of
regenerated axons in the spinal cord is also indicated in white. (F) Graph showing significant changes (asterisk) in the number of regenerated axons per spinal cord
after the PF-3804014 treatment (control: 18 ± 1.588 axons, n = 15 animals; PF-3804014: 24.57 ± 1.955 axons, n = 14 animals). Rostral is up and scale bars
correspond to 100 µm.
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axon regeneration, at least partially, by inhibiting the Notch
signaling pathway.

A previous study in Caenorhabditis elegans revealed that
Notch signaling inhibits axon regeneration in identifiable
neurons of this nematode (El Bejjani and Hammarlund, 2012).
Importantly, our findings extend these results to vertebrates
and the SCI situation. As in lampreys, treatments with a
gamma-secretase inhibitor (DAPT in their case) improved axon
regeneration in worms (El Bejjani and Hammarlund, 2012).
Interestingly, gamma-secretase activity had to be inhibited right
after injury in worms to improve regeneration (El Bejjani
and Hammarlund, 2012), which coincides with our results
using also early pharmacological inhibition in lampreys. In
C. elegans, genetic manipulations showed that Notch signaling
acts autonomously in the injured neuron to prevent growth
cone formation (El Bejjani and Hammarlund, 2012). Our current
data in lampreys analyzing whole brainstems (which include
descending neurons but also other types of neurons and glial
cells) in the RNA-Seq/qPCR experiments and pharmacological
inhibition (present results) does not allow us to differentiate
between direct or indirect effects of this signaling pathway
in the regeneration of descending neurons. In future work it
would be important to study if Notch signaling acts directly
on lamprey descending neurons during regeneration or if the
positive effects of gamma-secretase inhibition come through an
indirect mechanism.

Notch1 expression increases in the rodent spinal cord after SCI
(Yamamoto et al., 2001; Chen et al., 2005), and treating human
induced pluripotent stem cell-derived neural stem/progenitor
cells with a gamma-secretase inhibitor promoted axon growth
from these cells after transplantation to the injured spinal cord
of mice (Okubo et al., 2018). So, putting together previous
data in rodents and our results in lampreys we propose that
gamma-secretase could be an interesting target to promote
axon regeneration after SCI in mammalian models. Moreover,
gamma-secretase could also serve as a target to promote other
regenerative aspects, for example gamma-secretase inhibition
promotes stem cell proliferation and generation of new motor
neurons after SCI in zebrafish (Dias et al., 2012). Future
work should test the effects of gamma-secretase inhibition in
preclinical rodent models of SCI to evaluate both positive and
negative outcomes of this treatment.

Finally, it is important to mention that our 2 RNA-Seq
studies revealed significant changes in the expression of other
genes (see Supplementary File 1), which provides a resource for
future studies on the role of these genes during regeneration.
A comparison between the GABA and baclofen RNA-Seq
experiments reveals differences in the changes of gene expression
(see Supplementary File 1). This might be related to the different
time points of analysis (29 or 9 dpl) and due to a potential
influence of GABAA receptors during GABA treatment. Changes
in gene expression after SCI in lampreys have been also observed
even at later time points when looking at the expression of specific
genes like with the HDAC1 gene (Chen et al., 2016); therefore,
new RNA-Seq studies at different time points might reveal
more genes involved in the positive effects of GABA signaling.
Regarding a possible contribution of GABAA receptors, we have

recently shown that a muscimol (a GABAA agonist) treatment
inhibits caspase activation in identifiable descending neurons
of lampreys after a complete SCI (Sobrido-Cameán et al.,
2018), which supports the possibility of an influence of GABAA
receptors during the GABA treatment.

As an example of other genes, the baclofen treatment caused
a significant increase in the expression of 2 members of the
Krüppel-like family of transcription factors (KLFs): KLF7 and
KLF10. Changes in the expression of different KLFs (including
KLF7 and KLF10) were previously detected over the course of
recovery in an RNA-Seq study after SCI in lampreys (Herman
et al., 2018). Previous work in mammalian models has revealed
a differential implication of different KLFs in the control of
axon regeneration after different types of nervous system injuries
Moore et al., 2009 (for reviews see Moore and Goldberg,
2011; Moore et al., 2011). KLF7 promotes axon regeneration
in mammals (Blackmore et al., 2012; Wang et al., 2016), which
coincides well with our results revealing increased expression
of KLF7 after baclofen treatment in lampreys with a complete
SCI. As far as we are aware, the implication of KLF10 in axon
regeneration has not yet been elucidated. Our results open the
way to study the role of these or other genes in both neuronal
survival and axon regeneration after SCI.
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Spinal cord ischemia is a severe clinical complication induced by thoracoabdominal
aortic surgery, severe trauma, or compression to the spinal column. As one of the most
important functional cells in the spinal cord, spinal motor neurons (SMNs) suffer most
during the process since they are vulnerable to ischemic injury due to high demands
of energy. Previous researches have tried various animal models or organotypic tissue
experiments to mimic the process and get to know the pathogenesis and mechanism.
However, little work has been performed on the cellular model of spinal cord ischemia,
which has been hampered by the inability to obtain a sufficient number of pure primary
SMNs for in vitro study. By optimizing the isolation and culture of SMNs, our laboratory
has developed an improved culture system of primary SMNs, which allows cellular
models and thus mechanism studies. In the present study, by establishing an in vitro
model of spinal cord ischemia, we intended to observe the dynamic time-course
changes of SMNs and investigate the role of autophagy in SMNs during the process.
It was found that oxygen-glucose deprivation (OGD) resulted in destruction of neural
networks and decreased cell viability of primary SMNs, and the severity increased
with the prolonging of the OGD time. The OGD treatment enhanced autophagy,
which reached a peak at 5 h. Further investigation demonstrated that inhibition of
autophagy exacerbated the injury, evidencing that autophagy plays a protective role
during the process.

Keywords: spinal motor neurons (SMNs), spinal cord ischemia, cellular model, oxygen-glucose deprivation
(OGD), autophagy
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INTRODUCTION

Spinal cord ischemia is a devastating complication following
thoracoabdominal aortic surgery (Drinkwater et al., 2010;
Shimizu and Yozu, 2011; Etz et al., 2014), and it frequently occurs
as well when the spinal cord suffers from direct trauma during
spinal cord injury (Rivlin and Tator, 1978; Aslan et al., 2009),
or compression from vertebral stenosis and various other spinal
lesions (Gooding et al., 1975; Griffiths et al., 1979; Yang et al.,
2015), which may lead to various degrees of disability or even
paraparesis/paraplegia (Coselli et al., 1997; Etz et al., 2008; Suarez
et al., 2013). During the spinal cord ischemia, the blood flow
of the spinal cord is reduced, and the tissue auto-regulation is
disrupted (Kise et al., 2015; Weidauer et al., 2015), which takes
an essential part in the pathophysiological mechanisms. During
the past decades, numerous studies, by adopting various animal
models (in rats, mice, rabbits, cats, pigs, and primates; Griffiths
et al., 1979; Kato et al., 1997; Kolenda et al., 2003; Wang et al.,
2010; Hwang et al., 2012, 2017; Nazli et al., 2015; Yang et al.,
2015) and tissue (organotypic spinal cord slices) experiments
(Turner and Johnson, 2011; Esposito et al., 2012) of spinal cord
ischemia, have been studied for the pathogenesis and developed
some methods to reduce the injury; however, up until now,
the treatment options remain strongly controversial and limited,
and the concrete mechanisms and roles of certain types of cells
involved in this process are still far from clear. Besides in vivo or
organotypic models, cellular models of a certain disease to mimic
a certain cell type phenotype hold the key to understand the
pathogenesis of a disease; nevertheless, progress in performing
researches about spinal cord ischemia have been impeded by the
inability to gain sufficient number with well uniformity of certain
types of cells in vitro.

In eukaryotic cells, the maintenance of normal metabolic
balance relies on two major protein catabolism pathways: the
ubiquitin–proteasome pathway (UPS) and autophagy lysosomal
pathway. A number of neurological disorders have been
discovered to be associated with autophagy. Autophagy (means
‘‘self-eating’’ in Greek, ‘‘auto’’ oneself, ‘‘phagy’’ to eat), a term
which was first coined by Christian de Duve in 1963 (De Duve,
1963; Klionsky, 2008), is a highly regulated process in which
protein aggregates and damaged organelles are degraded via the
lysosomal pathway. It is an evolutionary conserved catabolic
system where unnecessary or dysfunctional cellular components,
including cytosolic proteins and organelles, are detained
in a double-membrane vesicle, and the resulting vacuoles
(autophagosomes) are degraded after they are transmitted to the
lysosomal compartment (Klionsky and Emr, 2000; Mizushima
and Komatsu, 2011; Feng et al., 2014). It serves like a cellular
housekeeper, to keep the amino acid/energy recycling and try
to mitigate various metabolic stresses (Levine and Kroemer,
2008; Wirawan et al., 2012). Although some of abovementioned
functions overlap with those of the UPS, autophagy mainly
contributes to the turnover of long-lived proteins and the
maintenance of amino acid pools in the setting of cellular stresses
(Ciechanover et al., 2000; Nedelsky et al., 2008; Lu et al., 2013).
This process is considered to be adaptive and essential for
survival, differentiation, development, and homeostasis under

both physiological and pathological conditions. In various
neurological diseases, autophagy may be either upregulated or
downregulated or even impaired (Komatsu et al., 2006; Lee
et al., 2010; Lynch-Day et al., 2012; Gu et al., 2013; Martin
et al., 2015). Previous in vivo studies have indicated that
autophagy is implicated in the spinal cord ischemic injury
(Kanno et al., 2009a; Fan et al., 2014; Fujita et al., 2015;
Fang et al., 2016), whereas the concrete mechanisms during
the process are controversial, and the impact of autophagy
in primary spinal neurons has not been fully understood.
Accumulating evidence suggested that autophagy may act as a
‘‘double-edged sword’’ with regard to central nervous system
injury. The role of autophagy varies with the type or degree
of injuries. Mounting studies showed that autophagy activation
may be involved in neuroprotection in cerebral or spinal cord
injury (Sheng et al., 2010; Mariño et al., 2011; Wang P. et al.,
2012; Sun et al., 2016), but some investigators reported that
the ischemic injury may induce ‘‘autophagic cell death,’’ and
inhibition of autophagy can prevent neuron death after ischemic
injury (Yu et al., 2004; Rami et al., 2008; Uchiyama et al.,
2008; Kanno et al., 2009b). Some in vivo studies have also
documented that, in the model of cerebral ischemia, autophagy
is activated in various cell types—neurons, astrocytes, and
vascular endothelial cells, while in the model of spinal cord
injury (Kanno et al., 2009a; Fang et al., 2016), autophagesomes
mainly accumulate in neurons, microglia, or oligodendrocytes,
rather than in astrocytes. Nevertheless, the concrete change in
a certain cell type during the process of spinal cord injury has
never been reported, and the underlying mechanisms deserve
further investigation.

Spinal motor neurons (SMNs), the nerve cells that connect
the ventral horn of the spinal cord to directly or indirectly
control muscles or glands, act as one of the most important
neurons in the spinal cord. Existing studies have demonstrated
that SMNs are vulnerable to ischemic injury due to their high
demands of energy (Kanno et al., 2009a; Fujita et al., 2015;
Fang et al., 2016). The ischemia induces changes in SMNs,
which can, in turn, affect the process. Nevertheless, little is
known about the dynamic time-course changes and the function
of autophagy in SMNs during the process. By optimizing the
isolation and culture of SMNs, our laboratory has developed
an improved culture system of SMNs, which allows establishing
cellular models and performing mechanism studies. Based on
this culture system, we also tried some in vitro models of SMNs
to mimic the metabolic perturbation occurring in vivo during
the spinal cord ischemic injury, which may include the state
of hypoxia, aglycemia, acidosis, oxidative stress, etc. Oxygen-
glucose deprivation (OGD), which has been widely utilized
to study the cerebral ischemia injury or ischemia/reperfusion
injury, is a commonly used model to mimic an ischemic milieu
in vitro (Fontella et al., 2005; Cimarosti et al., 2012; Wang R.
et al., 2012; Tasca et al., 2015). Performing OGD-induced SMNs
injury model can well mimic the extracellular condition in spinal
ischemia and results in neuronal insult; however, unlike cerebral
ischemia injury and ischemia/reperfusion injury, which have
been studied by numerous researches, investigations about the
spinal neurons are far from enough.
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To date, no studies have addressed the time-course changes
and the role of autophagy in primary SMNs subjected to
OGD conditions. In the current study, by establishing a
cellular model of spinal cord ischemia in vitro, we intended
to investigate the potential involvement of autophagy and its
time course in primary SMNs. Furthermore, by treating with the
autophagy inhibitor, the role of autophagy during the process was
clearly observed.

MATERIALS AND METHODS

Reagents and Chemicals
NeurobasalTM medium, B-27TM supplement, HBSS, PBS,
and trypsin were purchased from Gibco. Brain-derived
neurotrophic factor (BDNF), glial cell-derived neurotrophic
factor (GDNF), glutamate, L-glutamine, Dnase, poly-D-lysine
(PDL), paraformaldehyde (PFA), and 4′,6-diamidino-2-
phenylindole (DAPI) were all obtained from Sigma-Aldrich.
RIPA Lysis and Extraction Buffer, as well as PierceTM BCA
Protein Assay Kit were purchased from Thermo Scientific. The
protease inhibitor cocktail was from Bimake. Primary antibodies
against NGF receptor (p75NTR; ab6172), CHAT (ab6168),
and β-actin (ab8226) were provided by Abcam. Antibody
against SMI 32 (NE1023), Cy3-conjugated sheep anti-rabbit IgG
secondary antibody (AC111C), and polyvinylidene difluoride
(PVDF) membranes were purchased from EMD Millippore.
Primary antibody against light chain 3 (LC3; M152-3) was
purchased from MBL International. Primary antibodies against
Beclin1 (#3738), SQSTM1/p62 (#5114), as well as horseradish
peroxidase (HRP)-linked secondary antibodies (#7074, #7076)
were obtained from Cell Signaling Technology. Alexa fluor
488-conjugated donkey anti-mouse IgG secondary antibody
(A-21202) was bought from Invitrogen. ClarityTM Western ECL
Substrate was obtained from Bio-rad. CCK8 kit were purchased
from Dojindo. Bafilomycin A1 (Baf-A1) and 3-Methyladenine
(3-MA) were purchased from Selleck Chemicals.

Isolation and Culture of Primary Spinal
Motor Neurons (SMNs)
Pregnant Sprague–Dawley rats were used in the experiments in
accordance with internationally accepted standard guidelines for
animal use and care, and our study protocol was reviewed and
approved by the ethical committee of Guangzhou University
of Chinese Medicine. SMNs were prepared from 14- to 16-day
embryonic rats as we have reported previously (Chen et al.,
2018). Briefly, the spinal cords from embryonic rats were
dissected, with vessels and menings gently removed. Then,
tissues were washed and cut into small slices and transferred
a new dish for trypsinization (0.25% trypsin and 0.4% Dnase)
for 20 min at 37◦C, followed by adding complete media to
inactivate the trypsin, Later, the tissues were gently triturated
using Gilson blue pipette tips and a 100-mesh filter to obtain
the single-cell suspension. Cells were harvested by centrifugation,
re-suspended by NeurobasalTM medium supplemented with 2%
B27, and plated on panning dishes, which had been coated
with affinity-purified goat anti-mouse IgG in Tris-HCl buffer
at 4◦C overnight, washed, and then incubated with p75NTR

antibody (1–10 µg/ml in PBS). After immunopanning, panning
dishes were gently washed to remove those loosely attached cells.
Adherent cells (phase bright and quite big under the inverted
phase-contrast microscope) were collected by trypsinization
and centrifugation, then re-suspended by plating media, whose
components were Neurobasal medium supplemented with 2%
B27 and 25 µM Glutamate. An aliquot (2 µl) was used
for counting before cells were seeded at a proper density
(2× 104/ml–5× 104/ml) on Petri dishes or a 96-well plate, which
had been pre-treated with PDL (20 µg/ml, for 30 min at room
temperature). 24 hours after plating, media was fully replaced
by growth media, whose components were Neurobasal medium
supplemented with 2% B27, 2 mM of L-Glutamine, 10 ng/ml
of BDNF, and 10 ng/ml of GDNF. Neurons were maintained at
37◦C in a humidified 5% CO2 incubator, and half volume of the
mediumwas changed with freshmedia every 3 days. Experiments
were performed after day in vitro (DIV) 7–14.

Oxygen-Glucose Deprivation (OGD)
Exposure of SMNs
OGD has been utilized as a simulation model of hypoxic
insult in vitro. OGD experiments were performed between
DIV 7 and DIV 14, at which time SMNs represented at least
95% of the population as assessed by SMN marker and DAPI
staining. To initiate OGD, the cultured primary SMNs were
rinsed with HBSS and then incubated with Earle’s balanced salt
solution (EBSS), whose components were (in mg/L): 6,800 NaCl,
400 KCl, 200 CaCl2, 200 MgSO4–7H2O, 140 NaH2PO4–H2O,
2,200 NaHCO3, pH 7.4, and placed in a tri-gas incubator
(Thermo Fisher Scientific), which was set at 5% O2 and 5%
CO2 at 37◦C for certain hours to mimic ischemic insult.
The experimental schedule is shown in Figure 1. Control
cells were cultured in normal culture medium (Neurobasal
medium supplemented with 2% B27 and 2 mM L-Glutamine)
and placed in the regular incubator (95% air and 5% CO2
at 37◦C).

Quantification of Cell Viability With
CCK8 Assay
Cell viability of cultured SMNs was tested with a nonradioactive
cell counting kit (CCK8) following the manufacturer’s
instructions. In brief, the primary SMNs were seeded on
96-well plates at a density of 2.5 × 103 per well. After cells
were subjected to OGD for 0.5, 1, 2, 3, 5, and 7 h, 10 µl of
CCK8 was added to each well, and the mixture was incubated
for 4 h at 37◦C. Then, absorbance was determined at 450 nm by
a microplate reader. Results were expressed as the percentage
of CCK8 reduction, and the absorbance of control cells was set
at 100%.

Immunofluorescence Assay
Isolated SMNs were plated on confocal dishes for
immunofluorescence assay. Cells were washed with ice-cold
PBS, fixed with 4% paraformaldehyde solution for 15 min at
room temperature, permeabilized by 0.2% Triton X-100 (in PBS,
pH 7.4) and further blocked in 5% goat serum for 1 h at room
temperature. Cells were then incubated with appropriate primary
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antibodies at 4◦C overnight. For double immunofluorescence,
different primary antibodies from different species were
simultaneously incubated. For the identification of SMNs,
mouse anti-SMI 32 (1:500) and/or rabbit anti-CHAT (1:500)
were used. While for the identification of autophagic marker,
mouse anti-LC3 (1:500) was used. After being washed, cells were
incubated with Alexa fluor 488-conjugated donkey anti-mouse
IgG (1:1,000) or/and Cy3 conjugated sheep anti-rabbit secondary
antibody (1:1,000) for 1 h in dark. For nuclear counterstaining,
DAPI was used. Labeled cells were identified using Olympus
FX-70 fluorescence microscope or Zeiss LSM 510 META
laser scanning confocal microscope, and digital images were
recorded by Adobe Photoshop software and Zeiss LSM Image
Examiner software.

Protein Isolation, Quantification, and
Western Blot Analysis
Isolated SMNs were plated on Petri dishes for Western blot
analysis. After OGD treatment, cells were harvested and lysed
in ice-cold RIPA lysis buffer with protease inhibitor cocktail.
Protein concentrations were detected using BCA protein assay
kit, and proteins in each group were adjusted to the same
concentrations. Equivalent amounts of protein were loaded
and electrophoretically on 12% or 15% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and blotted
onto PVDF membranes. Then, the nonspecific binding was
blocked by incubating membranes in 5% skimmed milk (in
TBS containing 0.05% Tween 20) for 1 h. The membranes were
incubated with primary antibodies diluted in TBST as follows:

mouse anti-LC3 (1:1,000), rabbit anti-Beclin1 (1:1,000), rabbit
anti-SQSTM1/p62 (1:1,000), and mouse anti-β-actin (1:3,000)
overnight at 4◦C. The next day, membranes were washed
three times with TBST for 5 min each wash, followed by
incubating with anti-mouse IgG HRP-linked antibody (1:2,000)
or anti-rabbit IgG HRP-linked antibody (1:2,000) for 1 h
at room temperature. Immunoreactivity was detected with
ClarityTM Western ECL Substrate, and reacting bands were
captured by Bio-rad ChemiDocTM XRS+ system, and analyzed
for final determination of protein expression with Image Lab and
normalized by β-actin as internal controls.

Electron Microscopy
The neurons were harvested and fixed in 2.5% glutaraldehyde in
0.1 M phosphate buffer (pH 7.4) for 8 h, followed by treatment
with 1% osmium tetroxide for an additional 1 h, and dehydrated
by gradient ethanol and acetone. Samples were immersed in
resin, hardened, and sectioned (50–70 nm). Later, the ultrathin
sections were stained with lead citrate and uranyl acetate and
observed by electron microscopy (Zeiss EM910).

Statistical Analysis
All experiments were performed at least three times
independently. Statistical analysis of all data was performed
using SPSS 22.0 and GraphPad Prism 7. Results were presented
as mean ± standard deviation (SD). Statistical comparisons
between two groups were determined using unpaired Student’s
t-test. Differences among groups were evaluated with one-way
analysis of variance (ANOVA) followed by Tukey’s or Dunnett’s
post hoc test when appropriate, or two-way ANOVA followed by

FIGURE 1 | Schematic diagram of the isolation and purification of primary spinal motor neurons (SMNs) and oxygen-glucose deprivation (OGD) modeling process.
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FIGURE 2 | Visual characterization of cultured primary SMNs. (A) Morphology of cultured cells after plating for 2 days. (B) SMNs developed large cell bodies with
long neurites. (C) Mature SMNs formed vastly interconnected neurite networks.

Sidak’s multiple comparisons test. A difference was considered
statistically significant when p < 0.05.

RESULTS

Characterization, Identification, and Purity
of Primary SMNs
Within 24 h after plating, most cells were adherent to the bottom,
and some even grew tiny neurites, but all cells were solitary.
After the first media replacement (24 h) to remove the floating
cells and change some media components, larger cells appeared,
cell outgrowths grew longer and formed multiple branches. After
7 days in culture, cells grew mature with plump soma and high
refraction, and formed interconnected neural networks diffusely
(Figure 2).

In order to identify motor neurons in the culture system,
SMI-32 and CHAT antibodies were both used. As shown
in Figure 3, the SMI-32 and CHAT stainings showed cell
bodies, dendrites, and large axons. On the 10th day, as
signs for maturation and high differentiation, the cultured
SMNs developed large cell bodies with long neurites, which
formed interconnected neurite networks and showed prominent
arborization. The purity of SMNs was calculated by motor
neuron marker (CHAT and SMI-32) immunofluorescence and
DAPI staining. The results showed that the proportion of
SMNs reached over 95%, which can meet the requirements of
subsequent experiments.

Morphological Changes of Primary SMNs
Under OGD at Different Time Points
OGD-induced SMN injury acts as a model to mimic spinal
cord ischemia injury in vitro and results in neuronal insult.
In this experiment, primary SMNs were cultured under OGD
condition for 1, 2, 3, 5, 7, and 24 h, with motor neurons
cultured in normal media and normoxia serving as control.
As shown in Figures 4A–F, it seems that cells showed no
obvious morphological changes within 1 h; however, most SMNs
exhibited atrophic cyton and disrupted neurofilament after 3 h,
and the injury continued to aggravate as time prolonged, with

apparent impaired neural networks after 7 h and even massive
cell loss for 24 h.

Cell Viability Is Reduced Under OGD in a
Time-Dependent Manner
We assessed the survival rate of SMNs after OGD insult. It was
reduced under OGD in a time-dependent manner. According
to Figure 4G, the cell viability declined sharply when cells were
initially subjected to OGD (1 h), with significant changes every
half an hour (control vs. 0.5 h, 0.5 vs. 1 h), but later declined
relative slowly within 3 h (without significant change 1 vs. 2 h,
and 2 vs. 3 h). Until 5 h upon OGD stress, viability declined
markedly compared with 3 h. As time prolonged, cell viability
declined more slowly, reaching a nearly 50% viability decrease in
7 h, but with no significant difference with 5 h.

OGD Treatment Enhances Autophagy in
Primary SMNs, and Autophagy Reaches a
Peak at 5 h
To determine whether autophagy was involved in SMNs under
OGD conditions, we first examined the classical autophagy
makers by Western blot assays. The microtubule-associated
protein LC3, a mammalian homol of the yeast ATG8 gene
(Aut7/Apg8), serves as the markers for autophagy. As shown
in Figure 5, the bands showed the time course of autophagy
induction under OGD, and the ratio of LC3-II/LC3-I was
seen as a dramatic increase in SMNs after OGD for 3 h and
reached a peak at 5 h. Immunofluorescence assay revealed
strong and punctate LC3 staining in the OGD group (Figure 6),
whose trends were consistent with that of Western blot
analysis. Intriguingly, we can also observe that strong, punctate
LC3 appeared much more in soma than in axons.

P62, also called sequestosome 1 (SQSTM1), is the selective
cargo receptor for autophagy to degenerate misfolded proteins
and serves as the marker for autophagic degradation. We
detected the expression of SQSTM1/p62 and found that its
level was diminished significantly after OGD for 3 h, which
corresponded to the results of LC3. Additionally, Beclin1,
the mammalian homolog of the yeast Agt6, forms a protein
complex with class III phosphatidyl inositol-3 kinase within the
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FIGURE 3 | Identification and purity of SMNs by immunofluorescence with
motor neuron-specific markers against SMI-32 and CHAT. The
immunofluorescence assay of motor neuron marker SMI-32 (green, A) and
CHAT (red, B) showed cell bodies, dendrites, and large axons, with
4′,6-diamidino-2-phenylindole (DAPI) staining (blue, C) showing the nuclei.
(D) Merged image. (E) The percentage of SMI-32 or CHAT-immuopositive
cells were calculated. Data were presented as mean ± SD
(n = 5 independent experiments). At least 10 random fields from one sample
were averaged in each independent experiment. Scale bars represent 20 µm.

autophagosome. Results showed that Beclin 1 expression was
upregulated markedly and continually after OGD within 7 h.

OGD Treatment Induces Autophagic Flux
in Primary SMNs
Given that autophagy was involved in primary SMNs upon OGD
stress, we next decided to confirm that the enhancement of
autophagy markers during the process was due to induction
of autophagy or blockage of autophagosome maturation. For
this purpose, lysosome inhibitor Bafilomycin A1 (Baf-A1) needs
to be added in the culture medium to assess the responses
of SMNs, which is a classical approach to observing the real
state of autophagic flux. Baf A1 is a late-phase autophagy
inhibitor, which acts by inhibiting vacuolar H + ATPase
(V-ATPase) and thus prevents the maturation of autophagic
vacuole fusion between autophagosomes and lysosomes (Gómez-
Sánchez et al., 2015; Klionsky et al., 2016). Results in Figure 7
demonstrated that, in the presence of Baf-A1, LC3 II increased
and accumulated, LC3-II/LC3-I displayed a much higher level

FIGURE 4 | Morphological changes and cell viability of cultured SMNs under
OGD for different time. Primary SMNs were cultured normally (A) or subjected
to OGD for various periods of time (B: 1 h, C: 3 h, D: 5 h, E: 7 h, or F: 24 h,
respectively), and the representative phase photomicrographs showed the
morphologic changes (×250). (A–F) OGD resulted in destruction of neural
networks, and the severity increased with the prolonging of OGD time. (G)
Cell viability was reduced under OGD in a time-dependent manner. The cell
viability was assessed using the CCK8 kit, and results were expressed as the
percentage of CCK8 reduction. The absorbance of control cells was set at
100%. Data were presented as mean ± SD (n = 5 independent experiments).
Statistical comparisons were carried out with one-way analysis of variance
(ANOVA). *p < 0.05 compared with control group. #p < 0.05 between
groups.

when SMNs were treated with OGD plus Baf-A1 than OGD
alone. This indicated that the increase in LC3-II levels by
OGD was because of an increase in production rather than the
decreased recycling of autophagy.
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FIGURE 5 | OGD treatment induces autophagy activation. SMNs were exposed to OGD for and indicated time, and the expression of light chain 3 (LC3) I, LC3 II,
Beclin1, and SQSTM1/p62 were detected by Western blot (A). (B) The quantitative results are shown after normalizing with β-actin as an internal control. Data were
presented as mean ± SD (n = 3 independent experiments). Statistical comparisons were carried out with one-way ANOVA. *p < 0.05.

Results of Transmission Electron
Microscopy
The transmission electron microscopy (TEM) acts as one of the
most important methods for monitoring autophagy (Swanlund
et al., 2010). Autophagy was first detected by TEM in the
1950s, and it was originally observed as a focal degradation of
cytoplasmic areas performed by lysosomes, which still remains
the hallmarks of this process. Up until now, TEM is still the only
tool that reveals the morphology of autophagic structures at a
resolution in the nm range and shows the cellular substructure
during the process, which allows the exact identification
(Martinet et al., 2014). Therefore, we used TEM to examine the
ultrastructural changes of SMNs subjected to OGD insult. In
order to identify the typical differences, we chose the control cells
and SMNs after 5 h of OGD. As shown in Figure 8, control cells
contained normal-looking organelles, nucleus, and chromatin.
The mitochondria had a dense matrix, neatly aligned cristae,
and no signs of autophagy were observed. While after OGD
insults, SMNs were found to contain many vesicles with typical
morphological features of autophagosomes (AP). A number of
double ormulti-membrane structures, which engulfed cytoplasm
fractions and organelles, can be observed in the cytoplasm.When
autophagosomes fused with lysosomes, the inner membranes
disappeared, and autophagosomes turned to be single-membrane
autophagic vacuoles. The mitochondria displayed swelling with
partially broken or dilated cristae. The TEM strongly once again

suggested that overactivation of autophagy was triggered in
primary SMNs subjected to OGD.

Inhibition of Autophagy Exacerbates the
Injury of Primary SMNs Exposed to OGD
In order to clarify the effects of autophagy in OGD-induced
neuron injury, primary cultured SMNs were treated with
autophagy inhibitor 3-MA, whose dosage has been selected to
avoid cytotoxity (Figure 9A), and its corresponding inhibition
effect was confirmed by Western blot (Figure 9B), followed
by OGD for an indicated time, and then the cell viability
was measured.

3-MA, a well-established inhibitor of autophagy, relatively
selectively inhibits the class III phosphatidylinositol kinase (Wu
et al., 2010), whose activity is required for autophagosome
formation. It has been generally accepted and widely used as an
inhibitor of autophagy. Our data showed that the cell viability
was even decreased by 3-MA treatment (Figure 9C), indicating
that inhibition of autophagy exacerbates the injury of primary
SMNs exposed to OGD.

DISCUSSION

In the current study, we identified the dynamic time-course
changes and role of autophagy in primary SMNs subjected to
OGD. To the best of our knowledge, this report is among the
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FIGURE 6 | Double immunofluorescence stainings show the LC3-positive
puncta in primary SMNs under OGD. (A) Representative fluorescent confocal
images of cells counterstained with DAPI (blue, nuclei), autophagy-specific
marker—LC3 (green) as well as motor neuron marker—CHAT (red) are shown
(n = 3 independent experiments). Strong, punctate LC3 staining can be
observed in primary SMNs under OGD. Scale bar presents 10 µm. (B) The
relative fluorescent intensity of LC3 was analyzed using ImageJ. Data were
presented as mean ± SD (n = 3 independent experiments). Statistical
comparisons were carried out with unpaired Student’s t-test. *p < 0.05.

FIGURE 7 | LC3 expression under OGD with Baf-A1 to observe the real
state of autophagic flux. (A) The expression of LC3 I and LC3 II were detected
by Western blot. In the presence of Baf-A1, LC3 II dramatically increased and
accumulated. (B) The quantitative results are shown in the bar chart. Data
were presented as mean ± SD (n = 3 independent experiments). Statistical
comparisons were carried out with one-way ANOVA. *p < 0.05 compared
with the control group. #p < 0.05 compared with the 7-h group.

first to clarify the autophagic expression changes in a primary
cell model of spinal cord ischemia.

Primary cultures facilitate the limitation of similar in situ
counterpart morphology and physiology. However, due to the
low yields of motor neuron cultures from spinal cord before,
hybrid cell lines of motor neurons (NSC 34 and VSC 4.1) have
long been utilized and tacitly regarded as the most stable motor
neuron cell line to mimic the pathophysiology of motor neuron
disorders (Mosier et al., 1995; Eggett et al., 2000; Samantaray
et al., 2006; Maier et al., 2013; Perera et al., 2018). Whereas,
with the deepening and development of research, it has been
found that there are obvious differences between the hybrid cell
lines and primary cells, including the susceptibility of glutamate-
induced death and calcium influx (Madji Hounoum et al., 2016).
Hence, more and more scholars suggest that primary cells are
more suitable as experimental models.

The isolation and culture of primary SMNs had been reported
and described well (Schaffner et al., 1987; Martinou et al., 1989;
Camu and Henderson, 1992, 1994; Graber and Harris, 2013);
however, scarcely rapid and easy protocols have been achieved,
let alone cellular models of SMNs. Previous literature mainly
focuses on the possibility of successful isolation and culture
of SMNs, by density gradient centrifugation, fluorescence-
activated cell sorting or immunopanning, or a combination of
these methods. Their results are inspiring, but the processes
are often complicated, time-consuming, and hard to obtain
sufficient quantities of SMNs once, which make it impossible
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FIGURE 8 | Representative electron micrographs (EM) of primary SMNs in the control (A) and OGD group (B). The ultrastructural changes in primary SMNs after
OGD injury are shown, and distinct autophagic structures are marked: autophagosome (AP), autolysosome (AL), mitochondria (M), endoplasmic reticulum (ER), cell
nucleus (N). (A) The neuronal soma was plump and showed a normal morphology, with intact nuclear and plasma membranes. In addition, the mitochondria had a
dense matrix and neatly aligned cristae, and no signs of autophagy were observed. (B) After OGD insults, crescent-shaped or goblet-like phagophores with double-
or multiple-layer membrane structures and formation of autophagosomes can be observed, and autophagic vacuoles fused with lysosomes to form autolysosomes
with single-layer membrane structures can also be seen. Images shown are representative examples from three independent experiments. Scale bars presents
200 nm.

to perform protein or RNA profiling systematically. Rapid and
easy protocols facilitate mechanism studies or drug screens by
performing downstream analyses (protein or RNA profiling),
which require enough quantities of motor neurons in vitro.
Therefore, we developed rapid, efficient, and reproducible
procedures for the dissection of spinal cords and harvest of SMNs
with high survival and purity (Chen et al., 2018), and develop
cellular models of SMNs, which allow performing mechanism
studies or drug screens.

Autophagy is an indispensable catabolic process in cell
survival, differentiation, development, and homeostasis (Levine
and Kroemer, 2008; Mizushima and Komatsu, 2011). The dual
role of autophagy varies, either to protect cells through adaptive
regulation or induce ‘‘autophagic cell death.’’ Accumulating
studies have confirmed that autophagy activation is involved in
the central nervous system injury and some neurodegenerative
diseases (Tan et al., 2014; Martinez-Vicente, 2015; Guo et al.,
2018), yet researches on autophagy in spinal cord injury are far
from enough. Meanwhile, it is still debatable whether autophagy
exerts a protective or destructive role in spinal cord injury. For
instance, there are studies documenting that autophagy plays a
protective role in spinal ischemia via sustaining autophagy (Fan
et al., 2014). However, transient spinal cord ischemia can induce
autophagy in motor neurons, which may result in neuronal
death (Baba et al., 2009; Fujita et al., 2015). Meanwhile, even
some research provided evidence that autophagy exerts opposing
impact on early and later stages after spinal I/R injury: early
activated autophagy alleviates spinal cord I/R injury by inhibiting
apoptosis and inflammation, while later, excessively enhanced
autophagy aggravates the injury (Fang et al., 2016). Nonetheless,

the abovementioned researches are mainly in vivo studies, which
did not show the concrete change of a certain cell type during
the process of spinal cord ischemia injury, which we have tried to
investigate in our studies.

Lack or deprivation of energy, such as oxygen or glucose,
may lead to low physiological function, abnormal metabolism,
and even cell death. In our experiment, the cell viability was
reduced under OGD (Figure 4). According to the cell viability
curve (Figure 4G), we clearly found that the cell viability declined
sharply when cells were initially subjected to OGD, but later
declined relatively slowly. Correspondingly, we detected the
autophagic expression changes during the process (Figure 5).
Concomitant with the rate of viability changes, it was interesting
to find that autophagy was upregulated and kept increasing
in the first few hours, reaching a peak at 5 h, suggesting that
cells started to maintain the balance of internal environment
after receiving adverse stimulus. However, since the OGD
insult existed persistently, the cell viability continued to decline.
Morphologically (Figures 4A–F), the SMNs showed slight injury
in the first few hours and apparent impaired neural networks
after 7 h, indicating that the normal physiological functions
were unable to be maintained after stimulated by persistent
adverse factors.

The microtubule-associated protein LC3, a mammalian
homolog of the yeast ATG8 gene (Aut7/Apg8), takes an
important part in the formation of autophagic vacuoles
(Klionsky et al., 2016). The cytoplasmic form LC3
(LC3-I) is distributed throughout the cytoplasm diffusely
and uniformly, but during autophagy activation, it will
be conjugated to phosphatidylethanolamine to form
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FIGURE 9 | Inhibition of autophagy by 3-methyladenine (3-MA) exacerbates
the injury of primary SMNs exposed to OGD. (A) Primary SMNs in normal
conditions were treated with different dosages of 3-MA to select its safe
dosage. (B) The autophagy inhibition effect of 5 mM 3-MA was confirmed by
Western blot. To test it simple and clear, SMNs were subjected to OGD for
5 h in the presence or absence of 3-MA, and their expressions of LC3 I and
LC3 II were detected. Results indicated that this dosage can significantly
block autophagy in SMNs under OGD conditions. (C) The dosage 5 mM was
applied in all the time points, and the cell viability of primary SMNs with or
without 3-MA was assessed at different time points using the CCK8 kit.
Results were expressed as the percentage of CCK8 reduction, and the
absorbance of the control cells was set at 100%. Data were presented as
mean ± SD (n = 5 independent experiments). Statistical comparisons were
carried out with one-way ANOVA (A) or two-way ANOVA (C).
#p < 0.05 compared with the control group. *p < 0.05 compared with cell
viability in the same time point under OGD conditions.

LC3–phosphatidylethanolamine conjugate (LC3-II) and
recruited to autophagosomal membranes (Mizushima and
Yoshimori, 2007). When associated with autophagosomes,
LC3 exhibits a typically apparent mobility in electrophoresis,
changing from 18 kD to 16 kD and indicated as ‘‘LC3 puncta
processing,’’ which is commonly referred to as LC3-II.
Autophagosomes fuse with lysosomes to form autolysosomes,
and intra-autophagosomal components are degraded by
lysosomal hydrolases. At the same time, LC3-II in autolysosomal
lumen is degraded. Therefore, lysosomal turnover of the
autophagosomal marker LC3-II can reflect the autophagic
activity to some extent, and detecting LC3 by immunoblotting
and immunofluorescence have become reliable methods
for monitoring autophagy and autophagy-related processes.
The level of autophagy can be assessed by the ratio of
LC3-II/I by immunoblotting and positive puncta of LC3 by
immunofluorescence. In our study, the Western blot analysis
revealed a significantly increase in LC3 level (Figure 5), which
was further corroborated by immunofluorescence assays
(Figure 6) and TEM (Figure 8). Meanwhile, the marker of
autophagic degradation (SQSTM1/p62) diminished significantly

after OGD for 3 h, and Beclin 1 expression was upregulated
markedly and continually after OGD within 7 h (Figure 5).

Besides the fact that immunofluorescence assays confirmed
the induction of autophagy during OGD, intriguingly, from the
immunofluorescence images, strong LC3 puncta were assembly
visualized in soma rather than in axons (Figure 6). Previous
studies have demonstrated that retrograde transportation along
axons back toward the neuronal cell bodies are critical during
the autophagic process of neurons (Maday et al., 2012; Maday
and Holzbaur, 2014; Zheng et al., 2019). It has already been
proven that the process of retrograde transport along axons back
toward the neuronal soma occurs in hippocampal, DRG, and
cortical neurons (Lee et al., 2011; Maday et al., 2012; Maday and
Holzbaur, 2014; Zheng et al., 2019). Our findings may provide
some support for this theory in SMNs.

Detecting LC3 by immunoblotting and immunofluorescence
are the basic ways to monitor autophagy and autophagy-related
processes; however, these results can hardly represent the real
state of autophagic flux since autophagy is a dynamic process
with multiple steps. In this regard, lysosome inhibitor Baf-A1
was added to the culture medium to assess the responses of
SMNs, which is a classical approach in observing the real state
of autophagic flux. Actually, up until now, besides the lysosomal
or vacuolar degradation inhibitor present or not in Western
blot analysis, an alternative way to detect the autophagic flux
is to measure the GFP–LC3 fusion protein with the aid of the
GFP–LC3 expressing plasmid. In our experiment, we have tried
both of themethods, but limited to the low transfection efficiency
of GFP–LC3 expressing plasmid in primary SMNs, we only
showed the results of autophagic flux detection by adding Baf-
A1. In the presence of Baf-A1, LC3 II increased and accumulated
(Figure 7), which indicated the increase in LC3-II levels by OGD
owing to an increase in production rather than the decreased
recycling of autophagy.

Later, in order to evaluate the role of autophagy, the
autophagy inhibitor 3-MA was added in the culture system.
It showed that blockade of autophagy activation by 3-MA
aggravated cell injury, presenting worse cell viability.

CONCLUSION

Taken together, by successfully establishing a primary cellular
model of spinal cord ischemia in vitro, the dynamic time-course
changes of autophagy and autophagy flux in SMNs was clearly
investigated. Autophagy was upregulated in primary SMNs
subjected to OGD, and autophagy reached a peak at 5 h. Besides,
inhibition of autophagy exacerbated the injury of primary SMNs
exposed to OGD, suggesting that autophagy plays a protective
role during the process. Further studies need to explore the
possible pathway and mechanisms underlying the effects of
autophagy overactivation.
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The Influence of Neuron-Extrinsic
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In the aging western population, the average age of incidence for spinal cord injury
(SCI) has increased, as has the length of survival of SCI patients. This places great
importance on understanding SCI in middle-aged and aging patients. Axon regeneration
after injury is an area of study that has received substantial attention and made
important experimental progress, however, our understanding of how aging affects
this process, and any therapeutic effort to modulate repair, is incomplete. The growth
and regeneration of axons is mediated by both neuron intrinsic and extrinsic factors.
In this review we explore some of the key extrinsic influences on axon regeneration
in the literature, focusing on inflammation and astrogliosis, other cellular responses,
components of the extracellular matrix, and myelin proteins. We will describe how each
element supports the contention that axonal growth after injury in the central nervous
system shows an age-dependent decline, and how this may affect outcomes after a SCI.

Keywords: aging, neuron-extrinsic factors, inflammation, microglia, astrocytes, extra-cellular matrix, signaling,
spinal cord injury

INTRODUCTION

Spinal Cord Injury (SCI) is the second most common cause of paralysis, following stroke, and places
a significant and life-long burden on patients. Globally, the SCI incidence rate is approximately
13 cases per 100,000 population, with an average of 0.93 million new cases occurring each year
(James et al., 2019). In the United States the incidence is approximately 54 cases per million
people, with around 17,730 new cases each year (Singh et al., 2014; NSCISC, 2019). In the

Abbreviations: AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; BBB, blood-brain barrier; BDNF, brain-derived
neurotrophic factor; BMP, bone morphogenetic protein; BSCB, blood-spinal cord barrier; ChABC, chondroitinase ABC; CNS,
central nervous system; CNTF, ciliary neurotrophic factor; CSPG, chondroitin sulfate proteoglycans; CST, cortico-spinal
tract; DSPG, dermatan sulfate proteoglycans; EGF, epidermal growth factor; ERK, extracellular signal-regulated kinases;
FGF, fibroblast growth factors; GABA, gamma aminobutyric acid; GDNF, glial cell-derived neurotrophic factor; GFAP,
glial fibrillary acidic protein; HD, Huntington’s disease; HSPG, heparan sulfate proteoglycans; IGF, insulin-like growth
factor; IL, interleukin; JAK, Janus kinase; JNK, C-Jun N-Terminal Kinase; KLFs, Krüppel-like factors; KSPG, keratan sulfate
proteoglycans; LPS, lipopolysaccharide; MAG, myelin-associated glycoprotein; MAPK, mitogen activated protein kinase;
MEK, mitogen-activated protein kinase kinase; mTOR, mammalian target of rapamycin; NFκB, nuclear factor Kappa-
light-chain-enhancer of activated B cells; NGF, nerve growth factor; NOX, NADPH-oxidase; NTs, neurotrophins; OMgp,
oligodendrocyte myelin glycoprotein; OPCs, oligodendrocyte progenitor cells; PNS, peripheral nervous system; PTEN,
phosphatase and tensin homolog; RNS, reactive nitrogen species; ROS, reactive oxygen species; SCI, spinal cord injury;
SOCS3, suppressor of cytokine signaling 3; STAT3, signal transducer and activator of transcription 3; TBI, traumatic brain
injury; TGF, transforming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
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past decades, SCI has shown an important shift in the
demographic population affected. There is a peak in SCI in a
younger cohort (<30 years) followed by a second peak in an aging
cohort (65 years and over) (Devivo, 2012; Singh et al., 2014).
The incidence of SCI in middle-aged and aging populations is
increasing (Devivo and Chen, 2011; Devivo, 2012; Singh et al.,
2014). In the United States the average age of incidence of SCI
is ∼43 (NSCISC, 2019) and the average age of people living with
SCI who reported paralysis due to a SCI is∼48 (Christopher and
Dana Reeve Foundation, 2009). The likelihood of complications
and co-morbidities increases with age; this is accompanied by a
decline in prognosis and rehabilitation outcome (Devivo et al.,
1990).

Age has been recognized as an important factor influencing
the severity and outcome of spinal cord injury. Indeed, studies
have demonstrated that old animals recover less than their
younger counterparts after SCI (Gwak et al., 2004; Siegenthaler
et al., 2008; von Leden et al., 2017), however, the exact
mechanisms involved are unknown. The majority of studies in
SCI, especially in the field of axon growth and regeneration,
use young animals to model the injury, due to the relative
ease compared to older animal models. Experimentally the
average age of rat used to model SCI is 96 days old (±28)
and less than 0.35% of the animals are 12 months, which
corresponds to ∼40 years old in humans, or older (Nielson
et al., 2014; Fouad et al., 2019). This creates a dichotomy
between the experimental models and the aging human SCI
population that may have significant impacts on the translation of
research into clinically relevant therapeutic strategies. Therefore,
a better understanding of the impacts of age and aging on
SCI recovery and repair at the cellular and molecular level is
imperative, especially to the continued development and tailoring
of therapeutic interventions.

Axon regeneration is an important part of recovering
function after injury to the nervous system. Long-distance
axon regeneration and substantial functional recovery has been
observed in the adult mammalian peripheral nervous system
(PNS) (Huebner and Strittmatter, 2009). PNS neurons have
demonstrated an ability to modulate gene expression in response
to injury, in order to promote axon growth (He and Jin,
2016). In contrast, the central nervous system (CNS) shows
little to no tangible regenerative potential after injury and
limited plasticity. One major limiting factor for the success
of regeneration in mature CNS axons is their poor intrinsic
regenerative capacity (Lu et al., 2014). This is combined with
complex interactions of both neuron-intrinsic and extrinsic
factors in the injury that result in a failure to successfully
regenerate healthy axons. Corticospinal neurons, in particular,
have a very low capacity for axon regrowth, even after
manipulations to create a permissive extrinsic environment,
neutralization of inhibitory molecules or tissue grafts (Lu et al.,
2014). In some cases, it has been observed that while CNS
axons severed by trauma show immediate local sprouting, this
progresses to become swollen, disorganized and dystrophic (He
and Jin, 2016). The lack of intrinsic regenerative ability of CNS
neurons results in the poor regeneration, and limited functional
recovery observed after SCI. This lack of intrinsic capacity is

also compounded by interaction with a wide range of inhibitory
neuron-extrinsic factors.

Despite the rapid progress in understanding the cellular and
molecular regulation of axon growth after injury, a major gap
exists in our knowledge of how aging impacts CNS axon growth.
An age-dependent decline in axon growth has been reported
in a variety of model organisms, including C. elegans (Byrne
et al., 2014; Hammarlund and Jin, 2014), zebrafish (Graciarena
et al., 2014), and mammals PNS (Pestronk et al., 1980; Verdú
et al., 1995, 2000). The minimal natural ability of CNS axons to
regenerate under normal conditions makes the observation of
further reduction with age extremely difficult. Only recently has
this age-dependent decline in axon regeneration potential been
shown after SCI (Geoffroy et al., 2016).

The relationship between age/aging and axon growth is
complicated and multifactorial. Both neuron-intrinsic and
extrinsic factors play significant roles in the capability for axon
regeneration after damage, and the age-dependent weakening of
this capability. In the following review, we examine the current
evidence for an age-dependent decline in axon growth after
CNS injury, with specific focus on the role of neuron-extrinsic
factors. The neuron-intrinsic factors have been addressed in a
previous review, and will only briefly be discussed (Geoffroy
et al., 2017). We will discuss how inflammation, astrogliosis, other
cells around the injury site, the components of the extracellular
matrix and the myelin proteins are altered with age and SCI, and
their respective potential involvement in the age-dependent axon
regeneration decline. Understanding the underlying mechanisms
of age-dependent decline in recovery potential is critical for
the development of therapies to stimulate repair in patients
regardless of age.

Evidence for Age Dependent Axon
Growth Decline
There is growing evidence for an age-dependent decline in
axon growth, and regeneration potential, across a variety of
model organisms. In aging zebrafish, axon regeneration has been
shown to occur at a reduced speed and with increased latency
(Graciarena et al., 2014). A similar decline in axon regeneration
efficiency has been observed in C. elegans (Zou et al., 2013;
Hammarlund and Jin, 2014) with both models putatively linked
to altered neuron-intrinsic mechanisms.

In mammalian models, regrowth of aged peripheral axons is
delayed, slower and less effective than that in younger animals
(Verdú et al., 1995; Kerezoudi and Thomas, 1999; Kang and
Lichtman, 2013). Pharmaceutical denervation also failed to elicit
any growth response in aged (28 month old) rats (Pestronk
et al., 1980). While the exact mechanisms and etiology of the
decline of PNS regeneration with are unclear (Willcox and Scott,
2004), both neuron-intrinsic or extrinsic mechanisms seem to
be at play. The processes of myelin clearance is also delayed in
aging and is associated with decreases in fibers in the affected
nerves (Vaughan, 1992; Kang and Lichtman, 2013). Adult DRG
neurons in vitro present approximately 30% slower growth than
their neonate counterparts (Lamoureux et al., 2010). The axonal
atrophy observed in aged nerve fibers may be attributable to the
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reduced expression and transport of cytoskeletal proteins (Verdú
et al., 2000), reduction in the rate of axonal transport (Stromska
and Ochs, 1982; Kerezoudi and Thomas, 1999) as well as the
decreased expression of nerve growth factor receptors (Parhad
et al., 1995). Peripheral neuropathies resulting from these axonal
changes with age are common in elderly populations (Cho et al.,
2006). The age-related changes and decline are ambiguous, and
do not progress linearly with age, exhibiting variation between
studies (Verdú et al., 2000).

The relationship between age and axon regeneration in the
CNS has received much less attention due to its already limited
natural ability of CNS axons to regenerate. There is growing
evidence for the same age-dependent decline that is seen in
the PNS. Developmental studies have shown that changes in
both the neuron-extrinsic environment of the spinal cord and
intrinsic changes can reduce regeneration with age (Blackmore
and Letourneau, 2006). In mammalian models of SCI, aging
reduces locomotor recovery (Gwak et al., 2004) and is linked to
changes in inflammation (von Leden et al., 2017) and myelination
(Siegenthaler et al., 2008). Additionally, aging has varied effects
on axon growth depending on the axon tract examined, with
reduced rostral sprouting in the majority of major tracts at
the lesion site (Jaerve et al., 2011). The neuronal deletion of
phosphatase and tensin homolog (PTEN), a negative regulator
of mammalian target of rapamycin (mTOR), has emerged as an
effective target to promote the regeneration of the cortical spinal
tract (CST) axons after an injury in young animals (Sun et al.,
2011; Geoffroy et al., 2015). Recently, an age-dependent decline in
mammalian CNS axon regeneration has been documented using
PTEN-deletion strategies (Du et al., 2015; Geoffroy et al., 2016).

The regeneration, repair and regrowth of damaged axons is
a complex process that relies on both internal mechanisms and
responses to external signals. A balance of intrinsic and extrinsic
cues determines the innate ability of injured CNS neurons to
promote axon growth, and to elongate over distance. Both
neuron-intrinsic and extrinsic mechanisms are altered in the
normal aging process, resulting in a decline in the growth and
regenerative potential of axons. There are a myriad of neuronal-
intrinsic factors that interact and can impact axon growth after
damage, including different pathways (PTEN/mTOR pathway,
Park et al., 2008; Sun et al., 2011; Geoffroy et al., 2015),
Suppressor of Cytokine Signaling 3 (SOCS3)/Signal Transducer
and Activator of Transcription 3 (STAT3), Wnt/Ryk, insulin-like
growth factor (IGF)-1, tumor suppressor p53, and Krüppel-like
factors (KLFs), mitochondrial function, neuronal viscosity and
axonal transport. These have been addressed in depth in our
previous review focusing on the changes of neuron-intrinsic
mechanisms with age (Geoffroy et al., 2017). The current review
will only concentrate on the neuron-extrinsic factors influencing
axon regeneration.

The Impact of Extra-Neuronal
Components on Axon Growth Potential
It is widely accepted that the pathophysiology of SCI consists
of two distinct components (Kwon et al., 2004; Donnelly and
Popovich, 2008). The primary injury results in the disruption

of axons, the surrounding glial cells and blood vessels. The
secondary injury is delayed and manifests in a broad spectrum
of pathologies that exacerbate the injury and can continue
for years after the primary trauma (Profyris et al., 2004;
Rowland et al., 2008).

A range of cell signals and processes, which are intrinsically
linked, influence the lesion microenvironment and the ongoing
injury response (Figure 1). These include- microvascular
disruption, hemorrhage, and disruption of cellular membranes
resulting in the release of cytotoxic molecules, and excess ions
and glutamate which causes damage to the surrounding cells by
excitotoxicity (Brown et al., 2005), oxidative stress (Potts et al.,
2006), lipid peroxidation of membranes (Shetye et al., 2014),
disruption of intercellular ion balance (Potts et al., 2006), and
induction of cell death signals. A hallmark of the secondary
injury phase is a strong and persistent pro-inflammatory
cascade, characterized by neutrophil and macrophage infiltration,
microglial activation and astrogliosis (Profyris et al., 2004; Potts
et al., 2006; Rowland et al., 2008). The injury environment is
also influenced by contributions from fibroblasts, endothelial
cells, pericytes and oligodendrocyte progenitor cells (OPCs)
(Figure 2). This is characterized by degenerating myelin,
increases in neuro-inhibitory molecules and oxidative stressors,
alterations in the extracellular matrix (ECM), and fibrotic scar
formation in the affected area.

NEUROINFLAMMATION AND
PHAGOCYTES IN THE CENTRAL
NERVOUS SYSTEM

Inflammation and the Immune Response
in the Central Nervous System
In the inflammatory cascade occurring post-injury in the
CNS, neutrophils are recruited, and endogenous microglia and
astrocytes are activated. Blood monocytes migrate to the injury
site and differentiate into macrophages nearly indistinguishable
from activated microglia. There is a prolonged and dysregulated
inflammatory response propagated by pro-inflammatory
macrophages (Gensel and Zhang, 2015). Many elements of
the inflammatory response have both neuroprotective and
neurotoxic potential (Kwon et al., 2004). Infiltrating neutrophils
produce oxidative and proteolytic enzymes that prepare the
area for repair; however, the overwhelming numbers drawn
to the lesion can be detrimental to the surrounding tissues.
Macrophages and microglia are capable of producing factors
that may help promote axonal growth, as well as molecules
that are neurotoxic (Fleming et al., 2006). For in depth reviews
see Hohlfeld et al. (2007).

Inter- and Intra-Cellular Immune Signaling in the
Injured Nervous System
After neurotrauma cytokines are secreted from a variety cells,
and a range of receptors are expressed on the surface of multiple
cell types (Pineau and Lacroix, 2007). Microglia monitor the
extracellular environment, and express a large range of cytokine
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FIGURE 1 | Summary schematic of the cellular and extracellular cellular factors that can influence axon growth in the chronic spinal cord injury scar and that may be
altered with age. In response to traumatic spinal injury, many cellular and molecular mechanisms are activated, including an inflammatory response (neutrophils,
monocytes, microglia, macrophages), astrocytic response (forming the astroglial scar), and fibroblast response (from different origins, forming the fibrotic scar). With
age, the initial injury response is altered and a reduction of locomotor functional recovery is observed. There is more BSCB permeability (resulting in more blood cells
and molecules entering the injury), more pro-inflammatory response (more “M1-phenotype”), reduction in wound healing (linked to the alteration in the astrocytic
response), induction of cell death (including neurons and oligodendrocytes). In the more chronic phase of the injury, age keeps changing the cellular response
compared to young animals (inflammatory cells, astrocytes, fibroblasts, OPCs, endothelial, pericytes) which alters the environment: there is more debris present
(including axon and myelin debris), alteration in the growth factors produced, changes in ECM composition (changes in glycoproteins and proteoglycans production),
and less revascularization. All of these can participate in the age-dependent decline in axon regeneration. BSCB, blood spinal cord barrier; ECM, extracellular matrix;
OPCs, oligodendrocytes precursor cells.

and chemokine receptors (Dheen et al., 2007). Astrocytes
have an active involvement in the inflammatory response,
expressing receptors to a variety of signals (Sofroniew, 2015).
OPCs have also been shown to be capable of modulating and
influencing the immune response in EAE, a multiple sclerosis
model (Falcão et al., 2018). Oligodendrocytes also express some
cytokine receptors, differing from the expression profiles of
OPCs, astrocytes and microglia (Sawada et al., 1993). Neural
stem/progenitor cells (NSPCs) have recently been discovered to
be modulators of the inflammatory response, expressing a range
of receptors for cytokines and growth factors (Ziv et al., 2006).

Even mature neurons can express low levels of some cytokine
receptors (Sawada et al., 1993).

Mitogen activated protein kinases (MAPKs) are known to
mediate many fundamental cellular processes and responses
to extrinsic stressors. p38 and c-Jun N-terminal kinase (JNK)
signaling cascades have been implicated in the regulation of
inflammatory mediator transcription and translation, making
them attractive targets in multiple disease models (Kaminska,
2005). Interestingly, both the p38 and JNK MAPK pathways are
required to promote axon regeneration, and in the absence of
either pathway axon regeneration will fail (Nix et al., 2011). In
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FIGURE 2 | The cellular contributors to spinal cord injury altered in aging further reduce injury repair and axon growth. (A) Inflammatory response by microphages
and microglia results in more a pro-inflammatory and less anti-inflammatory profile, associated with a reduction in debris clearance efficiency, and increase in ROS
and NOX. (B) Astrocytes form the astroglial scar and their alteration with age and injury may include changes in ECM molecule expression profiles (growth factors,
glycoproteins, proteoglycan production - CSPGs). Astrocytes become pro-inflammatory, resulting in increases in ROS and NOX. Changes in astrocyte functions also
include increases in BSBC leakiness and reduction in nutrient availability. (C) Fibroblasts, from different origins, form the fibrotic scar; with age and injury, the profile of
the ECM molecules they produce changes, making the injury more anti-regenerative, altering the injury stiffness, and making a physical barrier to growth.
(D) Changes in the state of the endothelial cells with age can lead to increases in BSBC leakiness, infiltration of inflammatory molecules, reduction in growth factor
production, and reduction in control of the vascular tone, leading to local hypoxia and reduction in nutrients entry. (E) Similar to endothelial cells, alteration in the
functions of pericytes with age and injury may lead to vascular dysfunction, reduction in trophic support, increase in local hypoxia and decrease in angiogenesis. The
roles of pericytes in the fibrotic scar and production of ECM molecules may also be altered. (F) With age, the proliferation and differentiation potential of OPCs is
reduced, which can diminish the potential for remyelination, alter neuroinflammation and reduce neuron survival after SCI. These changes can also alter the
astrocytic scar, making it more inhibitory. BSCB, blood spinal cord barrier; CSPGs, chondroitin sulfate proteoglycans; ECM, extracellular matrix; OPCs,
oligodendrocytes precursor cells; NOX, NADPH-oxidase; ROS, reactive oxygen species.

cerebral ischemia sustained activation of p38 has been observed
in microglia and the use of a MAPK inhibitor has been found
to reduce the size of the resulting infarct (Sugino et al., 2000).
Similar results, and decreases in neurological deficits, have been
seen in models of stroke (Barone et al., 2001). An inhibition of
MAPK signaling, and resulting reduction in inflammation, has
also been shown to be neuroprotective after SCI in rats (Qu
et al., 2012). The mTOR pathway is also well known for its

contribution to multiple cellular functions, including cell growth
and metabolism, which has made it an attractive target. In the
CNS, mTOR is involved in neuronal cell growth and survival,
axonal and dendritic development, and synaptic plasticity (Lin
et al., 2017). Pharmaceutical inhibition of mTOR has increased
autophagy, reduced neuronal loss and cell death, and improved
locomotor function after SCI in mice (Kanno et al., 2012).
These pathways highlight the complexity of the secondary injury
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phase of SCI, the inter-linked nature of the responses and the
prominent role of the inflammatory response after traumatic
injury to the CNS.

The Inflammatory Response Changes With Age:
‘Inflamm-Aging’
The gradual increase in inflammatory signaling documented
with age has been termed ‘inflamm-aging’ (De Martinis et al.,
2005). ‘Inflamm-aging’ is largely microglia-driven; however, the
accumulated effects are seen on a wide variety of cells and can
fundamentally alter these cells’ normal physiological behavior.
There are empirical links between inflammation and typical
features of aging brains, such as decreased re-myelination, gray
matter loss and cortical thinning, shrinkage in hippocampal
volume, and deficits in learning and memory (Koellhoffer et al.,
2017). It has also been suggested that age-related increases in
ROS lead to chronic inflammation. Microglia are responsible
for the bulk of oxidation products and inflammatory mediators
in the aged brain, and contribute to a gradual increase in ROS
generation with age. They are also key mediators of ROS-induced
neural injury and ROS contribution to neurodegeneration (see
Stewart et al., 2019 for review). NADPH-oxidase (NOX) has been
linked to the classical activation of microglia and demonstrated to
contribute the bulk of superoxide in neurodegenerative disorders
(Bordt and Polster, 2014). NOX levels have been seen to increase
in the CNS with age. Increased production of ROS from
macrophage NOX with age exacerbates secondary injury after
SCI (Zhang B. et al., 2019). Dystrophic microglia in aging have
been observed to contain degenerated mitochondria (Wierzba-
Bobrowicz et al., 2004). When stimulated with lipopolysaccharide
(LPS) microglia that are deficient in NOX exhibited decreased
tumor necrosis factor (TNF) expression, decreased levels of
intracellular ROS and extracellular superoxide, and subsequent
decreases in neurotoxicity (Qin et al., 2004). The increase in
ROS production in the aging CNS can be directly toxic to
adjacent neurons and can influence them via secondary signaling
pathways, such as the NFκB or MAPK pathways.

Macrophages, Microglia and Phagocytes
in the Central Nervous System
Microglia play an important role in the development, monitoring
and maintenance of the CNS. These cells, alongside peripheral
monocytes/macrophages, also have a significant role in the
post-injury environment (Fleming et al., 2006; Benowitz and
Popovich, 2011). The dichotomy of macrophages and microglia
stems from the heterogeneity of these cells. Their different
activation phenotypes play different roles in the potential
deterioration or repair of the surrounding tissue (Kigerl et al.,
2009; Murray and Wynn, 2011), especially in relation to neuronal
survival and axon growth. Activated microglia and macrophages
have been suggested to both promote (Rabchevsky and Streit,
1997) and inhibit (Popovich et al., 2002) neurite outgrowth under
different conditions (Gensel et al., 2009).

The functional states of macrophages are broadly
categorized along a spectrum between classically activated
pro-inflammatory (M1-like) and alternatively activated anti-
inflammatory macrophages (M2-like) (Kigerl et al., 2009;

Gensel and Zhang, 2015). Classically activated macrophages are
efficient producers of potentially neurotoxic effector molecules
and pro-inflammatory cytokines, while the alternatively activated
phenotype is involved in dampening the inflammatory response
and promoting tissue remodeling (Mantovani et al., 2013). While
in the adult brain microglial density remains fairly stable over
a lifetime, there is constant steady turn-over of microglia (cells
surviving an average of 4.2 years) (Tan et al., 2020), allowing for
the population to be refreshed and renewed multiple times in a
lifetime (Askew et al., 2017).

The Microglial and Macrophage Response to Injury in
the Young Nervous System
The microenvironment of the lesion after SCI affects the function
and polarization of macrophages (Brennan and Popovich,
2018). Constituents of the injury microenvironment, including
myelin debris, can switch phagocytes toward a classically
activated phenotype, propagating the pro-inflammatory response
(Brennan and Popovich, 2018). The temporal distribution and
the magnitude of pro-inflammatory and anti-inflammatory
responses after SCI may have a significant role in determining
the efficacy of injury resolution (Gordon and Martinez, 2010).
Classically pro-inflammatory macrophages are prominent in the
initial inflammatory response to SCI, persist at increased levels
(Donnelly and Popovich, 2008), which can be detrimental to
injury resolution. The transient nature of the anti-inflammatory
macrophage response, and its lower magnitude (Gordon and
Martinez, 2010; Sutherland et al., 2017) contribute to the
persistence of pro-inflammatory responses, and the development
of a neurotoxic inflammatory state (Ren and Young, 2013).
This translates into poor neural tissue regeneration and wound
resolution, resulting in poorer functional recovery.

Macrophages and activated microglia in contact with axons
at the site of a CNS injury promote ‘dieback’ of axons
from the lesion, signaled through both cell surface molecules
and released soluble factors (Horn et al., 2008; Busch et al.,
2011). Macrophages activated by intra-spinal zymosan displayed
concurrent pro-regenerative and neurotoxic functions in a non-
traumatic model (Gensel et al., 2009). This model showed a
significant increase in axon growth up to the foci of activated
macrophages. However, the axon growth was transient and
the neurotoxic effects resulting from prolonged exposure to
inflammatory factors produced by the activated macrophages
persisted, resulting in impaired axon growth and increased
cell death. LPS elicited a strong pro-inflammatory response
without any accompanying axon growth enhancement, further
demonstrating the heterogeneity of macrophage responses
(Gensel et al., 2009).

Despite the evidence suggesting a negative effect of microglia
on neuronal regeneration after CNS trauma (reviewed in Silver
et al., 2015), these cells are essential to the CNS. The complete
depletion or blocking of microglia after injury has been shown
to exacerbate injury pathology and impair recovery (Lalancette-
Hébert et al., 2007). Non-specific immune therapies are largely
ineffective and can often worsen the injury outcome (Brennan
and Popovich, 2018). After traumatic injury microglia and
macrophages are capable of producing neurotrophic factors
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such as brain-derived neurotrophic factor (BDNF) (Dougherty
et al., 2000) and the macrophage derived protein oncomodulin
(Yin et al., 2006) that can promote axonal growth. In the
post-injury environment pro-inflammatory modulators prevail.
Pro-inflammatory cytokines play a necessary role when kept
in balance, and a complete blockade of their activity may be
detrimental to recovery (Ikeda et al., 1996; Streit et al., 1998).
Both pro- and anti-inflammatory effectors are required; however,
the response needs to be regulated and the magnitude and
timing closely controlled. It is this balance and regulation that is
currently missing in the inflammatory response to CNS injury.

Altered Phagocyte Responses in the Aging Nervous
System
In recent years, it has been recognized that a persistent mild
pro-inflammatory state in elderly patients is correlated with
significant degenerative diseases (Howcroft et al., 2013).
The relationship between systematic inflammation and
neuroinflammation in aged subjects is still unclear. Evidence
indicates that peripheral activation of the innate immune system
in aged animals leads to exacerbated neuroinflammation in
the CNS (Godbout et al., 2005; Howcroft et al., 2013). It has
been demonstrated in mice that activation of the peripheral
innate immune system by LPS can induce CNS microglia to
produce pro-inflammatory cytokines, resulting in reduction
in locomotor and social behaviors (Godbout et al., 2005). The
complement pathway, and molecules associated with microglial
activation, are up-regulated in the naive aged spinal cord,
suggesting that a para-inflammatory state develops with aging
(Galbavy et al., 2017).

With aging cellular senescence, dysregulated inflammatory
signaling and defects in phagocytosis can result in maladaptive
immune responses, chronic inflammation, and worsened
outcomes after injury (Streit et al., 2008; Koellhoffer et al.,
2017; Ritzel et al., 2019). PNS axons recover more efficiently
when debris is cleared; however, aged Schwann cells exhibit
diminished plasticity, and impairments in clearance of myelin
debris as well as in recruitment of other phagocytes (Painter
et al., 2014). In the aging brain the number and density of
microglia increase in the parenchyma of various compartments,
however, the reason for this increase is still unclear (Mouton
et al., 2002). The distribution of microglia is altered in the aging
cortex, moving away from a uniform, organized ‘mosaic’ to
a less even distribution (Tremblay et al., 2012). Additionally,
the normal ramified appearance of microglia shifts toward a
de-ramified appearance with shorter and less branched processes
(Damani et al., 2011). This is likely to have detrimental functional
consequences as the microglial processes are dynamic structures
important to the surveillance and support functions of microglia
(Wong, 2013). Aged microglia are considered ‘primed’ and have
exaggerated responsiveness to acute inflammatory stimulus
(O’Neil et al., 2018) as well as systemic inflammation (d’Avila
et al., 2018). Age-associated changes to microglia have been
implicated in the progression of neurodegenerative disorders,
such as Parkinson’s (Lecours et al., 2018) and Alzheimer’s (AD)
(Hickman et al., 2008) diseases, and their prevalence in aging
populations documented (Wong, 2013).

A beneficial inflammatory response to injury is reliant on
correct regulation, magnitude, and balance between pro-and
anti-inflammatory impetuses. Inhibitory receptors on microglia
are required to prevent the initiation of undesirable inflammation
and to resolve inflammation. In aged nervous tissue these
receptors show an impaired ability to maintain microglial
quiescence, which may be partially due to a reduction in
the expression of the receptors’ cognate ligands (Koellhoffer
et al., 2017). Two examples shown to be impaired in the aged
CNS are the immune-inhibitory signaling axes CD200/CD200R1
(Wang X. J. et al., 2011) and CX3CL1/CX3CR1 (Wynne
et al., 2010). Both of these are associated with downregulating
microglial activation and maintaining homeostasis in the CNS.
The CD200/CD200R signaling axis is involved in microglia
retaining a quiescent state. In the aging brain, there is a
decreased of CD200 expression at both the mRNA and protein
levels, accompanied by an enhancement of microglial response
(Wang X. J. et al., 2011). CX3CL1/CX3CR1 signaling, which
is involved in modulation of microglia activity, is impaired
in the aging brain and CX3CL1 protein levels are reduced.
Specifically in isolated microglia, there is a decrease in CX3CR1,
with a concurrent increase in pro-inflammatory cytokine IL-
1β. There is also down-regulated surface expression of CX3CR1
on a subset of aged microglia, compared to their younger
adult counterparts. This may be a key contributor to the
exaggerated microglial response to LPS challenge observed and
correspond to delayed recovery from sickness behavior, and
prolonged IL-1β induction in the aged brain (Wynne et al.,
2010). The limited lifetime turnover of microglia leaves them
vulnerable to age-related deficits. Forced microglial repopulation
in the aged (16–18 months) mouse brain reversed age-related
deficits; however, the age-associated inflammatory signature in
the whole brain was not rescued by microglial repopulation alone
(O’Neil et al., 2018). Similar to O’Neil et al. (2018) another
study found that microglial repopulation did not broadly alter
the inflammatory gene expression profile of the brain, or the
response to immune challenges. There were, however, reversals
of age-related alterations in neuronal gene expression profiles
and neuronal complexity, accompanied by rescue of deficits in
long-term potentiation in aged neurons (Elmore et al., 2018).
This study observed improvements in spatial memory and in
physiological characteristics of microglia in 24 months old mice
within a month of microglial repopulation. These studies suggest
that microglia can be targeted to ameliorate some age-related
deficits but they cannot be separated from the complex post-
injury environment.

There have been studies demonstrating that aged microglia
contribute to enhanced pathology and worse outcomes in
traumatic brain injury (TBI) (Ritzel et al., 2019), Stroke
(Moraga et al., 2015), and AD (Hickman et al., 2008). In
SCI, macrophages and microglia play an important role in
the secondary injury phase. The age-related differences in
the pro-inflammatory properties of the endogenous microglia
is thought to be a potentially important contributor to the
more detrimental inflammatory response seen in adult animals
(Kumamaru et al., 2012). Both aging and CNS trauma prime
microglia and the inflammatory response, and as such, each
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can exacerbate the other. Aged individuals have been shown
to have worse post-TBI outcomes, which may be associated
with not just inflammation but also endocrine disfunction.
Endocrine disruption is common in TBI, potentially stemming
from hypotension, hypoxia, anemia, and inflammation in
the secondary injury (Ziebell et al., 2017). Together these
studies suggest that age exacerbates microglial activation, and
inflammatory gene expression, detrimentally in CNS injury.

With age, phagocytosis and debris clearance by macrophages
and monocytes declines (Linehan et al., 2014). Deficits in
phagocytosis have also been observed in the normal and
challenged CNS in aged animals (Neumann et al., 2008; Natrajan
et al., 2015; Ritzel et al., 2015). The fragmentation of the
myelin sheaths increases with age and leads to the formation of
insoluble lysosomal inclusions in microglia, contributing to age-
related microglial senescence and immune dysfunction (Safaiyan
et al., 2016). The increased myelin debris in the aged CNS also
affects the phenotype of phagocytes in CNS injury. Infiltrating
macrophages often present an anti-inflammatory phenotype
upon entering the CNS and migrate toward the injury epicenter
where they switch to a more pro-inflammatory phenotype. Anti-
inflammatory primed blood-derived macrophages respond to
myelin debris in culture, shifting to resemble more classically
activated macrophages (Wang et al., 2015). In a model
of demyelination, aged macrophages and microglia showed
excessive accumulation of myelin debris which led to cholesterol
crystal formation, phagolysosomal membrane rupture and
stimulated inflammasomes (Cantuti-Castelvetri et al., 2018). The
alterations in microglia with injury and aging are shown in
Figure 3. The interactions between the inhibitory factors in the
lesion, and the macrophages, microglia and astroglia, creates
a largely neurotoxic and inhibitory environment post-injury,
exacerbated in aging.

‘Inflamm-Aging,’ Axon Growth and
Recovery From Spinal Cord Injury
Inflammation is viewed as an important driver of age-related
CNS dysfunction. There is very little known about how the
changes in the inflammatory response that occur with age
influences the response to SCI. The literature in this area is
sparse. Both microglial and astroglial responses are increased
and more sustained in older animals, however, aged microglia
may be less efficient at debris clearance (Li, 2013). Up to
30 days post-injury there is a greater increase in phagocytes after
contusion SCI in middle aged rats, compared to their younger
counterparts. Older animals exhibited a significant increase in
CD68-positive cells and demonstrated a more pronounced sub-
acute CD68 upregulation around the injury site (von Leden et al.,
2017). In a thoracic SCI study greater locomotor deficits have
been observed in aged (18 months) animals compared to their
younger (3 months) counterparts (Hooshmand et al., 2014). The
lesion size and amount of cell death was increased, with much
lower tissue sparing in the aged animals. The acute localized
inflammatory response was also significantly higher. Microglial
markers and activation have been observed to increase with age,
however, the function of these activated microglia is still largely

unknown as is whether this increase is causative or reactive to
neurodegeneration (Howcroft et al., 2013). The affect the aging
inflammatory response has on recovery from SCI is an area that
needs greater attention with the aging SCI population.

Age-related differences in inflammation have been explored to
some extent in infants and younger adult animals, particularly
in rodents (Sutherland et al., 2017) but have yet to be explored
in middle-aged and aging animals. It is believed that the
alternative activation of either microglia or macrophages to
a M2a phenotype by interleukin (IL)-4/IL-13 may support
neuronal growth and repair processes (Kigerl et al., 2009;
Murray and Wynn, 2011). Aged (18–19 months old) mice
have demonstrated impaired induction of the IL-4α receptor
(IL-4Rα) in microglia, accompanied by attenuated downstream
Arginase gene expression (anti-inflammatory associated), as
well as decreased recruitment of IL-4 receptor expressing
macrophages. Aged mice, both wild-type and IL-4Rα knockout,
also displayed decreased functional recovery after contusion
SCI (Fenn et al., 2014). Macrophages in 14 months old mice
exhibited significantly reduced IL-10 expression and CD86/IL-
10 (M2b) macrophages in the spinal cord after spinal contusion.
This decrease in M2-like phenotype coincided with increased
tissue damage and greater functional impairment (Zhang et al.,
2015). In a contusion SCI study in mice significantly higher
generation of ROS occurred in 14 months old mice compared
to their 4 months old counterparts. This was accompanied by
NOX2 increases and increased indications of lipid peroxidation.
This suggests that macrophages and NOX contribute to SCI
oxidative stress that is exacerbated in aging (Zhang B. et al.,
2016). In middle-aged rats, both naïve and after a moderate
contusion SCI, there were significant increases in markers of
oxidative stress, microglial marker Iba1, and inflammatory and
NOX2 component gene expression compared to their younger
counterparts. These middle-aged rats also exhibited greater lesion
volume and showed significantly reduced hind-limb motor scores
after the contusion SCI (von Leden et al., 2017). These studies
suggest the aged inflammatory state is more detrimental to
the surrounding tissue and inhibitory to ongoing regeneration
and repair. Both aging and spinal cord injury prime microglia,
produce a pro-inflammatory environment and a detrimental
oxidative environment, it follows that in combination these two
factors will compound one another to worsen recovery after SCI.

ASTROGLIOSIS AND THE ASTROGLIAL
SCAR IN THE CENTRAL NERVOUS
SYSTEM

Normal Role and Functions of Young
Astrocytes
Astrocytes have a broad range of roles in the development and
maintenance of the CNS. In the mature CNS, they are involved
in the cellular, molecular and metabolic homeostasis essential
for normal neuronal function. Astrocytes monitor and maintain
the extracellular ionic environment and pH, as well as clear
extracellular glutamate and gamma aminobutyric acid (GABA).
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FIGURE 3 | Alterations in microglia in aging, and their responses to spinal cord injury, exacerbate the injury and reduce axon growth. (A) Young Naïve Microglia. In
the young naïve CNS, resting microglia have a ramified appearance with branched processes, and have an organized distribution. These cells are involved in
extracellular surveillance, debris clearance, environmental maintenance, and antigen presentation. (B) Young Activated Microglia. In the young CNS, microglia are
activated after a SCI, becoming more ameboid and phagocytic. This is characterized by increased debris clearance, upregulation of inflammatory mediators (mostly
pro- and some anti-inflammatory), activation of inflammatory signaling pathways, and the production of ROS and RNS. (C) Aged Naïve Microglia. In the aging CNS,
microglia undergo physiological and functional changes linked with a systematic para-inflammatory state. Aged microglia have a de-ramified appearance and a more
disorganized distribution. These cells are less plastic and become ‘primed,’ characterized by increased expression of pro-inflammatory mediators, increased NOX,
ROS and RNS, impaired debris clearance, and liposome accumulation. (D) Aged Activated Microglia. After a SCI in the aged CNS, aged microglia respond similarly
to the younger microglia. However, these aged cells are already ‘primed,’ pro-inflammatory, and have impaired debris clearance. This results in exacerbation of the
detrimental elements of microglial activation, such as excessive production of pro-inflammatory mediators into the lesion environment, excessive NOS, ROS and
RNS leading to increased oxidative stress, and inefficient debris clearance. CNS, Central Nervous System; NOX:, NADPH-oxidase; ROS, Reactive Oxygen Species;
RNS, Reactive Nitrogen Species; SCI, Spinal Cord Injury.

It has emerged that astrocytes also play a role in detoxifying free
radicals to prevent excitotoxicity. These cells also have a role
in synthesizing precursors for glutamate and GABA production.
Furthermore, astrocytes have been shown to sequester and

redistribute potassium (K+) for neuronal activity. These glia
cells produce metabolic substrates for neuron function, including
lactate and the production and release of ATP. Astrocytes
store glycogen and can produce energy substrates to subsist on
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anaerobic ATP production. For in depth review see Ransom
et al. (2003). Astroglia are also involved in the maintenance
of the blood-brain barrier (BBB) and can release factors that
modulate endothelial permeability (Abbott, 2002) allowing for
the exchange of essential nutrients into the CNS. The processes
of astrocytes are associated with capillaries and involved in
maintaining cerebral blood flow to support neuronal activity
(Mulligan and MacVicar, 2004). Additionally, astrocytes can
regulate brain microvascular permeability via Ca2+ signaling
(Erdő et al., 2017).

Astrocytes are also involved in the sculpting, maintenance and
modulation of excitatory and inhibitory synapses and regulation
of synaptogenesis (Ransom et al., 2003). They produce factors
to induce synapse formation and maturation, and are involved
in ‘synaptic pruning’ in the developing nervous system. In
the functional synapse perisynaptic astrocytic processes house
transporters and enzymes responsible for ion and transmitter
homeostasis in the synaptic cleft, as well as for metabolic support
(Pekny et al., 2016).

Alterations in Astrocytes in Normal Aging
Astrocytes are vital to homeostasis, defense and regeneration of
the CNS. In the aging brain, there are alterations in astrocyte
morphology, and loss of functionality and reactivity. These
changes are heterogeneous, disease-related, and region-specific
(Clarke et al., 2018; Cunningham et al., 2019; Matias et al., 2019).
In aging the brain, astrocytes play a role in the hypometabolic
state that impinges on mitochondrial metabolism and neuronal
survival (Jiang and Cadenas, 2014). With age, astrocytes exhibit
an early stage of reactive astrogliosis, even in the absence of
disease or trauma (Cotrina and Nedergaard, 2002; Boisvert et al.,
2018). This is observed in cellular hypertrophy and variations in
the expression of structural elements, such as glial fibrillary acidic
protein (GFAP) and vimentin, and growth factors, such as ciliary
neurotrophic factor (CNTF). An increase in oxidoreductive
enzymes is also observed (Cotrina and Nedergaard, 2002). These
are hallmarks of reactive astrogliosis that are seen in pathological
conditions in the younger CNS. Similar astrocytic changes have
been found in the aging spinal cord (Duan et al., 2009). There is
evidence that astrocytes undergo cellular senescence with aging.
The increase in neuroinflammatory function and loss of normal
homeostatic function associated with astrocytic senescence may
be an important component of neurodegenerative disorders
prevalent in aging (Cohen and Torres, 2019). It has also been
observed that the number of astrocytes in some brain regions,
especially the cortex, increase significantly with aging (Cotrina
and Nedergaard, 2002). Astrocytes in aging are extensively
reviewed in Palmer and Ousman (2018).

The physiological changes in astrocytes with aging affect
ability to perform their core functions, and can contribute to BBB
disfunction (Erdő et al., 2017), alterations in antioxidant systems
and increases in oxidative stress (Pertusa et al., 2007; Duan
et al., 2009), an increased and altered inflammatory state (Clarke
et al., 2018), and reduced neuronal support (Das and Svendsen,
2015). Age-dependent astrocytic alterations may affect synaptic
efficacy in normal tissue and also hinder neuronal survival in
pathological conditions. Aged astrocytes have been shown to

upregulate genes that partially resemble reactive astrocytes, and
also those associated with synapse elimination, that varies region
to region within the brain. These alterations in aged astrocytes
result in an environment susceptible to neuronal damage, a
potential factor in age-related diseases and decline (Boisvert
et al., 2018). Astrocytic differences in aging animals may impact
the efficiency of post-SCI astrogliosis, specifically, the ability
of reactive astrocytes to quickly sequester the inflammatory
response and reduce its spread, which may result in worse
outcomes for patients. One possibility is that a greater imbalance
between the protective effects and the neuro-inhibitory effects
of reactive astrogliosis develops with aging. Astrocytes undergo
an increase in basal mRNA levels of activated astrocyte markers
GFAP and S100B in the aged brain (Popa-Wagner et al., 2011). In
the normal brain, the region-specific transcriptional identities of
astrocytes change with age and astrocytes in the aged brain show
the neuroinflammatory phenotype of A1-like reactive astrocytes
(Clarke et al., 2018). The differences in astrocyte properties
and reactive astrogliosis that occur with age is not a new
question, with comparative studies as far back as the 1980s,
however, it is still an area with many unanswered questions. In
a cortical/hippocampal needle-puncture model, both 3 and 16–
19 months old rats showed robust early astrocyte proliferation.
This response was heterogenous and regional, with the older
rats demonstrating greater proliferation in the cortex not in
the hippocampus (Topp et al., 1989). After chemically induced
excitotoxity in the striatum aged (22–24 months) rats exhibited
an earlier onset and a more pronounced astrogliosis than young
(3 months) rats. This is correlated with a delayed progression
of neurodegeneration in the aged striatum, and reduced tissue
injury and edema size (Castillo-Ruiz et al., 2007).

Reactive astrogliosis and astrogliopathy play an important role
in diseases of the nervous system, especially neurodegenerative
diseases, that increase in prevalence with age. In aging-
prevalent diseases, such as AD, tauopathies, Lewy body diseases,
Huntington’s disease (HD), amyotrophic lateral sclerosis
(ALS) and Creutzfeldt-Jakob disease, astrogliopathy is often
characterized by increased GFAP and abnormal protein
aggregates (Ferrer, 2017). After cerebral ischemia, astrocytes
form an astroglial scar around the infarct. In a stroke model,
aged rats (18–24 months) demonstrated more severe functional
impairment, accompanied by an accelerated glial response,
compared to their young (2 months) counterparts. This suggests
alteration in the temporal progression of the glial response with
age may result in altered scar formation and an environment
that is more inhibitory to axon growth (Badan et al., 2003). After
stroke, levels of the immune modulator transforming growth
factor (TGF)-β are increased in astrocytes, activated microglia
and macrophages, suggesting that this increase may be associated
with regulation of the astroglial scar formation and the immune
response. TGF-β is involved in the maintenance of homeostasis,
especially vascular homeostasis (Walshe et al., 2009), therefore,
an increase in astrocytic TGF-β may suggest a deviation from
homeostasis and vascular dysfunction. While TGF-β signaling
is increased in the aged brain, it is yet to be correlated with
infarct size or functional outcomes (Doyle et al., 2010). In
a rodent model of ALS, an age-dependent acceleration in
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acquiring a senescent phenotype has been observed in astrocytes,
accompanied by a reduction in their support of motor neurons
(Das and Svendsen, 2015).

Trauma and Reactive Astrocytes in the
Young Nervous System
One of the hallmarks of trauma to the CNS is reactive astrogliosis,
and the formation of a glial and fibrotic scar (Orr and Gensel,
2018). Reactive astrogliosis is the molecular and morphological
changes that astrocytes undergo (Sofroniew, 2009). Astrocytes
become reactive and undergo functional and physiological
changes in trauma, disease and aging (Matias et al., 2019). These
alterations include proliferation, hypertrophy of the soma and
processes, branching, and upregulation of GFAP expression, and
occur in a heterogeneous, context dependent manner regulated
by different signaling events (Sofroniew and Vinters, 2010;
Anderson et al., 2014). In severe cases reactive astrogliosis results
in the formation of the astroglial scar. This is an important
process after injury as these cells wall off the damaged areas
and seal the lesion to protect the surrounding intact tissue
from further damage (Faulkner et al., 2004). Indeed, removal
of reactive astrocytes after neurotrauma results in failure of
BBB repair, widespread tissue disruption, pronounced cellular
degeneration, and severe motor deficits (Faulkner et al., 2004),
indicating the role of reactive astrocytes in restoration of the BBB.
However, there is still some contention as to whether reactive
astrogliosis, and the formation of the astroglial scar, are beneficial
or detrimental to functional recovery after SCI (Fawcett and
Asher, 1999; Silver and Miller, 2004; Sofroniew, 2009). The role
of astrocytes and microglia in regenerative failure in the CNS has
been extensively reviewed previously (Silver et al., 2015).

There have been many studies demonstrating that reactive
astrocytes have a substantial effect on axon regeneration after SCI.
In vitro studies have shown that activated astrocytes produce both
pro- and anti-inflammatory effector molecules, which can both
help and hinder functional recovery (Sofroniew, 2009; Kawano
et al., 2012; Pekny and Pekna, 2014). The astroglial scar is not only
a physical barrier, obstructive to axon growth, it also produces
a variety of potent growth inhibitory ECM molecules, and the
lectican family of chondroitin sulphate proteoglycans (CSPGs)
(McKeon et al., 1991, 1999; Li et al., 2013). For decades, the
glial scar has been acknowledged as a source of molecules which
can inhibit neurite outgrowth (Bovolenta et al., 1992). A 2011
study also suggested that reactive astrocytes also contribute
to the failure of re-myelination by high expression of bone
morphogenic protein (BMP) (Wang Y. et al., 2011). A study in
adult mice demonstrated that neither complete prevention of
the astroglial scar formation, attenuation of reactive astrocytes,
or the deletion of chronic astroglial scars resulted in increased
spontaneous growth of severed axons through a thoracic SCI.
Even with the introduction of axon-specific growth factors,
preventing the formation of the astroglial scar still significantly
reduced the stimulated axon (Anderson et al., 2016).

Recently reactive astrocytes have been shown to be a
highly heterogeneous population (Zamanian et al., 2012; Pekny
and Pekna, 2014). Neuroinflammation and ischemia induce

two different types of reactive astrocytes, referred to as ‘A1’
and ‘A2’ astrocytes respectively. A1 astrocytes demonstrate
a more detrimental neuroinflammatory profile whereas A2
astrocytes upregulate many neurotrophic factors and appear
more beneficial to injury resolution (Zamanian et al., 2012).
A1 reactive astrocytes exhibit impaired ability to carry out
normal astrocytic functions, and also release neurotoxic elements
that may contribute to damage (Clarke et al., 2018). This
heterogeneity of the reactive astrocyte population may go some
way to explaining the dichotomy of results around reactive
astrogliosis after CNS injury. In the field of SCI there is a
large body of literature demonstrating both neuro-protective and
neuro-inhibitory elements of post-traumatic reactive astrogliosis
(Fawcett and Asher, 1999; Silver and Miller, 2004; Sofroniew,
2009). The duality of the astroglial scar and reactive astrogliosis
is still a complicating factor in potential treatments for SCI,
which is further impacted by changes in the aging CNS. This
is an interesting path to explore in the context of the astrocytic
response to SCI and also how this is altered with age.

In the astrocytes, several molecular pathways have been
shown to be involved as regulator of reactive astrogliosis
in trauma and disease. Studies have pointed to the Janus
Kinase (JAK)/STAT3 signaling as an important pathway (Okada
et al., 2006; Herrmann et al., 2008). In models of AD and
HD the over-expression of SOCS3 in astrocytes inhibited
the activation of the JAK/STAT3 pathway and attenuated
astrocyte reactivity (Haim et al., 2015). Astrocytic STAT3 deletion
reduces GFAP upregulation and scar formation after SCI, as
well as increased spread of inflammation, tissue disruption
and locomotor deficits (Herrmann et al., 2008). Conversely,
astrocytic SOCS3 deletion, an endogenous inhibitor of STAT3,
results in rapid astrocyte migration, deceased lesion area and
better motor outcomes (Okada et al., 2006). Activation of the
PI3K/Akt/mTOR signaling pathway is involved in astrogliosis. In
culture, mTOR induces astrocyte proliferation, and its blockade
suppresses proliferation, attenuates astrocytic migration, and
reduces production of astrocytic-induced inflammatory factors
(Li et al., 2015). Overexpression of PTEN in astrocytes attenuates
astroglial scar formation, alters CSPG expression and improves
axon regeneration into the lesion site (Chen et al., 2016).
However, the role of mTOR signaling in both the astrocytic
and inflammatory responses, is yet to be fully elucidated. There
are mixed reports as how the MAPK pathways are involved
in astrogliosis. After traumatic SCI, proliferation of reactive
astrocytes in the lesion is accompanied by an increase in the
expression and phosphorylation of mitogen-activated protein
kinase kinase-extracellular signal-regulated kinases (MEK-ERK).
A specific increase in the level of ERK phosphorylation was
detected specifically in astrocytes after SCI (Ito et al., 2009).
Inhibition of p38 MAPK or ERK has been demonstrated to be
protective ischemia or brain injury models (Kang and Hébert,
2011). In another study, inhibition of p38 MAPK appeared
to worsen ischemic damage (Lennmyr et al., 2003). Recently,
leucine zipper-bearing kinase (LZK) has been shown to mediate
astrogliosis, as its deletion in astrocytes reduces astrogliosis
after SCI, subsequently increasing the lesion size, while its
over-expression enhances astrogliosis and decreases the lesion
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size (Chen et al., 2018). Together, these suggest that the role
of the MAPK signaling in astrocytes response still needs to
be elucidated. Others pathways such as NFκB may also be
involved in astrogliosis (Kang and Hébert, 2011). NFκB, mTOR,
JNK/STAT3 and MAPK pathways are all linked to not just
astrocytes and reactive astrogliosis, but are also involved in
the inflammatory and neuronal response, demonstrating the
complex interlinking of extrinsic factors as well as neuron-
intrinsic factors after CNS trauma.

The Aged Astrocyte Response to SCI
Astrocytes in aging exhibit a range of physiological changes
and functional alterations that can impact their response to
trauma. Variations in structural elements, growth factors, and
oxidoreductive systems (Cotrina and Nedergaard, 2002) in
naïve aged astrocytes can compound the existing neurotoxic
elements of the injury micro-environment by increasing the
detrimental oxidative state and decreasing support for neuron
regeneration. The loss of antioxidant tolerance capacity and
increased vulnerability to oxidative stress with age (Pertusa
et al., 2007; Duan et al., 2009) may be a significant contributor
to the increase in post-injury ROS, and oxidative stress after
CNS trauma. Significantly, the increased inflammatory state,
and skew toward pro-inflammatory phenotypes (Clarke
et al., 2018) in aging astrocytes can have a significant impact
on the response to trauma. In vitro aged astrocytes show
amplified responses to inflammatory cytokines, IL-1β, and
TNF-α (Jiang and Cadenas, 2014). The primed, early activation
state of these cells (Cotrina and Nedergaard, 2002) may
have a cumulative effect with the injury induced reactive
astrogliosis, exacerbating the negative effects of the persistent
pro-inflammatory response. This warrants investigation,
especially in the field of SCI.

There have been few studies comparing younger and aged
astrocytes responses to SCI. In primary spinal cord astrocytes
aged in vitro (60 DIV), increased expression of ferritin
and GFAP were observed along with decreases in glutamate
transporter 1 and transferrin receptor 1, and in mitochondrial
membrane potential (Duan et al., 2009). Coincidently, in the
naïve middle-aged (13 months) mouse spinal cord, decrease in
antioxidant enzymes heme oxygenase 1 and NAD(P)H/quinone
oxidoreductase 1, and in nuclear factor E2-related factor 2
(Nrf2) which directs expression of these enzymes, were observed
(Duan et al., 2009). In vitro, aged astrocytes display an age-
dependent increase in mitochondrial oxidative metabolism. The
activation of NFκB signaling in these cells results in increased
expression of NOX2 and elevated nitric oxide production. This
was also associated with an age-dependent increase in hydrogen
peroxide generation (Jiang and Cadenas, 2014). Alterations in
the antioxidant capabilities and mitochondrial function may
have significant flow-on effects in injury scenarios where there
is oxidative damage and a detrimental increase in ROS and
RNS. In response to SCI in older animals, astrocytes may also
present changes in the production profile in CSPGs, and in their
role in maintaining blood-spinal cord barrier (BSCB) integrity,
which could have far-reaching consequences through the entry of
inflammatory and potentially neurotoxic elements into the CNS

and which also impact the availability of nutrients and support
for potentially regenerative tissue after trauma.

In the area of SCI, the differences in astrocyte reactivity
that occur in aging may have significant and far-reaching
consequences. Aging astrocytes have been observed to lose
their capacity to support neurite outgrowth and their efficacy
stimulating axon growth (Smith et al., 1990). In the aging
spinal cord, astrocytes exhibit higher basal GFAP mRNA levels,
however, their ability to respond to a non-invasive CNS
injury was observed to be reduced compared to their younger
counterparts (Kane et al., 1997). This is potentially significant in
the context of SCI as astrogliosis is an important element of the
post-injury response and the interaction between astrocytes and
axons is highly influential for axon growth potential. Recently,
neuronal PTEN deletion was shown to promote mTOR signaling
and axon growth in both the rubrospinal and corticospinal tracts,
regardless of the age of the mice, but the axonal regeneration
was still greatly diminished in the older animals compared to
their younger counterparts (Geoffroy et al., 2016). An increase
in astrogliosis, as well as inflammatory marker CD68, was
observed in older animals at sub-chronic time-points, suggesting
that differences in neuron-extrinsic environmental influences
could mediate the age-dependent decrease in axon regeneration.
It would be interested to assess whether modification of the
astroglial scar with neuronal PTEN deletion could enhance axon
regeneration in middle-age animals.

Reactive astrogliosis and the formation of an astroglial scar are
significant parts of the post-injury response in the CNS and can
influence outcomes after injury. The glial response contributes
significantly to the nature of the post-injury environment
and may be an important extrinsic factor in regulating axon
regeneration, however, this is an area that still needs to be
examined in detail. Astrocytes exhibit changes in reactivity and
response in the aging CNS that can have significant consequences
for the progression of injury, and the development of CNS
disorders. The significant alterations in astrocytic response with
injury and aging are shown in Figure 4. This is potentially
an important factor and one that we have little knowledge
about. In the aging CNS these responses are robust but also
irregular, which may contribute to the age-related decline in axon
regeneration and also to worsening post-injury outcomes after
SCI. This potential relationship between aging, the glial response
and injury resolution is an area of great interest that requires a
considerably more study.

CELLULAR INFLUENCES BEYOND
INFLAMMATION AND ASTROGLIOSIS

While a great deal of attention and therapeutic efforts are
directed at axon regeneration, with increasing focus falling on the
inflammatory response and reactive astrogliosis, the secondary
injury environment is potentiated by not just astrocytes and
microglia but also fibroblasts, pericytes, endothelial cells, and
other cells present around the injury epicenter (summarized in
Figure 2). However, the specific role of each cell type in the
age-dependent regeneration decline remains to be determined.
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FIGURE 4 | Differences in astrocyte phenotypes, functions and responses with aging play a significant role in central nervous system health as well as spinal cord
injury response. (A) Regular Function of Young Astrocytes. Astrocytes play a vital role in cellular, molecular, and metabolic homeostasis in the naïve CNS. These cells
are involved in synaptogenesis and support mature synapses. They also support neurons and neuronal function through the uptake of glutamate, K+, and GABA,
the production and release of transmitters, cytokines and ATP, and by stocking glycogen. Astrocyte processes interact with vascular endothelial cells and are an
important element of the BBB. (B) Young Reactive Astrocytes. After SCI, astrocytes become reactive, increasing in size and branching. These reactive astrocytes are
characterized by a suite of molecular changes including increased GFAP expression, increased proteoglycan (CSPGs) production, increased NOS and ROS, and
production of inflammatory cytokines. Reactive astrocytes are involved in BBB repair, and sequestering the inflammatory lesion and fibrotic scar. (C) Normal Aging
Astrocytes. In the aging CNS, astrocytes become larger and more branched than their younger un-injured counterparts. These cells exhibit an early stage of reactive
astrogliosis characterized by increased GFAP, vimentin and S100β expression, increased expression of growth factors (such as CNTF and TGF-β) and increased
oxidoreductive enzymes and oxidative stress. These cells show impaired ability to perform normal functions such as BBB/vascular maintenance and neuronal
support. (D) Aged Reactive Astrocytes. After SCI, the alterations in astrocytes with aging are exacerbated. Aged astrocytes are already in an early reactive state, this
is compounded by injury and activation cues in the lesion environment. The result is greater increase in GFAP, increase in oxidative stress and inflammation,
increased excitotoxicity, impaired BBB repair, and, significantly, impaired sequestering of the inflammatory lesion. All of this will have profound effects on neuronal
survival and axon re-growth. BBB, Blood-Brain Barrier; CNS, Central Nervous System; CNTF, Ciliary Neurotrophic Factor; CSPGs, Chondroitin Sulfate
Proteoglycans; GFAP, Glial Fibrillary Acidic Protein; NOS, Nitric Oxide Synthase; ROS, Reactive Oxygen Species; SCI, Spinal Cord Injury.
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Fibroblasts
After SCI, fibroblasts from different origins proliferate and form
the fibrotic scar, which is isolated from the spare tissue by
the reactive astrocytes. For detailed review see Dias and Göritz
(2018). Fibroblasts are a major source of fibronectin, collagen
and other ECM components known to inhibit regeneration.
Reducing the fibrotic scar can enhance axon regeneration and
increase functional recovery (Ruschel et al., 2015; Dias et al.,
2018) in young animals. However, while most studies aim to
reduce the fibrotic scar, ablation of fibroblasts may compromise
tissue integrity after injury, elements of the fibrotic scar may
play supporting roles, and removing them acutely after injury
may have negative effects (Göritz et al., 2011; Bradbury and
Burnside, 2019). In non-nervous tissue, aging is known to alter
fibroblasts (Varani, 2010). Different pathways are altered in
skin and cardiac fibroblasts with aging, including a decrease in
ERK and Akt expression, an increase in JNK and TGF-β/Smad
signaling, which can alter their proliferation and production of
ECM proteins. Therefore, it is likely that age affects the fibrotic
response after SCI. There is a need to understand how age
specifically modify this response.

Endothelial Cells
The vascular and nervous system are closely juxtaposed, and
endothelial cells respond to similar patterning cues as growth
cones (Adams and Eichmann, 2010). There is increasing
interest in taking advantage of this interaction to control
axon regeneration by controlling vascular patterning after SCI
(Partyka et al., 2019; Tran et al., 2020). Endothelial cells secrete
vascular endothelial growth factor (VEGF), which promotes cell
survival and axonal outgrowth (Sondell et al., 1999). These
cells can also secrete other neurotrophic factors promoting
axon growth (Grasman and Kaplan, 2017). With age, the
production of different factors by endothelial cells, such as VEGF,
declines with age (Shetty et al., 2005), which can result in a
decrease in cell survival and in axon growth with age. The
production of endothelin-1 and nitric oxide by endothelial cells
are also altered, resulting in the modification of vascular tone
(vasoconstriction/vasodilation). Lack of control of the vascular
tone can be result in inability to meet the metabolic demand
of the tissue, increase of local hypoxia, and reduction in waste
removal (Bosetti et al., 2016; Jacob et al., 2016). Alteration of this
balance at the injury site is likely to have negative effect on axon
regeneration. Finally, changes in vascular permeability and BBB
leakiness with aging can result in infiltration of molecules into
the CNS, alteration in the microenvironment, and increase in
neurotoxicity. This demonstrates the need to better understand
how SCI and age can impact endothelial cell function and their
relation to axon growth potential.

Pericytes
Pericytes are closely associated with endothelial cells, and have
projections encircling CNS vessels. These cells not only play a
role in regulating and maintaining vascular barrier integrity (Sá-
Pereira et al., 2012), they have a wide range of physiological
functions (Muramatsu and Yamashita, 2014). CNS trauma often

leads to vascular disruption and dysfunction, closely linked to
neuronal dysfunction. One significant element of this is the
reduction in trophic support for the CNS cells. After SCI, excess
of monoamine receptors (5-HT1) on pericytes leads to local
constriction of capillaries and chronic hypoxia. Inhibiting this
receptor increases locomotor recovery (Picoli et al., 2019).

Pericytes have emerged as potential targets to increase
functional recovery after SCI. For a detailed review, see Picoli
et al. (2019). Pericytes in the spinal cord are heterogenous. After
SCI, a subtype of pericyte gives rise to a population of stromal
cells integral to the glial and fibrotic scars, and play a role in
post-injury fibrosis. These cells were shown to be essential to the
successful sealing of the lesion (Göritz et al., 2011). Inhibiting
the proliferation of pericytes reduces the fibrotic scar tissue after
SCI, and improves the regeneration of axon tracts, prompting
improved sensorimotor functional recovery (Dias et al., 2018).
After SCI, pericytes contribute a significant amount of collagen
to the scar formation (Birbrair et al., 2014) and NG2+ pericytes
are also involved with angiogenesis (Hesp et al., 2018).

To our knowledge, how the age factor impacts the response
of pericytes in SCI models has not been characterized. Pericyte
loss and neurovascular dysfunction have been linked to age-
dependent neurodegeneration. Alteration of the BBB is observed
in different neurogenerative conditions (ALS, HD) as well as
neurotrauma (TBI and stroke). For review see Lendahl et al.
(2019) and Li et al. (2019). Therefore, it is conceivable that
SCI in older animals’ results in enhanced BBB breakdown,
increase in serum proteins leakage to the spinal lesion, increase in
neurotoxicity as well as worse functional outcome. Additionally,
a poorly functioning vascular system will likely result in
less nutrients reaching potentially growing axons. Modulating
pericytes integrity and activity could be of therapeutic interest in
the context of middle-age and age SCI.

NG2+ Cell Population
Different cell types can express NG2 in the CNS. Here, we refer
to NG2+ cells as OPCs. OPCs are present throughout the CNS.
They react to injury by proliferating and migrating toward the
lesion, and differentiating into oligodendrocytes and astrocytes
(Nishiyama et al., 2009; Hackett et al., 2018). For review see
Hackett and Lee (2016). Removing NG2+ cells (both OPCs and
pericytes) results in astrocytic and fibrotic scar disruption, with
reduction in scar density and less distinct borders (Hesp et al.,
2018). This was surprisingly accompanied by axon growth into
the lesion as well as persistent functional impairment. While
previous studies show that NG2 proteoglycan inhibits axon
growth, NG2+ cells themselves may facilitate growth (Hackett
and Lee, 2016). NG2+ cells proliferation and differentiation is
reduced (Sim et al., 2002; Psachoulia et al., 2009) and OPCs
heterogenicity altered with age (Spitzer et al., 2019). NG2+ cells
have been shown to maintain neuron survival, via reduction
of IL-1β pro-inflammatory pathway in the hippocampus
(Nakano et al., 2017). Additionally, intracellular pathways
involved in OPCs differentiation and myelination include
ERK/MAPK, PI3K/Akt/mTOR and Wnt/β-catenin (Gaesser and
Fyffe-Maricich, 2016), all of which can be altered with aging.
An attractive hypothesis would be that the reduction in NG2+
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activity with age and injury participates to neuroinflammation
and inducing neuron death, and the reduction in NG2 cells
proliferation and differentiation results in an environment less
favorable to axon growth.

THE INFLUENCE OF EXTRACELLULAR
COMPONENTS ON AXON
REGENERATION POTENTIAL

The Extra-Cellular Matrix
The importance of the ECM and extracellular elements of
the environment in an age-dependent decline in regeneration
potential is highlighted in a study by Kawano et al. comparing
postnatal 7, 14, and 21 with adult mice (P60-80) (Kawano et al.,
2005). Transected axons regenerated across the lesion only in P7;
in P14 and older, the axons stop at the lesion site. The fibrotic
scar, containing type IV collagen, was not present in the P7
mice. Inhibition of collagen synthesis in older mice prevented
the formation of this scar resulting in a greater number of axons
extending across the lesion. These elements are intrinsically
connected to the cellular elements and the formation of CNS
scar tissue, as well as influencing the nature of the injury
microenvironment. Overall, there has been very little done to
elucidate the changes in extracellular components in aging and
how it plays a role in the reduction of axon regeneration potential;
the changes with age and traumatic spinal injury is still yet
to be elucidated.

Glycoproteins
Fibronectin
After CNS trauma, the glial scar surrounds the lesion site,
accompanied by infiltration of plasma fibronectin, fibronectin
secretion from various fibroblast-like cells and formation of a
fibrotic scar (Farooque et al., 1992; Zhu et al., 2015). While
fibrosis restores BBB integrity and restricts lesion spread, it
also disrupts the CNS structural matrix and produces both
a physical and biochemical barrier to axon growth (Kawano
et al., 2012). Astrocyte-associated fibronectin participates in
axon growth (Tom et al., 2004) but fibronectin aggregates
reduce remyelination (Stoffels et al., 2013). Fibronectin is
an early trigger of glial scar formation through the TGF-
β/Smad signaling pathway, and increases inhibitory proteoglycan
expression (Schachtrup et al., 2010). Fibronectin can also activate
microglia and infiltrating macrophages (Milner and Campbell,
2003). Reduction of the fibrotic scar, via reduction of fibronectin,
could be an interesting strategy to increase axon growth. While
changes in fibronectin expression with age after neurotrauma are
unknown, one could predict an increase in expression level, as
fibronectin increases with age in other tissue (Kumazaki et al.,
1993; Dorner et al., 1996; Labat-Robert, 2004). This could lead to
an increase in astroglial and inflammatory response, as well as a
more inhibitory fibrotic scar.

Collagen
Collagens expression levels are increased after CNS injury (Frisen
et al., 1995; Zhu et al., 2015). Although not inhibitory in itself,

collagen IV serves as a mesh for other inhibitory molecules
to bind (Liesi and Kauppila, 2002). Inhibition of deposition
of Collagen IV facilitates axon regeneration (Stichel et al.,
1999). An increase in collagens within the SCI lesion induces
astrocytic scar formation via the integrin pathway (Hara et al.,
2017). Blockage of collagen interaction with astrocytes reduces
astrocytic scar formation and promotes functional recovery.
However, collagen concentration is known to increase with age
(Uspenskaia et al., 2004). It will be interesting to test whether
alteration of the collagen composition with age after SCI is linked
to the increase in the reactive astrocytes and formation of the
astrocytic scar observed.

Laminin
Laminins are widely express in the CNS, and play important
roles, mostly via the integrin pathway (Nirwane and Yao,
2019). Astrocyte-produced laminins maintain BBB (by regulating
pericyte differentiation), and the increase in laminin observed
after TBI may be an attempt in restoring the BBB integrity (Tate
et al., 2007; Yao et al., 2014). Laminins participate in angiogenesis
and revascularization after injury (Simon-Assmann et al., 2011;
Wappler et al., 2011). They also support axon growth both in vitro
and in vivo (Frisen et al., 1995; Plantman et al., 2008). The
expression of most of the prominent laminin chains are reduced
in the adult brain, compared to development (Sanes, 1989). There
are also deposits of laminin and laminin-like material seen in the
aged brain, especially associated with AD (Jucker et al., 1996).
Altered laminin isoforms in aging can impair endothelial cell
function (Bell et al., 2010; Wagner et al., 2018). Alteration of
laminin expression level and form in response to injury in older
animals is likely to play an important role in maintaining BBB
integrity and in participating in the reduction of axon growth.

Proteoglycans
Proteoglycans include dermatan sulfate proteoglycans (DSPGs),
heparan sulfate proteoglycans (HSPGs), keratan sulfate
proteoglycans (KSPGs) and CSPGs (George and Geller,
2018). CSPGs are the most studied in their role in pathfinding
in development and restricting plasticity in adult CNS (Bartus
et al., 2012). CSPGs are associated with glial scaring and reactive
gliosis after SCI and inhibit axon growth. Thus, disruption of
the CSPGs after SCI was thought to be a promising strategy
to modify the glial scar, promote plasticity, axon growth and
functional recovery. One strategy is the use of chondroitinase
ABC (ChABC). There is flourishing literature on this topic (Muir
et al., 2019). Proteoglycans composition changes during aging
and accumulates in the brain (Reed et al., 2018; Richard et al.,
2018). Increased proteoglycan sulfation with aging may reduce
plasticity and memory (Foscarin et al., 2017). It will be of interest
to assess the proteoglycans changes with age and SCI and to
determine the effects of ChABC in middle-age and age animals.

Biomechanical Properties of the Injured Spinal Cord
The ECM composition alters the tissue stiffness. Stiffness has
recently been advanced as an important factor for regeneration
(Moeendarbary et al., 2017; Thompson et al., 2019). Changes in
collagen, laminin, and increases in intermediate filaments GFAP
and vimentin, modify the stiffness of the tissue. Axons growth
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decreases on a softer tissue, such as the glial scar in the SCI (Koser
et al., 2016). Increase in tissue stiffness with age has been shown to
reduce OPCs proliferation and differentiation (Segel et al., 2019).
Therefore, changes of the ECM composition with age and injury
are likely to alter the biomechanical properties and impede any
attempt at promoting axon regeneration in aged animals.

Growth Factors
Numerous growth factors are known to promote axon
regeneration, including IGFs, nerve growth factor (NGF), BDNF,
glial cell-derived neurotrophic factor (GDNF), neurotrophins
(NTs), fibroblast growth factors (FGFs), epidermal growth factors
(EGF), and CNTF (Duraikannu et al., 2019).

Insulin-like growth factor
In the developing brain, IGF-1 promotes oligodendrocytes
proliferation and differentiation and axonal growth (Ye et al.,
2002; Dyer et al., 2016). IGF-1 has been shown to increase axon
regeneration (Ozdinler and Macklis, 2006; Zhang Y. et al., 2019)
although not in adult, most likely because of the lack of IGF-
1 receptor (Hollis et al., 2009; Dupraz et al., 2013). Recently,
IGF-1, only in combination with osteopontin, was shown to
increase CST sprouting (Liu et al., 2017). IGF-1 expression
levels decline with age. This reduction, associated with longevity,
is proposed to be a neuroprotective after injury, as higher
level of IGF-1 is associated with cognitive dysfunction (Shetty
et al., 2005; Mao et al., 2018). Indeed, IGF-1/insulin inhibits
axon regeneration in C. elegans in aging neurons (Byrne et al.,
2014). Whether IGF-1 reduces regeneration in aged mammals
needs to be determined. On the other hand, IGF-1 may have
anti-inflammatory effect in the CNS (Sukhanov et al., 2007;
Labandeira-Garcia et al., 2017) and may reduce the astrocytic
response (Genis et al., 2014; Hernandez-Garzón et al., 2016).
Therefore, a reduction of IGF-1 with age may participate to
the age-related CNS inflammation and increase astrogliosis.
Regardless, the involvement of the IGF1/IGF-1 receptor in the
modulation of inflammation, astrogliosis and axon regeneration
in the context of aging and neurotrauma is complicated.

Nerve growth factor
After SCI, NGF is increased (Brown et al., 2004). Infusion
or overexpression of NGF increases axon growth after SCI
(Oudega and Hagg, 1996; Romero et al., 2000) and reduces
neuronal apoptosis, via activation of the PI3K/Akt and MAPK
pathways (Zhang et al., 2014). However, NGF is decreased and
its precursor, proNGF, is increased with aging (Al-Shawi et al.,
2007; Budni et al., 2015). While proNGF promotes neurite growth
in young rodents, it induces cell death but no growth in old
animals (Al-Shawi et al., 2008). After SCI, proNGF mediates
oligodendrocytes death (Beattie et al., 2002). Therefore, increase
of proNGF with age after SCI is likely neurotoxic, and may
not promote axon growth. However, it remains possible that
infusion or overexpression NGF in older animal still promote
axon growth after SCI.

Brain-derived neurotrophic factor
Brain-derived neurotrophic factor has repeatedly been shown to
be neuroprotective and to enhance regeneration/sprouting after

SCI through the MAPK, PI3K, and PLC γ signaling (Weishaupt
et al., 2012; Garraway and Huie, 2016). However, it is not known
if similar effects would be observed in older animals in the context
of SCI. BDNF/TrkB is altered with age. TrkB receptor expression
level declines with age in the pituitary (Rage et al., 2007) and
aging is associated with BDNF and/or TrkB expression decrease
at the neuromuscular junction (Greising et al., 2015; Greising
et al., 2017). Reduction of BDNF with age is linked to cognitive,
memory deficit and hippocampal shrinkage (Erickson et al., 2010;
von Bohlen Und Halbach, 2010; Petzold et al., 2015). In sum,
there is evidence that BDNF or its receptor, TrkB, are reduced
in the context of injury in middle-age and aged animals. Thus, we
speculate that BDNF-based treatments in older animal may still
enhance axon growth after SCI but only to a limited degree, and
that it may be necessary to combine them with other approaches,
such as overexpression of TrkB in the neurons.

NT3
NT3 plays a role in neuron survival and axon regeneration (Keefe
et al., 2017). NT3 overexpression also improves recovery after
SCI by reducing dendritic atrophy and dendritic regrowth in
young animals (Wang et al., 2018; Han et al., 2019). NT-3 binds
preferentially to TrkC receptor (Keefe et al., 2017). However,
a reduction of TrkC is observed with age in sensory neurons,
which could reduce NT3 activity in older animals (Vaughan et al.,
2017). Importantly, in a stroke model, delayed viral delivery
of NT3 promotes recovery in both adult (6 months) and aged
(18 months) rats, via increase in CST sprouting (Duricki et al.,
2016). Therefore, the effects of this therapy on adult and elderly
animals with SCI may also enhance CST sprouting, despite the
potential reduction of TrkC in neurons.

Glial cell-derived neurotrophic factor
Member of the TGF-ß superfamily, GDNF has been shown to
promote survival of neurons (Paratcha and Ledda, 2008). After
SCI, administration of GDNF promotes functional recovery via
different mechanisms, such as enhancing axon regeneration and
sprouting, altering astrogliosis via reduction of GFAP and CSPGs
production, reducing BSCB permeability and reduction of nitric
oxide production. For review see Rosich et al. (2017). While a
decrease in GDNF expression level with age and SCI would be
expected, it has not been characterized. Similarly, the effect of
GDNF delivery on functional recovery after SCI in age animals
remains to be tested.

Fibroblast growth factors
Several members of the FGFs family, especially FGF1 and FGF2,
have been shown to be involved in neuron survival and neurite
extension (Teng et al., 1999). FGF1 also reduces inflammation
(Lee et al., 2008) and astrogliosis (Lee et al., 2011; Kang
et al., 2014). Different FGF treatment, alone or in combination,
promote recovery after SCI (Rabchevsky et al., 2000; Zhou et al.,
2018). Pathways activated by FGFs include ERK/MAPK, PLCγ

and AKT. FGF2 and FGF receptors expression levels decline with
age (Shetty et al., 2005; Hurley et al., 2016). However, changes
of these factors and their receptors in the aged spinal cord have
not been described. A decline of FGF receptors with age would
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indicate less potential for clinical translation potential and calls
for further investigation.

Epidermal growth factors
Epidermal Growth Factors inhibits axon regeneration (Koprivica
et al., 2005) and promotes reactive astrocytes (Liu et al., 2006;
Codeluppi et al., 2009) through mTOR and AKT signaling.
Inhibiting EGF receptor was found to promote functional
recovery after SCI via modification of the glial scar, reducing
inflammation and increasing OPC proliferation (Erschbamer
et al., 2007; Li et al., 2011; Zhang S. et al., 2016). However, an
opposite effect was later described, with an increase in lesion
size and reduction in functional recovery (Berry et al., 2011;
Sharp et al., 2012). EGF administration reduces BSCB disruption
(Zheng et al., 2016). Decrease in EGF-Receptor with age has been
documented in the skin fibroblasts (Shiraha et al., 2000), the aged
hippocampus (Enwere et al., 2004) and other systems (Rongo,
2011; Siddiqui et al., 2012). How age and SCI affect expression
levels of EGF and EGFR is not known. One could speculate that
EGFR expression is reduced within the spinal cord of age animals,
and that its inhibition, regardless of its positive or negative impact
on recovery in young animals, will likely have minimal impact on
functional recovery in aged animals.

While manipulation of the growth factors to promote axon
growth after injury seem complex, the general consensus
is that a combinatorial approach is needed. This has been
elegantly demonstrated in the recent work from the Sofroniew
lab (Anderson et al., 2018). In this study, 3 mechanisms
were targeted: increase of the neuron-intrinsic capacity (with
osteopontin, IGF-1 and CDNF), increase in growth support at the
injury site (with FGF2 and EGF), and chemoattractant caudal to
the injury (GDNF). Only the combination of these three factors
lead to strong axon regeneration. These data warrant further
testing in the context of aging.

Myelin Proteins and Constituents
Studies have found multiple potent neurite growth inhibitory
factors that are enriched in CNS myelin, such as Nogo-A,
myelin-associated glycoprotein (MAG), oligodendrocyte/myelin
glycoprotein (OMgp). After injury, myelin sheaths are damaged,
and these factors are released into the extra-cellular environment.
These molecules alter the regenerative potential after CNS and
targeting them or their receptors can enhance axon growth
after SCI, although, some conflicting results have been reported.
Indeed, some groups reported a beneficial effect of genetic Nogo
deletion on axon regeneration and sprouting and others only
on sprouting (Cafferty et al., 2010; Lee et al., 2010). For review
(Geoffroy and Zheng, 2014).

Few studies examined how age alters the expression of these
proteins. Nogo-A levels are significantly decreased in aged
animals (Trifunovski et al., 2006; Kumari and Thakur, 2014).
A decrease in recovery is surprisingly observed in 12-month-old
Nogo A/B deficient mice after TBI, compared to young adults,
possibly related to hypomyelination (Marklund et al., 2009).
Aged brains with stroke present a unique profile in growth-
inhibitory molecule changes (Li and Carmichael, 2006). In aged
brains OMgp is increased earlier than in young animals; MAG

is increased in old injured brains but decreased in young; and
Nogo-A is decreased in the aged while increased in young
mice Nogo receptor 1 (NgR1) antagonist has been shown to
increase OPC maturation and remyelination, and motor recovery
after stroke in aged mice (Sozmen et al., 2016). While Nogo-
A is not altered in 12-month-old mice, at least at 6 weeks
post injury (Geoffroy et al., 2016), the exact age-related profile
change of these molecules at different time point after SCI has
not been characterized. Indeed, as discussed in Section “The
Inflammatory Response Changes with Age: ‘Inflamm-Aging,”
there are been reports of reduction in debris clearance by aged
macrophages and monocytes (Neumann et al., 2008; Natrajan
et al., 2015). Therefore, one would speculate that the inhibitory
myelin proteins stay longer at the injury site of older animals, and
reduce axon growth potential. Additionally, the expression of the
MHC1 receptor, PirB, is increased with age in the hippocampus,
localized primarily in neurons. Induction of the MHC1 pathway
in neurons is potentially linked to increased neuro-immune
signaling and altered synaptic homeostasis, contributing to age-
related hippocampal dysfunction (VanGuilder Starkey et al.,
2012). If a similar pattern occurs in spinal neurons, it may
lead to greater inhibition in aged neurons than their younger
counterparts with the same amount of myelin proteins. PirB
is increased in the spinal cord after injury (Zhou et al.,
2010), while how age alters spinal expression of PirB is
still to be elucidated. Similarly, NgR1, and its ligands, are
increased in the hippocampus with age (VanGuilder Starkey
et al., 2013). These data suggest that, even absent alterations
in myelin protein levels, changes in neuronal expression of
receptors may increase the inhibitory effects of these proteins on
axon regeneration.

CONCLUSION

The regeneration of damaged axons has been extensively studied
in the PNS, and it has long been accepted that there is an age-
dependent decline in regeneration after injury. Axon injury in
the CNS is a more complex matter, however, it has recently
been recognized that the CNS also present an age-dependent
decline in axon regeneration. Our current understanding of this
decline is still limited and requires greater exploration. The aging
population, increasing average age of SCI incidence and longer
life-expectancies of people living with SCI, creates a strong need
to increase our understanding of the age-dependent obstacles for
axonal repair. Axon regeneration is dependent on a myriad of
neuron intrinsic and extrinsic factors. The nature and balance of
these factors can result in the promotion or inhibition of growth.
After CNS injury, there is no significant axonal regeneration
which has been associated with a variety of neuron-intrinsic
elements as well as interactions with the injury environment.
There is currently a lack of published literature reviews, and
preclinical studies at the intersection of aging and SCI research. In
this review we have concentrated on the impact of the interaction
with the inflammatory response, the resident glial cells and the
extracellular environment, and how these are altered both in an
injury and in an aging paradigm. We propose that the interaction
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between injury and aging will compound the inherent difficulties
and further inhibit the limited regenerative capability of the CNS.
Finally, while this review focuses on the extrinsic factors that can
influence the success of axon regeneration, the importance of the
neuron-intrinsic factors and how these also interact with each
other cannot be ignored.
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Edema is a hallmark of many brain disorders including stroke. During vasogenic
edema, blood-brain barrier (BBB) permeability increases, contributing to the entry of
plasma proteins followed by water. Caveolae and caveolin-1 (Cav-1) are involved in
these BBB permeability changes. The expression of the aquaporin-4 (AQP4) water
channel relates to brain swelling, however, its regulation is poorly understood. Here we
tested whether Cav-1 regulates AQP4 expression in the perivascular region after brain
ischemia in mice. We showed that Cav-1 knockout mice had enhanced hemispheric
swelling and decreased perivascular AQP4 expression in perilesional and contralateral
cortical regions compared to wild-type. Glial fibrillary acidic protein-positive astrocytes
displayed less branching and ramification in Cav-1 knockout mice compared to
wild-type animals. There was a positive correlation between the area of perivascular
AQP4-immunolabelling and branch length of Glial fibrillary acidic protein-positive
astrocytes in wild-type mice, not seen in Cav-1 knockout mice. In summary, we show
for the first time that loss of Cav-1 results in decreased AQP4 expression and impaired
perivascular AQP4 covering after cerebral ischemia associated with altered reactive
astrocyte morphology and enhanced brain swelling. Therapeutic approaches targeting
Cav-1 may provide new opportunities for improving stroke outcome.

SIGNIFICANCE STATEMENT

Severe brain edema worsens outcome in stroke patients. Available treatments for
stroke-related edema are not efficient and molecular and cellular mechanisms are
poorly understood. Cellular water channels, aquaporins (AQPs), are mainly expressed
in astrocytes in the brain and play a key role in water movements and cerebral edema,
while endothelial caveolins have been suggested to play a role in vasogenic edema.
Here we used an integrative approach to study possible interaction between AQP4
and caveolin-1 (Cav-1) after stroke. Absence of Cav-1 was associated with perivascular
changes in AQP4 expression and enhanced brain swelling at 3 days after cerebral
ischemia. The present work indicates a direct or indirect effect of Cav-1 on perivascular
AQP4, which may lead to novel edema therapy.

Keywords: stroke, aquaporin (AQP)-4, caveolin-1 (CAV1), recovery, astrocyctes, endfeet
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INTRODUCTION

Cerebral edema is a hallmark of many brain diseases including
stroke. It is characterized by a net increase in water in
the brain tissue, triggering tissue swelling. Brain edema has
a simple definition, hiding a very complex phenomenon
with heterogeneous processes depending on the brain disease
(Michinaga and Koyama, 2015; Jha et al., 2019). Underlying
molecular and cellular mechanisms of edema formation and
resolution are not well understood. Recently, brain edema was
divided into three categories, cytotoxic, ionic and vasogenic,
based on changes in BBB properties (Simard et al., 2007;
Michinaga and Koyama, 2015; Clement et al., 2020). Brain
endothelium, critical for the BBB function, restricts the passage
of molecules from blood to the brain tissue via the presence of
tight junctions between endothelial cells and specific transporters
(Villabona-Rueda et al., 2019) and a low level of transcytosis
(Ayloo and Gu, 2019). The increase in BBB permeability after
stroke (Sadeghian et al., 2018) has been linked to an early
increase in transcytosis (Knowland et al., 2014), which is caveolae
and Cav-1 dependent (Knowland et al., 2014; Sadeghian et al.,
2018). Cav-1 belongs to the caveolin family and contributes to
the formation of caveolae (plasma membrane invaginations),
transcytosis and signal transduction (Parton and del Pozo, 2013).
In brain Cav-1 is found in endothelial cells (Knowland et al.,
2014; Badaut et al., 2015; Blochet et al., 2020), astrocytes (Badaut
et al., 2015; Blochet et al., 2020) and neurons (Xu et al., 2015)
of the neurovascular unit (NVU). We recently demonstrated in
Cav-1 knockout (KO) mice (JAX stock #007083) that presence
of Cav-1 is associated with better survival and recovery after
stroke, suggesting a protective role for endogenous Cav-1. We
also showed that Cav-1 plays a role in neovascularization and
astrogliosis after ischemic injury (Blochet et al., 2020). Choi and
colleagues showed that Cav-1 overexpression attenuated brain
edema after cerebral ischemia in the rat (Choi et al., 2016).

Several AQPs are present in the brain, the most abundant
being the water channel AQP4. AQP4 is important for water
movement and edema in the NVU (Badaut et al., 2014) and is
expressed in astrocytes (Bi et al., 2017; Hirt et al., 2018a). An
early increase in AQP4 expression occurs 1 h after stroke onset
on perivascular end-feet and a late increase on astrocyte processes
48 h after stroke onset (de Castro Ribeiro et al., 2006; Hirt et al.,
2009). AQP4 may have a dual role in edema, contributing to
edema formation (Manley et al., 2000) and facilitating water
clearance (Hirt et al., 2009). Moreover, the presence of AQP4
on perivascular astrocyte end-feet is important for perivascular
cerebro-spinal fluid flow and protein clearance (Iliff et al., 2012).
In perivascular end-feet expression depends on syntrophin,
dystrophin–dystroglycan and agrin complex (Noell et al., 2011;
Vella et al., 2015). Changes in pericyte properties and platelet-
derived growth factor subunit B signaling have been linked to
decreased AQP4 polarization (Lindblom et al., 2003; Gundersen
et al., 2014; Munk et al., 2019). However, little is known about
the molecular mechanisms involved in regulation of presence of
AQP4 in perivascular end-feet after brain ischemia.

Outside the brain, endothelial Cav-1 has been shown to
contribute to the presence of AQPs in the cell membrane

(Jablonski and Hughes, 2006; Aoki et al., 2012; Li et al., 2012;
Kim et al., 2013; Jung et al., 2015). Interestingly, Bi et al.
(2017) proposed Cav-1 phosphorylation affects AQP4 subcellular
distribution. Here, we investigated if Cav-1 is involved in AQP4
expression and cellular distribution after brain ischemia relating
to astrogliosis and brain swelling.

MATERIALS AND METHODS

Animal experiments and care complied with the guidelines of the
Swiss Veterinary Office and were approved by the Animal Care
and Use Committee (license VD2017.5). Animal reporting was
according to ARRIVE guidelines.

Animal Groups and Experimental Design
Male C57Bl/6J wild-type (WT) mice (6 weeks) were from Charles
River (n = 16). Cav-1 KO mice in a C57Bl/6J background
from Jackson Laboratory (JAX stock #007083) were bred on
site (n = 18). Animals were housed for at least 1 week in
a temperature-controlled animal facility on a 12-h light-dark
cycle with ad libitum access to food and water. Cages contained
standard bedding and enrichment material.

(1) Immunofluorescence experiments with n = 9 WT and n = 9
Cav-1 KO animals, two to three different samples at three
different time points (sham and middle cerebral artery
occlusion (MCAO) at 6 and 72 h post injury). Animals
were perfused (see below) at 6 and 72 h. Our veterinary
authority requested the following humane termination
endpoints: loss of righting reflex from 24 h post-injury,
status epilepticus, body weight loss of more than 25%.

(2) Brain swelling was assessed in mice from a previous
experiment (Blochet et al., 2020) with n = 7 WT and
n = 9 Cav-1 KO mice. Briefly, brains were frozen in
liquid nitrogen vapor and twelve 20 µm-thick coronal
cryostat (Leica CM3050) sections per brain collected on
Superfrost-Plus slides (Fisher Scientific). Sections were
stained with cresyl violet, imaged with a stereomicroscope
(Nikon SMZ 25) at 5× magnification with blinded analysis
using ImageJ/FIJI software.

Experimental Model of Cerebral
Ischemia
Focal cerebral ischemia was induced by left MCAO with a
monofilament (Doccol Corporation) for 35 min under isoflurane
anesthesia as described (Blochet et al., 2020). Ischemia was
considered successful if cerebral blood flow during MCAO
was below 20% of baseline and over 50% of baseline at
reperfusion according to laser Doppler flowmetry (Perimed).
Rectal temperature was kept at 37.0 ± 0.5◦C during surgery.
We performed sham surgery under anesthesia by placing
the Doppler probe onto the skull and dissecting the carotid
arteries without filament insertion. After surgery, animals were
maintained overnight at 28◦C. We assessed the coat, eyes and
nose, neurological deficit, epileptic seizures, body weight loss and
dehydration of all animals daily.
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Immunofluorescence Staining
For tissue collection for immunofluorescence staining mice
were transcardially perfused with PBS followed by 4%
paraformaldehyde (PFA) at 4◦C, 10 mL/min, at 6 and 72 h
post injury. Following overnight post-fixation in PFA, brains
were incubated in phosphate buffered saline (PBS) with 30%
sucrose for 48 h, then frozen in isopentane on dry ice. Coronal
cryostat sections (25 µm-thick) were collected, stored in PBS
with 30% sucrose at −20◦C.

Immunofluorescence staining was performed on above
sections with antigen retrieval using cold 33% acetic acid,
66% ethanol and blocking with 1% bovine serum albumin,
5% horse serum, 0.1% Triton X100 solution for 1 h at room
temperature. Primary antibodies were: Mouse anti-microtubule
associated protein 2 (MAP-2, 1:500, Millipore Merck, cat #
MAB3418), Rabbit anti-AQP4 (1:500, Merck cat # AB3594-
200UL), Rat anti-cluster of differentiation 31 (CD31) (1:100, BD
Biosciences, cat # 550274), Mouse anti-Glial Acidic Fibrillary
Protein (GFAP) (1:2000, Merck, cat # MAB3402), Mouse anti-
glutamine synthetase (GS, 1:1000, Merck, cat # MAB302).
Primary antibodies were incubated in 1% bovine serum albumin
(BSA), 0.3% Triton X100 in PBS overnight at 4◦C. Alexa Fluor-
labeled (Invitrogen) secondary antibodies were incubated in the
same solution with 4’,6-diamidino-2-phenylindole (DAPI) for 1 h
at room temperature. Sections were mounted on SuperFrost-Plus
slides (Fischer Scientific) with FluorSave medium (Calbiochem)
and coverslipped.

Image Acquisition and Analysis
We captured images of coronal brain sections using a slide-
scanner (Zeiss AxioScan Z1) at 10× magnification. We acquired
higher magnification images (63×) of ipsilateral and contralateral
striatum and cortex to the lesion with a confocal microscope
(Zeiss LSM 710 Quasar).

For AQP4 expression patterns, vessel density analysis and
astrocyte morphological analysis Images were acquired in
ipsilateral and contralateral striatum and cortex to the lesion
with the same confocal microscope at 40× magnification
(Figures 2, 3). We analyzed AQP4 expression and then vessel
density using the Fiji vessel density plugin (open source
image processing package). This software analyzes vessel-like
signals and calculates vascular density = vessel area/total
area × 100% and vascular length density = skeletonized
vessel area/total area × 100%. Quantification was done on
averaged z-projections using Fiji on stacks of seven to nine
images with 2 µm-spacing with three images for each region
of interest per animal (ipsilateral and contralateral striatum
and cortex in animals following stroke and striatum and
cortex in sham animals, Supplementary Figure S1), three
animals per group (Cav-1 KO and WT). Astrocyte morphology
was analyzed in the same regions using Fiji’s bandpass and
unsharp mask filtering, binarization, skeletonization and
analysis on the averaged z-projections as described previously
(Blochet et al., 2020). Quantification was done on averaged
z-projections using Fiji on stacks of seven to nine images
with 2 µm-spacing on three images for each brain region
per animal (ipsilateral and contralateral cortex in animals

following stroke and cortex in sham animals), three animals
per group (Cav-1 KO and WT). AQP4 expression pattern,
vessel density and astrocyte morphology analyses were
performed blinded.

Statistical Analysis
Data were expressed as median, interquartile range, minimal
and maximal values and analyzed with IBM SPSS Statistics 25
and Graphpad Prism 8. Data normalization was conducted in a
two-step approach as described previously. We carried out one-
way ANOVA with Tukey’s correction for multiple comparisons
of six groups (Cav-1 KO/WT ipsilateral/contralateral and Cav-1
KO/WT sham cortex/striatum) for immunofluorescence analysis
of AQP4 and CD31 expression patterns in the cortex and
comparison of six groups (Cav-1 KO/WT ipsilateral/contralateral
cortex and Cav-1 KO/WT sham cortex) for immunofluorescence
analysis of astrocyte morphology. The association between AQP4
expression patterns and astrocyte morphology was assessed with
Pearson correlation coefficient. Statistical significance was set at
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005 and ∗∗∗∗p < 0.001.

RESULTS

AQP4 Expression in WT and in Cav-1 KO
Mice and Brain Swelling
Using an anti-body to the neuronal marker microtubule
associated protein 2 (MAP-2), we delineated the lesion area by
lack of MAP-2 labeling on coronal brain sections (white dashed
lines, Figure 1A). GFAP staining was performed at 6 and 72 h
post injury (Figure 1B). Decreased GFAP staining was observed
in the ipsilateral striatum of both genotypes after stroke with a
larger decrease in Cav-1 KO mice than WT mice at 72 h after
stroke onset (Figure 1B). The area of enhanced GFAP labeling
corresponding to the glial scar in the perilesion was smaller in
Cav-1 KOs than WTs (yellow arrows, Figure 1B).

AQP4 staining was observed in the periventricular areas and
in the glia limitans with no significant difference between the two
genotypes (Figure 1C). AQP4-labeling was absent in the striatum
of Cav-1 KO mice at six but not in WTs, indicating a difference
in AQP4 expression after stroke. Similarly, AQP4 labeling in the
perilesion and contralateral cortex was decreased in Cav-1 KO
mice compared to WT at 6 and 72h after stroke onset (red arrows,
Figure 1C).

Brain swelling (Figure 1D) was higher in Cav-1 KO than in
WT mice (outlined by white dotted lines corresponding to the
ipsilateral hemisphere relative to the contralateral hemisphere in
Figure 1C). Quantification of GFAP and AQP4 staining was done
on higher magnification images to assess cell morphology (GFAP)
and cellular location (AQP4) respectively.

Perivascular AQP4 Expression
AQP4 was present on GFAP-positive astrocyte end-feet encircling
the CD31-immunolabelled endothelial cells (Figure 1E) in all
brain regions investigated. In contrast, AQP4 staining pattern in
the lesion (ipsilateral striatum) was punctate without perivascular
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FIGURE 1 | Immunostaining of coronal slices of WT and Cav-1 KO mice after sham surgery and at 6 and 72 h after MCAO: (A) MAP-2 expression (red) showing the
lesion outlined by a white dotted line. (B) GFAP expression (gray) showing the extent of the astrocyte scar highlighted by yellow arrows. (C) AQP4 expression (green);
the contralateral hemisphere area is delineated by a white dotted line relative to the ipsilateral hemisphere to appreciate the swelling and the white arrowhead points
to the shift of the midline due to swelling. Red arrows highlight AQP4 staining in the cortical perilesion. Scale bar = 1 mm. (D) Brain swelling at 7 days after MCAO in
WT and Cav-1 KO mice. (E) Immuno-staining at ×63 magnification illustrating the relationship between AQP4 (green), vessels labeled by CD31 (red) and reactive
astrocytes (gray), scale bar = 10 µm.
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FIGURE 2 | (A) High magnification images of AQP4 on vessels stained by CD31 at 72 h post-MCAO (×63 magnification) in the striatum. (B) High magnification
images of AQP4 on vessels stained with CD31 at 72 h post-MCAO (×63 magnification) in the cortex. (C) Analysis of the length of AQP4-immunolabeled vessel-like
structures with Fiji vascular density plug-in in WT and Cav-1 KO after MCAO and in sham animals; n = 3 areas per animal with three animals per group. Black and
gray plots refer to WT and Cav-1 KO animals, respectively. Significant differences between WT and Cav-1 KO animals are noted as *p < 0.05, **p < 0.01,
***p < 0.005 and ****p < 0.001. WT-Sham compared to WT-Ipsi: 95% CI [−0.4949 to −0.1666], p < 0.0001, WT-Sham compared to WT-Contra: 95% CI [−0.3330
to −0.004702], p = 0.04, KO-Sham compared to KO-Ipsi: 95% CI [−0.3355 to −0.007202], p = 0.0354, WT-Contra compared to KO-Contra: 95% CI [0.1888 to
0.5171], p < 0.0001, and WT-Ipsi compared to KO-Ipsi: 95% CI [0.05398 to 0.3822], p = 0.0027. (D) Analysis of the density of AQP4-immunolabeled vessel-like
structures assessed by the same Fiji plug-in. WT-Sham compared to WT-Ipsi: 95% CI [−1.985 to −0.09168], p = 0.0229, WT-Contra compared to KO-Contra: 95%
CI [0.5432 to 2.436], p = 0.0002, KO-Contra compared to KO-Ipsi: 95% CI [−2.594 to −0.7009], p < 0.0001. (E) Analysis of the coverage of AQP4 on vessels
measured as the ratio between the density of AQP-4 vessel-like pattern and CD31-labeled vessels. WT-Sham compared to WT-Ipsi: 95% CI [−73.27 to −1.223],
p = 0.0384, WT-Contra compared to KO-Contra: 95% CI [3.157 to 75.20], p = 0.0247, WT-Ipsi compared to KO-Ipsi: 95% CI [3.509 to 75.55], p = 0.0228. Contra:
contralateral hemisphere to the lesion, Ipsi: ipsilateral hemisphere to the lesion. Scale bar = 20 µm. Comparisons were carried out by one-way ANOVA with Tukey’s
multiple comparisons post-test.

staining in WT and KOs (Figure 2A). Note, in the lesion the
decrease in AQP4-staining is more pronounced in the Cav-
1 KO mice.

AQP4 staining was observed around the blood vessels in
the perilesion and contralateral cortex in both genotypes.
A significant increase in the length of perivascular-AQP4
staining was observed in the ipsilateral and contralateral
cortex of WT stroke animals compared to WT sham (Tukey’s
multiple comparisons test, 95% CI [−0.4949 to −0.1666],
p < 0.0001 and 95% CI −0.3330 to −0.004702], p = 0.04
respectively) (Figure 2B). The same was observed in sham
Cav-1 KO mice compared to ipsilateral cortex (KO-Sham
compared to KO-Ipsi: 95% CI [−0.3355 to −0.007202],
p = 0.0354) but not for the contralateral cortex. Interestingly,
the length of AQP4 staining was significantly decreased in

the ipsi- and contralateral cortex of the Cav-1 KO mice
compared to WTs after stroke (WT-Contra compared to
KO-Contra: 95% CI [0.1888 to 0.5171], p < 0.0001, and
WT-Ipsi compared to KO-Ipsi: 95% CI [0.05398 to 0.3822],
p = 0.0027) (Figure 2C). Blood vessels were stained with
CD31 (Figure 2A) and measurements (not shown) showed a
significant increase in vascular density in the lesion compared
to sham, consistent with what has been previously reported
(Blochet et al., 2020). The coverage of CD31-positive blood
vessels by perivascular AQP4 was significantly increased in the
perilesion/ipsilateral cortex WT stroke animals compared to
sham (WT-Sham compared to WT-Ipsi: 95% CI [−73.27 to
−1.223], p = 0.0384) (Figure 2E). However, perivascular AQP4
coverage was significantly lower in Cav-1 KO mice compared
to WT in the ipsi- and contralateral cortex (WT-Contra
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compared to KO-Contra: 95% CI [3.157 to 75.20], p = 0.0247,
WT-Ipsi compared to KO-Ipsi: 95% CI [3.509 to 75.55],
p = 0.0228.) (Figure 2E).

Morphological Alterations of GFAP-
Positive Astrocytes
In both genotypes there was GFAP staining in the ipsi-
and contralateral cortex (Figure 3A) and the labeling was
significantly decreased in the lesion (Figure 1A). Images of
GFAP-positive astrocytes were skeletonized for morphological
analysis (Figure 3B). There were significantly fewer GFAP
positive astrocytes in the ipsilateral cortex of Cav-1 KO mice
compared to WT (WT-Ipsi compared to KO-Ipsi: 95% CI
[10.92 to 19.31], p < 0.0001) (Figure 3C). Morphological
analysis showed a significant increase in the branch length
of astrocytes in the ipsi- and contralateral cortex of WT
stroke mice compared to sham (WT-Sham compared to
WT-Ipsi: 95% CI [−2.455 to −1.005], p < 0.0001, WT-
Sham compared to WT-Contra: 95% CI [−1.648 to −0.1988],
p = 0.0054, WT-Ipsi compared to WT-Contra: 95% CI:
[−1.531 to −0.08208], p = 0.0210). It also showed shorter
process length in Cav-1 KO stroke mice in the ipsilateral
cortex compared to WT (WT-Ipsi compared to KO-Ipsi:
95% CI [0.5799 to 2.029], p < 0.0001) (Figure 3C). Similar
results were obtained for GS-positive astrocytes (Supplementary
Figure S2). As observed for AQP4-labeling, there was no
change in the length of GFAP-positive branches in Cav-1 KO
stroke mice compared to sham (Figure 3D). These results
suggested a potential relationship between AQP4 expression and
astrocyte morphology. Analysis of AQP4 staining and reactive
astrocyte morphology exhibited positive correlation between
the length of AQP4-immunolabelled vessel-like structures and
number of GFAP-positive branches in WT mice (Pearson
correlation coefficient = 0.532, p = 0.005; Figure 3E). Conversely,
in Cav-1 KO mice a negative correlation between length
of AQP4-immunolabelled vessel-like structures and branch
length (Pearson correlation coefficient = −0.443, p = 0.021)
was observed (Figure 3E). No association between AQP4
expression patterns and selected morphological features of GS-
immunolabeled astrocytes was observed.

DISCUSSION

Cav-1 deficient mice are vulnerable to stroke as they develop
larger lesions and recover less well than WT mice (Blochet
et al., 2020). We show now that mice lacking Cav-1 have
significantly less astrocytic AQP4 in the lesion core, perilesion
and contralateral cortex after stroke. In addition, there was less
perivascular coverage by AQP4 in these areas. Concomitant
with the changes in AQP4 expression and coverage, reactive
astrocyte morphological changes were severely diminished and
brain swelling was increased in the Cav-1 KO mice after stroke.
The work indicates a link between Cav-1, reactive astrocyte
morphology and perivascular astrocytic AQP4 expression, brain
edema and consequent recovery after stroke.

Diminished Perivascular AQP4
Expression: Consequence on Brain
Edema After Stroke
There is abundant literature on the role of AQP4 in brain
edema (for review Badaut et al., 2014). The contribution of
AQP4 varies greatly depending on time post-injury, brain
region, amongst others leading to apparently contradictory
results on edema, lesion size and outcome in AQP4 KO
mice after stroke (Manley et al., 2000; Yao et al., 2008;
Zeng et al., 2012; Hirt et al., 2017). AQP4 expression was
rapidly up-regulated in the lesion and perilesion at 6 h
in WT mice in agreement with our earlier description of
an increase 1 h after stroke onset in the infarct core and
ischemic penumbra (de Castro Ribeiro et al., 2006; Hirt
et al., 2009). However, there was less increase in AQP4-
staining in Cav-1 KOs indicating that the absence of Cav-
1 affects AQP4 expression. The lower AQP4 expression is
associated with a larger edema formation, which is in agreement
with our earlier observation that up-regulating AQP4 on
astrocytic end-feet, attenuated the early phase of hemispheric
enlargement 1 h after MCAO (Hirt et al., 2009). WT mice
exhibited higher perivascular expression of AQP4 (Figure 2).
Interestingly, disrupted perivascular AQP4 polarization caused
by reactive astrogliosis was shown to impair glymphatic clearance
in the models of Alzheimer disease and senescence (Kress
et al., 2014). Altogether, increased perivascular AQP4 after
stroke could be a protective mechanism by promoting edema
resolution and facilitating water and debris clearance from the
perivascular space.

Role of Cav-1 in Perivascular AQP4
Changes: Potential Mechanisms
Lower perivascular AQP4 expression was observed after stroke
in absence of Cav-1, suggesting a role for Cav-1 in AQP4
expression in astrocyte perivascular end-feet (Figure 2). In
support of our observations, Cav-1 has recently been implicated
in movement of AQP4 to the cell surface after oxidative stress
(Bi et al., 2017). Insertion of AQP4-heterotetramers depend on
the syntrophin, dystrophin-dystroglycan complex in association
with the extracellular matrix protein agrin (Noell et al., 2011;
Vella et al., 2015; Tham et al., 2016). Interestingly, Cav-1 binds
β-dystroglycan in smooth muscle cells, linking the extracellular
matrix and actin cytoskeleton (Sharma et al., 2010). Neuronal
nitric-oxide synthase has been shown to down-regulate the level
of expression α-syntrophin (Brenman et al., 1996; Hashida-
Okumura et al., 1999; Sato et al., 2004; Zhang, 2017). As a
hypothesis, Cav-1 might act on α-syntrophin levels via inhibition
of eNOS, which in turn might influence the level of AQP4 on the
perivascular end-feet membranes.

Another possibility for the decrease in perivascular AQP4 is
a change in laminin expression in astrocytes and endothelial
cells. The lack of astrocytic laminin expression in conditional
knockout mice has been shown to prevent pericyte differentiation
and inhibit AQP4 expression, causing BBB breakdown (Yao et al.,
2014). Cav1-KO mice showed less laminin-labeled endothelial
cells in the ipsilateral hemisphere following ischemic stroke than
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FIGURE 3 | (A) Immunofluorescence staining with AQP4 (green) and GFAP (gray) in WT and Cav-1 KO mice at 72 h post-MCAO (63× magnification). AQP4
co-localized with GFAP-positive astrocyte end-feet. Scale bar = 20 µm. (B) Single-channel confocal microscopy ROIs obtained from 40× magnification images,
illustrating the overview of a GFAP-positive astrocyte morphology and its skeletonization. (C) Number of GFAP-positive reactive astrocytes. WT-Sham compared to
WT-Ipsi: 95% CI: [−13.42 to −5.027], p < 0.0001, WT-Sham compared to WT-Contra: 95% CI [0.4716 to 8.862], p = 0.0212, WT-Sham compared to KO-Sham:
95% CI: [3.805 to 12.20], p < 0.0001, WT-Ipsi compared to WT-Contra: 95% CI [−18.08 to −9.694], p < 0.0001, and WT-Ipsi compared to KO-Ipsi: 95% CI [10.92
to 19.31], p < 0.0001. (D) Average branch length of GFAP-positive astrocytes. WT-Sham compared to WT-Ipsi: 95% CI [−2.455 to −1.005], p < 0.0001, WT-Sham
compared to WT-Contra: 95% CI [−1.648 to −0.1988], p = 0.0054, WT-Ipsi compared to WT-Contra: 95% CI: [−1.531 to −0.08208], p = 0.0210, and WT-Ipsi
compared to KO-Ipsi: 95% CI [0.5799 to 2.029], p < 0.0001. Comparisons were carried out by one-way ANOVA with Tukey’s multiple comparisons post-test.
(E) The positive correlation between the length of AQP4-immunolabeled vessel-like structures and the maximal branch length of GFAP-immunolabeled astrocytes in
WT mice (Pearson correlation coefficient = 0.451, p = 0.024) and Cav-1 KO mice (Pearson correlation coefficient = −0.443, p = 0.021).

WT mice (Jasmin et al., 2007). Therefore, lower perivascular
AQP4 after stroke in cav-1 KO mice could be a consequence of
decreased laminin.

Altered Reactive Astrocyte Morphology
in Cav-1 KO Mice: Relation With AQP4
In contrast to our previous analysis in the striatal perilesion
(Blochet et al., 2020), we observed a lower number of
GFAP-labeled astrocytes in the ipsilateral cortex of MCAO

Cav-1 KO animals compared to WT animals. Cav-1 KO
mice also had a lower degree of GFAP branching after
stroke in the perilesional and contralateral cortex than WTs
(Figure 3) in agreement with our earlier work (Blochet et al.,
2020). Interestingly, the number of GFAP-positive processes
correlated positively with perivascular AQP4 expression in
WT animals after stroke but negatively in Cav-1 KO mice.
This suggests that the attenuated morphological alterations
of astrocytes after stroke in Cav-1 KO mice are linked
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FIGURE 4 | After transient filament MCAO (left), Cav 1 KO mice had larger lesions, enhanced cerebral edema and higher hemispheric swelling (bottom right)
compared to WT mice (top right). At the level of the NVU (center images), the absence of caveolae* and Cav-1 correlated with altered astroglial reaction and
expression of AQP4 on astrocytic end-feet in Cav-1 KO mice (bottom center) compared to WT mice (top center).

to decreased AQP4 expression. Previously, reduced AQP4
expression and loss of perivascular AQP4 localization were
related to disorganized intermediate filaments in reactive
astrocytes (de Castro Ribeiro et al., 2006; Allnoch et al., 2019).
Cav-1 may influence AQP4 expression levels by inhibiting
nitric oxide synthase, as nitric oxide was described to increase
AQP4 expression and to influence astrocyte volume (Yu et al.,
2012; Oku et al., 2015). AQPs seem to contribute to reactive
astrocyte morphology and we showed the importance of
AQP9 in astrocyte morphological changes in vitro and in vivo
(Hirt et al., 2018b).

In summary, Cav-1 appears to influence AQP4 expression
and distribution along vessels contributing to changes in
reactive astrogliosis and brain edema observed in Cav-1 KO
mice after experimental stroke (Figure 4). We are currently
investigating a therapeutic approach targeting Cav-1 and
have shown that the administration of cavtratin, a peptide
containing the scaffolding domain of Cav-1 after MCAO
improves outcome and enhances angiogenesis (Blochet et al.,
2019; Blochet et al., in preparation), perhaps via some of the
effects seen in this work. Indeed, understanding Cav-1 changes
after stroke may lead to new treatment options for improving
outcome after stroke.
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FIGURE S1 | (A) Coronal brain sections at 72 h after sham and MCAO injury
showing the different regions of interest (ROIs) for on high magnification images
and respective quantifications. (B) Analysis of cortical astrocytic morphology on
GS- and GFAP-immunolabeled images and by skeletonization; n = 3 areas per
animal with 3 animals per group. The data are shown as median and interquartile
range; only significant differences are displayed.

FIGURE S2 | (A) Immunofluorescence staining with AQP4 (green) and Glutamine
Synthetase (GS) (gray) in WT and Cav-1 KO mice at 72 h post-MCAO (×63
magnification). AQP4 co-localized with GS-positive astrocyte end-feet. Scale

bar = 20 µm. (B) Single-channel confocal microscopy ROIs obtained from 40×

magnification images, illustrating the overview of GS-positive astrocyte
morphology and skeletonization. (C) Number of GS-positive astrocytes. WT-Ipsi
compared to WT-Contra: 95% CI [−18.54 to −1.904], p = 0.0081, and WT-Ipsi
compared to KO-Ipsi: 95% CI [6.348 to 22.99], p < 0.0001. (D) Ramification of
GS-positive astrocytes assessed by the number of quadruple points of
GS-positive astrocytes. WT-Sham compared to WT-Ipsi: 95% CI [−0.9914 to
−0.03480], p = 0.0289, and WT-Ipsi compared to KO-Ipsi: 95% CI [0.09476 to
1.051], p = 0.0105. Comparisons were carried out by one-way ANOVA with
Tukey’s multiple comparisons post-test.
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In this study we evaluated the effect of the reduction in the endoplasmic reticulum
calcium concentration ([Ca2+]ER), changes in the cytoplasmic calcium concentration
([Ca2+]i), alteration of the mitochondrial membrane potential, and the ER stress in the
activation of caspase-3 in neonatal cerebellar granule cells (CGN). The cells were loaded
with Fura-2 to detect changes in the [Ca2+]i and with Mag-fluo-4 to measure variations
in the [Ca2+]ER or with TMRE to follow modifications in the mitochondrial membrane
potential in response to five different inducers of CGN cell death. These inducers
were staurosporine, thapsigargin, tunicamycin, nifedipine and plasma membrane
repolarization by switching culture medium from 25 mM KCl (K25) to 5 mM KCl (K5).
Additionally, different markers of ER stress were determined and all these parameters
were correlated with the activation of caspase-3. The different inducers of cell death in
CGN resulted in three different levels of activation of caspase-3. The highest caspase-3
activity occurred in response to K5. At the same time, staurosporine, nifedipine, and
tunicamycin elicited an intermediate activation of caspase-3. Importantly, thapsigargin
did not activate caspase-3 at any time. Both K5 and nifedipine rapidly decreased the
[Ca2+]i, but only K5 immediately reduced the [Ca2+]ER and the mitochondrial membrane
potential. Staurosporine and tunicamycin increased the [Ca2+]i and they decreased
both the [Ca2+]ER and mitochondrial membrane potential, but at a much lower rate
than K5. Thapsigargin strongly increased the [Ca2+]i, but it took 10 min to observe
any decrease in the mitochondrial membrane potential. Three cell death inducers -
K5, staurosporine, and thapsigargin- elicited ER stress, but they took 30 min to have
any effect. Thapsigargin, as expected, displayed the highest efficacy activating PERK.
Moreover, a specific PERK inhibitor did not have any impact on cell death triggered by
these cell death inducers. Our data suggest that voltage-gated Ca2+ channels, that are
not dihydropyridine-sensitive, load the ER with Ca2+ and this Ca2+ flux plays a critical
role in keeping the mitochondrial membrane potential polarized. A rapid decrease in the
[Ca2+]ER resulted in rapid mitochondrial membrane depolarization and strong activation
of caspase-3 without the intervention of the ER stress in CGN.

Keywords: neuronal death, cerebellar granule neurons, calcium, endoplasmic reticulum, mitochondria,
endoplasmic reticulum stress
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INTRODUCTION

The endoplasmic reticulum (ER) is one of the most important
intracellular Ca2+ stores. It is well documented that a sustained
reduction in the luminal [Ca2+] of the ER can result in a
condition known as ER stress that eventually can lead to cell
death (Boyce and Yuan, 2006; Szegedi et al., 2006; Sun et al.,
2013). This condition may result in the activation of the ER
stress receptor pathways. Particularly, IRE1 can lead to apoptotic
cell death by the activation of JNK (Szegedi et al., 2006). We
have previously shown that JNK is involved in the apoptotic cell
death of cultured neonatal cerebellar granule neurons (CGN)
induced by potassium deprivation (K5), but not by staurosporine
(Ramiro-Cortés and Morán, 2009). The possible mechanisms
relating ER stress activation with the apoptotic death remain
to be elucidated. One possibility is that the cytoplasmic Ca2+

reduction induced by potassium deprivation could lead to a
decrease of the luminal ER [Ca2+], which in turn could cause an
ER stress in this model.

Alternatively, alterations in the transfer of Ca2+ from the
ER to the mitochondria could be the reason behind CGN
apoptotic death-induced by the decreased [Ca2+]i. It has been
calculated that about half of the Ca2+ released from the ER is
taken up by the mitochondria (Pacher et al., 2000; Lam and
Galione, 2013) and that Ca2+ movement from the ER to the
mitochondria via IP3R regulates energy production by increasing
respiration and accelerating the Krebs cycle (Cardenas et al.,
2010, 2015). It is then feasible that a reduction of Ca2+movement
from the ER to the mitochondria might result in cell death
(Rizzuto et al., 2012).

Programmed cell death is critical for the physiology of
the nervous system. Alterations in this program result in
different neurological ailments; for instance, an excess of
neuronal cell death leads to neurodegenerative diseases such as
Parkinson’s, Alzheimer’s, among others. During development, a
large proportion of CGN die (Wood et al., 1993) with features
of apoptotic death (Lossi et al., 1998). CGN have been used as a
model to study apoptosis during neuronal development. In that
regard, it is known that calcium ions (Ca2+) are involved in the
apoptotic death of CGN. These cells need a sustained Ca2+ influx
for survival, which can be achieved by culturing cells in high
K+ (25 mM, K25), which in turn activates voltage-gated Ca2+

channels (VGCC) resulting in a continuous Ca2+ influx and
increased intracellular calcium concentration ([Ca2+]i) (Gallo
et al., 1987; Moran and Patel, 1989; Alavez et al., 1996).

In support of the role played by sustained calcium influx in
avoiding apoptosis in CGN, it has been shown that apoptotic
cell death of CGN chronically cultured in K25 can be induced
by blocking their VGCC (Kingsbury and Balazs, 1987; Balazs
et al., 1988; Pearson et al., 1992; Copani et al., 1995). Thus,
CGN prepared from postnatal rats maintained in the K25
medium can survive and mature in culture conditions. Moreover,
CGN that had been chronically cultured in K25 would die
by apoptosis when they are transferred to a non-depolarizing
medium containing 5 mM KCl (K5) (Moran and Patel, 1989;
D’Mello et al., 1993, 1997; Alavez et al., 1996; Ishitani et al., 1997;
Nardi et al., 1997; Villalba et al., 1997; Morán et al., 1999).

The repolarization of plasma membrane potential by
transferring cells to 5 mM K+ leads to the deactivation of
VGCC. This, in turn, results in the inhibition of Ca2+ influx
and subsequent cell death. A result that can be prevented by
increasing the [Ca2+]i with the addition of a Ca2+ ionophore
(Morán et al., 1999). We have also found that caspase-3
transcription and activation induced by K5 is mediated
by the fall in the [Ca2+]i in CGN (Morán et al., 1999). In
contrast to K5, the apoptotic death of CGN evoked by other
conditions such as the incubation with staurosporine, a
generalized kinase inhibitor, turned out to be Ca2+-independent.
Despite the experimental evidence showing that a reduction
in Ca2+ influx leads to apoptotic death for CGN, there is
not enough information to propose a mechanism of action
for Ca2+, particularly during the early phase of the apoptotic
death in this model.

To test these possibilities, we have evaluated the effect
of different inducers of apoptosis on Ca2+ release from the
ER in cultured neonatal CGN and we have looked into the
correlation between this calcium release and caspase-3 activation,
mitochondrial depolarization, and ER stress. Based on the present
results, we propose that the survival of CGN requires a sustained
Ca2+ transfer from the ER to the mitochondria to keep this
organelle polarized and the inhibition of this Ca2+ transfer leads
to a rapid mitochondrial partial depolarization that in turn leads
to apoptotic death in this neuronal survival model.

MATERIALS AND METHODS

Cerebellar Granule Neurons Cultures
All animals used in this study were treated following the accepted
standards of animal care and with the procedures approved by
the local Committee of Research and Ethics of the Instituto de
Fisiología Celular, Universidad Nacional Autónoma de México.
The protocol used followed the Guidelines for the Care and
Use of Mammals in Neuroscience as well as guidelines released
by the Mexican Institutes of Health Research and the National
Institutes of Health Guide for the care and use of laboratory
animals (NIH Publication No. 8023, revised 1978). All efforts
were made to minimize animal suffering and to reduce the
number of animals used.

CGN cultures were prepared as previously described
(Morán et al., 1999). Briefly, cell suspensions dissociated from
8 day-old rat cerebellum were plated at a density of 1.5 ×
106 or 2 × 106 cells /ml in 12 or 6 well culture plates with
or without coverslips coated with poly-L-lysine (5 µg/ml).
They were maintained for 6–8 days in vitro. Culture medium
contained basal Eagle’s medium supplemented with 10% (v/v)
heat-inactivated fetal calf serum, 2 mM glutamine, 25 mM KCl,
50 U/ml penicillin, and 50 mg/ml streptomycin. This medium
is denoted in the text as K25 and is the control condition. The
culture dishes were incubated at 37 ◦C in a humidified 5%
CO2/95% air atmosphere. Cytosine arabinoside (10 mM) was
added 24 h after seeding to avoid the presence of non-neuronal
cells. To trigger cell death, CGN were treated with staurosporine
(0.5 µM), thapsigargin (2 µM), tunicamycin (20 µg/ml), and
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nifedipine (10 µM) or they were transferred to a medium
identical to K25 except that KCl was 5 mM (it is denoted as K5).

Simultaneous Recording of Changes in
the Cytosolic and the ER Ca2+

Concentrations
CGN (6–7 days) seeded on coverslips (1.5 × 106 or 2 × 106

cells/ml) were incubated with MagFluo4-AM (0.25 µM) in the
dark and at room temperature for 1 h. Subsequently, Fura2-AM
(1.5 µM) was added for 1 h, without removing the first dye.
Cells were washed with K25 for 10–30 min and the coverslips
were mounted in a device into the cuvette. The dyes were excited
at 340, 360, and 380 nm wavelength for Fura-2 and 495 nm
wavelength for MagFluo-4 (Dagnino-Acosta and Guerrero-
Hernández, 2009) and fluorescence emission was collected at
530 nm wavelength by using a QM-8 spectrofluorometer (PTI).
Changes in both the [Ca2+]i (fura-2) and [Ca2+]ER (Magfluo-
4) in response to the addition of staurosporine, thapsigargin,
nifedipine, or tunicamycin were carried out in CGN maintained
in K25. Ca2+ release from the ER for CGN in K25 was
stimulated with either histamine or glutamate. Changes in the
[Ca2+]i and the [Ca2+]ER were induced by exchanging K25 with
K5 or vice versa.

To convert Fura-2 fluorescence ratios into [Ca2+]i, digitonin
was added to obtain Rmax followed by EGTA (5 mM) to get
Rmin. The background fluorescence was determined at the end
by adding Mn2+, and this value was subtracted before doing
the ratio 340/380. To correct for coverslip movements and the
autofluorescence of staurosporine, the 360 nm fluorescence signal
was subtracted from the 340 and 380 nm signals, as previously
indicated (Benitez-Rangel et al., 2015). Briefly,

Ec (1): (λexc 340 - λexc 360)+ C = λexc 340 corrected
Ec (2): (λexc 380 - λexc 360)+ C = λexc 380 corrected

where C corresponds to 360 nm basal fluorescence.
These corrected values became intracellular Ca2+ using the

following equation (3) (Grynkiewicz et al., 1985):

Ec (3): Ca2+ = Kd β [(R - Rmin)/(Rmax – R)]

MagFluo-4 fluorescence was normalized using the initial
signal as Fo. Since we do not know the resting level of
the [Ca2+]ER in CGN, then changes in the [Ca2+]ER are
indicated as1F/Fo.

Detection of Mitochondrial Membrane
Potential
Initially, we attempted to study changes in the mitochondrial
[Ca2+] and for this reason, CGN were incubated with 1 µM
rhod-2/AM for 1 h in the dark and at room temperature.
However, this dye, in agreement with previous reports (Fonteriz
et al., 2010), modified mitochondrial morphology when
compared to the one observed with TMRE (Supplementary
Figure S1). For this reason, we discarded the use of rhod-2
and decided to follow changes in the mitochondrial membrane
potential with TMRE as a better indicator of the metabolic state
of this organelle.

To this end, CGN grown for 6–7 days on coverslips, were
incubated with TMRE (50 nM) in the dark and at room
temperature for 30 min. The cells were washed with K25 for
5–10 min and the coverslip was placed in a cuvette using a
homemade holder. The dye was excited at 549 nm and emission
was recorded at 575 nm using a QM-8 spectrofluorometer (PTI).
Initial fluorescence (Fo) was recorded, and then changes in
mitochondrial membrane potential were induced by switching
solutions (K25 to K5) and by adding different inducers of
apoptosis in K25. At the end of the experiment, FCCP (20 µM)
was added as a depolarization control. Negative values of 1F/Fo
reflect depolarization of mitochondrial membrane potential,
as shown by the application of FCCP. Simultaneous changes
in the [Ca2+]i and the [Ca2+]ER were obtained in the same
CGN. Changes in the mitochondrial membrane potential with
TMRE were acquired from the same cultured CGN, but using a
different coverslip.

Determination of Caspase-3 Activity
CGN cultured for 6–8 days were incubated with ER stressors
(thapsigargin, tunicamycin) or cell death inducers (K25 to K5,
staurosporine) for 6 h. Cells were placed on ice, lysed with
caspase-3 assay buffer (50 mM HEPES, 5 mM DTT, and Triton
X-100 1%), and the cell suspension was stirred for 30 min.
Cells were scraped with a rubber cell scraper, and the cell
lysate was recovered and kept frozen until the caspase-3 activity
assay was carried out. Caspase-3 activity was determined using
a fluorescent assay determined by a QM-8 spectrofluorometer
(PTI) according to the manufacturer specifications, but with
slight modifications as previously described (Morán et al., 1999;
Benitez-Rangel et al., 2011). Briefly, determinations were carried
out in assay buffer (20 mM HEPES, 5 mM DTT, 2 mM EDTA,
and 0.1% Triton X-100, pH 7.4). For each determinations, assay
buffer contained Ac-DEVD-AMC (caspase-3 substrate) with or
without 2 µM Ac-DEVD-CHO (caspase-3 inhibitor) and 50 µl
of cell lysate. The reactions were recorded for 20–30 min after
the addition of the caspase substrate (1 µM) and cell lysate (30–
60 mg/ml). Caspase-3 activity was the difference in fluorescence
between the caspase-3 inhibitor being present or not. Basal
caspase-3 activity was obtained from CGN that were kept in K25
without any treatment. Signal obtained from control cells (K25)
was taken as one fold response.

Western Blot
Cells were washed twice in ice-cold PBS and homogenized in
lysis buffer (25mM Trizma, 50mM NaCl, 2% Igepal, 0.2% SDS,
and complete protease and phosphatases inhibitors, pH7.4). The
protein concentration of cellular homogenates was determined
by using the Bradford method. A total of 40µg of soluble protein
per lane were subjected to 15% SDS-PAGE and transferred to
polyvinylidene difluoride membranes. Membranes were blocked
with fat-free milk (5% in Tris-buffered saline (TBS)/Tween 20
(TTBS) buffer [100mM Trizma, 150mM NaCl, and 0.1% Tween,
pH7.5]) and incubated overnight at 4 ◦C with the following
specific primary antibodies: 1:1000 rabbit anti-eIF2α, 1:1000
mouse anti-GRP78, and 1:2000 mouse anti-β-Tubulin. β-Tubulin
was used as a loading control.
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Bands were visualized using chemiluminescence according
to the manufacturer’s recommendations and exposed to Kodak
BioMax-LightFilm. The optical density (O.D.) of each band
was divided by the corresponding O.D. for β-tubulin and this
ratio was compared to the one obtained from CGN extracts
maintained in K25 (this value represents onefold response).

Imaging CGN in the Confocal
Microscope
CGN grown for 6–7 days on coverslips were incubated with
the combination of TMRE (50 nM, 1 h) and MagFluo-4 (250
nM, 2 h) or with Rhod-2 (1 µM, 1 h) in the dark and at room
temperature. Cells were washed with K25 for 5–10 min. The
coverslip was mounted to a recording chamber placed on the
stage of the microscope. The fluorescence images were collected
using a confocal microscope Carl Zeiss LSM 700 with a 63x oil
immersion objective. The excitation wavelengths were 488 nm for
Mag-fluo-4 and 555 nm for Rhod-2 and TMRE.

Statistical Analysis
Statistical analysis was done by using SigmaPlot 12.1 software.
Data are expressed as means± SEM. Pairwise comparison within

multiples groups was made by analysis of variance (ANOVA)
followed by the Holm Sidak post hoc test or by the non-parametric
analysis Kruskal–Wallis followed by the Dunnett post hoc test;
p-values less than 0.05 were considered statistically significant.

RESULTS

Neonatal CGN were cultured on coverslips and loaded with both
Mag-fluo-4/AM to determine luminal ER calcium concentration
and with TMRE to measure the mitochondrial membrane
potential and imaged with a confocal microscope (Figure 1). Cell
bodies are seen in the bright field image (Figure 1A), but not
in fluorescence images because they are out of focus. Neurites
were heavily stained with both TMRE (Figure 1B) and Mag-
fluo-4 (Figure 1C), the latter indicating regions of high luminal
[Ca2+] that did not colocalize with the mitochondrial membrane
potential indicator (Figure 1D). These data confirm that Mag-
fluo-4 is not reporting mitochondrial deposits under our dye
loading conditions and most likely is reporting changes in the
luminal ER [Ca2+], so the Mag-fluo-4 signal is referred as the
[Ca2+]ER. The simultaneous recording of CGN [Ca2+]i and

FIGURE 1 | Magfluo-4 signal did not colocalize with mitochondria stained with TMRE in CGN. Cerebellar granule neurons (CGN) loaded with calcium indicator
Magfluo-4 and mitochondrial membrane potential indicator TMRE were visualized with a Zeiss LSM 710 confocal microscope (600x). MagFluo-4 and TMRE dyes
were located in different areas within the same CGN group. (A) Bright field, showing the soma of different CGN; (B) TMRE signal (red, mitochondria); (C) MagFluo-4
signal (green, high calcium areas); (D) the merged images showed a minimal colocalization of the labels as noted by the absence of yellow pixels.
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[Ca2+]ER was obtained by loading cells with fura-2/AM and
Mag-fluo-4/AM, respectively, and using a spectrofluorometer.

CGN that were in K5 displayed a normal resting [Ca2+]i
below 100 nM (Supplementary Figure S2), which is in line
with the idea that these cells are repolarized (high membrane
potential). Plasma membrane depolarization by adding K25
(Supplementary Figure S2A) produced an immediate increase
in the [Ca2+]i (blue trace). This elevation was followed by a
slow rise in the [Ca2+]ER (green trace) without any significant
change in the mitochondrial membrane potential (red trace)
for the initial 10 min after membrane depolarization. The
application of thapsigargin, to inhibit the sarco/endoplasmic
reticulum Ca2+-ATPase (SERCA) pump, resulted in a slow
reduction in the [Ca2+]ER. In this case, the plasma membrane
depolarization with K25 derived in a much larger increase in
the [Ca2+]i than the one observed in those CGN with active
SERCA pump and as expected, no increase in the [Ca2+]ER
was attained (Supplementary Figure S2B). These data suggest
that membrane depolarization of CGN activates voltage-gated
calcium channels at the plasma membrane and a significant
fraction of the Ca2+ entering the cell is sequestered in the ER by
the action of SERCA pump. CGN in K25 were challenged with
either histamine (400 µM) or glutamate (200 µM) to verify the
ER Ca2+ store. Both agonists produced a similar initial increase
in the [Ca2+]i. Nevertheless, the ER Ca2+ reduction was smaller
and slower with histamine (Supplementary Figure S2C) than
with glutamate (Supplementary Figure S2D). The addition of

thapsigargin resulted in a significant decrease in the [Ca2+]ER
after the application of glutamate.

CGN in K25 showed a significantly larger resting [Ca2+]i,
above 200 nM, that was immediately decreased to below 100
nM by switching from K25 to K5 (Figure 2, blue trace). We
verified that a mechanical stimulus by the change of solution
could not be the explanation for the reduction in the [Ca2+]i
because switching solutions from K25 for another K25 did not
have any apparent effect on the [Ca2+]i, the luminal [Ca2+]ER,
or the mitochondrial membrane potential (Supplementary
Figure S3). Interestingly, with practically the same time course,
both the [Ca2+]ER (Figure 2, green trace) and the mitochondrial
membrane potential (Figure 2, red trace) were significantly
decreased by replacing K25 with K5. Importantly, this effect of
plasma membrane repolarization on mitochondria membrane
potential was much faster but smaller than the decrease seen with
FCCP. The latter produces a complete mitochondrial membrane
depolarization (Supplementary Figure S4).

It is known that cell depolarization and the subsequent
activation of voltage-gated calcium channels are responsible
for Ca2+ entering the cytoplasm. We employed nifedipine
(10 µM) to inhibit this Ca2+ entry. This dihydropyridine
reduced the [Ca2+]i similarly, as seen with K5 (compare
Figure 3 with Figure 2). Nevertheless, the effect of nifedipine
on the [Ca2+]ER was smaller and slower when compared
to K5 (Figure 3). Additionally, the mitochondrial membrane
depolarization (Figure 3, red trace) followed the same time

FIGURE 2 | Switching from K25 to K5 decreased the [Ca2+]i, the [Ca2+]ER, and also associated with mitochondrial membrane depolarization. Simultaneous
recordings of the [Ca2+]i (blue trace) and the [Ca2+]ER (green trace) are correlated in time with the mitochondrial membrane depolarization (red trace) induced by
replacing K25 with K5. The synchronization of these records was carried out using the time when solutions were changed. The scale for the changes in the [Ca2+]i is
on the left-hand axis while the scale for the [Ca2+]ER and mitochondrial membrane potential was the same (1F/Fo) and is shown on the right-hand axis. Average
traces for Fura-2 ([Ca2+]i) and Magfluo-4 ([Ca2+]ER) from 11 independent experiments. Average mitochondrial membrane potential trace for 8 independent
experiments.
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FIGURE 3 | Inhibition of VGCCs with nifedipine while inhibiting Ca2+ entry to the cytoplasm did not have the same effect on the [Ca2+]ER or the mitochondrial
membrane potential. CGN in K25 were exposed to nifedipine (10 µM) at the indicated time (black arrow) to mimic the deactivation of VGCCs as produced by going
from K25 to K5. The reduction in the [Ca2+]i (blue trace) was of the same amplitude as the one seen with K5 (Figure 2). However, the [Ca2+]ER (green trace) was
resistant to the reduction in the [Ca2+]i suggesting the presence of Ca2+ entry via a dihydropyridine-resistant VGCCs which is also replenishing the ER Ca2+ store.
The mitochondrial membrane depolarization (red trace) showed the same time course of the decrease in the [Ca2+]ER. Average traces (n = 8) for the [Ca2+]i and the
[Ca2+]ER. Average TMRE trace for six independent experiments.

course as the one observed for the [Ca2+]ER. These data
suggest that there are other voltage-gated calcium channels,
different from the dihydropyridine receptors, and that they
efficiently load the ER with Ca2+. Moreover, it appears that
mitochondria membrane potential strongly depends on the Ca2+

loading of the ER. Our data suggest that plasma membrane
VGCCs, different from dihydropyridine-sensitive L-type calcium
channels, participate in Ca2+ entry to the cytoplasm and that
these channels, but not those sensitive to nifedipine, are in close
connection with the SERCA pump of the ER. These data also
suggest that the mitochondrial membrane potential is affected by
rapid reductions in the luminal [Ca2+]ER.

We have used thapsigargin (2 µM) -a potent and specific
inhibitor of SERCA pump (Lytton et al., 1991)- to test the
connection between the ER and mitochondria in depolarized
CGN. The inhibition of SERCA pumps produced an immediate
but transient increase in the [Ca2+]i (Figure 4, blue
trace) with a delayed reduction in the luminal [Ca2+]ER
and even more delayed and a smaller reduction in the
mitochondria membrane potential. These data suggest that
mitochondrial membrane potential is sensitive to the luminal
[Ca2+]ER, but an increase in the [Ca2+]i could prevent
mitochondrial depolarization.

To further study the connection between the ER and the
mitochondria, we have used tunicamycin (20 µg/ml). This is an

inhibitor of protein glycosylation, which also produces ER stress
(Liu et al., 1997). Tunicamycin induced a slow but sustained
elevation in the [Ca2+]i that might result from the partial
inhibition of the SERCA pump activity (Figure 5, blue trace).
In this case, the mitochondrial membrane potential displayed
a rapid reduction, followed by a slower rate of depolarization.
Tunicamycin also produced an immediate and more gradual
decrease in the [Ca2+]ER (Figure 5, green trace). The observation
that the time course between the mitochondrial membrane
potential and the luminal [Ca2+]ER is similar suggests that the
luminal [Ca2+]ER regulates mitochondria membrane potential.
A situation also observed for K5 and nifedipine.

We have studied the effect of staurosporine (1 µm), a
nonspecific inhibitor of kinases, which also has a well-established
role as an inducer of apoptosis (Tamaoki et al., 1986; Deshmukh
and Johnson, 2000). This kinase inhibitor produced a sustained
increase in the [Ca2+]i (Figure 6, blue trace), the origin
of this response was not further investigated. This response
was followed by a slower but continuous reduction in the
mitochondrial membrane potential (Figure 6, red trace) in
association with a delayed decline in the luminal [Ca2+]ER. The
reduction in the mitochondrial membrane potential triggered by
staurosporine preceded the decrease in the [Ca2+]ER. Therefore,
the reduction in the [Ca2+]ER appears cannot fully explain the
staurosporine-induced mitochondrial depolarization. The nature
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FIGURE 4 | Thapsigargin uncoupled the depletion of the [Ca2+]ER from the mitochondrial membrane depolarization. Thapsigargin (2 µM) was applied at the
indicated time (black arrow) to CGN in K25. This inhibitor of the SERCA pump produces a transient elevation of the [Ca2+]i (blue trace), but a much slower reduction
in the [Ca2+]ER (green trace) and even slower reduction of the mitochondrial membrane potential (red trace). Average recordings (n = 9) for the [Ca2+]i and the
[Ca2+]ER. Average trace for TMRE (n = 4).

of the reduction in the [Ca2+]ER induced by staurosporine was
not further determined, however, it is clear that the time course
for this reduction is quite different from the associated increase
in the [Ca2+]i.

Both K5 and staurosporine induce apoptosis in these cells.
We have studied the increase in caspase-3 activity caused by
K5 in comparison with other inducers of cell death. CGN
cultured in K25 were either switched to K5 for 6 h (Figure 7A,
solid bar) or were incubated for 6 h with nifedipine (10 µM,
Figure 7A red bar), staurosporine (1 µM, Figure 7A green bar),
tunicamycin (20 µg/ml, Figure 7A yellow bar) or thapsigargin (2
µM, Figure 7A blue bar), and activity of caspase-3 was assessed
as previously described (Morán et al., 1999; Benitez-Rangel et al.,
2011). Incubation in K5 showed strong activation of caspase-3,
while nifedipine produced a four-times smaller activation of this
protease, similar to staurosporine and tunicamycin. Interestingly,
thapsigargin did not significantly increase the activity of caspase-
3. These data show that K5 is the most potent activator of caspase-
3 in CGN, while the other conditions activate the protease
to a lower extent, and thapsigargin is ineffective for the same
incubation time.

Mitochondria is a critical element in the activation of
caspase-3, thus, we decided to compare the effect of these
chemicals on the mitochondrial membrane potential that

had been previously recorded. The same pattern emerged as
for activation of caspase-3 when compared with the initial
(1 min) mitochondrial membrane depolarization induced by
K5 (Figure 7B, solid bar), nifedipine (Figure 7B, red bar),
staurosporine (Figure 7B, green bar), tunicamycin (Figure 7B,
yellow bar), and thapsigargin (Figure 7B, blue bar). Remarkably,
the mitochondria membrane depolarization is the same for
all conditions at 10 min, except for thapsigargin (Figure 7C).
Therefore it is only the initial mitochondrial membrane
depolarization, and not the extent of this depolarization
(Figure 7C), that better predicts the activation of caspase-3
by these five different inducers of apoptosis in CGN. These
inducers of apoptosis displayed a different time course for
the mitochondrial membrane depolarization (Supplementary
Figure S5). K5 produced the fastest mitochondrial membrane
depolarization, while staurosporine, tunicamycin, and nifedipine
had a similar rate of reduction in the mitochondria membrane
potential, and thapsigargin had the slowest time course. This
time point of 1 min appears to correlate better for all five
different conditions in the activation of caspase-3 because the
mitochondrial membrane depolarization was the same at 10 min
and yet the activation of caspase-3 was not the same 6 h later.
Thapsigargin was unable to depolarize mitochondria at minute
one, and accordingly, there was no activation of caspase-3 6 h
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FIGURE 5 | Tunicamycin had a stronger effect on the mitochondrial membrane potential than on the [Ca2+]ER. The ER stressor tunicamycin (20 µg/ml) was applied
at the time indicated (black arrow) to CGN in K25. Tunicamycin increased the ([Ca2+]i) and it also produced a slow reduction in the [Ca2+]ER, but the mitochondrial
membrane potential displayed a biphasic response, an initial fast decrease followed by a much more gradual decline in the mitochondrial membrane potential (red
trace). In this case, tunicamycin displayed a stronger effect on the mitochondrial membrane potential than on the two different calcium concentrations. Average
traces (n = 6) for all three various indicators.

later. These data suggest that it is the kinetics of mitochondrial
membrane depolarization, and not the extent of depolarization,
that predicts the extent of caspase-3 activation in CGN.

Interestingly, the 10 min level of mitochondria membrane
depolarization (Figure 7C), the changes in the [Ca2+]i
(Supplementary Figure S6), and the extent of the reduction
in the luminal [Ca2+]ER (Supplementary Figure S7) did not
show any correlation with the activation of caspase-3 in CGN.
Collectively, these data suggest that membrane depolarization
(K25) activates nifedipine-resistant VGCCs that are closely
associated with the superficial ER, which in turn accumulates
Ca2+ via SERCA pump and releases this ion to the mitochondria.
It appears that this constant Ca2+ flux from the ER to the
mitochondria is essential to keep mitochondria membrane
potential and CGN survival. Accordingly, a drastic interruption
of this Ca2+ flux would lead to the activation of caspase-3, which
eventually results in cell demise.

Since the decline in the [Ca2+]ER produces ER stress that
eventually could result in cell death (Tabas and Ron, 2011;
Urra et al., 2013), we decided to study whether this reduction,
more than mitochondrial membrane depolarization, could be the
reason behind apoptosis in CGN. The cells were incubated in K5,
or K25 with 0.5 µM staurosporine or 2 µM thapsigargin, and
PERK activation was assessed by determining phosphorylation
of eIF2α (Figure 8). All these three conditions significantly
activated PERK at 30 min, which was the earliest time point

evaluated. Thapsigargin was the most potent activator of PERK
(Figure 8C), while staurosporine resulted in an intermediate
effect, and K5 induced the smallest phosphorylation of eIF2α.
These data corroborate that these three different conditions,
that decreased the luminal [Ca2+]ER also activated PERK kinase
reflecting the activation of ER stress.

Importantly, the observed activation of PERK did not
correlate with the activation of caspase-3 because thapsigargin,
the most effective activator of PERK, barely activated caspase-3
at 6 h. Moreover, we have used GSK2606414, a potent inhibitor
of PERK (Axten et al., 2012), to study the role of this kinase
in the induction of apoptosis in CGN. GSK2606414 at 20 µM
did not modify the expression levels of eIF2a (Supplementary
Figure S8A) and yet fully inhibited its phosphorylation
by either K5 (Supplementary Figure S8B) or thapsigargin
(Supplementary Figure S8C). However, this PERK inhibitor did
not improve CGN viability after 12, 24, and 48 h incubation
with these three different inducers of apoptosis (Supplementary
Figure S9). Moreover, these data corroborated that thapsigargin,
a potent inducer of ER stress, is a weak inducer of cell demise.
These data suggest that ER stress was not the reason behind the
activation of caspase-3 and cell death in CGN.

It has been shown that ER stress produces adaptive responses
that should allow cells to cope with the stress and avoid cell
demise program. One of these responses is an increase in the
expression of GRP78 or BiP. Nevertheless, none of the conditions
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FIGURE 6 | Staurosporine reduces mitochondrial membrane potential faster than the [Ca2+]ER. The application of staurosporine (1 µM), a strong apoptosis inducer,
to CGN in K25 at the time indicated (black arrow) produced a fast increase in the [Ca2+]i (blue trace) trailed by an evident depolarization of the mitochondrial
membrane potential (red trace) trailed by a slower reduction in the [Ca2+]ER (green trace). Average traces (n = 6) for all three different indicators.

that induce ER stress, based on the activation of PERK, led
to an increased expression level of GRP78 (Supplementary
Figure S10 ). This situation was the same, whether at 30 min
or 6 h of incubation with K5, staurosporine, or thapsigargin.
Unexpectedly, staurosporine led to an apparent reduction in the
expression of GRP78 at 6 h (Supplementary Figure S10B). These
data suggest that an increase in Bip expression cannot explain
the lack of correlation between the induction of ER stress and
activation of caspase-3 in CGN. Overall, these data discard ER
stress as the cause for cell death in CGN and point to a rapid
mitochondrial membrane depolarization due to a reduction in
the Ca2+ release from the ER as the main reason for cell demise
in this type of neurons.

DISCUSSION

We have studied the role played by Ca2+ in the induction
of cell death in CGN by recording changes in the [Ca2+]i,
the luminal [Ca2+]ER, and the mitochondrial membrane
potential. We have found that the initial rate of mitochondrial
membrane depolarization better predicts the extent of caspase-3
activation using five different cell death-inducing conditions in
CGN. Nevertheless, all these five conditions, K5 (repolarization
of plasma membrane potential), staurosporine, thapsigargin,
nifedipine, and tunicamycin, have different mechanisms to
induce cell death. Additionally, the ER stress does not seem

to be associated with the activation of caspase-3 in CGN.
Our data support the scenario where cell depolarization
(25K), which is necessary for CGN survival, associates with
sustained activation of VGCCs, increased [Ca2+]i, a higher
level of the luminal [Ca2+]ER, and a larger mitochondrial
membrane potential.

The use of nifedipine, to inhibit L-type VGCCs, has
shown that this type of channel in CGN is fully responsible
for the increase in the [Ca2+]i in depolarizing conditions
(K25). This is the case since both conditions, i.e., the
addition of nifedipine in depolarizing medium (K25) or
the repolarization of CGN by switching from K25 to K5,
produced precisely the same reduction in the [Ca2+]i.
These data argue that only L-type VGCCs are involved
in the increase in the [Ca2+]i induced by K25. Indeed,
it has been shown that L-type VGCCs have a voltage
activation curve more negative than the dihydropyridine-
insensitive channels (Wheeler et al., 2012) in superior cervical
ganglion neurons (SCGN).

Using Mag-fluo-4, we have corroborated that plasma
membrane depolarization produced an increase in the luminal
[Ca2+]ER that required the activity of the SERCA pump
while the plasma membrane repolarization resulted in a
rapid reduction of the luminal [Ca2+]ER. However, the more
interesting observation was a similar rate of decline for [Ca2+]ER
and [Ca2+]i, but only with K5 and not with nifedipine in
K25. Nifedipine decreased the [Ca2+]i very rapidly, but not
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FIGURE 7 | Caspase-3 activation by different inducers of apoptosis correlated with the early mitochondrial membrane depolarization. (A) Caspase-3 activity was
determined in CGN lysates obtained after 6 h incubation with the following chemicals nifedipine (10 µM, red bar), staurosporine (1µM, green bar), tunicamycin (20
µg/ml, yellow bar) and thapsigargin (2 µM, blue bar). Additionally, CGN were incubated for 6 h with K5 (black bar), and caspase-3 activity was measured in cell
lysates as indicated in section “Materials and Methods.” The caspase-3 activity for CGN in K25 was considered the basal level. Values indicate the average
fold-increase normalized to the control ± SEM of 4 independent experiments. *p < 0.05 vs. control, C. (B) This panel shows the extent of mitochondrial membrane
depolarization at 1 min after the addition of the different inducers of cell death. Bars show the same color code as in (A). Values are means ± SEM of 4–6
independent experiments. *p < 0.05 vs. the level before the addition of the stimulus. (C) The mitochondrial membrane depolarization observed 10 min after the
application of the indicated inducer of apoptosis. Note that thapsigargin-induced depolarization was not significant even at 10 min incubation time. Bars show the
same color code as in (A). Values indicate the means ± SEM of 4–11 independent experiments. *p < 0.05 vs. the level before the addition of the stimulus. Data
shown in (B,C) come from the TMRE traces shown in Figures 2–6, and Supplementary Figure S5 compares the different time courses of mitochondria
depolarization.

the luminal [Ca2+]ER. These data argue for the presence of
nifedipine-resistant VGCCs that are in the plasma membrane,
but clustered just above the SERCA pump in the ER. This
arrangement facilitates nifedipine-insensitive VGCCs to load
the ER better than the L-type VGGCs (de Juan-Sanz et al.,
2017). Indeed, the inhibition of the SERCA pump with
thapsigargin produced a more significant increase in the [Ca2+]i
when CGN were depolarized by switching from K5 to K25,
indicating that the ER is capturing a substantial amount of
the Ca2+ entering into CGN via active VGCCs. It has been
shown in SCGN that inhibition of the SERCA pump with
thapsigargin produces a much larger [Ca2+]i response when
nimodipine-insensitive VGCCs were activated instead of the
nimodipine-sensitive channels (Wheeler et al., 2012). These
data were interpreted to indicate that the ER was positioned

just beneath the plasma membrane where the dihydropyridine-
insensitive channels (CaV2) were located and that Ca2+ entry
mediated by these channels was loading ER Ca store by the
action of SERCA pumps. Based on the data shown here, it
appears then that the location of the SERCA pump underneath
the dihydropyridine-insensitive VGCCs channels, observed for
SCGN, is also present in CGN.

The functional interaction between VGCCs and ER and
mitochondria seems to be highly complex. A recent study
in cultured hippocampal neurons concluded that L-type
VGCCs act in a bimodal way on the bioenergetics of the
mitochondria depending on the magnitude of the stimulation
of the VGCCs (Hotka et al., 2020). During low neuronal
activity, VGCCs would promote an increase of [Ca2+]ER,
which transfer Ca2+ to mitochondria provoking an increase in
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FIGURE 8 | Different inducers of apoptosis triggered eIF2α phosphorylation in CGN. Cerebellar granule neurons were incubated with (A) K5 or treated with (B)
staurosporine (0.5 µM, St) and (C) thapsigargin (2 µM, T) for times from 30 min to 6 h and the activation of PERK was determined based on the phosphorylation of
eIF2α (∼38 kDa) and tubulin (∼52 kDa) was used as a loading control. Densitometric analysis was carried out for the control condition (CGN in K25) and 30 min and
6 h for each treatment. Thapsigargin was the most effective activator of PERK at the earliest time tested. Data are mean ± SEM. (A) (*p < 0.05, ANOVA, n = 4).
(B) (*p < 0.05, Kruskal–Wallis, n = 4). (C) (*p < 0.05, Kruskal–Wallis, n = 3).

mitochondrial respiration. In contrast, high activity conditions
lead to a marked direct increase of Ca2+ transport to
mitochondria, without the participation of ER that affects
mitochondrial respiration (Hotka et al., 2020). It has been
shown that a high Ca2+ influx is associated with CGN
survival. However, it is not clear whether this survival was
the consequence of a high level in the ER or of Ca2+ uptake
by mitochondria. The Ca2+ reduction in the ER results in
triggering ER-stress response, and this, in turn, can trigger
apoptosis. We have found that thapsigargin was the most
effective way of provoking ER-stress, but the least effective
activator of caspase-3. Moreover, the inhibitor of PERK did
not improve survival for K5 condition. Together these data
suggest that the reduction in the luminal [Ca2+]ER due
to the VGCC deactivation is not the explanation for the
associated CGN cell death.

We used Rhod-2 to determine whether the repolarization
induces a change of the levels of Ca2+ in the mitochondria.
However, it has been described that this indicator deteriorates
mitochondria, a situation that was observed in CGN. Another
reliable way to assess the activity of mitochondria is to analyze
the membrane potential; in this case, the repolarization of
CGN resulted in an evident mitochondria depolarization,
although of a much smaller magnitude than the one produced
by a mitochondrial uncoupler. Interestingly, the rate of
this membrane depolarization, and not the extent, showed
a clear correlation with the amount of caspase-3 activated
by the different inducers of cell death. For instance, K5
was the largest activator of caspase-3 and produced the
fastest mitochondrial depolarization, while thapsigargin that
activated the smallest amount of caspase-3 did not produce
any early mitochondrial depolarization. Collectively, these
data suggest that continuous Ca2+ supply by the ER to
mitochondria is the explanation behind the prosurvival
activity of K25 in CGN. It has been shown that Ca2+

transfer from the ER to mitochondria has a prosurvival

effect in cancer cells and our results suggest that a similar
situation occurs in CGN.
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Neural injury in mammals often leads to persistent functional deficits as spontaneous
repair in the peripheral nervous system (PNS) is often incomplete, while endogenous
repair mechanisms in the central nervous system (CNS) are negligible. Peripheral
axotomy elicits growth-associated gene programs in sensory and motor neurons
that can support reinnervation of peripheral targets given sufficient levels of debris
clearance and proximity to nerve targets. In contrast, while damaged CNS circuitry
can undergo a limited amount of sprouting and reorganization, this innate plasticity
does not re-establish the original connectivity. The utility of novel CNS circuitry will
depend on effective connectivity and appropriate training to strengthen these circuits.
One method of enhancing novel circuit connectivity is through the use of electrical
stimulation, which supports axon growth in both central and peripheral neurons. This
review will focus on the effects of CNS and PNS electrical stimulation in activating axon
growth-associated gene programs and supporting the recovery of motor and sensory
circuits. Electrical stimulation-mediated neuroplasticity represents a therapeutically
viable approach to support neural repair and recovery. Development of appropriate
clinical strategies employing electrical stimulation will depend upon determining the
underlying mechanisms of activity-dependent axon regeneration and the heterogeneity
of neuronal subtype responses to stimulation.

Keywords: conditioning injury, regeneration associated genes, sprouting, plasticity, functional recovery, spinal
cord injury

INTRODUCTION

Following injury to the adult mammalian central nervous system (CNS), neural circuits are
permanently disrupted as severed axons fail to undergo spontaneous regeneration. The limited
regenerative response of injured CNS neurons is due to both intrinsic and extrinsic factors. These
growth-restrictive mechanisms play a large part in the poor clinical outcomes following brain or
spinal cord trauma; however, despite limited regenerative capacity, mounting evidence has shown
extensive spontaneous sprouting of CNS axon collaterals in the injured adult CNS.
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The mammalian nervous system has an intrinsic capacity
for structural and functional reorganization in response to a
variety of stimuli during development, learning, or in response
to pathological insults (Cramer et al., 2011; von Bernhardi et al.,
2017). This innate plasticity is a key component of the system
to adapt to a highly changing environment. Injury induced
disruption of connectivity in the adult nervous system triggers
plastic growth mechanisms and the sprouting of collaterals from
spared, intact fibers (Maier and Schwab, 2006). Lesion-induced
structural plasticity correlates with a limited degree of function
recovery (Chen and Zheng, 2014); however, this innate plasticity
falls far short of mediating recovery of damaged CNS circuits.

Recent findings suggest that manipulation of neuronal activity
can drive plasticity related growth mechanisms and augment
collateral sprouting, thereby enhancing the functional effect
of axonal remodeling (Carmel and Martin, 2014). Electrical
stimulation has long been known to enhance regeneration of
peripheral axons (Hoffman and Binet, 1952; Pockett and Gavin,
1985). More recently, electrical stimulation has been used to
enhance CNS plasticity in rodent models as well as to modulate
and strengthen spared circuitry in individuals with spinal cord
injury. Manipulation of activity-dependent neuroplasticity has
great potential for improving neurological recovery from CNS
injury. Herein we will discuss the systems-level effects of
augmenting activity on injured neuronal circuits.

Peripheral Nervous System
Regeneration
In contrast to most CNS neurons, neurons of the peripheral
nervous system (PNS) have a more robust regenerative response
to injury (Ramón y Cajal, 1991; Mahar and Cavalli, 2018). This
owes to the intrinsic regenerative program activated following
PNS injury (McQuarrie and Grafstein, 1973). In the dorsal
root ganglia (DRG), this program is characterized by a robust
neuronal and non-neuronal response and regulation of a distinct
transcriptional program (Tsujino et al., 2000; Costigan et al.,
2002; Boeshore et al., 2004; Seijffers et al., 2007; Stam et al.,
2007; Chandran et al., 2016). Within the damaged nerve, there
is an activation and proliferation of Schwann cells and a robust
inflammatory response, resulting in both trophic support and
the clearance of myelin debris to allow for axon regeneration
(Hall, 1986; Kang and Lichtman, 2013). Peripheral nerve injury
has therefore proven to be an invaluable model for studying the
underlying mechanisms that support axon regeneration and the
structural plasticity of injured neurons.

Despite the innate regenerative potential of PNS neurons after
injury, recovery of function remains limited. Several factors can
hamper recovery, such as age, extent of injury and disruption
of endoneurium, perineurium, or epineurium, and neuroma
formation. One critical factor is the slow rate of regeneration
in the adult PNS of 1–3 mm per day (Scheib and Hoke, 2013).
Axons need to regrow over long distances before reaching
appropriate targets, particularly in humans, and a significant
delay in target-reinnervation leads to the irreversible atrophy of
muscles and end-organs (Lee and Wolfe, 2000). In the absence of
appropriate sensory end organs and motor endplate organization,

the chances of successful restoration of function dwindle. In
order to combat these effects and improve functional outcomes
following PNS injury, an ideal treatment would be one that
accelerates axon regeneration.

Peripheral Conditioning and Molecular
Pathways That Support Regeneration
The innate regenerative ability of adult mammalian PNS neurons
has been used as a model to study the intrinsic mechanisms
underlying the regenerative program. Primary sensory neurons
are located in the DRG and extend axons into both CNS
and PNS. Each axon exhibits a distinct response to injury
in the adult. As described above, the peripheral axon retains
the ability to regenerate following axotomy. In contrast, the
CNS axon of the same cell will fail to regenerate after spinal
cord injury. Intriguingly, the regenerative program activated by
peripheral nerve injury conditions DRG neurons to mount an
enhanced regenerative response to a second injury, whether
in the peripheral or central axon (McQuarrie and Grafstein,
1973; Richardson and Issa, 1984). The process of peripheral
conditioning results in the activation of a robust signaling
cascade, inflammation, and transcriptional changes of thousands
of genes in the DRG (Boeshore et al., 2004; Seijffers et al., 2007;
Stam et al., 2007). Peripheral conditioning can be driven by
axotomy (Richardson and Issa, 1984), inflammation (Steinmetz
et al., 2005), demyelination (Hollis et al., 2015b), or electrical
stimulation (Senger et al., 2018).

Another important change after conditioning lesion is the
transient increase of second messenger cyclic nucleotide cAMP
levels. Artificial elevation of cAMP can support a limited amount
of sensory axon regeneration in the injured spinal cord (Qiu
et al., 2002; Blesch et al., 2012). Downstream modulators of
cAMP signaling have been directly linked to the regeneration
program, including protein kinase A (Cai et al., 1999, 2001),
cAMP response element-binding protein (CREB) (Gao et al.,
2004), CREB binding protein (CBP) (Tedeschi et al., 2009) and
arginase 1 (Cai et al., 2002).

Activation of the pro-regenerative transcriptional response in
the somata of regenerating neurons requires a retrograde signal
from the injury site. One candidate for this rapid signal is the
early influx of calcium at the injury site (Ziv and Spira, 1995;
Wolf et al., 2001; Mandolesi et al., 2004; Ghosh-Roy et al., 2010;
Cho et al., 2013). Rapid calcium influx is a hallmark of injury
conserved across species from invertebrates to mammals (Rishal
and Fainzilber, 2014). Increased calcium levels in the axoplasm
act locally on calcium-dependent enzymes related to protein
synthesis, cytoskeletal modification, and growth cone formation
(Chierzi et al., 2005; Bradke et al., 2012).

Additionally, early axotomy-induced calcium influx rapidly
propagates retrogradely to the cell soma. Axotomy of cultured
cortical neurons initiates a rapid membrane depolarization at
the injury site triggering a fast-retrograde spiking activity and
sustained cell body depolarization (Mandolesi et al., 2004).
Injury-induced depolarization stimulates the calcium entry
through activation of voltage-gated calcium channels (VGCC)
or inversion of the sodium-calcium exchange pump following
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a rise in cytosolic sodium concentration through voltage-
gated sodium channels (Mandolesi et al., 2004). Intracellular
calcium stores in sensory neurons are released following
the initial increase in calcium concentration induced by
peripheral injury (Rigaud et al., 2009). These stores are
required for the propagation of the calcium wave as pre-
emptive depletion of ryanodine receptor-sensitive intracellular
calcium stores prevents back propagation and activation at
the soma (Cho et al., 2013). It is likely that this calcium
wave is a critical preliminary signal to prime neurons
for regeneration as preventing it in cortical neurons by
inhibiting TTX-sensitive sodium channels impairs neurite
extension after in vitro injury (Mandolesi et al., 2004).
Artificially elevating calcium influx in motor and sensory
neurons by activation of the non-selective, light-sensitive cation
channel channelrhodopsin can increase the rate of functional
regeneration in mice (Ward et al., 2016, 2018). In C. elegans
sensory neurons, this channelrhodopsin-mediated regeneration
has been shown to depend on ryanodine receptor channel release
of endoplasmic reticulum calcium stores (Sun et al., 2014).
Interestingly, additional epigenetic-mediated changes by calcium
increase after injury have been identified. Back propagation of
calcium waves regulates epigenetic mechanisms including the
release of histone deacetylase 5 (HDAC5) from the nucleus,
and inactivation of HDAC3, leading to the initiation of a
pro-regenerative transcriptional program (Cho et al., 2013;
Hervera et al., 2019).

Electrical stimulation of peripheral nerves elicits this
retrograde calcium signal. Genetically encoded calcium
indicators can be used to image the calcium wave in vivo
by fluorescent microscopy. Expression of the calcium
indicator GCaMP6s in lumbar level 4 primary sensory
neurons has been used to visualize calcium transients in
response to sciatic nerve stimulation. Both large and small-
diameter sensory somata show maximal calcium responses
to low-frequency (20 Hz) stimulation (Chisholm et al.,
2018). Short duration pulses (250 ms duration, 250 mA
amplitude) preferentially activated large-diameter neurons,
while longer duration (1 ms duration, 5 mA amplitude)
activated most both A and C fiber cell bodies. Whether these
distinct stimulation parameters elicit differential cellular
responses is unknown.

The spatiotemporal regulation of calcium influx can regulate
the regenerative program as calcium transients in the proximal
segment after injury impair regeneration. In non-regenerating
sensory neurons of drosophila, injury induces local calcium
transients through the mechanosensitive cation channel
dmPiezo, which inhibits axon regeneration by activating the
calcium signaling regulator Ca2+/calmodulin-dependent protein
kinase II (CamKII) (Song et al., 2019). Nitric oxide synthase
(NOS) and the cGMP-dependent kinase PKG act downstream of
Piezo-mediated calcium signaling to inhibit axon regeneration
in drosophila (Song et al., 2019). Piezo-mediated inhibition of
regeneration is conserved in mouse models of sensory axotomy
and conditional deletion of Piezo1 enhances regeneration in vivo
(Song et al., 2019). Furthermore, expression of the α2δ2 subunit
of voltage gated calcium channels has been proposed to be

a developmental switch underlying the decrease in axonal
growth capacity that accompanies PNS maturation (Tedeschi
et al., 2016). Genetic deletion of the encoding gene Cacna2d2
promotes neurite elongation from cultured primary sensory
neurons, while α2δ2 overexpression inhibits elongation through
Cav2-mediated influx of pre-synaptic extracellular calcium
(Tedeschi et al., 2016). Blockade of α2δ2 by clinically approved
gabapentinoid drugs promotes neurite elongation in vitro and
sensory axon regeneration and regenerative sprouting from
injured corticospinal axons in vivo (Tedeschi et al., 2016;
Sun et al., 2020).

Neuronal Activity and Molecular Control
Over Axon Growth
Neuronal activity can activate growth-associated molecular
pathways. In an optic nerve model of CNS injury, driving
activity in retinal ganglion cells (RGCs) by high-contrast visual
stimulation or via chemogenetics approaches can enhance
optic nerve regeneration (Lim et al., 2016). In contrast,
suppressing neuronal activity with chemogenetics prevents the
pro-regenerative effect of high-contrast visual stimulation (Lim
et al., 2016). Furthermore, light-sensitive RGCs that express
melanopsin are resistant to axotomy and exhibit high levels of
phosphorylated ribosomal protein S6 (pS6) (Li et al., 2016). RGC
pS6 levels decrease after axon elongation during development
and this downregulation can be attenuated by deletion of
the phosphatase and tensin homolog (PTEN) (Park et al.,
2008). PTEN deletion from RGCs and other CNS neurons
leads to elevated PI3K/mTOR (mammalian target of rapamycin)
signaling, enhanced phosphorylation of S6, and an increased
capacity for axonal growth after injury (Park et al., 2008; Liu
et al., 2010). Alternatively, activating mTOR via over-expression
of a constitutively active form of ras homolog enriched in
brain 1 (cRheb1) appears to enhance RGC regeneration, though
not nearly as robustly as PTEN deletion (Park et al., 2008;
Lim et al., 2016).

Chronic electrical stimulation of the motor cortex over ten
consecutive days leads to activation of the mTOR pathway,
inactivation of PTEN, and increased phosphorylation of
ribosomal protein S6 (Zareen et al., 2018). Additionally, this
chronic stimulation drives increased levels of Janus kinase-
signal transducer and activator of transcription (JAK/STAT)
signaling (Zareen et al., 2018), a critical mediator of cytokine
signaling. Enhancing JAK/STAT signaling through deletion of
suppressor of cytokine signaling 3 (SOCS3) increases optic
nerve regeneration (Smith et al., 2009). JAK/STAT signaling
acts independently of mTOR, while SOCS3 and PTEN co-
deletion deletion act synergistically to promote sustained
optic nerve regeneration (Sun et al., 2011). In the motor
cortex, the activation of these separate molecular pathways by
chronic, daily electrical stimulation drives distinct aspects of
structural remodeling in the intact corticospinal circuitry. New
corticospinal collaterals sprout and form synaptic connections in
the spinal cord during 10 days of stimulation. Pharmacological
studies implicate mTOR signaling in collateral formation as
corticospinal collateral sprouting is blocked by rapamycin;
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whereas, inhibiting Stat3 activation with AG490 reduced both
bouton-like structures on corticospinal axons as well as levels
of cFos expression in ipsilateral cervical spinal cord neurons
without affecting corticospinal collateral formation (Zareen et al.,
2018). These studies demonstrate that not only can electrical
stimulation activate growth-promoting molecular pathways, it
can strengthen the formation of novel connections needed to
elicit functional recovery.

Regeneration competent PNS neurons have been extensively
studied to determine the molecular pathways critical for driving
axon regeneration. Regeneration-associated genes (RAGs) have
been largely defined as the coordinated and complementary genes
activated by peripheral conditioning paradigms in PNS neurons.
These include developmental growth-associated proteins (e.g.,
GAP-43, CAP23, and SPRR1A), transcription factors (e.g.,
ATF-3, c-Jun, Sox11, Smad1, Klf family members, and Stat3),
and signaling pathways (MAPK, cytokine, JAK-STAT, TGF-b,
neurotrophin) (Chandran et al., 2016; Mahar and Cavalli, 2018).
In much the same manner that electrical stimulation of the
cortex activates pro-regenerative molecular pathways, electrical
stimulation of peripheral nerves has been shown to induce
identified RAG expression in both sensory and motor neurons.
Direct low-frequency electrical stimulation of the intact rodent
sciatic nerves at 20 Hz for 1 h induces a significant upregulation
in the expression of growth associated protein-43 (GAP-43),
the neurotrophin BDNF and its high-affinity receptor trkB, as
well as increased phosphorylation of the transcription factor
cAMP response element binding protein (CREB) in DRGs
neurons (English et al., 2007; Senger et al., 2018, 2019). This
gene induction is comparable to injury-induced RAG induction
(Senger et al., 2018, 2019). Similarly, brief electrical stimulation of
the injured rat femoral nerve rapidly activates a RAGs response in
motor neurons with upregulation of GAP43 and Tα1-Tubulin, as
well as an increase in BDNF and trkB expression in stimulated
motor neurons (Al-Majed et al., 2000a, 2004). The effects of
electrical stimulation extend to perineuronal glial cells, with
increased GFAP expression in satellite glia (Senger et al., 2018).
In addition to the transcriptional regulation that occurs with
electrical stimulation, 1 h of low-frequency stimulation of intact
rat sciatic nerves increases intracellular cAMP levels in DRG
neurons similar to nerve injury (Udina et al., 2008). Despite
the fact that electrical stimulation and axotomy induce similar
increases in cAMP, 1 h of low-frequency electrical stimulation
is not sufficient to fully recapitulate the regenerative response of
peripheral conditioning of sensory neurons to a central spinal
cord injury (Udina et al., 2008; Goganau et al., 2018).

While electrical stimulation activates many of the same
molecular pathways as peripheral conditioning via crush injury,
it does not fully recapitulate the growth-promoting effects of
conditioning. Following a subsequent peripheral injury, previous
exposure to low-frequency electrical stimulation enhances the
initiation of regeneration, but does not increase the rate of
peripheral motor or sensory axon regeneration (Al-Majed et al.,
2000b; Brushart et al., 2002). The limited effectiveness of electrical
conditioning extends to the CNS as well, as regeneration of
the central axon of dorsal column projecting sensory neurons
after a spinal cord injury is less robust in rats conditioned

1 week prior with electrical stimulation than those subjected to
nerve crush injury (Goganau et al., 2018). Electrical stimulation
immediately following a dorsal column spinal cord injury allows
for an increased initiation of regeneration; however, these axons
fail to elongate through the injury site, in contrast to more
robust regenerative effects of nerve crush injury (Udina et al.,
2008). Despite the limitations of electrical stimulation compared
to nerve crush, stimulation is a more attractive potential
therapeutic approach to enhancing axon regeneration. The use of
a conditioning nerve crush injury in patients is impractical as it
would increase the risk of surgical complications and nerve crush
elicits neuropathic pain (Hollis et al., 2015b).

Some of the limited effectiveness of current electrical
conditioning may be alleviated by further optimization of
stimulation parameters. Primary sensory neurons are sensitive
to the frequency of electrically stimulated action potential
patterns, activating discrete transcriptional programs based
upon temporal changes in bursting patterns (Lee et al., 2017).
It has long been known that specific patterns of induced
neural activity in primary sensory neurons regulate immediate
early gene expression independent of intracellular calcium
levels (Sheng et al., 1993). The duration of neural activity
induces unique gene expression profiles in a mechanistically
distinct manner (Tyssowski et al., 2018). Defined action
potential bursts underlie a temporal specificity in calcium
influx through voltage gated calcium channels, leading to
a tightly regulated activation of cAMP-responsive element
binding protein (CREB) and mitogen-activated protein kinase
(MAPK) signaling pathways (Fields et al., 1997; Wheeler et al.,
2012). These same mechanisms may regulate the regenerative
responses to discrete patterns of electrical stimulation. Indeed,
modulation of stimulation frequency and current appears to
alter the morphological and electrical properties of regenerated
rat sciatic nerve (Lu et al., 2008, 2009). Despite the activation
of the regenerative program found in vivo by low frequency
(20 Hz) electrical stimulation, 20 Hz trains separated by 5 min
intervals arrested neurite outgrowth of primary sensory neurons
in vitro (Enes et al., 2010). Calcium influx through voltage-
gated Cav1.2 calcium channels was proposed to mediate the
stimulation evoked arrest of axon growth, with enhanced
neurite outgrowth from cultured Cav1.2 deleted sensory
neurons (Enes et al., 2010). Stimulation intensity of primary
sensory neurons differentially regulates signaling through
Cav1 and Cav2 channels (Wheeler et al., 2012), potentially
driving distinct transcriptional responses and differences in the
regenerative response.

Furthermore, maintenance of the energy supply in neurons is
critical to meet metabolic demands and supporting physiological
homeostasis. Axonal mitochondrial transport is crucial to
this end. Following injury, the bioenergetic balance is highly
disrupted, with mitochondrial depolarization and ATP depletion
(Zhou et al., 2016). Increasing mitochondrial transport enhances
peripheral and central axon regeneration (Cartoni et al., 2016;
Zhou et al., 2016; Han et al., 2020). Electrical stimulation
of peripheral nerves increases mitochondrial transport in a
frequency dependent fashion (Sajic et al., 2013). Low frequency
stimulation (1 Hz) mobilizes mitochondria transport in both
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anterograde and retrograde directions, while higher frequency
(50 Hz) stimulation further augmented anterograde transport
only (Sajic et al., 2013). The increase in mitochondrial transport
mediated by electrical stimulation may support the regenerative
response following injury.

Functional Effects of Electrical
Stimulation on Circuit Recovery
Electrical stimulation has been used to hasten the recovery of
both peripheral and central circuits after injury. While limited
in comparison to the growth-promoting effects of conditioning
crush injury, post-injury electrical stimulation has proven safe
and effective in both animal models and humans. Low-frequency
(4 Hz) stimulation of the soleus muscle in the rabbit was
used to shorten the time for recovery of soleus function after
axonotmesis of the soleus motor nerve (Nix and Hopf, 1983).
This more rapid recovery of function elicited by post-injury
electrical stimulation has also been observed in rodent models
of nerve repair. A single hour of low-frequency electrical
stimulation immediately following sciatic nerve transection and
repair enhances axon regeneration and accelerates recovery of
motor and sensory function, as measured by electrophysiological
recordings and thermal sensitivity in the reinnervated hindpaw
(Figure 1; Singh et al., 2012). Similar single 20 Hz electrical
stimulation has been shown to enhance recovery after femoral
nerve transection and epineurial suture repair, with quadriceps
function returning 6-weeks earlier in stimulated mice than
in controls (Ahlborn et al., 2007). Low-frequency stimulation
post-surgery has been combined with daily locomotor training
to accelerate the recovery of neurophysiological function after
sciatic transection and epineurial suture repair (Asensio-Pinilla
et al., 2009). More recently, the use of conditioning electrical
stimulation was directly compared to nerve crush conditioning
in a rat model of tibial nerve repair, in which the tibial nerve was
conditioned 1 week prior to a nerve transection and epineurial
suture repair (Senger et al., 2019). In these studies, conditioning
by electrical stimulation was found to elicit greater physiological
and functional recovery than conditioning by nerve crush. This
apparent discrepancy with the effects observed in vitro and in
models of subsequent spinal cord injury (Goganau et al., 2018)
is likely due to slowing of the regenerating axons upon reaching
the disrupted cytoarchitecture, proliferative Schwann cells, and
inflammation at the nerve crush site. The efficacy of both pre- and
post-injury electrical stimulation in enhancing regeneration of
rodent peripheral nerves and accelerating functional outcomes,
together with the feasibility of its use in bedside settings makes
brief low frequency electrical stimulation a clinically relevant
approach to mediate PNS repair. Indeed, clinical studies have
found that electrical stimulation following surgical intervention
to treat either full digital nerve transection or median nerve
crush (carpal tunnel syndrome) is well-tolerated and enhances
the recovery of both sensory and motor function (Gordon et al.,
2010; Wong et al., 2015).

Within the CNS, chronic electrical stimulation drives
collateral sprouting from intact descending corticospinal circuits
(Figure 2). The corticospinal circuit is the primary motor

pathway in primates and largely projects to the contralateral
spinal cord. Ten days of stimulation (333 Hz, 45 ms bursts,
every 2 s, for 6 h/day) of the medullary pyramid promotes
sprouting of the corticospinal tract across the midline into
the ipsilateral, denervated spinal cord (Brus-Ramer et al.,
2007). This collateral sprouting is similar to what is observed
following unilateral transection of the medullary pyramids
(pyramidotomy), when the absence of corticospinal input to
the spinal cord leads to cross-midline sprouting from the
spared, intact corticospinal tract (Brus-Ramer et al., 2007;
Lee et al., 2010). Performing chronic electrical stimulation
after unilateral pyramidotomy results in an additive effect on
corticospinal collateral sprouting (Brus-Ramer et al., 2007).
Stimulation of the contralesional motor cortex mimics the
direct stimulation of the pyramids, and this enhanced circuit
plasticity drives recovery of skilled locomotor function after
unilateral pyramidotomy in acute and chronic injury models
(Carmel et al., 2010, 2014). Recovery is likely mediated by
the formation of a novel, ipsilateral corticospinal circuit as
inactivation of both ipsilateral and contralateral motor cortex
impairs the behavioral recovery, while intact animals are only
affected by contralateral cortical inactivation (Carmel et al.,
2014). The growth-promoting effects of cortical stimulation are
not restricted to intact circuits, as cortical electrical stimulation
following cervical spinal cord injury drives corticospinal axon
growth proximal to the injury site and enhances the recovery
of forelimb function (Batty et al., 2020). In addition to the
enhancement of axonal growth, the restoration of function
through novel corticospinal circuits requires the synapse-
promoting effects of cortical electrical stimulation. Pairing
of cortical stimulation with peripheral afferents transiently
strengthens the response to descending corticospinal input in
acute experiments in rats (Mishra et al., 2017). Similar results
have been demonstrated in healthy and spinal cord injured
individuals (Bunday and Perez, 2012). In rats, repeated pairing
of intermittent theta burst cortical stimulation with trans-spinal
direct current stimulation after cervical spinal cord injury results
in a strengthening of novel connections in the spinal cord.
Furthermore, this paired stimulation paradigm can support the
recovery of dextereous forelimb movements that depend on
corticospinal function (Zareen et al., 2017; Yang et al., 2019).
A brief summary of rodent electrical stimulation studies can be
found in Table 1.

Therapeutic Potential of Electrical
Stimulation
In contrast to the robust regenerative response in rodents, injury
of peripheral nerves in humans often results in incomplete
or inadequate functional recovery (Scheib and Hoke, 2013).
The efficacy of pre- and post-injury electrical stimulation
in improving regeneration and functional outcomes has
been demonstrated in multiple rodent models of peripheral
nerve injury. This, combined with the feasibility of use
in bedside settings, makes brief, low-frequency electrical
stimulation a clinically viable approach in peripheral nerve
repair as a means to mitigate the effects of slow regeneration
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FIGURE 1 | Electrical stimulation enhances peripheral axon regeneration. A single session of low-frequency electrical stimulation (1 h, 20 Hz) can enhance motor and
sensory axon regeneration following epineurial suture repair (left) or when used as a conditioning stimulus prior to subsequent axotomy (right).

FIGURE 2 | Chronic electrical stimulation can drive corticospinal tract sprouting following injury. Unilateral pyramidotomy activates spontaneous collateral sprouting
from the contralateral, intact corticospinal tract within the spinal cord. Chronic stimulation of the motor cortex activates neuron intrinsic growth pathways and
enhances collateral sprouting and connectivity of spared corticospinal tract axons.

rate on the loss of end-organs and muscle atrophy (Lee
and Wolfe, 2000). To date, 1 h of low-frequency (20 Hz)
electrical stimulation has been successfully applied in
clinical practice (Gordon et al., 2010; Wong et al., 2015).
Individuals with motor axon loss from chronic median nerve
compression at the wrist underwent decompression surgery.
The group treated with single low-frequency electrical
stimulation for 1 h after surgery showed enhanced reinnervation

of thenar muscles characterized by improved motor and sensory
nerve conduction in comparison to the surgery only group
(Gordon et al., 2010). Electrical stimulation was also effective
in improving physiological recovery and the return of normal
sensory function when applied following epineurial repair of
transected digital nerves (Wong et al., 2015). The effectiveness of
these clinical findings on peripheral nerve repair are consistent
with the evidence obtained from animal models. The recent
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TABLE 1 | A brief summary of rodent electrical stimulation studies in the PNS and CNS.

References CNS/PNS Stimulation substrate Parameters Effects

Al-Majed et al., 2000a PNS Electrode wired around injured rat
femoral nerve

20 Hz, 0.1 ms, 3 V, continous 1-h Increased BDNF and trkB expression in
motor neurons at 8 h and 2 days after
ES.

Al-Majed et al., 2000b PNS Electrodes wired around injured rat
femoral nerve

20 Hz, 0.1 ms, 3 V, continous 1-h ES enhanced initiation of motor neuron
regeneration after femoral nerve repair.

Al-Majed et al., 2004 PNS Electrode wired around injured rat
femoral nerve

20 Hz, 0.1 ms, 3 V, continous 1-h Upregulation of GAP43 and
Tα1-Tubulin expression in motor
neurons at 2days after ES.

English et al., 2007 PNS Cuff electrode around injured
mouse common fibular nerve

20 Hz, 0.1 ms, 0.5 to 5 V (2× motor
threshold), continuous 1-h

Enhanced YFP+ axon regeneration
through nerve allograft in a NT-4/5
dependent manner. Increased the levels
of BDNF and trkB in injured and intact
DRGs at 7 and 14 days after ES.

Geremia et al., 2007 PNS Stainless steel wire electrodes on
opposite sides of injured femoral
nerve

20 Hz, 0.1 ms, 2× motor threshold 1-h Increased sensory neuron regeneration
after femoral nerve trunk repair,
increased BDNF and GAP-43
expression in DRG neurons.

Udina et al., 2008 PNS Electrode wired around intact rat
sciatic nerve

20 Hz, 0.02 ms, ∼3 to 5 V (2× motor
threshold), continous 1-h

ES enhanced central axon regeneration
was less robust than nerve crush
effects after SCI. Increased cAMP levels
in DRGs 7 days after ES, comparable
to nerve injury.

Chisholm et al., 2018 PNS Cuff electrodes surrounding intact
mouse sciatic nerve

1, 2, 5, and 20 Hz, ES-1: 250 µA,
250 µs. ES-2: 5 mA, 1 ms

Intensity- and frequency-dependent
rapid calcium increase in DRG neurons

Goganau et al., 2018 PNS Cuff electrodes around intact rat
sciatic nerve

20 Hz, 0.2 ms, 2× motor threshold,
continous 1-h (ES1), 7-h (ES2), or 1-h
daily per 7 days (ES3).

ES enhanced central axon regeneration
was less robust than nerve crush
effects after SCI. 1 h of ES per day for
7 days and 7 hours of ES followed by
7 days of waiting resulted in similar
in vitro neurite outgrowth.

Senger et al., 2018 PNS Electrode wired around intact rat
common peroneal nerve

20 Hz, 0.1 ms, continuos 1-h Upregulation of GAP-43 and BDNF
expression in DRG neurons and GFAP
in satellite cells at 3 days after ES.
Similar to injury-induced changes.

Senger et al., 2019 PNS Electrode wired around intact rat
tibial nerve

20 Hz, 0.1 ms, continuos 1-h Increased pCREB levels in DRGs at
3 days after ES. 7 day prior electrical
conditioning enhanced regeneration
and reinnervation.

Brus-Ramer et al.,
2007

CNS Tripolar electrodes on the surface of
rats pyramidal tract

333 Hz, 45 ms burst every 2 s, 6 h daily
per 10 days.

Chronic ES enhanced intact
corticospinal collateral sprouting.

Carmel et al., 2014 CNS Implanted electrodes into rat
forelimb motor cortex

333 Hz, 45 ms burst every 2 s, 6 h daily
per 10 days

Chronic ES induced recovery of skilled
locomotor function.

Zareen et al., 2017 CNS Combined bilateral rat epidural (M1)
iTBS, and spinal cord (C4-T2)
tsDCS stimulation 7 weeks after
SCI

iTBS: stimulation intensity 75% of motor
threshold. tsDCS: 1.5 mA for 2.5 s and
returned to 0 over 2.5 s. Combined
stimulation for 30 min daily per 10 day.

Combined ES enhanced
injury-dependent corticospinal collateral
sprouting below and above the level of
injury, and enhanced skilled forelimb
functional recovery.

Zareen et al., 2018 CNS Implanted electrodes into rat
forelimb motor cortex

333 Hz, 0.2 ms duration every 2 s, 1.1
to 2 mA, continous 6 h daily per
10 days

Chronic ES induced activation of mTOR
and Jak/STAT pathways, inactivation of
PTEN, and increased phosphorylation
of ribosomal protein s6. Chronic ES
induced mTOR-dependent collateral
sprouting of intact corticospinal tract.

Jack et al., 2018 CNS Implanted electrodes into rat
forelimb motor cortex

333 Hz, 0.2 ms duration every 500 ms,
30 pulses per train

Single ES to injured CST increased
collateral sprouting above injury site,
with no further improvement in recovery
of function.

Batty et al., 2020 CNS implanted electrodes into rats
forelimb motor cortex

333 Hz, 30 pulses of 0.2 ms width
every 0.5 s, for 30 min

Single ES to intact CST enhanced
corticospinal collateral sprouting above
SCI and improved motor function
recovery.
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findings that pre-conditioning of peripheral nerves with
electrical stimulation has a robust effect on axon regeneration
(Senger et al., 2019) suggests that there may be a benefit to
performing pre-operative electrical stimulation in cases of
surgical interventions involving intact nerves, such as nerve
transfer. Further clinical studies are warranted to determine if
the functional benefit of low-frequency electrical stimulation
translates to long-distance nerve repair surgeries, such as brachial
plexus repair. Additionally, the potential for peripheral nerve
stimulation to enhance the sprouting of central sensory axons
after spinal cord injury could be used to restore sensory function
critical for movement (Takeoka et al., 2014). Strengthening
ascending mechanosensory input to only a small proportion
(<5%) of dorsal column nuclei is sufficient to support some level
of functional recovery (Hollis et al., 2015a), so the translation of
PNS electrical stimulation may prove to be a viable approach to
restore sensory function after spinal cord injury.

Despite the limited regenerative capacity of CNS axons after
spinal cord injury, some spontaneous compensatory sprouting
from spared and injured axons can occur in both rodent
and non-human primates (Ghosh et al., 2010; Rosenzweig
et al., 2010). Mounting evidence indicates that this post-lesion
plasticity can be increased by artificially driving neuronal activity.
Epidural electrical stimulation has been employed in both animal
models and in paraplegic individuals to engage motor circuits
and support locomotor recovery. The extent to which this
neuromodulation can have lasting impacts on motor circuit
remodeling after injury is not yet known. Following complete
thoracic spinal cord injury in rats, spinal motor networks
are engaged during periods of epidural electrical stimulation,
which allows for locomotion in the absence of descending
input (Ichiyama et al., 2005). Chronically injured paraplegic
individuals have similarly shown engagement of spinal motor
circuits in the presence of epidural electric stimulation. Epidural
stimulation in motor complete individuals allows for volitional
movement of paralyzed leg muscles, including overground
walking during stimulation (Harkema et al., 2011; Angeli
et al., 2014, 2018). Furthermore, repeated pairing of activity-
based training with epidural stimulation in a motor complete
individual over several years has supported the recovery of
trained volitional motor movements, independent of stimulation
(Rejc et al., 2017). Patterning of epidural stimulation over the
lumbar spinal cord to sequentially activate agonist-antagonist
muscle groups supports the recovery of stimulation-mediated
walking in chronic paraplegic individuals when paired with
intensive rehabilitation (Wagner et al., 2018). Furthermore, some
of the individuals enrolled in this study regained voluntary
leg movements in the absence of stimulation. The underlying
activity-dependent mechanism activated by epidural electrical
stimulation paired with rehabilitation remains unknown. It is
likely that the initial responses are activating motor circuits
below the injury and residual supraspinal circuitry is able to
engage these excited motor networks either directly or indirectly
through spared propriospinal circuitry. The eventual recovery
of limited volitional control in several individuals may result
from engaging many of the same neuroplasticity mechanisms
identified in electrical stimulation studies in animal models.

In contrast to implanted epidural stimulators, transcutaneous
electrical spinal cord stimulation (TESS) is a non-invasive and
painless neuromodulation strategy that augments motor and
sensory function after SCI (Gerasimenko et al., 2015; Hofstoetter
et al., 2015; Gad et al., 2018; Benavides et al., 2020). Cervical TESS,
in combination with training, has been shown to induce a long-
term improvement in volitional motor control and restoration
of hand sensory function individuals with chronic incomplete
SCI (Inanici et al., 2018). TESS utilizes currents from 5 to
50 Hz, with a carrier frequency (Russian current) between 5 and
10 kHz (Benavides et al., 2020). Changes in spinal sensory and
motor circuit excitability have been proposed to underlie TESS-
mediated functional effects, with neuroplasticity mechanisms
facilitating a reorganization of spinal networks during intensive,
rehabilitative training (Inanici et al., 2018; Benavides et al., 2020).
The extent of anatomical circuit remodeling induced by TESS
remains to be determined.

Among the different approaches that have been proposed to
enhance post-lesion plasticity, extrinsic manipulation of neuronal
activity by electrical stimulation is an attractive therapeutic
approach. Electrical stimulation has been demonstrated to engage
plasticity mechanisms in several central and peripheral neural
circuits and has already shown feasibility in clinical settings.
Development of appropriate strategies will likely depend upon
the selective activation of desired neural subtypes in a temporally
and spatially organized manner. Non-targeted electrical fields
have been used to trigger population responses; however, it may
be that distinct electrical stimulation parameters can selectively
affect neuronal subtype responses and circuit-specific functional
outcomes. Whether the molecular mechanisms activated by
electrical stimulation are consistent across neuronal populations
is unknown. The sprouting response of corticospinal axons to
electrical stimulation contrasts with the elongation observed
in stimulated PNS axons. These differences may arise from
disparate stimulation parameters, discrete responses of these
distinct populations to electrical stimulation, or from interactions
of conserved stimulation-mediated molecular pathways with the
intrinsic limitations of adult CNS neurons to axon elongation.
Further studies will be required to identify whether CNS-tuned
parameters of electrical stimulation can drive a regenerative
response in transected corticospinal axons.

In the context of SCI, preclinical and clinical studies have
clearly demonstrated that the stimulation of local spinal networks
can drive lasting functional improvements (Ievins and Moritz,
2017; Courtine and Sofroniew, 2019; Hutson and Di Giovanni,
2019). Cortical and spinal cord paired electrical stimulation is
an attractive approach to both enhance intrinsic sprouting and
strengthen residual and newly formed collateral connections
within the spinal cord (Dixon et al., 2016; Mishra et al., 2017).
Additionally, it is likely that targeted rehabilitation or concurrent
therapies, such as constraint-induced movement therapy, will
be needed to strengthen and engage novel circuitry driven by
electrical stimulation. The development of novel technologies will
allow for the combining of biomedical devices for stimulation
with rehabilitation and molecular or genetic control over
neuroplasticity to support recovery after neurological injury and
improve individuals’ quality of life.
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Growth-associated protein-43 (GAP-43) and brain acid-soluble protein 1 (BASP1)
regulate actin dynamics and presynaptic vesicle cycling at axon terminals, thereby
facilitating axonal growth, regeneration, and plasticity. These functions highly depend on
changes in GAP-43 and BASP1 expression levels and post-translational modifications
such as phosphorylation. Interestingly, examinations of GAP-43 and BASP1 in
neurodegenerative diseases reveal alterations in their expression and phosphorylation
profiles. This review provides an overview of the structural properties, regulations,
and functions of GAP-43 and BASP1, highlighting their involvement in neural injury
response and regeneration. By discussing GAP-43 and BASP1 in the context of
neurodegenerative diseases, we also explore the therapeutic potential of modulating
their activities to compensate for neuron loss in neurodegenerative diseases.

Keywords: GAP-43, BASP1, phosphorylation, neural injury response, axon regeneration, neurodegenerative
diseases

INTRODUCTION

Axons integrate external cues to grow toward and arborize their terminals onto their correct targets.
Such axonal behavior is critical for establishing proper connections, regenerating injured nerves,
and retaining anatomical plasticity in adult brains (Skene, 1989). A group of growth-associated
proteins (>100) (Costigan et al., 2002; Xiao et al., 2002), whose expression is upregulated during
neuronal development and regeneration, mediates these functions (Jacobson et al., 1986; Widmer
and Caroni, 1990; Mason, 2002). Growth-associated protein-43 (GAP-43) and brain acid-soluble
protein 1 (BASP1) are two members of this group with many shared structural properties and
functions (Mosevitsky, 2005). GAP-43 is solely expressed in the nervous system (Karns et al.,
1987), whereas BASP1 is highly expressed in the nervous system and some non-neural tissues
including the kidney and testis (Mosevitsky et al., 1997; Mosevitsky and Silicheva, 2011). Within
neurons, GAP-43, and BASP1 are enriched in axon terminals (Meiri et al., 1986; Widmer and
Caroni, 1990), where they regulate the actin cytoskeleton (Wiederkehr et al., 1997; Laux et al.,
2000). By modulating actin dynamics, GAP-43, and BASP1 achieve their physiological functions
in neurodevelopment, synaptic function, and nerve regeneration.
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PHYSIOLOGICAL FUNCTIONS IN THE
NERVOUS SYSTEM

Neurodevelopment
Growth-associated protein-43 and BASP1 are highly expressed
during periods of active axon growth and synaptogenesis
(McGuire et al., 1988; De La Monte et al., 1989; Widmer and
Caroni, 1990). Their critical involvement in neurodevelopment
has been demonstrated by gene knockout studies. Homozygous
knockout of GAP-43 (GAP-43−/−) or BASP1 (BASP1−/−)
leads to high neonatal lethality, resulting in 5–10% survival to
adulthood (Strittmatter et al., 1995; Frey et al., 2000; Metz and
Schwab, 2004). Surviving GAP-43−/− animals exhibit defective
pathfinding of retinal and commissural axons (Strittmatter et al.,
1995; Shen et al., 2002), as well as an abnormal somatotopic
map in the barrel cortex (Maier et al., 1999). In reflection
of these anatomical defects, GAP-43−/− animals demonstrate
motor, sensory, and behavioral impairments (Metz and Schwab,
2004). Surviving BASP1−/− animals also present evidence of
impaired neurodevelopment including enlarged ventricles in the
brain, axonal and synaptic abnormalities in the neocortex and
hippocampus, and hyperactive behavior (Frey et al., 2000).

Synaptic Function
As axons complete the innervation of their target areas, GAP-
43 and BASP1 are downregulated in most brain regions.
Interestingly, they remain highly expressed in areas of the
adult brain implicated in learning and memory, including the
neocortex and hippocampus (Benowitz et al., 1988; McGuire
et al., 1988; Neve et al., 1988; Frey et al., 2000). In support of
their importance in information storage, heterozygous GAP-43
knockout mice (GAP-43+/−) exhibit a selective impairment in
contextual memory (Rekart et al., 2005). This phenotype can be
explained by various synaptic functions of GAP-43. GAP-43 was
shown to regulate endocytosis via its interaction with rabaptin-
5, which functions in endocytic membrane fusion (Neve et al.,
1998), and as a substrate of caspase-3, which mediates AMPA
receptor endocytosis (Han et al., 2013). Also, antibodies against
GAP-43 decreased the release of glutamate and noradrenaline
(Dekker et al., 1989a; Hens et al., 1998), indicating its importance
in neurotransmitter release. This function is thought to be
mediated, at least in part, by its interaction with the presynaptic
vesicle fusion complex (Syntaxin, SNAP-25, and VAMP) (Haruta
et al., 1997). Moreover, GAP-43 was shown to enhance long-
term potentiation (Routtenberg and Lovinger, 1985; Lovinger
et al., 1986; Hulo et al., 2002). The presence of BASP1 on
synaptic vesicles (Yamamoto et al., 1997) and its identification
as a caspase-3 substrate (Han et al., 2013) suggest its potential
role in synaptic vesicle cycling, which may have implications for
neurotransmission, synaptic plasticity, and information storage.

Nerve Regeneration
Another circumstance under which GAP-43 and BASP1 are
upregulated is nerve regeneration following injury (Skene
and Willard, 1981; Caroni et al., 1997). An increase in
GAP-43 and BASP1 mRNA levels strongly correlates with

enhanced regenerative capacity. This is evidenced by their
robust upregulation in the regenerating dorsal root ganglion
(DRG) axons following sciatic nerve injury but not in the non-
regenerating DRG axons following dorsal rhizotomy (Mason,
2002). The upregulation of GAP-43 and BASP1 also correlated
with axonal sprouting after stroke in the barrel cortex
(Carmichael et al., 2005). Additionally, an increase in GAP-
43 was associated with optogenetic-induced functional recovery
from stroke in the primary motor cortex (Cheng et al., 2014).
In a different rodent model of stroke, antisense oligonucleotides
to GAP-43 abolished the enhancement of functional recovery
induced by the basic fibroblast growth factor (Kawamata et al.,
1999). These observations from rodent stroke models hint
at the importance of GAP-43 in neuronal recovery following
injury. More importantly, GAP-43 was shown to be essential
for the regenerative response through knockdown studies. In
adult rodents, climbing fibers retain high levels of GAP-43
and demonstrate structural plasticity after injury (Grasselli
and Strata, 2013). Knockdown of GAP-43 in climbing fibers
inhibited the sprouting of their axonal branches following
laser-axotomy (Allegra Mascaro et al., 2013) and lesion of
the inferior olive, where these fibers originate (Grasselli et al.,
2011). Overexpression studies involving GAP-43 and BASP1
show these proteins are sufficient for f-actin accumulation
and subsequent neurite formation in primary sensory neurons
(Aigner and Caroni, 1995) and in Purkinje neurons (Buffo et al.,
1997). Moreover, co-overexpression of GAP-43 and BASP1 was
sufficient to drive the regeneration of DRG axons following
spinal cord lesion in adult mice when peripheral nerve graft was
provided (Bomze et al., 2001).

INVOLVEMENT IN NEURAL INJURY
RESPONSE

In the central (CNS) and peripheral nervous systems (PNS),
different external and internal factors lead to disparate
outcomes of injury response. In the CNS, glial scar (Silver
and Miller, 2004) and inhibitory glial factors such as myelin-
associated glycoproteins and Nogo (Filbin, 2003) impede
neuronal regeneration. Additionally, the inherent lack of
axonal integrins and growth factor receptors limit the
regrowth of neurons in the CNS (Koseki et al., 2017). As a
result, positive outcomes of CNS injury remain limited to
neuroprotection and marginal regenerative response. Neural
injury stimulates neurons and glia to release cytokines and
neurotrophic factors, which can activate growth-associated
proteins such as GAP-43 and BASP1 to promote neuroprotection
and regeneration.

Cytokine Signaling
Upon injury, leakage from damaged or dying cells leads to an
excess of glutamate in the extracellular space (Bullock et al.,
1998). This stimulates astrocytes, microglia, and neurons to
secrete cytokines such as interleukin-6 (IL-6) and -10 (IL-
10) (Morganti-Kossman et al., 1997; Acarin et al., 2000).
Accordingly, IL-6 and -10 were found to be elevated in
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the cerebrospinal fluid and serum of patients with severe
traumatic brain injury (TBI) (Kossmann et al., 1995; Csuka
et al., 1999). After spinal cord injury, IL-6 treatment was
shown to activate the JAK/STAT3 and PI3K/Akt pathways,
upregulate GAP-43 and BASP1, and promote neurite outgrowth
in vitro and synaptogenesis in vivo (Yang et al., 2012, 2015;
Figure 1). The upregulation of GAP-43 and BASP1 was
sensitive to the JAK2 inhibitor AG490 (Yang et al., 2015)
but was not examined with a PI3K inhibitor. After oxygen-
glucose deprivation, IL-10 treatment was shown to activate the
JAK/STAT3 and PI3K/Akt pathways, upregulate GAP-43, and
facilitate neuroprotection, neurite outgrowth, and synaptogenesis
in vitro (Lin et al., 2015; Chen et al., 2016; Figure 1).
The upregulation of GAP-43 was shown to be sensitive to
the PI3K inhibitor LY294002 (Lin et al., 2015) but was not
examined with a JAK2 inhibitor. The extent to which the neurite

outgrowth observed in vitro translates into in vivo regeneration
remains unclear.

Neurotrophic Factor Signaling
Following injury, neurotrophic factors such as the nerve growth
factor (NGF) (DeKosky et al., 1994; Chiaretti et al., 2009)
and brain-derived neurotrophic factor (BDNF) (Miyake et al.,
2002; Rostami et al., 2014) are upregulated in response to
glutamate (Wetmore et al., 1994; Gwag et al., 1997) and
cytokines (Kossmann et al., 1996). NGF and BDNF bind
tropomyosin receptor kinase A and B, respectively, to initiate
cell survival signaling via the PI3K/Akt pathway (Nguyen et al.,
2010; Figure 1). In rodent models of stroke and TBI, the
activation of NGF and BDNF signaling was shown to promote
neuroprotection, synaptogenesis, and neurogenesis (Wu et al.,
2008; Qi et al., 2014; Gudasheva et al., 2019). Such beneficial

FIGURE 1 | Injury-induced signaling pathways that regulate GAP-43 and BASP1. Injuries in the central nervous system leads to the release of cytokines and
neurotrophins from damaged neurons and activated glia. Cytokines and neurotrophins bind their receptors on surviving neurons to activate various signaling
cascades that regulate the expression level and phosphorylation of GAP-43 and BASP1. Alterations in GAP-43 and BASP1 levels and phosphorylation are
associated with neuroprotection, synaptogenesis, neurite outgrowth, and neurogenesis.
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upregulation of NGF and BDNF was accompanied by an increase
in GAP-43 levels when optogenetic stimulations were provided
after stroke (Cheng et al., 2014). Given that BASP1 is similarly
upregulated after stroke (Carmichael et al., 2005), its increase
may also be mediated by NGF and BDNF. Moreover, GAP-
43 was shown to be an essential effector of BDNF-driven
neuroprotection (Gupta et al., 2009).

STRUCTURAL PROPERTIES AND
DOMAINS

Intrinsic Disorder and Phase Separation
Growth-associated protein-43 and BASP1 are acidic proteins
with isoelectric points of 4.4–4.6 (Mosevitsky et al., 1994).
Their molecular weights are 23–25 kDa, but they appear at
higher molecular weights on SDS-PAGE (Mosevitsky et al.,
1994). These proteins are enriched in alanine (22% in GAP-
43, 21% in BASP1) and proline (8% in GAP-43, 12% in
BASP1), which gives rise to a high content of type II
polyproline helix (32 ± 5% in GAP-43, 37 ± 2% in BASP1)
characteristic of intrinsically disordered proteins (Forsova and
Zakharov, 2016). Nuclear magnetic resonance spectroscopy also
indicates that GAP-43 and BASP1 have unordered structures
(Zhang et al., 1994; Geist et al., 2013). Intrinsically disordered
proteins lack a stable three-dimensional structure and have
the ability to engage in multivalent interactions (Haynes et al.,
2006). Through multivalent interactions, intrinsically disordered
proteins undergo liquid-liquid phase separation and form
membraneless compartments that facilitate their functions (Li
et al., 2012). Many proteins involved in actin assembly have
intrinsically disordered regions, and phase separation mediated
by these regions underlies their regulation of actin dynamics
(Sun et al., 2017; Miao et al., 2018). Moreover, phosphorylation
of intrinsically disordered proteins affects phase separation by
modulating their charge and electrostatic interactions (Aumiller
and Keating, 2016; Miao et al., 2018). Given that GAP-43
and BASP1 are phosphoproteins, they may transmit signals
from kinases and phosphatases to the actin cytoskeleton via
phase separation.

PEST Sequence and High Turnover Rate
Growth-associated protein-43 and BASP1 have peptide
sequences rich in proline, glutamate, serine, and threonine
(PEST) (Barnes and Gomes, 1995; Mosevitsky et al., 1997).
While PEST regions vary in their sequences and lengths, they all
serve as signals for rapid proteolysis (Rechsteiner and Rogers,
1996). The presence of PEST sequences indicates that GAP-43
and BASP1 are short-lived proteins, however, this has yet to be
experimentally verified.

Effector Domain and CaM Binding
Growth-associated protein-43 and BASP1 have regions termed
the effector domain (ED) that are enriched in basic and
hydrophobic residues, bind calmodulin (CaM), and are
phosphorylated by protein kinase C (PKC) (Cimler et al., 1985;

Apel et al., 1990; Maekawa et al., 1993). The basic and
hydrophobic residues in the ED also contribute to membrane
association of these proteins (O’Neil and DeGrado, 1990;
Mosevitsky et al., 1997; Mosevitsky, 2005). GAP-43 ED consists
of residues 37–52 (KIQASFRGHITRKKLK) (Mosevitsky, 2005;
Figure 2), which includes a canonical CaM-binding site termed
the IQ motif (IQxxxRGxxxR) (Bähler and Rhoads, 2002).
GAP-43 was shown to bind CaM with higher affinity in the
absence of or at low Ca2+ and to dissociate at high Ca2+

(Andreasen et al., 1983; Alexander et al., 1987; Gamby et al.,
1996). Hence, GAP-43 has been proposed to accumulate CaM
at specific sites and release them upon local Ca2+ elevation
to sharpen the downstream response (Alexander et al., 1987;
Mosevitsky, 2005). Unlike GAP-43, BASP1 ED is located at the
N-terminal end (Myristoylation-GGKLSKKKKGY) (Mosevitsky,
2005; Figure 2). BASP1 lacks an IQ motif and instead binds CaM
through alternating basic and hydrophobic residues (Takasaki
et al., 1999). These alternating parts include the myristoyl moiety,
which passes through a tunnel formed by hydrophobic pockets
in the N- and C-terminal domains of CaM (Takasaki et al., 1999;
Matsubara et al., 2004). BASP1 was shown to bind CaM with
stronger affinity than GAP-43 (Maekawa et al., 1994) and in the
presence of Ca2+ (Maekawa et al., 1993), suggesting a different
mode of action than GAP-43.

Formation of Oligomers
Growth-associated protein-43 and BASP1 form oligomers
in the presence of anionic phospholipids or sodium dodecyl
sulfate (SDS) (Zakharov and Mosevitsky, 2010). Among
anionic phospholipids, phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2) was the most potent driver of oligomerization
(Zakharov and Mosevitsky, 2010). Interestingly, GAP-43 and
BASP1 accumulate PI(4,5)P2 on the inner surface of the plasma
membrane, and this clustering is important for initiating
signaling cascades that regulate the actin cytoskeleton (Laux
et al., 2000). The role of PI(4,5)P2 in driving oligomerization
suggests that PI(4,5)P2-induced oligomers may be important for
this process. Oligomerization of GAP-43 and BASP1 results in
α-helix formation within their EDs while preserving the overall
structural disorder (Forsova and Zakharov, 2016). A significant
level of disorder in oligomers has been proposed to enhance
the flexibility of interactions and to enable the reversion to
monomers (Tompa and Fuxreiter, 2008). In support of the
flexibility in binding, GAP-43 and BASP1 were observed to
form heterooligomers of different stoichiometries in vitro and
in presynaptic membranes (Forsova and Zakharov, 2016). In
agreement with the reversibility, GAP-43 and BASP1 oligomers
were shown to dissociate into monomers upon removal of SDS
or binding of CaM (Zakharov and Mosevitsky, 2010).

TRANSCRIPTIONAL AND
POST-TRANSCRIPTIONAL REGULATION

In developing and regenerating neurons, the levels of GAP-
43 and BASP1 mRNAs and proteins are upregulated (Widmer
and Caroni, 1990; Perrone-Bizzozero et al., 1991; Mason, 2002).
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FIGURE 2 | Schematic of rat GAP-43 and BASP1 structure and post-translational modifications. GAP-43 and BASP1 are characterized by N-terminal fatty acylation,
effector domains, and multiple phosphosites. GAP-43 is palmitoylated at Cysteine-3 and -4, and BASP1 is myristoylated at the N-terminal end. Their effector
domains enable calmodulin binding and are subjected to phosphorylation by PKC. Phosphorylation of GAP-43 by PKC regulates various functions including actin
cytoskeleton dynamics. GAP-43 and BASP1 are also regulated by other kinases and phosphatases, and such post-translational modifications are implicated in
Alzheimer’s and Parkinson’s Diseases.

Studies present conflicting findings regarding the contributions
of transcriptional activation to increased GAP-43 levels. The
GAP-43 gene has two promoters, distal (P1) and proximal
(P2), that are highly conserved between the rat and human
genes (Eggen et al., 1994; de Groen et al., 1995). P1 contains
classical promoter elements including TATA and CCAAT boxes
(Nedivi et al., 1992), as well as a repressive element shown to
inhibit GAP-43 expression in non-neuronal cells (Weber and
Skene, 1997). P2 lacks classical promoter elements but contains
a conserved enhancer box (E1) that can bind basic helix-loop-
helix transcription factors (Chiaramello et al., 1996), which have
critical roles in neural cell fate specification and differentiation
(Dennis et al., 2019). In zebrafish, a 1 kb fragment spanning P1
and P2 of the rat GAP-43 gene was shown to developmentally
regulate the expression of a downstream transgene in neurons

(Udvadia et al., 2001). In contrast to this finding, developing
rat cortical neurons and nerve growth factor-induced PC12
cells showed no change in GAP-43 pre-mRNA levels despite an
increase in GAP-43 mRNA levels (Perrone-Bizzozero et al., 1991).
This finding indicates that mRNA stability mainly contributes to
the observed upregulation of GAP-43. The stabilization of GAP-
43 mRNA is dependent on the highly conserved 3′ untranslated
region (Kohn et al., 1996; Tsai et al., 1997), where the neural-
specific RNA-binding protein HuD binds (Chung et al., 1997).
The expression of HuD and GAP-43 are concomitantly increased
during neuritogenesis (Anderson et al., 2001), in regenerating
nerves (Anderson et al., 2003), and following spatial learning
in rodent hippocampi (Quattrone et al., 2001; Pascale et al.,
2004). Based on these observations, HuD was hypothesized
to stabilize GAP-43 mRNA under physiological conditions. In
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support of this hypothesis, transgenic mice overexpressing HuD
exhibited an increase in GAP-43 mRNA but not pre-mRNA
(Bolognani et al., 2006). Also, the half-life of GAP-43 mRNA
from these transgenic mice was significantly longer than those
from non-transgenic controls (Bolognani et al., 2006). The HuD-
dependent stabilization of GAP-43 mRNA is positively regulated
by PKC (Perrone-Bizzozero et al., 1993; Sanna et al., 2014) and
is inhibited by the KH-type splicing regulatory protein, which
competes with HuD to bind and promote the degradation of
GAP-43 mRNA (Bird et al., 2013). Compared to GAP-43, little is
known about the transcriptional and post-transcriptional control
of BASP1. In the chicken BASP1 gene, a 135 bp region in the 5′
end of exon 1 was shown to bind the transcription factors Sp1 and
Myc (Hartl et al., 2009). This regulatory region was sufficient to
activate transcription and to mediate Myc-induced suppression
of BASP1 (Hartl et al., 2009). Additionally, post-transcriptional
regulation of BASP1 by its processed pseudogene has been
proposed but not experimentally verified (Uzumcu et al., 2009).

POST-TRANSLATIONAL
MODIFICATIONS

Fatty Acylation
Growth-associated protein-43 and BASP1 mainly localize to
membranes (Skene et al., 1986; Maekawa et al., 1993), and their
membrane associations are partially mediated by fatty acylation.
GAP-43 is post-translationally palmitoylated at Cysteine-3 and -
4 (Skene and Virág, 1989; Figure 2). Its palmitoylation can occur
in the endoplasmic reticulum-Golgi intermediate compartment
(ERGIC), Golgi apparatus, and plasma membrane (McLaughlin
and Denny, 1999). Upon palmitoylation, GAP-43 can be sorted
to the tips of growing neurites (Gauthier-Kemper et al., 2014).
Palmitoylation of GAP-43 is dynamically regulated, as suggested
by the low percentage (∼35%) of fatty acylated GAP-43 at
steady state in PC12 and COS-1 cells (Liang et al., 2002). The
dynamic regulation of palmitoylation affects GAP-43 functions.
Changes in palmitoylation enable GAP-43 to cycle between
pathways independent of and involving Go, a heterotrimeric
GTP-binding protein enriched in growth cones (Edmonds et al.,
1990). N-terminal peptides of GAP-43 produced by the Ca2+-
dependent protease m-calpain interact with and activate Go
signaling cascade that leads to growth cone collapse (Strittmatter
et al., 1994; Zakharov and Mosevitsky, 2007; Figure 3).
Palmitoylation reduces the ability of the N-terminal peptides
to stimulate Go, thereby blocking Go signaling-induced growth
cone collapse (Sudo et al., 1992). Additionally, palmitoylation
appears to be important for the switch from promoting axon
growth to stabilizing synapses upon successful target innervation
(Patterson and Skene, 1999). Experimental evidence shows
that palmitoylation of GAP-43, when inhibited, reversibly stalls
neurite outgrowth (Hess et al., 1993) and is significantly
reduced at the early phase of synapse maturation (Patterson
and Skene, 1999). Unlike GAP-43, BASP1 is co-translationally
myristoylated at the N-terminal end (Mosevitsky et al., 1997;
Takasaki et al., 1999; Figure 2). In the rat brain, BASP1
molecules and N-terminal fragments appear predominantly in

the myristoylated form (Mosevitsky et al., 1997; Zakharov
et al., 2003). Myristoylation of BASP1 was shown to promote
membrane association and to enable CaM binding (Takasaki
et al., 1999; Matsubara et al., 2004).

Phosphorylation
Growth-associated protein-43 and BASP1 EDs undergo Ca2+-
dependent phosphorylation by PKC. PKC phosphosites in
GAP-43 and BASP1 are Serine-41 and Serine-6, respectively
(Apel et al., 1990; Maekawa et al., 1994; Figure 2). GAP-43
Serine-41 can also be dephosphorylated by the Ca2+/CaM-
dependent phosphatase calcineurin (CaN) (Liu and Storm,
1989). Phosphorylation by PKC abolishes CaM binding to
both GAP-43 and BASP1 (Apel et al., 1990; Takasaki et al.,
1999). More importantly, PKC-mediated phosphorylation has
significant functional consequences. Phosphorylated GAP-43
not only promotes actin polymerization and stabilization (He
et al., 1997; Korshunova et al., 2007) but also interacts with
presynaptic vesicle fusion complex (Syntaxin, SNAP-25, and
VAMP) (Haruta et al., 1997). Through these molecular pathways,
phosphorylated GAP-43 facilitates axon guidance (Dent and
Meiri, 1998), axon outgrowth (Aigner et al., 1995; Korshunova
et al., 2007), neurotransmission (Dekker et al., 1989b; Heemskerk
et al., 1990), and synaptic plasticity (Routtenberg and Lovinger,
1985; Lovinger et al., 1986; Hulo et al., 2002). The modulation
of BASP1 functions by PKC remains to be studied. In addition
to PKC phosphosites, many residues of GAP-43 and BASP1
were found to be phosphorylated. To name a few, GAP-
43 was phosphorylated at Serine-96 and Threonine-172 by
unknown kinase(s) (Spencer et al., 1992), Serine-191 and -
192 by Casein Kinase II (Apel et al., 1991), and Serine-96 by
c-Jun N-terminal kinase (JNK) (Kawasaki et al., 2018; Figure 2).
Additional phosphosites on GAP-43 (Serine-86, Threonine-
95, and Threonine-172) and BASP1 (Threonine-31, Serine-
40, Serine-170) were found to be sensitive to CaN (Caraveo
et al., 2017; Figure 2). The phosphorylation of GAP-43 and
BASP1 at these other residues may be of functional significance.
For example, JNK phosphorylates GAP-43 in growth cone
membranes, and this modification is associated with axon growth
and regeneration (Kawasaki et al., 2018).

MECHANISMS OF ACTIN
CYTOSKELETON REGULATION

Regulation of the actin cytoskeleton is important for axon
guidance and growth (Gomez and Letourneau, 2014; Blanquie
and Bradke, 2018), endocytosis (Smythe and Ayscough, 2006),
and exocytosis (Eitzen, 2003). Therefore, understanding
how GAP-43 and BASP1 modulate actin dynamics provides
insight into the mechanisms through which they achieve their
physiological functions. To test if GAP-43 and BASP1 perform
their functions through identical pathways, knockin mice
expressing GAP-43 in place of BASP1 was generated (Frey
et al., 2000). While these mice exhibited no gross abnormality
in the brain, they showed small morphological differences in
axon sprouts (Frey et al., 2000). This indicates that GAP-43 and

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 September 2020 | Volume 8 | Article 567537170

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-567537 September 1, 2020 Time: 19:29 # 7

Chung et al. GAP-43 and BASP1 in Neurodegenerative Diseases

FIGURE 3 | Mechanisms of actin cytoskeleton regulation by GAP-43. GAP-43 positively and negatively regulates the actin cytoskeleton through multiple routes of
action. GAP-43 promotes growth cone motility and axon outgrowth by (1) recruiting actin-regulating proteins by forming PI(4,5)P2 clusters, (2) interacting with NCAM
and spectrin, and (3) stabilizing actin filaments in a PKC-dependent manner. Conversely, m-calpain cleavage product of GAP-43 drives growth cone retraction and
collapse through the Go signaling pathway.

BASP1 act through partially redundant pathways, a concept
that was reinforced by observations of phenotypic differences
between GAP-43- and BASP1-induced neurite outgrowth and
of synergistic axon sprouting with co-overexpression of GAP-43
and BASP1 (Caroni et al., 1997).

Signaling Through PI(4,5)P2 Clusters
Growth-associated protein-43 and BASP1 regulate actin
dynamics through a shared pathway involving PI(4,5)P2 (Laux
et al., 2000; Caroni, 2001). In the intracellular surface of
cholesterol-rich rafts, GAP-43 and BASP1 co-distribute with
and promote the clustering of PI(4,5)P2 (Laux et al., 2000).
Concentrating PI(4,5)P2 in local environments is thought to
enhance the recruitment of actin-regulating proteins (Caroni,
2001). These proteins include WASP and ERM proteins known
for their roles in actin polymerization and actin cytoskeleton-
membrane crosslinking, respectively (Sechi and Wehland, 2000).

The functions of WASP and ERM proteins contribute to growth
cone motility and outgrowth (Figure 3).

PKC-Dependent Modulation of Actin
Growth-associated protein-43 binds and directly regulates
actin filaments in a PKC-dependent manner (He et al.,
1997). Phosphorylated GAP-43 binds actin with higher affinity
(Kd = 161 nM) compared to the unphosphorylated form
(Kd = 1.2 uM) (He et al., 1997). In accordance with
this enhanced binding, the cytoskeletal association of GAP-
43 increases with phosphorylation (Tejero-Díez et al., 2000).
Moreover, phosphorylated GAP-43 stabilizes actin filaments,
thereby promoting growth cone extension and motility (He et al.,
1997; Figure 3). On the other hand, unphosphorylated GAP-43
inhibits growth cone extension likely by serving as a barbed end-
capping protein (He et al., 1997). Capping proteins significantly
increase the concentration of actin monomers needed for
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polymerization and attenuate actin assembly, which is critical for
growth cone extension. While BASP1 may similarly regulate the
actin cytoskeleton, this hypothesis remains to be tested.

Functional Association With NCAM-180
and Spectrin
Growth-associated protein-43 has also been proposed to
modulate actin dynamics through the functional association
with the neural cell adhesion molecule-180 (NCAM-180) and
the cytoskeletal protein spectrin (Korshunova et al., 2007;
Figure 3). NCAMs engage in homophilic and heterophilic
binding with components of other cells and the extracellular
matrix (ECM) (Ditlevsen et al., 2008). These interactions,
in addition to establishing cell-cell and cell-ECM adhesions,
initiate intracellular signaling cascades important for neuronal
development, synaptic plasticity, and regeneration (Ditlevsen
et al., 2008). NCAMs directly associate with intracellular
signaling molecules to activate these downstream cascades
(Ditlevsen et al., 2008). NCAM-180 has been shown to mediate
neurite outgrowth by interacting with spectrin (Leshchyns’ka
et al., 2003), and spectrin was shown to bind GAP-43
(Riederer and Routtenberg, 1999). Based on these observations,
NCAM-180, spectrin, and GAP-43 have been hypothesized
to function in a complex to mediate neurite outgrowth. In
support of this hypothesis, NCAM-mediated neurite outgrowth,
in the presence of GAP-43, required functional NCAM-180
and spectrin (Korshunova et al., 2007). BASP1 was shown to
function independently of this mechanism in PC12 cells and
hippocampal neurons, where BASP1 failed to substitute the
stimulation of NCAM-mediated neurite outgrowth by GAP-43
(Korshunova et al., 2008).

PROPERTIES OF GAP-43 AND BASP1
AND THEIR LINK TO
NEURODEGENERATIVE DISEASES

Intrinsic Disorder and Phase Separation
in Pathological Protein Aggregation
Growth-associated protein-43 and BASP1 are intrinsically
disordered proteins (Zhang et al., 1994; Geist et al., 2013; Forsova
and Zakharov, 2016). The functional significance of this property
remains understudied in both physiological and pathological
contexts. In many neurodegenerative diseases, intrinsically
disordered proteins form soluble and fibril aggregates that are
central to the pathogenesis (Chiti and Dobson, 2006). The recent
discovery of liquid-liquid phase separation, which condensates
disordered proteins, gained interest as a potential mechanism
of pathological protein aggregation (Elbaum-Garfinkle, 2019).
Furthermore, proteins forming aggregates in neurodegenerative
diseases such as Tau (Wegmann et al., 2018) and Huntingtin
(Peskett et al., 2018) were shown to undergo phase separation.
The involvement of disordered proteins in neurodegenerative
diseases questions whether GAP-43 and BASP1 also phase
separate in this context, whether this process turns aberrant, and
what the functional consequences are.

Post-transcriptional Regulation in
Neurodegenerative Diseases
Post-transcriptional regulation allows a rapid adjustment of
the location and level of protein expression (Bronicki and
Jasmin, 2013). This spatiotemporal regulation is particularly
important in neurons because of their large and complex
morphology (Bronicki and Jasmin, 2013). A key regulator
of this process is the neuron-specific RNA-binding protein
HuD (Bronicki and Jasmin, 2013). HuD post-transcriptionally
regulates GAP-43 during neuritogenesis, regeneration, and
learning (Anderson et al., 2001, 2003; Quattrone et al., 2001;
Pascale et al., 2004). Interestingly, HuD is associated with
various neurodegenerative disorders. The level of HuD was
shown to be decreased in the hippocampus of Alzheimer’s
Disease patients (Amadio et al., 2009). This decrease correlated
with diminished expression of ADAM10, a protein known
to reduce the generation of pathogenic amyloid-β peptides
(Amadio et al., 2009). From genetic studies, HuD was also
identified as a susceptibility gene for Parkinson’s Disease
(Noureddine et al., 2005; DeStefano et al., 2008). Additionally,
HuD was shown to aberrantly interact with FUS mutant
that is causally linked to Amyotrophic Lateral Sclerosis (De
Santis et al., 2019). In light of these findings, the post-
transcriptional regulation of GAP-43 may be dysregulated in
neurodegenerative disorders.

PKC and CaM in Neurodegenerative
Diseases
Growth-associated protein-43 and BASP1 engage in intracellular
Ca2+ signaling through PKC and CaM (Cimler et al., 1985;
Apel et al., 1990; Maekawa et al., 1993). Ca2+ signaling plays a
central role in neuronal physiology, and Ca2+ dyshomeostasis
contributes to the pathogenesis of neurodegenerative disorders
(Bezprozvanny, 2009). As part of Ca2+ signaling cascades, PKC
and CaM significantly impact the disease states.

Protein kinase C has a vital role in memory encoding
and storage (Sun and Alkon, 2014); therefore, its involvement
in Alzheimer’s Disease – a major form of dementia – has
been studied extensively. Few studies showed that the activity
of PKC is decreased in the brains of Alzheimer’s Disease
patients (Wang et al., 1994; Matsushima et al., 1996), suggesting
potential adverse effects of its diminished activity. In alignment
with this finding, the PKC activator bryostatin reduced the
production of amyloid-β peptides and premature mortality in
mouse models of Alzheimer’s Disease (Etcheberrigaray et al.,
2004). On the other hand, whole genome-sequencing of late-
onset Alzheimer’s Disease patients identified gain-of-function
mutations in PKC (Alfonso et al., 2016). This study demonstrated
that enhanced PKC activity mediates synaptic depression induced
by amyloid-β peptides (Alfonso et al., 2016). Other studies also
linked PKC activation to synaptic changes such as reduced
cell-surface expression of AMPA receptor (Liu et al., 2010)
and dysregulated structural plasticity (Calabrese and Halpain,
2005). These findings point to the importance of balanced
PKC activity in neuronal physiology. They also raise the
possibility that PKC-dependent functions of GAP-43 and BASP1
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affect cellular pathways whose dyshomeostasis contribute to
neurodegenerative diseases.

Calmodulin connects Ca2+ signals to cellular functions
through various effector proteins (Chin and Means, 2000).
These effectors include Ca2+/CaM-dependent kinases and
phosphatases like CaMKII and CaN. CaMKII and CaN critically
regulate synaptic functions (Mulkey et al., 1994; Pang et al.,
2010) and contribute to synaptopathy in neurodegenerative
diseases (Kuchibhotla et al., 2008; Gu et al., 2009; Teravskis
et al., 2018). CaM also affects pathogenic processes such
as Ca2+ dysregulation and pathogenic protein fibrillation by
directly binding the plasma membrane Ca2+ APTase (PCMA)
and amyloid-β peptides (Berrocal et al., 2012; Corbacho
et al., 2017). Likewise, CaM binding by GAP-43 and BASP1
may directly and indirectly affect processes involved in
neurodegenerative disorders.

FUNCTIONS OF GAP-43 AND BASP1
AND THEIR LINK TO
NEURODEGENERATIVE DISEASES

Growth-associated protein-43 and BASP1 regulate the actin
cytoskeleton, which in turn modulates axon outgrowth (Gomez
and Letourneau, 2014; Blanquie and Bradke, 2018) and synaptic
functions (Eitzen, 2003; Smythe and Ayscough, 2006). Actin
dynamics are altered in neurodegenerative disorders, and
this change culminates in structural defects and synaptic
dysfunctions. Disruption of dendritic actin filaments were
observed in Drosophila models of polyglutamine diseases (Lee
et al., 2011). This disruption was associated with decreased
dendritic complexity – an early deficit that may contribute
to the pathogenesis (Lee et al., 2011). Similarly, decreased
levels of synaptosomal actin filaments were detected in
mouse models and patient brains of Alzheimer’s Disease
(Kommaddi et al., 2018). This reduction inversely correlated
with dendritic spine density and behavioral performance
(Kommaddi et al., 2018). Moreover, in Drosophila, pathogenic
tau mutant and amyloid-β promoted abnormal accumulation and
bundling of actin filaments, which correlated with neurotoxicity
(Fulga et al., 2007).

In addition, actin binding proteins contribute to the
pathogenesis of neurodegenerative disorders. For instance,
the actin depolymerizing factor cofilin was found to be
hyperactivated in Alzheimer’s Disease (Bamburg et al., 2010).
The accumulation of hyperactivated cofilin formed cofilin-
actin rods that led to impaired synaptic functions and synapse
loss (Bamburg et al., 2010; Cichon et al., 2012; Munsie and
Truant, 2012). Conversely, the level of the actin stabilizing
protein drebrin was dramatically reduced in Alzheimer’s Disease
(Harigaya et al., 1996; Hatanpää et al., 1999). A reduction in
drebrin levels impaired neuritogenesis (Geraldo et al., 2008),
resulted in synaptic dysfunctions (Kojima and Shirao, 2007), and
correlated with cognitive impairment (Counts et al., 2006). These
findings warrant examination of the actin regulators GAP-43 and
BASP1 in neurodegenerative diseases.

REGULATION OF GAP-43 AND BASP1 IN
NEURODEGENERATIVE DISEASES

Growth-associated protein-43 and BASP1 were examined in
many neurodegenerative diseases – Alzheimer’s Disease (Masliah
et al., 1991; De La Monte et al., 1995; Bogdanovic et al., 2000;
Rekart et al., 2004; Musunuri et al., 2014; Tagawa et al., 2015),
Parkinson’s Disease (Caraveo et al., 2017; Saal et al., 2017; Wang
et al., 2019b), Huntington’s Disease (Apostol et al., 2006; Dong
and Cong, 2018), Amyotrophic Lateral Sclerosis (Parhad et al.,
1992; Ikemoto et al., 1999; Andrés-Benito et al., 2017), and Spinal
Muscular Atrophy (Fallini et al., 2016) – through studies of
human patients and cellular and animal models. Most of these
studies present correlational changes in GAP-43 and BASP1 but
do not address their functional implications. In the following
sections, GAP-43 and BASP1 will be discussed in the context
of Alzheimer’s and Parkinson’s Disease, two neurodegenerative
diseases in which they have been studied the most.

Alzheimer’s Disease
Alzheimer’s Disease (AD) is the most common
neurodegenerative disorder causing dementia (Barker et al.,
2002). AD is neuropathologically characterized by extracellular
amyloid beta (Aβ) deposits termed amyloid plaques (Masters
et al., 1985) and intracellular neurofibrillary tangles composed
of the microtubule-binding protein tau (Goedert et al., 1988).
While AD involves a widespread loss of neurons, it primarily
affects cholinergic neurons in the basal forebrain (Whitehouse
et al., 1982), noradrenergic neurons in the locus coeruleus
(Bondareff et al., 1982), and pyramidal neurons in the entorhinal
cortex, subiculum, and hippocampal CA1 (Hyman et al., 1984;
Morrison and Hof, 2002). These vulnerable neurons have
long and thin axons with sparse myelination (Braak and Del
Trecidi, 2015). Such axonal properties increase the energetic
demand and exposure to pathogenic species that contribute
to the vulnerability in AD (Braak and Del Trecidi, 2015).
Immunohistochemical studies found that GAP-43 levels were
decreased in the neocortex but was preserved or even elevated
in the hippocampus of AD patients (Masliah et al., 1991; De
La Monte et al., 1995; Bogdanovic et al., 2000; Rekart et al.,
2004). The reduction in cortical GAP-43 immunoreactivity
likely reflects a profound neuron loss. The preservation or
increase in hippocampal GAP-43 immunoreactivity raises the
possibility that surviving neurons, by upregulating GAP-43,
initiate axon outgrowth to compensate for the lost connections.
Hippocampal GAP-43 immunoreactivity was observed in
dystrophic neurites associated with plaques and correlated with
aberrant sprouting (Masliah et al., 1991; Bogdanovic et al., 2000),
which is characteristic of synaptic pathology in AD (Masliah,
1995). Based on this observation, GAP-43-associated axon
outgrowth appears to be unsuccessful in establishing functional
connections and seems to be contributing to the synaptic
pathology instead. Examination of entorhinal fibers in amyloid
precursor protein transgenic mice provides evidence that this
aberrant sprouting is driven by amyloid deposition (Phinney
et al., 1999). This finding highlights the importance of extrinsic
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factors on the successful regenerative response and emphasizes
the need for combined therapy that overcomes both extrinsic
and intrinsic barriers to axon remodeling. In agreement with
the immunohistochemical data, quantitative mass spectrometry
detected a reduction of GAP-43 in the temporal neocortex of AD
patients (Musunuri et al., 2014). The same study also measured
decreased levels of BASP1 in AD patients (Musunuri et al., 2014).
In addition to their changes in expression, the extent of their
phosphorylation was altered in AD. The overall phosphorylation
of both proteins decreased in the temporal lobe of AD patients
compared to non-AD individuals (Tagawa et al., 2015). For a
detailed analysis of the phosphoproteome over the course of
disease progression, four mouse models of AD at early, middle,
and late time points were examined with respect to control
mice. This analysis identified 5 phosphosites in GAP-43 and 6
phosphosites in BASP1 (Figure 2 shows equivalent sites in rat
proteins based on sequence alignment in Clustal Omega; Tagawa
et al., 2015). Phosphorylation at these sites generally increased
in the middle stage of pathology and progressively decreased
(Tagawa et al., 2015). Although the physiological relevance of
these changes remains to be examined, this study prompts us
to explore the possibility of modulating GAP-43 and BASP1
phosphorylation for therapeutic interventions in AD.

Parkinson’s Disease
Parkinson’s Disease (PD) is the most common neurodegenerative
movement disorder (Tysnes and Storstein, 2017). PD is
neuropathologically characterized by the accumulation of
α-synuclein inclusions termed Lewy bodies (Spillantini et al.,
1997). In PD, dopaminergic neurons in the substantia nigra pars
compacta (SNc) primarily degenerate, causing motor symptoms
such as bradykinesia, rigidity, and tremor (Tysnes and Storstein,
2017). The axons of the SNc dopaminergic neurons are long,
thin, and poorly myelinated (Braak et al., 2004). Additionally,
they branch extensively in the striatum and form extraordinarily
large numbers of synapses (Bolam and Pissadaki, 2012) with
transmitter release sites numbering up to 300,000 (Matsuda
et al., 2009). These axonal properties contribute to the selective
vulnerability in PD (Braak et al., 2004). A transcriptome-
based meta-analysis of multiple studies found that GAP-43
and BASP1 are downregulated in the brains of PD patients.
This same study identified BASP1 as an important regulator
of other differentially expressed genes associated with synaptic
signaling. Immunoreactivity of tyrosine hydroxylase (TH), a
marker for dopaminergic neurons, was reduced in the SNc and
striatum of PD patients in reflection of a substantial neuron
loss (Saal et al., 2017). However, in the remaining TH+ SNc
dopaminergic neurons, GAP-43 protein and mRNA levels were
likewise decreased. In agreement with these data, reduced GAP-
43 expression has also been detected in the cerebral spinal fluid
of PD patients (Sjogren et al., 2000). Further evidence implicates
the involvement of GAP-43 and BASP1 in PD. In an in vitro
scratch lesion model using α-syn mutations causing autosomal-
dominant forms of PD, the study found reduced neurite
regeneration and subsequent loss of dopaminergic neurons
accompanied by a reduction of striatal expression of GAP-43

(Tonges et al., 2014). In one PD patient, infusion with glial cell-
derived neurotrophic factor at the putamen provided benefits
even after cessation of treatment (Patel et al., 2013). While these
reports suggest that increasing GAP-43 expression and therefore
the axonal tree would be beneficial, other groups suggest that
reduction of the axonal tree, in fact, confers protection in models
of PD (Pacelli et al., 2015). The apparent discrepancy between
these studies can be addressed if taken into consideration that the
effect in neuronal sprouting needs to be regulated. In support of
this idea, one study found that modulation of the activity of GAP-
43 and BASP1 through CaN can alter the degeneration of axonal
trees and confer neuroprotection in a rat model of PD (Caraveo
et al., 2017). This model displayed presynaptic and behavioral
impairments along with hypophosphorylation at 3 CaN-sensitive
sites each in GAP-43 and BASP1 (Figure 2; Caraveo et al.,
2017). Treatment with low doses of Tacrolimus, which partially
inhibits CaN, ameliorated the presynaptic and behavioral deficits
in addition to rescuing phosphorylation at these sites (Caraveo
et al., 2017). This correlation suggests a potential involvement
of GAP-43 and BASP1 phosphorylation in PD pathogenesis.
Interestingly, Tacrolimus is an FDA-approved drug currently in
widespread clinical use at high doses to suppress the rejection of
organs in transplant patients, a process in which CaN also plays
a critical role (Tron et al., 2019). This opens the possibility that
Tacrolimus could be repurposed as a potential therapy for the
treatment of PD.

CONCLUDING REMARKS

Growth-associated protein-43 and BASP1 are essential for
developing axons to grow toward their correct targets and
form synaptic connections during neuronal development and
after neural injury. These axonal functions highly depend on
their expression levels and phosphorylation status, which when
modulated appropriately, can stimulate mature neurons to re-
enter a growth state. This transition, which can protect and
enable surviving neurons to re-establish functional connections,
has been explored as a therapeutic avenue for neurodegenerative
diseases. Specifically, the effects of delivering agents that
upregulate GAP-43, such as BDNF, have been tested in animal
models of PD (Gupta et al., 2009). BDNF treatment, although
unable to revert neurodegeneration, demonstrated protective
effects on remaining neurons and ameliorated behavioral
impairments (Palasz et al., 2020). Several investigations into
understanding the mechanism of potential therapies have
identified GAP-43 as either upregulated or essential for its
ameliorative effects. Levetiracetam for treatment of retinopathy
(Mohammad et al., 2019) as well as for the repair of convulsant-
induced cognitive impairment (Wang et al., 2019a) directly
signals through the PKC/GAP-43 signaling pathway. Similarly,
TGN-020 for treatment of spinal cord injury (Li et al., 2019b),
and senegenin for the potential treatment for Aβ-induced
neurotoxicity (Jesky and Chen, 2016), involve upregulation of
GAP-43 protein levels for both neuroprotection and in vitro
regeneration. Low GAP-43 levels in cerebrospinal fluid were
associated with a poorer response to treatment of primary
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progressive multiple sclerosis using fingolimod or alemtuzumab
(Sandelius et al., 2019) suggesting that GAP-43 is important in
mediating its therapeutic effects. In rat models of PD, treatments
with Pilose antler extracts led to an increase in striatal GAP-
43 protein expression and less dopaminergic SNc neuronal
cell death (Li et al., 2019a). Despite the positive effects of
neurotrophic factors in animal models, their short half-life,
low bioavailability, and limited permeability through the blood-
brain barrier (BBB) imposed challenges in their application to
patients (Palasz et al., 2020). Such challenges associated with
using neurotrophic factors to increase GAP-43 and BASP1 levels
can be avoided by using other pharmacological agents that can
cross the BBB and modulate their activities, for instance, via
phosphorylation. A potential candidate is the FDA-approved
CaN inhibitor Tacrolimus. In a rat model of PD, tacrolimus
was shown to cross the BBB, alter phosphorylation of GAP-
43 and BASP1, and confer neuroprotection at doses 10-fold
lower than the standard immunosuppressive dose (Caraveo
et al., 2017). At sub-immunosuppressive doses, the risk of
secondary effects, such as opportunistic infections, posterior
reversible leukoencephalopathy, and seizures typically achieved
at clinical doses would be avoided. Moreover, these lower
Tacrolimus doses would finely tune GAP-43 and BASP1 to drive
sufficient, but not hyperactive, axonal sprouting in a spatially
and temporally confined manner. This regulation is necessary
to promote regeneration specifically in the affected neuronal
populations at the right time window while preventing potential
complications arising from hyperconnectivity. Additionally,
external inhibitory factors in the central nervous system
(Fournier and Strittmatter, 2001) and other disease-associated

factors (Phinney et al., 1999) need to be prevented from blocking
axon growth or driving the formation of aberrant connections.
Moreover, determining the stages of pathogenesis at which
regeneration of remaining axons can be protective will be
important. Further exploration of these areas will facilitate the
development of GAP-43- and BASP1-targeting therapies for
neurodegenerative diseases.
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The germinal matrix-intraventricular hemorrhage (GM-IVH) is one of the most
devastating complications of prematurity. The short- and long-term neurodevelopmental
consequences after severe GM-IVH are a major concern for neonatologists. These kids
are at high risk of psychomotor alterations and cerebral palsy; however, therapeutic
approaches are limited. Erythropoietin (EPO) has been previously used to treat several
central nervous system complications due to its role in angiogenesis, neurogenesis and
as growth factor. In addition, EPO is regularly used to reduce the number of transfusions
in the preterm infant. Moreover, EPO crosses the blood-brain barrier and EPO receptors
are expressed in the human brain throughout development. To analyze the role of EPO
in the GM-IVH, we have administered intraventricular collagenase (Col) to P7 mice, as a
model of GM-IVH of the preterm infant. After EPO treatment, we have characterized our
animals in the short (14 days) and the long (70 days) term. In our hands, EPO treatment
significantly limited brain atrophy and ventricle enlargement. EPO also restored neuronal
density and ameliorated dendritic spine loss. Likewise, inflammation and small vessel
bleeding were also reduced, resulting in the preservation of learning and memory
abilities. Moreover, plasma gelsolin levels, as a feasible peripheral marker of GM-IVH-
induced damage, recovered after EPO treatment. Altogether, our data support the
positive effect of EPO treatment in our preclinical model of GM-IVH, both in the short
and the long term.

Keywords: brain atrophy, neuronal loss, erythropoietin, gelsolin, germinal matrix-intraventricular hemorrhage,
preterm infant

INTRODUCTION

Every year there are over 15 million preterm births and ∼7% of these kids suffer long term
neurodevelopmental impairment (Maxwell et al., 2017). The germinal matrix-intraventricular
hemorrhage (GM-IVH) is one of the most common complications observed in the preterm infant
(PTI) (Tan et al., 2018). While the incidence of GM-IVH has declined since the 1990s, due to
improvements in neonatal care, the increased survival of extremely PTI has also contributed to
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maintain the absolute number of GM-IVH very high (Mukerji
et al., 2015). GM-IVH in premature infants arises from the
germinal matrix (GM), which is a complex vascularized layer
rich in immature vessels that surrounds the lateral ventricles,
corresponding with the subventricular zone (SVZ), from where
neurons and glial cells rise during fetal development. GM
microvasculature is extremely fragile due to an abundance
of angiogenic blood vessels that exhibit paucity of pericytes,
immaturity of basal lamina and deficiency of glial fibrillary
acidic protein in the ensheathing astrocytes endfeet (Ballabh,
2010). Therefore, PTI with very low weight birth are more
susceptible to local hemorrhage (Perlman, 2009). The short-
and long-term neurodevelopmental complications in the PTI
with severe or even mild GM-IVH are a major concern,
since these kids are at high risk of neurosensory impairment,
developmental delay, cerebral palsy, deafness, psychomotor
alterations or cerebral palsy (Ballabh, 2010; Mukerji et al., 2015;
Benavente-Fernandez et al., 2018).

Therapeutic approaches focus on enhancing the stability of
GM vasculature and regulating the cerebral blood flow (Ballabh,
2010). Following this idea, erythropoietin (EPO) promotes
the survival, proliferation and differentiation of erythrocyte
progenitors in bone marrow (Lombardero et al., 2011) and is
regularly used in PTI to reduce the number of transfusions. EPO
crosses the blood-brain barrier in a dose-dependent manner and
EPO receptors are expressed in the human brain throughout
development (Kollensperger et al., 2011). Previous studies have
reported that EPO can play a potential role in angiogenesis
and neurogenesis (Lombardero et al., 2011; Juul and Pet, 2015).
Thus, EPO has been used to treat infants with hypoxic-ischemic
encephalopathy (Razak and Hussain, 2019). EPO treatment to
PTI has shown a significant decrease of white matter injury and it
might improve neurodevelopmental outcome of extremely PTI
(Neubauer et al., 2010), although other studies failed to detect
significant benefits, as recent PENUT study has recently reported
(Juul et al., 2020). At present, EpoRepair (Erythropoietin for the
Repair of Cerebral Injury in Very Preterm Infants) trial (Ruegger
et al., 2015) outcomes are also awaited soon. Therefore, the role
of EPO in GM-IVH of the PTI remains unclear. To deepen at
this level, we have induced a GM-IVH in mice by intraventricular
administration of collagenase (Col). After EPO treatment, brain
atrophy and ventricular dilatation were significantly reduced.
Spine and neuronal loss were limited, and overspread small
vessel damage and inflammation were reduced, resulting in the
preservation of learning and memory abilities. Interestingly,
plasma gelsolin levels, as a feasible peripheral marker of
GM-IVH-induced damage, previously observed in other brain
disorders (Xu et al., 2012; Peng et al., 2015; Benavente-Fernandez
et al., 2018), recovered after EPO administration.

MATERIALS AND METHODS

Animals and Treatments
Germinal matrix-intraventricular hemorrhage was induced to
male and female CD1 mice at P7 by intracerebroventricular
(icv) infusion of Col VII-S (batch number: SLBG8830V Sigma,

St Louis, MO) (Segado-Arenas et al., 2018). Mice were
anesthetized with isoflurane and placed in a stereotaxic frame
(David-Kopf, California, United States). 0.3 IU of Col in 1 µl of
TESCA 50 mM (TES buffer, Sigma, ref. T1375, St. Louis, MO,
United States) and calcium chloride anhydrous 0.36 mM (Sigma,
ref. C1016, St. Louis, MO, United States), pH7.4 and 37○C, were
injected with Hamilton syringe in the right ventricle at 0.2 µl/min
(+ 5 more minutes to avoid the retraction of the liquid). Sham
animals received 1 µl of TESCA. Control mice received no
injection. EPO treatment (10.000 or 20.000 IU) (EPO10 and
EPO20) was ip injected on 3 consecutive days: immediately after
completing the lesions, as well as 24 and 48 h later (Kaindl et al.,
2008; Fan et al., 2011; Zhang et al., 2020). A set of mice (10–
12/group) were sacrificed at P14 to analyze the early effects of
EPO and a second set (10–12/group) were aged up to P70 to
assess the long-term effects of EPO treatment. Two weeks before
sacrifice mice underwent behavioral assessment. Animals that
died before the experiments were completed were not included in
subsequent analyses. All animals were maintained in the Animal
Facility of the University of Cadiz under 12 h light/dark cycles
and controlled temperature (21 ± 2○C) with ad libitum access
to food and water. All experimental procedures were approved
by the University of Cadiz Bioethical Committee (Guidelines for
Care and Use of Experimental Animals, European Commission
Directive 2010/63/UE and Spanish Royal Decree 53/2013).

Rotarod
Rotarod (Ugo Basile Srl; Varese, Italia) was used to evaluate motor
skills as described (Segado-Arenas et al., 2018). Mice were placed
in the cylinder 4 min at 4 rpm for habituation purposes. During
the test speed was progressively increased from 4 to 60 rpm, in
1 min, and the time spent on the rotarod was recorded.

Morris Water Maze
A round pool (0.95 m in diameter) was filled with water
(21 ± 1○C) and four equal virtual quadrants were indicated with
geometric cues located in the walls. Experiments were run as
previously described (Infante-Garcia et al., 2017). Briefly, the
scape platform was invisible, 2–3 cm below the surface. The
acquisition started starting 12 days before sacrifice and consisted
of 4 trials/day for 4 days with the submerged platform in the
virtual quadrant number 2. Time limit to locate the platform
was 60 s/trial with an intertrial interval of 10 min. When the
animal did not find the platform it was manually placed on it
for 10 s. Retention 1 commenced 24 h after the finalization of
the acquisition phase, and retention 2 was run 72 h after the
end of the acquisition phase. Retention phases consisted in a
single trial with the platform removed. Time required to locate
the platform (acquisition), percentage of time spent in quadrant
2 (retention) and swimming velocity were analyzed using Smart
software, Panlab (Spain).

Motor Activity and New Object
Discrimination Task
Spontaneous motor activity was analyzed by measuring the
distance traveled by mice for 30 min in a rectangular box
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(22 × 44 × 40 cm), as described (Infante-Garcia et al., 2016).
The next day mice were placed in the same box and exposed to
two objects (not used afterward), for habituation purposes. On
the third day mice were exposed to two sample trials and a test
trial. On the first sample trial, mice were placed into the center of
the box containing 3 copies of an object arranged in a triangle-
shaped spatial configuration. Mice explored for 5 min and after
30 min delay they received a second sample trial with 4 novel
objects, arranged in a quadratic-shaped spatial configuration, for
another 5 min. Test trial was performed after 30 min delay and
mice were exposed to 2 copies of the object from sample trial 2
(“recent” objects) placed at the same position, and 2 copies of the
object from sample trial 1 (“familiar” objects) placed one of them
at the same position (“familiar non-displaced” object) and the
another in a new position (“familiar displaced” object). “What,”
“where” and “when” integrated episodic memories were analyzed
as described (Infante-Garcia et al., 2016).

Cresyl Violet Staining
We analyzed brain morphology in 6 sections 1 mm apart (from
1.5 to −3.5 mm from Bregma). Sections were dehydrated in
70% ethanol for 15 min. They were stained with cresyl violet
(Sigma, St. Louis, MO, United States) solution (0.5% w/v) for
10 min, as previously described (Ramos-Rodriguez et al., 2017).
Sections were then fixed sequentially in 0.25% acetic acid, 100%
ethanol and xylene for 2 min. Sections were mounted with DPX
(Sigma, St. Louis, MO, United States). Analysis was conducted
blind to the experimental conditions. Images were acquired using
an optical Olympus Bx60 microscope (Japan) with an attached
Olympus DP71 camera and Cell F software (Olympus, Hamburg,
Germany). Cortex and lateral ventricle sizes were measured using
Adobe Photoshop and Image J software.

NeuN and Microglia Immunostaining
NeuN and microglia immunohistochemistry was performed as
described (Infante-Garcia et al., 2015). Anti-NeuN (Chemicon,
CA, United States) (1:200) and anti-Iba1 (Wako, Osaka, Japan)
(1:1000) were used as primary antibodies for neuron and
microglia assessment and incubated overnight at 4○C. Alexa
Fluor 594 or Alexa Fluor 488 (1:1000), respectively, were
used as secondary antibodies. DAPI 1mg/ml (Sigma) (1:3000)
counterstain was used after NeuN immunohistochemistry and
the percentage of NeuN-positive cells (normalized by total cells
stained with DAPI) was quantified in the cortex and the SVZ
using Image J software (Ramos-Rodriguez et al., 2016). Analysis
was conducted blind to the experimental conditions. Number
of microglia cells, individual microglia size and burden were
quantified in the cortex and the SVZ using Image J software
(Infante-Garcia et al., 2016).

Golgi-Cox Staining
Neuron architecture was further analyzed by Golgi-Cox
staining, using Rapid Golgi Stain Kit (FD Neurotechnologies,
United States. Ref: PK401) following manufacturer’s indications
with minor modifications. Brains were maintained in the
kit solutions for 3 weeks, and in 3% agarose liquid solution
afterward. Blocks were cut into 200 µm on a vibratome

(Ted Pella, Inc., California, United States) Sections were
stained as indicated by manufacturer. Sections were dehydrated
with ethanol and mounted with DPX (Sigma, United States).
Neurons were photographed with Olympus U-RFLT microscope
(Olympus, Japan), using MMI Cell Tools software. Neuronal
complexity was analyzed by sholl analysis in 10 µm concentric
circles from neuronal soma. Analysis was conducted blind to
the experimental conditions. Number of crossings every 10 µm
were quantified. Spine density was calculated (spines/10 µm)
(Infante-Garcia et al., 2015). Ratios of curvature were calculated
by dividing the end-to-end distance of a dendrite segment by
the total length between the two segment ends using Image J
software (Ramos-Rodriguez et al., 2017).

Prussian Blue Staining
Consecutive sections to those used for cresyl violet staining
were used for Prussian blue iron staining and neutral red
counterstaining to analyze the presence of hemorrhages
(Infante-Garcia et al., 2015). Images were acquired using an
optical Olympus Bx60 microscope (Japan) with an attached
Olympus DP71 camera and Cell F software (Olympus,
Hamburg, Germany). Analysis was conducted blind to the
experimental conditions. Hemorrhage burden (% of area covered
by hemorrhages) was analyzed in the SVZ (up to 20 µm from
the lateral ventricles), the cortex and the hippocampus using
ImageJ software.

Western Blot for Tau and Akt
We quantified phopho-tau, total tau, phospo-Akt and total
Akt levels in the striatum (including the SVZ), cortex and
hippocampus from all animals under study. Samples were
prepared as previously described (Infante-Garcia et al., 2016).
Briefly, tissue was homogenized in lysis buffer (Cell Signaling,
United States) with a protease/phosphatase inhibitor cocktail
(Sigma, United States). After centrifugation for 5 min, at
15000 g and 4 ○C Bradford (Bio-Rad, Germany) protein assay
was used for protein concentration in supernatants. Proteins
were separated on 10% acrylamide-bisacrylamide gels, followed
by electrophoretic transfer to PVDF membranes (Schleicher
& Schuell, Keene, NH). Antibodies used included: phospho-
tau clone AT8 (1:1000, Fisher Scientific, MA, United States),
phospho-Akt (Ser473) (1:1000) (Cell signaling, United States),
anti-total Akt antibody (1:2000) (cell signaling, United States)
and anti-total tau antibody (1:1000) (DAKO, Denmark).
Optical density was semi-quantified after normalizing to β-actin
(1:2,500,000) (Sigma, United States), using ImageJ software. Data
were represented as percentage of Control values.

Matrix Metalloproteinase 9 and Gelsolin
Plasma Determinations
Plasma matrix metalloproteinase 9 (MMP9) and gelsolin levels
were measured, as feasible markers of central damage, in
the short (P14) and the long (P70) term. We used ELISA
kits for MMP9 (R&D System Corp, MN, United States) and
gelsolin (Cusabio Biotech Co., Wuhan, Hubei Province, China),
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following manufacturer’s indications as previously described
(Segado-Arenas et al., 2018).

Statistical Analysis
One-way ANOVA, followed by Tuckey b test or Tamhane
tests as required, were used. No statistical differences were
detected between Sham and Control groups, therefore all animals
were combined in a single Control group. Two-way ANOVA
was used to analyze the MWM test (groupXday) and neurites
architecture (groupXradius). SPSS v.15 software was used for all
statistical analysis.

RESULTS

EPO Significantly Restores Cognitive
Impairment After Inducing a GM-IVH
The overall compromise in GM-IVH mice for “what,” “where”
and “when” paradigms in the new object discrimination test,
was significant improvement after EPO treatment (“what”
[F(5,225) = 11.30, ∗∗p < 0.01 vs. rest of the groups, ##p < 0.01
vs. Control and Control + EP20], “where” [F(5,249) = 8.36,
∗∗p < 0.01 vs. rest of the groups, ##p < 0.01 vs. Control],
“when” [F(5,258) = 10.95, ∗∗p < 0.01 vs. rest of the groups,
##p < 0.01 vs. Control and Control + EP20]) (Figure 1A). Similar
results were detected in the Morris water maze test. We did
not detect a significant groupXday effect [F(15,1335) = 0.859,
p = 0.611], although further daily assessment revealed differences
on individual acquisition days (day 1 [F(5,371) = 0.878, p = 0.496],
day 2 [F(5,344) = 0.969, p = 0.437], day 3 [F(5,351) = 3.498,
∗∗p = 0.004 vs. rest of the groups], day 4 [F(5,358) = 2.59,
†p = 0.025 vs. Control, Control + EPO10, Control + EPO20 and
Col + EPO20]) (Figure 1B). Also in the retention phase, EPO10
and EPO20 significantly improved Col-induced impairment
(24 h [F(5,85) = 4.29, ††p = 0.002 vs. Control, Control + EPO10,
Control + EPO20 and Col + EPO10]; 72 h [F(5,89) = 2.75,
‡p = 0.025 vs. Control and Col + EPO20]) (Figure 1C). Time
in rotarod ([F(5,57) = 0.611, p = 0.962]), spontaneous motor
activity ([F(5,85) = 0.289, p = 0.917]) and swimming velocity
([F(5,89) = 0.781, p = 0.566]) (Figure 1D) were not affected,
suggesting that alterations in learning and memory were motor-
independent. However, we cannot exclude that larger lesions may
reproduce motor-related alterations, as commonly observed in
patients (Hinojosa-Rodríguez et al., 2017).

EPO Treatment Reduces Brain Atrophy
and Neuronal Alterations After Inducing
a GM-IVH
One week after Col lesions, the size of the ipsilateral hemispheres
was reduced. EPO10 partially limited this effect, that was
completely reversed by EPO20 treatment [F(5,222) = 3.775,
‡‡p = 0.003 vs. Control, Control + EPO10 and Control + EPO20,
##p = 0.003 vs. Control + 10]. The effect was still present at P70
[F(5,174) = 2.83, ∗p = 0.017 vs. rest of the groups] (Figure 2A).
Reduced cortical size was slightly improved by EPO treatment,
although differences did not reach statistical significance in the

FIGURE 1 | EPO treatment significantly reduces GM-IVH cognitive impairment
at P70. (A) Episodic memory is significantly impaired at P70 after inducing a
GM-IVH, and EPO10 and EPO20 treatment counterbalances this limitation for
“what” (**p < 0.01 vs. rest of the groups, ##p < 0.01 vs. Control and
Control + EPO20), “where” (**p < 0.01 vs. rest of the groups, ⊺⊺p < 0.01 vs.
Control) and “when” (**p < 0.01 vs. rest of the groups, ##p < 0.01 vs. Control
and Control + EPO20) paradigms. (B) Spatial memory was also impaired after
Col lesions, when analyzed in the acquisition phase of the Morris water maze,
while EPO treatments significantly reversed this situation on individual days
(day 1: p = 0.496, day 2: p = 0.437, day 3: **p = 0.004 vs. rest of the groups,
day 4: †p = 0.025 vs. Control, Control + EPO10, Control + EPO20 and
Col + EPO20). (C) A similar profile was observed in the retention phase and
EPO10 and EPO20 treatment significantly improved the time spent where the
platform used to be located, 24 (††p = 0.002 vs. Control, Control + EPO10,
Control + EPO20 and Col + EPO10) and 72 h (‡p = 0.025 vs. Control and
Col + EPO20) after completing the acquisition phase. (D) Motor skills were not
affected in rotarod (p = 0.962), spontaneous motor activity (p = 0.917) and
swimming velocity (p = 0.566).

short term (P14) [F(5,222) = 1.107, p = 0.358]. In the long term
(P70) EPO treatment improved cortical atrophy [F(5,175) = 2.95,
‡p = 0.014 vs. Control and Col + EPO10] (Figure 2A). Also, EPO
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FIGURE 2 | Continued
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FIGURE 2 | EPO treatment limits brain atrophy and neuronal alterations after induction of a GM-IVH with Col. (A) Ipsilateral hemisection size was reduced in P14
and P70 mice while EPO treatment limited this effect (P14: ‡‡p = 0.003 vs. Control, Control + EPO10 and Control + EPO20, ##p = 0.003 vs. Control + EPO10; P70:
*p = 0.017 vs. rest of the groups). Differences observed in the cortex did not reach statistical significance at P14 (p = 0.358), although at P70 cortical compromise
was ameliorated by EPO treatment (‡p = 0.014 vs. Control and Col + EPO10). Significant ventricle enlargement was detected at P14 and EPO treatment reversed
this effect (**p = 0.001 vs. rest of the groups) and a similar profile was observed at P70 (††p = 0.001 vs. Control, Control + EPO10, Control + EPO20, Col + EPO20).
(B) Illustrative example of cresyl violet staining showing the ipsilateral ventricle enlargement at P14 and P70, after inducing a GM-IVH, while ventricle size is
maintained in mice treated with EPO. Red line borders the ventricle. Scale bar = 250 µm. (C) At P14, NeuN/DAPI ratio was reduced in the ipsilateral cortex and EPO
treatment improved this situation (#p = 0.034 vs. Control, Control + EPO10 and Col + EPO10). A similar profile was observed at P70 (**p < 0.001 vs. rest of the
groups, ‡‡p < 0.01 vs. Control, Control + EPO10 and Control + EPO20). The SVZ was also affected after Col lesions and EPO treatment significantly improved the
NeuN/DAPI ratio both at P14 and P70 (P14: ††p = 0.002 vs. Control, Control + EPO10, Control + EPO20 and Col + EPO20; P70: ††p = 0.002 vs. Control,
Control + EPO10, Control + EPO20 and Col + EPO20; P70). (D) Illustrative example of NeuN (red)/DAPI (blue) staining in the ipsilateral cortex and SVZ from mice
with GM-IVH induced by Col, where a reduction in NeuN+cells can be observed, while more NeuN+cells are detected after EPO10 and EPO20 treatment. Scale
50 µm. (E) Neuronal complexity was affected by Col lesions and EPO treatment significantly improved this effect at P14 (**p < 0.01 vs. rest of the groups;
‡p = 0.017 vs. Cont + EPO20; ‡‡p = 0.003 vs. Cont + EPO20; ⍑⍑p < 0.01 vs. rest Control and Cont + EPO20) or P70 (**p < 0.01 vs. rest of the groups,
‡‡p < 0.01 vs. Control, Control + EPO20; ††p < 0.01 vs. Control + EPO20, Col + EPO10 and Col + EPO20). (F) Neuron curvature ratio was also impaired after Col
lesions and EPO treatment significantly ameliorated this situation both at P14 (**p < 0.01 vs. rest of the groups) and P70 (**p < 0.01 vs. rest of the groups). (G) Spine
density compromise was also limited after EPO treatment in the ipsilateral hemispheres at P14 (**p < 0.01 vs. rest of the groups, ‡‡p < 0.01 vs. Control,
Control + EPO10 and Control + EPO20, ##p < 0.01 vs. Control and Control + EPO10) and at P70 (**p < 0.01 vs. rest of the groups, ‡‡p < 0.01 vs. Control,
Control + EPO10 and Control + EPO20, ⊺⊺p < 0.01 vs. Control + EPO10). (H) Illustrative example of spines labeled by Golgi-Cox staining. A reduction in spine
density is observed in mice after lesions with Col and this effect is limited by EPO10 and EPO20 treatment at P14 and P70. Scale = 12.5 µm.

treatment completely reversed ventricle enlargement after Col
lesions at P14 [F(5,104) = 4.48, ∗∗p = 0.001 vs. rest of the groups]
(Figures 2A,B). A similar profile was detected with EPO20 at
P70 [F(5,146) = 4.21, ††p = 0.001 vs. Control, Control + EPO10,
Control + EPO20, Col + EPO20] (Figure 2A). No statistical
differences were observed when EPO10 and EPO20 treatments
were compared, and even though a slightly higher improvement
was observed in the cortex from EPO10-treated animals at P70,
an overall better response was observed after EPO20 treatments
in all the other paradigms under study, including cortical size at
P14, as well as hemisection and ventricle sizes at P14 and P70.

At P14 NeuN/DAPI ratio was reduced in the ipsilateral cortex
after Col lesions, and EPO treatment improved this situation
[F(5,3428) = 2.41, #p = 0.034 vs. Control, Control + EPO10
and Col + EPO10] (Figures 2C,D). A similar outcome was
observed at P70 [F(5,2996) = 14.35, ∗∗p < 0.001 vs. rest
of the groups, ‡‡p < 0.01 vs. Control, Control + EPO10
and Control + EPO20] (Figures 2C,D). EPO20 treatment
also improved NeuN/DAPI compromise in the SVZ at P14
[F(5,987) = 3.82, ††p = 0.002 vs. Control, Control + EPO10,
Control + EPO20 and Col + EPO20] and P70 [F(5,977) = 4.73,
††p = 0.002 ‡vs. Control, Control + EPO10, Control + EPO20
and Col + EPO20] (Figures 2C,D).

Neuronal architecture was also altered after GM-IVH.
Analysis of neurites intersections by sholl analysis after Golgi-
Cox staining revealed a groupXradius distance effect by 2 way
ANOVA in the ipsilateral hemisphere at P14 [F(25,3997) = 1.54,
p = 0.041]. Further assessment of individual distances revealed
and overall improvement in mice treated with EPO10 and
EPO20 (<10 µm [F(5,670) = 7.59, ∗∗p < 0.01 vs. rest of the
groups]; 10–20 µm [F(5,669) = 7.28, ∗∗p < 0.01 vs. rest of
the groups]; 20–30 µm [F(5,658) = 5.08, ∗∗p < 0.01 vs. rest
of the groups]; 30–40 µm [F(5,656) = 6.60, ⍑⍑p < 0.01 vs.
Control and Cont + EPO20]; 40–50 µm [F(5,671) = 3.60,
‡‡p < 0.01 vs. Cont + EPO20]; 50–60µm [F(5,673) = 3.87,
‡‡p = 0.002 vs. Cont + EPO20] (Figure 2E). At P70, we did
not detect a significant groupXradius effect by 2 way ANOVA
[F(25,3779) = 0.964, p = 0.514]. Assessment of individual distances

revealed that EPO treatment limited neuronal simplification
(<10 µm [F(5,456) = 11.10, ∗∗p < 0.01 vs. rest of the
groups, ‡‡p < 0.01 vs. Control, Control + EPO20]; 10–20 µm
[F(5,668) = 10.48, ∗∗p < 0.01 vs. rest of the groups; ††p < 0.01
vs. Control + EPO20, Col + EPO10 and Col + EPO20]; 20–
30 µm [F(5,655) = 8.77, ∗∗p < 0.01 vs. rest of the groups];
30–40 µm [F(5,662) = 6.60, ∗∗p < 0.01 vs. rest of the groups];
40–50 µm [F(5,664) = 8.42, ∗∗p < 0.01 vs. rest of the groups];
50–60 µm [F(5,674) = 6.51, ∗∗p < 0.01 vs. rest of the groups])
(Figure 2E). Neuron curvature ratio was also impaired after
Col lesions and EPO treatment significantly ameliorated this
situation both at P14 ([F(5,813) = 5.78, ∗∗p < 0.01 vs. rest
of the groups]) and P70 ([F(5,565) = 5.901, ∗∗p < 0.01 vs.
rest of the groups]) (Figure 2F). Spine density (number of
spines/10 µm) was also restored after EPO treatment in the
short (P14 [F(5,3985) = 27.55, ∗∗p < 0.01 vs. rest of the groups,
‡‡p < 0.01 vs. Control, Control + EPO10 and Control + EPO20,
##p < 0.01 vs. Control and Control + EPO10]) and the long
term (P70 [F(5,1091) = 15.44, ∗∗p < 0.01 vs. rest of the groups,
‡‡p < 0.01 vs. Control, Control + EPO10 and Control + EPO20, –
p < 0.01 vs. Control + EPO10]) (Figures 2G,H).

EPO Treatment Reduces Central
Bleeding in a GM-IVH Model
Increased hemorrhage burden in the SVZ after Col lesions was
completely reversed by EPO10 and EPO20 administration at
P14 [F(5,112) = 11.089, ∗p = 0.013 vs. rest of the groups]
and P70 [F(5,125) = 11.089, ∗∗p < 0.01 vs. rest of the
groups], due to a reduction in the number of individual
hemorrhages (P14: [F(5,111) = 2,76, ∗p = 0.021 vs. rest of
the groups]; P70: [F(5,127) = 15.36, ∗∗p < 0.01 vs. rest of
the groups], while individual hemorrhage size was not affected
(P14: [F(5,1111) = 1.55, p = 0.169] P70 [F(5,149) = 0.967,
p = 0.440]) (Figure 3A). A similar profile was observed in
the cortex and increased hemorrhage burden was reduced by
EPO (P14 [F(5,271) = 12.16, ∗∗p < 0.01 vs. rest of the groups];
P70 [F(5,277) = 6.64, ∗∗p < 0.01 vs. rest of the groups]),
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FIGURE 3 | EPO treatment reduces vascular damage and inflammation after inducing a GM-IVH. (A) Hemorrhage burden was significantly increased in the SVZ after
Col lesions and EPO10 and EP20 treatments reversed this effect, both in the short (P14) and the long term (P70) (P14: *p = 0.013 vs. rest of the groups and P70:
**p < 0.01 vs. rest of the groups). The number of individual hemorrhages was reduced after EPO treatment (P14: *p = 0.021 vs. rest of the groups; P70: **p < 0.01
vs. rest of the groups), while individual hemorrhage size was not affected (P14: p = 0.169]; P70: p = 0.440]. When we analyzed the cortex we observed a similar
profile and increased hemorrhage burden, after Col lesions, was reduced by EPO treatment (P14: **p < 0.01 vs. rest of the groups; P70: **p < 0.01 vs. rest of the
groups), due to a reduction in the number of individual hemorrhages after the treatment (P14: **p < 0.01 vs. rest of the groups; P70: ††p < 0.01 vs. Control,
Control + EPO10, Control + EPO20 and Col + EPO20), while hemorrhage size was not affected (P14: p = 0.123; P70: p = 0.296). In the hippocampus, increased
hemorrhage burden in the ipsilateral side was reversed by EPO administration (P14: *p = 0.02 vs. rest of the groups; P70: **p < 0.01 vs. rest of the groups,
##p < 0.01 vs. Control + EPO10 and Control + EPO20). The number of individual hemorrhages was reduced after the treatment (P14: †p = 0.046 vs. Control,
Control + EPO10, Control + EPO20 and Col + EPO10; and P70: **p < 0.01 vs. rest of the groups, ††p < 0.01 vs. Control, Control + EPO10, Control + EPO20,
Col + EPO20) while hemorrhage size was not affected (P14: p = 0.005, no further differences detected; P70: p = 0.270). (B) Illustrative images of cortical Prussian
blue staining and Congo red counterstain for hemorrhages. Increased bleeding after Col lesions was reduced by EPO treatment both at P14 and P70. Green arrow
point at individual cortical hemorrhages. Scale bar = 250 µm. Bottom panels show increased hemorrhage burden in the SVZ from Col-lesioned animals, both at P14
and P70. Scale bar = 25 µm. (C) Microglia activation after Col lesions was reduced by EPO treatment at P14 and P70 in the SVZ (P14: ##p = 0.003 vs. Control and
Control + EPO20; P70: **p < 0.01 vs. rest of the groups), cortex (P14: ‡‡p < 0.01; P70: **p < 0.01 vs. rest of the groups; ##p < 0.01 vs. Control) and hippocampus
(P14: ‡‡p < 0.01 vs. Control, Control + EPO10 and Control + EPO20; P70: p = 0.098). (D) Illustrative example of microglia immunostaining for IBA-1 (green) in the
SVZ and cortex from all groups under study. Increased microglia activation can be observed in Col-treated mice while EPO treatment significantly reduces this effect.
Scale bar = 50 µm.

number of individual hemorrhages was reduced by EPO (P14
[F(5,266) = 20.75, ∗∗p < 0.01 vs. rest of the groups]; P70
[F(5,228) = 10.01, ††p < 0.01 vs. Control, Control + EPO10,
Control + EPO20 and Col + EPO20]) while hemorrhage size was
not affected (P14 [F(5,553) = 1.74, p = 0.123]; P70 [F(5,690) = 1.22,
p = 0.296]) (Figures 3A,B). The hippocampus showed a similar
trend (hemorrhage burden: P14 [F(5,124) = 2.79, ∗p = 0.02
vs. rest of the groups]; P70 [F(5,103) = 13.01 ∗∗p < 0.01
vs. rest of the groups, ##p < 0.01 vs. Control + EPO10 and
Control + EPO20]; number of hemorrhages: P14 [F(5,124) = 2.33,
†p = 0.046 vs. Control, Control + EPO10, Control + EPO20
and Col + EPO10] and P70 [F(5,116) = 15.80, ∗∗p < 0.01 vs.
rest of the groups, ††p < 0.01 vs. Control, Control + EPO10,
Control + EPO20, Col + EPO20] and hemorrhage size: P14
[F(5,285) = 3.42, p = 0.005, no further differences detected], P70
[F(5,286) = 1.28, p = 0.270]).

Inflammation Is Reduced in a GM-IVH
After EPO Treatment
After Col lesions, microglia burden was analyzed in the SVZ,
cortex and hippocampus at P14 and P70. Col-induced GM-
IVH increased microglia burden, and EPO treatment limited

this effect when we analyzed the SVZ at P14 [F(5,817) = 3.63,
##p = 0.003 vs. Control and Control + EPO20] and at
P70 [F(5,768) = 4.71, ∗∗p < 0,01 vs. rest of the groups]
(Figures 3C,D). We observed a similar profile when we analyzed
the cortex, and EPO treatment reduced microglia burden at P14
([F(5,3870) = 12.66, ‡‡p < 0,01 vs. Control, Control + EPO10 and
Control + EPO20]) and P70 ([F(5,3521) = 18.122, ∗∗p < 0,01 vs.
rest of the groups; ##p < 0.01 vs. Control]) (Figures 3C,D). In
the hippocampus, EPO treatment successfully reduced microglia
burden at the highest dose (EPO20) at P14 [F(5,775) = 14.78,
‡‡p < 0.01 vs. Control, Control + EPO10 and Control + EPO20],
whereas differences did not reach statistical significance at P70
[F(5,687) = 1.86, p = 0.098]) (Figure 3C).

EPO Treatment Reduces Tau
Phosphorylation in a GM-IVH Murine
Model
Increased tau phosphorylation after Col lesions was reduced
by EPO treatment at P14, however, differences did not reach
statistical significance (striatum [F(5,25) = 1.61, p = 0.193];
cortex: [F(5,25) = 0.275, p = 0.922] and hippocampus:
[F(5,24) = 0.8889, p = 0.504]) (Figures 4A,B). At P70 EPO
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FIGURE 4 | EPO treatment reduces tau and Akt phosphorylation after Col lesions. (A) Increased tau phosphorylation after Col lesions was reduced after EPO
treatment at P14 although differences did not reach statistical significance (striatum: p = 0.193; cortex: p = 0.922 and hippocampus: p = 0.504]). A similar profile
was observed when we analyzed animals in the long term (P70) (striatum: #p = 0.023 vs Control + EPO20; cortex: p = 0.658 and hippocampus: p = 0.522).
(B) Illustrative example of phospho-tau/total tau striatum westerns blots at P14 and P70, showing an increased phosphorylation after Col lesions at P70, that is
reduced by EPO treatment. (C) Increased phosphor-Akt/total Akt ratios after Col lesions were reduced by EPO treatment in the ipsilateral hemisphere although
differences did not reach statistical significance at P14 (striatum: p = 0.127; cortex: p = 0.552; hippocampus: p = 0.055) or at P70 (striatum: p = 0.931; cortex:
p = 0.425; hippocampus: p = 0.475). (D) Illustrative example of striatum phosphor-Akt/total Akt western blots at P14 and P70, after EPO treatments.

limited tau hyperphosphorylation in the striatum [F(5,26) = 3.17,
#p = 0.023 vs. Control + EPO20]) and while a similar
profile was observed in the hippocampus, differences did not
reach statistical significance [F(5,24) = 0.860, p = 0.522]. No
differences were observed in the cortex at P70 [F(5,24) = 0.659,
p = 0.658] (Figures 4A,B).

Effect of EPO Treatment on Akt
Phosphorylation in a GM-IVH Murine
Model
We detected a slight increase in phosphoAkt/total Akt ratios
after inducing a GM-IVH. EPO treatment reduced this effect
in the ipsilateral hemisphere although no differences were
observed at P14 (striatum [F(5,25) = 1.91, p = 0.127]; cortex
[F(5,25) = 0,813, p = 0.552], hippocampus [F(5,24) = 2.54,
p = 0.055]) (Figures 4C,D) or P70 (striatum P70 [F(5,30) = 0.260,
p = 0.931]; cortex [F(5,22) = 1.029, p = 0.425]; hippocampus
[F(5,31) = 0.930, p = 0.475]) (Figures 4C,D).

EPO Treatment Reduces Alterations in
Plasma Markers After Col Lesions
MMP9 plasma levels were not significantly affected (P14
[F(5,63) = 0.689, p = 0.633]; P70 [F(5,63) = 0.953, p = 0.453])
(Figure 5A). On the other hand, gelsolin levels were reduced
after Col lesions at P14, as described (Segado-Arenas et al.,
2018), while EPO treatment counterbalanced this situation
[F(5,60) = 4.372, ∗∗p = 0.002 vs. rest of the groups]. Differences
were no longer significant in the long term (P70 [F(5,60) = 0.770,
p = 0.575]) (Figure 5B).

DISCUSSION

Germinal matrix-intraventricular hemorrhage remains one of the
most serious complications of the PTI (Mukerji et al., 2015)
and has no successful treatment (Brouwer et al., 2014). Most

of the current approaches have focused on strengthening the
GM or stabilizing brain blood flow to prevent the GM-IVH
(Ballabh, 2010). Prenatal glucocorticoids (Carson et al., 2016),
indomethacin (Fowlie and Davis, 2003) or phenobarbital have
been proposed as feasible treatments. On the other hand, it
has also been suggested that stem cells therapy might provide
an encouraging approach. Nevertheless, some limitations still
exist, such as choosing the right cells, the appropriate patients
or routes of administration. Also, safety issues remain to be
solved and significantly limit the use of stem cells in the clinic
(Chang et al., 2017).

Recombinant human EPO is regularly used to prevent or
treat anemia of the PTI and studies in patients reveal that
the early use of erythropoiesis-stimulating agents may reduce
the incidence of GM-IVH and be neuroprotective (Neubauer
et al., 2010). The doses of EPO used in our study are high
when compared with those used in PTI patients (Juul et al.,
2020). Dose conversion remains a relevant issue in experimental
animal models (for review Nair and Jacob, 2016) and doses
tend to be reduced as we ascend in the phylogenetic scale. The
doses used in our study are in the range of those previously
used in other neonate murine models (Kaindl et al., 2008; Fan
et al., 2011; Hoeber et al., 2016; Zhang et al., 2020). Moreover,
safety of EPO has been previously addressed with large doses
of EPO, even in extremely low weight infants (McAdams et al.,
2013). Erythropoiesis-stimulating agents may also have a positive
effect on neurodevelopmental impairment of the PTI (for review
see Ohlsson and Aher, 2017, 2020). Following this idea, and
while results remain controversial, EPO may specifically provide
beneficial effects on the neurodevelopment outcome in the
PTI without severe adverse side effects (Wang et al., 2015).
Nevertheless later updates on the beneficial effects of EPO remain
controversial and the promising, but conflicting, results related to
EPO as a neuroprotective agent require further study (Ohlsson
and Aher, 2020). Moreover, several clinical trials have been
in progress in the last few years assessing EPO in neonatal
populations (Maxwell et al., 2017). The multicenter (19 sites,
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FIGURE 5 | Effect of EPO treatment on peripheral markers of GM-IVH. (A) EPO treatment does not affect MMP9 plasma levels at P14 (p = 0.633) or P70
(p = 0.453). (B) EPO treatment restores plasma gelsolin levels after inducing a GM-IVH in the short term, while differences are no longer detected in the long term
(P70) (P14 **p = 0.002 vs. rest of the groups, P70 p = 0.575).

30 hospitals), randomized, double-blind trial of EPO, PENUT
(Preterm Epo Neuroprotection), has recently shown limited
effects on very PTI after ≈2 years follow up. The PENUT study
is an extremely relevant study on the field, however, individual
groups were not analyzed and it remains possible that cognitive
and physical problems might become evident later in life (Juul
et al., 2020). Following this idea, Volpe (2020) has commented
this aspect as a main limitation, also acknowledged in the study,
since cognitive testing at 2 years of age is not as reliable as
testing at later ages. In this sense, other studies comparing
early assessments (before 3 years of age) with later cognitive
tests at school age, showed a relatively low pooled sensitivity
(55%) of early assessments to identify school-age cognitive
deficits. Moreover, EPO is especially successful in protecting
preoligodendrocytes. White matter development is an active
process that continues well after infancy and it’s closely related
to specific cognitive functions that may be affected at later stages.
Therefore Volpe suggests the necessity of testing longer duration
of treatment, reaching full-term equivalent age or even longer
(Volpe, 2020). A previous meta-analysis has also showed that
that prophylactic EPO improves cognitive development (Fischer
et al., 2017) and early EPO treatment may decrease the rates of
necrotizing enterocolitis as well as brain complications, including
IVH and periventricular leukomalacia (Ohlsson and Aher, 2017).
Moreover, it seems that an early high dose of EPO has a weak
but widespread effect on brain structural connectivity network
in very PTI, supporting a trophic effect of EPO that increases
network segregation, predominantly in local connections (Jakab
et al., 2019). Nevertheless, recent updates report a limited
success of EPO treatment (Ohlsson and Aher, 2020), supporting
further studies given the controversial outcomes. Altogether, and
given the present results, EPO administration is not currently
recommended because the benefits are not fully established
(Ohlsson and Aher, 2017; Fleiss and Gressens, 2019) and
the underlying mechanisms and specific effects in the GM-
IVH have not been studied in depth. At this point, as it
has previously been stressed out there are no preclinical data
showing the neuroprotective effects of EPO in a model of
encephalopathy of prematurity, limiting the understanding of
the best paradigm to deliver neuroprotection in this population
(Fleiss and Gressens, 2019).

In order to help disentangle the effects of EPO treatment, we
have treated with EPO a recently characterized murine model of
GM-IVH of the preterm newborn, induced by Col administration

(Segado-Arenas et al., 2018). While evident limitations persist,
it is noteworthy that this model reproduces morphological,
functional and neurodevelopmental alterations of the GM-IVH.
Col administration in the lateral ventricle breaks the extracellular
matrix that surrounds the GM capillaries, increases blood brain
barrier permeability and induces bleeding (Segado-Arenas et al.,
2018). Moreover Col administration to neonate (P7) CD1
mice results in brain atrophy, ventricle enlargement, increased
inflammation, widespread small vessel damage and cognitive
impairment that are still detected in the adulthood (Segado-
Arenas et al., 2018), as observed in the clinic. EPO treatment,
at 10.000 or 20.000 IU/Kg significantly ameliorated learning and
memory alterations in the long term (P70). Although the fact that
young P14 mice cannot be assessed at cognitive level is limiting,
early histopathological complications at P14 match the functional
outcomes at P70. In our hands, motor-related alterations are
limited with this approach, and we cannot exclude that larger
lesions could reproduce motor impairment as regularly observed
in the clinic (Hinojosa-Rodríguez et al., 2017). While the studies
on the effect of EPO in neonates with GM-IVH are limited
(Ruegger et al., 2015), our data are in accordance with a seminal
study by Neubauer et al. (2010) in which children with GM-
IVH showed a remarkably strong benefit from EPO treatment
at 5 years of age and later. While some controversy persists
(Leuchter et al., 2014; Natalucci et al., 2016), these observations
are also in line with studies showing that EPO improves cognitive
outcomes in PTI both early in life (18–22 months) (Wang et al.,
2015) and once the patients reach school (3.5–4 years old)
(Ohls et al., 2016).

Morphopathological changes after Col lesions resemble those
detected in PTI with GM-IVH, including complicated post-
hemorrhagic ventricular dilatation (Brouwer et al., 2014).
Moreover, these changes are directly associated with an overall
brain atrophy and bad prognosis (Saliba et al., 1990). Also,
the neuronal population is compromised around the ventricles
(Georgiadis et al., 2008), as well as in areas located far from the
lesion area, such as the cortex, supporting an overspread long-
lasting damage, as previously described (Segado-Arenas et al.,
2018). The mechanisms implicated have not been elucidated,
and atrophy has been attributed to both loss of ischemic
infracted tissue and defective development of the damaged
areas (Semple et al., 2013). In our hands, curvature ratio, as
an indicator of neuron wellness (Infante-Garcia et al., 2015),
neuronal complexity and spine density were compromised
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in mice after GM-IVH, while EPO treatment rescued these
alterations, supporting its neurotrophic role (Juul and Pet, 2015)
and neuroprotective effect at different levels. To our knowledge,
the role of EPO in a model of GM-IVH of the PTI has not been
previously assessed, however, in line with our observations, EPO
protects against striatum atrophy, hippocampus injury, and white
matter loss in a model of hypoxia-ischemia in neonatal mice
(Fan et al., 2011).

We observed an increase of widespread hemorrhages after
Col lesions, as previously described (Segado-Arenas et al.,
2018). Hemorrhage density and burden seem to be higher
in the SVZ at later ages (P70), suggesting that small vessel
damage might be a long-term consequence of the GM-IVH. We
never addressed age differences, since P14 brains are extremely
immature (Semple et al., 2013) and can hardly be compared
to fully developed P70 brains. The fact that EPO treatment
successfully counterbalances this effect might be attributed to
its role in erythropoiesis, that requires iron utilization, and
therefore reduces the potential toxicity of free iron (Juul and
Ferriero, 2014). Likewise, EPO promotes revascularization in
hypoxic-ischemic neonatal models (Iwai et al., 2007). Previous
studies have also shown that EPO induces angiogenesis through
the production of vascular endothelial growth factor, protecting
capillaries (Wang et al., 2008) and bood brain barrier integrity
(Marti et al., 2000). Col lesions also provoked an inflammatory
response that is commonly observed in PTI (Juul and Ferriero,
2014). The antioxidant and anti-inflammatory effects of EPO
have been widely assessed in different models of brain insult
(Wei et al., 2017) and in our hands EPO treatment significantly
reduces microglia activation after GM-IVH induction. Iba-1
immunostatining is classically used to label microglia, however,
we only analyzed microglia burden and it is possible that
more complex inflammatory changes are not covered with our
approach. Previous studies have shown that microglia express
EPO receptors (Nagai et al., 2001) and that EPO may reduce
motility, as an important feature of microglial pathological
reaction to damage (Mitkovski et al., 2015), while promoting the
polarization of microglia toward the protective M2 phenotype
(Wei et al., 2017).

Hyperphosphorylated tau is a toxic pathological hallmark of
neurodegenerative disorders, increased in this and other models
with central hemorrhages (Infante-Garcia et al., 2016; Segado-
Arenas et al., 2018). Col lesions increased tau phosphorylation
in the striatum, as the closest area to the ventricle. EPO
slightly reduced this situation in the striatum and no effect was
detected in the cortex or the hippocampus. Previous studies have
reported that EPO, alone or combined with other treatments,
may reduce tau phosphorylation associated to different cognitive
disorders (Kang et al., 2010; Vinothkumar et al., 2019). Even
though glycogen synthase kinase-3β inhibition reduces tau
phosphorylation (Maqbool et al., 2016), enhances myelination,
improves clinical recovery in a model of GM-IVH (Dohare et al.,
2018a) and restores altered neurogenesis in preterm patients with
intraventricular hemorrhage (Dohare et al., 2018b), the narrow
effect in our studies limits further conclusions at this level. Also,
since Akt is implicated in cell cycle regulation, cell survival and
apoptosis, it is feasible that the beneficial effects observed after
EPO treatment could be Akt-mediated. Previous studies have

shown that Akt phosphorylation is increased in subarachnoid
hemorrhage models (Guo et al., 2018). It has also been pointed
out that EPO, in combination with insulin-like growth factor-1,
may contribute to increase Akt activation (Kang et al., 2010).
However, we only observed a slight increase in phopho-Akt levels
after inducing a GM-IVH.

MMP9 levels were not affected, in agreement with previous
studies (Segado-Arenas et al., 2018). On the other hand, plasma
gelsolin levels were significantly reduced in mice after GM-
IVH, as previously reported (Segado-Arenas et al., 2018). Plasma
gelsolin is a feasible peripheral marker of central complications
and low plasma gelsolin levels have been associated with poor
outcomes in adult brain hemorrhagic alterations (Chou et al.,
2011), in premature infants (Kose et al., 2014) and other
newborn complications (Benavente-Fernandez et al., 2018). EPO
treatment significantly restores plasma gelsolin levels, suggesting
that its positive effects at central level are also detected in the
periphery and reinforcing further studies on the utility of plasma
gelsolin as a prognostic tool.

CONCLUSION

Erythropoietin is a safe, already approved drug to treat other
complications of the PTI. Altogether, our data support further
assessment of EPO (Volpe, 2020) as a feasible treatment to
protect against central complications associated to GM-IVH in
the short (P14) and the long term (P70). Moreover we provide
evidence of gelsolin, as a feasible marker for a devastating
disease. Ultimately, our study helps to further understand the
pathophysiology underlying the IVH of the preterm newborn
and the best paradigms to define new protection for PTI
(Fleiss and Gressens, 2019).
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Glucose supply from blood is mandatory for brain functioning and its interruption
during acute hypoglycemia or cerebral ischemia leads to brain injury. Alternative
substrates to glucose such as the ketone bodies (KB), acetoacetate (AcAc),
and β-hydroxybutyrate (BHB), can be used as energy fuels in the brain during
hypoglycemia and prevent neuronal death, but the mechanisms involved are still
not well understood. During glucose deprivation adaptive cell responses can be
activated such as autophagy, a lysosomal-dependent degradation process, to
support cell survival. However, impaired or excessive autophagy can lead to
cell dysfunction. We have previously shown that impaired autophagy contributes
to neuronal death induced by glucose deprivation in cortical neurons and that
D isomer of BHB (D-BHB) reestablishes the autophagic flux increasing viability.
Here, we aimed to investigate autophagy dynamics in the brain of rats subjected
to severe hypoglycemia (SH) without glucose infusion (GI), severe hypoglycemia
followed by GI (SH + GI), and a brief period of hypoglycemic coma followed
by GI (Coma). The effect of D-BHB administration after the coma was also
tested (Coma + BHB). The transformation of LC3-I to LC3-II and the abundance
of autophagy proteins, Beclin 1 (BECN1), ATG7, and ATG12–ATG5 conjugate,
were analyzed as an index of autophagosome formation, and the levels of
sequestrosome1/p62 (SQSTM1/p62) were determined as a hallmark of autophagic
degradation. Data suggest that autophagosomes accumulate in the cortex and
the hippocampus of rats after SH, likely due to impaired autophagic degradation.
In the cortex, autophagosome accumulation persisted at 6 h after GI in animals
exposed to SH but recovered basal levels at 24 h, while in the hippocampus
no significant effect was observed. In animals subjected to coma, autophagosome
accumulation was observed at 24 h after GI in both regions. D-BHB treatment
reduced LC3-II and SQSTM1/p62 content and reduced ULK1 phosphorylation by
AMPK, suggesting it stimulates the autophagic flux and decreases AMPK activity

Frontiers in Cellular Neuroscience | www.frontiersin.org 1 September 2020 | Volume 14 | Article 547215194

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2020.547215
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2020.547215&domain=pdf&date_stamp=2020-09-23
https://creativecommons.org/licenses/by/4.0/
mailto:lmassieu@ifc.unam.mx
https://doi.org/10.3389/fncel.2020.547215
https://www.frontiersin.org/articles/10.3389/fncel.2020.547215/full
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Torres-Esquivel et al. β-Hydroxybutyrate Restores Autophagy After Hypoglycemia

reducing autophagy initiation. D-BHB also reduced the number of degenerating cells.
Together, data suggest different autophagy dynamics after GI in rats subjected to SH
or the hypoglycemic coma and support that D-BHB treatment can modulate autophagy
dynamics favoring the autophagic flux.

Keywords: hypoglycemia, ketone bodies, neuronal death, autophagy, AMPK

INTRODUCTION

The brain is a highly dynamic and energy-demanding organ
that depends on the continuous glucose supply from blood,
thereby disturbed glucose metabolism can lead to brain
dysfunction and even brain injury (Mergenthaler et al., 2013).
Reduced cerebral glucose delivery occurs during hypoglycemia,
a condition considered as a major complication of insulin
treatment in type 1 diabetes mellitus (DMT1) patients (Cryer,
2005). Patients can suffer two events of moderate hypoglycemia
(60–40 mg/dl blood glucose) per week and one of severe
hypoglycemia (SH, >35 mg/dl) per year. The presence of
repeated episodes of moderate hypoglycemia increases the risk
for SH, which can culminate in the state of coma resulting
in irreversible brain damage in vulnerable brain regions, such
as the cortex and hippocampus (Auer et al., 1984). Under
conditions of limited glucose availability, such as ischemia,
hypoxia, hypoglycemia, and cerebral trauma, alternative energy
substrates to glucose, such as the ketone bodies (KB), acetoacetate
(AcAc), and β-hydroxybutyrate (BHB), can be used by the
brain (Melø et al., 2006) and prevent brain injury (Suzuki
et al., 2002; Masuda et al., 2005; Puchowicz et al., 2008;
Haces et al., 2008; Julio-Amilpas et al., 2015). KB are
metabolized through the tricarboxylic acid cycle (TCA) and their
protective effect has been attributed to enhanced cellular energy
metabolism, improved mitochondrial activity, and decreased
production of mitochondrial reactive oxygen species (ROS;
Maalouf et al., 2007; Marosi et al., 2016). Other actions
have been described for KB including epigenetic, antioxidant,
anti-inflammatory, and the up-regulation of brain-derived
neurotrophic factor; they activate ATP-sensitive potassium
channels and have been described as signaling molecules
(Newman and Verdin, 2014; Camberos-Luna and Massieu,
2020). In addition, we have recently reported that the D isomer
of BHB (D-BHB) stimulates the autophagic flux during glucose
deprivation and prevents neuronal death in cortical cultures
(Camberos-Luna et al., 2016).

Macro-autophagy (here referred to as autophagy) can be
activated during nutrient deprivation and is characterized
by the formation of a double-membrane structure named
autophagosome that subsequently fuses with a lysosome leading
to the degradation of damaged proteins and organelles for the
restoration of cell homeostasis (Klionsky and Emr, 2000; Yin
et al., 2016). During nutrient deprivation, mTOR inhibition
by AMPK leads to ULK1 S317 phosphorylation, which in turn
phosphorylates Beclin-1 (BECN1) promoting the activity of class
III PtdIns3K complex, initiating the formation of the nucleation
site. On the contrary, during nutrient abundance mTOR

activity phosphorylates ULK1 S757, preventing its activation
by AMPK and autophagy initiation. Also, AMPK can directly
phosphorylate ULK1 at S317 and initiate autophagy (Egan et al.,
2011; Kim et al., 2011). The autophagy-related proteins (ATG)
are key players in autophagosome formation and membrane
expansion. Microtubule-associated light chain-3 (LC3) is cleaved
by ATG4 and conjugated with phosphatidylethanolamine (PE)
to produce LC3-II. LC3-II is associated with autophagosomes
where it functions as a docking site of adaptor proteins such
as SQSTM1/p62, which delivers polyubiquitinated proteins
to the autophagosome for degradation. SQSTM1/p62 is
degraded together with cargo by lysosome hydrolytic enzymes.
ATG7 and ATG3 form the conjugation system involved in
the relocation of LC3-I to the phagophore membrane and
ATG5 covalently binds to ATG12 forming the ATG12–ATG5-
ATG16 conjugate essential for autophagosome membrane
elongation. Mature autophagosomes fuse with a lysosome
leading to cargo degradation (Sou et al., 2008; Wirawan
et al., 2012). Enhanced conversion of LC3-I to LC3-II and a
reduction in SQSTM1/p62 abundance is taken as an index of
autophagic flux.

Deficient autophagy in the central nervous system leads to
the accumulation of ubiquitinated proteins, axonal degeneration,
and neuronal death. Loss of cortical and cerebellar neurons
has been observed in ATG7-deficient animals (Komatsu et al.,
2005, 2006) and animals lacking ATG5 do not survive (Kuma
et al., 2004). Also, excessive autophagy can lead to cell death,
and its inhibition can prevent acute ischemic brain injury
(Carloni et al., 2008; Fu et al., 2016; Wang et al., 2018).
Autophagy dynamics during severe hypoglycemia in vivo has
not been investigated, neither its role in selective neuronal
death. Hence, we have studied the changes in autophagy
markers during severe hypoglycemia (SH) without glucose
infusion (GI), and during GI after SH or a brief period
of coma. We also investigated whether D-BHB treatment in
animals subjected to coma is associated with the preservation of
functional autophagy, as we have previously observed in vitro
(Camberos-Luna et al., 2016). We have evaluated the changes
in the abundance of proteins involved in autophagosome
formation and maturation, Beclin1 (BECN1), p-ULK1, ATG7,
ATG12–ATG5, and LC3-II, and in SQSTM1/p62 as a marker
of autophagy degradation. The role of AMPK and mTOR
in autophagy activation was also investigated. Results suggest
that in the cerebral cortex SH induced the accumulation
of autophagosomes, which persisted 6 h after GI likely
due to deficient autophagy degradation, and recovered at
24 h. In contrast, in the hippocampus, autophagosomes
accumulated after SH but no change was observed after GI.
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In animals exposed to the hypoglycemic coma, significant
autophagosome accumulation was observed at 24 h after GI in
both brain regions. Besides, AMPK-dependent phosphorylation
of ULK1 S317 was observed at this time in animals subjected
to coma, suggesting autophagy activation. When D-BHB
was administered after the coma, SQSTM1/p62 degradation
was enhanced and ULK1 S317 phosphorylation was reduced,
increasing cell survival. Data suggest that D-BHB attenuates
autophagy activation and restores the autophagic flux promoting
cell survival.

MATERIALS AND METHODS

Three-month-old male Wistar rats (280–320 g) were used
throughout the study. They were obtained from the Instituto
de Fisiología Celular (IFC) animal house, at the Universidad
Nacional Autónoma de México (UNAM). The guide for the
Care and Use of Laboratory Animals (NIH publications No.
80-23 Revised 1996) of the National Institute of Health was
followed and animals were handled accordingly and with the
approval of the Animal Care Committee (CICUAL) of the IFC
(protocol number LMT160-20). The number of animals used
was optimized and all efforts were made to minimize their
suffering. Experiments are reported according to the ARRIVE
guidelines (Animal Research: Reporting in vivo Experiments).
Animals were kept with food and water ad libitum and
under standard dark/light cycle and temperature conditions
and housed in individual cages. A sample size of three to
seven animals per group was used. Animals were randomly
distributed among the different groups and at least one
animal from each experimental group was included per
experiment. Seventy-three animals were used for western blot,
28 for histology and immunocytochemistry determinations,
and 21 for BHB blood determinations, as indicated in
figure legends.

Induction of Severe Hypoglycemia Without
Glucose Infusion (SH)
Severe hypoglycemia (SH) was induced in the home cage
in non-anesthetized animals partially fasted overnight (food
restricted to four pellets) and during the experimental period.
They received a single intraperitoneal injection of 32 U/kg
human insulin (Lilly, Humulin 70/30, Indianapolis, IN, USA).
Blood glucose was monitored from a blood sample obtained
from the tail vein before (basal levels) and at 0.5, 1, 2,
and 3 h after insulin injection using a standard glucometer
(Abbott Laboratories, Bedford, MA, USA). One-hour after
insulin administration, animals reached SH (<40–30 mg/dl) and
were euthanized 2 h later (Figure 1A). Brains were extracted and
prepared for western blotting.

Induction of Severe Hypoglycemia With
Glucose Infusion (SH + GI)
Animals were subjected to SH and rescued with GI. They
were partially fasted overnight and during the whole
experimental period. To monitor electrical brain activity
through electroencephalogram (EEG) recording, 1 week before

hypoglycemia animals were implanted with epidural electrodes
under 2.0 to 3.0% isoflurane anesthesia. Meloxicam (1 mg/kg
i.p.) was administered post-surgery as an anti-inflammatory.
Animals were intraperitoneally (i.p.) injected (between 9:00 and
11:00 am) with 32 U/kg insulin to induce hypoglycemia. Blood
glucose was monitored before (time 0) and at 0.5, 1, 2, 3, 6, 7, and
27 h after insulin. To determine basal brain electrical activity,
EEG recording started 30 min before insulin administration
and continued during the whole hypoglycemic and GI periods
until the normal electrical activity was completely recovered
(Figure 1B). Animals were rescued with glucose after the loss
of the righting reflex (RR), which precedes the coma state
(Haces et al., 2010) by an intraperitoneal (i.p.) bolus of 0.3 ml
of 25% glucose in Krebs–Henseleit buffer. Immediately after, an
intravenous (i.v.) infusion (25% glucose at 1.5 ml/h during 3 h)
was administered through the tail vein using a perfusion pump
(Harvard Apparatus 22, South Natick, MA, USA). None of the
animals from this group showed EEG isoelectricity (indicative
of the hypoglycemic coma). From these animals, one subgroup
was euthanized at 6 h after GI (9 h after an insulin injection)
and a second subgroup at 24 h after GI (27 h after an insulin
injection; Figure 1B). Brains were extracted and prepared for
western blotting.

Induction of Hypoglycemic Coma With
Glucose Infusion (Coma)
Animals subjected to coma (Coma), were equally treated as
those from the SH + GI group, but after the loss of the RR,
hypoglycemia was left to progress to the state of coma (EEG
isoelectricity). After 5 min of isoelectricity animals received an
i.p. bolus of 0.3 ml of 25% glucose as described for the SH +
GI group, and 12 min afterward an intravenous (i.v.) infusion
(25% glucose at 1.5 ml/h during 3 h) was administered through
the tail vein as described above. The coma period ranged from
6 to 12 min (mean = 8.9 ± 0.34). A minimum period of 6 min
coma was chosen because according to our previous studies,
shorter coma periods produce very limited neuronal death or
none. Therefore, animals showing coma periods of 5 min or
less were discarded. Conversely, a maximum period of 12 min
coma was selected because respiratory failure can be observed
in animals showing longer coma periods. From these animals,
one subgroup was euthanized at 6 h and a second subgroup at
24 h after GI (Figure 1C). Brains were extracted and prepared for
western blot analysis (6 and 24 h) and histology (24 h). Animals
showing seizures were also discarded.

Control animals were treated in parallel with the rest of the
experimental groups. They were partially fasted overnight and
during the duration of the experimental period and received
vehicle solution (0.1% acetic acid) instead of insulin. Glucose was
measured at different times after vehicle injection.

Treatment With D-BHB (Coma + BHB)
Animals exposed to coma were either treated (Coma + BHB)
or non-treated (Coma) with 250 or 500 mg/kg total dose of
D-BHB (Cat. 298360, Sigma–Aldrich, St. Louis, MO, USA)
divided into two intraperitoneal (i.p.) administrations. The first
administration of D-BHB (125 or 250 mg/kg) was given 10 min
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FIGURE 1 | Induction severe hypoglycemia and the hypoglycemic coma. (A) Severe hypoglycemia (SH) group. SH was induced by the intraperitoneal (i.p.) injection
of insulin (32 U/kg) and animals were euthanized 2 h after they reached 30 mg/dl blood glucose. (B) SH + GI group. Animals were implanted with electrodes 1 week
before the induction of hypoglycemia for electroencephalogram (EEG) recording and were subjected to SH with glucose infusion (GI). Insulin was injected (i.p) and 2 h
after animals reached SH, they were rescued with glucose before they fell into the coma state. (C) Coma group. Animals were treated identically as those from the
SH + GI, but SH was left to progress to the coma state for 6–12 min and immediately after they were rescued with glucose. (D) Coma + BHB group. Animals were
treated identically as the Coma group, but they received two doses of either 125 or 250 mg/kg D isomer of β-hydroxybutyrate (D-BHB; i.p.), the first 10 min after the
onset of glucose infusion after the coma and the second at the end of glucose infusion glucose infusion. Animals were euthanized 6 or 24 h after GI in groups (B–D).
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after glucose i.v. the infusion was started and the second at the
end of the glucose infusion (3 h after the coma). Animals were
euthanized at 6 or 24 h GI as indicated in Figure 1D. Brains
were extracted and prepared for western blotting (6 and 24 h)
and histology (24 h).

Determination of D-BHB in Blood
Blood samples were obtained from the tail vein (seven animals
per group) and D-BHB was measured using blood glucose
and ketone monitoring system (FreeStyle Optium Neo, Abbott
Diabetes Care, Limited, Witney, Oxon, UK) and keto strips
(FreeStyle Optium β-ketone). Samples were obtained from intact
control and fasted animals at different times throughout the
experimental period. D-BHB was also determined in blood
samples from animals of the Coma and the Coma + BHB groups,
before (time 0) and at different times after insulin injection
(1 and 2 h), at the time the animals reached the coma, at
different times after recovery with glucose or glucose + D-BHB
(250 mg/kg), and after the second administration of D-BHB
(250 mg/kg), as indicated in Figure 2C. Animals from these
groups were identically treated during the hypoglycemia period

before recovery and were randomly assigned to each one of
the treatments.

SDS–PAGE and Western Blots
The hippocampus and parietal cortex were dissected and
homogenized in 1:10 weight/volume lysis buffer containing:
Tris-HCl 50 mM, NaCl 150 mM, SDS 1%, Triton X-100
1%, Sodium deoxycholate 0.5%, PMSF 1 mM, NaPPi 5 mM,
Na3VO4 2 mM and Complete protease inhibitor cocktail (Roche
complete, 1162600, USA), pH 7.5. Proteins were determined by
the Lowry method and samples were denaturized in Laemmli
buffer. Thirty to forty micrograms of protein was resolved
in 10–16% SDS–PAGE and then electroblotted to PVDF
membranes. Membranes were blocked in TBS/milk 5% for
1 h and incubated overnight at 4◦C with specific primary
antibodies: LC3 (1:5,000, Cat. PD014, MBL International
Woburn, USA); ATG5 (1:1,000, Cat. S6133158, Santa Cruz
Biotechnology, Dallas, TX, USA), p-ULK1 S317 (1:500,
MB59600629, My BioSource, San Diego, CA, USA); BECN1
(1:2,000, Cat. 3738), ATG7 (1:1,000, Cat. 2631S), ULK1
(1:6,000, Cat. 8054), p-ULK1 S757 (1:6,000, Cat. 14202),
mTOR (1:1,000, Cat. 2983S), p-mTOR S2448 (1:1,000, Cat.

FIGURE 2 | Glucose and D-BHB concentration in blood and EEG recording. (A) Blood glucose concentration in control and hypoglycemic animals rescued with
glucose (SH + GI), and in animals subjected to coma treated (Coma + BHB) and non-treated (Coma) with D-BHB. Data represent mean ± SEM and were analyzed
by one-way ANOVA followed by a Fisher’s post hoc test for multiple comparisons. #p ≤ 0.05 relative to the hypoglycemia groups, n = 6–10. (B) Representative EEG
recording showing the changes in brain electrical activity in one representative insulin-injected animal before insulin administration (control), during SH (1–3 h after
insulin), during the coma, and after GI. (C) D-BHB blood levels were determined at different times after insulin injection and GI in rats subjected to coma treated and
non-treated with D-BHB. Data represent mean ± SEM and were analyzed by one-way or two-way ANOVA followed by a Fisher’s post hoc test for multiple
comparisons, for intragroup and intergroup comparisons, respectively. *p ≤ 0.05 vs. the Coma group, $p ≤ 0.05 vs. the corresponding 2 h post-insulin value, #p ≤

0.05 vs. the corresponding 3 h value (coma state), &p ≤ 0.05 vs. the corresponding 3.1 h value (before D-BHB administration), +p ≤ 0.05 vs. the corresponding
3.5 h value (20 min post D-BHB administration), n = 7 for each experimental group.
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2971), AMPK (1:1,000, Cat. 2532), SQSTM1/p62 (1:2,500,
Cat. 5114), were from Cell Signaling Technology (Danvers,
MA, USA); Actin (1:7,000, Cat. MAB1501 Chemicon Merck
Millipore, Darmstadt, Germany) was used as loading control.
The reactions of primary antibodies were detected using
the respective horseradish peroxidase, goat anti-rabbit, or
goat anti-mouse secondary antibody (Cat. 115035-003 and
115035-062 respectively, Jackson Immunoresearch Laboratories,
West Grove, PA, USA). Immunoreactivity was detected by
chemiluminescent HRP substrate (LuminataTM Forte, Cat.
WBLUF0100, Merck Millipore), using a C-Digit Blot Scanner
(LI-COR Biosciences, UK). The optical density of the bands of
interest was measured using the ImageJ program. Data were
calculated as the protein/actin ratio.

Histology
Twenty-four hours after the treatments, animals from each group
(n = 4–7) were anesthetized with an overdose of pentobarbital
and intracardially perfused with 0.9% saline solution followed
by 4% paraformaldehyde in 0.1 mM phosphate buffer; brains
were extracted and transferred to a 20–30% sucrose gradient
(24 and 72 h, respectively). Coronal brain sections of 20 and
40 µm were obtained in a cryostat (LEICA CM1510S) for
histological analysis.

Fluoro-Jade B Staining
Slides were covered for 5 and 2 min with 80 and 70%
ethanol respectively, they were washed and covered with 0.06%
potassium permanganate for 10 min. Sections were incubated for
20min with 0.0004% FJB (Cat. AB310, Chemicon), dried at 50◦C,
rinsed with xylol, and covered with permount (Julio-Amilpas
et al., 2015). They were observed under an epifluorescence
microscope Nikon Eclipse Ci (using AT-EGFP/F filter) and
FJB-positive cells were counted in both hemispheres. In the
parietal cortex total FJB-positive cells were counted bilaterally in
15 sections separated by 200µm. In the case of the hippocampus,
six sections were used and cells were counted in a 200 µm2

area of the crest and the inferior blade of the dentate gyrus
using the ImageJ program. Data are reported as the total
number of positive cells in both subregions. Cell damage was
confirmed by the presence of pyknotic cells after Nissl staining
of adjacent sections.

Immunohistochemistry
Brain sections were permeabilized by 30 min (PBS/Triton-
X100 0.9%), washed for 10 min in PBS, and incubated with
citrates buffer 0.1% at 58◦C for 20 min. They were incubated
in PBS/glycine 0.1% for 15 min and then blocked 1 h in
PBS/BSA 5%/goat serum 2%/Tween 0.5%/Triton 0.9% at
room temperature. Afterward, sections were incubated in
primary antibodies against LC3 (1:300) or SQSTM1/p62
(1:200, Cat. ab56416, Abcam, Cambridge, UK) in PBS/BSA
1%/Triton X-100 0.3%/Tween-20 0.05%, for 48 h at 4◦C.
The slides were washed in PBS and incubated for 2 h with
secondary antibody Alexa 488 anti-rabbit and Dry-Light
488 anti-mouse (1:300 Cat. 111-545-144 and 115-485-
166 respectively, Jackson Immunoresearch Laboratories,
West Grove, PA, USA). Subsequently, cell nuclei were stained

with Hoechst 0.001% (Cat. 33258, Sigma–Aldrich). Slides were
incubated in Sudan Black B (Cat. 199664, Sigma–Aldrich)
for 3 min to decrease background fluorescence. Images were
obtained using a confocal microscope ZEISS LSM800 for
LC3, SQSTM1/p62, and Hoechst. Images were acquired
and processed using the ZEN 3.1 program from Zeiss.
Confocal stacks composed from 28 to 35 slices (0.3 µm)
were acquired and the maximum projection was obtained
from each image (x-y, x-z, and y-z orientations) from three
independent experiments.

Statistical Analysis
All data are expressed as mean ± SEM and were analyzed by
the Student’s t-test when a comparison between two groups
was made, or one-way ANOVA followed by Fisher’s LSD test
for multiple comparisons when more than two groups were
compared. The time-course in D-BHB blood levels in the
Coma and the Coma + BHB groups was compared by two-way
ANOVA followed by a Fisher’s LSD multiple comparison test,
and the intragroup comparisons were made by one-way ANOVA
followed by Fisher’s LSD test for multiple comparisons.

RESULTS

Glucose Concentration and
Electroencephalogram Recording
Blood glucose levels were measured and electrical brain activity
was recorded at different times after insulin injection and
GI. Results show a mean basal blood glucose concentration
close to 100 mg/dl in all groups. In control animals, glucose
concentration was constant during the experimental period
(Figure 2A). In hypoglycemic animals (SH + GI, Coma, and
Coma + BHB) glucose concentration declined close to 30 mg/dl
after 1 h insulin administration and decreased further to 20mg/dl
during the next 2 h before GI. At the end of the GI, glucose levels
reached 30 mg/dl and 1 h later they raised to 55 mg/ml; control
values were recovered at 24 h. No significant differences were
found in blood glucose concentration between the experimental
groups (Figure 2A). Figure 2B shows a representative EEG
recording obtained before, during, and after the hypoglycemic
coma. After 2–3 h insulin administration, electrical brain activity
declined to show the high amplitude and low-frequency waves
as previously reported (Julio-Amilpas et al., 2015). At this time
glucose concentration declined below 20 mg/dl; animals were
drowsy and lost their RR. In animals exposed to coma, electrical
brain activity was completely suppressed and recovered 1 h after
GI. Animals rescued with glucose plus D-BHB (either 250 or
500 mg/kg) showed similar changes in brain electrical activity
(not shown).

Autophagy Dynamics During
Hypoglycemia and Glucose Infusion in
Animals Subjected to Severe
Hypoglycemia or the Hypoglycemic Coma
The changes in the content of LC3-II and SQSTM1/p62 were
determined 2 h after the induction of hypoglycemia and 6 and
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FIGURE 3 | Autophagy dynamics in the parietal cortex induced by severe hypoglycemia and the hypoglycemic coma at different times. Changes in (A) LC3-II/Actin
and (B) SQSTM1/p62/Actin 2 h after SH (2 h SH) and 6 and 24 h after glucose infusion (6 h GI and 24 h GI). Bars represent mean ± SEM. Data were analyzed by
one-way ANOVA followed by a Fisher’s post hoc test for multiple comparisons. For the 2 h group, a Student’s t-test was used for statistical analysis. ∗p ≤ 0.05 vs.
control, n = 4–6 for the 2 and 24 h groups and n = 3 for the 6 h groups.

24 h after GI in rats exposed to SH + GI or the hypoglycemic
coma. In the parietal cortex 2 h after SH, the transformation
of LC3-I to LC3-II notably increased, while no change in
SQSTM1/p62 was observed. At 6 h after GI, LC3-II remained
significantly elevated and returned to control levels at 24 h in the
SH + GI group (Figure 3A). As the increase in LC3-II was not
accompanied by a decrease in SQSTM1/p62 (Figure 3B), results
suggest that the autophagic flux is blocked and that increased
LC3-II results from autophagosome accumulation. In animals
subjected to coma, LC3-II showed a moderate non-significant
increase at 6 h after GI, but it increased notably at 24 h. As in the
case of SH + GI, augmented LC3-II was not accompanied by a
decline in SQSTM1/p62, suggesting autophagic flux impairment
at 24 h after GI (Figures 3A,B). In agreement with these
observations, LC3 immunoreactivity increased 24 h after GI in
the Coma group (Figure 5C).

Similar to the parietal cortex in the hippocampus LC3-II
significantly increased 2 h after hypoglycemia, while no
significant change in SQSTM1/p62 was found (Figures 4A,B).
In rats subjected to SH + GI, no significant change in
LC3-II or SQSTM1/p62 was observed at 6 h and 24 h
(Figure 4B). In contrast, in the Coma group, a significant
increase in LC3-II was found at 24 h after GI, while
SQSTM1/p62 content showed no reduction suggesting deficient

autophagic degradation. In agreement with these observations,
augmented immunoreactivity against LC3 was observed in brain
sections from animals exposed to coma, in the inferior blade
(not shown) and the crest of the dentate gyrus at 24 h after
GI (Figure 6C).

Altogether, these data suggest that autophagosomes
accumulate during the hypoglycemic period due to deficient
autophagic degradation. After GI the autophagic flux is restored
in the SH + GI group, while in rats experiencing a period of
coma autophagosomes accumulate at 24 h, likely due to impaired
autophagic flux. No changes in the LC3-I band were observed at
2 h or 6 h in the SH + GI and Coma groups (data not shown),
while at 24 h there was a slight significant increase in the LC3-I
band in the hippocampus of rats experiencing coma but not in
the cortex (Supplementary Figure S2).

D-BHB Administration After the
Hypoglycemic Coma Stimulates the
Autophagic Flux and Increases Cell
Survival
In a previous study, we have reported that D-BHB stimulates
the autophagic flux and prevents neuronal death in cortical
cultured neurons exposed to glucose deprivation and glucose
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FIGURE 4 | Autophagy dynamics in the hippocampus induced by severe hypoglycemia and the hypoglycemic coma at different times. Changes in (A) LC3-II/Actin
and (B) SQSTM1/p62/Actin 2 h after SH (2 h SH) and 6 and 24 h after glucose infusion (6 h GI and 24 h GI). Bars represent mean ± SEM. Data were analyzed by
one-way ANOVA followed by a Fisher’s post hoc test for multiple comparisons. For the 2 h group, a Student’s t-test was used for statistical analysis. ∗p ≤ 0.05 vs.
control, n = 4–6 for the 2 and 24 h groups and n = 3 for the 6 h groups.

reintroduction (Camberos-Luna et al., 2016). Hence, we
aimed to test whether the KB exerts the same effect in
the hypoglycemia model. Rats exposed to the hypoglycemic
coma were recovered with glucose and D-BHB 250 mg/kg
(two doses of 125 mg/kg) and were analyzed at 6 and
24 h. D-BHB treatment did not affect 6 h on LC3-II or
SQSTM1/p62 in the cortex or the hippocampus (data not
shown). However, at 24 h D-BHB reduced the increase in LC3-II
induced by coma in both brain regions, while no change in
SQSTM1/p62 was found (Supplementary Figures S1A,B). These
results are consistent with immunohistochemistry data, showing
reduced LC3 immunoreactivity in rats treated with D-BHB
(Supplementary Figures S1A,B). When 500 mg/kg D-BHB
(two administrations of 250 mg/kg each) was administered,
the transformation of LC3-I to LC3-II significantly diminished
relative to animals exposed to coma in both the cortex
and the hippocampus (Figures 5A, 6A). Also, a significant
reduction of SQSTM1/p62 was observed in D-BHB-treated
rats (Figures 5B, 6B), suggesting that at higher doses D-BHB

stimulates the autophagic flux in both regions. In agreement with
these results, immunohistochemistry analysis showed reduced
immunoreactivity to LC3 and SQSTM1/p62 in the parietal cortex
and the dentate gyrus of animals treated with 500 mg/kg of
D-BHB (Figures 5C, 6C). Confocal Z-stacks images show that
LC3 and SQSTM1/p62 are present in the cytoplasm surrounding
the nucleus and also in neurites. In animals subjected to coma
LC3 and SQSTM1/p62 immunoreactivity augment, while in
D-BHB-treated animals, immunofluorescence is less intense
and more diffuse. Orthogonal images from the x-z and y-z
orientations confirm that LC3 and SQSTM1/p62 are located in
the cytoplasm.

D-BHB treatment did not affect LC3-I in the cortex relative to
the control and Coma groups and did not reduce the increase in
LC3-I induced by the coma in the hippocampus (Supplementary
Figure S2).

Then we tested the effect of D-BHB administration on
cell survival. In previous studies, we have reported that a
short period of coma induces neuronal death in the cerebral
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FIGURE 5 | Effect of D-BHB on autophagy-related proteins in the parietal cortex 24 h after the hypoglycemic coma. Changes in (A) LC3-II/Actin and
SQSTM1/p62/Actin, (B) BECN1/Actin, ATG7/Actin, and ATG12–ATG5/Actin. (C) Confocal representative images of immunoreactivity to LC3 and SQSTM1/p62 in
animals treated and non-treated with D-BHB (500 mg/kg). Orthogonal images (x-z upper) and y-z (right) orientations are shown. Data are expressed as
mean ± SEM. Statistical analysis was performed by one-way ANOVA followed by the Fisher post hoc test for multiple comparisons. ∗p ≤ 0.05 vs. control,
#p < 0.05 vs. coma, n = 4–5 control, n = 5–6 Coma, n = 5 Coma + BHB. Scale bar = 10 µm.
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FIGURE 6 | Effect of D-BHB on autophagy-related proteins in the hippocampus 24 h after the hypoglycemic coma. (A) Changes in LC3-II/Actin and
SQSTM1/p62/Actin, (B) BECN1/Actin, ATG7/Actin, and ATG12–ATG5. (C) Confocal representative images of immunoreactivity to LC3 and SQSTM1/p62 in animals
treated and non-treated with D-BHB (500 mg/kg). Orthogonal images (x-z upper) and y-z (right) orientations are shown. Data are expressed as mean ± SEM.
Statistical analysis was performed by one-way ANOVA followed by the Fisher post hoc test for multiple comparisons. ∗p ≤ 0.05 relative to control, #p < 0.05 relative
to coma, n = 4–5 control, n = 5–6 Coma, n = 5 Coma + BHB. Scale bar = 10 µm.

cortex and the dentate gyrus (Languren et al., 2019). FJB
and cresyl violet staining were used to evidence neuronal
damage. At 24 h after glucose infusion, degenerating cells
labeled with FJB were observed in the parietal cortex, mainly

in the superficial and medium layers (II–IV), and in the
hippocampus, primarily in the crest and the inferior blade
of the dentate gyrus (Figure 7A). Adjacent cresyl violet-
stained sections showed dark shrunk cells with pyknotic

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 September 2020 | Volume 14 | Article 547215203

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


Torres-Esquivel et al. β-Hydroxybutyrate Restores Autophagy After Hypoglycemia

FIGURE 7 | Effect of D-BHB treatment on cell survival in the cortex and the hippocampus of rats exposed to the hypoglycemic coma. (A) Representative
micrographs of FJB-positive cells and cresyl violet-stained sections of the parietal cortex and dentate gyrus. (B) The number of FJB-positive cells in control and
hypoglycemic animals treated and non-treated with 250 or 500 mg/kg D-BHB in the parietal cortex and the dentate gyrus of the hippocampus. Data are expressed
as mean ± SEM and were analyzed by one-way ANOVA followed by Fisher post hoc test for multiple comparisons. *p ≤ 0.05 vs. control, #p ≤ 0.05 vs. coma, &p ≤

0.05 vs. 250 mg/kg, n = 6 control, n = 7 coma, n = 4 Coma + BHB.

nuclei in the same location where FJB-positive cells were
present (Figure 7A).

D-BHB treatment reduced the number of FJB-positive
cells in both cerebral regions (Figure 7B). In the parietal
cortex, protection by D-BHB was dose-dependent. A 36%
reduction in the number of FJB-labelled cells was observed
when animals were treated with two doses of 250 mg/kg
D-BHB after the hypoglycemic coma. When 500 mg/kg D-BHB
was used, the number of FJB-positive cells was reduced by
87% (Figure 7B). Accordingly, cresyl violet-stained sections of
animals treated with D-BHB showed cells with a light cytoplasm
and morphologically similar to those in control animals. In the
hippocampus, the number of degenerating cells was reduced
by 57 and 80%, when animals were treated with 250 or
500 mg/kg of D-BHB, respectively, although no significant
difference was found between the two doses (Figure 7B). These
results demonstrate that D-BHB can reduce neurodegeneration
when administered post the hypoglycemic coma and that a
500 mg/kg total dose is more effective.

D-BHB blood levels were determined at different times in
intact control animals, fasted animals, and animals subjected
to coma treated and non-treated with D-BHB. As expected,
fasting-induced a significant increase in D-BHB blood levels to

0.9 ± 0.075 mM relative to intact controls (0.6 ± 0.057), and
these levels were maintained throughout the whole experimental
period, recovering control values 27 h later (0.56 ± 0.13; not
shown). One-hour after insulin administration, when glucose
blood levels decreased close to 30 mg/dl, D-BHB decayed
to 0.5 mM (Figure 2C). When glucose further decreased
below 20 mg/dl and animals reached the coma state, D-BHB
blood concentration significantly increased up to 1.2 mM but
declined soon after the coma to 0.8–0.7 mM (Figure 2C).
To this stage, both animal groups showed a similar behavior
suggesting they similarly reacted to insulin. During recovery,
30 min after animals were rescued with glucose alone, D-BHB
decreased further (0.58 ± 0.059) and its levels remained low
and statistically different from the coma value during the whole
glucose infusion period. In contrast, in animals rescued with
glucose and D-BHB (250 mg/kg), KB levels did not decline
but significantly increased to 0.91 ± 0.040 after 20 min,
and progressively declined to 0.7 mM during the glucose
infusion period (Figure 2C). Twenty minutes after the second
administration of D-BHB its blood levels increased again but
rapidly declined after 30 min. Twenty-four hours after glucose
infusion, D-BHB levels declined close to control values in both
groups (Figure 2C). Altogether, these results suggest that D-BHB
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endogenous production is stimulated during the coma state, but
is rapidly consumed during GI. Under these conditions, the
exogenous administration D-BHB during the recovery period
significantly increases its blood levels relative to animals rescued
with glucose alone.

Autophagy Initiation After the
Hypoglycemic Coma
To investigate whether the elevation of LC3-II induced
by the hypoglycemic coma is associated with autophagy
induction, the changes in autophagy initiation proteins were
determined. In the parietal cortex, no significant changes in
BECN1 were observed. The antibody used against ATG5, detects
a 56 kDa band corresponding to the ATG12–ATG5 conjugate
and a 32 kDa band corresponding to ATG5 alone. In
the present conditions, the 32 kDa band showed a very
low intensity and is not shown. No changes were detected
in the ATG12–ATG5 conjugate relative to control rats,
suggesting no activation of autophagy at this time (Figure 5B).
However, a significant increase in ATG7 was found. In
the hippocampus no changes in BECN1 were observed,
ATG7 showed a trend to increase and ATG12–ATG5 conjugate
was significantly elevated, suggesting increased autophagosome
formation (Figure 6B).

Then we tested the effect of D-BHB on autophagy initiation
proteins and observed no change in BECN1, ATG7, and
ATG12–ATG5 conjugate in the parietal cortex relative to the
Coma group (Figure 5B), while in the hippocampus D-BHB
treatment induced no change in ATG7 content, but produced

a significant decrease in BECN1 and ATG12–ATG5 conjugate
compared to the Coma group (Figure 6B). These results
suggest that D-BHB inhibits autophagy initiation in
the hippocampus.

Role of mTOR and AMPK Activation on
Autophagy Initiation After the
Hypoglycemic Coma
Activation of AMPK and inhibition of the mTOR complex leads
to autophagy initiation. Therefore, the levels of phosphorylation
of the downstream target of these two kinases, ULK1 were
determined 24 h after the coma as an index as of their activity. No
significant changes in total mTOR, p-mTOR S2448, total ULK1,
and p-ULK1 S757 were found in the cortex (Figures 8A,B),
suggesting that mTOR activity is not inhibited at this time.
Total AMPK showed no change and p-ULK1 S317 tended to
increase (Figures 8A,B). In the hippocampus no changes in total
mTOR, p-mTOR S2448 and p-ULK S757 were present, but a
significant increase in total ULK1 was found (Figures 9A,B).
In contrast, total AMPK and p-ULK1 S317 significantly
increased after the coma (Figures 9A,B). Overall, these results
agree with those of ATG proteins and suggest that at 24 h
autophagy is initiated mainly in the hippocampus in an AMPK
activity-dependent manner.

Effect of D-BHB on mTOR and AMPK
Activation After the Hypoglycemic Coma
The effect of 500 mg/kg of D-BHB was tested in mTOR and
ULK1 phosphorylation. No changes in p-mTOR S2448 and

FIGURE 8 | mTOR and AMPK activity in the parietal cortex of animals treated and non-treated with D-BHB 24 h after the hypoglycemic coma. (A) Total levels of
mTOR, AMPK, and ULK1. (B) Phosphorylation levels of mTOR S2448, ULK1 S757, and ULK1 S317. Data are expressed as mean ± SEM. Statistical analysis was
performed by one-way ANOVA followed by the Fisher post hoc test for multiple comparisons. #p ≤ 0.05 vs. coma. n = 4–5 control, n = 5–6 coma,
n = 4–5 Coma + BHB.
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FIGURE 9 | mTOR and AMPK activity in the parietal cortex of animals treated and non-treated with D-BHB 24 h after the hypoglycemic coma. (A) Total levels of
mTOR, AMPK, and ULK1. (B) Phosphorylation levels of mTOR S2448 and ULK1 S757 and ULK1 S317. Data are expressed as mean ± SEM. Statistical analysis
was performed by one-way ANOVA followed by the Fisher post hoc test for multiple comparisons. ∗p ≤ 0.05 vs. control, #p ≤ 0.05 vs. to coma. n = 4–5 control,
n = 5–6 coma, n = 4–5 Coma + BHB.

p-ULK1 S757 were found neither in the cortex nor the
hippocampus of D-BHB-treated animals as compared to the
Coma group (Figures 8B, 9B). D-BHB treatment decreased total
AMPK and prevented the increase in p-ULK1 S317 induced by
the hypoglycemic coma in both brain regions, suggesting that
in D-BHB-treated rats AMPK is less activated (Figures 8A,B,
9A,B). Altogether, these results suggest that D-BHB treatment
attenuates autophagy activation.

DISCUSSION

Under nutrient-limiting conditions, cells activate autophagy to
restore cell homeostasis (Mizushima et al., 2010). However,
during conditions of severe energy failure such as ischemia,
hypoxia, and cerebral trauma, neuronal death can result from
dysfunctional (Carloni et al., 2008; Sarkar et al., 2014) or
excessive autophagy (Shi et al., 2012). In contrast, it has been
reported that duringmild hypoxia and ischemic preconditioning,
autophagy is activated to protect cells by removing damaged
organelles and proteins (Sheng et al., 2012; Sun et al.,
2018). We have previously reported that glucose depletion in
cortical cultured neurons activates autophagy, but after glucose
reintroduction deficient autophagic degradation is triggered
due to calpain-mediated lysosomal dysfunction contributing to
neuronal death (Geronimo-Olvera et al., 2017).

Evidence about autophagy dynamics in an in vivo model
of severe hypoglycemia is still lacking. We have addressed this
question and the present findings suggest for the first time, that
autophagosomes accumulate during a period of SH relative to
control animals, likely due to deficient autophagic degradation
in the parietal cortex and the hippocampus. When glucose

was infused after SH a significant increase in autophagosome
formation relative to controls animals was observed at 6 h, but
it was statistically significant only in the parietal cortex. This
increase was transient and returned to control values at 24 h,
suggesting that basal levels of autophagy were restored at this
time. In contrast, animals experiencing a period of coma showed
a non-significant elevation in LC3-II at 6 h relative to control
values, but at 24 h LC3-II further and significantly increased. The
increase in LC3-II was not different from the SH group but it
was different to control rats in both brain regions, suggesting that
autophagy does not recover basal values when rats experience a
period of coma. As no decrease in SQTSM1/p62 was observed,
it is suggested that autophagosome accumulation results from
deficient autophagic flux. On the other hand, it was observed that
LC3-I abundance significantly increased in the hippocampus but
not in the cortex, suggesting the up-regulation of this protein
after GI or its deficient degradation, possibly due to impaired
proteasomal activity (Gao et al., 2010). Further experiments are
needed to identify the mechanism involved.

The differential autophagy dynamics observed after SH and
the hypoglycemic coma might be related to the duration and the
intensity of energy failure. Early studies revealed that the levels
of phosphocreatine and ATP are not altered during non-coma
hypoglycemia, while isoelectricity triggers a severe unbalance of
the energy state leading to energy depletion (Ferrendelli and
Chang, 1973; Lewis et al., 1974). On the other hand, previous
studies have shown that GI after non-coma SH increases ROS
production and 3-nitrotyrosine protein residues, but neuronal
death is limited to a few scattered cells in the cerebral cortex
(Haces et al., 2010; Amador-Alvarado et al., 2014; Julio-Amilpas
et al., 2015). In contrast, it is well known that GI after the
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coma induces oxidative stress and severe oxidative damage,
which is highly involved in neuronal death in the cortex and
the hippocampus (Suh et al., 2003, 2007). Thus, it is feasible
that non-coma hypoglycemia transiently activates autophagy to
remove damaged organelles and other cellular components to
reestablish cell homeostasis and prevent neuronal death, while
the excessive accumulation of oxidatively damaged molecules
after the coma, will exacerbate autophagosome formation and
impair the autophagic flux.

On the other hand, the present results indicate that
autophagy is activated in the hippocampus 24 h after GI in an
AMPK-dependent mTOR-independent manner in rats exposed
to coma. Amoderate increase in ATG7 and a significant elevation
in the ATG12–ATG5 conjugate relative to the control group
were found. As these proteins are essential for autophagosome
formation and elongation, respectively, these results suggest
that autophagy is activated in the hippocampus 24 after GI. In
agreement with these results, a significant increase in p-ULK1
S317 was found relative to control animals suggesting that
autophagy is initiated by AMPK activation. In the cortex,
autophagy initiation was not so evident. A significant elevation
of ATG7 was found but neither in ATG12–ATG5 conjugate nor
in p-ULK1 S317, although a trend to augment was observed. The
differences observed in autophagy activation in the cortex and
the hippocampus, might be related to the high energy demand
of the latter, due to its role in synaptic plasticity and its high
vulnerability to hypoglycemic injury (Auer et al., 1984).

The mechanisms leading to AMPK activation in the present
conditions were not explored and need further investigation.
The stimulation of calcium-calmodulin kinase β (CAMKKβ) by
increased intracellular calcium might be involved, as calcium
homeostasis is lost during severe energy deprivation (Sun et al.,
2016). Also, liver kinase B1 (LKB1), an upstream AMP kinase,
might have a role as its levels of phosphorylation increase
after brain ischemia (Li et al., 2007). Also, AMPK activity
can be stimulated by reactive oxygen and nitrogen species,
and CAMKKβ and LKB1 can be activated by nitric oxide and
peroxynitrite, respectively (Cardaci et al., 2012; Li et al., 2013; Xia
et al., 2018).

It is well known that during glucose limiting conditions
other energy substrates can be used by the brain, such as the
KB. Increasing evidence supports the protective effect of KB
exogenous intake or ketosis induction against acute brain injury
(Camberos-Luna andMassieu, 2020). We have previously shown
that D-BHB administration during hypoglycemia prevents ROS
production in the cortex and the hippocampus and diminishes
neuronal death (Julio-Amilpas et al., 2015). Here, we investigated
whether the administration of D-BHB post-hypoglycemic coma
reduces neuronal damage and improves autophagic flux, as
previously observed in cortical cultured neurons (Camberos-
Luna et al., 2016). According to the results, a total dose
of 250 mg/kg D-BHB reduced the increase in LC3-II but
was unable to stimulate the degradation of SQSTM1/p62. In
contrast, 500 mg/kg of D-BHB significantly reduced LC3-II
and SQSTM1/p62 in the parietal cortex and the hippocampus,
suggesting the improvement of autophagic cargo degradation.
These observations correlated with a reduced number of

FJB-positive cells in both brain regions, suggesting that the
protective effect of D-BHB is associated at least in part,
with the re-establishment of the autophagic flux, as previously
reported (Camberos-Luna et al., 2016; Montiel et al., 2020).
Importantly, results also show that D-BHB treatment attenuates
autophagosome formation in the hippocampus at late stages
after GI, supporting the idea that dysfunctional and/or excessive
autophagy contributes to neuronal death.

The decrease in LC3-II and SQSTM1/p62 induced by D-BHB
treatment can also result from diminished autophagy activation.
According to the results, D-BHB did not affect BECN1,
ATG7, and ATG12–ATG5 conjugate in the parietal cortex, thus
it mainly improved autophagic degradation in this cerebral
region. However, in the hippocampus, D-BHB prevented the
phosphorylation of ULK1 S317 by AMPK suggesting less AMPK
activation. This result correlated with diminished BECN1 and
ATG12–ATG5 conjugate supporting that D-BHB attenuates
the initiation of autophagy in this region. These results agree
with recent findings in the rat striatum after NMDA-induced
excitotoxicity (Montiel et al., 2020). Decreased activation of
AMPK by D-BHB treatment is possibly related to improved
mitochondrial metabolism and ATP synthesis and decreased
ROS production (Maalouf et al., 2007; Julio-Amilpas et al., 2015;
Marosi et al., 2016).

According to the determination of D-BHB blood levels,
fasting-induced mild ketosis as it increased D-BHB up to
0.9mM.However, it rapidly declined after insulin administration
suggesting it is consumed by the brain during hypoglycemia.
Results also indicate that during severe hypoglycemia, when
animals reach the coma, the endogenous KB production is
stimulated but declines soon after the coma. Animals from both
groups behaved similarly during the hypoglycemia period before
glucose recovery suggesting the similarly reacted to insulin.
However, it remains to be determined whether a differential
response to insulin affects neuronal survival and autophagy.
According to the present data, the exogenous administration of
D-BHB immediately after the coma, was able to increase its levels
close to fasting values. Notably, D-BHB concentration declined
30 min after its first and second administration, suggesting its
utilization during the recovery period. These results agree with
a previous study showing that D-BHB administration during
hypoglycemia before the coma, increases its levels close to fasting
values providing the brain with an alternative substrate to glucose
(Julio-Amilpas et al., 2015).

The contribution to neuronal survival of the endogenous
D-BHB production and utilization, resulting from insulin
administration, cannot be disregarded. In the present
experimental conditions, it possibly contributes to the limited
neuronal death associated with a brief period of coma (Haces
et al., 2010; Languren et al., 2019), as compared to longer periods
(30–60 min), where neuronal death is extensive and distributed
in the cortex and all layers of the hippocampal formation (Auer
et al., 1984; Suh et al., 2007). Nonetheless, according to the
present data, additional D-BHB exogenous supplementation
during GI, associates with improved cell survival, as a lower
number of degenerating cells were observed in D-BHB-treated
rats, and this effect was dose-dependent.
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The protective effect of exogenous KB administration against
acute brain injury has been demonstrated in several in vivo
models (Suzuki et al., 2001, 2002; Haces et al., 2008; Julio-
Amilpas et al., 2015; Montiel et al., 2020), and this study
adds new knowledge about the role of autophagy as a
possible mechanism involved. Protection protocols using ketosis
induction by diet approaches as the ketogenic diet or medium-
chain triglycerides supplementation, relay on the up-regulation
of monocarboxylate transporters to favor KB oxidation by
the brain. In contrast, the exogenous administration of KB
or KB derivatives rapidly increases their blood concentration
but require repetitive or continuous administration to sustain
elevated KB blood levels (Camberos-Luna and Massieu, 2020).
It remains to be determined whether there is an up-regulation of
MCT transporters in the present conditions, which can facilitate
KB uptake in the brain, as it has been reported after ischemia
and cerebral trauma (Tseng et al., 2003; Prins et al., 2004; Zhang
et al., 2005; Prins and Giza, 2006; Prins, 2008; Moreira et al.,
2009), and recently after severe hypoglycemia in female rats
(Uddin et al., 2020).

In conclusion, the present study reports for the first time, that
autophagy follows different dynamics during glucose recovery
in animals experiencing SH or hypoglycemic coma, and that
it is differentially activated in the cortex and the hippocampus
as a response to the initial energy failure and recovery. Also,
results support that D-BHB treatment is associated with the
stimulation of the autophagic flux in the cortex and the
hippocampus and with the attenuation of autophagy in the latter.
These effects might be involved in the protective effect exerted
by D-BHB against hypoglycemic neuronal death. These data
increase our knowledge about the adaptive brain responses to
severe hypoglycemia, and the role of D-BHB as alternative energy
fuel to glucose in the modulation of these responses.
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Owing to its pronounced regenerative capacity in many tissues and organs, the
zebrafish brain represents an ideal platform to understand the endogenous regeneration
mechanisms that restore tissue integrity and function upon injury or disease. Although
radial glial and neuronal cell populations have been characterized with respect to specific
marker genes, comprehensive transcriptomic profiling of the regenerating telencephalon
has not been conducted so far. Here, by processing the lesioned and unlesioned
hemispheres of the telencephalon separately, we reveal the differentially expressed
genes (DEGs) at the early wound healing and early proliferative stages of regeneration,
i.e., 20 h post-lesion (hpl) and 3 days post-lesion (dpl), respectively. At 20 hpl, we detect
a far higher number of DEGs in the lesioned hemisphere than in the unlesioned half
and only 7% of all DEGs in both halves. However, this difference disappears at 3 dpl,
where the lesioned and unlesioned hemispheres share 40% of all DEGs. By performing
an extensive comparison of the gene expression profiles in these stages, we unravel
that the lesioned hemispheres at 20 hpl and 3 dpl exhibit distinct transcriptional profiles.
We further unveil a prominent activation of Wnt/β-catenin signaling at 20 hpl, returning
to control level in the lesioned site at 3 dpl. Wnt/β-catenin signaling indeed appears to
control a large number of genes associated primarily with the p53, apoptosis, forkhead
box O (FoxO), mitogen-activated protein kinase (MAPK), and mammalian target of
rapamycin (mTOR) signaling pathways specifically at 20 hpl. Based on these results, we
propose that the lesioned and unlesioned hemispheres react to injury dynamically during
telencephalon regeneration and that the activation of Wnt/β-catenin signaling at the early
wound healing stage plays a key role in the regulation of cellular and molecular events.

Keywords: brain regeneration, telencephalon, comparative transcriptome analysis, zebrafish, Wnt/β-catenin
pathway, wound healing
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INTRODUCTION

All vertebrate brains studied so far undergo adult neurogenesis,
where they generate functional new neurons and integrate them
into the existing brain circuitry after fetal and early postnatal
development. Adult neurogenesis is achieved via stem or
progenitor cells, in particular zones that exhibit varying degrees
of abundance and neurogenic capacity among vertebrate species,
and correlates with the capacity to regenerate upon damage to
neuronal networks caused by injury (Doetsch and Scharff, 2001;
Chapouton et al., 2007; Kaslin et al., 2008; Bonfanti and Peretto,
2011; Alunni and Bally-Cuif, 2016). Radial glia or glia-like cells
(RGCs) have the characteristics of astrocytes, the star-shaped glial
cells of the central nervous system (CNS), and act as primary
neural stem cells (NSCs) that generate new neurons in the adult
brain (Doetsch et al., 1999; Noctor et al., 2001; Seri et al., 2001;
Dhaliwal and Lagace, 2011; Ming and Song, 2011).

Mammalian adult neurogenesis takes place predominantly via
the NSCs confined to two distinct parts of the forebrain, i.e.,
the subventricular zone (SVZ) of the lateral ventricles in the
telencephalon and the subgranular zone (SGZ) of the dentate
gyrus in the hippocampus (Alvarez-Buylla et al., 2001; Kriegstein
and Alvarez-Buylla, 2009; Bonfanti and Peretto, 2011). The
restricted capacity of the neurogenic niches is explained partially
by the reduction of constitutively active adult proliferation zones
in mammalian brain during evolution (Rakic, 2002; Lindsey
and Tropepe, 2006; Tanaka and Ferretti, 2009), a specific or
general resistance against cell proliferation due to the evolution
of tight control mechanisms against tumorigenesis (Pearson and
Sanchez Alvarado, 2008), resistance to integrate new cells into
a mature neural network (Kempermann et al., 2004; Kaslin
et al., 2008), an altered cellular plasticity that affects stem
or progenitor cell characteristics (Shihabuddin et al., 2000;
Peng et al., 2002; Kizil et al., 2012b), or a non-permissive
environment related to scar formation at the wound site after
injury (Ekdahl et al., 2003; Fitch and Silver, 2008; Rolls et al.,
2009). Low neurogenecity is paralleled by a limited potential
in the integration of the newborn neurons in most regions of
the mammalian brain, necessitating the use of another platform
free of these constraints for the development of new therapeutic
approaches (Bhardwaj et al., 2006; Ernst and Frisen, 2015;
Alunni and Bally-Cuif, 2016).

In contrast to mammals, adult neurogenesis in zebrafish
is robust and widespread, with 16 distinct constitutively
proliferative zones that are mostly located along the ventricular
surface but also deeper in the brain parenchyma (Kaslin
et al., 2008). These zones are detected along the entire rostro-
caudal axis of the zebrafish brain and contain ventricularly
positioned self-renewing neural progenitors (Grandel et al., 2006;
Kaslin et al., 2008; Kizil et al., 2012b; Grandel and Brand,
2013). Zebrafish CNS regenerates via the proliferation and
differentiation of the radial glial cells (RGCs), also referred
to as ependymoglia due to their functional orthology to
the mammalian ependymal cells, and the neuroepithelial-like
progenitor cells (Grandel et al., 2006; Ganz et al., 2010; Fleisch
et al., 2011; Kizil et al., 2012b; Kaslin et al., 2017; Lindsey
et al., 2017; Zambusi and Ninkovic, 2020). The permissive

environment, which is necessary for these progenitors—upon
injury—to become activated and differentiate into functional
neurons, results most likely from the fact that zebrafish does not
form any obvious scar tissue after injury in the CNS, thus granting
zebrafish a regeneration potential higher than that of mammals
(Becker and Becker, 2002; Kroehne et al., 2011).

Being one of the best-characterized regions of the adult
zebrafish brain, the telencephalon harbors at least two distinct
neurogenic zones, the dorsal and the medio-ventral neurogenic
niches, with ependymoglial cells that differ in their proliferation
and progeny characteristics (Marz et al., 2010; Zambusi and
Ninkovic, 2020). Accordingly, these cells express different
markers including glial fibrillary acidic protein (Gfap), S100β,
nestin, brain lipid-binding protein (Blbp), aromatase, and SRY-
box 2 (Sox2), confirming their radial glia-like nature (Adolf
et al., 2006; Pellegrini et al., 2007; Lam et al., 2009; Ganz
et al., 2010; Marz et al., 2010; Kroehne et al., 2011). A recent
study on transcriptome analysis has identified novel markers
for radial glia, newborn neurons, and mature neurons (Lange
et al., 2020). Several inflammation-related programs including
the chemokine receptor Cxcr5, the zinc finger transcription factor
Gata3, and cysteinyl leukotriene signaling have been shown to
promote the proliferation and generation of newborn neurons,
thus enhancing neuronal regeneration in response to injury (Kizil
et al., 2012a,b; Kyritsis et al., 2012). Fibroblast growth factor
(Fgf) signaling and aryl hydrocarbon receptor (AhR) signaling
have also been reported to directly regulate ependymoglial
cell proliferation in the adult zebrafish telencephalon (Ganz
et al., 2010; Di Giaimo et al., 2018). Yet, little is known about
the neural signaling pathways and the molecular interaction
networks that are involved in zebrafish brain regeneration. This is
particularly in question for the early stages of brain regeneration,
where a deeper knowledge of the contributory pathways with a
special focus on their crosstalk is necessary to understand the
underlying mechanisms.

To address these questions, we have set out to identify
the genes that are differentially expressed in the zebrafish
telencephalon during early regeneration in response to stab
wound injury and focused on two early stages: (1) the early
wound healing stage at 20 h post-lesion (hpl) and (2) the early
proliferative stage at 3 days post-lesion (dpl). To this end, we have
performed whole transcriptome analyses of the telencephalon by
comparing (a) the lesioned and unlesioned hemispheres at two
regenerative stages separately and (b) the lesioned hemispheres
of the two stages to each other. Upon comparing the injury
responses of the hemispheres at the early wound healing stage,
we have found that the number of differentially expressed
genes (DEGs) in the lesioned hemisphere is by far higher than
that of the unlesioned hemisphere. In the early proliferative
stage, however, the difference between the responses of the
hemispheres declined noticeably and more than 40% of all
DEGs are shared. Our comparative transcriptome analyses of
the lesioned hemispheres at the wound healing and proliferative
stages have revealed a considerably large pool of DEGs that are
not shared, reflecting a discrepancy in the transcriptional profiles
of these stages. Using Gene Ontology (GO) term and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis,
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we have deciphered an enrichment of the gene sets related to the
Wnt/β-catenin signaling pathway predominantly at 20 hpl and
confirmed this experimentally at the messenger RNA (mRNA)
and protein levels. To further investigate how Wnt/β-catenin
signaling regulates regeneration at the molecular level, we have
unveiled the Wnt targetome by analyzing the transcriptomes of
the lesioned hemispheres where Wnt signaling is suppressed from
the time of injury to 20 hpl or 3 dpl. Our data have demonstrated
that the Wnt targetome at 20 hpl is considerably larger than
that at 3 dpl and that Wnt/β-catenin signaling controls a variety
of key signaling pathways including p53, apoptosis, forkhead
box O (FoxO), mitogen-activated protein kinase (MAPK), and
mammalian target of rapamycin (mTOR) at the early wound
healing stage of brain regeneration. Overall, by using a prominent
combination of bioinformatics and experimental validation of
the bioinformatics data, we unravel the whole transcriptomes
of the lesioned and unlesioned hemispheres at the early wound
healing and proliferative stages of brain regeneration and
highlight the significance of Wnt/β-catenin signaling in the
regulation of cellular and molecular events taking place during
early regeneration.

MATERIALS AND METHODS

Stab Wound Assay
A transgenic reporter of Tcf/Lef-mediated transcription
6xTCF/Lef-miniP:2dGFP [Tg(6XTCF:dGFP)] (Shimizu et al.,
2012) was used for RNA isolation and transcriptome analysis.
Wild-type (wt) AB zebrafish were used for immunofluorescence
staining. Before surgery, fish were anesthetized with 0.02% of
Tricaine (MS-222, Sigma-Aldrich). Stab injury was performed in
6–9-months-old male fish as previously described (Kroehne et al.,
2011; Baumgart et al., 2012). A 30-gauge needle was inserted
through the left nostril until the end of the telencephalon.
Afterward, the fish were transferred into a tank with freshwater.
Animal experiments were approved by the Animal Experiments
Local Ethics Committee of İzmir Biomedicine and Genome
Center (IBG-AELEC).

Drug Treatment
To inhibit Wnt/β-catenin signaling during regeneration,
zebrafish that are exposed to stab wound injury of the brain
were immersed in fish water containing 20 µM IWR-1 (Sigma-
Aldrich, MO, United States) dissolved in dimethyl sulfoxide
(DMSO). Inhibitor of Wnt response (IWR) treatment was
initiated directly after stab injury and terminated at either 20 hpl
or 3 dpl. IWR-1 containing fish water was refreshed daily.

Tissue Preparation
After performing stab wound injury in the telencephalon, the
fish were euthanized and severed heads were fixed in 4%
paraformaldehyde (PFA) overnight at 4◦C. Next, the heads were
transferred into 20% sucrose–20% EDTA for 2 days at 4◦C
and 30% sucrose–20% EDTA overnight at 4◦C. The heads were
embedded in 20% sucrose–7.5% gelatin solution kept in a box
filled with dry ice. Brain sections of 14 µm were cut at −20◦C

using a cryostat (CM1850, Leica, Wetzlar, Germany) and stored
at -20◦C until further use.

Immunohistochemistry and Imaging
The brain sections on slides were dried at room temperature
(RT) for 20 min. The slides were washed twice with PBSTX
(1× PBS/0.3% Triton X-100) for 10 min. After incubation
with 10 mM sodium citrate for 15 min at 85◦C, they were
washed with 1 × PBS twice for 5 min and incubated with
diluted primary antibody in PBSTX at 4◦C overnight. The
next day, the slides were washed three times with PBSTX
for 10 min at RT, incubated with secondary antibody, and
washed three times with 1× PBS for 5 min at RT. Images
were obtained using an LSM 880 laser scanning confocal
microscope (Carl Zeiss AG, Oberkochen, Germany). The
primary antibodies are as follows: mouse anti-GFAP (1:500,
ab154474, Abcam, Cambridge, United Kingdom), mouse
anti-PCNA (1:500, M0879, Dako, Agilent, CA, United States),
rabbit anti-S100β (1:500, Z0311, Dako, Agilent), mouse
anti-acetylated tubulin (1:250, T6793, Sigma-Aldrich, MO,
United States), and rabbit anti-phospho-β-catenin (1:100,
D2F1, Cell Signaling Technology, MA, United States). The
secondary antibodies are as follows: rhodamine (TRITC)
AffiniPure donkey anti-rabbit IgG (1:200, 711-025-152, Jackson
Immunoresearch Laboratories, PA, United States) and Cy5
AffiniPure donkey anti-rat IgG (H+L) (1:400, 712-175-150,
Jackson Immunoresearch Laboratories). Nuclear staining was
performed with 4′,6-diamidino-2-phenylindole (DAPI; 4083S,
Cell Signaling Technology).

RNA Isolation and cDNA Preparation
After stab wound injury was performed, zebrafish were
anesthetized using 0.02% Tricaine-S solution and sacrificed
at either 20 h post-lesion (hpl) or 3 days post-lesion (dpl).
Firstly, the heads were separated from the fish and then
the lesioned (left) and unlesioned (right) hemispheres were
dissected individually to examine the influence of the injury
between them (Figures 1A,B). The left and right hemispheres
of healthy zebrafish telencephalon were used as control samples.
The experiments were carried out in triplicate for each group.
All brain samples were transferred into an RNAprotect tissue
reagent (Qiagen, Hilden, Germany) immediately to prevent RNA
degradation. Total RNA was extracted using the RNeasy Plus
Micro Kit (Qiagen) according to the manufacturer’s instructions.
RNA samples were quantified by using a NanoDrop 2000
spectrophotometer (Thermo Scientific, MA, United States).
RNA integrity was assessed using an Agilent RNA 6000 Pico
with the Agilent 2100 Bioanalyzer (Agilent Technologies, CA,
United States). The samples were sent to the Genomics Core
Facility (GeneCore, EMBL Heidelberg, Germany) for library
preparation and RNA sequencing.

Library Preparation and RNA Sequencing
Libraries were prepared using an Illumina TruSeq RNA Library
Preparation Kit v2 (Illumina, San Diego, CA, United States)
according to the manufacturer’s recommendations by using 500
ng complementary DNA (cDNA) as input. For size selection, 300
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FIGURE 1 | Pipeline for RNA preparation and analysis of RNA sequencing (RNA-seq) data. (A) Preparation of RNA samples from the lesioned hemispheres at 20 hpl
or 3 dpl. X1: comparison of the lesioned hemisphere at 20 hpl with the intact brain; Y1: comparison of the lesioned hemisphere at 3 dpl with the intact brain.
(B) Preparation of RNA samples from the unlesioned hemispheres at 20 hpl or 3 dpl. X2: comparison of the unlesioned hemisphere at 20 hpl with the intact brain;
Y2: comparison of the unlesioned hemisphere at 3 dpl with the intact brain. (C) RNA-seq reads were generated using Illumina NextSeq 500. The quality of reads was
checked by the FastQC tool. Next, alignment and counting of reads were performed by using a zebrafish reference genome (Ensembl, GRCz11) and the annotation
file (Ensembl, GRCz11.93) by HISAT2 and HTSeq-count tools, respectively. Counts were transformed with variance stabilizing transformation (vst) to perform
principal component analysis and hierarchical clustering. To select genes as differentially expressed, we used the DESeq2 package with the following criteria: fold
change > 1.5 (in both directions) and Benjamini–Hochberg adjusted p-value (FDR) < 0.1. Gene Ontology and pathway enrichment analyses were performed by
using DAVID and the STRING tool of Cytoscape, respectively. hpl, hours post-lesion; dpl, days post-lesion.

bp cDNAs were selected. Paired-end, strand-specific sequencing
for total RNA was performed on Illumina NextSeq 500 with 75
bp read lengths.

Bioinformatics Analysis
For each sample, quality control of the reads was inspected
by using the FastQC tool; low-quality reads and adapter
sequences were removed by using Trimmomatic (Bolger et al.,
2014). RNA sequencing (RNA-seq) reads were aligned to
the zebrafish reference genome (Ensembl, GRCz11) using
HISAT2 (2.1.0) (Kim et al., 2015). After alignment, the
transcripts were assembled and counted by HTSeq (Anders
et al., 2015) by using the annotation file from the Ensembl
website (Danio_rerio.GRCz11.93.gtf) (Figure 1C). The DESeq2
package (Love et al., 2014) of Bioconductor (Gentleman et al.,
2004) was used to carry out normalization of read counts,
their transformation (vst), and differential expression analysis.
Principal component analysis (PCA) was performed to check
the vst-transformed read counts and visualized with ggplot2
(Wickham, 2016; Supplementary Figure S1). To find DEGs,
we performed Wald tests for the following comparisons using
DESeq2: 20 hpl lesioned hemisphere vs. control (X1); 20
hpl unlesioned hemisphere vs. control (X2); 20 hpl lesioned
hemisphere after IWR treatment vs. 20 hpl lesioned hemisphere
(X3); 20 hpl lesioned hemisphere after IWR treatment vs. control
(X4); 3 dpl lesioned hemisphere vs. control (Y1); 3 dpl unlesioned
hemisphere vs. control (Y2); 3 dpl lesioned hemisphere after
IWR treatment vs. 3-dpl lesioned hemisphere (Y3); and 3

dpl lesioned hemisphere after IWR treatment vs. control (Y4)
(Figures 1A,B, 6B). For all eight groups, we selected a gene
as upregulated if the fold change > 1.5 and downregulated if
the fold change < 0.67 ( = 1/1.5), which we will simply refer
to as “FC > 1.5 in both directions” hereafter (Supplementary
Table S1). The lists of the significantly downregulated and
upregulated genes obtained from individual comparisons were
used as inputs for statistical enrichment analyses with regard to
GO terms by using the Database for Annotation, Visualization
and Integrated Discovery (DAVID) 6.8 bioinformatics functional
annotation tool (Huang da et al., 2009). Functional enrichment
was performed in three categories of GO terms: biological process
(BP), molecular function (MF), and cellular component (CC).
The EASE score, a modified one-tailed Fisher’s exact test, was
used to identify the GO terms by means of a user-defined gene
list for each defined DAVID GO term. KEGG pathway (Kanehisa
and Goto, 2000) and Reactome pathway (Fabregat et al., 2018)
analyses were performed using all significantly changed genes
with the StringApp tool of Cytoscape 3.7.2 (Shannon et al.,
2003; Doncheva et al., 2019). Gene lists related to the selected
GO terms and KEGG pathways were obtained from the KEGG
and AmiGO databases and plotted using the GOplot package
(Walter et al., 2015).

qPCR and Statistical Analysis
All samples with RIN ≥ 7.0 (our samples ranged from 8.1 to
10) were converted to cDNA using ProtoScript II First Strand
cDNA Synthesis Kit (New England BioLabs, MA, United States)
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according to the manufacturer’s instructions. Zebrafish rpl13a
(ribosomal protein L13a) was used as the reference gene for
normalization to determine the relative gene expression levels.
Quantitative PCR (qPCR) was performed in triplicate using
GoTaq qPCR Master Mix (Promega, Madison, WI, United States)
at an Applied Biosystems 7500 Fast Real Time PCR machine
(Foster City, CA, United States). The data were analyzed using
the GraphPad Prism 8 software (Graphpad Software Inc., CA,
United States). The values are the mean ± SEM (standard error
of mean) of three samples. Primer sequences for the following
zebrafish genes are listed in Supplementary Table S2: adam8a,
c1qc, capgb, cd74b, cdk2, csf1ra, ctgfa, egfp, epha2a, foxo1a, fsta,
gadd45ga, gfap, grem1b, il6st, inhbab, isl1, klf11b, lef1, mCherry,
mpeg1.1, pappaa, pcna, prg4b, rpl13a, sgk2b, tbx2a, and tfa.

RESULTS

Transcriptome Profiling of the
Telencephalon During the Early Wound
Healing Stage of Regeneration
While the later stages of brain regeneration have been relatively
better understood, little is known about the early stages especially
at the level of differential gene expression. To determine
the changes in gene expression that control the molecular
mechanisms underlying early brain regeneration, we aimed
to identify and compare the entire transcriptomes of the
zebrafish telencephalon at two early regenerative stages, i.e.,
20 hpl and 3 dpl. Several telencephalon genes have been
found to be significantly upregulated in the lesioned and
unlesioned hemispheres (Kroehne et al., 2011; Kizil et al., 2012b).
However, their injury responses have not been compared at
the transcriptome level before. Thus, to distinguish between
the responses of the lesioned and unlesioned hemispheres and
avoid the dilution of genes that are differentially expressed
mainly in the lesioned hemisphere, we decided to dissect
the telencephalic hemispheres and have their transcriptome
sequenced separately (Figure 1). Before sequencing, we validated
the injury response by measuring the expression levels of gfap and
gata3 that are known to be strongly upregulated in the lesioned
hemisphere upon injury (Supplementary Figure S1) (Kroehne
et al., 2011). We found that 1,472 genes [829 upregulated (Up)
and 643 downregulated (Down)] were significantly differentially
expressed in the lesioned hemisphere at 20 hpl (X1) as compared
to the equivalent hemisphere of the unlesioned brain, and 1,356
(785 Up and 571 Down) of them were unique to X1 (Figure 2A
and Supplementary Table S3). en1a, abhd2b, and lyrm5b were in
the top 10 Down genes while mthfd1l, tbx2a, and entpd2b were
in the top 10 Up genes in X1 (Figure 2B). In the unlesioned
hemisphere at 20 hpl (X2), we detected 211 DEGs (76 Up
and 135 Down) with lower fold changes in both the Up and
Down genes as compared to X1, and 95 genes (32 Up and
63 Down) were unique to X2 (Figure 2A and Supplementary
Table S3). igfbp1a, cd74a, and nt5c2l1 were the top three Down
genes while stat3, anxa2a, and mid1ip1b were the top three Up
genes in X2 (Figure 2C). Only 7% of all DEGs, i.e., 116 genes

(44 Up and 72 Down), including those encoding for several
heat shock proteins, leucine-rich repeat-containing proteins, and
phosphatases were shared between X1 and X2 (Figure 2A and
Supplementary Table S3). The top GO terms in X1 and X2
showed no overlap, parallel to the low number of genes shared
between them (Figures 2D,E). We also determined altered GO
terms and Reactome pathways by comparing the X1 and X2
groups (Supplementary Figures S2, S3 and Supplementary
Tables S4, S5). While there were 20 KEGG pathways significantly
enriched in X1, only four pathways were enriched in X2
(Figure 2F and Supplementary Table S5). To confirm the results
of the bioinformatics analyses, we quantified the expressions
of several genes related to tissue regeneration (Kroehne et al.,
2011; Tsujioka et al., 2017; Galvao et al., 2018; Yu et al.,
2019). prg4a and klf11 were indeed upregulated only in the
lesioned hemisphere (Figure 2G), while gfap and il6st were so
in both hemispheres (Figure 2H). Several tubulin genes (tubb6,
tuba1b, tuba8l, tub, and tubb4b) were upregulated not only in
X1 but also in X2 (tuba8l4) (Supplementary Table S1). We
confirmed this by immunofluorescence staining for acetylated
tubulin, a neuronal microtubule marker that mainly labeled the
parenchyma cells in the control and became strongly upregulated
in the cells lining the ventricle after injury (Figures 2I,J). These
data collectively indicate that, at the early wound healing stage,
remarkably, i.e., seven times, higher numbers of genes are
differentially expressed in the lesioned hemisphere as compared
to the unlesioned hemisphere.

Transcriptome Profiling of the
Telencephalon During the Early
Proliferative Stage of Regeneration
The telencephalon is known to react to injury by a strong
induction of proliferation that peaks at 3 dpl mainly in the
ventricular zone of the lesioned hemisphere (Kroehne et al.,
2011; Marz et al., 2011; Lindsey et al., 2017). By analyzing the
transcriptomics data at 3 dpl, we identified 1,707 genes (924
Up and 783 Down) to be significantly differentially expressed
in the lesioned hemisphere at 3 dpl (Y1) as compared to the
corresponding hemisphere of the unlesioned brain, and 861 (589
Up and 272 Down) of them were unique to Y1 (Figure 3A and
Supplementary Tables S1, S3). In contrast to 20 hpl, most DEGs
were shared between Y1 and Y2 (unlesioned hemisphere at 3
dpl), where we identified a total of 1,215 DEGs (530 Up and 685
Down), only 369 (195 Up and 174 Down) of which were unique
to Y2 (Figure 3A and Supplementary Tables S1, S3). en1a,
mhc1uba, and mhc2dab were in the top 10 Down genes in both
Y1 and Y2, while capgb, c1qb, and entpd2b were in the top 10 Up
genes in Y1 (Figure 3B) and isl1, msh4, and tfa were in the top 11
Up genes in Y2 (Figure 3C). Eight hundred forty-six genes (335
Up and 511 Down) were shared between Y1 and Y2 and harbored
many members of gene families encoding for solute carriers,
calcium channels, ring finger proteins, and protocadherins
(Figure 3A and Supplementary Table S3). The top 40 GO
terms in Y1 and Y2 overlapped by 25% (Figures 3D,E). We also
defined altered GO terms and Reactome pathways by comparing
the Y1 and Y2 groups (Supplementary Figures S4, S5 and
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FIGURE 2 | Transcriptome profiling of the telencephalon during the early wound healing stage of regeneration. (A) The Venn diagram shows the number of
upregulated (Up) or downregulated (Down) differentially expressed genes (DEGs) in the lesioned (X1, pink) and unlesioned (X2, green) hemispheres and the overlap
between each set of DEGs at 20 hpl. A total of 1,472 and 211 genes were significantly changed in X1 and X2, respectively. There were 116 genes shared between
X1 and X2. (B,C) Volcano plots representing changes in the gene expression levels in X1 and X2. Each point represents a gene. The X-axis shows log2 of fold
change in the condition compared to control and the vertical dashed lines indicate the fold change cutoffs. The Y-axis represents -log10 of the Benjamini–Hochberg
adjusted p-value, where the significance threshold is indicated by the dashed horizontal line. Number of upregulated genes in X1 and X2: 829 and 76, respectively,
and downregulated genes in X1 and X2: 643 and 135, respectively. Darker and lighter shades in (A–C) indicate upregulation and downregulation, respectively. (D,E)
DAVID bioinformatics tool was used to show the most significantly enriched GO terms based on the transcriptional changes in X1 and X2 comparisons. The
heatmap scale shows log10 of the EASE p-value for the most significantly enriched GO terms. (F) STRING bioinformatics tool was used to show the most
significantly enriched KEGG pathways based on the transcriptional changes in X1 and X2. The dot plot represents KEGG pathways enriched in X1 and X2 by using
all significantly changed genes in these comparisons based on FDR and EnrichFactor. (G,H) Relative expression levels of X1-specific genes (prg4b and klf11b) and
the genes shared between X1 and X2 (gfap and il6st). Statistical significance was evaluated using unpaired t-test. *p < 0.05, **p < 0.01, and ***p < 0.001. Error
bars represent ± standard error of the mean (SEM, n = 3). (I–I′,J–J′) Anti-acetylated tubulin staining of the control and 20 hpl brain sections with boxed areas
magnified. Sections are counterstained for DAPI. Scale bars, 200 µm in (I,J); 100 µm in (I′) and (J′). (K) Relative fluorescence intensity in brain sections stained for
anti-acetylated tubulin. DAVID, Database for Annotation, Visualization and Integrated Discovery; GO, Gene Ontology; BP, biological process; CC, cellular
component; MF, molecular function; STRING, Search Tool for the Retrieval of Interacting Genes/Proteins; KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR,
false discovery rate; hpl, hours post-lesion. See section “Materials and Methods” for the definition of DEGs covered in X and Y comparisons. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001.
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FIGURE 3 | Transcriptome profiling of the telencephalon during the early proliferative stage of regeneration. (A) The Venn diagram shows the number of upregulated
(Up) or downregulated (Down) differentially expressed genes (DEGs) in the lesioned (Y1, orange) and unlesioned (Y2, purple) hemispheres and the overlap between
each set of DEGs at 3 dpl. A total of 1,707 and 1,215 genes were significantly changed in Y1 and Y2, respectively. There were 846 genes shared between Y1 and
Y2. (B,C) Volcano plots representing changes in the gene expression levels in Y1 and Y2. Each point represents a gene. The X-axis shows log2 of fold change in the
condition compared to the control and dashed vertical lines indicate the fold change cutoff. The Y-axis represents -log10 of the Benjamini–Hochberg adjusted
p-value, where the significance threshold is indicated by the dashed horizontal line. Number of upregulated genes in Y1 and Y2: 924 and 530, respectively, and
downregulated genes in Y1 and Y2: 783 and 685, respectively. Darker and lighter shades in (A–C) indicate upregulation and downregulation, respectively. (D,E)
DAVID bioinformatics tool was used to show the most significantly enriched GO terms based on the transcriptional changes in Y1 and Y2 comparisons. The
heatmap scale shows log10 of the EASE p-value for the most significantly enriched GO terms. (F) STRING bioinformatics tool was used to show the most
significantly enriched KEGG pathways based on the transcriptional changes in X1 and X2. The dot plot represents KEGG pathways enriched in X1 and X2 by using
all significantly changed genes in these comparisons based on FDR and EnrichFactor. (G,H) Relative expression levels of Y1-specific genes (csf1ra and cd74b) and
the genes shared between Y1 and Y2 (mpeg1.1 and gfap). Statistical significance was evaluated using unpaired t-test. *p < 0.05, **p < 0.01, and ***p < 0.001.
Error bars represent ± standard error of the mean (SEM, n = 3). (I,J) Anti-PCNA staining of the control and 3 dpl brain sections. Sections are counterstained for
DAPI. DAVID, Database for Annotation, Visualization and Integrated Discovery; GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular
function; STRING, Search Tool for the Retrieval of Interacting Genes/Proteins; KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, false discovery rate; dpl,
days post-lesion. See section “Materials and Methods” for the definition of DEGs covered in X and Y comparisons.
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Supplementary Tables S4, S5). There were 15 KEGG pathways
significantly enriched in Y1 (Figure 3F and Supplementary
Table S5). The qPCR results confirmed that the regeneration-
related DEGs csf1ra and cd74b (Chitu et al., 2016; Hwang et al.,
2017) were upregulated in the lesioned hemisphere (Figure 3G)
and mpeg1.1 and gfap (Kroehne et al., 2011; Paredes et al., 2015)
in both hemispheres (Figure 3H). Moreover, we observed a
remarkable increase in the number of proliferating cells at the
ventricular zone of the telencephalon in the lesioned hemisphere,
detected by proliferating cell nuclear antigen (PCNA) antibody
staining (Figures 3I,J). Thus, we conclude that the number of
DEGs is higher in both hemispheres during the proliferative
stage in comparison to the early wound healing stage and that
41% of all DEGs are shared between the lesioned and unlesioned
hemispheres at this stage.

The Early Wound Healing and
Proliferative Stages of Brain
Regeneration Are More Different Than
Similar
Next, to compare the molecular and cellular events that occur in
the lesioned hemisphere of the telencephalon at its early wound
healing and proliferative stages, we compared the transcriptome
profiles of the X1 and Y1 groups in detail. There were 1,015
DEGs (566 Up and 449 Down) that were unique to X1 and 1,250
DEGs (705 Up and 545 Down) were unique to Y1 (Figure 4A
and Supplementary Table S6). We found that 457 genes (27%
of X1 DEGs and 31% of Y1 DEGs) were shared between X1
and Y1 (Figure 4A and Supplementary Table S6). Among them,
395 genes were regulated in the same way, i.e., Up in both
or Down in both, while 62 were regulated inversely. We next
intersected the DEGs in X1 and Y1 to reveal genes differentially
expressed at both time points. The heatmap displayed four groups
of shared genes: group 1 with nine genes (e.g., caspb and notch3)
Down in X1 and Up in Y1; group 2 with 185 genes (e.g.,
hif1an) Down in both X1 and Y1; group 3 with 53 genes (e.g.,
mapk6) Up in X1 and Down in Y1; and group 4 with 210 genes
(e.g., stat3, il6st, slc7a11, and s100b) Up in both X1 and Y1
(Figures 4B,C and Supplementary Table S6). To compare the
molecular data obtained from 20 hpl and 3 dpl using GO term
enrichment, we used three groups of DEGs: (1) DEGs unique
to X1; (2) DEGs unique to Y1; and (3) DEGs shared between
X1 and Y1. GO term and KEGG pathway analyses showed
enrichment of the Wnt signaling pathway exclusively in X1,
whereas several other signaling pathways including p53, ErbB,
FoxO, apoptosis, insulin, and MAPK were shared between X1 and
Y1; mTOR signaling was uniquely enriched in Y1 (Figure 4D,
Supplementary Figure S6, and Supplementary Table S5). To
validate differential gene expression, we selected DEGs that are
unique to X1 (tbx2a and grem1b), unique to Y1 (cdk2 and c1qc),
or shared between X1 and Y1 (adam8a and capgb), which are all
known to be involved in tissue regeneration (Schlomann et al.,
2000; Garnier et al., 2009; Satoh and Makanae, 2014; Peterson
et al., 2015; Wang et al., 2015; Tang et al., 2017). All selected
DEGs became upregulated after injury in the corresponding
hemisphere, as detected by qPCR (Figures 4E–H). Furthermore,

immunofluorescence staining for the glial cell markers S100β and
glial fibrillary acidic protein (GFAP) confirmed upregulation at
both 20 hpl and 3 dpl (Figures 4I–N). Overall, the early wound
healing and proliferative stages of brain regeneration share less
than a third of their individual pools of DEGs, strongly suggesting
that the molecular and cellular mechanisms of regeneration
substantially differ at these stages.

Wnt/β-Catenin Signaling Is Activated
During the Early Wound Healing Stage in
the Regenerating Brain
Comparative analyses of the GO terms and KEGG pathways for
the genes that are differentially expressed at 20 hpl and 3 dpl have
disclosed a strong and specific enrichment of gene sets related
to Wnt signaling at 20 hpl: “Wnt signaling pathway,” “canonical
Wnt signaling pathway,” “β-catenin destruction complex,” and
“negative regulation of canonical Wnt signaling pathway”
(Figure 4D, Supplementary Figure S6, and Supplementary
Tables S4, S5). Thus, we next aimed to address the role
and molecular targets of Wnt/β-catenin signaling, the so-
called canonical Wnt pathway, during the early wound healing
stage of brain regeneration. Wnt/β-catenin signaling is one of
the most common intracellular signal transduction pathways
activated in response to injury of virtually all tissues/organs
(Ozhan and Weidinger, 2014). While Wnt signaling has been
revealed to promote regeneration of the optic tectum, the
spinal cord, and the tectum of the midbrain in zebrafish
(Shimizu et al., 2012, 2018; Strand et al., 2016; Wehner et al.,
2017; Lindsey et al., 2019), it has not yet been associated
with the regeneration of the telencephalon. We have used
the Tg(6XTCF:dGFP) transgenic zebrafish reporter of Tcf/Lef-
mediated transcription, which has been shown to sensitively
detect Wnt/β-catenin pathway activity in several cellular contexts
(Shimizu et al., 2012). GFP expression in the reporter line
is difficult to detect because of the unstable nature of GFP,
leading to a low level of fluorescence in the adult zebrafish.
We have performed immunofluorescence staining for anti-GFP
at 20 hpl and detected Wnt activity in the lesioned area, most
likely in the brain endothelial and blood cells (Supplementary
Figure S7). Quantification of pathway activity by qPCR in the
reporter line indeed showed an upregulation of Wnt signaling
in both the lesioned and unlesioned hemispheres at 20 hpl
(Figure 5A). Interestingly, signaling became downregulated in
the lesioned hemisphere at 3 dpl while staying elevated in
the unlesioned hemisphere, suggesting that it is specifically
suppressed in the lesioned hemisphere after the wound healing
stage. We also verified the significant activation of Wnt/β-catenin
signaling at 20 hpl in the lesioned telencephalic hemispheres of
the samples that were sent for RNA sequencing (Figure 5B).
The Wnt/β-catenin target genes lef1 and egr2a were likewise
upregulated at 20 hpl in the lesioned hemispheres (Figure 5C).
Immunofluorescence staining of brain sections showed an
elevation of phospho-β-catenin (Ser675) levels in the lesioned
hemisphere, especially in the vicinity of the lesion, indicating
an increased transcriptional activity of β-catenin (Figures 5D–I).
Considering the high levels of Wnt/β-catenin activity in the
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FIGURE 4 | Early wound healing and proliferative stages of brain regeneration are more different than similar. (A) The Venn diagram shows the number of
upregulated (Up) or downregulated (Down) differentially expressed genes (DEGs) in the lesioned 20-hpl (X1, pink) and lesioned 3-dpl (Y1, orange) hemispheres and
the overlap between each set of DEGs. Out of 1,472 genes, 1,015 were significantly changed only in X1, while 1,250 out of 1,707 genes were so in Y1. There were
457 genes shared between X1 and Y1. Darker and lighter shades indicate upregulation and downregulation, respectively. (B) The heatmap shows the expressions of
genes shared between X1 and Y1. Each column represents a single hemisphere from a single telencephalon and each row shows a single gene. The scale bar
shows counts Z-scores from high to low expression, represented by a color gradient from orange to green, respectively. (C) Dot plot representation of normalized
transformed read counts of a representative set of genes shared between X1 and Y1 (gray: control samples; pink: 20-hpl lesioned hemisphere; orange: 3 dpl
lesioned hemisphere). The mean ± standard deviations (SD) of three independent experiments are plotted. (D) STRING bioinformatics tool was used to show the
most significantly enriched KEGG pathways based on the transcriptional changes in X1 and X2. The dot plot represents KEGG pathways enriched in X1 and Y1 by
using all significantly changed genes in these comparisons based on FDR and EnrichFactor. (E,F) Relative expression levels of DEGs that are unique to X1 (tbx2a
and grem1b) or unique to Y1 (cdk2 and c1qc). (G,H) Relative expression levels of DEGs shared between X1 and Y1 (adam8a and capgb). Statistical significance was
evaluated using unpaired t-test. ****p < 0.0001. Error bars represent ± standard error of the mean (SEM, n = 3). (I–K) Anti-S100β staining of the control, 20 hpl, and
3 dpl brain sections. (L–N,L′–N′) Anti-GFAP staining of the control, 20 hpl, and 3 dpl brain sections with boxed areas magnified. Sections are counterstained for
DAPI. Scale bars, 200 µm in (L–N); 100 µm in (L′–N′). STRING, Search Tool for the Retrieval of Interacting Genes/Proteins; KEGG, Kyoto Encyclopedia of Genes
and Genomes; FDR, false discovery rate; hpl, hours post-lesion; dpl, days post-lesion. See section “Materials and Methods” for the definition of DEGs covered in X
and Y comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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FIGURE 5 | Wnt/β-catenin signaling is activated during the early wound healing stage in the regenerating brain. (A) Relative expression levels of egfp as a reporter of
Wnt/β-catenin signaling activity in the lesioned and unlesioned hemispheres of the telencephalon during the early wound healing and proliferative stages of
regeneration. Three hemispheres were pooled for each sample. (B) Relative expression levels of EGFP as a reporter of Wnt/β-catenin signaling activity in the lesioned
hemispheres of three independent telencephalon samples used for RNA sequencing during the early wound healing stage. (C) Relative expression levels of the
known Wnt target genes lef1 and egr2a in the lesioned hemisphere of the telencephalon during the early wound healing stage. (D,E) Anti-phospho-β-catenin
staining of control brain sections. (F,G) Anti-phospho-β-catenin staining of 20-hpl brain sections. The lesioned area is boxed and shown in (H,I). Sections are
counterstained for DAPI. Scale bars, 200 µm in (D–G); 25 µm in (H,I). (J) Relative expression levels of egfp as a reporter of Wnt/β-catenin signaling activity in
lesioned + IWR-1-treated hemispheres of three independent telencephalon samples collected at 20 hpl. (K) Relative expression levels of the Wnt target genes lef-1
and egr2a in the pooled three lesioned + IWR-1-treated hemispheres at 20 hpl. Statistical significance was evaluated using unpaired t-test. **p < 0.01 and
***p < 0.001. Error bars represent ± standard error of the mean (SEM, n = 3). hpl, hours post-lesion. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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endothelial compartment of the zebrafish and mouse brains
(Moro et al., 2012; Martowicz et al., 2019), it is likely that
these Wnt-positive cells are non-CNS cells. To unravel how
Wnt/β-catenin signaling regulates brain regeneration at the
molecular level, we set out to identify its target genes in the
early stage where signaling was significantly enhanced. To this
purpose, we initially confirmed that Wnt/β-catenin signaling
could be efficiently inhibited by the Wnt antagonist IWR-1, as
evidenced by the significant reduction in the expressions of egfp
in the Tg(6XTCF:dGFP) Wnt reporter and the canonical Wnt
target genes lef1 and egr2a in the lesioned hemisphere at 20 hpl
(Figures 5J,K). Thus, we conclude that Wnt/β-catenin signaling
is activated in the early wound healing stage of brain regeneration
and returns to control level in the lesioned site at the early
proliferative phase.

Inhibition of Wnt/β-Catenin Signaling
During the Early Wound Healing Stage
Identifies 119 Target Genes That Are
Positively Regulated by the Pathway
Next, to identify the Wnt targetome at the early wound healing
and proliferative stages of brain regeneration, we suppressed
Wnt/β-catenin signaling starting from the time of injury to 20
hpl or to 3 dpl by treating the zebrafish with the Wnt antagonist
IWR-1 and had the transcriptome of the lesioned hemispheres
sequenced at 20 hpl or 3 dpl. There were 293 genes (64 Up
and 229 Down) in X3 and 103 genes (70 Up and 33 Down) in
Y3 comparisons (Figure 6A and Supplementary Table S1). We
termed DEGs that are Up in X1 and Down in X3 as the positively
regulated Wnt targetome at 20 hpl and the genes that are Up in
Y1 and Down in Y3 as the positively regulated Wnt targetome at
3 dpl (Figures 1A, 6B). The Wnt targetome that was composed of
119 genes at 20 hpl (Figures 6C,D and Supplementary Table S7)
sharply narrowed down to nine genes at 3 dpl (Supplementary
Figure S9 and Supplementary Table S7). Next, to validate the
Wnt targetome at 20 hpl, we measured the expression levels of
some genes selected from the targetome by qPCR. All selected
genes were significantly upregulated in the lesioned hemisphere
following injury and became downregulated when Wnt signaling
was inhibited by IWR-1 from the time of injury until 20
hpl (Figures 6E,F). These results strongly suggest a key role
for Wnt/β-catenin signaling in the early wound healing stage
of regeneration.

Inhibition of Wnt/β-Catenin Signaling
During the Early Wound Stage Results in
a Marked Alteration of the Gene
Expression Profiles Represented in
KEGG Pathway Enrichment
Among the KEGG pathways that were significantly enriched
in the lesioned hemisphere at 20 hpl (X1) or 3 dpl (Y1),
several of them, including the p53 signaling pathway, apoptosis,
MAPK signaling pathway, and FoxO signaling pathway, were
shared between X1 and Y1, whereas the Wnt and mTOR
signaling pathways were unique to X1 and Y1, respectively

(Figures 2F, 3F, 4D). Thus, we set out to compare how these
KEGG pathways are altered in the lesioned hemisphere at 20 hpl
and 3 dpl in response to inhibition of Wnt/β-catenin signaling.
We termed the comparison of the 20 hpl lesioned hemisphere
+ IWR treatment to control as X4 and the comparison of
the 3 dpl lesioned hemisphere + IWR treatment to control
as Y4 (Figure 6B). There were 868 genes (387 Up and 481
Down) differentially expressed in X4 and 1,977 (1,179 Up and
798 Down) were so in Y4 (Supplementary Table S1). The
genes we obtained from the KEGG and AmiGO databases
included substantial numbers of genes involved in the Wnt,
MAPK, apoptosis, mTOR, p53, and FoxO signaling pathways
(Supplementary Table S8). To compare the alterations in the
gene expression profiles related with these pathways during two
regenerative stages, we intersected these genes with DEGs in
X1, X4, Y1, and Y4. Strikingly, the number of significantly
altered genes in X1 decreased dramatically after IWR treatment
in X4 for all pathways (Figures 7A–D and Supplementary
Figure S10 compare the total number of brown and blue shaded
boxes in X1 and X4; Supplementary Table S8). Among the
Wnt signaling pathway genes that were detected in the two
KEGG pathways, “WNT signaling pathway” (Figure 7A) and
“WNT_GO signaling pathway” (Supplementary Figure S10A),
12 of the 14 genes that were Up in X1 (csnk2a4, wnt5b, fosl1a,
jun, mycb, dkk1a, gskip, ppm1ab, tnksa, fermt2, tmem198b, and
tle3b) did not significantly change any more after IWR treatment
in X4, indicating that these 12 genes are positively regulated
Wnt targets (Figure 7A and Supplementary Figure S10A
compare the number of brown shaded boxes in X1 and X4).
18 of the 24 genes that were Down in X1 (lrp6, ctbp1, fzd3b,
apc, ctnnd2b, fzd3a, camk2d2, daam1b, ppp3r1a, fzd9b, tcf7l2,
ccnd2a, rac3b, ndrg2, fto, reck, ankrd6b, and ccdc136b) did not
change any more in X4, suggesting that these 18 genes are
negatively regulated Wnt targets (Figure 7A and Supplementary
Figure S10A compare the number of blue shaded boxes in
X1 and X4). On the contrary, the number of altered genes
in Y1 did not change much either in Y4 (Figure 7A and
Supplementary Figure S10 compare the total number of brown
and blue shaded boxes in Y1 and Y4; Supplementary Table S8).
Accordingly, 20 out of 30 DEGs determined in the Wnt pathway-
related genes that were differentially regulated in Y1 were
likewise regulated after IWR treatment in Y4 (Figure 7A and
Supplementary Figure S10A). Finally, we were able to validate
some selected genes, i.e., epha2a as a MAPK pathway-related
gene, sgk2b and foxo1a as FoxO signaling-related genes, and
gadd45ga as a p53 pathway-related gene at 20 hpl (Figure 7B).
Taken together, these data indicate that Wnt/β-catenin signaling
controls the expression of a wide range of genes related to
various signaling pathways, including p53, apoptosis, FoxO,
MAPK, and mTOR, at the early wound healing stage of
brain regeneration.

DISCUSSION

Although the zebrafish telencephalon has been carefully explored
for its neurogenic niches that harbor stem or progenitor cells
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FIGURE 6 | Inhibition of Wnt/β-catenin signaling during the early wound healing stage identifies 119 target genes that are positively regulated by the pathway.
(A) The Venn diagram shows the number of differentially expressed genes (DEGs) that are upregulated (Up) in the lesioned 20-hpl (X1, dark pink), downregulated
(Down) in the lesioned + IWR-1-treated 20-hpl (X3, light blue), Up in the lesioned 3-dpl (Y1, dark orange), or Down in the lesioned + IWR-1-treated 3-dpl (Y3,
turquoise) hemispheres and the overlap between each set of DEGs. There were 119 genes Up in X1 and Down in X3, while only nine genes were Up in Y1 and Down
in Y3. (B) Preparation of RNA samples from the lesioned hemisphere at 20 hpl or 3 dpl. X3: 20-hpl lesioned hemisphere after IWR treatment vs. 20-hpl lesioned
hemisphere; Y3: 3-dpl lesioned hemisphere after IWR treatment vs. 3-dpl lesioned hemisphere; X4: 20-hpl lesioned hemisphere after IWR treatment vs. control; Y4:
3-dpl lesioned hemisphere after IWR treatment vs. control. (C) The heatmap shows the Wnt target genes that are Up in X1 and Down in X3. Each column represents
a single hemisphere from a single telencephalon and each row shows a single gene. The scale bar shows counts Z-scores from high to low expression, represented
by a color gradient from orange to green, respectively. (D) Dot plot representation of normalized transformed read counts of a representative set of Wnt target genes
that are Up in X1 and Down in X3 (brown: 20-hpl lesioned hemispheres; blue: 20-hpl lesioned + IWR-1-treated hemispheres). The mean ± standard deviations (SD)
of three independent experiments are plotted. (E,F) Relative expression levels of the Wnt target genes that are Up in X1 and Down in X3 (ctgfa, prg4b, fsta, inhbab,
klf11b, and pappaa). Statistical significance was evaluated using unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Error bars
represent ± standard error of the mean (SEM, n = 3). See section “Materials and Methods” for the definition of DEGs covered in X and Y comparisons.

expressing different marker genes, comparative analysis of the
transcriptome profiles at the early stages of telencephalon
regeneration has not been performed yet. This is the first

study that uncovers the global gene expression profiles of
the regenerating zebrafish telencephalon in the lesioned and
unlesioned hemispheres at two early stages of regeneration,
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FIGURE 7 | Inhibition of Wnt/β-catenin signaling during the early wound stage results in a marked alteration of the gene expression profiles represented in Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment. Heatmap representation of the uniquely changed genes in (A) the Wnt signaling pathway in X1,
X4, Y1, and Y4 comparisons. Each column represents a comparison according to the DESeq2 results and each row shows a single gene. The scale bar shows log2

of the fold change values (when statistically significant) from high to low fold change, represented by a color gradient from orange to blue, respectively. Statistical
significance was evaluated using Wald test. ns, non-significant. (B,C) GOChord plot of selected GO terms belonging to the biological process (BP) sub-ontology and
KEGG pathways for X1 and X4 comparisons, respectively. The genes related to the Wnt-KEGG pathway and Wnt-Gene Ontology BP are intersected and
represented as one group. The genes are linked to their assigned pathways by ribbons and ordered according to their log2 of the fold change values from high to
low fold change, represented by a color gradient from orange to blue, respectively. (D) Relative expression levels of pathway-related genes (epha2a, sgk2b, foxo1a,
and gadd45ga). Statistical significance was evaluated using unpaired t-test. *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars represent ± standard error of the
mean (SEM, n = 3). See section “Materials and Methods” for the definition of DEGs covered in X and Y comparisons.
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which we defined as 20 hpl, corresponding to the early wound
healing stage, and 3 dpl, to the early proliferative stage. Using
comparative gene expression profiling, we describe for the
first time that: (i) the total number of DEGs in the lesioned
hemisphere is substantially higher than that in the unlesioned
one at 20 hpl; (ii) the number of DEGs in 3 dpl is elevated
as compared to 20 hpl and that 40% of all DEGs at 3 dpl are
shared between the lesioned and unlesioned hemispheres; (iii)
transcriptomes at 20 hpl and 3 dpl share less than a third of
their DEGs; (iv) Wnt/β-catenin signaling is activated at 20 hpl,
controlling the transcription of a large pool of target genes,
119 of which are positively regulated by the pathway; and (v)
Wnt/β-catenin signaling results in a marked alteration of the
gene expression profiles represented as enrichment of the KEGG
pathways, including p53, apoptosis, MAPK, mTOR, and FoxO, at
the early wound healing stage of brain regeneration.

Injury-induced proliferative response has been proposed
to be primarily confined to the lesioned hemisphere of the
telencephalon (Marz et al., 2011). Nevertheless, several genes are
upregulated both in the lesioned and unlesioned hemispheres,
though not to the same degree (Kroehne et al., 2011; Kizil et al.,
2012b). The difference in the responses of the two hemispheres to
injury could be due to differences in the methods used to induce
a telencephalic injury. Nevertheless, whether the unlesioned part
could be used as an effective internal control is a matter of debate.
Strikingly, studies of hemispherectomy, where one cerebral
hemisphere is completely removed or functionally disconnected,
have demonstrated that the contralesional hemisphere is able to
undertake various functions of the lesioned side, most likely due
to a strong interaction between the lesioned and the intact halves
in brain injuries (Sebastianelli et al., 2017). Such an interplay
would be inevitably reflected as differential gene expression
after injury not only in the lesioned but also in the unlesioned
site of the telencephalon. Our results show that, at both 20
hpl and 3 dpl, many DEGs were shared between the lesioned
(X1 or Y1) and the unlesioned (X2 or Y2) hemispheres and
that the number of shared DEGs at 3 dpl was far higher
than that at 20 hpl (see Figures 2A, 3A). Thus, the lesioned
and unlesioned hemispheres indeed appear to interact during
telencephalon regeneration, and the level of this interaction
increases from the early wound healing to the proliferative stage.
The injury response appears to be most intense and peculiar at
the wound site during the early wound healing stage and extends
outside as the proliferative stage starts, leading to a considerable
difference between the transcriptional programs activated at
these two stages.

Cytokines released from innate immune cells play key roles
in the regulation of the acute inflammatory response that is
required for functional regeneration of the zebrafish CNS after
injury (Kyritsis et al., 2012; Elsaeidi et al., 2014; Fuller-Carter
et al., 2015; Tsarouchas et al., 2018). Our data showed prominent
upregulation of the anti-inflammatory cytokine genes il11a,
il21, and il6st, cytokine receptor encoding il17ra1a, the tumor
necrosis factor receptor superfamily (TNFRSF) genes tnfrsf18,
tnfrsf21, and the genes related to cytokine response junba, jun,
rel, and timp2a at 20 hpl, suggesting that signaling through
these early response cytokines is essential to orchestrate innate

immune response (Opal and DePalo, 2000; Placke et al., 2010).
Apoptosis is also activated in the early regenerative phase of
various tissues including Xenopus tail, mouse liver, and cornea
and is indispensable for effective wound healing (Tseng et al.,
2007; Wilson et al., 2007; Li et al., 2010). Remarkably, we
observed a significant upregulation of the apoptosis-related
genes including apaf1, baxa, traf4b, tgfb2, sgk1, and casp3a
selectively in the lesioned hemisphere at 20 hpl (Elmore,
2007; Gilbert et al., 2016; Liu et al., 2017; Kreckel et al.,
2019). Strikingly, many of them were downregulated when
Wnt/β-catenin signaling was suppressed, pointing out a positive
regulatory role for Wnt signaling in apoptosis during early brain
regeneration. Dual-specific phosphatase (DUSP) genes were also
upregulated in the lesioned hemisphere. Among these, dusp6
has been shown to promote cell death in different contexts
(Domercq et al., 2011; Piya et al., 2012). Apoptosis has been
proposed as a key factor to resolve inflammation by driving
the conversion of immune response into a wound healing
response in the early phases of tissue repair (Brown et al.,
1997; Wu and Chen, 2014). Thus, parallel elevations in the
expression levels of genes related to cytokine signaling and
apoptosis at 20 hpl could underlie the capacity of zebrafish
telencephalon to convert the early inflammatory response
into a healing ability and consolidate this time point as
a representative of the early wound healing stage during
telencephalon regeneration.

Angiogenic sprouting into the injured area has been described
as another prominent event that takes place as early as 15 h
after injury during heart regeneration in zebrafish (Marin-
Juez et al., 2016). Significantly upregulated vascular endothelial
growth factor a-a (vegfaa), a key regulator of angiogenesis, is
essential for cardiomyocyte proliferation and heart regeneration
(Marin-Juez et al., 2016). Likewise, the neuropilin genes nrp1a,
nrp1b, and nrp2a, which encode for transmembrane receptors
of vascular endothelial growth factors (VEGFs), are upregulated
in injured hearts at 1 dpl and the glucose transporter gene
slc2a1b upregulated in vascular endothelial cells in response to
hypoxia (Delcourt et al., 2015; Guo and Vander Kooi, 2015; Lowe
et al., 2019). CNS regeneration also involves an intense crosstalk
between neurons and vascular niches that mediates angiogenesis
mainly through the activation of VEGF and contributes to
neuroprotection (Ruiz de Almodovar et al., 2009). We noted
a significant upregulation of vegfaa, nrp1a, nrp1b, and slc2a1b
genes specifically in the lesioned hemisphere at 20 hpl, arguing
that injury activates a fast angiogenic sprouting mechanism
during telencephalon regeneration.

Optic nerve injury in adult zebrafish induces the expression
of the axon growth inhibitor suppressor of cytokine signaling
3 (socs3) in retinal ganglion cells, ultimately attenuating
regeneration (Smith et al., 2009; Elsaeidi et al., 2014). We
found that while upregulated at 20 hpl, socs3a was strongly
downregulated at 3 dpl. socs3b, sox11b, and klf6a, which
are associated with optic nerve regeneration (Veldman et al.,
2007), were likewise induced at 20 hpl, with sox11b becoming
downregulated at 3 dpl. More axon guidance genes including
robo1, tnc, and boc (Lee et al., 2001; Connor et al., 2005;
Schweitzer et al., 2005) were downregulated primarily in the
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lesioned hemisphere at 20 hpl. Such biphasic expression of axon
growth inhibitors during brain regeneration suggests a stage-
specific regulation of axon growth.

The proliferative response of the injured zebrafish
telencephalon is driven by the RGCs and reaches a peak at
the lesioned site around 3 dpl (Marz et al., 2011; Kizil et al.,
2012c). At this stage, we observed that some quiescent RGC
genes such as fabp7a, mt-atp8, hipk1a, s100b, and mgll were
upregulated in both hemispheres, while ptn, luzp2, psap,
hepacama, and anxa11b were only upregulated in the lesioned
side (Kaslin et al., 2017; Lange et al., 2020). On the other hand,
proliferating RGC genes including tmsb4x, hmgb2a, hmga1a,
rps23, and ran were exclusively upregulated in the lesioned half,
whereas the general proliferation marker ccnd1 was upregulated
in both halves (Lange et al., 2020). Besides, we found that
many cell cycle-associated genes such as pcna, mki67, rpl35,
mdka, ccna2, and cdk1 were upregulated predominantly in the
lesioned hemisphere (Sobecki et al., 2017). Together, these results
validate 3 dpl as a highly proliferative phase dominated by RGC
activities and reveal that this proliferative response is clearly
more pronounced in the lesioned hemisphere.

As the resident macrophages of the CNS, microglia have been
shown to engulf dead cells after brain injury in zebrafish (Herzog
et al., 2019). Previous studies have identified various microglia-
and/or macrophage-specific markers that are differentially
regulated during regeneration of the retina and olfactory bulb
(Oosterhof et al., 2017; Mitchell et al., 2019). At 3 dpl, a
considerable number of microglial genes including mhc1zba,
marco, spi1b, csf1ra, and mfap4 were upregulated exclusively in
the lesioned hemisphere, while a few including mpeg1.1 and
sall3a were upregulated in both hemispheres. This prominent
emanation of microglial signature at 3 dpl correlates with the
extensive proliferation of microglia induced by neuronal cell
death (Oosterhof et al., 2017). Furthermore, we found 18 innate
immune response genes (see Supplementary Table S4) to be
upregulated at 3 dpl. Among them, nfkb2 and csf1ra are involved
in the activation of innate immune response during heart and tail
fin regeneration (Petrie et al., 2014; Karra et al., 2015; Morales and
Allende, 2019). Activation of the immune response thus needs
to be analyzed together with the related signaling pathways to
understand the mechanisms of proper tissue healing.

Wnt/β-catenin signaling appears to play a positive,
regeneration-promoting role in most systems, from invertebrates
that display whole-body regeneration to organs that mammals
can completely or partially regenerate, such as the liver, skeletal
muscle, and kidney (Whyte et al., 2012; Ozhan and Weidinger,
2014). Wnt signaling is also essential for the organs that
regenerate completely only in the lower vertebrates, such as
the appendages (Stoick-Cooper et al., 2007; Singh et al., 2018)
and the eye (Hayashi et al., 2008; Patel et al., 2017). In the
adult zebrafish, Wnt/β-catenin signaling is involved in the
proliferation and differentiation of neural stem or progenitor
cells in the hypothalamus, optic tectum, and spinal cord (Wang
et al., 2009; Shi et al., 2015; Shitasako et al., 2017; Wehner et al.,
2017). Our results further support the role of canonical Wnt
signaling in regeneration by providing the first evidence of active
signaling in the zebrafish telencephalon at a very early stage of
regeneration, i.e., 20 hpl. Wnt/β-catenin signaling activity has

been identified around the necrotic lesions in mouse liver and
hair follicle regeneration models (Ito et al., 2007; Whyte et al.,
2012; Zhao et al., 2019). Likewise, we have demonstrated the
early activation of Wnt/β-catenin signaling near the lesioned
area of the telencephalon. At 1 dpl, the telencephalic lesion
is known to be filled with blood cells and is surrounded by
macrophages/microglial cells, indicating an early infiltration
of these cells into the site of tissue damage (Ayari et al., 2010).
Therefore, identification of the types of blood and immune cells
with active Wnt/β-catenin signaling at 20 hpl would unravel its
role in the early wound healing process of brain regeneration.
Interestingly, signaling becomes downregulated to control levels
in the lesioned hemisphere at 3 dpl. Wnt/β-catenin signaling has
been reported to have biphasic roles during heart, muscle, and
liver development, where early and late signaling activities have
diverse roles (Monga et al., 2001; Naito et al., 2006; Klaus et al.,
2007; Ueno et al., 2007; Brack et al., 2008; Gessert and Kuhl,
2010). Thus, it is likely that Wnt signaling is regulated at least in
a biphasic manner in the course of adult brain response to injury.

Several of the Wnt target genes we identified, including
sox11b, casp3a, klf11, and egr2a, are known to be involved in
the regulation of Wnt/β-catenin activity (Spittau and Krieglstein,
2012; Zaman et al., 2012; Zimmerman et al., 2013; Liu et al.,
2019). Moreover, a wide range of genes related to the p53,
apoptosis, MAPK, mTOR, and FoxO pathways are regulated
by Wnt/β-catenin signaling during early wound healing, but
become far less responsive to Wnt later at the proliferative stage.
Wnt/β-catenin signaling has been implicated in the regulation
of proliferation and differentiation of various progenitor cells
during tissue regeneration via controlling the p53, mTOR, and
FoxO pathways (Hirose et al., 2014; Peng et al., 2014; Maiese,
2015; Lund-Ricard et al., 2020). Besides, an intense crosstalk
between the MAPK and Wnt signaling pathways has been
deciphered in development, cancer, and regeneration (Caverzasio
and Manen, 2007; Bikkavilli et al., 2008; Zhang et al., 2014). Our
results reveal for the first time that these signaling pathways are
activated in response to canonical Wnt pathway early after the
telencephalon injury. Further functional studies will clarify how
Wnt signaling interacts with these pathways to regulate the early
regenerative response in brain regeneration.

In conclusion, our comparative transcriptome analyses
of the regenerating zebrafish telencephalon at the early
wound healing and proliferative stages reveal differentially
expressed genes and altered biological pathways that control
the cellular and molecular mechanisms of regeneration.
The great burden caused by traumatic brain injuries and
neurodegenerative diseases to humanity necessitates the
development of therapeutic interventions, which is tightly
dependent on unraveling these mechanisms that render possible
effective brain regeneration.
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In the immune system, Major Histocompatibility Complex class I (MHC-I) molecules
are located on the surface of most nucleated cells in vertebrates where they mediate
immune responses. Accumulating evidence indicates that MHC-I molecules are also
expressed in the central nervous system (CNS) where they play important roles that
are significantly different from their immune functions. Classical MHC-I molecules are
temporally and spatially expressed in the developing and adult CNS, where they
participate in the synaptic formation, remodeling and plasticity. Therefore, clarifying the
regulation of MHC-I expression is necessary to develop an accurate understanding of
its function in the CNS. Here, we show that microRNA 34a (miR34a), a brain enriched
noncoding RNA, is temporally expressed in developing hippocampal neurons, and its
expression is significantly increased after MHC-I protein abundance is decreased in
the hippocampus. Computational algorithms identify putative miR34a target sites in
the 3′UTR of MHC-I mRNA, and here we demonstrate direct targeting of miR34a to
MHC-I mRNA using a dual-luciferase reporter assay system. MiR34a targeting can
decrease constitutive MHC-I expression in both Neuro-2a neuroblastoma cells and
primary hippocampal neurons. Finally, miR34a mediated reduction of MHC-I results
in increased dendritic growth and branching in cultured hippocampal neurons. Taken
together, our findings identify miR34a as a novel regulator of MHC-I for shaping neural
morphology in developing hippocampal neurons.

Keywords: hippocampal development, dendritic growth and branching, primary hippocampal neurons, miR-34a,
MHC class I

INTRODUCTION

For a long time, the central nervous system (CNS) has been considered to be ‘‘immune-
privileged.’’ This view, however, has changed following the identification of classical immune
molecules such as cytokines, complement, and major histocompatibility complex (MHC)
proteins in the healthy, uninfected CNS (Joly et al., 1991). Several studies have demonstrated
that these immune proteins impart pleiotropic effects on neurons (Boulanger et al., 2001).
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In the immune system, classical MHC-I proteins are located
on the surface of most nucleated cells where they regulate T
cell and NK cell-mediated immune responses. In the vertebrate
CNS, MHC-I proteins are constitutively expressed on the
surface of axons and dendrites of some neurons over discrete
developmental and adult stages (Elmer and Mcallister, 2012).
Decades of research has now definitively shown that classical
MHC-I molecules play extremely important and diverse roles in
the CNS including regulation of synapse formation, remodeling,
and plasticity and that these roles are distinct from their
originally identified immune functions (Corriveau et al., 1998;
Boulanger, 2009; Elmer and Mcallister, 2012).

Our previous studies reported on the specific spatial and
temporal expression pattern of classical MHC-I molecules
in developing C57BL/6 mouse brains. In the developing
cerebellum and hippocampus, levels of MHC-I protein gradually
increase from postnatal day 0 (P0) to a peak value at
P15, a crucial period for synaptic remodeling and plasticity.
After completing their functions, protein abundance becomes
significantly reduced with age until neuronal MHC-I proteins
can no longer be detected after P60. In contrast, mRNA
expression is gradually increased from P0 to P60 after which
it remains relatively stable (Liu et al., 2013; Li et al.,
2020). A similar expression pattern of MHC-I proteins is
observed during human CNS development (Zhang et al.,
2013a,b). This evidence suggests that the expression of MHC-I
proteins is tightly regulated in the developing CNS due
to their role in important neurodevelopmental events. Due
to this discrepancy between protein abundance and mRNA
levels during development, the complex regulation of MHC-I
expression at the transcriptional and post-transcriptional level
needs to be further investigated.

We recently found that NLRC5 is a critical transcriptional
factor of MHC-I during development from P0 to P15 in
hippocampal neurons (Li et al., 2020). All previous studies
on the post-transcriptional regulation of MHC-I expression
have only detailed regulation in the immune system. MEX-3C
acts as a novel ubiquitin E3 ligase, binding to the 3′UTR of
HLA-A2 mRNA and degrading it to fine-tune regulation of
HLA-A protein abundance (Cano et al., 2012). RNA-binding
protein HNRNPR positively regulates the expression of both
classical and nonclassical MHC-I proteins through binding to
the 3′UTR of HLA-A, -B, -C, and -G mRNA and enhancing
protein stability (Reches et al., 2016). MicroRNA hsa-miR148 is
increased in HIV infected cells to decrease HLA-C expression
and evade host immune recognition (Kulkarni et al., 2011, 2013).
Although we know some transcriptional factors can regulate
MHC-I expression at the level of transcription in the developing
CNS, whether it is regulated post-transcriptionally remains
poorly understood.

MicroRNAs (miRNAs) are small non-coding RNAs. They
function as post-transcriptional regulators and target the 3′UTR
of messenger RNA transcripts (mRNAs). MiRNA binding
can either result in the degradation of genetic transcripts or
can result in silencing mRNA translation indirectly (Bartel,
2009). Accumulating evidence demonstrates microRNAs play
a non-negligible role in modulating neuronal activities and

maintaining homeostasis of the CNS (Davis et al., 2015; Yu
et al., 2015; Evgenia and De Strooper, 2017). Our study
reveals miR34a functions as a negative regulator of classical
MHC-I molecules in both Neuro-2a cells and in primary
cultured mouse hippocampal neurons. In mice, miR34a is
especially abundant in brain tissue and participates in neuronal
morphology and function by modulating the expression of
synaptic targets (Agostini et al., 2011a,b; Morgado et al.,
2015). However, its relationship with MHC-I has not yet
been reported. We find that the expression of miR34a is
negatively correlated with that of MHC-I protein levels in
the developing hippocampus. We also demonstrate that the
putative miR34a target sites are located in MHC-I mRNA
3′UTR. By binding to the 3′UTR region of MHC-I mRNA,
miRNA-34a decreases the level of MHC-I mRNA and proteins.
Inhibition of miR34a decreases dendritic growth and branching
in cultured hippocampal neurons due to enhanced MHC-I
protein expression. All these findings provide the first evidence
that miRNA-34a acts as a novel regulator in modulating
neuronal MHC-I.

MATERIALS AND METHODS

Animals
Experimental animals were C57BL/6J mice (Cat# n000013c57,
RRID: MGI:5657312) purchased from GemPharmatech
Company, Limited (China) in this study. The animals were
housed in polypropylene cages under pathogen-free conditions
of constant temperature and humidity, maintained on a 12–12 h
day-night cycle, with food and water provided ad libitum in the
standard animal facility. Animal experiments were conducted
according to the protocols evaluated and approved by the
Institutional Animal Care and Use Committee (IACUC) of the
Medical School of Southeast University (approval ID: SYXK-
2010.4987). Postnatal day P0 was designated as the day of birth.
P0, P8, P15, P30, and P60 male mice were used for experiments.
Fresh tissues, RNA, protein, or others extracted from mice were
stored in liquid nitrogen.

Cell Lines
Mouse neuroblastoma N2a cells, also known as Neuro-2a
cells (RRID: CVCL_0470), are murine neuroblastoma cells
obtained from the cell bank of the Type Culture Collection of
the Chinese Academy of Science (China). Cell lines employed in
our laboratory were authenticated in 2019 using short tandem
repeat (STR) analysis at Shanghai Biowing Biotechnology
Company, Limited. Neuro-2a cells were seeded in 25-cm2

cell culture flasks in modified Eagle’s medium (MEM; Gibco,
USA) with an additional 10% FBS (Gibco-BRL, USA) and 1%
penicillin-streptomycin antibiotics (Gibco-BRL, USA). The
growth medium was changed every 2–3 days. Before each
experiment, monolayers of cells were trypsinized and diluted in
MEM, then transferred to new culture plates. Neuro-2a cells were
transfected with miR34a mimic or miR34a inhibitor (Ribo Life
Science, China). The following microRNAmimics and inhibitors
were used: miR34a mimic upstream sequence: 5′-UGGCAG
UGUCUUAGCUGGUUGU-3′, and downstream sequence:
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5′-AACCAGCUAAGACACUGCCAUU-3′; miR34a inhibitor:
5′-ACAACCAGCUAAGACACUGCCA-3′; mimic negative
control upstream sequence: 5′-UUCUUCGAACGUGUCACGU
TT-3′, and downstream sequence: 5′-ACGUGACACGUUCGG
AGAATT-3′; inhibitor negative control upstream sequence:
5′-CAGUACUUUUGUGUAGUACAA-3′. To ensure the
characteristics of Neuro-2a cells, cells used in all the experiments
were not passaged for more than 10 times.

Primary Neuron Culture
Hippocampal neuronal cells were isolated from E16.5 to
18.5 fetus as previously described (Kaech and Banker, 2006).
Primary hippocampal neurons were seeded in 6-well plates,
or on glass coverslips (coated with 100 µg/ml poly-d-lysine,
Sigma–Aldrich, USA) placed in 24-well plates. Cells were
cultured in Neurobasal media (Gibco, USA) supplemented
with GlutaMAX (Invitrogen, USA) and glucose (Sigma–Aldrich,
USA). An optimized serum-free supplement B27 (Invitrogen,
USA) was added to the Neurobasal Medium. The growth
medium was changed after 3 DIV by half volume. The lentivirus
used in this study were synthesized by Shanghai Genechem
Company, Limited. Gene sequences inserted in lentivirus are
shown in Supplementary Material and Methods.

Luciferase Reporter Assay
The full length of H-2Db and H-2Kb 3′UTR containing the
putative miRNA target sites and the mutated sequence was
chemically synthesized and cloned into pmiRGLO vector
(Genewiz, China). The sequences of H-2Db and H-2Kb

3′UTR are shown in Supplementary Material and Methods.
HET293T cells were transfected with the H-2Db/H-2Kb 3′UTR
pmiRGLO vector, or mutated H-2Db/H-2Kb 3′UTR pmiRGLO
vector and microRNA mimics (Ribo Life Science, China).
The following microRNA mimics were used in this study:
miR34a mimic upstream sequence: 5′-UGGCAGUGUCUU
AGCUGGUUGU-3′, and downstream sequence: 5′-AACCAG
CUAAGACACUGCCAUU-3′; miR146b mimic upstream
sequence: 5′-UGAGAACUGAAUUCCAUAGGCU-3′, and
downstream sequence: 5′-CCUAUGGAAUUCAGUUCUCA
UU-3′; miR148a mimic upstream sequence: 5′-UCAGUGCAC
UACAGAACUUUGU-3′, and downstream sequence: 5′-AAA
GUUCUGUAGUGCACUGAUU; miR181a mimic upstream
sequence: 5′-AACAUUCAACGCUGUCGGUGAGU-3′, and
downstream sequence: 5′-UCACCGACAGCGUUGAAUGUU
UU-3′; miR181c mimic upstream sequence: 5′-AACAUUCAA
CCUGUCGGUGAGU-3′, and downstream sequence: 5′-UCA
CCGACAGGUUGAAUGUUUU-3′. Luciferase activity was
determined 48 h post-transfection, using the Dual-Luciferase
Reporter assay kit (Promega, USA) and measured by using
a TD 20/20n luminometer (Turner Biosystems, USA). These
data represented the average of three independent experiments,
performed in three wells each time, and were shown with the
standard error.

Real-Time Quantitative PCR
Total RNA was isolated from Neuro-2a cells or mouse
hippocampus by TRIzol reagent (Invitrogen, USA). The
RNA was subjected to reverse transcription using the HiScript

II 1st Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme
Biotech, China). Real-time PCR analysis was performed using
the following primers (Ribo Life Science, China): H-2Db

(forward primer: 5′-GGCGAGTGCGTGGAGTG-3′; reverse
primer: 5′-CATCACAAAAGCCACCACAGC-3′), H-2Kb

(forward primer: 5′-GACGAGAGACTCAGGGCCTAC-3′;
reverse primer: 5′-AACGGTCGCCATGTTGGAGAC-3′),
GAPDH (forward primer: 5′-AGGTCGGTGTGAACGGAT
TTG-3′; reverse primer: 5′-TGTAGACCATGTAGTTGAGGT
CA-3′), miR34a (forward primer: 5′-TGGCAGTGTCTTAGC
TGGTTGT; reverse primer: 5′-CGAATTCTAGAGCTCGAG
GCAG), U6 (forward primer: 5′-CGCAAATTCGTGAAGCGT
TCC; reverse primer: 5′-CGAATTCTAGAGCTCGAGGCAG).
Relative quantification was performed following the instruction
for ChamQ SYBR qPCR Master Mix (Vazyme Biotech, China)
with a Real-Time PCR system (Applied Biosystems, USA).
U6 snRNA was used as the endogenous control for miRNA
Real-time PCR analyses, GAPDH was used as a housekeeping
gene for normalization. All reactions were run in triplicate.
Results were represented as fold expression of the control.

Western Blotting Analysis
The whole-cell lysates were lysed by RIPA lysis buffer (Sangon
Biotech, China) with protease inhibitors. Protein extracted from
cells was quantified by the BCA protein assay kit (Thermo,
USA). Equal amounts of protein (35–45 µg) in a protein sample
buffer were denatured at 100◦C for 10 min. The protein samples
were loaded into the SDS-PAGE gel sample well. To observe
the electrophoresis process, and to determine the molecular
weight of proteins, pre-stained protein ladders were added into
the gel as well. Proteins were transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, USA) after SDS-PAGE
was finished. PVDF membrane was incubated in 5% BSA
(AMRESCO, USA) in Tris-buffered saline at 37◦C for 2 h
to block nonspecific binding, and then probed with primary
antibodies at 4◦C for 12–16 h (anti-GAPDH, 1:1,000, Cell
Signaling, USA; anti-classical MHC-I, 1:1,000, Bioworld, USA;
anti-Flag, 1:2,000, Bioworld, China). After washed with TBST,
the membrane was incubated with a peroxidase-conjugated
secondary antibody for 1.5 h at room temperature. The
Immunodetection of the PVDF membrane was performed with
an enhanced chemiluminescent (ECL) substrate (Pierce, USA).
Detection was performed using a Luminoimage analyzer (Tanon,
China) and quantification was analyzed by densitometry using
ImageJ software (USA).

Immunofluorescence Staining
Mouse anti-microtubule-associated protein2 (MAP2, 1:200,
Abcam, USA), Flag (1:100, Bioworld, China), DAPI (1:1,000,
Sigma–Aldrich, USA), and secondary antibodies conjugated
with Alexa Fluor 546 (1:500, Invitrogen, USA) were used in
immunofluorescence experiments. Coverslips were rinsed in
PBS to remove medium before fixed by 4% paraformaldehyde
(Sigma Aldrich, USA) in 0.01 M PBS for 20 min. Then
coverslips were rinsed three times in PBS. Cells were
permeabilized with 0.25% Triton X-100 (Sigma Aldrich,
USA) for 15 min and washed three times again. Cells were
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blocked with BSA for 2 h before incubated with primary
antibodies overnight at 4◦C in a humid chamber. After that,
cells were rinsed and incubated with secondary antibodies
for 2 h at room temperature in the dark. After washed
three times, the coverslips were sealed with glycerin and
observed with a fluorescence microscope (Olympus Fluoview
FV 1000, Japan).

Sholl Analysis
Sholl Analysis is a method for quantitative analysis of neuron
axons and dendrites. For the Sholl analysis, a group of concentric
circles is superimposed on the cell body and the branch patterns
of neuron dendrites and axons in different regions are obtained
by calculating the number of branches that intersect each
circle, thereby quantitatively characterizing the imaged nerve
metamorphic characteristics.

Statistical Analysis
All in vitro experiments were repeated at least three times. All
statistical analyses were performed with one-way ANOVA or
Student’s t-test using GraphPad Prism 8.0.1 (GraphPad Software,
USA). The numerical data are expressed as the mean± standard
error of the mean (SEM). A value of P < 0.05 was considered to
be statistically significant. No data points were excluded.

RESULTS

MiR34a Targets MHC-I Molecules
We previously reported on the expression of H-2Kb and H-2Db

mRNA and protein from P0 to P60 in the hippocampus
of C57BL/6 mice (Li et al., 2020). There was an increase
of H-2Kb and H-2Db proteins from P0 to P15 before
it decreased to a relatively low level, despite a sustained
increased H-2Kb and H-2Db mRNA from P0 to P60, suggesting
post-transcriptional regulation mechanisms such as miRNAs
might be involved after P15. According to TargetScan and
miRanda analysis, several miRNAs such as miR146b, miR148a,
miR181a, miR181c, and miR34a were predicted to target
H-2Kb and H-2Db (Figure 1A). To confirm if H-2Db and
H-2Kb expression was regulated by those miRNAs, the wild
type sequence of H-2Db or H-2Kb 3′UTR was cloned into
pmirGLO dual-luciferase reporter vectors and co-transfected
with miRNAmimics in HEK293T cells. MicroRNAmimics were
chemically synthesized to enhance the function of endogenous
miRNAs. Of all the miRNAs investigated, only miR34a
mimics manifested attenuated luciferase signal compared to the
non-targeting Ctrl (Figures 1B,C). This downregulation was
aborted when transfected with mutated plasmids and miR34a
mimics (Figure 2A, upper panel). The mutated sequence was
designed according to TargetScan where the estimated binding
site of miR34a to H-2Db or H-2Kb was changed (Figure 2B). The
same effect was also shown in H-2Kb 3′UTR-luciferase plasmid
with miR34a mimics (Figure 2A, lower panel). In summary,
these results showed that the binding of miR34a to MHC-I
mRNA was dependent on the 3′UTR sequence of H-2Db or
H-2Kb and miR34a could decrease MHC-I expression.

FIGURE 1 | Searching for miRNAs that target H-2Kb and H-2Db. (A) A
schematic drawing of the H-2Kb and H-2Db 3′UTR with indication of
miR146b, miR148a, miR34a, miR181a and miR181c putative binding sites
within the 3′UTR. (B,C) HEK293T cells were cotransfected with a dual
luciferase reporter containing the wild-type H-2Db 3′UTR (B) or H-2Kb 3′UTR
(C) and different miRNA mimics with their controls for 48 h. All data are
presented as the means ± SEM of three individual experiments. Values
indicated the Firefly luciferase activity normalized to Renilla luciferase activity.
∗P < 0.05; ∗∗P < 0.01 vs. negative control.

It is worth noting that miR34a was expressed over different
periods of C57BL/6 mouse hippocampal development. MiR34a
was expressed at a low level postnatally, while expression
increased dramatically after P15 (Figure 2C). Since H-2Kb and
H-2Db proteins were dramatically decreased after P15 in the
hippocampus, miR34a might contribute to the regulation of
MHC-I expression during this developmental stage.

MiR34a Regulates MHC-I Expression in
Neuro-2a Cell Lines
To further verify the regulation of MHC-I by miR34a, we
investigated its effect on Neuro-2a cell lines using miR34a
mimics and inhibitors. Neuro-2a cells were previously reported
to express H-2Db but not H-2Kb (Li et al., 2020), so only
the expression of H-2Db was investigated here. In contrast to
miRNA mimics, the miRNA inhibitors could effectively inhibit
mature miRNA function without degrading it (the endogenous
miRNA levels remained unchanged). After transfecting miRNA
mimics into Neuro-2a cells, miR34a expression was significantly
upregulated as examined by real-time PCR (Figure 3A). As
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FIGURE 2 | MiR34a participates in the regulation of H-2Db and H-2Kb. (A)
HEK293T cells were cotransfected with a dual luciferase reporter containing
the wild-type or mutant constructs of H-2Db 3′ UTR (upper panel) or H-2Kb

3′ UTR (lower panel) for 48 h. All data are presented as the means ± SEM of
three individual experiments. Values indicated the Firefly luciferase activity
normalized to Renilla luciferase activity. ∗P < 0.05; ∗∗P < 0.01 vs. negative
control; ns: non-significant. (B) Putative miR34a binding sites in the 3′ UTR of
H-2Kb and H-2Db, The potential complementary residues are shown in bold.
(C) miR34a expression in different periods of mice hippocampus. Data are
presented as the means ± SEM of four individual experiments.

FIGURE 3 | MiR34a has a negative impact on classical MHC-I expression in
Neuro-2a cells. (A) Increased expression of miRNA-34a in neuro-2a cells
transfected with miR34a mimic for 24 h was detected by RT-qPCR.
∗P < 0.05 vs. negative control. (B) Neuro-2a cells were transfected with
50 nM miR34a mimic or 100 nM miR34a inhibitor for 24 h followed by
measurement of H-2Db expression with RT-qPCR analysis. ∗P < 0.05;
∗∗P < 0.01 vs. negative control. (C) Expression of the classical MHC-I protein
in neuro-2a cells transfected with miR control, miR34a mimic, inhibitor control
or miR34a inhibitor for 48 h was detected by western blotting. GAPDH was
probed as an internal control for experiments. Densitometric analysis of the
classical MHC-I expression using ImageJ is presented. ∗∗∗P < 0.001 vs.
negative control. All data are presented as the means ± SEM of three
independent experiments.

shown in Figure 3B, overexpressing miR34a mimics alleviated
H-2Db expression in Neuro-2a cells. At the same time, the
transfection of miR34a inhibitors increased H-2Db expression.
Consistent with these findings, the change of MHC-I protein was
identical with MHC-I mRNA when treated with miR34a mimics
or inhibitors (Figure 3C). Taken together, these results suggested

FIGURE 4 | MiR34a blockade induces classical MHC-I expression in primary
hippocampal neurons. (A) Representative images of transfection efficiency
with anti-Ctrl-GFP lentivirus or anti-miR34a-GFP lentivirus infection in primary
hippocampal neurons. Cells were infected with lentivirus at DIV 1 and
observed at DIV 5 with a fluorescence microscope. Bars: 100 µm.
(B) Increased levels of H-2Db and H-2Kb in primary hippocampal neurons
infected with anti-miR34a-GFP lentivirus for 4 days compared to those
infected with anti-Ctrl-GFP lentivirus. The level of indicated mRNA was
determined by RT-qPCR. ∗P < 0.05; ∗∗P < 0.01 vs. negative control.
(C) Expression of the classical MHC-I protein in mouse primary hippocampal
neurons infected with anti-Ctrl-GFP lentivirus or anti-miR34a-GFP lentivirus for
4 days as determined by western blotting. Densitometric data of the classical
MHC-I protein expression using ImageJ are presented as the means ± SEM
of three independent experiments. ∗P < 0.05 vs. negative control. All data are
presented as the means ± SEM of three independent experiments.

that the expression of MHC-I mRNA and proteins was regulated
by miR34a in Neuro-2a cell lines.

Manipulated miR34a Expression Changes
MHC-I Levels in Primary Mouse
Hippocampal Neurons
Since Neuro-2a is a murine neuroblastoma cell line, whether
regulation of MHC-I by miR34a also applied to neurons required
additional investigation. We dissected primary hippocampal
neurons from embryonic E16.5–18.5 C57BL/6 mice. The
cultured neurons were infected with anti-miR34a-GFP lentivirus
which expressed miR34a specific sponge at DIV (days in vitro)
1. The sponge contains a series of antisense sequences of miR34a
that can bind to miR34a through complementary base pairing,
thereby preventing miR34a from binding to its target sequence.
Transfection efficiency was estimated at approximately 80% after
4 days post lentivirus infection as observed by fluorescence
microscopy (Figure 4A). As compared to neurons infected
with a control virus, both H-2Db and H-2Kb mRNA and
protein expression were upregulated in neurons infected with
anti-miR34a-GFP lentivirus (Figures 4B,C). In concordance
with this, infection of miR34a-GFP lentivirus (Figure 5A),
which increased the endogenous level of miR34a (Figure 5B),
inhibited bothMHC-I mRNA and protein expression in cultured
hippocampal neurons (Figures 5C,D). In general, we confirmed
that MHC-I expression was regulated by miR34a in primary
cultured mouse hippocampal neurons.
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FIGURE 5 | Increased miR34a inhibits classical MHC-I expression in primary
hippocampal neurons. (A) Representative images of transfection efficiency
with Ctrl-GFP lentivirus or miR34a-GFP lentivirus infection in primary
hippocampal neurons. Cells were infected with lentivirus at DIV 1 and
observed at DIV 5 with a fluorescence microscope. Bars: 100 µm. (B) Cells
were assessed for miRNA-34a expression at the mRNA levels after lentivirus
infection. ∗∗∗P < 0.001 vs. negative control. (C) Decreased H-2Db and H-2Kb

in primary hippocampal neurons infected with miR34a-GFP lentivirus
compared to those infected with Ctrl-GFP lentivirus for 4 days. The level of
indicated mRNA was determined by RT-qPCR. ∗P < 0.05 vs. negative
control. (D) Expression of the classical MHC-I protein in mouse primary
hippocampal neurons infected with Ctrl-GFP lentivirus or miR34a-GFP
lentivirus for 4 days as determined by western blotting. Densitometric data of
the classical MHC-I protein expression using ImageJ are presented as the
means ± SEM of three independent experiments. ∗∗P < 0.01 vs. negative
control. All data are presented as the means ± SEM of three
independent experiments.

Dendritic Growth and Branching Varies
According to Changes of miR34a
Expression in Hippocampal Neurons,
Which is Mediated by MHC-I Molecules
One of the established roles of MHC-I in neuronal development
is to inhibit axon and dendrite outgrowth in hippocampal
and cortical neurons both in vitro and in vivo (Washburn
et al., 2011). We explored whether changes in the expression
of MHC-I by miR34a would affect the shape of neurites
in cultured hippocampal neurons. Neurons were infected
with anti-miR34a-GFP lentivirus or anti-Ctrl-GFP lentivirus
at DIV 1. After cultured for several days, they were fixed
and immunostained for MAP2 at DIV 5. Compared to
the anti-Ctrl-treated neurons, a significant decrease of total
dendrite length in anti-miR34a-GFP-treated neurons was
observed (Figures 6A,B). We also detected a dramatic decrease
in dendritic complexity in anti-miR34a-GFP-treated neurons
(Figures 6C,D) as revealed by Sholl analysis. To confirm that
this effect is mediated by increased MHC-I expression upon

anti-miR34a-GFP lentivirus infection, blockade of MHC-I was
achieved by adding a monoclonal MHC class I antibody OX18 to
the culture medium at DIV 3 and neurons was fixed and
immunostained for MAP2 at DIV 5. Neurons treated with
the MHC class I antibody exhibited a marked increase in
dendritic length and complexity, and the antibody successfully
rescued decreased neurite outgrowth of anti-miR34a-GFP-
treated neurons (Figures 6A–D).

In concordance with this, miR34a-GFP lentivirus treated
neurons showed dramatically increased total dendritic length
compared to Ctrl-GFP neurons (Figures 7A,B), as well as
dendritic branching (Figures 7C,D). Increased expression of
H-2Db in HEK293T cells and cultured hippocampus neurons
was achieved by infection with an H-2Db-Flag-lentivirus for
96 h and stained with Flag antibody (Supplementary Figure 1;
Figure 7E). In our previous research, overexpression of H-
2Db in neurons induced enhanced expression of MHC class
I molecules could decrease neurite growth and branching
(Shen et al., 2019). We further demonstrated miR34a-mediated
enhancement of total dendritic length was thoroughly blocked by
overexpression of H-2Db (Figures 7E,F), and miR34a-mediated
increment of the average number of intersections was slightly
reduced by overexpression of H-2Db in hippocampus neurons
(Figures 7G,H). This phenomenon indicated that miR34a
shaped neurite neuron morphology in cultured hippocampal
neurons by modulation of MHC-I molecules.

DISCUSSION

In the immune system, MHC-I molecules are constitutively
expressed on almost all nucleated cells, binding and presenting
peptides from processed cellular antigens to cytotoxic T cells.
Apart from that, MHC-I proteins can be induced upon
cytokine stimulation. Both constitutive and inducible expression
of MHC-I molecules is mainly dependent on the binding
of transcriptional factors to conserved promoter elements:
enhancer A (EnhA), IFN-stimulated response element (ISRE),
and the SXYmodule in theMHC-I promoter. NLRC5 cooperates
with transcription factors that bind to the SXY module to drive
MHC-I expression (Meissner et al., 2012; Neerincx et al., 2013).

Since people findMHC-I molecules are expressed throughout
the healthy CNS, accumulating evidence validates their critical
roles in neural development. They regulate activity-dependent
refinement of synaptic plasticity (Huh et al., 2000; Glynn
et al., 2011; Datwani et al., 2009; Lee et al., 2014), limit
the establishment of synaptic connections and the degree
of dendrite arborization (Bilousova et al., 2012; Shen et al.,
2019), as well as inhibit NMDAR function and hippocampal-
dependent memory formation (Fourgeaud et al., 2010; Wu
et al., 2011). Even though regulation of MHC-I expression
has been extensively investigated in the immune system for
many years now, a multitude of basic questions about the
mechanism(s) governing neuronal MHC-I expression remains
poorly understood. We previously reported that calcium-
dependent protein kinase C (PKC) was important in relaying
intracranial kainic acid (KA) stimulation signals to up-regulate
MHC-I expression in hippocampal neurons and that this
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FIGURE 6 | MiR34a deficiency in hippocampal neurons decreases dendritic growth and branching. (A) Primary hippocampal neurons infected with anti-Ctrl-GFP
lentivirus or anti-miR34a-GFP lentivirus were fixed and immunostained for MAP2 at DIV 5 to confirm shape of neurites. MHC class I antibody OX18 was added into
the culture medium at DIV 3 to block MHC class I expression. A combination of anti-miR34a-GFP lentivirus treatment and antibody blockade was applied to neurons
and it’s morphology was monitored by MAP2 at DIV 5. Bars: 20 µm. (B) Quantification of neurite length. ∗∗∗∗P < 0.0001 vs. negative control. (C,D) Sholl analysis
was performed on these neurons. Sholl profile and the average total numbers of intersections per cell were shown (n = 37 anti-Ctrl group, n = 43 anti-miR34a group,
n = 36 OX18 blockade group, n = 33 anti-miR34a + OX18 group, ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001).

signaling cascade relied on activation of the MAPK pathway
(Lv et al., 2015). We also confirmed that NLRC5, but
not CIITA, was broadly expressed in the mouse brain and
promoted MHC-I expression in hippocampal neurons (Li
et al., 2020). In this study, we analyze the regulation of
MHC-I expression from a new perspective: regulation by
miRNAs in hippocampal neurons, adding new information
regarding the tight and complex regulatory system that controls
classical MHC-I molecule levels during the development of
the hippocampus.

MicroRNAs are endogenously expressed non-coding RNAs
that regulate complementary mRNA expression. In vertebrates,
microRNAs are ubiquitously expressed in the brain with a
growing body of evidence showing their functions in neural
development and their contributions to neurodevelopmental
diseases (Fineberg et al., 2009). To exert their regulatory function,
miRNAs silence gene expression at the post-transcription level by
guiding Argonaute (AGO) family proteins to constitute miRNA-
induced silencing complexes (miRISCs), finally degrading gene
transcripts if mRNA is fully complementary to the miRNA seed
region (Jonas and Izaurralde, 2015). In this way, the sequence
of mRNAs can be used for the prediction of possible binding
miRNAs by matching their sequence with the seed region of
miRNA. To begin our work, computational algorithms identify
several candidate miRNAs by searching for the presence of
conserved miRNA seed sequences that match H-2Kb and H-2Db

mRNA. MiR146b, miR148a, miR181a, miR181c, and miR34a are
further tested by luciferase activity assay in HEK293T cells for
their ability to regulate H-2Kb and H-2Db expression. MiR34a,
which is perfectly complementary to the seed sequence of H-2Db

and partially complementary to the seed sequence of H-2Kb, is
the only miRNA among all candidates that effectively decrease
H-2Kb and H-2Db 3′UTR-luciferase activity in HEK293T cells.
In cases when the mRNA target is only partially complementary
to the miRNA, additional protein partners are recruited by
AGO proteins to mediate mRNA silencing in the absence
of direct cleavage by AGO protein. Other post-transcriptional
regulation mechanisms such as translation inhibition can also
be used by miRNA to regulate protein expression of the
target gene. In our study, manipulating miR34a expression
can change both H-2Kb mRNA level and MHC-I protein
expression in neuro-2a cells and cultured mouse hippocampal
neurons, implying that both translational repression and mRNA
degradation contribute to miR34a regulated MHC-I expression.
Further experiments are required to dissect the detailed
pathway(s) used by miR34a to regulate MHC-I expression in
hippocampal neurons.

Although we confirm the regulation of MHC-I expression by
miR34a in cultured hippocampal neurons, whether it can repress
MHC-I expression in the developing hippocampus in vivo
is still unknown. So far, miR34a is shown to be expressed
in the CNS. It influences terminal neuronal differentiation,
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FIGURE 7 | MiR34a overexpression in hippocampal neurons increases
dendritic growth and branching. (A)Primary hippocampal neurons were
infected with miR34a-GFP lentivirus for 4 days. Neurons were fixed and
immunostained for MAP2 at DIV 5. Bars: 20 µm. (B) Quantification of neurite
length. ∗∗∗∗P < 0.0001 vs. negative control. (C,D) Sholl analysis was
performed on these neurons. Sholl profiles and the average total numbers of
intersections per cell were shown (n = 25 Ctrl group, n = 25 miR34a group.
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001 vs. negative control).
(E) Primary hippocampal neurons were infected with miR34a-GFP lentivirus
with/without H-2Db-Flag-lentivirus at DIV 1. Neurons were immunostained by
anti-Flag antibody at DIV 5. The expression of GFP and Flag was observed
with a fluorescence microscope. Bars: 20 µm. (F) Quantification of neurite
length was shown. ∗∗∗∗P < 0.0001 vs. miR34a-GFP. (G,H) Sholl analysis was
performed on these neurons. Sholl profiles and the average total numbers of
intersections per cell were shown (n = 20 miR34a group, n = 21 miR34a +
H-2Db group. ∗P < 0.05; ∗∗P < 0.01 vs. miR34a-GFP).

regulates neurite outgrowth, and mediates dendritic spine
morphology and function (Agostini et al., 2011a,b). As a
brain-enriched microRNA, miR34a upregulates with brain
age (Li et al., 2011; Jauhari et al., 2018). It can modulate
mitochondrial activity by regulating mitochondrial protein
abundance in aging cells, eventually leading to age-related
diseases (Rippo et al., 2014). During the development of the
mouse hippocampus, it was reported that P15 was a critical

period for refinement of neuronal connections (Hashimoto and
Kano, 2003) when MHC-I is expressed. Inappropriate neuronal
MHC-I expression after this critical period in the hippocampus
could be deleterious, thus shutting down MHC-I expression
after p15 is necessary. We previously demonstrated that the
MHC-I protein level was dramatically decreased after P15 while
MHC-I mRNA was kept at in high level (Li et al., 2020).
In this study, we find that miR34a is expressed at a low
level in early postnatal mice, while it increases dramatically
after P15, following the peak of MHC-I protein expression at
P15. As we find that miR34a can decrease MHC-I expression
in primary cultured hippocampus neurons, expression of
miR34a at this stage could be one of the mechanisms for
decreasing MHC-I expression. However, our in vitro experiment
shows decreased both MHC-I mRNA and protein expression
following increased miR34a, which is not in concordance with
in vivo findings that only MHC-I protein is decreased. Other
transcriptional and post-transcriptional regulation mechanisms
may contribute to divergent expression of MHC-I mRNA and
protein expression after P15. Thus, the regulation of MHC-I
by miR34a in the hippocampal neuron in vivo still needs to
be investigated.

Our findings also indicate that decreased miR34a inhibits
neurite outgrowth and branching in cultured hippocampal
neurons, which recapitulates our previous finding that
upregulated MHC-I expression can decrease neurite outgrowth
(Shen et al., 2019). We also confirm the causal relationship
between miR34a mediated modulation of MHC-I and
hippocampal dendritic growth by successfully rescuing the
decreased length and branching of anti-miR34a-GFP lentivirus
treated neurons by blocking with MHC class I antibody. On
the other hand, the miR34a-GFP lentivirus-mediated increase
of dendritic complexity can be blocked by overexpression of
H-2Db. However, a study from Agostini et al. (2011b) reports
that miR34a negatively affects dendritic outgrowth of cortical
and hippocampus neurons, which is different from our results.
There are several possible reasons for this discrepancy. First,
in their report, hippocampal neurons are co-transfected with
a GFP expression and a miR34a overexpression plasmids
(PremiR34a) with siPORT NeoFX transfection agent. While in
our study, primary mouse hippocampal neurons are infected
with lentivirus to inhibit or overexpress miR34a expression.
With high transfection efficiency shown by immunofluorescence
in neurons, we can confirm the expression of miR34a after virus
infection by Real-time quantitative PCR. We find that inhibition
of miR34a decreases dendritic growth and branching and at the
same time, overexpression of miR34a increases dendritic growth
and branching in cultured hippocampal neurons. Secondary,
they transfect neurons at DIV 4, and cells are analyzed 72 h later
while in our study neurons are infected at DIV 1 and analyzed
96 h later. We suppose that different transfection methods and
different time points to treat the neurons cause inconsistent
results in neuron morphology. In conclusion, all these results
will help us to better understand the tight regulation of MHC-I
expression in the developing hippocampus, which is also helpful
towards elucidating its role in aging and degenerative diseases.
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Adult zebrafish have many neurogenic niches and a high capacity for central nervous
system regeneration compared to mammals, including humans and rodents. The
majority of radial glia (RG) in the zebrafish optic tectum are quiescent under physiological
conditions; however, stab wound injury induces their proliferation and differentiation into
newborn neurons. Although previous studies have functionally analyzed the molecular
mechanisms of RG proliferation and differentiation and have performed single-cell
transcriptomic analyses around the peak of RG proliferation, the cellular response and
changes in global gene expression during the early stages of tectum regeneration
remain poorly understood. In this study, we performed histological analyses which
revealed an increase in isolectin B4+ macrophages prior to the induction of RG
proliferation. Moreover, transcriptome and pathway analyses based on differentially
expressed genes identified various enriched pathways, including apoptosis, the innate
immune system, cell proliferation, cytokine signaling, p53 signaling, and IL6/Jak-Stat
signaling. In particular, we found that Stat3 inhibition suppressed RG proliferation after
stab wound injury and that IL6 administration into cerebroventricular fluid activates RG
proliferation without causing injury. Together, the findings of these transcriptomic and
functional analyses reveal that IL6/Stat3 signaling is an initial trigger of RG activation
during optic tectum regeneration.

Keywords: zebrafish, brain regeneration, optic tectum, radial glia, STAT3 signaling, transcriptome analysis

INTRODUCTION

Neural stem cells (NSCs) have been observed in the adult brains of all vertebrates and can
continuously generate new neurons (Kizil et al., 2012; Balthazart and Ball, 2014; Berninger and
Jessberger, 2016; Kempermann et al., 2018; Joven and Simon, 2018; McDonald and Vickaryous,
2018). The adult mammalian brain has two neurogenic regions, the subventricular zone (SVZ) and
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the subgranular zone in the hippocampus (Altman and Das,
1965; Eriksson et al., 1998), whereas the neurogenic regions
of birds and reptiles are mainly located in the telencephalon
(Balthazart and Ball, 2014; McDonald and Vickaryous, 2018).
Conversely, the adult brains of teleosts contain many neurogenic
niches (Zupanc and Horschke, 1995; Adolf et al., 2006; Grandel
et al., 2006; Alunni et al., 2010); for instance, zebrafish have
16 different proliferative niches (Grandel et al., 2006) while
medaka has 10 (Alunni et al., 2010). Moreover, mammals and
birds display a limited central nervous system (CNS) regenerative
capacity compared to amphibians and teleosts (Alunni and Bally-
Cuif, 2016). In mammals, stroke activates neural progenitors
in the SVZ which then migrate toward injured areas; however,
functional recovery remains limited despite the presence of
some newborn neurons (Yamashita et al., 2006; Kaneko et al.,
2018). In contrast, urodele amphibians and teleosts have a
high capacity for brain regeneration (Urata et al., 2018) and
adult zebrafish have many neurogenic niches and display a
high regenerative capacity in the CNS, including the brain,
retina, and spinal cord (Becker et al., 1997; Adolf et al., 2006;
Grandel et al., 2006; Raymond et al., 2006; März et al., 2011).
Therefore, zebrafish are a well-studied model organism in CNS
regeneration due to their high neurogenic potential, easy genetic
manipulation, and the availability of genomic and transcriptomic
data. In particular, various injury models in the brain, retina,
and spinal cord of adult zebrafish have been developed to
elucidate and analyze the molecular mechanisms that enable
CNS regeneration (Ramachandran et al., 2010; Dias et al., 2012;
Kishimoto et al., 2012).

Radial glia (RG), or ependymoglia (neurepithelial-like stem
cells), have been reported to function as NSCs in the neurogenic
niches of adult zebrafish (Than-Trong and Bally-Cuif, 2015).
In the telencephalon, which is a well-studied region of the
adult zebrafish brain, RG mainly function as active NSCs that
continuously proliferate and generate newborn neurons under
both physiological and regenerative conditions (März et al.,
2010; Kroehne et al., 2011; Rothenaigner et al., 2011). The
molecular mechanisms that regulate adult and regenerative
neurogenesis by RG in the telencephalon have been investigated
comprehensively using pharmacological inhibitors, transgenic
strains, and transcriptome analyses (Kizil et al., 2012; Cosacak
et al., 2019; Demirci et al., 2020; Lange et al., 2020). On the
other hand, most of RG are quiescent, while neuroepithelial-
like stem cells contribute to adult neurogenesis in the adult
optic tectum (Ito et al., 2010). Previous studies have shown that
stab wound injury in the optic tectum induces RG proliferation
and differentiation into neurons in young adult zebrafish (2–
4 months old) under regenerative conditions (Shimizu et al.,
2018; Ueda et al., 2018; Yu and He, 2019), but induces RG
proliferation without neurogenesis in elderly adult zebrafish (6–
12 months old) (Lindsey et al., 2019). Moreover, Yu and He
found that only a few neurons were generated from RG using
long-term EdU labeling and Cre-loxP-based clonal analysis. The
analysis of gene expression changes in RG using single-cell
RNA-sequencing (RNA-seq) at 3 days post-injury (dpi) showed
that Notch signaling inhibition promotes RG proliferation and
differentiation. However, few studies have investigated gene

expression changes that trigger RG proliferation during the
early stages of tectum regeneration compared to the retina and
telencephalon (Sifuentes et al., 2016; Demirci et al., 2020).

During the early stages after CNS damage, inflammatory
responses commonly occur in both mammals and teleosts (Kizil
et al., 2015; Buscemi et al., 2019; Lambertsen et al., 2019).
In the mouse CNS, both the negative and positive effects of
inflammatory responses on tissue regeneration, have been well
studied in order to improve tissue damage and neurodegenerative
disorders (Shichita et al., 2014; Rajkovic et al., 2018; Otani and
Shichita, 2020). In zebrafish, inflammatory responses are required
during brain regeneration to induce RG cell proliferation and
differentiation (Kyritsis et al., 2012; Ueda et al., 2018), and the
acute inflammation induced by zymosan A injection is sufficient
to induce RG proliferation without injury (Kyritsis et al.,
2012). Although multiple studies have analyzed the function of
inflammatory mediators, such as cytokines and leukotriene, in
the zebrafish telencephalon and retina (Kyritsis et al., 2012; Zhao
et al., 2014; Bhattarai et al., 2016), the molecular mechanisms
related to inflammatory signaling that trigger RG proliferation
following optic tectum injury remain poorly understood.

In this study, we analyzed the cellular and transcriptomic
changes and molecular mechanisms regulating RG proliferation
during the early stages of tectum regeneration. Together, the
findings of these transcriptomic and functional analyses revealed
that IL6/Stat3 signaling is an initial trigger of RG activation
during optic tectum regeneration. Therefore, components of
molecular mechanisms that cooperate with IL6/Stat3 signaling
during tissue regeneration could be promising molecular targets
to enhance the regenerative capacity of the human CNS.

MATERIALS AND METHODS

Zebrafish Strains
Zebrafish (Danio rerio) were maintained according to standard
procedures (Westerfield, 2007). All experiments were performed
according to protocols approved by the Institutional Animal
Care and Use Committee of the National Institute of Advanced
Industrial Science and Technology and Waseda University.
The RIKEN Wako (RW) wild-type strain was obtained from
the Zebrafish National BioResource Center of Japan1. The
Tg(gfap:GFP)mi2001 strain with RG-specific GFP expression
(Bernardos and Raymond, 2006) was obtained from the Zebrafish
International Resource Center (ZIRC). Three-to-four-month-old
RW and Tg(gfap:GFP) fish were used for all experiments.

Stab Wound Injury
Zebrafish were anesthetized using 0.02% tricaine (pH 7.0; Nacalai
Tesque, Kyoto, Japan) and a 30-gauge (30G) needle (Terumo,
Tokyo, Japan) was inserted vertically into the right hemisphere
of the optic tectum through the boundary of two bones on
the right optic tectum, as described previously (Shimizu et al.,
2018). The uninjured left hemisphere was considered an internal
control. The 30G needle was inserted to a depth of approximately

1http://www.shigen.nig.ac.jp/zebra/
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0.75 mm, almost equal to half the length of the 30G bevel. For
gene expression analyses, such as RNA-seq and quantitative real-
time PCR, both hemispheres of the optic tectum were injured and
fixed at each time point.

Histology and Immunohistochemistry
For immunohistochemistry (IHC), zebrafish were anesthetized
using 0.02% tricaine and perfused intracardially with Ringer’s
solution, followed by 4% paraformaldehyde (PFA; FUJIFILM
Wako, Osaka, Japan) solution. After the brains had been
dissected, they were fixed in 4% PFA overnight at 4◦C, transferred
into 20% sucrose overnight at 4◦C for cryopreservation, and
then embedded in a 2:1 mixture of 20% sucrose and O.C.T.
compound (Tissue-Tek, Torrance, CA, United States). The
brain tissues were then cut into 14 µm thick sections using
a cryostat (CM1850, Leica, Wetzlar, Germany) and IHC
was performed as described previously (Shimizu et al.,
2018) with the following For primary antibodies: mouse
anti-proliferating cell nuclear antigen (PCNA, 1:200, sc-
56, Santa Cruz Biotechnology, Dallas, TX, United States),
rabbit anti-brain lipid binding protein (BLBP, 1:500, ABN14,
Millipore, Burlington, MA, United States), and Dylight 594-
conjugated isolectin B4 (IB4, 1:200, Vector Laboratories,
Burlingame, CA, United States). Alexa Fluor 488- and 568-
conjugated subclass-specific secondary antibodies (1:500,
Invitrogen, Carlsbad, CA, United States) were used. For
PCNA immunodetection, antigen retrieval was performed
by incubating slides in 10 mM sodium citrate for 30 min
at 85◦C before treatment with the primary antibody. For
nuclear staining, the samples were incubated in Hoechst 33258
(1:500, FUJIFILM Wako) for 30 min after IHC. Sections were
embedded in PermaFluor (Thermo Fisher Scientific, Waltham,
MA, United States).

RNA Sequencing
Zebrafish with or without stab wound injuries were anesthetized
using 0.02% tricaine and both hemispheres of the optic tectum
were dissected. For RNA-seq, total RNA was extracted from
three pooled individuals using TRIzol reagent (Invitrogen) and
purified using a Directo-zol RNA Miniprep kit (Zymo Research,
Irvine, CA, United States) for each biological replicate. All
RNA samples were sent to Macrogen Japan (Tokyo, Japan) and
libraries were prepared from samples with RIN > 7.0 using
NovaSeq6000. RNA-seq was performed in triplicate for each
group using NovaSeq6000 (Illumina, CA, United States) with
2 × 100 bp paired ends. Sequencing data from the intact optic
tectum was used as a control for the injured tectum at 6, 12, and
24 h post-injury (hpi).

Bioinformatics Analysis
The quality of the raw data produced from each sample was
checked using FastQC (v0.11.5) and low-quality reads (<Q20)
and adapter sequences were removed using Trimmomatic-
0.33 (Bolger et al., 2014). Trimmed and filtered reads were
aligned to the zebrafish reference genome (Ensembl, GRCz11)
using HISAT2 (v2.0.5) (Kim et al., 2015) before being
assembled and counted using FeatureCounts (v1.6.3) (Liao

et al., 2014). The iDEP.82 pipeline (Ge et al., 2018) was used
to normalize read counts and DESeq2 (Love et al., 2014)
was used to identify differentially expressed genes (DEGs)
with fold change >2 in both directions and a Benjamini-
Hochberg adjusted p-value (FDR) < 0.05 between intact
and injured tectum at 6, 12, and 24 hpi. The Matascape
pipeline (Zhou et al., 2019) (min overlap: 3, p-value cutoff:
0.01, min enrichment: 1.5) was used to perform enrichment
analyses based on the DEGs using Gene Ontology (GO)
terms, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (Kanehisa and Goto, 2000), and Reactome pathways
(Fabregat et al., 2018).

Quantitative Real-Time PCR
Zebrafish with or without stab wound injuries were anesthetized
using 0.02% tricaine and both hemispheres of the optic tectum
were dissected. Total RNA from each fish was purified using
a Directo-zol RNA Miniprep kit and cDNA was synthesized
using ReverTra Ace with gDNA remover (Toyobo, Osaka, Japan).
Quantitative real-time PCR (qRT-PCR) was performed using
gene-specific primers for actb2, gfap, il6, il11a, il11b, jak1, and
stat3, as listed in Supplementary Table 5.

Flow Cytometory and Cell Sorting
Zebrafish were anesthetized using 0.02% tricaine and both
hemispheres of the injured optic tectum were dissected. The
samples dissected from three zebrafish were pooled in HBSS
(FUJIFILM Wako) which was subsequently replaced with PBS
containing 0.4% glucose, 0.04% BSA (Sigma-Aldrich, St. Louis,
MO, United States), and 0.04% L-cysteine with 0.5% DNase
and 0.5% papain. After incubation at 37◦C for 5 min, the
pooled sample was washed three times with DMEM (Sigma-
Aldrich) containing 10% horse serum (Vector Laboratories),
20 µM L-glutamine, and 10 µM sodium pyruvate. After
dissociation by pipetting and centrifugation at 300 × g,
the pellets were resuspended in PBS and filtered through
a 25 µm cell strainer. Cell sorting was performed using a
FACSAria

TM
III (BD): 450,000 of the GFPhigh population and

GFPneg population in Tg(gfap:GFP) were sorted separately into
PBS with 3% FBS. For qRT-PCR, RNA was extracted from
sorted cells and synthesized into cDNA using CellAmpTM
Direct Lysis and RT kits (Takara Bio, Shiga, Japan). To
obtain sufficient RNA for cDNA synthesis, extracted RNA
was concentrated by precipitation with a Gene-Packman
Coprecipitant (Nacalai Tesque).

Drug Administration and
Cerebroventricular Microinjection
To inhibit Stat3 signaling, injured zebrafish were maintained
in water containing 10 or 100 µM S3I-201 (Selleck, Houston,
TX, United States) (Liang et al., 2012) dissolved in 1%
dimethyl sulfoxide (DMSO, FUJIFILM Wako) for 24 h. To
activate Stat3 signaling without injuring the tectum, 100 ng/µL
human IL6 (PeproTech, Cranbury, NJ, United States) was
injected into the cerebrospinal fluid as described previously
(Kizil and Brand, 2011).
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Cell Quantification
To quantify proliferative RG in the adult optic tectum, we
counted the number of BLBP+ PCNA+ cells imaged using a
confocal microscope C1 plus (Nikon) with UPlanSApo 20 × (NA
0.70) and 40 × (NA 0.95) objectives. To quantify proliferated RG
after stab injury, we counted the number of BLBP+/PCNA+ cells
in 3–5 serial sections (every other section) around the center of
the injury and also in the uninjured hemisphere as an internal
control. To quantify RG proliferation in the intact tectum or
tectum treated with PBS or IL6 microinjection, we counted the
number of BLBP+ PCNA+ cells in 5–10 serial sections (every
other section) in a similar area to the injured tectum.

Statistical Analysis
All experimental data were expressed as the mean ± standard
error of the mean (SEM). Sample numbers are provided in
the figure legends. Statistical analysis between two groups was
performed using paired or unpaired Student’s t-tests. When
comparing three or more groups, one-way analysis of variance
(ANOVA) was performed followed by Tukey’s post hoc test.
P-values were calculated using GraphPad Prism and were
presented as follows: ∗∗∗p < 0.001; ∗∗p < 0.01; and ∗p < 0.05.

RESULTS

Stab Wound Injury Induced Macrophage
Migration and RG Proliferation in the
Adult Optic Tectum Within 24 h
Previously, we found that RG proliferation was induced by
stab wound injury in the adult optic tectum (Shimizu et al.,
2018) while other studies have shown that immune responses
during the early stages after stab wound injury are required for
RG proliferation in the adult telencephalon and optic tectum
(Kyritsis et al., 2012; Ueda et al., 2018). Although molecular
pathways that work in RG after the tectum injury have been
well investigated by pharmacological experiments, transgenic
lines and single cell RNA-seq (Shimizu et al., 2018; Ueda
et al., 2018; Lindsey et al., 2019; Yu and He, 2019; Kiyooka
et al., 2020), the global changes in gene expression related to
immune activation and RG proliferation during the early stages
of optic tectum regeneration had not yet been investigated.
In this study, we first determined the time points for RNA-
seq by evaluating RG and macrophage responses at 6, 12,
and 24 hpi. After immunostaining for BLBP, an RG marker,
and PCNA, a proliferative cell marker at 6, 12, and 24 hpi
(Figures 1A–D and Supplementary Figure 1), we quantified
BLBP+ PCNA+ cells in intact (control) and injured optic tectum
(injured hemisphere and contralateral uninjured hemisphere;
Figure 1E). At 6 hpi, the number of proliferative RG cells in
the two hemispheres of the optic tectum did not significantly
differ (Figure 1E); however, significant RG proliferation was
observed on the injured side at 12 hpi in comparison to the
contralateral uninjured hemisphere. Furthermore, the number
of BLBP-PCNA+ cells, which likely include immune cells
such as microglia and macrophages (Lindsey et al., 2019;

Yu and He, 2019), also significantly increased from 12 to
24 hpi (Figure 1F). To examine macrophage responses after
injury, we performed immunostaining using an IB4 antibody
conjugated with Dylight 594 (Lai et al., 2017) in the intact
and injured optic tectum at 6, 12, and 24 hpi (Figures 2A–D
and Supplementary Figure 2). Few IB4-positive cells were
observed in the intact optic tectum (Figures 2A,E), suggesting
that IB4-positive cells were not microglia as there were fewer
of these cells in the intact optic tectum than GFP-positive
cells in Tg(mpeg1:GFP) (Lindsey et al., 2019; Yu and He,
2019). Interestingly, we found that there were significantly
more IB4-positive cells in the injured hemisphere than in the
uninjured hemisphere at 6, 12, and 24 hpi. Together, these results
indicate that during the early stages of tectum regeneration,
innate immune activation such as macrophage migration is
induced at 6 hpi, followed by the activation of RG proliferation
at 12 and 24 hpi.

Comprehensive Transcriptomic Analyses
During the Early Stages of Optic Tectum
Regeneration
Since macrophage migration into the injured tectum was
observed at 6 hpi and RG proliferation was induced at 12 hpi
(Figures 1E, 2E), we investigated changes in gene expression
related to macrophage migration and the induction of RG
proliferation during the early stages of tectum regeneration.
Comprehensive transcriptome analysis was performed between
the intact and injured optic tectum at 6, 12, and 24 hpi and
DEGs were quantified at each time point (fold change >2 in
both directions and FDR < 0.05) to identify the major responses
during early tectum regeneration. We identified a total of 1,087
DEGs [777 upregulated (UP), 310 downregulated (DOWN)]
at 6 hpi, 1,121 DEGs (986 UP, 135 DOWN) at 12 hpi, and
1,711 DEGs (1,565 UP, 146 DOWN) at 24 hpi (Figures 3A,B).
The top 100 up- or downregulated DEGs at each time point
are shown in Supplementary Table 1. Next, we analyzed
pathways enriched for up- or downregulated DEGs at 6, 12,
and 24 hpi using Metascape enrichment analysis for GO terms,
KEGG pathways, and Reactome pathways (Supplementary
Figures 3–5 and Supplementary Tables 2–4). The enriched GO
terms for biological processes (BP) based on the upregulated
DEGs at 6, 12, and 24 hpi (Figure 3C, GO_UP) included
“response to wounding,” “cell proliferation,” “JAK-STAT cascade,”
“hemostasis” and some GO terms related to cytokines and the
immune system. In addition, KEGG pathway analyses based
on the upregulated DEGs (Figure 3D, KEGG_UP) included
“cell cycle,” “p53 signaling pathway,” “AGE-RAGE signaling
pathway in diabetic complication,” “apoptosis” and cytokine-
related pathways such as “adipocytokine signaling pathway” and
“cytokine-cytokine receptor interaction.” Reactome analyses of
the upregulated DEGs (Figure 3E, Reactome_UP) also included
“interleukin-6 (IL6) family signaling,” “caspase activation,”
“hemostasis,” and some pathways related to the immune
system and cytokine signaling. When the same analyses
were performed based on downregulated DEGs, amino acid
metabolism was the only enriched pathway shared between
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FIGURE 1 | Induction of RG proliferation during the early stages after stab wound injury. (A–D) Representative images of proliferative RG (BLBP+ PCNA+) in intact
fish (A) and injured fish during the early stages of regeneration, 6, 12, and 24 hpi (B–D). (A’–D’) Magnified images of the boxed area in each image. White
arrowheads indicate BLBP+ PCNA+ cells and dashed lines (B–D) indicate area injured by needle insertion. Scale bar: 100 µm in (A–D), 50 µm in (A’–D’).
(E) Quantification of proliferative RG in intact fish (n = 4) and on the uninjured and injured hemispheres of injured fish at 6, 12, and 24 hpi. Statistical analyses
between uninjured and injured hemispheres at each time point were evaluated using paired Student’s t-tests. (F) Quantification of proliferative cells except RG
(BLBP-PCNA+) in intact fish (n = 4) and the uninjured and injured hemispheres of injured fish at 6, 12, and 24 hpi. Statistical analyses between uninjured and injured
hemispheres at each time point were evaluated using paired Student’s t-tests.
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FIGURE 2 | Induction of IB4+ macrophage migration during the early stages after stab wound injury. (A–D) Representative images of IB4-positive macrophages in
intact fish (A) and the injured hemisphere of injured fish during the early stages of regeneration, 6, 12, and 24 hpi (B–D). (A’–D’) Magnified images of the boxed area
in each image. White arrowheads indicate BLBP+ PCNA+ cells and dashed lines (B–D) indicate the area injured by needle insertion. Scale bar: 100 µm in (A–D),
50 µm in (A’–D’). (E) Quantification of IB4-positive cells in intact fish (n = 4) and the uninjured and injured hemispheres of injured fish at 6, 12, and 24 hpi. Statistical
analyses between uninjured and injured hemispheres at each time point were evaluated using paired Student’s t-tests.

GO BP, KEGG, and Reactome analysis. Therefore, these
pathway analyses based on DEGs within 24 h after optic
tectum injury suggest that immune activation, cell proliferation,

apoptosis, and cytokine signaling, including the IL6/Jak-Stat
pathway, are major responses during the early stages of
tectum regeneration.
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FIGURE 3 | Transcriptomic and enrichment analyses during the early stages of optic tectum regeneration. (A,B) Venn diagram indicating upregulated (A) and
downregulated (B) differentially expressed genes (DEGs) identified by DEseq2 between injured (6, 12, and 24 hpi) and intact optic tectum. Fold change >2 in both
directions and FDR < 0.05. (C–E) Heatmaps indicating clusters of significantly enriched GO biological process (BP) (C), KEGG pathway (D), and Reactome pathway
(E) terms based on DEGs between the injured and intact tectum (6, 12, and 24 hpi) using Metascape enrichment analysis. UP and DOWN indicate enrichment
analyses based on up- and downregulated DEGs, respectively.

IL6/Jak1-Stat3 Signaling Is Activated
During the Early Stages of Optic Tectum
Regeneration
Previous studies have shown that stat3 is upregulated in
Müller glia during the early stages (8 and 16 hpi) of retinal
regeneration (Sifuentes et al., 2016) and that injection with
stat3 morpholino antisense oligonucleotides can suppress the
proliferation of Müller glia after retinal injury (Nelson et al.,
2012). However, the functions of IL6/Jak1-Stat3 signaling during
optic tectum regeneration have not yet been studied. Since the
upregulated DEGs during the early stages of tectum regeneration
were enriched for IL6 family cytokines and Jak-Stat signaling
(Figures 3C,E), we quantified changes in the expression of
il6, il11a, and il11b (IL6 family cytokines in the top 100

upregulated DEGs at 6, 12, or 24 hpi) and stat3, jak1, and gfap
(Jak-Stat signaling) at different time points from 1 to 7 dpi
(Figures 4A–F). Changes in il6, il11a, il11b, and stat3 expression
peaked around 6 hpi, after which jak1 and gfap were upregulated.
To further examine the changes in stat3 expression in RG
during the early stages of optic tectum injury, we isolated RG
from Tg(gfap:GFP), which display RG-specific GFP expression
(Figures 4G,H and Supplementary Figure 6). Notably, stat3
expression was significantly higher in GFPhigh-positive cells than
in the intact reporter fish at 24 hpi (Figure 4I). Moreover, we
confirmed that the IL6 receptors il6r and il6st were expressed
in GFPhigh−positive cells using RT-PCR (data not shown). Taken
together, these results suggest that the upregulation of IL6 family
cytokines stimulates Stat3 signaling in RG during the early stages
of optic tectum regeneration.
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FIGURE 4 | Activation of IL6/Stat3 signaling during the early stages of optic tectum regeneration. (A–F) Quantitative real-time (qRT-) PCR analyses of IL6 superfamily
cytokines il6 (A), il11a (B), and il11b (C), and Jak/Stat signaling components stat3 (D), jak1 (E), and gfap (F). Each graph indicates relative gene expression in the
injured tectum from 1 to 7 dpi compared to intact optic tectum (n = 4 per gene per time point). Statistical analyses between intact and injured hemispheres at each
time point were evaluated using unpaired Student’s t-tests. (G) Schematic diagram of the cell sorting workflow using the RG-specific reporter line, Tg(gfap:GFP).
(H) Representative images of FACS plots for GFP-positive cells from the optic tectum of wild-type (left) or Tg(gfap:GFP) (right) fish. (I) Quantification of stat3
expression in GFPhigh-positive cells from uninjured and injured optic tectum at 24 hpi using qPCR. The graph shows relative stat3 expression in GFPhigh-positive
cells from injured tectum at 24 hpi compared to uninjured tectum (n = 11). Statistical analyses between uninjured and injured hemispheres was evaluated using
unpaired Student’s t-tests.

Stat3 Inhibitors Suppress RG
Proliferation After Stab Wound Injury
To examine whether Stat3 signaling activation is required for
RG proliferation after tectum injury, we maintained injured
zebrafish in water containing the Stat3 inhibitor S3I-201
(10 or 100 µM) or 1% DMSO for 1 day and performed
immunostaining for BLBP and PCNA at 24 hpi to quantify
cell proliferation (Figures 5A–D). The number of proliferative
RG (BLBP+ PCNA+)was significantly lower in fish treated
with 100 µM S3I-201 than in those treated with 1% DMSO
or 10 µM S3I-201 (Figure 5E), suggesting that S3I-201
inhibited RG proliferation after tectum injury in a dose-
dependent manner. However, the number of BLBP-PCNA+
cells, likely including immune cells, was not significantly
changed by S3I-201 treatment (Figure 5F). Moreover, we
confirmed that Stat3 inhibitor does not significantly affect NE
proliferation in the intact zebrafish (Supplementary Figure 7).
Taken together, these results suggest that Stat3 inhibitor
specifically suppressed RG proliferation and that Stat3 signaling
is required to induce RG proliferation after stab wound injury in
the optic tectum.

Cerebroventricular Microinjection of IL6
Recombinant Protein Induces RG
Proliferation Without Stab Wound Injury
To determine whether IL6 was sufficient to induce RG
proliferation under physiological conditions, we injected
human IL6 recombinant protein (100 ng/µL) or PBS
into the cerebrospinal fluid (Figure 6C) and performed
immunostaining on fixed samples using anti-BLBP and anti-
PCNA antibodies to quantify proliferating RG. We respectively
counted the number of BLBP+ PCNA+ cells in the injected
and contralateral hemispheres and found that the IL6 injection
significantly increased the number of proliferating RG in the
contralateral hemisphere compared to that with PBS injection
(Figures 6A,B,D). We also counted the number of BLBP-PCNA+
cells and confirmed that the number of BLBP− PCNA+ cells
except NE was not significantly increased in the contralateral
hemisphere (Figure 6E) and that IL6 injection had no significant
effect in the NE proliferation (data not shown). In the injected
hemisphere, we found the small incision by glass capillary
compared to that by the 30G needle (data not shown). The stab
wound injury by the 30G needle did not significantly increase
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FIGURE 5 | Stat3 inhibitor S3I-201 suppresses RG proliferation after stab wound injury in adult optic tectum. (A–C) Representative images of proliferative RG
(BLBP+ PCNA+) in injured optic tectum treated with 1% DMSO (A), 10 µM S3I-201 (B), or 100 µM S3I-201 (C) at 1 dpi. (A’–C’) Magnified images of the boxed area
in each image. White arrowheads indicate BLBP+ PCNA+ cells and dashed lines indicate the area injured by needle insertion. Scale bar: 50 µm in (A–C) and
(A’–C’). (D) Schematic diagram of drug administration. (E) Quantification of proliferative RG (BLBP+ PCNA+) treated with 1% DMSO, 10 µM S3I-201 (n = 4), or 100
µM S3I-201 (n = 5) at 1 dpi. Statistical analyses were performed using one-way ANOVA with Tukey’s post hoc test. (F) Quantification of proliferative cells except RG
(BLBP-PCNA+) treated with 1% DMSO, 10 µM S3I-201 (n = 4), or 100 µM S3I-201 (n = 5) at 1 dpi. Statistical analyses were performed using one-way ANOVA with
Tukey’s post hoc test.

both BLBP+ PCNA+ and BLBP-PCNA+ cells in the contralateral
hemisphere (Figures 1E,F), suggesting that the smaller incision
in the injected hemisphere also have no significant effects on
cell proliferation in the contralateral side. Taken together, these
results suggest that IL6 is sufficient to induce RG proliferation
in the adult zebrafish optic tectum without stab wound injury.
Transcriptomic analyses and functional analyses reveal that
IL6/Stat3 signaling is an important initial trigger of RG
proliferation at the early stages of tectum regeneration.

DISCUSSION

Zebrafish display a superior capacity for neuronal regeneration
in the CNS and the molecular mechanisms that regulate

regenerative neurogenesis in the telencephalon and optic
tectum have been well studied; however, few comprehensive
transcriptomic analyses have been performed to study
regenerating optic tectum. In this study, we attempted to
elucidate the triggers that stimulate RG proliferation in response
to optic tectum injury, with a particular focus on the early stages
of tectum regeneration. First, we confirmed that the levels of
IB4+ macrophages increased at 6 hpi, followed by the induction
of RG proliferation, while transcriptomic analyses based on
DEGs revealed that apoptosis, the immune system, cytokine
signaling, cell proliferation, and IL6/Jak-Stat signaling were
upregulated during the early stages of tectum regeneration.
After validating that il6 and stat3 expression peaked at 6 hpi
and that jak1 expression peaked at 24 hpi, we revealed that
Stat3 inhibition suppressed RG proliferation at 1 dpi and that
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FIGURE 6 | IL6 induces RG proliferation without stab wound injury in adult optic tectum. (A,B) Representative images of proliferative RG (BLBP+ PCNA+) in the
contralateral side with PBS or 100 ng/µL IL6 at 1 dpi. Allow heads indicate BLBP+ PCNA+ cells and arrows indicate BLBP- PCNA+ cells. Scale bar: 100 µm in
(A–D) and (A’,B’). (C) Schematic diagram of cerebroventricular microinjection. A small hole was made in the center of the skull above the right hemisphere of the
optic tectum using a 30G needle. The injected solution spread through the corticospinal fluid. (D) Quantification of proliferative RG (BLBP+ PCNA+) in the injected
and contralateral hemisphere with PBS (n = 4) or 100 ng/µL IL6 (n = 3) at 1 dpi. (E) Quantification of BLBP- PCNA+ cells in the injected and contralateral
hemisphere with PBS or IL6 at 1 dpi. Statistical analyses were performed using one-way ANOVA with Tukey’s post hoc test.

microinjecting human recombinant IL6 into cerebroventricular
fluid induced RG proliferation without injury. Together, our
findings demonstrate that IL6/Stat3 signaling is an initial trigger
of RG activation during optic tectum regeneration and that
transcriptome analyses are powerful tools for investigating
molecular mechanisms.

Macrophage Migration Prior to RG
Proliferation After Optic Tectum Injury
Previous studies have shown that the activation of innate
immune responses is required for tissue regeneration in both
the CNS and other tissues, such as the heart and fin (Kyritsis
et al., 2012; Petrie et al., 2014; Lai et al., 2017). In the
optic tectum, dexamethasone-induced immunosuppression also
suppresses RG cell proliferation after stab wound injury (Ueda
et al., 2018). Here, we labeled macrophages using IB4 antibody

(Lai et al., 2017), although Tg(mpeg1:GFP)gl22 (Ellett et al., 2011)
and antibodies such as L-plastin and 4C4 have also been utilized
to examine microglia and macrophage responses (Baumgart et al.,
2012; Kyritsis et al., 2012; Oosterhof et al., 2017). Previously,
Lai et al. found that IB4 staining colocalized with GFP-positive
cells in Tg(mpeg1:EGFP) but not with GFP-positive cells in
the neutrophil reporter fish, TgBAC(mpx:GFP)i114 (Renshaw
et al., 2006), while Zou et al. (2013) showed that IB4 staining
colocalized with GFP-positive cells in other macrophage reporter
line, Tg(cora1a:eGFP) (Li et al., 2012) and not with endothelial
cell reporter line, Tg(flk:GFP) (Choi et al., 2007). Together,
these findings suggest that IB4 labels macrophages but not
neutrophils and vascular endothelial cells. In this study, we noted
an increase in the number of IB4-positive cells from 6 h after
tectum injury, followed by RG proliferation. This is consistent
with the increase in 4C4 positive cells and mpeg1:GFP+
cells followed by RG proliferation previously reported in the
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injured telencephalon (Baumgart et al., 2012; Kanagaraj et al.,
2020). These things suggest that macrophage/microglia activation
triggers RG reprogramming during brain regeneration though
each role of infiltrating macrophage and resident microglia still
remains little known. M1 and M2 macrophage polarization
and their functions have been well studied in mammals and
macrophage polarization is considered a promising therapeutic
target for chronic inflammation, tissue regeneration, and cancer
(Noy and Pollard, 2014; Hu et al., 2015). However, improved
characterization of M1/M2 macrophages/microglia in zebrafish
is necessary to fully understand their contribution toward tissue
regeneration in zebrafish.

Global Gene Expression Changes and
Enriched Pathways at the Early Stages of
Tectum Regeneration
Our transcriptome and pathway analyses during the early stages
of optic tectum regeneration suggested the upregulation of genes
related to the innate immune system, apoptosis, cell proliferation,
cytokine signaling, and the IL6/Jak-Stat pathway. The zebrafish
innate immune system includes macrophages, neutrophils,
dendritic cells, and natural killer cells and our transcriptome
analyses demonstrated the upregulation of macrophage markers
(mpeg1 and mfap4), neutrophil markers (lyz, mpx, and nccrp1),
and a dendritic cell marker (spi1b) during early tectum
regeneration, suggesting innate immune system activation.
Moreover, T cell markers such as cd4-1, cd8a, and foxp3a were
not upregulated at 24 hpi, suggesting that the adaptive immune
system was not activated within 24 h after the injury. Studies
have shown that regulatory T (T-reg) cells expressing foxp3a are
required for tissue regeneration in the heart, retina, and spinal
cord (Hui et al., 2017), with T-reg cell depletion in the mouse
brain adversely affecting neurological recovery from stroke (Ito
et al., 2019). Therefore, functional analyses of innate immune
cells and T-reg cells are important for understanding the high
tissue regeneration capacity of zebrafish.

We also found that many genes related to cytokine
signaling were upregulated at 24 hpi, including pro-inflammatory
molecules such as il1b and il6, and anti-inflammatory molecules
such as il4, il13, and il10. Although both the IL6/Stat3 and
IL4/Stat6 pathways induce NSC proliferation in the retina or
telencephalon (Zhao et al., 2014; Bhattarai et al., 2016), we
focused on IL6/Stat3 signaling as il6 and stat3 expression were
upregulated earlier than il4 and stat6 after tectum injury. Thus,
these secreted molecules are promising therapeutic targets for
damaged tissue regeneration and should be investigated further
in future functional and translational studies.

Previous studies have shown that the reprogramming of the
transcription factor ascl1a and related genes, such as lin28a,
sox2, stat3, and her4, play important functions in the retina
(Ramachandran et al., 2010; Gorsuch et al., 2017; Elsaeidi et al.,
2018). Therefore, we detected lin28a and stat3 in upregulated
DEGs and her4.1 and her4.2 in downregulated DEGs, while
we found that ascl1a (log2FC = 0.63, FDR = 0.091) and
sox2 (log2FC = 0.75, FDR < 0.001) upregulation peaked
at 12 hpi. These findings suggest that stat3, ascl1a, lin28a,

sox2, and her4 play important roles in RG activation during
tectum regeneration. The regulation of adult and regenerative
neurogenesis by her family genes and Notch signaling have been
well studied in the optic tectum (Dozawa et al., 2014; Ueda et al.,
2018; Yu and He, 2019; Kiyooka et al., 2020); however, further
studies are required to investigate the regulation of adult NSCs
by ascl1a, lin28a, and sox2 during brain regeneration.

Compared to transcriptome analyses during the early stages of
telencephalon regeneration (Demirci et al., 2020), many enriched
pathways, including apoptosis, the innate immune system, cell
proliferation, cytokine signaling, p53 signaling, and AGE-RAGE
signaling, are shared between the telencephalon and optic tectum
within 24 h after stab wound injury. In the zebrafish CNS,
the roles of RG and neuroepithelial-like stem cells are thought
to differ in different neurogenic regions. In particular, the
neurogenic potential of RG during optic tectum regeneration
has been controversial. RG-specific RNA-seq or single cell
RNA-seq in different regions or conditions are promising for
understanding the functions of RG in the adult zebrafish CNS
and further transcriptomic data may allow comparative analysis
between different brain regions or different species.

Functions of Stat3 Signaling in the
Activation of NSCs During Tissue
Regeneration
Based on the enrichment analyses of upregulated DEGs during
the early stages of tectum regeneration, we attempted to elucidate
the function of IL6 and Stat3 in RG proliferation. We found that
Stat3 inhibition after tectum injury suppressed RG proliferation,
while injecting recombinant human IL6 induced RG proliferation
without stab wound injury, consistent with previous analyses of
IL6/Stat3 signaling in the zebrafish retina (Nelson et al., 2012;
Zhao et al., 2014). We confirmed the stat3 upregulation and
expression of IL6 receptors in RG using FACS sorting. Moreover,
microglia specific RNA-seq (Oosterhof et al., 2017; Zambusi et al.,
2020) has shown that il6 is highly expressed in the mpeg1+
cells including microglia and macrophages compared to the
other types of cells. These findings suggest that IL6 secreted
from microglia/macrophages in the injured tectum stimulates
the RG proliferation through the activation of stat3 signaling. In
addition, Gorsuch et al. showed that Stat3 interacts with Ascl1a,
Lin28a, and Sox2 during the retinal regeneration, while Sifuentes
et al. found that stat3 expression is upregulated in Müller glia
prior to ascl1a, lin28a, and sox2 expression using Müller glia-
specific RNA-seq during the early stages of retinal regeneration
(8 and 16 hpi). Consistently, we confirmed stat3 upregulation
before ascl1a and sox2, suggesting that Stat3 signaling activation
is an upstream trigger for the regenerative program of NSCs.
Furthermore, Stat3 signaling is known to be required for the
regeneration of other tissues in zebrafish, such as the heart, hair
cells, and fins (Liang et al., 2012; Fang et al., 2013; Miskolci
et al., 2019), suggesting that Stat3 regulates different target
genes in different tissue regeneration. In mammals, Stat3 also
plays important roles in neuronal regeneration from Müller
glia in retina (Jorstad et al., 2020) and embryonic stem cell
pluripotency (Raz et al., 1999). During the retina regeneration
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in mice and chickens, inhibition of Stat3 signaling promotes
neuronal differentiation of Müller glia (Todd et al., 2016;
Jorstad et al., 2020), while the functions of Stat3 signaling
in the neuronal differentiation of NSCs during regeneration
have not been well investigated in zebrafish compared to
the involvement of Stat3 signaling in the proliferation of
NSCs (Nelson et al., 2012; Wan et al., 2014; Zhao et al.,
2014). Therefore, it is important to investigate the molecular
mechanisms that cooperate with Stat3 signaling during tissue
regeneration in mammals and zebrafish in order to investigate
promising molecular targets to enhance the regenerative capacity
of the human CNS.
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