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Background: Inflammation is a significant contributor to neuronal death and dysfunction
following traumatic brain injury (TBI). Recent evidence suggests that interferons may be
a key regulator of this response. Our studies evaluated the role of the Cyclic GMP-AMP
Synthase-Stimulator of Interferon Genes (cGAS-STING) signaling pathway in a murine
model of TBI.

Methods: Male, 8-week old wildtype, STING knockout (−/−), cGAS−/−, and NLRX1−/−

mice were subjected to controlled cortical impact (CCI) or sham injury. Histopathological
evaluation of tissue damage was assessed using non-biased stereology, which was
complemented by analysis at the mRNA and protein level using qPCR and western
blot analysis, respectively.

Results: We found that STING and Type I interferon-stimulated genes were upregulated
after CCI injury in a bi-phasic manner and that loss of cGAS or STING conferred
neuroprotection concomitant with a blunted inflammatory response at 24 h post-
injury. cGAS−/− animals showed reduced motor deficits 4 days after injury (dpi), and
amelioration of tissue damage was seen in both groups of mice up to 14 dpi. Given

Abbreviations: BBB, blood brain barrier; CCI, controlled cortical impact; CDN, cyclic dinucleotide; cGAMP, cyclic
guanosine monophosphate-adenosine monophosphate; cGAS, cyclic GMP-AMP synthase; CNS, central nervous system;
CXCL10, C-X-C motif chemokine ligand 10; DAMP, damage-associated molecular pattern; Drp1, dynamin-related
protein 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFIH, interferon-induced helicase C domain-containing
protein; IFIT, interferon-induced proteins with tetratricopeptide repeats; IFN, interferon; IFNAR, interferon alpha/beta
receptor; IL, interleukin; IRF, interferon response factor; ISG, interferon-stimulated gene; JAK-STAT, Janus kinase-signal
transducer and activator of transcription; KO, knock out; MCP-1, monocyte chemoattractant protein 1; MMP, matrix
metalloproteinase; mPTP, mitochondrial permeability transition pore; mtDNA, mitochondrial DNA; NF-kB, nuclear factor
kappa-light-chain-enhancer of activated B cells; NLRX1, NOD-like receptor containing X1; PAMP, pathogen-associated
molecular pattern; PRR, pattern recognition receptor; qPCR, quantitative polymerase chain reaction; RIG-I, retinoic
acid-inducible gene I; ROS, reactive oxygen species; SAVI, STING-associated vasculopathy with onset in infancy; SLE,
systemic lupus erythematosus; STAT, signal transducer and activator of transcription; STING, stimulator of interferon
genes; TBI, traumatic brain injury; TBK1, tank-binding kinase 1; TFAM, transcription factor A, mitochondrial; TLR,
toll-like receptor; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; VEGF, vascular endothelial
growth factor; WT, wildtype.
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that cGAS requires a cytosolic damage- or pathogen-associated molecular pattern
(DAMP/PAMP) to prompt downstream STING signaling, we further demonstrate that
mitochondrial DNA is present in the cytosol after TBI as one possible trigger for this
pathway. Recent reports suggest that the immune modulator NLR containing X1 (NLRX1)
may sequester STING during viral infection. Our findings show that NLRX1 may be an
additional regulator that functions upstream to regulate the cGAS-STING pathway in the
brain.

Conclusions: These findings suggest that the canonical cGAS-STING-mediated Type
I interferon signaling axis is a critical component of neural tissue damage following TBI
and that mtDNA may be a possible trigger in this response.

Keywords: brain injury, inflammation, STING, cGAS, innate immunity

INTRODUCTION

Traumatic brain injury (TBI) is a complex neurological condition
that is a leading cause of death and disability in children and
adults (Roozenbeek et al., 2013; Surgucheva et al., 2014). The
injury occurs in two phases: an initial, acute mechanical injury
resulting from the external force, and secondary injury/cell
death due to complications such as hypoxia, ischemia, and
inflammation (Werner and Engelhard, 2007; Greve and Zink,
2009). While the use of improved safety measures has helped
minimize the severity of the initial impact, little progress has been
made in understanding or treating secondary injuries.

Neuroinflammation is a key mediator of secondary brain
injury; however, anti-inflammatory pharmacological approaches
largely fail in clinical trials (Simon et al., 2017). Interferons (IFNs)
are elevated in post-mortem human TBI samples (IFN-γ; Frugier
et al., 2010; Karve et al., 2016) and in experimental TBI murine
models (IFN-α, IFN-β, IFN-γ; Lagraoui et al., 2012; Karve
et al., 2016), but their functional role has been understudied
in TBI. Interferons are produced in response to the detection
of pathogen-associated molecular patterns (PAMPs) by pattern
recognition receptors (PRRs; Abe et al., 2019). Upon detection of
pathogenic nucleic acids, PRRs trigger the production of Type I
IFNs to prime both the affected and adjacent cells to neutralize
the pathogen. While a number of Type I IFN subtypes have
been identified, IFN-α and IFN-β are the most well-studied
(Trinchieri, 2010). These IFNs act via binding to the cell surface
complex known as IFN-α/β receptor (IFNAR), resulting in the
expression of IFN-stimulated genes (ISGs) via the JAK-STAT
pathway (Ivashkiv and Donlin, 2014).

The endoplasmic reticulum protein, Stimulator of Interferon
Genes (STING), is known to trigger Type I IFN responses after
being activated by cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP), a second messenger produced by
the DNA sensor, cyclic GMP-AMP synthase (cGAS; Shang
et al., 2019; Zhang et al., 2019). cGAS is able to bind nuclear
and mitochondrial DNA (Sun et al., 2013; West et al., 2015)
to promote STING activation and subsequent translocation of
transcription factors (Seth et al., 2005; Ishikawa and Barber,
2008), resulting in the production of innate immune genes,
including IFNs and ISGs (Barber, 2014).

Previous studies have demonstrated that STING mRNA
is elevated in post-mortem human TBI brain samples, and
genetic loss of STING or IFNAR in murine models of TBI
reduces lesion size and autophagy markers (Karve et al., 2016;
Abdullah et al., 2018). Pharmaceutical inhibition of cGAS, the
upstream mediator of STING, in a murine stroke model reduced
microglial activation and peripheral immune cell infiltration (Li
et al., 2020). Interferon signaling is gaining increasing attention
for its role in mediating progressive damage in TBI (Barrett
et al., 2020; Sen et al., 2020). Taken together, this suggests
that cGAS-STING signaling may represent a novel mechanism
for controlling post-traumatic neuroinflammation; however,
there is evidence of non-canonical, cGAS-independent STING
activation, particularly in response to DNA damage (Dunphy
et al., 2018; Unterholzner and Dunphy, 2019). Because upstream
STING signaling is undefined in the brain, clarifying the
mechanisms of STING activation in the context of inflammation
without a known pathogen is critical for identifying targets for
therapeutic intervention.

In this study, we utilized genetic knockout mouse models
to elucidate the role of the cGAS-STING signaling pathway
after TBI in a preclinical model of controlled cortical impact
(CCI) injury. We report that the ISG response is immediately
upregulated after injury and provide evidence that cytoplasmic
mtDNA is available for cGAS binding in the injured cortex.
In addition to confirming that loss of endogenous STING
is protective (Abdullah et al., 2018), our data suggests that
canonical cGAS-STING signaling is a critical component of
trauma-induced neuroinflammation and tissue damage. We also
uncover in vivo evidence for the first time that nucleotide-
binding oligomerization domain, leucine-rich repeat containing
X1 (NLRX1) abrogates this pathway in the brain. Taken together,
we conclude canonical cGAS-STING signaling plays a significant
role in influencing TBI outcome.

MATERIALS AND METHODS

Animals
All mice were housed in a pathogen-free facility on a 12 h
light/dark cycle at Virginia Tech and provided the standard
rodent diet and water ad libitum. Male CD-1, C57BL/6J
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(wildtype), C57/Bl/6J-TMEM173gt/J (STING−/−; Sauer et al.,
2011), and B6(C)-Cgastm1d(EUCOMM)Hmgu/J (cGAS−/−) mice
were purchased from Jackson Laboratories (Ellsworth, ME,
USA). NLRX1−/− mice were previously described (Allen
et al., 2011). STING−/−, cGAS−/−, and NLRX1−/− mice
were genotyped according to protocols provided by Jackson
Laboratories. All experiments were conducted in accordance
with the NIH Guide for the Care and Use of Laboratory Animals
and under the approval of the Virginia Tech Institutional Animal
Care and Use Committee.

Controlled Cortical Impact (CCI) Injury
Animals were prepared for surgery as previously described
(Brickler et al., 2016). Male CD-1, wildtype, STING−/−,
cGAS−/−, and NLRX1−/− mice aged 8–10 weeks were
anesthetized with an intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg), then positioned in a
stereotactic frame. Body temperature was continually monitored
via a rectal probe and maintained at 37◦C with an autoregulated
heating pad. A 4 mm craniotomy was made with a portable
drill over the right parietal-temporal cortex (−2.5 mm A/P and
2.0 mm lateral from bregma). Moderate CCI was induced with
an eCCI-6.3 device (Custom Design and Fabrication, Richmond,
VA, USA) using a 3 mm impact tip at an angle of 70◦, 5.0 m/s
velocity, 2.0 mm impact depth, and 100 ms dwell period (Theus
et al., 2010). The incision was closed with Vetbond tissue
adhesive (3M, St. Paul, MN, USA), and post-surgery animals
received Buprenorphine SR (1 mg/kg, ZooPharm, Windsor, CO,
USA) subcutaneously. Sham animals received a craniotomy only.

Histology and TUNEL Staining
At the indicated times post-CCI injury, mice were anesthetized
by isoflurane (IsoFlor, Zoetis, Parsippany-Troy Hills, NJ, USA)
and euthanized by cervical dislocation. Brains were fresh frozen
on dry ice while embedded in O.C.T. (Tissue-PlusTM O.C.T.
Compound, Fisher HealthCare, Houston, TX, USA). Brains were
coronally sectioned (30 µm thickness) using a cryostat (CryoStar
NX50, Thermo Scientific, Waltham, MA, USA) through the
lesion site (−1.1 to −2.6 mm posterior to bregma). Serial
sections 300 µm apart were stained with Cresyl violet (Electron
Microscopy Sciences, Hatfield, PA, USA).

To identify cells undergoing apoptosis, slides were fixed in
10% formalin (Fisher Chemicals, Pittsburgh, PA) for 5 min,
washed with 1× PBS, permeabilized in 2:1 ethanol:acetic acid
at −20◦C for 10 min and 0.4% Triton for 5 min, then
washed with 1× PBS and TUNEL stained according to the
manufacturer’s suggestions (DeadEndTM Fluorometric TUNEL
System, Promega, Madison,WI). Slides were then fixed for 5 min
in 10% formalin, blocked for 30 min in 0.2% Triton, 2% cold
water fish gelatin (Sigma, St. Louis, MO, USA), and stained
for Nissl (1:100, NeuroTraceTM 530/615 Red Fluorescence
Nissl, Invitrogen, Carlsbad, CA, USA). Slides were mounted
with DAPI Fluoromount-G (SouthernBiotech, Birmingham, AL,
USA). Representative confocal images were taken on a Nikon
C2 at 20× magnification using the recommended z-step size.
Maximum intensity projections were created in Nikon NIS-
Elements.

Estimating Lesion Size and TUNEL+/Nissl+

Cells
Lesion volume (mm3) was assessed by a blinded investigator
using StereoInvestigator’s Cavalieri estimator (MicroBrightField,
Williston, VT, USA) and an Olympus BX51TRF motorized
microscope (Olympus America, Center Valley, PA, USA), as
previously described (Theus et al., 2017). Five coronal serial
sections for each animal were spaced 300 µm apart surrounding
the epicenter of injury were stained for Nissl (described above)
and viewed at 4× magnification under brightfield illumination.
A grid (100 µm spacing) was set over the ipsilateral lesion site
andmarkers were placed over the contused tissue, as identified by
diminished Nissl staining intensity, morphology, and pyknotic
neurons. The contoured area with the section thickness, section
interval, and the number of sections were used by the Cavalieri
program to estimate the volume of contused tissue.

Apoptotic cells (TUNEL+) were counted by a blinded
investigator using five adjacent coronal serial sections (spaced
300 µm apart) with the StereoInvestigator Optical Fractionator
(MicroBrightField, Williston, VT, USA) probe. Approximately
100 randomized sites per animal (grid size: 500 × 500 µm,
counting frame size: 100 × 100 µm) were assessed to identify
TUNEL+ and TUNEL+/Nissl+ cells (apoptotic neurons), and
section thickness was estimated every five sites to improve the
accuracy of the cell count estimation. The number of cells per
contour, average estimated section thickness, section interval,
and the number of sections were used to estimate the number
of cells within the lesion volume.

Real Time qPCR
A 4 × 4 mm section of the injured cortex tissue was micro-
dissected from each animal and immediately submerged in
TRIzolTM Reagent (Invitrogen, Carlsbad, CA, USA). Either sham
surgery animals’ parietal cortices or the contralateral parietal
cortex from injured animals were extracted to serve as the
control. Cortical tissue was mechanically homogenized, lysed,
and extracted with TRIzolTM Reagent (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s protocol. RNA was reverse
transcribed to cDNA using iScript cDNA Synthesis Kit (Bio-
Rad, Hercules, CA, USA). Reactions containing SYBR Green
PCR Master Mix (Bio-Rad, Hercules, CA, USA), 10–50 ng
of cDNA, and 0.4 mM of each primer set were run on the
CFX96 System (Bio-Rad, Hercules, CA, USA). qPCRs were
performed in technical triplicates for each gene/primer set
(Table 1). Expression levels were normalized to GAPDH and
fold change was determined by the comparative CT method
(Schmittgen and Livak, 2008). Primer efficiency was determined
using a 4-point log concentration curve (Bio-Rad CFX Maestro
software, Hercules, CA, USA).

Western Blot
A 4 × 4 mm section of injured cortex tissue was micro-
dissected from each animal, snap- frozen in liquid nitrogen,
and stored at −80oC until use. Extracts were homogenized
with a hand-held mortar/pestle (VWR, Radnor, PA, USA) on
ice in RIPA buffer (Thermo Scientific Pierce Protein Biology,
Waltham, MA, USA) containing proteinase and phosphatase
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TABLE 1 | qPCR primers used in experiments.

Gene Forward Seq. (5′ - 3′) Reverse Seq. (5′ - 3′)

IRF7 CAA TTC AGG GGA TCC AGT TG AGC ATT GCT GAG GCT CAC TT

IFIT1 ACC ATG GGA GAG AAT GCT GAT G TGT GCA TCC CCA ATG GGT TC

STAT1 GCG GCA TGC AAC TGG CAT ATA ACT ATG CTT CCG TTC CCA CGT AGA CTT

STAT2 TGA TCT CTA ACA GAC AGG TGG CTG CAT TCA CTT CTA AAG ACT C

IFIT3 ATC ATG ATG GAG GTC AAC CG TTG CAC ACC CTG TCT TCC AT

IFNA4 CTT TCC TCA TGA TCC TGG TAA TGA T AAT CCA AAA TCC TTC CTG TCC TCC

IFNB1 AAC TCC ACC AGC AGA CAG TG GGT ACC TTT GCA CCC TCC AG

RIG-I GAG TAC CAC TTA AAG CCA GAG AAT CCA TTT CTT CAG AGC ATC C

IFIH1 CGG AAG TTG GAG TCA AAG C TTT GTT CAG TCT GAG TCA TGG

IL-10 AGA CCA AGG TGT CTA CAA GGC TCA TCA TGT ATG CTT CTA TGC AGT

IL-6 ACA AGT CGG AGG CTT AAT TAC ACA TTG CCA TTG CAC AAC TCT TTT C

MCP1 TCA CCT GCT GCT ACT CAT TCA CCA TAC AGC TTC TTT GGG ACA CCT GCT

CXCL10 ATA ACC CCT TGG GAA GAT GGT G CTA GCT CAG GCT CGT CAG TTC

GAPDH ATT GTG TCC GTC GTG GAT CTG A AGA TGC CTG CTT CAC CAC CTT CTT

STING GCC TTC AGA GCT TGA CTC CA GTA CAG TCT TCG GCT CCC TG

ND1 CAG CCT GAC CCA TAG CCA TA ATT CTC CTT CTG TCA GGT CGA A

COX1 AGG CTT CAC CCT AGA TGA CAC GTA GCG TCG TGG TAT TCC TGA A

List of forward and reverse sequences used for qPCR.

inhibitors (Thermo Scientific Pierce Protein Biology, Waltham,
MA, USA). Homogenates were spun at 4oC at 15,000× g for
15 min and the supernatant was stored at −80oC until use.
Protein quantification was determined using the DC protein
assay kit with BSA standards (Bio-Rad, Hercules, CA, USA).
Fifty milligram of protein was run on a 4–12 percent NuPage
Bis-Tris Gel (Thermo Fisher Scientific, Waltham, MA, USA)
and transferred onto a PVDF membrane (MilliporeSigma,
Burlington, MA, USA). Primary antibodies were incubated
overnight. Primary antibodies used were p-STING S365, STING,
cGAS, histone H3 (Cell Signaling Technology, Danvers, MA,
USA), α-tubulin (MilliporeSigma, Burlington, MA, USA), Mfn2
(was a kind gift from Richard Youle’s laboratory), and HMGB1
(R&D Systems, Minneapolis, MN, USA). Membranes were
washed in 1× TBST, and secondary HRP conjugated antibodies
(Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA, USA) were incubated at RT for 1 h. Chemiluminescent
detection (Thermo Scientific Pierce Protein Biology, Waltham,
MA, USA) was used to detect a signal with the Bio-Rad
ChemiDoc system (Bio-Rad, Hercules, CA, USA). Relative
optical density was determined with ImageLab software (Bio-
Rad, Hercules, CA, USA).

Evans Blue
Twenty-four hours after the CCI injury, the animals received an
intravenous injection of 300 µl Evans blue. After 3 h, animals
were sacrificed, and ipsilateral and contralateral hemispheres
were collected. The distribution of Evans Blue was verified
by opening the thoracic and abdominal cavities. The tissue
was incubated in 500 µl 10% formamide at 55◦C for 24 h,
then centrifuged for 4 min at 210× g to pellet the tissue.
Absorbance for each hemisphere was measured in triplicate at
610 nm.

Rotarod
Gross motor function was evaluated by Rotarod (Columbus
Instruments, Columbus, OH, USA) testing from 4 to 14 days
post-TBI. The initial velocity was 5 rpm, with an acceleration
of 0.1 rpm/s. Each animal underwent three trials per day with
a 2 min rest between each trial. The average time of the three
trials was used for analysis. Eight-week-old animals were trained
for four consecutive days with a baseline measurement taken
on the 5th day. Animals underwent sham or CCI surgery,
then rotarod performance was evaluated at 4-, 7-, and 14-days
post-surgery. Each animal’s performance was compared to its
baseline measurement, and average performance for all animals
was reported. After the final day of testing, animals were
euthanized for histology, qPCR, or western blotting as described
above.

Cytosolic Fractionation
The cytosolic fraction was extracted as previously reported
(West et al., 2015). Cortical tissue was homogenized in PBS
plus protease and phosphatase inhibitors (Thermo Scientific
Pierce Protein Biology, Waltham, MA, USA). Dissociated
tissues were incubated in the cytosolic extraction buffer
containing 150 mM NaCl, 50 mM HEPES, pH 7.4, and
15–25 µg/ml digitonin (Gold Biotechnology, St Louis, MO,
USA). The homogenates were incubated end over end for
10 min to allow selective plasma membrane permeabilization,
then centrifuged at 980 g for 3 min three times to pellet
intact cells. Pellets were retained for western blotting. The
supernatant was centrifuged at 17,000 g for 10 min to pellet any
remaining cellular debris. DNA was extracted the Zymo DNA
extraction kit.

MtDNA detection and quantification of cytosolic extracts
were performed by real time PCR as previously published
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(West et al., 2015). Ct values obtained for mtDNA abundance
for whole cell extracts served as normalization controls for
the mtDNA values obtained from the cytosolic fractions.
It was also used to ensure there were no hemispheric
differences in mtDNA levels in an individual animal. To
prepare extracts, injured and contralateral tissues were
weighed, and 25 mg of tissue was used for downstream
processing. Ten percent of the homogenized tissue was sampled
prior to cytosolic fractionation for whole cell extracts. Ct
values from the ipsilateral cortex were normalized to that
individual animal’s contralateral hemisphere using the
comparative Ct method as whole mtDNA copy number as
the reference.

Cell Isolations
Murine cells were isolated using the Worthington Dissociation
Kit (Worthington Biochemical Corporation, Lakewood, NJ,
USA) and slight modifications to published protocols (Holt
and Olsen, 2016; Holt et al., 2019). Briefly, WT animals
were deeply anesthetized with a ketamine (500 mg/kg)/xylazine
(10 mg/kg) cocktail and hand perfused with cold PBS to remove
blood. The brain was removed, cortices dissected, and finely
minced in warmed papain with DNase. Tissue was digested
in papain at 37◦C for 15 mn for astrocytes and endothelial
cells or 45 min for microglia with gentle inversions every
5 min. For astrocytes and endothelial cells, the solution was
triturated, centrifuged at 300 g for 5 min 4◦C, and the pellet
was resuspended in resuspension buffer per the Worthington
protocol to stop the digestion. The dissociated cells were
spun down again, filtered through a 70 µm cell strained with
10 ml 0.5% BSA PBS, then resuspended in 200 µl 0.5% BSA
PBS and microbeads. Oligodendrocytes were removed with
anti-myelin beads, then endothelial cells and astrocytes were
isolated with CD31 and ACSA-2 beads (all microbeads from
Miltenyi Biotec, Auburn, CA, USA), respectively, per published
protocols (Holt and Olsen, 2016; Holt et al., 2019). Microglia:
Microglia were isolated by plating the cells collected following
the Worthington Papain Dissociation System protocol. Cells
were incubated for one hat 37◦C and non-adherent cells were
washed off, leaving microglia adherent to the plate. Primary
Neurons: Primary neurons were isolated from P0 mouse pups
per the Worthington Papain Dissociation System protocol
and cultured on poly-d-lysine-coated plates in Neurobasal
Medium with B27 supplement (Gibco, Waltham, MA, USA).
Primary neurons were collected 14 days after plating for
RNA isolation.

Statistical Analysis
Data were analyzed with GraphPad Prism 9 (GraphPad, San
Diego, CA, USA). A Student’s two-tailed t-test was used for
comparison of two experimental groups. One-way or two-way
ANOVA with Tukey’s multiple comparison test were used
for comparison of more than two experimental groups as
appropriate. Differences were considered statistically significant
at p < 0.05. Data reported as mean± SEM. n values are reported
in the figure legends.

RESULTS

CCI Injury Induces a Biphasic ISG
Response in the Damaged Cortex
To provide further insight into howTBI alters inflammatory gene
transcription in a temporal manner, we first sought to broadly
profile changes in cytokines, PRRs, ISGs, IFNs, and transcription
factors that are known to be upregulated by the innate immune
system (Schneider et al., 2014). Cortices from male 8-week
injured mice showed a temporally biphasic increase in mRNA
expression for most (10 of 13) genes tested compared to shams
(Figures 1A–C). Expression of Il-10, MCP-1, RIG-I, CXCL10,
IFIT1, IFIT3, IFNA4, IFNB1, IRF7, and STAT1 was significantly
increased at 2- and 24-h (h) post-injury, which was blunted at
4 h. IFIH1 (also known as MDA5), and STAT2 expression were
unchanged. Furthermore, Il10, MCP1, and Il-6 did not show a
biphasic expression pattern. Of note, the Type I IFNs IFNA4 and
IFNB1 showed a biphasic upregulation after injury.

Previous reports demonstrate neuroprotection in STING−/−

mice after CCI injury (Abdullah et al., 2018). To gain a more
in-depth understanding of the expression pattern of STING,
we assessed mRNA levels at 2, 4, and 24 h in the ipsilateral
parietal cortex (Figure 1D). We find STING is upregulated at all
time points tested but shows the greatest change in expression
at 2 and 4 post-injury (Figure 1D). Interestingly, STING itself
is an ISG and is positively regulated by its own transcription
upon activation (Ma et al., 2015). Taken together, these data
demonstrate a strong innate immune response occurring within
hours after TBI.

CCI Injury Induces the Presence of
Cytosolic Mitochondrial DNA in Damaged
Cortex
Loss of STING (Abdullah et al., 2018), IFNAR (Karve et al.,
2016), or IFNβ (Barrett et al., 2020; Sen et al., 2020) function
has been shown to be beneficial in TBI outcome; however,
the mechanism regulating their induction remains unclear. The
canonical STING-cGAS pathway is activated by the binding of
viral nucleic acids found in the cytoplasm (Sun et al., 2013),
resulting in the production of the second messenger cGAMP
which binds and activates STING (Shang et al., 2019; Zhang
et al., 2019). In addition, mitochondrial DNA (mtDNA) can
activate STING inmodels where mtDNA packaging proteins and
mitochondrial permeability proteins are disrupted genetically
(West et al., 2015; McArthur et al., 2018), and mtDNA is present
in cerebral spinal fluid and serum following TBI (Walko et al.,
2014; Kilbaugh et al., 2015).

To determine whether mtDNA is present in the cytoplasm,
we isolated the cytoplasmic fraction of cells isolated from
the ipsilateral and contralateral cortex. We used primers
that targeted two different locations on the mitochondrial
genome corresponding to the coding region for COX1 and
ND1 (Figure 2A). To ensure that our cytosolic fractions
were enriched, western blotting detected the presence of the
cytosolic protein α-tubulin but showed that the cytosolic
fraction was devoid of the nuclear protein histone H3 and
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FIGURE 1 | The immune response to TBI is biphasic. Cytokine and interferon-stimulated gene (ISG) expression profiled at 2 h (A), 4 h (B), and 24 h (C) after injury
or sham surgery in male CD-1 mice. (D) mRNA expression of STING in the ipsilateral cortex 2, 4, and 24 h after injury or sham surgery. Gene expression was
normalized to GAPDH. n = 5–7 per group. Data presented as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. N.S. = not significant.

the outer mitochondrial membrane protein Mfn2 (Figure 2B).
Interestingly, we saw a significant elevation in mtDNA at 2 h
(Figure 2C), and 4 h (Figure 2D) post-injury, which was resolved
by 24 h (Figure 2E), indicating that mtDNA is present in the
cytoplasm of the injured cells. These data correlated with ISG
induction at 2 h post-injury (Figure 1A).

To determine whether cytoplasmic nuclear DNA was also
present, we performed western blotting on cytoplasmic extracts
at 2 h to evaluate the expression of the chromosome-associated
protein nuclear protein high mobility group box protein 1

(HMGB1), whose expression is increased when nuclear DNA
is present in the cytosol (Urbonaviciute et al., 2008; Pisetsky,
2014). cGAS is also more easily bound to and activated by
HMGB1-coated nuclear DNA than DNA in its free form
(Andreeva et al., 2017). We found HMGB1 protein was
present in cytosolic fractions isolated from both contralateral
and ipsilateral hemispheres (Figure 2F); however, ipsilateral
cytoplasmic HMGB1 expression was not increased compared to
contralateral (Figure 2G). This suggests that mtDNA is available
to drive cGAS activation in the damaged cortex after CCI
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FIGURE 2 | mtDNA is present in the cytosol as a possible trigger for cGAS-STING activation after TBI. (A) Diagram of mtDNA showing primer sets for ND1 and
COX1. (B) Western blot of whole cell lysate (WCL), cell pellet, and isolated cytosol to confirm cytosolic purity. Mitofusin 2 (MFN2) was used to identify mitochondria,
alpha-tubulin was used for detecting cytosol, and histone H3 indicated the nuclear fraction. (C–E) mtDNA was directly detected in the cytosol via qPCR at 2, 4, and
24 h post-TBI. Each animal was normalized to the respective hemisphere’s WCL. (F) Representative western blotting of the DNA-binding protein high mobility group
box protein 1 (HMGB1) in the cytosol 2 h post-TBI. (G) Quantification of HMGB1 western blot normalized to alpha-tubulin. n = 5 per group for all experiments. Data
presented as mean ± SEM. *p < 0.05. NS = not significant.

injury, though alternative DNA sources (including nuclear DNA)
cannot be fully ruled out.

Loss of cGAS-STING Confers
Neuroprotection After CCI Injury
cGAS is necessary for canonical STING activation (Sun
et al., 2013; Wu et al., 2013). To verify this pathway’s
involvement in TBI, we utilized cGAS KO mice (cGAS−/−;
Supplementary Figure 1A) and STING KO (STING−/−;
Supplementary Figure 1B) mice. STING−/− mice displayed
a significant reduction in lesion volume compared to WT
at 1 day post-injury (dpi; Figures 3A,B), confirming prior
work (Abdullah et al., 2018). Moreover, cGAS−/− mice also

showed significant neuroprotection compared to WT mice
(Figures 3A,B). To determine whether the reduction in lesion
volume was due to increased neuronal survival, we performed
immunodetection of apoptotic neurons by TUNEL staining
(Figure 3C). TUNEL detects nuclear DNA fragmentation, a
hallmark of apoptosis and necrosis (Grasl-Kraupp et al., 1995).
A significant reduction of TUNEL+ cells was detected 24 h
after injury in both cGAS−/− and STING−/− mice (Figure 3D).
Co-labeling with Nissl, an unspecific neuronal marker, showed
the number of apoptotic neurons was significantly reduced in
the ipsilateral cortex of STING−/− mice after injury and trending
toward a significant reduction in cGAS−/− mice (Figure 3E).
Although cGAS/STING deficiency is neuroprotective, no
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difference was observed in blood-brain barrier function as seen
by quantifying Evans Blue infiltration in the damaged cortex
compared to contralateral (Figure 3F). Our results suggest that
the cGAS-STING pathway contributes to the neurotoxic effects
induced by CCI injury.

Behavioral impairments have been previously assessed in
IFNβ−/−mice after TBI (Barrett et al., 2020), therefore we sought
to provide further confirmation that canonical cGAS-STING
signaling is critical in TBI outcome. Using rotarod assessment,
we found no difference in motor function between sham-injured
cGAS−/− and WT mice (Supplementary Figure 2A). However,
cGAS−/− mice showed a significant reduction in motor deficit
at 4 dpi compared to WT (Supplementary Figure 2B) but
no difference at 7 and 14 dpi (Supplementary Figure 2B).
cGAS−/− mice also showed a significant reduction in lesion
volume at 14 dpi relative toWT (Supplementary Figures 2C,D),
despite their comparable motor performance (Supplementary
Figure 2B). Similarly, STING−/− mice also showed reduced
lesion volume at 14 dpi (Supplementary Figures 2C,D). We also
assessed mRNA levels of IFNA4, IFNB1, and IL6 at 14 days post-
injury. Interestingly, all three genes were downregulated at this
chronic timepoint relative toWT sham animals (Supplementary
Figure 2E).

Loss of cGAS-STING Ameliorates
Pro-inflammatory Gene Expression After
CCI Injury
In addition to histological and functional changes, we profiled
changes in gene expression in the cortex at 24 h post-injury
in WT, STING−/−, and cGAS−/− mice. We found no
difference in the contralateral cortex when compared to sham
(Supplementary Figure 3), therefore we used contralateral
tissue when performing our relative analysis. Both STING−/−,
and cGAS−/− mice showed a significant reduction in mRNA
expression of Il10, Il6, MCP1, IFNA4, and IFNB1 (Figures 4A–E)
in the ipsilateral cortex when compared to WT. To provide
further insight into the transcriptional changes, we assessed
the complete panel of genes described in Figure 1. We found
all genes tested were significantly altered in STING−/− mice
compared to WT (Supplementary Figure 4). These findings
suggest that cGAS-STING signaling plays a key role in regulating
innate immune gene expression in the damaged cortex after
CCI injury.

Microglia Are the Predominant Cell Type
Expressing cGAS and STING in the Brain
There is conflicting evidence regarding which CNS cell types
express cGAS and STING (Nazmi et al., 2012; Abdullah et al.,
2018; Li et al., 2020; Zhang et al., 2020). To test this, we employed
several techniques for isolating pure CNS cell populations for
qPCR assessment. Naïve (uninjured) astrocytes and endothelial
cells were extracted usingmagnetic bead sorting (Holt andOlsen,
2016; Holt et al., 2019), while the remaining cells were plated
for isolating microglia and primary neuronal cultures to assess
expression in these cell types. Real-time qPCR analysis of cell-
type-specific genes was used to verify the purity of the isolated
cell populations (Figure 5A). We observed that naïve microglia

showed the greatest enrichment of transcripts for both cGAS and
STING when compared to all other cell types (Figures 5B,C). In
line with the biphasic cytokine response we noted from the whole
cortex after injury, microglia showed upregulation of cGAS at
24 h post-injury and a trending increase of STING at 2- and
24 h after CCI (Supplementary Figures 5A,B). Non-adherent
cells (CNS cells remaining after the removal of microglia) did
not show increased expression of STING in response to injury.
cGAS expression in these cells was undetectable in the sham
groups making it difficult to quantify (data not shown). This
suggests that microglia are a main cell type influencing the Type
I interferon response via the cGAS-STING pathway in TBI.

NLRX1 Negatively Regulates cGAS-STING
Activation After CCI Injury
We recently showed that loss of NLRX1 exacerbates tissue
damage after CCI injury, in part by increasing NF-κB activity
in microglial and/or peripheral-derived immune cells (Theus
et al., 2017). It is also well-established that NLRX1 may
sequester STING to prevent the interferon response (Guo
et al., 2016); however, this association has not been evaluated
in the brain. To test whether NLRX1 represents a novel
upstream regulator of STING in the cortex after injury, we
evaluated activated STING expression and the ISG response.
Interestingly, NLRX1−/− mice showed a significant increase
in activated (phosphorylated) p-STING (S365) compared to
WT at 3 dpi (Figures 6A,B). We also assessed mRNA
expression of IL10, IL6, MCP1, IFNA4, and IFNB1 24 h post-
injury. Relative to WT, NLRX1−/− mice showed a significant
increase in cortical expression of all genes tested, including
the interferons IFNA4 and IFNB1 (Figures 6C–G). These data
suggest that NLRX1 plays a central role in suppressing the Type
I interferon response by limiting STING activation following
CCI injury.

DISCUSSION

Our data suggest that the antiviral interferon pathway mediated
by cGAS-STING contributes to the secondary injury after TBI
(Figure 7). The activation of STING in the nervous system has
recently been brought to the attention of those studying CNS
viral infections. STING is highly conserved among organisms
(Goto et al., 2018; Martin et al., 2018) and restricts Zika
infection in the Drosophila brain (Liu et al., 2018). Microglial
expression and activation of STING also restricts herpes
simplex virus-1 (HSV-1) infection in neurons or promotes
apoptosis, depending on viral load (Reinert et al., 2016, 2021).
However, the classical viral/microbe-induced innate immune
pathways in the brain may not necessarily need viral-induced
stimulation for activation. In mouse models of multiple sclerosis,
a demyelinating neurodegenerative disease, STING may control
microglial reactivity (Mathur et al., 2017).

The present work demonstrates that STING is upregulated in
the ipsilateral cortex of CCI-injured mice, which correlates with
a biphasic increase in a variety of cytokines, including IFNA4 and
IFNB1. We show that cGAS and STING are highly expressed
in microglia (Figure 5) and that microglia show increases in
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FIGURE 3 | Loss of endogenous cGAS and STING decreases lesion volume and cell death after TBI. (A) Representative images of Cresyl violet stained brains at 4x
magnification. The dashed line indicates the lesion site. Scale bar = 1 mm. (B) Quantification of lesion volume in Cresyl violet stained WT, STING−/−, and cGAS−/−

brains 24 h after CCI injury. n = 6–11 per genotype. (C) Representative confocal images of TUNEL (green), Nissl (red), and DAPI (blue) at 20x magnification of
ipsilateral hemisphere of CCI-injured WT, STING−/−, and cGAS−/− animals. Scale bar = 1 mm. CC = corpus callosum. CA1 = hippocampal cornu ammonis 1. (D)
Quantification of the density of apoptotic cells (indicated by cells labeled with TUNEL per mm3) in the lesion site 24 h after injury in WT, STING−/−, and cGAS−/−

mice. (E) The density of apoptotic neurons (indicated by cells positive for both TUNEL and Nissl per mm3) in the lesion site 24 h after injury in WT, STING−/−, and
cGAS−/− mice. n = 6–12 per group. (F) Quantification of Evans blue absorbance (O.D. 610 nm) from contralateral and ipsilateral cortex 24 h after injury in WT,
cGAS−/−, and STING−/− mice. n = 6–7 per genotype. Data presented as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.

expression of cGAS 24 h after injury (Supplementary Figure
5), suggesting they may be the primary cell type responsible
for this response. Of note, it is unclear whether neurons
contribute to cGAS-STING signaling after TBI. While our
data show that STING expression in primary neurons is low
(Figure 5), we were unable to isolate healthy neurons from
adult animals in a similar manner to the other cell types
due to neuronal breakage; therefore, it is possible that mature
neurons in vivo have higher baseline STING expression. We
also collected the non-microglial population of cells for qPCR
analysis when isolating microglia. These cells did not show cGAS
or STING expression (Supplementary Figure 5C); however,
it is possible that very few neurons survived the dissociation

process. Regardless, our data suggest that microglia are likely the
predominant cell type driving cGAS-STING signaling after TBI.

While previous work has shown that loss of endogenous
STING reduces lesion size following TBI (Abdullah et al.,
2018), recent evidence suggests that STING may be able to
function independently of its canonical upstream mediator,
cGAS (Almine et al., 2017; Dunphy et al., 2018; Luksch et al.,
2019; Chu et al., 2021). Therefore, this study sought to determine
the effects of cGAS deficiency and to identify a potential
DAMP that may influence the induction of the canonical
cGAS-STING pathway in CCI injury. Our data shows that
cGAS−/− mice display significant neuroprotection and a blunted
ISG response, similar to STING−/− mice. This correlates with
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FIGURE 4 | Loss of cGAS-STING blunts the innate immune response to TBI. Quantified mRNA expression of (A) Il10, (B) Il6, (C) MCP1, (D) IFNA4, and (E) IFNB1
assessed by qPCR at 24 h post-injury in wildtype, STING−/−, and cGAS−/− cortices. Gene expression normalized to GAPDH. n = 5–6 per group. Data presented as
mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001.

the observation of increased cytoplasmicmtDNA in the damaged
cortex and suggests mtDNA is a possible DAMP that induces the
cGAS-STING pathway in microglia leading to Type I interferon-
induced tissue damage in TBI. Moreover, we demonstrate that
NLRX1 is a novel upstream regulator of STING in this response.

Neuroinflammation is a critical component of the secondary
injury response in TBI and offers a number of potential
therapeutic targets, but is highly complex and remains poorly
understood (Jassam et al., 2017). Our study selected a panel
of genes associated with the Type I interferon response,
including pro-inflammatory (Il6), anti-inflammatory (Il10),
and pro-immune migratory cytokines (MCP-1), as well as
transcription factors (STAT1, STAT2, and IRF7), interferons
(IFNA4 and IFNB1), and ISGs (CXCL10, IFIT1, IFIT3,
and IFIH1). We determined that loss of cGAS or STING
resulted in a broadly blunted immune response 24 h after
injury. The decreased production of pro-inflammatory
cytokines may contribute to the reduction in cell death
seen in cGAS−/− and STING−/− animals (Figure 3). For
example, work on stroke has shown that MCP1 deficiency
reduces infarct size (Hughes et al., 2002) and BBB breakdown

(Strecker et al., 2013), while MCP1 overexpression
exacerbates tissue damage (Chen et al., 2003). Proteins
in the JAK-STAT pathway, particularly STAT1, are also
known to increase apoptosis both in the brain and
periphery (Stephanou et al., 2000; Takagi et al., 2002;
Nicolas et al., 2013).

Recent work has suggested that STING simultaneously
stimulates the production of pro- and anti-inflammatory
cytokines to facilitate the maintenance of gut homeostasis (Ahn
et al., 2017), and studies in mouse models of systemic lupus
erythematosus (SLE) have indicated STING signaling can be
pro- or anti-inflammatory depending on the model (Sharma
et al., 2015; Thim-uam et al., 2020; Motwani et al., 2021).
Still, the autoimmune syndrome SAVI, caused by gain-of-
function mutations in STING, results in excessive inflammation,
indicating a primarily pro-inflammatory role for STING (Liu
et al., 2014). Our data show altered mRNA expression of
both pro- and anti-inflammatory cytokines in cGAS−/− and
STING−/− mice, suggesting that the effects of cGAS-STING
signaling are highly complex and likely context-dependent.
Further, the unselective upregulation of mRNAs for proteins
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FIGURE 5 | Microglia are the predominant cell type expressing cGAS and STING in the CNS. Cell type specific populations were isolated from naïve (uninjured) WT
male animals. (A) mRNA expression of gap junction associated protein 1 (Gja1), transmembrane protein 119 (TMEM119), and vascular-endothelial cadherin
(VE-cadherin), genes characteristic of astrocytes, microglia, and endothelial cells, respectively. Data is normalized to the characteristic (control) cell type to show the
purity of isolated populations. #p < 0.0001 compared to control cell type. (B) cGAS and (C) STING mRNA expression in isolated cell types and whole cortex.
n = 3–5 per cell type. ∗∗∗∗p < 0.0001.

with predominantly antiviral roles, such as IFIT1 and IFIT3,
suggests that this innate immune pathway is activated aberrantly
after injury, unlike its normal role in viral or bacterial clearance.
Further investigation is needed to clarify how the balance of
pro- and anti-inflammatory cytokines are disrupted or skewed
by alterations in cGAS-STING activity.

Recent findings show that mRNA expression of STING
and key ISGs are elevated up to 60 days after experimental
TBI (Barrett et al., 2020), indicating that STING activity
may also contribute to chronic neuroinflammation.
Consistently, we found that cGAS−/− mice showed
reduced motor deficits at 4 dpi and reduced lesion volume
up to 14 dpi. Interestingly, we found that the Type I
interferon ISG response was significantly reduced by 4
dpi (data not shown), and entirely resolved at 14 days
(Supplementary Figure 2E). These data suggest that while
the cGAS-STING signaling axis is acutely activated after
injury, additional subsequent mechanisms may further
contribute to the chronic progression of injury after trauma
(McKee and Lukens, 2016). Further work is needed to
define the temporal dynamics of cGAS-STING signaling
after TBI.

It has been well-established that biological sex affects how
the immune system responds to insult. Generally, females
have a more robust immune response. Females produce more
antibodies in response to H1N1 vaccination (Fink et al., 2018)
and are at greater risk for autoimmune disease (Angum et al.,
2020). However, how biological sex impacts TBI recovery
appears highly dependent upon the model, outcome measure,
and time points examined after injury (Berry et al., 2009;
Späni et al., 2018; Gupte et al., 2019). While the incidence
of TBI is significantly higher in males than females (Späni
et al., 2018), we did not include female animal data in this
study, and future studies will need to determine whether

female animals show the same benefit with the loss of
cGAS-STING signaling.

Conflicting evidence exists regarding whether NF-κB
signaling is a major pathway activated downstream of STING
(Stetson and Medzhitov, 2006; Zhong et al., 2008; Tanaka and
Chen, 2012; Abe and Barber, 2014). However, recent work in
mice with a point mutation in STING (S365A) that interfered
with IRF3 binding elucidated that the switch between NF-κ
signaling and Type I interferon signaling was context-dependent
(Yum et al., 2021). With the generation of STING point
mutation mouse models, future work could further define the
contribution of different downstream effects of STING during
TBI (Yum et al., 2021). Yet, Type-1 IFN receptor (IFNAR1)
knockout mice are protected from TBI injury (Karve et al.,
2016), indicating that the interferon pathway is still a major
contributor to neuroinflammation in TBI. Future work is needed
to elucidate cell-type- specific effects mediating the IFN response
to TBI.

While our findings demonstrate the presence of cytosolic
mtDNA in the injured cortex, it remains unclear how it is
released into the cytosol after injury. Recently, the DNA/RNA
binding protein TDP-43 has been implicated in the release
of mtDNA via the mitochondrial permeability transition pore
(mPTP) and subsequently caused cGAS-STING activation in a
mouse model of ALS (Yu et al., 2020). Other work has shown
that BAK/BAX macropores facilitate mitochondrial herniation
and mtDNA efflux independent of the mPTP (McArthur
et al., 2018; Riley et al., 2018). Mechanical forces have also
been shown to promote mitochondrial fission events (Helle
et al., 2017) that may allow for mtDNA release; indeed, TBI
is associated with increases in mitochondrial fission and the
fission-initiating dynamin-related protein 1 (Drp1; Fischer et al.,
2016). Clarifying howmtDNA is released following neurotrauma
may offer alternative therapeutic targets for reducing cGAS-
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FIGURE 6 | NLRX1 negatively restricts cGAS-STING activation after injury. (A) Representative western blotting of phosphorylated STING, STING, and alpha tubulin
in WT and NLRX1 KO cortical tissue 3 days post-injury or sham surgery. (B) Quantification of pSTING/STING, normalized to alpha tubulin shown in (A). mRNA
expression of (C) Il10, (D) Il6, (E) MCP1, (F) IFNA4, and (G) IFNB1 assessed by qPCR at 24 h post-injury in wildtype and NLRX1−/− cortices. Gene expression
normalized to GAPDH. n = 5–7 per group. Data presented as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

STING-mediated neuroinflammation. Additionally, it remains
possible that nuclear DNA is present in the cytosol. Further
study will be required to determine whether nuclear DNA is
or is not responsible for the activation of this pathway in
neurotrauma.

The development of commercially-available small molecule
STING antagonists provides the possibility for in vivo assessment
of pharmaceutical inhibition of this pathway in the near future.
Indeed, a few of these molecules have already shown promise in
preventing viral infection tissue damage and autoinflammatory

disease in mouse models (Haag et al., 2018; Domizio et al.,
2022). Future work should evaluate whether these molecules may
be beneficial for TBI, including evaluating their ability to cross
the BBB.

Taken together, these data confirm that STING-mediated
IFN signaling is detrimental to TBI-induced tissue damage. We
have shown that loss of cGAS or STING results in improved
histological and functional measures up to 14 days after
TBI. Additionally, we provide evidence that NLRX1 negatively
regulates STING activation in the brain, offering an additional
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FIGURE 7 | Schematic cartoon of the proposed mechanism. Following TBI, mitochondria release DNA (mtDNA) into the cytoplasm which may bind cGAS to prompt
STING activation. STING is phosphorylated by TBK1, which also phosphorylates the transcription factor IRF3. Nuclear translation of IRF4 causes the production of
the Type I interferon response in the injured brain. NLRX1 may sequester STING to block its phosphorylation by TBK1. The figure was made with BioRender.com.

potential target for therapeutic intervention. Perhaps most
significantly, this study is the first to investigate mtDNA as
a possible trigger for STING-IFN signaling in neurotrauma.
Overall, our findings indicate that the canonical cGAS-STING-
mediated ISG response is an early neuroinflammatory event
occurring after cortical trauma, which represents a novel
therapeutic target for treatment.
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Supplementary Figure 1 | Western blotting to confirm cGAS and STING KO.
(A,B) Representative western blot for STING and cGAS protein in brain
homogenates from WT, STING−/−, and cGAS−/− mice. Each lane represents an
individual animal.

Supplementary Figure 2 | cGAS−/− mice show reduced motor deficit after TBI.
Rotarod performance compared to baseline for cGAS−/− and WT animals
4–14 days following sham (A) or CCI (B) surgery. n = 5 per genotype for (A) and
n = 15 per genotype for (B). (C) Lesion volume of WT, STING−/−, and cGAS−/−

brains 14 dpi. (D) Representative Cresyl violet stained WT, STING−/−, and
cGAS−/− brains 14 dpi. Dashed lines indicate lesion site. Scale bar = 1 mm. (E)

mRNA expression of IFNA4, IFNB1 and Il6 assessed via qPCR 14 dpi or sham
surgery for WT and cGAS KO animals. n = 5–7 per group. Data presented as
mean ± SEM. Two-way ANOVA used for (A) and (B), one-way ANOVA for (C) and
(E). *p < 0.05, **p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.

Supplementary Figure 3 | Comparison of cytokine expression between
ipsilateral sham and contralateral injured tissue. mRNA expression of (A) Il6 and
(B) Il10 2 h after surgery from the cortices of sham and CCI-injured WT animals.
Gene expression was normalized to GAPDH. n = 5–6 per group. Data presented
as mean ± SEM.

Supplementary Figure 4 | Loss of STING attenuates cytokine and ISG
response after injury. (A–C) Cytokine and interferon-stimulated gene (ISG)
expression profiled 24 h after CCI from the contralateral and ipsilateral
hemispheres of STING−/− and WT mice. Cortical expression of (A) CXCL10, (B)
IRF7, (C) IFIT1, (D) IFIT3, (E) STAT1, (F) STAT2, (G) RIG-I, and (H) IFIH1 in WT
and STING KO animals 24 h post-TBI. Gene expression was normalized to
GAPDH. n = 5–6 per group. Data presented as mean ± SEM. *p < 0.05,
**p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.

Supplementary Figure 5 | Microglia upregulate cGAS and STING after injury.
mRNA expression of (A) cGAS and (B) STING in isolated microglia collected 2-
and 24 h after CCI or sham surgery. (C) mRNA expression of STING in
non-adherent (non-microglia) cells remaining after microglia isolation 2- and 24 h
after CCI or sham surgery. Gene expression was normalized to GAPDH and is
relative to sham for each timepoint. n = 3–4 per group with pooled pairs of mice
representing an n. Data presented as mean ± SEM. **p < 0.01.
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Tau is a cytosolic protein that has also been observed in the nucleus, where it
has multiple proposed functions that are regulated by phosphorylation. However, the
mechanism underlying the nuclear import of tau is unclear, as is the contribution
of nuclear tau to the pathology of tauopathies. We have previously generated a
pathological form of tau, PH-tau (pseudophosphorylation mutants S199E, T212E,
T231E, and S262E) that mimics AD pathological behavior in cells, Drosophila, and
a mouse model. Here, we demonstrated that PH-tau translocates into the nucleus
of transiently transfected HEK-293 cells, but wildtype tau does not. We identified a
putative importin binding site in the tau sequence, and showed that disruption of
this site prevents tau from entering the nucleus. We further showed that this nuclear
translocation is prevented by inhibitors of both importin-α and importin-β. In addition,
expression of PH-tau resulted in an enlarged population of dying cells, which is
prevented by blocking its entry into the nucleus. PH-tau-expressing cells also exhibited
disruption of the nuclear lamina and mislocalization of TDP-43 to the cytoplasm. We
found that PH-tau does not bundle microtubules, and this effect is independent of
nuclear translocation. These results demonstrate that tau translocates into the nucleus
through the importin-α/β pathway, and that PH-tau exhibits toxicity after its nuclear
translocation. We propose a model where hyperphosphorylated tau not only disrupts the
microtubule network, but also translocates into the nucleus and interferes with cellular
functions, such as nucleocytoplasmic transport, inducing mislocalization of proteins like
TDP-43 and, ultimately, cell death.
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INTRODUCTION

Tauopathies are a family of neurodegenerative diseases linked by
a shared mechanism that involves the accumulation of abnormal
tau protein. This family includes a wide array of diseases,
such as Alzheimer’s disease (AD), frontotemporal dementia
with Parkinsonism linked to chromosome 17 (FTDP-17), and
amyotrophic lateral sclerosis (ALS). While each disease has
a different phenotype, the formation of tau inclusions that
ultimately result in neurodegeneration is central to the pathology
of every tauopathy, implicating abnormal tau as a driving
force behind these various diseases. This was unequivocally
demonstrated by the identification of mutations in the tau gene,
MAPT, that are sufficient to cause the development of FTDP-
17 (Hutton et al., 1998; Poorkaj et al., 1998). While not every
tauopathy has associated causative MAPT mutations, it has been
consistently found that tau pathology is strongly correlated with
the degree of cognitive decline, solidifying its importance in the
disease progression (Arriagada et al., 1992; Nelson et al., 2012;
Malpetti et al., 2020).

The most well-known role for tau is as a microtubule-binding
protein where, under normal conditions, phosphorylation of
tau causes the protein to lose its affinity for microtubules in a
reversible manner (Weingarten et al., 1975; Lindwall and Cole,
1984; Mandelkow et al., 1995). In tauopathies, tau becomes
irreversibly hyperphosphorylated resulting in accumulation to
form tauopathy-related lesions. Studies using tau isolated from
AD brains (AD P-tau) have found that tau behaves as a prion,
with the ability to bind to normal tau (Alonso et al., 1996)
and other microtubule-associated proteins (Alonso et al., 1997),
sequestering them from the microtubules. AD P-tau itself cannot
bind to microtubules (Alonso et al., 1994), but will bind to
endogenous tau and trigger a conformational change, leading to
destabilization of the microtubule network (Alonso et al., 1996,
2006, 2010) and disruption of axonal transport (LaPointe et al.,
2009; Kanaan et al., 2011).

The presence of tau in the nucleus has been consistently
shown for several decades, but its functions are not fully
understood. The longest-standing role for nuclear tau is in
DNA protection. Tau was first shown to interact with DNA
over 40 years ago (Corces et al., 1978) and has a higher
affinity for DNA than it does for microtubules (Corces et al.,
1980). Stress conditions trigger a translocation of tau into
the nucleus, where it binds to DNA in a reversible manner
(Sultan et al., 2011). Importantly, the interaction between tau
and DNA is destabilized by tau phosphorylation (Lu et al.,
2013; Camero et al., 2014; Qi et al., 2015). Aside from this
role, tau has also been implicated in mRNA stability. In this
mechanism, p53 and PARN deadenylase, which have been
associated with mRNA 3’ processing (Cevher et al., 2010; Devany
et al., 2013), form a complex with tau and the isomerase
Pin1, which can then regulate mRNA processing under both
normal and stress conditions (Baquero et al., 2019). Additionally,
formation of this complex is disrupted by tau phosphorylation,
suggesting a potential role for alterations in mRNA processing
and the DNA damage response in neurodegeneration (Baquero
et al., 2019). There has also been a growing correlation

between nuclear tau and chromatin regulation. Broad changes
in histone acetylation and chromatin structure have been
associated with pathological tau in tauopathies (Klein et al.,
2019). More specifically, expression of tau with the FTDP-
17-causing mutation R406W in Drosophila was sufficient to
cause heterochromatin loss, aberrant gene expression, and
neurotoxicity (Frost et al., 2014). Furthermore, the organization
of pericentromeric heterochromatin is disrupted both when
tau is knocked out and in the brains of AD patients
(Mansuroglu et al., 2016).

During the last decade, research surrounding
nucleocytoplasmic transport (NCT) in neurodegenerative
disease has boomed. The regulation of NCT is mediated
by nuclear pore complexes (NPCs) anchored in the nuclear
envelope. These NPCs contain nucleoporin proteins that interact
with nuclear transporters, namely importins. Importins first
bind to nuclear localization sequences (NLSs) on proteins, and
then to RanGDP, after which they interact with nucleoporins
to bring the cargo through the nuclear envelope. Once inside,
RanGDP is exchanged with RanGTP to release the cargo.
Nuclear mRNAs are exported through a different mechanism,
but still depend on interactions with nucleoporins (Carmody
and Wente, 2009). Proper functioning of NCT pathways
enables the export of mRNAs for translation and the import of
critical proteins like transcription factors and stress response
factors. On the other hand, disruption of NCT would lead
to mislocalization of proteins and could promote abnormal
protein-protein interactions, which are central to tauopathies.
One recent study has shown that abnormal tau is capable of
disrupting nucleoporins, leading to a cytoplasmic localization of
typically nuclear reporter proteins (Eftekharzadeh et al., 2018).
Additionally, TDP-43, a protein that is known to form aggregates
in ALS and AD, has been shown to act in a similar manner
to tau, disrupting NPCs and sequestering proteins (Freibaum
et al., 2015; Jovičić et al., 2015; Zhang et al., 2015). In all, there is
mounting evidence that disrupted NCT is central to tauopathies.

The goals of this study were to determine the mechanism
of tau transport to the nucleus and to assess whether nuclear
phospho-tau contributed to tauopathy-like pathology. We found
that PH-tau (pseudophosphorylation mutants S199E, T212E,
T231E, and S262E), but not wildtype tau (WT-tau), is able to
translocate into the nucleus. Additionally, using NLStradamus
software (Nguyen Ba et al., 2009), we predicted the existence
of an NLS between amino acids 141 and 178 of tau, including
a classical importin-α binding site (KKAK, amino acids 140–
143). Interruption of this sequence by site-directed mutagenesis
indicates its necessity for nuclear localization of tau. Further,
pharmacological studies demonstrate that the combined action
of importin-α and importin-β is necessary for the nuclear
import of tau, consistent with the structure of the NLS. Flow
cytometry with propidium iodide indicates significant toxicity
of PH-tau, and that this toxicity depends on its nuclear
localization. We provide evidence that NCT is altered in
PH-tau-expressing cells by demonstrating disruption of the
nuclear lamina and mislocalization of TDP-43, both of which
require PH-tau entry into the nucleus. We also find that PH-
tau is unable to bundle microtubules, and that this occurs
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independently from its nuclear translocation, suggesting that
nuclear pathological tau may drive tauopathy alongside the well-
characterized cytoskeletal disruption.

MATERIALS AND METHODS

Reagents
Lipofectamine 2000 (#11668019), ivermectin (#J62777.MS),
and propidium iodide (#P1304MP) were purchased from
Invitrogen. Endofectin Max (#EF014) was purchased from
GeneCopoeia. Importazole (#40110510MG) was purchased from
MilliporeSigma. All cell culture reagents were purchased from
Gibco (see section “Cell Culture”).

Antibodies
Primary antibodies against TDP-43 (rabbit monoclonal, clone
ARC0492, #MA535273, Lot #WL3448491), RAN (rabbit
polyclonal, #PA579913, Lot #WG3334631A), GAPDH (rabbit
polyclonal, #TAB1001, Lot # WC324413), and Histone H3 (rabbit
polyclonal, #PA522388, Lot # WG33322671) were purchased
from Invitrogen. Primary antibodies against Musashi-1 (rabbit
polyclonal, #27185-1-AP, Lot #00051144) and Lamin B1 (rabbit
polyclonal, #12987-1-AP) were purchased from Proteintech.
Anti-α-tubulin primary antibody was purchased from the
Developmental Studies Hybridoma Bank (product AA4.3). Anti-
tau antibody was a gift from Dr. Nicholas Kanaan at Michigan
State University (originally created by Dr. Lester Binder at
Northwestern University). The following secondary antibodies
were purchased from Invitrogen: anti-rabbit AlexaFluor594
(donkey, #A21207, Lot# 1938375), anti-mouse AlexaFluor594
(donkey, #A21203, Lot# 1918277), anti-rabbit AlexaFluor680
(goat, #A32734, Lot #VI308536), and anti-mouse AlexaFluor800
(goat, #A32730, Lot #UC279294).

Cell Culture
All experiments were conducted in the HEK-293 cell line
(ATCC). Cultures were maintained in 25 cm2 flasks (Corning)
in DMEM/F-12 (Gibco #11320033) containing 10% fetal bovine
serum (Gibco #A3160402), 1% L-glutamine (Gibco #A2916801),
1% sodium pyruvate (Gibco #11360070), and 1% penicillin-
streptomycin (Gibco #15140122) at 5% CO2. Cultures were
passaged twice per week upon reaching 90% confluency.
Approximately 24 h before the intended start of an experiment,
cultures were passaged and seeded in a 24-well plate on glass
coverslips at a density of approximately 70,000 cells per well.

Vectors
Expression vectors for WT-tau, PH-tau, PH-tau-R406W, and
tau-R406W were described previously (Alonso et al., 2010). Each
vector was modified by site-directed mutagenesis to create the
mutations K140A and K141A (tau-K140A,K141A).

Transfection
Transfections were performed using either Lipofectamine 2000
(Figures 1–3) or Endofectin Max (Figures 4, 5) according to the
manufacturer’s protocol.

Importin Inhibitor Screening
Transfections were performed as outlined above, but, after 4 h,
the media was replaced with fresh media containing either 25
µM ivermectin (Wagstaff et al., 2012; King et al., 2020; Al-Wassiti
et al., 2021) or 40 µM importazole (Soderholm et al., 2011; Bird
et al., 2013; Kublun et al., 2014; Al-Wassiti et al., 2021; Lee et al.,
2021). The cells were incubated for 8 h at 37◦C, 5% CO2 and then
processed for immunocytochemistry.

Immunocytochemistry
Cells were fixed in 4% paraformaldehyde at room temperature
for 10 min 24 h post-transfection. The cells were blocked
in a solution of 5% bovine serum albumin in 0.2% PBST
for 1 h at room temperature. They were then incubated
with primary antibody [anti-α-tubulin (1:500), anti-lamin-B1
(1:100), anti-TDP-43 (1:100), anti-Musashi-1 (1:100), or anti-
Ran (1:100)] prepared in blocking buffer overnight at 4◦C on
a shaker, followed by an anti-mouse or anti-rabbit secondary
antibody conjugated to AlexaFluor594 (1:1,000) for 1 h at room
temperature. The coverslips were then processed for microscopy.

Microscopy
Most imaging was done using an Axio Observer Z1 fluorescence
microscope (Zeiss) at 40X magnification, digitally zoomed
4 times. All images were collected using the AlexaFluor488
(EGFP), AlexaFluor594 (secondary antibodies), and UV (DAPI)
settings. For each condition in every experiment, 10 images were
taken randomly from 2 independently transfected and stained
sets of cells. For analyzing tau-tubulin interactions, the images
were screened for rings and the number of cells with them was
counted. For analysis of the nuclear membrane, images were
processed in ImageJ to select for the nuclei of tau-positive cells.
The mean fluorescence intensity, roundness, and area of the
nucleus were recorded. The nuclear area factor was calculated
by multiplying the area and roundness of each nucleus. The high
magnification (63 × 3) images in Figure 1B were obtained on a
Leica SP2 AOBS Confocal Microscope. Z-stacks of these images
were imported into IMARIS software for 3D reconstruction.

Subcellular Fractionation
Cytoplasmic and nuclear fractions were obtained from
transfected HEK-293 cells using the NE-PER Nuclear and
Cytoplasmic Extraction Kit (Invitrogen #78833) according to the
manufacturer’s protocol.

Western Blotting
Samples were mixed with 4X Laemmli buffer and boiled at
95◦C for 5 min. 10% polyacrylamide gels were hand-casted and
loaded with 20 µg of sample. The gels were run using a Mini-
PROTEAN Tetra Cell (BioRad #1658001) and PowerPac Basic
Power Supply (BioRad #1645050) at 100V for approximately
90 min. Gels were prepared for transfer to PVDF membranes, and
the transfer was run using a Mini Trans-Blot Module (BioRad
#1703935) at 400 mV for 60 min. The membranes were removed
and blocked in 5% milk dissolved in TBST for 1 h. They were then
incubated overnight with primary antibody [anti-tau (1:500,000),
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FIGURE 1 | PH-tau translocates into the nucleus via the classical importin-α/importin-β pathway. (A) (Top) Diagram showing the locations of various mutations that
were made to either simulate phosphorylation (S199E/T212E/T231E/S262E) or interrupt a putative nuclear localization signal (K140A/K141A). The R406W mutation
is a common mutation found in frontotemporal dementia. (Bottom) Output from the NLStradamus prediction software, indicating its prediction of an NLS between
amino acids 141 and 178. (B) HEK-293 cells were transfected with WT-tau, PH-tau, WT-tau-K140A,K141A, or PH-tau-K140A,K141A. Images are 63X
magnification. (Insets) 3D reconstructions of individual tau-expressing cells were generated using IMARIS software to better visualize the nuclear localization of tau
(green dots). Interruption of the putative NLS by mutation changes this localization. (C) Cytoplasmic and nuclear fraction from tau-transfected cells were separated
by SDS-PAGE and stained for tau and loading controls (GAPDH for cytoplasm and Histone H3 for nucleus). These data confirm the microscopic visualization of
PH-tau primarily in the nucleus and of PH-tau-K140A,K141A primarily in the cytoplasm. (D) Transfected cells were incubated with the importin-α inhibitor ivermectin,
the importin-β inhibitor importazole, or in drug-free conditions. PH-tau, but not WT-tau, translocates into the nucleus (arrow). Inhibition of either importin is sufficient
to prevent nuclear translocation of PH-tau. Scale bar indicates 15 µm.

anti-GAPDH (1:1,000), and anti-Histone H3 (1:1,000)] overnight
at 4◦C on a shaker. The membranes were washed and incubated
with secondary antibody [anti-rabbit AlexaFluor600 (1:5,000)
and anti-mouse AlexaFluor800 (1:10,000)] for 1 h at room
temperature. Imaging was done using a Licor Odyssey 9120
Imaging System. Quantification was done using ImageJ.

Flow Cytometry
Twenty-four hours post-transfection, cells were detached by
trypsinization. The cell suspension was collected into sterile
Eppendorf tubes and pelleted by centrifugation at 57 × g for
5 min. Pellets were washed by resuspension in sterile PBS twice,
and then resuspended in a final volume of 100 µL of sterile PBS.
Immediately prior to analysis, 10 µL of a 10 µg/mL propidium
iodide solution was added to each tube, gently mixed, and
incubated for 5 min on ice. The samples were analyzed using an
Accuri C6 Plus flow cytometer.

Data Analysis
When quantification was done, data were analyzed using Welch’s
ANOVA followed by a Games-Howell post-hoc test. All analyses
were performed using JASP with α set at p = 0.05.

RESULTS

PH-Tau Translocates Into the Nucleus via
an Importin-Mediated Mechanism
Previously, our lab reported that expression of PH-tau was
sufficient to mimic the toxicity of hyperphosphorylated tau in
cell culture, in Drosophila, and in a transgenic mouse model,
including disruption of the microtubule network, cognitive
dysfunction, and neurodegeneration (Alonso et al., 2010; Beharry
et al., 2013; Di et al., 2016). We have previously observed potential
nuclear localization of PH-tau (Alonso et al., 2010; Di et al., 2016).
A study looking into the role of nuclear tau found that tau-
R406W, which is one of the MAPT mutations associated with
familial FTDP-17, was sufficient to cause heterochromatin loss
and neurotoxicity in Drosophila (Frost et al., 2014). Therefore,
we studied nuclear translocation using both WT-tau and tau-
R406W. To do this, HEK-293 cells were transfected with vectors
containing EGFP-WT-tau, EGFP-tau-R406W, EGFP-PH-tau, or
EGFP-PH-tau-R406W (see Figure 1A, top). We report that
PH-tau localizes strongly to the nucleus (Figure 1B, inset;
Figures 1C,D, arrow), whereas WT-tau localizes almost entirely
to the cytoplasm (Figure 1B, inset; Figures 1C,D). This is
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FIGURE 2 | Microtubule bundling occurs in the presence of WT-tau but not PH-tau in a manner independent of its nuclear localization. (A) HEK-293 cells were
transfected with WT-tau, PH-tau, WT-tau-K140A,K141A, or PH-tau-K140A,K141A and immunostained for α-tubulin. Microtubule bundling induced by WT-tau was
determined by observation of a ring-like structure around the periphery of the cell. The top set shows the staining in WT-tau-transfected cells, and the bottom set of
images shows the staining in PH-tau-transfected cells. The images demonstrate the presence of this structure in WT-tau-positive cells (white arrows, top), but not in
tau-negative cells (gold arrows, top and bottom) or PH-tau-positive cells (white arrows, bottom). Scale bar indicates 30 µm. (B) The number of tau-positive cells in
each group that displayed the indicated microtubule structure was counted and expressed as a percentage of all tau-positive cells. The mean percentage across all
images (n = 20) was plotted as a bar graph. Error bars indicate SEM. The bars are overlayed with a dot plot of the percentages calculated from individual images
(n = 20). Data were analyzed using Welch’s ANOVA, and Games-Howell post-hoc test was used for pairwise comparisons. A + indicates a significant difference from
WT-tau (p = 0.013 vs. PH-tau; p = 0.001 vs. PH-tau-K140A,K141A) and from WT-tau-K140A,K141A (p = 0.001 vs. PH-tau; p = 0.031 vs. PH-tau-K140A,K141A).

seen both with microscopy (Figures 1B,D) and biochemically
with subcellular fractionation (Figure 1C). When comparing
tau with and without the R406W mutation, we found that
tau-R406W did not differ from WT-tau and that PH-tau-
R406W did not differ from PH-tau in terms of their nuclear
localization, indicating that this translocation is driven by
phosphorylation independently of the properties conferred by the
R406W mutation (Supplementary Figure 1).

While it has been demonstrated before that tau is able to
shuttle from the cytoplasm to the nucleus, the translocation
mechanism is unknown. Using NLStradamus prediction software
(Nguyen Ba et al., 2009) the presence of an NLS between amino
acids 141–178 was proposed (Figure 1A, bottom). This predicted
region includes amino acids 140–143 (KKAK) which correspond
to the loose consensus monopartite NLS of K(K/R)X(K/R)
defined by structural studies (Conti and Kuriyan, 2000; Fontes
et al., 2000). In order to investigate whether this sequence
serves as an NLS, we performed site-directed mutagenesis to

change amino acids 140 and 141 from lysine to alanine (see
Figure 1A, top). After transfection with these vectors, we
observed that the K140A,K141A mutations did not cause a
change in the localization of WT-tau. However, we found that
the EGFP signal for PH-tau-K140A,K141A was localized entirely
to the cytoplasm, rather than the nucleus (Figure 1B). No
distinction can be made between PH-tau-K140A,K141A and PH-
tau-R406W-K140A,K141A, suggesting that the R406W mutation
does not alter the mechanism of nuclear translocation compared
to phosphorylation alone (Supplementary Figure 1). Given the
striking nuclear localization observed in PH-tau-expressing cells,
this result strongly suggests that amino acids 140–143 of tau serve
as an NLS for the nuclear import of PH-tau.

Considering that the consensus monopartite NLS is an
importin binding site, we hypothesized that importins were
involved in the nuclear translocation of tau. To further
investigate this mechanism, HEK-293 were treated with either
ivermectin, an inhibitor of importin-α (Wagstaff et al., 2012;
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FIGURE 3 | Translocation of PH-tau into the nucleus promotes cell death. (A) Graphs indicating the percentage of cells that are PI-positive (left set of four) or
EGFP-positive (right set of four) 24 h after transfection with WT-tau, PH-tau, WT-tau-K140A,K141A, or PH-tau-K140A,K141A. Orange arrows indicate the population
of PI-positive cells, green arrows indicate the population of EGFP-positive cells, and blue arrows indicate the population of cells that is neither EGFP-positive nor
PI-positive. (B) The percentage of events (i.e., cells) was extracted from the upper-right quadrant of each graph and plotted. The left graph shows the percentage of
cells that are PI-positive, while the right graph shows the percentage of cells that are EGFP-positive (i.e., tau positive). The average percentage across all 3 replicates
of this experiment are plotted as bars, with error bars indicating SEM. The bars are overlayed with a dot plot showing the individual average percentages from each
replicate (n = 3). Data were analyzed using Welch’s ANOVA, and Games-Howell post-hoc test was used for pairwise comparisons. The + indicates a significant
difference in PH-tau from all other groups, where p < 0.001.

Yang et al., 2020), or importazole, an inhibitor of importin-
β (Soderholm et al., 2011; Bird et al., 2013). Transfections
under drug-free conditions again produced a pattern of
strong nuclear localization in PH-tau-expressing cells, but not
in the wildtype (Figure 1B and Supplementary Figure 1).
When either drug was added to the culture post-transfection,
however, PH-tau was found to be largely localized to the
cytoplasm (Figures 1B and Supplementary Figure 1). Together,
these results indicate that the combined importin-α/importin-
β pathway is a likely mechanism for nuclear entry of
tau, and suggest that conformational changes induced by
phosphorylation in PH-tau are necessary to allow for the import
mechanism to function.

Toxicity of PH-Tau Depends on Its
Nuclear Localization
Previously, it was reported that, when PH-tau is expressed in cells,
there is a disruption of the microtubule network and cell death
(Alonso et al., 2010). To study whether these effects are related

to PH-tau nuclear translocation, HEK-293 cells were transfected
with our tau and K140A,K141A-tau vectors and immunostained
for microtubules. The microtubule bundling effect of tau can be
visualized as the presence of a ring-like microtubule structure
around the periphery of the cell (Figure 2A, white arrows). This
microtubule bundling is a well-known effect of tau expression,
and indicates healthy, physiological interaction between tau and
the microtubules (Kanai et al., 1989, 1992; Scott et al., 1992).
Comparison of tau expressing cells to those not expressing tau
demonstrated the presence of these stable ring-like structures
when tau was present (Figure 2A, compare white and gold
arrows). We observe a significant decrease in the number of
cells demonstrating microtubule bundling after transfection with
PH-tau compared to WT-tau (Figure 2B). Additionally, PH-
tau-K140A,K141A, despite its cytoplasmic localization, failed
to induce microtubule bundling (Figure 2B). This suggests
that PH-tau cannot bundle microtubules, likely because of
a general lack of affinity for tubulin, and not through an
indirect mechanism related to its nuclear translocation. There
are also no differences between PH-tau and PH-tau-R406W
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FIGURE 4 | Nuclear PH-tau disrupts the nuclear lamina. (A) HEK-293 cells were transfected with WT-tau, PH-tau, WT-tau-K140A,K141A, or PH-tau-K140A,K141A
(green) and then immunostained for lamin-B1 (red). The arrow indicates invagination of the nuclear membrane in a PH-tau-positive cell. Scale bar indicates 15 µm.
(B) Left: The mean fluorescence intensity of lamin was quantified in individual tau-positive cells using ImageJ. The average fluorescence intensity across all cells
(n = 49 for WT-tau, n = 75 for WT-tau-K140A,K141A, n = 38 for PH-tau, n = 37 for PH-tau-K140A,K141A) was plotted, with error bars showing SEM. The bars are
overlayed with a dot plot showing the lamin fluorescence intensity for each cell. Data were analyzed using Welch’s ANOVA, and Games-Howell post-hoc test was
used for pairwise comparisons The + indicates a significant difference between PH-tau and PH-tau-K140A,K141A (p = 0.008). No significance was detected in
comparing WT-tau and PH-tau. Right: ImageJ was used to quantify the area and roundness of each tau-positive nucleus (n = 49 for WT-tau, n = 75 for
WT-tau-K140A,K141A, n = 38 for PH-tau, n = 37 for PH-tau-K140A,K141A), which were then multiplied to obtain the nuclear area factor (NAF). The mean NAF
across all cells is plotted, with error bars to show SEM. This plot is overlayed with a dot plot indicating NAF values from individual nuclei. Data were analyzed using
Welch’s ANOVA, and Games-Howell post-hoc test was used for pairwise comparisons The + indicates a significant difference in PH-tau compared to WT-tau
(p = 0.004) and PH-tau-K140A,K141A (p = 0.037).

(Supplementary Figure 2). PH-tau-K140A,K141A, and PH-
tau-R406W-K140A,K141A both localize to the cytoplasm, and
both fail to induce microtubule bundling (Figure 2B and
Supplementary Figure 2), corroborating our previous report that
phosphorylation at these sites, and not the R406W mutation,
interrupts tau-microtubule interactions (Alonso et al., 2010).

To better understand whether nuclear PH-tau and cytosolic
PH-tau differ in their toxicity and contribution to cell death we
transfected HEK-293 cells with different tau vectors as above,
and then processed them for flow cytometry with propidium
iodide (PI). Graphs indicating the gating mechanism can be
found in Supplementary Figure 3. Increased PI fluorescence
is indicative of dead and dying cells. The results demonstrate
that PH-Tau, but not WT-tau, expression results in increased
cell death as indicated by increased proportion of PI-positive
cells (Figures 3A,B; left; for tau-R406W, see Supplementary
Figure 4). Further, prevention of PH-tau entry into the nucleus
by mutating the NLS site reduces the percentage of dead and
dying cells, strongly suggesting that the nuclear localization of

PH-tau is necessary for its cellular toxicity (Figures 3A,B; left; for
tau-R406W, see Supplementary Figure 4). Since our transfected
cells also express EGFP, we were able to quantify the number of
tau-positive cells within each population, as well. This analysis
reveals a significant decrease in the percentage of EGFP-positive
cells in the PH-tau-transfected populations compared to those of
WT-tau and PH-tau-K140A,K141A (Figures 3A,B; right; for tau-
R406W, see Supplementary Figure 4). This result is in line with
that of the PI analysis, synergistically showing that the number
of viable tau-expressing cells is reduced after transfection with
PH-tau, but not WT-tau or PH-tau-K140A,K141A.

Nuclear Translocation of PH-Tau Results
in Changes to the Nuclear Lamina and
Mislocalization of TDP-43
Disruptions of the nuclear envelope have previously been
associated both with tauopathy (Frost et al., 2016; Montalbano
et al., 2019) and with dysregulation of nucleocytoplasmic
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FIGURE 5 | PH-tau-positive cells present mislocalization of TDP-43 to the cytoplasm when PH-tau can enter the nucleus, but not when it is kept in the cytoplasm.
(A) HEK-293 cells were transfected with WT-tau, PH-tau, WT-tau-K140A,K141A, or PH-tau-K140A,K141A (green) and immunostained for TDP-43 (red). The
localization of TDP-43 was determined by looking for co-localization of the TDP-43 stain and DAPI (blue), which presents as purple. The arrows indicate areas of red
staining that do not co-localize with DAPI, indicating mislocalization to the cytoplasm. Scale bar indicates 15 µm. (B) Overlays of z-stack images taken with a
confocal microscope. The inset displays an IMARIS reconstruction of the indicated cell to better display the nuclear or cytoplasmic localization of TDP-43 (red dots).
Scale bar indicates 15 µm.

transport (de Vos et al., 2011; Ferri et al., 2017). As such, we
sought to determine whether the observed toxicity of nuclear
PH-tau was accompanied by changes to the nuclear envelope.
The nuclear envelope was visualized by immunostaining tau-
transfected cells for lamin-B1 (Figure 4A). We observe a general
change in the nuclear morphology of PH-tau-expressing cells,
with the majority having irregular shapes and visible invagination
of the nuclear lamina (Figure 4A). We report a significant
decrease in the mean fluorescence intensity of lamin only in
PH-tau-positive cells, suggesting a decrease in lamin-B1 as a
result of PH-tau expression in the nucleus (Figure 4B, left;
for tau-R406W, see Supplementary Figure 5). Altered nuclear
morphology is quantitatively characterized by the computation
of the nuclear area factor, which reveals that PH-tau-positive cells
have significantly reduced area and roundness compared to both
WT-tau-positive cells and cells expressing K140A,K141A-tau
(Figure 4B, right; for tau-R406W, see Supplementary Figure 5).

The involvement of TDP-43 in multiple tauopathies is well-
established, and recent work has suggested an interaction
between tau and TDP-43 (Montalbano et al., 2020a).
Additionally, tau aggregates have been shown to mislocalize
several proteins, including the RNA-binding protein Musashi
(Montalbano et al., 2020b) and Ran (Eftekharzadeh et al., 2018).

Given this, we used immunocytochemistry to probe the
localization of these proteins. The expression of WT-tau does
not alter the expected subcellular localization of TDP-43
(Figures 5A,B). However, the expression of PH-tau changes
the localization of TDP-43 to the cytoplasm (Figure 5A,
arrows; Figure 5B, insets; for tau-R406W, see Supplementary
Figure 6). Preventing nuclear import of tau restores the strong
pattern of nuclear localization (Figures 5A,B). Interestingly,
immunostains of Ran (Supplementary Figure 8) and Musashi-1
(Supplementary Figure 7) show no significant differences in
localization. These results suggest that there is a relationship
between the subcellular localization of tau and of TDP-43.
Nuclear localization of PH-tau may interfere with the correct
sorting of TDP-43 which could lead to toxic phenotypes observed
in cells expressing the pathological tau.

DISCUSSION

Much research has been done over the last decade to begin
identifying the physiological functions of nuclear tau. Nuclear
tau has been shown to be predominantly non-phosphorylated
(Greenwood and Johnson, 1995), as phosphorylation could

Frontiers in Molecular Neuroscience | www.frontiersin.org 8 May 2022 | Volume 15 | Article 88842028

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


fnmol-15-888420 April 27, 2022 Time: 15:26 # 9

Candia et al. Effects of PH-Tau Nuclear Translocation

destabilize its interactions with DNA or with mRNA-processing
machinery (Lu et al., 2013; Camero et al., 2014; Qi et al.,
2015; Baquero et al., 2019). In previous work, we observed
nuclear localization of PH-tau (Alonso et al., 2010) which
led us to consider the role of tau phosphorylation state in
nuclear translocation. PH-tau is well-suited to studying tau
hyperphosphorylation because it mimics the effects of AD P-tau
(Alonso et al., 2010; Beharry et al., 2013; Di et al., 2016).
Additionally, because PH-tau is pseudophosphorylated, the
conformational changes induced by mutating Ser/Thr residues to
Glu are not reversible. Using PH-tau to study the mechanism of
tau entry into the nucleus and its subsequent toxicity is important
to determine mechanisms of neurodegeneration in tauopathies.

In this work, we transiently transfected HEK-293 cells with
different EGFP-fused forms of tau. Once again, we observed
robust nuclear localization of PH-tau (Figures 1B–D) and
established a direct link between tau phosphorylation and nuclear
translocation. The importance of phosphorylation has been
long suggested, as phospho-tau is found in the nucleus, but
the phosphorylation occurs in the cytoplasm (Greenwood and
Johnson, 1995). While the ability of tau to shuttle into the
nucleus has been previously demonstrated, the importance of
tau phosphorylation for its nuclear translocation was not directly
established (Sultan et al., 2011). Given the intrinsically disordered
nature of tau, it is highly possible that the addition of negative
charges at phosphorylation sites can trigger conformational
changes. Thus, we propose that phosphorylation at the chosen
sites can lead to conformational changes in the folding of
tau which can expose the NLS to importins. Importantly, we
also transfected cells with tau containing the R406W mutation
(Supplementary Figure 1). This mutation is sufficient to trigger
neurodegeneration in FTDP-17 patients, and previous work has
suggested that this is the result of conformational changes in tau
due to the R406W mutation (Jicha et al., 1999). Additionally,
tau-R406W was shown to be sufficient to cause heterochromatin
loss and neurotoxicity in a Drosophila model (Frost et al., 2014).
Our results indicate that any conformational change induced
by R406W is not sufficient to cause nuclear translocation, but
that phosphorylation of both WT-tau and tau-R406W allows for
nuclear translocation.

In order to investigate the mechanism of nuclear import,
we looked for possible NLS sites within the tau sequence.
Using the freely available NLS prediction software NLStradamus
(Nguyen Ba et al., 2009), we identified amino acids 141–178
in the primary sequence of tau as a possible NLS (Figure 1A,
bottom). Our attention was drawn to amino acids 140–
143 (KKAK), which correspond to a consensus monopartite
NLS. Interestingly, other modeling software, including cNLS
mapper, SeqNLS, NLSPredict, and NucPred, failed to predict
this NLS. However, disruption of this putative NLS strongly
changes PH-tau localization to the cytoplasm, indicating its
importance for nuclear import of tau (Figures 1B,C). It is
critical to note that this sequence of amino acids remains
intact in WT-tau. Therefore, amino acids 140–143 are necessary,
but not sufficient, for nuclear translocation of tau. This
reinforces our suggestion that phosphorylation of tau triggers
conformational changes that expose the NLS, allowing for

translocation into the nucleus. It also fits the long-standing
model where tau phosphorylation occurs in the cytoplasm,
with subsequent dephosphorylation occurring in the nucleus,
presumably after translocation (Greenwood and Johnson, 1995).
We further explore the mechanism of tau nuclear import by
using pharmacological inhibitors of importins. The data show
that inhibiting either importin-α or importin-β was sufficient to
block the translocation of PH-tau into the nucleus (Figure 1D).
This is consistent with the importin-α/importin-β mechanism
as consensus monopartite NLSs are accepted to be importin-α
binding sites, which is then followed by the binding of importin-β
to mediate nuclear import.

We have previously reported that PH-tau could disrupt the
microtubule network (Alonso et al., 2010). However, with the
ability to block nuclear translocation, we can now investigate
whether there is an additional indirect effect of tau on
microtubules due to its nuclear translocation. We found that,
regardless of whether PH-tau could enter the nucleus, there
was significantly reduced tau-tubulin interaction (Figure 2B).
While PH-tau-K140A,K141A was unable to enter the nucleus,
the loss of microtubule bundling was not recovered, indicating
that the two phenotypes are not related. Given these results,
we propose that hyperphosphorylated tau has multiple gains of
toxic function within cells (Figure 6). One such function is the
disruption of the microtubule network and axonal transport,
as described previously (LaPointe et al., 2009; Kanaan et al.,
2011). Another involves tau translocation into the nucleus,
which we associate here with the disruption of NCT and
increased cell death. This is backed by the observation that
reduced microtubule bundling is the only effect of PH-tau
expression that is not spared by blocking nuclear translocation
of PH-tau. Overall, we suggest that microtubule disruption and
nuclear dysfunction, both triggered by tau phosphorylation and
subsequent conformational changes, are distinct mechanisms of
cellular toxicity in tauopathies.

In a similar manner, we have previously reported that
the expression of PH-tau is toxic to cells (Alonso et al.,
2010), but are now in the position to distinguish whether
cytosolic PH-tau and nuclear PH-tau differ in their toxicity.
We did this using flow cytometry with PI. We report a
significant increase in the number of dead and dying cells in
the PH-tau-transfected population compared to the WT-tau-
transfected population (Figures 3A,B; left; for tau-R406W, see
Supplementary Figure 4). This increase is not seen, however, in
cells transfected with PH-tau-K140A,K141A (Figures 3A,B; left).
Measuring EGFP signal by flow cytometry reveals a concomitant
decrease in the number of EGFP-positive cells in the PH-
tau group compared to either WT or PH-tau-K140A,K141A
(Figures 3A,B; right). An attractive mechanism for investigating
this toxicity of nuclear tau is the disruption of nuclear membrane
integrity and nucleocytoplasmic transport, which have been
implicated in a number of neurodegenerative diseases, including
frontotemporal dementia, Huntington’s disease, AD, and ALS.
Indeed, we found that cells expressing PH-tau had highly
irregular nuclei, with abnormal shapes (Figure 4B, right) and
invaginations of the nuclear lamina (Figure 4A, arrow). This
coincides with reports of irregular nuclei in postmortem sections
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FIGURE 6 | Model proposing the independent actions of pathological tau within a cell. In the cytoplasm, an imbalance of kinase and phosphatase activity
contributes to the hyperphosphorylation of tau. This hyperphosphorylated tau can sequester normal tau to form aggregates. This behavior results in destabilization of
the microtubule network and the formation of intracellular vacuoles (left). We have now demonstrated that PH-tau is able to translocate into the nucleus (left & right).
This results in disruption of the nuclear lamina and mislocalization of the nuclear protein TDP-43 (red ovals) to the cytoplasm, ultimately inducing cellular death (right).
It is currently hypothesized that PH-tau can propagate in a prion-like manner. We have shown that monomeric tau can be uptaken by healthy neurons (Morozova
et al., 2019), and other reports have seen the same for oligomeric tau (Guo and Lee, 2013; Calafate et al., 2015; Evans et al., 2018). This uptake of PH-tau by
healthy cells could spread the cytoskeletal and nuclear pathologies.

from patients with neurodegenerative diseases (Gil et al., 2020).
The reduction in lamin fluorescence intensity (Figure 4B, left) in
these cells points toward a reduction in the lamin content of the
nuclear envelope, but that cannot be definitively determined from
the experiments reported here.

We also report mislocalization of TDP-43 to the cytoplasm
in PH-tau-expressing cells, but not in WT-tau-expressing
or PH-tau-K140A,K141A-expressing cells (Figure 5A, arrows;
Figure 5B, insets). As nuclear tau has been seen in the
brains of tauopathy patients (Metuzals et al., 1988), it is
possible that mislocalization of TDP-43 into the cytoplasm
could be a downstream consequence of pathological tau
nuclear localization. It is known that TDP-43 translocates
into the nucleus through the importin-α/importin-β pathway
(Nishimura et al., 2010), so our results here may indicate a
general interruption of NCT where a high level of PH-tau
expression interrupts the equilibrium of importin binding to

other substrates. However, further study is needed to characterize
the mechanistic relationship between nuclear PH-tau and
TDP-43. In particular, a major question raised by this result
is how nuclear tau could trigger mislocalization of TDP-
43. A striking feature of both tau (Eftekharzadeh et al.,
2018) and TDP-43 (Chou et al., 2018) pathologies is their
ability to form aggregates that can sequester nucleoporins
and disrupt NCT. The previously reported disruption of NCT
by cytosolic tau aggregates (Eftekharzadeh et al., 2018) was
accompanied by mislocalization of Ran. However, we do not
observe mislocalization of Ran (Supplementary Figure 8),
only of TDP-43 (Figures 5A,B). It is possible then, that
cytosolic and nuclear tau interfere with NCT in different ways.
Either way, the core mechanism underlying this disruption
of NCT remains unclear. Several studies have suggested that
aberrant phase transition of proteins with intrinsically disordered
regions may serve as a starting point for the toxicity of
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aggregation-prone proteins (Molliex et al., 2015; Murakami et al.,
2015; Patel et al., 2015). Notably, nucleoporins (Denning et al.,
2003; Frey et al., 2006), TDP-43 (Babinchak et al., 2019), and
tau (Wegmann et al., 2018) all contain intrinsically disordered
regions that undergo such phase transitions. It will be critical to
develop a better understanding of these liquid-phase interactions,
how post-translational modification of tau can modulate them,
and how they contribute to the disruption of NCT in tauopathies.

In conclusion, our data demonstrate that tau
pseudophosphorylation at residues S199, T212, T231, and S262
allows tau to enter the nucleus through the classic importin-
α/importin-β pathway and that this nuclear localization produces
toxic phenotypes reminiscent of tauopathies. PH-tau, but not
WT-tau, translocates into the nucleus (Figure 6, left). We identify
a nuclear localization sequence within tau and demonstrate that
it is necessary, but not sufficient, for nuclear translocation of
tau. Thus, phosphorylation at appropriate sites seems likely to
cause conformational changes that enable the NLS to function.
When PH-tau enters the nucleus, we observe a high degree
of cell death, as well as disruption of the nuclear lamina and
mislocalization of TDP-43 to the cytoplasm (Figure 6, right).
All of these changes are prevented by mutating the NLS and
preventing the nuclear translocation of PH-tau. PH-tau fails
to bind microtubules, but this change also occurs with PH-
tau-K140A,K141A. These results have implications both for
further research into the biochemistry of nuclear tau and for our
understanding of the pathogenesis of many neurodegenerative
diseases. We identify a mechanism for the nuclear import of
tau that depends on its phosphorylation, opening the door
for further investigation into the kinetics and regulation of
this shuttling. Additionally, we demonstrate that the presence
of phosphorylated tau in the nucleus produces tauopathy-like
phenotypes, which implicates nuclear tau in neurodegenerative
disease. We propose that nuclear hyperphosphorylated tau acts
alongside the classic microtubule-mediated mechanism to harm
the cell, but further research will be needed to understand the
exact mechanisms underlying the toxicity of nuclear tau, and
how its actions may differ from cytosolic tau.
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α-synuclein (α-Syn) is intimately linked to synucleinopathies like Parkinson’s disease
and dementia with Lewy bodies. However, the pathophysiological mechanisms that are
triggered by this protein are still largely enigmatic. α-Syn overabundance may cause
neurodegeneration through protein accumulation and mitochondrial deterioration but
may also result in pathomechanisms independent from neuronal cell death. One such
proposed pathological mechanism is the influence of α-Syn on non-stimulated, intrinsic
brain activity. This activity is responsible for more than 90% of the brain’s energy
consumption, and is thus thought to play an eminent role in basic brain functionality. Here
we report that α-Syn substantially disrupts intrinsic neuronal network burst activity in a
long-term neuronal cell culture model. Mechanistically, the impairment of network activity
originates from reduced levels of cyclic AMP and cyclic AMP-mediated signaling as well
as from diminished numbers of active presynaptic terminals. The profound reduction of
network activity due to α-Syn was mediated only by intracellularly expressed α-Syn, but
not by α-Syn that is naturally released by neurons. Conversely, extracellular pre-formed
fibrils of α-Syn mimicked the effect of intracellular α-Syn, suggesting that they trigger an
off-target mechanism that is not activated by naturally released α-Syn. A simulation-
based model of the network activity in our cultures demonstrated that even subtle
effect sizes in reducing outbound connectivity, i.e., loss of active synapses, can cause
substantial global reductions in non-stimulated network activity. These results suggest
that even low-level loss of synaptic output capabilities caused by α-Syn may result in

Abbreviations: AAV, adeno-associated virus; α-Syn, alpha-Synuclein; BSA, bovine serum albumin; cAMP, cyclic adenosine
monophosphate; CFP, cyan fluorescent protein; DIV, days in vitro; DTT, dithiothreitol; ECL, chemiluminescent substrate;
EGFP, enhanced green fluorescent protein; ELISA, enzyme-linked immunosorbent assay; FRET, Förster resonance
energy transfer; γ-Syn, gamma-Synuclein; HCN, hyperpolarization-activated cyclic nucleotide-gated; HRPO, horseradish
peroxidase; LAL, limulus amebocyte lysate; NmC, nuclear mCherry; PD, Parkinson’s Disease; PAGE, polyacrylamide gel
electrophoresis; PFF, pre-formed fibril; SDS, sodium dodecyl sulfate; YFP, yellow fluorescent protein.
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significant functional impairments in terms of intrinsic neuronal network activity. Provided
that our model holds true for the human brain, then α-Syn may cause significant
functional lesions independent from neurodegeneration.

Keywords: α-Synuclein, cAMP, synapses, intrinsic network activity, pre-formed fibrils

INTRODUCTION

α-Synuclein (α-Syn) is closely associated with Parkinson’s disease
(PD) and other synucleinopathies. Several point mutations
provide a toxic gain of function to the protein, resulting in early
onset Parkinsonian phenotypes. α-Syn overabundance through
gene duplications or triplications, or enhanced promoter activity,
is directly associated with an early onset Parkinsonian phenotype,
suggesting that elevated levels of this already highly abundant
protein cause neuropathological effects in the human brain
(Nussbaum, 2018). No formal proof exists yet to declare α-Syn
responsible for brain dysfunctions in idiopathic PD (Espay et al.,
2019), but the presence of aggregated α-Syn within Lewy bodies
and Lewy neurites, the histological hallmarks of PD, suggests that
α-Syn is intimately involved in the etiology of idiopathic PD (Bras
et al., 2020).

α-Syn has a high affinity for intracellular membranes (Kiechle
et al., 2020) and its interaction with the outer mitochondrial
membrane may cause neurodegeneration (Tolo et al., 2018;
Gilmozzi et al., 2020). α-Syn is mainly localized to synaptic
sites, where it may function to facilitate neurotransmitter release
(Logan et al., 2017; Fanning et al., 2021) and synaptic vesicle
recycling (Sun et al., 2019). Mutations and an overabundance
of α-Syn have been shown to cause synaptic malfunctions in
a dose-dependent manner (Nemani et al., 2010; Logan et al.,
2017; Bridi and Hirth, 2018). Thus, besides pathological effects
manifesting in neurodegeneration, α-Syn may be involved in
impaired neuronal connectivity and communication (Morris
et al., 2015). PD is not only a motor disorder through
degeneration of nigral dopaminergic neurons but presents with
a wide variety of non-motor pathologies, which appear to be
neurodegeneration-independent in prodromal states and in cases
of autonomic failures (Schapira et al., 2017). Therefore, the
impact of α-Syn on neuronal network activity is worthwhile
considering as a contribution to the etiology of PD.

Stimulus-independent, intrinsic neuronal network activity
(abbreviated ‘‘network activity’’ or ‘‘network bursts’’ throughout
the text) is manifested in several large network clusters of
the human brain, such as the default mode network, the
salience network, or the visual networks (van den Heuvel
et al., 2009; Havlik, 2017). Such endogenous activity may
serve as a preparatory basis for the processing of stimulus-
dependent activity and exploits about 90% of the brain’s
energy consumption (Raichle, 2015). Disruption of this type of
endogenous activity is associated with deficiencies of cognition
and other symptoms in neurodegenerative or psychiatric
conditions like Alzheimer’s and Parkinson’s disease, depression,
or schizophrenia (Bonanni et al., 2008; Tessitore et al., 2012;
Mohan et al., 2016; Hunt et al., 2017) and a correlation of
increased levels of α-Syn with these functional impairments

was suggested to exist both in mice and in humans—including
idiopathic late-stage Parkinson’s disease (McDowell et al., 2014;
Caviness et al., 2016). However, aspects of cellular dysfunctions
are very difficult to assess in the complex structure of the
living brain. Fortunately, matured cultures of excitatory neurons
develop a similar endogenous, non-stimulated network activity
(Opitz et al., 2002), allowing to study impacts of the synucleins
by straightforward imaging, biochemical, and computational
methods.

Sustaining intrinsic network activity requires a fine-tuned
level of excitation and hence of synaptic strength and
activity. Here, homeostatic mechanisms may play a key
role. Computationally, the precise properties of intrinsic
activity determine sensitivity to stimuli and task performance
(Turrigiano and Nelson, 2004; Wilting and Priesemann,
2019; Cramer et al., 2020). Importantly, stimulus-independent,
intrinsic neuronal activity serves other essential functions as well,
such as the tonic release of dopamine from the nigro-striatal
projection, which becomes defunct in Parkinson’s disease and
dementia with Lewy bodies (Duda et al., 2016).

While aggregated α-Syn is found only within neurons in PD
and dementia with Lewy bodies, and inside oligodendrocytes
in multiple systems atrophy, it has become a popular
research model to induce α-Syn-mediated lesions by using
ultrasound-processed pre-formed fibrils (PFFs), generated from
recombinant proteins produced in bacteria, to treat neurons
in vitro and in vivo. This procedure can induce a spreading
pathology, where extracellular α-Syn is taken up and then
converts intracellular α-Syn into toxic species (Volpicelli-Daley
et al., 2011). In the study presented here, we investigated
the impact of α-Syn on intrinsic network activity and if this
impact is mediated by intra- or extracellular synuclein. Our
results demonstrate that α-Syn overabundance in cultured
primary neurons diminished their network activity, by reducing
cyclic AMP (cAMP) levels and numbers of active synapses.
Extracellularly added processed PFFs mimicked this impact
on network activity. However, this was not the case for α-Syn
naturally released from overexpressing neurons, suggesting that
artificial PFFs and naturally released α-Syn possess different
pathophysiological potencies, at least in terms of their impact on
network activity.

MATERIALS AND METHODS

Cell Culture
Cultured neurons were prepared from E18 embryonic rat
brain cortices as described (Kügler et al., 2001). Briefly, the
cortices were excised, enzymatically treated with trypsin and
DNase and triturated and plated on plastic 24-well plates at a
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density of 250,000 cells per well. The neurons were cultivated
in supplemented Neurobasal cell culture medium, which was
replaced once during the first week (at the time of transduction
with synuclein-expressing AAV vectors), following which it was
not exchanged further to permit the accumulation of released
α-Syn. To ensure that the neuronal networks generated a stable
network bursting activity, cell death was minimized by reducing
the rate of medium evaporation, for which the relative humidity
of the incubator atmosphere was kept stable at a condensing level.

All experimental animal procedures were conducted
according to approved experimental animal licenses (33.9-
42502-04-11/0408) issued by the responsible animal welfare
authority (Niedersächsisches Landesamt für Verbraucherschutz
und Lebensmittelsicherheit) and controlled by the local animal
welfare committee of the University Medical Center Göttingen.

AAV Vector Preparation
All AAV vectors used in this study (Figure 1A) were of the
AAV-6 serotype and expressed transgenes under the control
of the strictly neuron-specific synapsin 1 promoter (Kügler
et al., 2003). AAVs were generated in transiently transfected
HEK293 cells and purified by iodixanol gradient centrifugation
and heparin affinity chromatography. Following purification,
fast protein liquid chromatography eluates were dialyzed against
PBS, aliquoted, and frozen at−80◦C. The titer of vector genomes
was determined by qPCR, fromwhich the number of transducing
units was calculated based on the experimentally determined 1:30
(transducing units: vector genomes) ratio.

Imaging of Network Bursts
For the imaging of network bursts, neurons were transduced
on day in vitro 2 (DIV2) with 3 × 107 tu/well of two AAV
vectors—one expressing the anti-apoptotic factor Bcl-xL and one
expressing the genetically encoded fluorescent calcium sensor
GCaMP6f. Forty-eight hours later, the medium was replaced,
and the cells were transduced with 2 × 108 tu of bi-cistronic
AAV vectors expressing either human α-Syn or human gamma-
synuclein (γ-Syn), plus nuclear-targeted mCherry (NmC) from
an independent transcription unit, which is also driven by a
human synapsin 1 promoter. For some experiments as shown in
Supplementary Figure 1, human β-Syn, rat α-Syn, and human
4R-τ were expressed from bi-cistronic vectors that also express
NmC (2× 108 tu/well).

For imaging, cells were analyzed between DIV10 and
DIV31 using a Zeiss Observer Z1 microscope, with cells being
incubated at 37◦C and 5% CO2 using the following devices:
a Pecon M24 heating insert, a Pecon Incubator PM, a Zeiss
TempModule S and a Zeiss CO2 Module S. During analysis,
nuclearmCherry was imaged using a Zeiss DsRed filter to acquire
the location of cellular nuclei, which enabled the quantification of
neurons and the identification of cellular locations for network
burst analysis. Meanwhile, a 60 s video of the cells was acquired
using a Semrock enhanced green fluorescent protein (EGFP)
filter at the same location to record the fluorescence of the
calcium sensor GCaMP6f. For both imaging steps, a Zeiss
5× Fluar objective (0.25 aperture) was used. For analysis, ImageJ
with a custom-made macro was used to segment the nuclear

mCherry images, which provided the number and the locations
of the cells. Following this, the signal of the calcium sensor was
analyzed using the FluoroSNNAP software to identify calcium
influx events (Patel et al., 2015), which were then processed
further in a Microsoft Excel calculation table to identify network
bursts. Network bursts were identified as events where more
than 10% of the NmC-expressing neurons underwent a calcium
influx.

Western Blot Analysis
Protein lysates were acquired from synuclein-overexpressing
neurons using an SDS-based lysis buffer (50 mM Tris, pH 8.0,
0.5% SDS, 1 mM DTT, complete mini protease inhibitors) and
then analyzed by denaturing SDS-PAGE. After wet transfer,
blot membranes were fixed in 4% paraformaldehyde/0.4%
glutaraldehyde to prevent any detachment of the highly
hydrophilic synucleins during incubations (Sasaki et al.,
2015). Blots were incubated with anti-human α-Syn primary
antibody (Syn211, ThermoFisher), followed by incubation using
an HRPO-coupled secondary antibody. For HRPO signal
visualization, membranes were treated with an ECL mixture and
imaged using a BioRad ChemiDoc XRS+ Imager. The intensity
of the bands was determined using BioRad Image Lab software
and the amount of α-Syn was calculated from a standard curve
prepared by recombinant human α-Syn peptides of defined
amounts (r-peptide, #S-1001-2).

For analysis of cell culture supernatants under
non-denaturing conditions the media were snap-frozen,
then thawed only once and loaded on 4%–16% NativePAGE
Bis-Tris gels (ThermoFisher), either in NativePAGE sample
buffer (50 mM BisTris pH7.2, 6 N HCl, 50 mM NaCl, 10% w/v
glycerol, 0.001% Ponceau S) or in NativePAGE sample buffer
supplemented with 1.6% SDS, 16 mM DTT, heated to 95◦C for
5 min and cooled rapidly to 4◦C. After wet transfer, membranes
were fixed as described above.

Production of Recombinant Synucleins
and Preformed Fibrils
6× His-tagged human wild type α-Syn was expressed in
ClearColir BL21 (DE3) bacteria (Lucigen) which were induced
to produce protein by IPTG addition. Bacteria were pelleted
and lysed, then sonicated and treated with benzonase nuclease
for breaking down nucleic acids, following which the solution
was purified by affinity chromatography using Ni-NTA Agarose
beads (Qiagen). The protein sample was then purified free of
lipopolysaccharides by washing the beads with 2% Triton X-114,
following which the sample was washed and dialyzed against
MES/MOPS buffer. The absence of lipopolysaccharides was
confirmed by a chromogenic Limulus Amebocyte Lysate (LAL)
assay (GenScript). The concentration of the resulting synuclein
sample was then determined and the samples were stored at
−80◦C.

For the production of preformed fibrils according to a
standardized protocol (Polinski et al., 2018), recombinant α-Syn
was incubated for 3 days at 37◦C in MES/MOPS buffer while the
sample was stirred by the inclusion of a Teflon bead and shaking
the tube at 1,000 rpm. During fibrillation, fibril formation was
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FIGURE 1 | AAV vectors as used in this study and characteristics of cAMP sensors. (A) Schematical depiction of AAV vector genomes: for most experiments the
synucleins (α-Syn, β-Syn, or γ-Syn) were expressed from bi-cistronic vectors, which also express the fluorophore nuclear-targeted mCherry (Nuc-mCherry, NmC)
from an independent transcription unit. As an additional control, or “empty vector”, NmC was expressed alone from a mono-cistronic vector. Bcl-xL, genetically
encoded fluorescent sensors, and synucleins were expressed from mono-cistronic vectors in specific conditions. ITR, inverted terminal repeat of AAV2; hSyn, human
synapsin 1 gene promoter; Int., Intron (splice sites); BGH, bovine growth hormone polyadenylation site; WPRE, woodchuck hepatitis virus posttranscriptional
regulatory element. (B) Representative trace of cAMPr absolute fluorescence changes in one neuron, which was treated with compounds that alter cAMP level. The
trace has been corrected for bleaching. Dashed line = time duration for applying linderane, 20 mM, and SQ-22536 = 20 µM; straight line = time duration for applying
rolipram, 5 µM, and forskolin, 5 µM). A.U., arbitrary units; PDE, phosphodiesterase; AC, adenylate cyclase. (C) Representative trace of AKAR4-cAMPs FRET ratio
changes in one neuron after reducing cAMP levels with linderane/SQ-22536 or enhancing cAMP levels with forskolin/rolipram.

tracked using an endpoint thioflavin-T fluorescence assay. After
fibrillation was completed, the samples were stored at −80◦C.
Before addition to cultured neurons, fibrils were sonicated using
a sonication probe for 1 min at 10% power (Bandelin Sonoplus
HD 2070, manufactured in Berlin, Germany).

Treatment of Neurons With α-Syn
Containing Donor Culture Medium or With
PFFs
For experiments involving culture medium exchange, donor
neurons were transduced on DIV2 with an AAV vector encoding

Bcl-xL (3 × 107 tu/well) and on DIV4 with an AAV vector
encoding α-Syn plus NmC (2 × 108 tu/well). Simultaneously,
receptor neurons were transduced on DIV2 with two vectors
encoding either Bcl-xL or GCaMP6f (3 × 107 tu/well each).
On DIV22, the whole medium from the donor neurons was
transferred to the receptor neurons, whereas another population
of control receptor neurons retained the original medium.
The network bursts of the cells were then imaged between
DIV23 and DIV31. For treating neurons with preformed fibrils
and monomers of recombinant α-Syn, a population of receptor
neurons was prepared and analyzed as described above. On
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DIV22, neurons were treated with either 0.4µM sonicated α-Syn
preformed fibrils or α-Synmonomers, which were added into the
cell culture medium.

The sedimentation assay to discriminate soluble and insoluble
α-Syn was performed essentially as described (Kumar et al.,
2020), with the modification of using 100,000× g for 90 min, in
order to ensure complete pelleting of exosomes and other small
vesicular structures.

Imaging of Axons and Dendrites Using
Immunohistochemistry
For analysis of axons or dendrites, neurons were plated on
sterilized glass coverslips at a density of 250,000 cells per well. On
DIV2 the cells were transduced with an AAV vector expressing
Bcl-xL (3 × 107 tu/well) and on DIV4 with an AAV vector
expressing either α-Syn or γ-Syn plus NmC. On DIV16 and
DIV28, cells were fixed using 4% paraformaldehyde. The cells
were then permeabilized using a solution containing Triton
X100 and blocked using BSA and normal goat serum. The cells
were incubated overnight at 4◦C with a primary antibody against
either neurofilament L (an axonal marker; Cell Signaling #2837)
or MAP2 (a dendritic marker; Abcam ab5622; Caceres et al.,
1984a; Dehmelt and Halpain, 2005; Yuan et al., 2012). The
next day, the cells were incubated with a secondary antibody
conjugated to Cy2 (Jackson), following which the coverslips with
the cells were mounted on a glass sample plate. Finally, the
cells were imaged using an Axio Imager Z2 microscope with
a Plan-Apochromat 40× objective (0.95 aperture) and a Zeiss
45 Texas Red filter for detection of NmC and an EGFP HC filter
(AHF) for detection of Cy2.

For analysis of the acquired images, a custom-made ImageJ
macro was used, which identified the total area of the image
covered with neurites. To do this, a Hessian transformation was
applied to the image using the ImageJ ‘‘Tubeness’’ utility, which is
an established method for neurite quantification (Bradley et al.,
2019; Hilton et al., 2019). The NmC fluorescent signal was also
used to subtract cell bodies from the image, ensuring that the
contours of cell bodies were not accidentally detected as neurites.
Notably, the above analysis was performed instead of alternatives
(i.e., Sholl analysis and axon/dendrite length measurement) due
to the very dense neuritic network of neurons in our cultures.
This greatly complicates the tracking of individual neurites or the
identification of the neuropil of a single neuron. Thus, the more
robust analysis described above was used.

Imaging of Active Presynaptic Terminals
Cells for analyzing the active presynaptic terminals were
transduced on DIV2 with two AAV vectors encoding either
Bcl-xL or synaptophysin-tagged GCaMP3 (Sy-GCaMP3; 3× 107

tu each/well). On DIV4, the cells were then further transduced
with an AAV vector encoding either α-syn or γ-syn plus NmC.
On DIV15 and DIV28, cells were imaged for 60 s using a
Zeiss Observer Z1 microscope, with cells incubated similarly to
the cells used for network burst analysis. For visualizing the
Sy-GCaMP3 signal, a Semrock GFP filter was used alongside a
Zeiss LD-Plan 40× objective (0.6 aperture). For ImageJ analysis,
an image characterizing total fluorescence change was calculated

by subtracting the maximum fluorescence intensity from the
minimum fluorescence intensity. Presynaptic terminals that
underwent a calcium influx were identified as bright particles
in this image, which were counted to determine the number of
active presynaptic terminals.

Determination of cAMP Levels by ELISA
and Imaging
cAMP levels in whole cell lysates were determined by
the colorimetric cAMP assay kit, a competitive enzyme-
linked immunosorbent assay (ELISA; Abcam, ab133051),
exactly according to the manufacturer’s protocol. Neurons and
astrocytes were fluorescently labelled with AAV6-hSyn-EGFP
(neuron-specific; 3 × 107 tu/well) and AAV6-GFAP-mRFP
(astrocyte-specific; 3 × 107 tu/well) for counting both cell types
in living cultures. Vectors expressing the synucleins and Bcl-xL
were used as described above, only that monocistronic vectors
were used to express the synucleins, i.e., do not co-express
NmC, in order to prevent fluorescent signal overlap with mRFP.
Intracellular (cAMP) was calculated according to the neuron
numbers in each assay and assuming the cytoplasmic volume of
each neuron as 6 pL (Howard et al., 1993). It should be noted
that this volume can serve only as a rough approximation, as it is
likely that our aged neuron cultures may have significantly higher
cytoplasmic volumes within their heavily arborized neurites.

Cells for cAMP imaging were treated on DIV2 with two AAV
vectors encoding either Bcl-xL or a cAMP sensor—either the
single fluorophore sensor cAMPr or the Förster resonance energy
transfer (FRET) sensor AKAR4-cAMPs (1 × 108 tu/well; Depry
et al., 2011; Hackley et al., 2018). Then, on DIV4 the cells were
further transduced with an AAV vector expressing α-syn or γ-
syn plus NmC (2× 108 tu/well).

For both sensors, cells were imaged on DIV16 and DIV28 by
exciting the neurons with a monochromatic 455 nm LED. In
the case of AKAR4-cAMPs imaging, the emitted light from
the neurons was further passed through a beam splitter which
enabled the recording of both the cyan fluorescent protein
(CFP) and yellow fluorescent protein (YFP) components of the
AKAR4-cAMPs sensor. For determining the cAMPr readout, the
average intensity of the fluorescent sensor was determined for
each cell, whereas for determining the AKAR4-cAMPs readout,
the average FRET ratio was determined. The FRET ratio was
calculated by dividing the fluorescence intensity of the YFP
(FRET) signal by that of the CFP signal.

Sensors were qualified as shown in Figures 1B,C using
activators and inhibitors of cAMP synthesis.

In silico Modeling of Network Activity
Network topology was modeled according to a previously
described methodology (Orlandi et al., 2013), with a density
of neurons corresponding to that found at DIV 22–28
(470 neurons/mm2), and the possibility of each randomly
growing output connector (axon) to connect to multiple input
connectors (dendritic trees). The dynamics of each neuron were
modeled according to the Izhikevich model (Izhikevich, 2003)
with synaptic depression (Alvarez-Lacalle and Moses, 2009),
and the population of 95,000 neurons was divided into 80%
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excitatory and 20% inhibitory neurons. Physiological parameters
(see Supplementary Table 1 in Supplemental Material and
Methods) were set to generate a regularly spiking network, for
which the burst frequency matches the value as observed in
γ-Syn expressing control neurons (9.2 bursts/min). A detailed
description and list of parameters and equations as used for the
calculations are given in Supplemental Methods.

Statistical Analysis
All N shown in figures correspond to biological replicates,
i.e., individually seeded neuron cultures which in principle
correspond to individual fetuses’ brains they were prepared
from. For comparing the statistical significance of two values,
an unpaired t-test was used, whereas for comparing the
statistical significance of more than two values, a one-way
ANOVA with Tukey’s multiple comparisons tests was used.
For all comparisons, an additional post-hoc power analysis was
performed as well. All tests were performed using GraphPad
Prism, with the exception of the power analysis, which was
performed using GPower 3.1. software.

RESULTS

α-Syn Reduces Network Burst Activity
Under optimized culture conditions that limit medium
evaporation, primary neuron/glia co-cultures derived from
rat embryonal cortex can be maintained for about one month
without medium exchange. Maintenance of the cell culture
supernatant is important to allow accumulation of secreted
synucleins over time, without dilution by medium exchanges.
Neuron/glia co-cultures develop a fully matured neuronal
network with robust intrinsic activity (Murphy et al., 1992),
characterized as network bursts. Such cultures can be readily
used to study the impact of synucleins on their network activity,
in terms of frequency of network bursts and percentages of
neurons contributing to network bursts (Tolo et al., 2018; Psol
et al., 2021). Both parameters can be recorded with high accuracy
due to the 2D-arrangement of cultured neurons, allowing to
assess all cells contributing to network activity simultaneously.

To record network bursts, neurons are transduced by means
of AAV vectors (Figure 1A) to express the respective synuclein
plus a fluorescent nuclear marker (nuclear mCherry, NmC)
for automated cell counting. In addition, neurons express low
levels of a genetically encoded calcium sensor (GCaMP6f) to
monitor calcium transients as a surrogate marker for trains
of action potentials. Furthermore, neurons express low levels
of anti-apoptotic Bcl-xL, which protects them from eventually
occurring synuclein-induced neurodegeneration, in order to
fully maintain the structural basis of the neuronal network (Tolo
et al., 2018).

Expression of γ-Syn was selected as a control since γ-Syn is
structurally homologous to α-synuclein but did not demonstrate
an impact on neuronal survival or network activity in earlier
studies (Tolo et al., 2018). It was thus adjudicated to be a
superior control to other proteins (such as fluorescent proteins
or housekeeping proteins), which are structurally unrelated to α-
Syn. Notably, γ-Syn did not impact on the neurons by itself when

compared to a secondary ‘‘empty vector’’ control (expressing
only nuclear-targeted mCherry), either in the form of neuron
network bursts, cell survival, axons, or synapses (Figure 1A;
Supplementary Figure 1; Supplementary Figures 2C,D).

Network bursts are optically recorded in these cultures as
shown in Figure 2A for neurons expressing α-Syn, and in
Figure 2B for neurons expressing γ-Syn. Every dot of the
scatter plots marks an individual calcium transient, representing
a train of APs in a single neuron. Vertical accumulations of
such signals represent network bursts, the frequency of which
is used as the key readout for the level of the intrinsic network
activity. The total number of neurons as quantified by their
NmC fluorescent signal did not differ between α-Syn and γ-Syn
expressing cultures over the whole time course of the experiment
up to DIV 31 (Figure 2C; Supplementary Figure 2A). The
frequency of network burst developed almost identical over time,
by increasing up to DIV22 without differences between neurons
expressing α-Syn and neurons expressing γ-Syn. From that time
on, however, a drastic decrease in network activity became
evident in α-Syn expressing neurons, while activity in γ-Syn
expressing neurons remained stable until DIV 31 (Figure 2D).
Furthermore, the percentage of neurons contributing to network
bursts was significantly lower in aged α-Syn expressing neurons
as compared to aged γ-Syn expressing cultures (Figure 2E).

The robustness of our results is supported by the inclusion
of further synucleins and controls into the same experimental
layout, as shown in Supplementary Figure 1. There, we
show that: (i) rat α-Syn triggers the same effect on network
activity as human α-Syn, (ii) human β-Syn does not affect
synchronized network activity, (iii) neurons expressing no
synuclein demonstrated a non-significant tendency to show
lower network activity as compared to α-Syn or γ-Syn expressing
neurons, but overall did not differ significantly from β- or γ-Syn
expressing neurons in terms of survival or network activity, and
(iv) the reduction of network activity is not a neuropathological
effect that can be attributed only to α-Syn, as human WT
4R-Tau caused an even faster and stronger diminishment of
network activity. However, the expression of Tau also caused
some neurodegeneration that could not be inhibited by Bcl-
xL, making it possible that cell loss might have contributed
significantly to alterations in network burst activity. Altogether,
these data demonstrate that overabundance of α-Syn has a robust
impact on intrinsic network burst activity.

Only Artificial PFFs, but Not Naturally
Released α-Syn Reduce Network Burst
Activity
Previous studies suggested that exposure of cultured neurons
to pre-formed fibrils (PFFs) of α-Syn caused reductions
in neuronal activity (Volpicelli-Daley et al., 2011; Froula
et al., 2018; Gribaudo et al., 2019). However, it is unlikely
that PFFs are sufficiently representative for α-Syn that is
naturally released from living neurons in an activity-dependent
manner (Yamada and Iwatsubo, 2018). Figures 3A,B show
that on DIV 10 only minor amounts of α-Syn could be
detected in the cell culture supernatant, while from DIV
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FIGURE 2 | α-Syn reduces network burst activity in aged neurons. (A) Scatter plot showing the activity of 1,000 α-Syn expressing neurons within one minute at DIV
28. Every dot represents the calcium transient of one cell as a surrogate marker for a train of action potentials. Vertical accumulations of this activity represent
synchronized network bursts. (B) Scatter plot showing activity of 1,000 γ-Syn expressing neurons at DIV 28. (C) Neuron numbers relative to DIV10 in α-Syn
expressing cultures (white bars) and γ-Syn expressing cultures (gray bars). (D) Frequency of network bursts in α-Syn expressing neurons (white bars) and γ-Syn
expressing neurons (gray bars). (E) Percentage of neurons contributing to network bursts at 16 and 28 DIV in α-Syn expressing neurons (white bars) and γ-Syn
expressing neurons (gray bars). N = 18 neuronal cultures for (C,D) and 41 neuronal cultures for (E). Statistics by unpaired, two-tailed T-test; n.s. = not significant;
***p < 0.001; ****p < 0.0001. Statistical power (1 – ß error probability) > 97% for all conditions.

16 onward extracellular α-Syn represents about 20%–30%
of the amount of α-Syn detected intracellularly (DIV
10:3%, DIV 16:19%, DIV 22:31%, DIV 28:31%). At DIV
22, extracellular α-Syn was found to be in the range of
about 4.5 µg/ml, corresponding to about 0.36 µM, which
is well within the range of α-Syn added as processed PFFs
in earlier studies, 0.13 µM (Froula et al., 2018) to 0.5 µM
(Gribaudo et al., 2019).

A sedimentation assay demonstrated that α-Syn released
from neurons is not in a fibrillar state and not entrapped in
extracellular vesicles or exosomes, as it does not precipitate
upon ultracentrifugation (Figure 3C). While α-Syn PFFs

(either unprocessed or fragmented by ultrasound) were found
exclusively in the pellet after ultracentrifugation, less than 2% of
naturally released α-Syn was precipitated (Figure 3D). Rather,
naturally released α-Syn appeared to consist mostly of soluble
but accumulated oligomeric species. Analysis of recombinant
α-Syn monomers and PFFs by native PAGE revealed that
monomers migrated at an apparent molecular weight of about
35–40 kDa, while PFFs did not enter the gel and remained
trapped in the slot (Figure 3E, left panel). Analysis of α-
Syn that was natively released from neurons by native PAGE
showed that the α-Syn that could enter the gel migrated
mostly at an apparent molecular weight comparable to that of
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recombinant monomers, while another fraction was retained
in the slot. Treating the cell culture supernatant with SDS
and heat, in order to break off non-covalent protein-protein
interactions that could be responsible for the generation of
accumulated α-Syn too big to enter the gel matrix, resulted
in the appearance of oligomeric α-Syn species migrating at
apparent molecular weights of about 60, 150, and 250 kDa.
Thus, α-Syn released by overexpressing neurons does not form
insoluble fibrils, but rather mostly oligomers that are soluble in
cell culture medium, and which might be clustered into larger
accumulations. While intracellular α-Syn is phosphorylated
at S129, this was not the case for naturally released α-Syn
(Figure 3F).

Next, we designed an experimental layout that allowed us
to study the impact of naturally released extracellular α-Syn
on neurons that do not overexpress α-Syn (Figure 4A). To
this end, neurons overexpressing α-Syn as well as neurons
that did not overexpress any synuclein were prepared side
by side. Both groups of neurons expressed nuclear mCherry
for segmentation and cell counting, GCaMP6f for recording
calcium transients, and Bcl-xL to prevent neurodegeneration.
The synuclein-naïve neurons served as recipient cells for the
α-Syn containing cell culture medium that was transferred
from α-Syn expressing cells at DIV 22, thus containing
about 4.5 µg/ml secreted α-Syn (Figure 4A). Cells were
imaged for network burst frequency just before the medium
transfer, and 1, 6, and 9 days thereafter. This experiment
demonstrated unequivocally that α-Syn that was secreted by
primary neurons does not affect the network activity of neurons
that only express endogenous rodent α-Syn, strongly suggesting
that even longer-lasting exposure to significant amounts of
neuron-secreted α-Syn does not cause neuropathological effects
in terms of network burst activity (Figure 4B). Of note,
medium exchange per se did not affect network activity
(Supplementary Figure 2B).

In a complementary set of experiments, monomeric
recombinant α-Syn was added to the cell culture at DIV22 at
a concentration of 0.4 µM, and fibrillated recombinant α-
Syn in an amount corresponding to 0.4 µM of monomers,
corresponding to earlier studies (Froula et al., 2018; Gribaudo
et al., 2019). Neurons exposed to recombinant extracellular
α-Syn species expressed only GCaMP6f to monitor calcium
transients, nuclear mCherry for segmentation, and Bcl-xL to
prevent neurotoxicity that might be caused by α-Syn. The activity
of the neuronal network was recorded for up to 9 days after
adding extracellular α-Syn species. These data demonstrated
that sonicated fibrils, but not monomeric α-Syn, caused a
substantial reduction in network burst frequency (Figure 5A).
Of note, α-Syn fibrils that were not sonicated did not show
a significant reduction in network activity (not shown). The
reduction in network burst activity caused by sonicated PFFs
was not due to neurodegeneration, as demonstrated by the
absence of neuron loss after the addition of PFFs (Figure 5B).
Thus, neuron cultures as used in this study are vulnerable to
artificially processed recombinant α-Syn fibrils in terms of
network burst activity but were not affected by naturally released
oligomeric α-Syn.

α-Syn Reduces Numbers of Active
Presynaptic Terminals
In order to elucidate the pathophysiology resulting in diminished
network burst activity, we quantified network connectivity
in terms of available input structures (dendrites) and output
structures (axons and active synapses). Dendrites were visualized
by staining cultures at DIV 16 and DIV 28 for the dendrite-
specific antigen microtubule-associated protein 2 (MAP2;
Caceres et al., 1984b), and axons were likewise visualized by
staining for the axon-specific antigen neurofilament L (NFL;
Yuan et al., 2012). Active synapses were monitored through a
synaptic calcium sensor, synaptophysin-coupled GCaMP3 (Sy-
GCaMP). Sy-GCaMP provides the advantage of a dynamic
signal, as only presynaptic terminals that actively release
neurotransmitters are subject to calcium transients, which are
caused by calcium influx preceding vesicle fusion with the
membrane. Due to the dense neuritic network within our
cultures, synapses cannot be reliably identified and distinguished
from cellular debris by immunocytochemistry.

We detected no difference in the number of input structures
(i.e., dendrites) in our cultures after α-Syn expression as
compared to the controls expressing γ-Syn (Figure 6A). In
contrast, a moderate, but significant reduction of axonal
structures was present in α-Syn expressing cultures at DIV 28
(i.e., at times of iminent reduction of network burst activity), but
not at DIV 16 (i.e., before the onset of diminished network burst
activity; Figure 6B). This finding of a physical deficit in output
structures correlated well with a significant reduction of active
presynaptic terminals in neurons participating in network burst
activity: while at DIV 16 α-Syn and γ-Syn expressing cultures
showed identical numbers of active presynaptic terminals, these
were reduced at DIV 28 from 3,632 ± 1,672/mm2 in γ-Syn
expressing cultures to 2,502 ± 1,275/mm2 in α-Syn expressing
cultures (Figure 6C). Thus, a reduction of non-stimulated
network activity of 50% as caused by α-Syn expression is
correlated to a reduction of 16% of axonal structures and a
reduction of 31% of active presynaptic terminals. Therefore,
it appears that one major effect of α-Syn on non-stimulated
network burst activity results from functional impairment of
presynaptic terminals as connectivity output structures.

α-Syn Reduces Levels of cAMP and
cAMP-Dependent Signaling
Next, we sought to evaluate if the reduction of active presynaptic
terminals is merely attributable to a physical loss of axonal
structures, or if physiological, non-structural processes might
also be impaired through α-Syn overabundance. To this end,
we investigated the cAMP pathway, since cAMP is not only of
importance for axonal outgrowth during development (Rydel
and Greene, 1988) or axonal regeneration during disease
situations (Qiu et al., 2002) but also for shaping neuronal
connectivity during synaptic plasticity and memory formation
(Argyrousi et al., 2020).

As a first step, we evaluated if cAMP-mediated signaling
is required for controlling network burst activity in our
cultures (Figure 7A). Cyclic nucleotide-gated ion channels such
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FIGURE 3 | Quantification and characterization of natively released extracellular α-Syn. (A) Western blot after SDS-PAGE showing α-Syn from cell lysate
(intracellular) and from cell culture supernatant (extracellular) of neurons overexpressing human α-Syn. Recombinantly produced peptide standards were used for
quantification. Detection was performed with human-specific anti-α-Syn Ab, Syn211. (B) Quantitative analysis of intra- and extracellular amounts of α-Syn at different
time points. Statistics by 1-way ANOVA with Tukey’s test for multiple comparisons. Notably, the 1-way ANOVA was done separately for the four values from cell
lysates and the four values from culture mediums. N = 4 independent neuronal cultures transduced with 2 × 108 tu of AAV-α-Syn -NmC. n.s = not significant;
*p < 0.05. (C) Western blot after SDS-PAGE showing separation of soluble and insoluble α-Syn by ultracentrifugation. PFFs generated from recombinant α-Syn
(6× His tagged, resulting in higher molecular weight as compared to cell expressed α-Syn and the α-Syn used as peptide standards) were found only in the pellet
(pel.) but not in the supernatant (sup.), while extracellular, natively released α-Syn was found almost exclusively in the supernatant (sup.). (D) Quantification of
insoluble (pellet) and soluble (supernatant) natively released α-Syn after ultracentrifugation. N = 3 independently obtained cell culture supernatants. (E) Western blot
after native PAGE of recombinant (rec.) α-Syn monomers and PFFs (left panel) and α-Syn obtained from cell culture supernatant. Cell culture supernatant was either
loaded “as it is” (native) or after treatment with SDS and heating to 95◦C. Detection was performed with human-specific anti-α-Syn Ab, Syn211. (F) Intracellular, but
not natively secreted α-Syn is phosphorylated at S129. Western blot after SDS-PAGE showing α-Syn from cell lysate (intracellular) and from cell culture supernatant
(extracellular) of neurons overexpressing human α-Syn. Recombinantly produced non-phosphorylated peptide standards served as controls for phospho-specific
detection. Detection of total α-Syn was performed with human-specific anti-and α-Syn Ab, Syn211, detection of S129P α-Syn was performed with ab168381.
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FIGURE 4 | Impact of naturally secreted extracellular α-Syn on network burst activity of native neurons. (A) Schematic depiction of the experimental layout. α-Syn
expressing/secreting neurons were cultured alongside native neurons, which only express NmC and GCaMP6f. At DIV 22, the cell culture supernatant of α-Syn
expressing/secreting neurons was used to replace the cell culture supernatant of the native recipient neurons, which were then analyzed for their network activity up
to DIV 31. (B) Network bursts per minute are shown for recipient neurons that received α-Syn-containing medium on DIV 22 (white bars) or were further maintained
in native medium (dark gray bars). N = 12 independent neuronal cultures per condition. Statistics by unpaired, 2-tailed T-test. n.s. = not significant.

FIGURE 5 | Impact of extracellular recombinant monomers and processed fibrils of α-Syn on network burst activity. (A) Neuronal network bursts per minute in
cultures exposed to PBS (white bars), monomeric α-Syn (MM, gray bars), or ultrasound-processed preformed fibrils (pPFF) at the indicated times after addition of 0.4
µM of each α-Syn species. (B) Neuron numbers in cultures exposed to PBS (white bars), monomeric α-Syn (MM, gray bars), or ultrasound-processed preformed
fibrils (pPFF) at the indicated times after the addition of 0.4 µM of each α-Syn species. Statistics by 1-way ANOVA. N = 22 independent cultures for PBS, 24 for MM
and 26 for pPFFs (A,B). n.s. = not significant; *p < 0.05; **p < 0.01; Statistical power (1 – β error probability) = 99% (A), DIV 6, 78% (A), DIV 7, 88% (A), DIV 9.

as hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels are directly responsive to changes in cAMP levels and
have been suggested to be involved in bursting regulation (Wahl-
Schott and Biel, 2009). As a proof of concept that HCN channel
inhibition could interfere with network bursting, we performed
treatment of native neuron cultures (i.e., not overexpressing
any synuclein) with the HCN channel inhibitor ZD-7288. This
resulted in a pronounced reduction in network bursts, indicating
that cAMP-responsive ion channels are necessary to maintain
this type of activity (Figure 7B).

Furthermore, cAMP also acts to potentiate synaptic
connectivity. In order to determine whether synaptic

potentiation in principle could alter the behavior of network
burst activity, the synaptic potentiation inducer BDNF was
applied to the cultures, resulting in increased network burst
frequency (Figure 7C). The relatively short observation time of
30 min may only mimic the early acquisition phase of memory
generation and thus STP rather than LTP, but nonetheless
demonstrates that stimulation of synaptic connectivity can alter
spontaneous network activity in our cultures.

Next, we modulated cAMP levels in neurons expressing
α-Syn or γ-Syn. We stimulated cAMP synthesis either by
activation of cAMP-producing adenylate cyclase (AC) with
forskolin (Figure 7D) or by inhibition of cAMP-degrading

Frontiers in Molecular Neuroscience | www.frontiersin.org 10 May 2022 | Volume 15 | Article 86879043

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


Leite et al. α-Synuclein Disrupts Neuronal Networks

FIGURE 6 | α-Syn expression causes reductions of axon structures and active synapses. (A) Detection of dendrites, shown in the left panel as a fluorescent stain
for microtubule-associated protein 2 (MAP2), and in the right panel as a binarized image used for quantification. The bar diagram shows the percent coverage of the
binary with dendrite structures for neurons expressing α-Syn (white bars) or γ-Syn (dark bars), at either DIV 16 or DIV 28. (B) Detection of axons, shown in the left
panel as a fluorescent stain for neurofilament L (NFL), and in the right panel as a binarized image used for quantification. The bar diagram shows the percent
coverage of the binary with axon structures for neurons expressing α-Syn (white bars) or γ-Syn (dark bars), at either DIV 16 or DIV 28. (C) Detection of active
presynaptic terminals. The fluorescent signal of SyGCaMP is shown in the resting state, during network activity, and as the resulting difference image, which identifies
active synapses. The bar diagram shows the number of active synapses per mm2 at DIV 16 and DIV 28 for neurons expressing α-Syn (white bars) or γ-Syn (dark
bars). N (independent cultures): (A) DIV 16 = 4; DIV 28 = 8; (B) DIV 16 = 6; DIV 28 = 8; (C) DIV 16 = 9; DIV 28 = 28. Statistics by two-tailed unpaired T-tests.
n.s. = not significant; *p < 0.05; **p < 0.01. Statistical power (1 – ß error probability) = 76% (B), 81% (C).

phosphodiesterase-4 (PDE-4) with rolipram (Figure 7E). In both
cases, network burst activity increased significantly in γ-Syn
expressing neurons, but not in α-Syn expressing neurons. These
experiments were conducted at DIV 28, i.e., at times when α-
Syn has already caused a substantial reduction in network burst
activity. The data demonstrate, that in α-Syn expressing neurons
an elevation of cAMP levels is either not possible, or that this
elevation of cAMP levels does not rescue the diminished network
activity.

In order to quantitatively assess cAMP levels in cultures
expressing α-Syn or γ-Syn, a competitive ELISA specific for
cAMP was used. At DIV 28 numbers of neurons and astrocytes
were counted in living cultures (Figure 7F), which were
then lysed and intracellular cAMP levels determined under
the assumption of a neuronal cell volume of 6 pL (Howard
et al., 1993). This assay revealed intracellular (cAMP) in γ-Syn
expressing cultures of 442 ± 143 nM, while in α-Syn expressing
cultures intracellular (cAMP) was significantly reduced to
259± 139 nM (Figure 7G).

While the number of astrocytes was moderate in our cultures
at DIV 28, their relative volumes and cAMP levels could not be
discriminated by an ELISA-based analysis of whole cell lysates.
Thus, we finally exploited two different genetically encoded
sensors to determine differences in cytoplasmic cAMP levels and
in the resulting protein kinase-A (PKA) activities specifically
in α-Syn or γ-Syn expressing neurons. The monomeric cAMPr
sensor increases its fluorescent signal upon binding of cAMP to
its PKA-C and PKA-R domains. Thus, this sensor is sensitive

directly to cAMP levels but reacts sufficiently slow to be
independent of short-term Ca2+-mediated fluctuations of cAMP
(Figure 1B). In contrast, the AKAR4-cAMPs sensor increases
CFP-YFP FRET emission upon PKA-mediated phosphorylation
of its SUB domain, and thus is sensitive to the activity of
PKA, a kinase directly regulated by cAMP. Both sensors were
imaged at DIV 16, i.e., before any reduction in network
activity through α-Syn occurs, and at DIV 28, i.e., after the
onset of robust reduction of network activity through α-
Syn. At DIV 16, no differences in cAMP levels or PKA
activity were recorded between α-Syn and γ-Syn expressing
neurons. In contrast, at DIV 28, about 5% lower fluorescence
signal intensity was obtained from both sensors in α-Syn
expressing neurons as compared to γ-Syn expressing neurons,
unequivocally demonstrating that cAMP levels are significantly
reduced through α-Syn expression specifically in neurons
(Figures 7H,I).

The cAMPr sensor is not ratiometric and thus cannot reliably
determine absolute cAMP level. However, a 5% difference in
signal intensity of this and also of the AKAR4-cAMPs sensor
corresponds to the impact of 5 µM forskolin/rolipram on the
neuronal cAMP level (Figures 1B,C). Such an amount of the
AC-stimulating drugs is more than sufficient to significantly
enhance network bursting activity in γ-Syn expressing neurons
(Figure 7D). Thus, a reduction in signal intensity of 5% of both
sensors should reflect a substantial reduction in intraneuronal
(cAMP), thereby confirming the substantial reduction of cAMP
levels as measured by ELISA of whole cell lysates.
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FIGURE 7 | α-Syn causes diminished levels of cAMP and PKA phosphorylation. (A) Schematic depiction of cAMP-mediated effects on network activity. AC,
adenylate cyclase; AMP, adenosine monophosphate; ATP, adenosine triphosphate; BDNF, brain-derived neurotrophic factor; cAMP, cyclic adenosine
monophosphate; HCN, hyperpolarization-activated cyclic nucleotide-gated channel; LTP, long-term potentiation; PDE, phosphodiesterase; PKA, protein kinase A.
(B) HCN channel inhibitor ZD-7288 reduces the frequency of network bursts. At DIV 28, network activity was determined before (white bars) and 30 min after (dark
bars) addition of 10 µM ZD-7288 to neurons which do not express human synuclein. (C) BDNF stimulates network activity. At DIV 28, network activity was
determined before (white bars) and 30 min after (dark bars) addition of 2 nM BDNF to neurons which do not express human synuclein. (D) Forskolin stimulates
network activity only in γ-Syn expressing neurons. At DIV 28, network activity was determined before (white bars) and 30 min after (dark bars) addition of 1 µM
forskolin in either α-Syn (left) orγ-Syn (right) expressing neurons. (E) Rolipram stimulates network activity only in γ-Syn expressing neurons. At DIV 28, network
activity was determined before (white bars) and 30 mi after (dark bars) addition of 1 µM rolipram in either α-Syn (left) orγ-Syn (right) expressing neurons. (F) As a
prerequisite for the determination of cAMP levels by ELISA, numbers of neurons and astrocytes were quantified at DIV 28. (G) Quantification of cAMP levels by ELISA
at DIV 28 in cultures expressing α-Syn (white bar) or γ-Syn (gray bar). (H) Quantification of neuronal cAMP levels at DIV 16 and DIV 28, as determined by the
fluorescent signals of the cAMPr sensor α-Syn expressing neurons (white bars) and in γ-Syn expressing neurons (dark bars). Quantification normalized to γ-Syn
expressing neurons at DIV 16 = 100%. (I) Quantification of neuronal PKA phosphorylation at DIV 16 and DIV 28, as determined by the fluorescent signals of the
AKAR4-cAMPs sensor in α-Syn expressing neurons (white bars) and in γ-Syn expressing neurons (dark bars). Quantification normalized to γ-Syn expressing neurons
at DIV 16 = 100%. N (as independently recorded neuron cultures) = 6–8 in (B,C); 10 in (D,E); 12 in (F,G); 6 in (H), DIV 16; 36 in (H), DIV 28; 12 in (I), DIV 16; and
18 in (I), DIV 28. Statistics by two-tailed paired or unpaired T-test as appropriate. n.s. = not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.00001.
Statistical power (1 – ß error probability) = 91% in (B); 78% in (C); 99% in (D); 96% in (E); 92% in (G); 93% in (H); 100% in (I).
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In silico Modeling: Small Impacts on
Outward Directed Connectivity Can Have
Large Impacts on Network Burst Activity
The robust pathophysiological effect of α-Syn on intrinsic
network activity appears to depend on a relatively moderate
decrease in the number of active synapses. Thus, we simulated
a neural network model to test whether rather small lesions
targeting network connectivity can have strong effects on
intrinsic network activity. The network model we generated
resembled closely the physiology and network activity of
the culture. In detail, the network comprises about the
same number of neurons as observed in our culture at
DIV 22; we assumed 80% excitatory (i.e., glutamatergic)
and 20% inhibitory (i.e., GABAergic) neurons (Raina et al.,
2020); and the connectivity between neurons was formed by
letting axons ‘‘grow’’ locally on the two-dimensional neural
network so that in effect local connectivity is preferred
over long-range connectivity. The neurons themselves show
integrate-and-fire dynamics according to the Izhikevich model
(Izhikevich, 2003) with synaptic depression (Alvarez-Lacalle
and Moses, 2009). Their physiological parameters are listed
in Supplementary Table 1. The simulated network shows the
same burst frequency as observed in γ-Syn expressing control
neurons (9.2 bursts/min). For further details, we refer to the
Supplementary Information.

To mimic the effect of α-Syn in terms of reduction of
active synapses, we disabled a fraction of the outgoing synapses
for every neuron. A decrease of only 5% was sufficient to
reduce intrinsic network bursts by more than 50% (Figure 8A,
black solid line, and Figures 8B–F). This demonstrates that
even small reductions of outbound connectivity can result in
severe impairments in the ability of the network to sustain
its activity. The effect is even stronger than observed in the
culture. Implementing just a single synapse between any pair
of neurons in the model, however, might underestimate the
redundancy as well as compensatory, homeostatic mechanisms
of the living neural network. Hence, we generated networks
with redundant connections (implementing a double synaptic
contact for any pair of connected neurons). We normalized
synaptic strength such that the intrinsic neural network activity is
exactly the same for the network with single contacts. However,
when removing synapses naively, the impact on network bursts
was even stronger (not shown). This is because the remaining
synaptic current is typically too weak to contribute to the
activation of the postsynaptic neuron. Such ineffective synapses
are probably pruned in a living neural network—or alternatively,
homeostasis-like mechanisms rescue their effectivity and thereby
also compensate to some degree the loss of network activity.
To implement such a homeostatic compensation, the remaining
synapses of a connection were rescaled such that the transmitted
current did not change. Under this condition, the effect of
removing synapses is milder—as reflected in the shallower line
in Figure 8A (dotted gray line). Under these circumstances, a
reduction of outbound connectivity of 15% was necessary to
reduce network burst activity by about 50%, which is in good
agreement with the experimentally observed loss of functional

synapses (Figure 6C). Thus, connection redundancies together
with compensatory mechanisms might alleviate the impact of
losing individual synapses.

DISCUSSION

α-Syn Impacts on Neuronal Network
Activity
The importance of non-stimulated network activity for the
functionality of the human brain must not be underestimated:
the human brain uses more than 90% of its energy consumption
to maintain the basic activity of several stimulus-independent
networks, probably as a preparatory means for stimuli processing
(Buzsáki, 2006). Although it is by no means trivial to assess
alterations in these highly complex network activities under
disease conditions, several recent studies suggested that in
PD patients, but also in individuals suffering from dementia,
depression, and schizophrenia, non-stimulated intrinsic brain
network activities become impaired (Tessitore et al., 2012;
Mohan et al., 2016; Hunt et al., 2017). A contribution of increased
levels of α-Syn to such impairments has been suggested in both
mouse models and in patients (McDowell et al., 2014; Caviness
et al., 2016). Thus, studying non-stimulated network activity in
cultured neurons represents a valuable model to elucidate which
pathological effects α-Syn overabundance may cause, besides
protein aggregation and its impact on neurodegeneration. The
knowledge gained from such studies may help to explain the
cognitive and emotional deficits that emerge in later stages of PD,
but probably also themore subtle lesions in the prodromal phases
of PD. Our study demonstrates, that even under experimental
conditions that prevent cell death almost completely, α-Syn has
a robust impact on non-stimulated neuronal network activity.
The underlying pathomechanism may depend on reductions of
cAMP levels and numbers of active synapses, which, despite
their relatively moderate effect sizes, may cause substantial
inflictions on network burst activity as conceptually confirmed
by simulation-based modeling (see below).

Naturally Released Extracellular α-Syn
Does Not Affect Network Burst Activity
α-Syn is released from neurons under physiological conditions
(El-Agnaf et al., 2003; Emmanouilidou et al., 2011), a process
crucially dependent on neuronal activity (Yamada and Iwatsubo,
2018). Enhanced release occurs under various conditions of
cell stress (Lee et al., 2005; Jang et al., 2010), and upon an
overabundance of α-Syn (Lee et al., 2016). If different species
of α-Syn (i.e., monomers, soluble and insoluble oligomers, or
fibrils) are secreted by different pathways (i.e., from synaptic
vesicles, classical or ER-independent exocytosis, or exosomes)
remains to be elucidated (Bieri et al., 2018). In our primary
neuron culture model, α-Syn is released in an oligomeric
state, which is considered the primary neurotoxic synuclein
species (Karpinar et al., 2009; Roberts and Brown, 2015).
On the other hand, released α-Syn was not phosphorylated
at Ser129, another hallmark of pathological α-Syn species
(Oueslati, 2016).

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 May 2022 | Volume 15 | Article 86879046

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


Leite et al. α-Synuclein Disrupts Neuronal Networks

FIGURE 8 | Moderate reductions in outbound connectivity cause robust reductions in intrinsic network activity. (A) The frequency of network bursts decreases with
the reduction of synapses (i.e., outbound connections), assuming mono-synaptic connectivity (single, black solid line) or multiple, redundant synaptic connectivity
with compensation (redundant, dotted gray line). Raster plots show network activity for the mono-synaptic connectivity with different levels connectivity: 100%
connectivity (B), 97.5% connectivity (C), 95% connectivity (D), 92.5% connectivity (E), and 90% connectivity (F). Dots represent single spikes, lines the network
bursts.

Many recent studies have used processed pre-formed fibrils
(PFFs) of α-Syn to induce pathological models that cause
neurodegeneration (Luk et al., 2012), impairments of electrical
activity (Froula et al., 2018; Gribaudo et al., 2019) or spread of
synuclein pathophysiology (Volpicelli-Daley et al., 2011). These
studies used bacterially expressed α-Syn, which is fibrillated
in vitro, and then processed by ultrasound treatment in order
to generate small pieces of fibrils that can be taken up by
neurons in vitro and in vivo, where it can seed aggregation of
intracellular α-Syn. It is questionable, however, if such synuclein
preparations represent secreted synuclein species that exist in
the human brain and thus whether such species are relevant
for experimental assays other than those relying on the seeding
effects of PFFs. Our finding, that naturally released α-Syn
does not impact network activity, while artificial PFFs do have
such an impact, strongly suggests that the two species, PFFs

and secreted synuclein, possess different pathological potencies.
Recombinant α-Syn added into the cell culture supernatant
can be taken up into recipient neurons or glia via endocytosis
(Sung et al., 2001; Zhang et al., 2005), but apparently also
via endocytosis-independent mechanisms (Ahn et al., 2006). In
contrast, and in line with our results, this was not the case for
α-Syn secreted from SH-SY5Y cells, which was taken up by
proliferating SH-SY5Y cells, but not by differentiated SH-SY5Y
cells, primary neurons, or microglial BV2 cells (Emmanouilidou
et al., 2010). Thus, it appears that recombinant and naturally
secreted extracellular α-Syn can act by very different means. Our
results do not suggest that all α-Syn species that are released
from neurons are pathophysiologically irrelevant. However, they
clearly demonstrate that the physiologically relevant material,
which is α-Syn naturally released from neurons, and which
retains a largely oligomeric accumulation state, cannot be
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regarded as a valid foundation for the use of PFFs. Our findings
should indeed trigger studies using α-Syn species purified from
the neuronal cell culture medium to test if such material would
also be able to initiate the prion-like spreading in brain tissue,
that is proposed to be an inherent and therapeutically relevant
feature of α-Syn, which, however, is still controversially discussed
(Killinger and Kordower, 2019).

α-Syn Reduces cAMP Levels and Active
Synapses
The mechanistic explanation for the reduction of network
bursting activity through α-Syn overabundance appears to
depend on two interconnected mechanisms: firstly, we detected
a lower number of active synapses in α-Syn expressing neurons
as compared to γ-Syn expressing neurons. The fact that
a robust effect of α-Syn on network bursts appeared only
in fully matured or aged neurons supports the notion that
it is not a developmental phenomenon, although α-Syn is
expressed already at times when neurons just start to form
synaptic connections. This argument is even more important
for the second parameter affected, cAMP levels. cAMP is an
indispensable component of neuronal outgrowth and repair
after axonal lesions (Rydel and Greene, 1988; Qiu et al.,
2002). However, appropriate control of cAMP levels is also
essential for the maintenance of adult neuronal functionality.
cAMP-mediated activation of PKA is an essential step in
the formation of LTP: post-synaptically, it results in CREB
activation and de novo transcription of gene encoding e.g.,
receptors for neurotransmitters or growth factors (Belgacem
and Borodinsky, 2017), while pre-synaptic cAMP-mediated PKA
activation is crucially involved in synthesis, metabolism, and
release of neurotransmitters (Andrade-Talavera et al., 2013).
Furthermore, cAMP directly controls ion channels that are
essential for preparing the neuronal plasma membrane for
forthcoming depolarizations, i.e., hyperpolarization-activated
cyclic nucleotide-gated cation (HCN) channels. These channels
substantially facilitate the generation of action potentials and
are important contributors to neuronal network activity (Wahl-
Schott and Biel, 2009). Thus, diminished cAMP levels through
α-Syn overabundance might be causative of imbalances in the
synthesis and release of neurotransmitters or availability and
activity of their receptors, as well as for impairments in the
facilitation of propagation of electrical activity.

While robustly diminished cAMP levels through α-Syn
overabundance were detected by independent methods (ELISA
and two different fluorescent sensors), the absolute cAMP
concentrations as reported here must be considered with
certain care. Only a few reports have addressed cAMP levels
in neurons and reported values of resting levels ranging
from 10 nM up to 50 µM, apparently strongly depending
on species, age, and type of neuron, and detection method
(Sudlow and Gillette, 1997; Mironov et al., 2009; Malone et al.,
2013). Thus, while cAMP levels as determined in our study
appear to be in a reasonable range, they must be interpreted
considering the following limitation: the use of whole cell lysates
and cytoplasmic cAMP sensors does not yet allow to reveal
subcellular neuronal compartments which might be particularly

affected by diminished cAMP levels, and where cAMP levels may
substantially differ from those in the cytosol. Thus, future studies
will need to reveal if reduced cAMP levels and reduced numbers
of active synapses are directly interconnected e.g., impaired
PKA activity at synaptic sites, diminished activity of vulnerable
ion channels or depend more on influences of cAMP on the
regulation of gene expression.

Taken together, both, fewer active synapses and diminished
activity of HCN—‘‘pacemaker channels’’ are reasonable
mechanistic causes for a reduction of non-stimulated neuronal
network activity caused by α-Syn. We cannot rule out that the
negative effect of α-Syn on network activity is also mediated
by other types of ion channels, but as α-Syn does not affect the
rates of Ca2+ sequestration or of mitochondrial ATP production
in our model (Tolo et al., 2018), it is unlikely that for example
K-ATP channels would be affected.

How exactly α-Syn acts to impact cAMP levels and cAMP
signaling remains to be elucidated but may depend on the redox
imbalance caused by overabundant α-Syn (Tolo et al., 2018). In
line with this assumption are studies demonstrating that thiol
oxidation inhibits the activity of AC (Mukherjee and Lynn,
1979) and that the thiol oxidation state of PKA can significantly
inhibit its activation by compounds like forskolin (Humphries
et al., 2007). Our finding that forskolin can enhance network
bursting activity only in γ-Syn but not in α-Syn expressing
neurons strongly supports this hypothesis. Thus, it is plausible
that reduced neuronal cAMP signaling capabilities are directly
downstream to enhanced levels of thiol oxidation as caused by
α-Syn, primarily within mitochondria (Tolo et al., 2018), but at
later stages probably also leaking to cytoplasmic and/or synaptic
sites.

In silico: Moderate Changes in Physical
Connectivity Can Cause Robust
Reductions in Network Activity
Evidently, α-Syn reduced non-stimulated network activity quite
strongly but impacted network connectivity in terms of numbers
of active synapses relatively moderately. While it may be possible
that both, fewer active synapses and reduced cAMP levels
are acting in an additive mode or even synergistically, we
also explored the possibility that small impacts on network
connectivity might result in larger impacts on network activity.
To this end, we adopted a simulation-based model of neuronal
network activity, which is based on parameters and conditions
as observed in our cell culture. Of course, such a simulation-
based model will likely not be able to completely describe the
highly complex interaction of neurons in dense cultures or even
the brain. However, our data clearly demonstrate, that, under
the parameters applied, already small losses in the outward
connectivity between neurons can cause large reductions in
the synchronized bursting activity of the network. This holds
for both, networks without and with quite strong redundancy
and compensatory mechanisms. If this is true for the human
brain as well, then it seems plausible that α-Syn may have a
pathophysiological impact on intrinsic network activity already
under conditions, where subtle lesions in network connectivity
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are not yet recognizable in post-mortem brain material, i.e., by
immunohistochemistry.

CONCLUSION

In conclusion, our data provide robust evidence that α-Syn
overabundance impacts neuronal connectivity by interfering
with cAMP-mediated signaling, by reduction of cAMP levels, and
by reduction of the numbers of active synapses. These effects are
mediated only by intracellular α-Syn, but not by α-Syn that is
released from neurons by physiological means. Simulation-based
modeling confirmed that even a moderate reduction of network
connectivity can cause a prominent reduction in network activity.
Thus, even ‘‘low-level’’ pathological impacts of α-Syn must
be considered as causes for dysfunctions in essential brain
networks and could potentially explain how α-Syn contributes to
prodromal lesions and/or autonomic failures.
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There exists considerable interest to unveil preclinical period and prodromal stages

of Alzheimer’s disease (AD). The mild cognitive impairment (MCI) is characterized by

significant memory and/or other cognitive domains impairments, and is often considered

the prodromal phase of AD. The cerebrospinal fluid (CSF) levels of β-amyloid (βA), total

tau (t-tau), and phosphorylated tau (p-tau) have been used as biomarkers of AD albeit

their significance as indicators during early stages of AD remains far from accurate. The

new biomarkers are being intensively sought as to allow identification of pathological

processes underlying early stages of AD. Fifty-three participants (75.4 ± 8.3 years) were

classified in three groups as cognitively normal healthy controls (HC), MCI, and subjective

memory complaints (SMC). The subjects were subjected to a battery of neurocognitive

tests and underwent lumbar puncture for CSF extraction. The CSF levels of estrogen-

receptor (ER)-signalosome proteins, βA, t-tau and p-tau, were submitted to univariate,

bivariate, and multivariate statistical analyses. We have found that the components of the

ER-signalosome, namely, caveolin-1, flotilin-1, and estrogen receptor alpha (ERα), insulin

growth factor-1 receptor β (IGF1Rβ), prion protein (PrP), and plasmalemmal voltage

dependent anion channel 1 (VDAC) could be detected in the CSF from all subjects of

the HC, MCI, and SMC groups. The six proteins appeared elevated in MCI and slightly

increased in SMC subjects compared to HC, suggesting that signalosome proteins

undergo very early modifications in nerve cells. Using a multivariate approach, we have

found that the combination of ERα, IGF-1Rβ, and VDAC are the main determinants

of group segregation with resolution enough to predict the MCI stage. The analyses

of bivariate relationships indicated that collinearity of ER-signalosome proteins vary
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depending on the stage, with some pairs displaying opposed relationships between HC

and MCI groups, and the SMC stage showing either no relationships or behaviors similar

to either HC or MCI stages. The multinomial logistic regression models of changes in ER-

signalosome proteins provide reliable predictive criteria, particularly for the MCI. Notably,

most of the statistical analyses revealed no significant relationships or interactions with

classical AD biomarkers at either disease stage. Finally, the multivariate functions were

highly correlated with outcomes from neurocognitive tests for episodic memory. These

results demonstrate that alterations in ER-signalosome might provide useful diagnostic

information on preclinical stages of AD, independently from classical biomarkers.

Keywords: Alzheimer’s disease, mild cognitive impairment, subjective memory complaints, cerebrospinal fluid,

estrogen receptors (ER), ER-associated signalosome, lipid rafts, multivariate biomarkers

INTRODUCTION

There is considerable epidemiological evidence supporting the
notion that Alzheimer’s disease (AD) has a long preclinical
period (Dubois et al., 2016; Haaksma et al., 2017; Jack et al.,
2018). Mild cognitive impairment (MCI) is often considered a
precursor stage of AD-type dementia (DeCarli, 2003; Haaksma
et al., 2017; Jack et al., 2018). This syndrome is characterized
by the memory impairments and its evolution to AD occurs at
a rate of 10–15% per year, with 80% conversion by the sixth
year of follow-up (DeCarli, 2003; Dubois et al., 2016). Since
AD is the most prevalent neurodegenerative disorder in the
elderly, and is preceded by a long phase of neuropathological
changes and cognitive decline before it is diagnosed, it is
paramount in the development of novel biomarkers which
allow monitoring disease progression from MCI to AD. In fact,
the current strategies for biomarkers searching in AD include
neuroimaging techniques and biochemical analysis of different
fluids, mainly cerebrospinal fluid (CSF) and blood (Bloudek
et al., 2011; Zhang et al., 2014; Blennow, 2017; Khoury and
Ghossoub, 2019; Del Prete et al., 2020). The CSF levels of β

amyloid (βA) peptides, total tau (t-tau), and phosphorylated
tau (p-tau) have been accepted as molecular biomarkers in the
diagnosis of AD (Anoop et al., 2010; Blennow et al., 2015;
Blennow, 2017; Khoury and Ghossoub, 2019). However, these
classical biomarkers do not allow monitoring the evolution of
the disease from prodromal stages (Forlenza et al., 2010; Dubois
et al., 2016; Del Prete et al., 2020) and the recent reports have
demonstrated their lack of specificity (Riemenschneider et al.,
2002; Bibl et al., 2006; Hyeon et al., 2015; Abu Rumeileh et al.,
2017). Thus, great efforts are currently being endeavored in the
pursuit for novel biomarkers different from those related to βA
generation and tau phosphorylation, for the identification of
prodromal AD stages. Such novel strategies focus on the different
pathological processes underlying or related to AD, including
neuroinflammation (Kinney et al., 2018), synaptic dysfunction
(Marsh and Alifragis, 2018), connectomics (Yu et al., 2021),
abnormal neuronal signaling and altered neurotransmission
(Reddy, 2017), neurolipid alterations (García-Viñuales et al.,
2021), metabolic impairment (Ferrer, 2009), oxidative stress
(García-Blanco et al., 2017), and stress resistance (Lu et al., 2014),

protein aggregation and/or degradation (Tsuji and Shimohama,
2002), nerve cell injury and death mechanisms such ferroptosis
(Zhang et al., 2021). In recent years, several non-amyloid and
non-tau -related candidates have been proposed, these including
the synaptic protein neurogranin that seems specific for AD
and to predict future rate of cognitive deterioration (Thorsell
et al., 2010; Blennow, 2017), TDP-43, a marker of protein
aggregates which is correlated with clinical and neuropathology
features indexes of MCI and AD patients (Tremblay et al., 2011)
and neurofilament light chain, a marker of neurodegeneration
(Mattsson et al., 2017; Gaetani et al., 2019; Zetterberg and
Blennow, 2021), amongst others. However, although these
potential biomarkers have been associated with AD and even to
MCI (Thorsell et al., 2010; Tremblay et al., 2011; Gaetani et al.,
2019), they do not exhibit specificity for AD. For instance, TDP43
has been reported as a biomarker for the frontotemporal lobar
degeneration (FTLD), amyotrophic lateral sclerosis (ALS), and
limbic-predominant age-related TDP-43 encephalopathy (LATE)
(Steinacker et al., 2008;Majumder et al., 2018; Nelson et al., 2019).

The signalosomes are multimolecular complexes formed
by specific subsets of proteins which interact physically and
participate in cellular responses often involving signaling
events present in a number of cell types, including neurons
(Marin, 2011; Hicks et al., 2012; Meininger and Krappmann,
2016; DeBruine et al., 2017; Dubiel et al., 2020; Colozza
and Koo, 2021; Xu and Lei, 2021). The signalosomes are
organized as multimolecular clusters whose components interact
dynamically following spatiotemporal patterns (Hundsrucker
and Klussmann, 2008; Wu and Fuxreiter, 2016; Kandy et al.,
2021; Zaccolo et al., 2021). Our recent research in neuronal
cells demonstrate that neuronal lipid rafts are the locus of a
particular signalosome, the estrogen-receptor (ER)-signalosome,
formed by a complex set of factors involved in cellular signaling
and neuronal survival (Marin et al., 2009, 2012; Marin, 2011;
Marin andDiaz, 2018). Themain components of ER-signalosome
are pro-survival receptors ERα (estrogen receptor α) and
IGF-1Rβ (insulin-like growth factor 1 receptor β), scaffold
proteins caveolin-1 and flotillin, prion protein (PrPc), pl-voltage
dependent anion channel 1 (VDAC) (a plasmalemmal form of
VDAC1) and ionotropic NMDAR and metabotropic mGluR5
glutamate receptors (Marin et al., 2008, 2009; Ramírez et al., 2009;
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Alonso and Gonzalez, 2012; Díaz and Marin, 2021). Further,
the current evidence indicates that the neuronal ER-signalosome
likely includes signal transducers such as monomeric G-protein,
Ras, and tyrosine kinases such as Raf-1 involved in MEK/ERK
signaling for ERα-mediated neuroprotection (Marin et al., 2003,
2005; Guerra et al., 2004). An emerging concept is that the
potential disruption of lipid rafts–resident signalosomes, as
a consequence of factors affecting the homeostasis of lipid
rafts, contributes to the etiology of AD (Marin et al., 2013;
Canerina-Amaro et al., 2017). A striking feature of neuronal
ER-signalosome is that proapoptotic protein pl-VDAC shares a
common cluster with survival factors ERα and IGF-1Rβ within
lipid rafts (Marin et al., 2009; Ramírez et al., 2009; Alonso
and Gonzalez, 2012). Our initial observations revealed that
under resting conditions pl-VDAC remains inactive through
the modulation of its phosphorylation state, a process that
appears to be ERα-mediated (Herrera et al., 2011a,b; Canerina-
Amaro et al., 2017; Marin and Diaz, 2018). However, at least
in cultured neurons, induction of amyloid toxicity triggers the
dephosphorylation of the channels and eventually cell death
(Marin et al., 2007; Herrera et al., 2011a,b; Fernandez-Echevarria
et al., 2014). The mechanistic relevance of these observations is
that VDAC might switch the normal functionality of the ER-
signalosome as cell survival mechanism into cell death upon
changes in its phosphorylation/dephosphorylation status (Marin
et al., 2007; Herrera et al., 2011a; George and Wu, 2012). In
agreement, the previous studies carried out in our laboratory
have revealed the disruption of the molecular complex formed
by ERα, pl-VDAC, and caveolin-1 in brain cortex lipid rafts
at late stages of AD (Marin et al., 2007; Ramírez et al., 2009).
In cortical raft fractions isolated from AD brains, pl-VDAC
appears mostly dephosphorylated as compared to age-matched
control brains (Canerina-Amaro et al., 2017). Our preliminary
results demonstrate the presence of ERα, IGF-1Rβ , caveolin-1,
flotillin, PrPc, pl-VDAC, and NMDAR in the CSF of patients
with advanced AD. The question then arises on whether changes
in ER-signalosome proteins occurs at early stages of AD-type
neurodegeneration and that whether these changes might be
followed in the CSF.

In this study, we have aimed to determine the potential
presence of signalosome proteins in the CSF of healthy
subjects and patients with prodromal stages of AD. We have
undertaken not only the identification of ER-signalosome
proteins but also their quantitative relationships as well as their
correlation with classical AD biomarkers. The results indicate
that ER-signalosome might well be potential biomarkers of AD
progression at preclinical stages. The dynamic changes of these
potential biomarkers in the CSF could help to understand the
biochemical processes underlying the early pathology associated
with AD.

MATERIALS AND METHODS

Participants
The participants were consecutively recruited at Hospital
Universitario de Gran Canaria Dr. Negrin in accordance with
ethical principles stated in the Declaration of Helsinki, as well as
with approved national and international guidelines for human

research. The study was reviewed and approved by Ethical
committee of Hospital Universitario de Gran Canaria Dr. Negrin.
All participants provided their written informed consent to
participate in this study. The inclusion criteria were consecutive
outpatients at the Neurology service, older than 59 years, able to
read and write, consulting for memory complaints.

Classification of the Subjects
The healthy controls (HC) were recruited from the community
and the orthopedic surgery scheduled for a CSF study.
The control group was composed of patients with either
clinically or pathologically defined alternative diagnosis and not
included cases other neurological diseases. The control cases
did not present biomarker profiles indicating the presence of a
neurodegenerative disease.

Subjective memory complaints (SMC) group includes the
patients who refer for the cognitive complaints but had a normal
performance in a full neuropsychological evaluation without
impact in daily living.

The MCI group was formed by patients who satisfied
the criteria from the report of the MCI working group of
the European Alzheimer’s disease Consortium (EADC) (Portet
et al., 2006). The global deterioration scale (GDS) was used
to classify the global deterioration (Reisberg et al., 1988) into
HC participants (neither cognitive complaints nor dementia,
GDS1); SMC, (normal performance in the neuropsychological
battery, GDS2); MCI (GDS3) with low performance in at
least one cognitive function (patients more than 1.5 standard
deviations below the mean, according to the Spanish data
from NORMACODEM and NEURONORMA Studies (Peña-
Casanova et al., 2005, 2009a,b,c,d; Casals-Coll et al., 2014) in not
demented patients.

The exclusion criteria were the suspected focal or diffuse brain
damage due to clinical conditions different to AD; uncontrolled
systemic diseases or delirium in the last 30 days; history of drug
addiction or alcoholism, being under treatment for AD; history
of major depression or being under treatment with two or more
antidepressants; more than one dose per day of benzodiazepines;
severe perceptive or motor disorders. The subjects with dementia
were excluded based on the assessment by Blessed Dementia
Rating Scale (BDRS) and Instrumental Activities for Daily Living
(IADL) (BDRS part A was more than 1.5 and IADL was <6 for
women and <5 for men) (Blessed et al., 1968; Peña-Casanova
et al., 2005). The patients with severe anxiety and depression
symptoms were excluded according to the Hospital Anxiety and
Depression Scale (HADS) evaluation (Zigmond and Snaith, 1983;
Dunbar et al., 2000).

Psychometric and Cognitive Assessments
A neuropsychological battery made following the
recommendations of the Development of screening guidelines
and criteria for predementia Alzheimer’s disease study
(DESCRIPA) (Visser et al., 2008) was used. Other tests were
included to further investigate some particular areas of interest,
such as memory and executive functions. The battery included
an assessment of the following cognitive domains: memory,
language, praxis, visual perception, and executive function;
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MMSE (Mini-Mental State Examination) was used as a global
test of cognition (Folstein et al., 1975). The episodic verbal
memory was assessed by means of the Free and Cued Selective
Reminding Test (FCSRT) (Peña-Casanova et al., 2009a). Visual
memory, constructive praxis, and visuoperceptual function
were assessed through the Rey–Osterrieth Complex Figure
(Peña-Casanova et al., 2009a). A short-15 items version of The
Boston Naming Test (Casals-Coll et al., 2014) and Token test
(De Renzi and Faglioni, 1978) were used to assess language. The
executive functions were assessed using the Color and Word
Stroop test (Golden and Ediciones, 2010), subtests of the WAIS
battery Digit Span Forward, Digit Span Backwards and the
Digit–Symbol Coding (Wechsler, 2000), and subtests of scales
for outcomes in Parkinson’s disease–cognition (SCOPA–cog)
scale, for figure completion and squares (Martínez-Martín et al.,
2009). The short-term memory was evaluated by means of the
Direct Digit Span from the WAIS battery (Wechsler, 2000).

Further, all participants were evaluated with in–out test, a
novel paradigm design to assess episodic memory along with
a simultaneous executive task thereby interfering encoding by
non-mnemonic cognitive functions (Torrealba et al., 2019). It
is thought that the memory deficits underlying prodromal AD
might be unveiled if simultaneous executive tasks are used to
engage neuronal networks which support memory encoding in
the medial temporal lobes (Tang et al., 2021).

A comprehensive overview of the cohort demographic,
clinical and neuropsychometric data is summarized in Table 1.

The CSF samples the CSF samples were collected by lumbar
puncture using a standard procedure to minimize the risk of
biological or chemical contamination. The CSF samples were
collected in sterile polypropylene tubes and centrifuged for
20min at 2,000 g at room temperature. The supernatants were
aliquoted into polypropylene storage tubes and frozen at −80◦C
until analysis.

Determination of βA, t-Tau, and p-Tau
The concentrations of βA peptide 1–42 (Aβ), t-tau, and
181Thr-phosphorylated-tau (p-tau) were determined in CSF
samples using appropriate Enzyme-Linked Immunosorbent
Assay (ELISA)-kits (INNOTEST R©, Fujirebio, Ghent, Belgium)
following manufacturer’s specifications.

Determination of Specific Proteins in CSF
The CSF proteins were determined by means of indirect ELISA
assays, following the protocols described in Lin (Lin, 2015),
Kohl and Ascoli (Kohl and Ascoli, 2017). Briefly, a 10-µg CSF
proteins were immobilized onto high protein affinity polystyrene
ELISA microplates using carbonate–sodium bicarbonate buffer
(0.07M NaHCO3, 0.03M Na2CO3, pH 9.6 in double-distilled
water). The plates were incubated for 16–18 h under agitation
(50–100 rpm) at 4◦C, and then washed 3 times with 0.05% PBS–
Tween20 buffer at room temperature. Subsequently, the wells
were incubated with primary antibodies directed to the protein
markers of the study diluted in a 5% PBS–BSA solution. The
antibody incubation took place during 16–18 h at 24◦C. The
primary antibody was recognized by a secondary peroxidase-
bound antibody (anti-rabbit or anti-mouse diluted in PBS-T).

Then, secondary peroxidase-bound antibodies were oxidized
using 1-StepTM Ultra TMB–ELISA (Thermo Fisher) during
30min and the reaction was stopped by adding 1N H2SO4.
The technical information on the primary and the secondary
antibodies is detailed in Supplementary Table 1. The absorbance
measurements were carried out at 450 nm wavelength in a
VICTORTM X5 spectrophotometer (Perkin Elmer) being the
color intensity directly proportional to the amount of protein.
The standard dose curve were used to establish the optimal
antibody concentrations. A semiquantitative value was obtained
by calculating the ratio of absorbance/total protein. As a control
of specific antibody binding, other antibodies against non-
specific targets of the study (i.e., amyloid precursor protein and
tubulin) were used for comparison.

Statistical Analyses
The data were initially assessed by one-way analyses of variance
(ANOVA) followed by Tukey’s or Games-Howell post-hoc tests,
where appropriate. Kruskal–Wallis and Mann–Whitney U-tests
were used in cases where normality was not achieved. The
general linear models (GLM) were used to quantify main
factors and to test for the presence of potential covariates.
The Pearson’s and partial correlation analyses as well as linear
regression analyses were performed to assess the significance
of bivariate relationships between different variables under
study. The reliability analyses were used to test for intraclass
consistencies (Cronbach’s alpha) across groups. The multivariate
statistics was performed using principal component analyses
(PCA) and discriminant function analysis (DFA). The factor
scores form PCAwere compared using ANOVA-I. The predictive
variables in DFA were chosen according to the number of cases
in each group to fulfill the assumptions of discriminant analysis
(Huberty, 1994). The multinomial logistic regression models
on principal components were used as exploratory techniques
to validate group differentiation, to quantify weight of classical
biomarkers, and to predict subjects belonging to a particular
diagnoses group.

RESULTS

ER-Signalosome Proteins Are Present in
the CSF of Normal Subjects and Vary
Depending on the Disease Staging
All six signalosome proteins (PrPc, caveolin-1, flotillin-1,
IGF1R, VDAC, and ERα), were detected in the CSF from
HC. It should be emphasized that this is the first report
demonstrating the presence of a set of membrane-associated
signalosome proteins in the CSF of humans, and demonstrate
the movement of these proteins from the brain tissue to
the extracellular compartment and eventually to the CSF.
The presence of such membrane components in control
subjects encouraged us to seek for changes in prodromal
stages of AD. The data obtained in SMC and MCI groups
revealed significant differences compared to HC for most
of the proteins assayed (Figure 1). In general, the protein
contents were highest in MCI patients (PrPc, caveolin-1,
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TABLE 1 | Cohort demographic, clinical and neuropsychometric data.

HC SMC MCI

(A) General

Participants (n) 15 9 29

Gender (M/W) 7/8 3/6 12/17

Age (range) 72.2 ± 1.8 (64–86) 69.77 ± 2.1(60–79) 74.74 ± 1.2 (65–90)

Education 7.22 ± 1.77 8.12 ± 2.03 8.04 ± 0.85

BDRS 0.20 ± 0.21 2.62 ± 1.05 4.47 ± 0.48

IADL 8.00 ± 0.00 7.62 ± 0.26 7.00 ± 0.21

HADS 6.67 ± 1.00 12.12 ± 3.30 6.90 ± 1.02

MMSE score 26.8 ± 0.8 26.4 ± 0.8 25.6 ± 0.6

βA(1–42) 710.26 ± 372.35 618.92 ± 310.78 600.66 ± 318.34

t-tau 249.57 ± 200.74a 355.39 ± 195.58ab 630.14 ± 470.41b

p181 tau 45.54 ± 31.77 57.85 ± 25.99 80.03 ± 31.17

(B) Neuropsychological assessments

Episodic verbal memory

FCSRT 13.88 ± 2.16a 12.40 ± 3.06ab 4.05 ± 3.23b

Language

BOSTON 9.63 ± 2.55 9.50 ± 3.10 7.60 ± 1.43

TOKEN 32.00 ± 2.40 30.50 ± 2.89 29.36 ± 2.60

Executive functions

STROOP −9.38 ± 7.13 −7.57 ± 9.44 −5.26 ± 8.65

WDSB 4.25 ± 1.25 3.80 ± 1.62 3.60 ± 1.57

WDSF 5.86 ± 1.25 6.50 ± 1.90 6.25 ± 1.11

Visuoperceptual function

ROCF3 15.66 ± 3.88a 15.20 ± 10.10ab 4.45 ± 4.45b

ROCF30 15.93 ± 4.30a 15.20 ± 9.27ab 2.90 ± 3.67b

Episodic memory

In-out test (IOT) 15.34 ± 4.31a 12.16 ± 5.84ab 4.13 ± 3.13b

Data are expressed as mean ± SD. M, men; W, women; BDRS, Blessed Dementia Rating Scale; IADL, Instrumental Activities for Daily Living; HADS, Hospital Anxiety and Depression

Scale; FCSRT, Free and Cued Selective Reminding Test; BOSTON, Boston naming test; TOKEN, Token test; STROOP, Stroop test; ROCF3, Rey–Osterrieth Complex Figure 3min;

ROCF30, Rey-Osterrieth Complex Figure 30min; WDSB, WAIS Digit Spam Backwards; WDSF, WAIS Digit Spam Forward. For each row, different letters indicate statistically significant

differences with p < 0.05. βA(1–42), t-tau and phospho-tau values are expressed as pg/ml.

IGF-1Rβ , VDAC, flotillin-1, and ERα) and lowest in HC
subjects (PrPc, caveolin-1, IGF-1Rβ, and ERα) (Figure 1).
The case of SMC was particularly different in that caveolin-
1 and IGF-1Rβ levels were intermediate between HC and
MCI groups, VDAC and flotillin, were significantly lower than
in the other two groups, and PrPc and ERα levels were
similar to HC but significantly lower than for MCI group.
Taken together, these results indicate that the destabilization
ER-signalosome and/or degradation of signalosome-containing
membrane domains in neural cells occur early during the
development of memory and cognitive decline, and that these
changes might represent early molecular indicators of brain
deterioration and eventually neurodegeneration.

Bivariate Relationships Between
ER-Signalosome Proteins in the CSF
We next analyzed the bivariate relationships between
signalosome proteins in the CSF of HC, SNC, and MCI groups.
We initially performed Pearson’s correlation analyses and the
results are shown in Figure 2. In the HC group (Figure 2A)
significant positive correlations were detected for Cav/IGF-1Rβ

(r = 0.872; p < 0.001), Cav/ERα (r = 0.978; p < 0.001) and
IGF-1Rβ/ERα (r = 0.820; p < 0.0010) and Flo/VDAC (r =

0.828; p < 0.001) pairs. The negative correlations were observed
for VDAC/Cav (r = −0.695; p = 0.008), VDAC/IGF-1Rβ (r
= −0.740; p = 0.002), VDAC/ERα (r = −0.781; p = 0.001),
Flo/Cav (r = −0.912; p < 0.001), Flo/IGF-1Rβ (r = −0.930; p =
0.000), and Flo/ERα (r = −0.809; p < 0.001) pairs. In the SMC
group (Figure 2B), the most existing relationships in HC group
disappear and few new ones become evident: PrP/Cav (r= 0.951;
p < 0.001) and PrP/IGF-1Rβ (r = 0.891; p = 0.003). Finally,
for the group MCI (Figure 2C), the overall pattern indicates
novel relationships affecting PrP, which were undetected in the
other two groups: PrP/ERα (r = 0.697; p < 0.001), PrP/VDAC
(r = 0.616; p = 0.0013) and PrP/Flo (r = 0.738; p < 0.001)
and opposite correlations for some of the ratios detected in
HC subjects. Thus, the ratios Flo/Cav (r = 0.716; p < 0.001),
Flo/IGF-1Rβ (r = 0.873; p < 0.001) and Flo/ERα (r = 0,921; p <

0.001) which were negative in HC, but were absent in SMC and
became positive in MCI subjects.

To evaluate whether these intragroup changes are reflected
in intergroup differences, we performed one-way ANOVA
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FIGURE 1 | Box plots for individual signalosome protein contents in the CSF of HC, SMC, and MCI groups (A). The data were submitted to one-way ANOVA or

Kruskal–Wallis test followed by post-hoc Tukey’s HSD test, Games–Howell or Mann–Withney U-test where appropriate. The different letters in each plot indicate

statistically significant differences with p < 0.05. (B) Heatmap representation of mean protein contents in the three groups (B).

on ratiometric variables. The results are shown in Figure 3

and Table 2. As it can be seen, the statistical differences
between groups can be detected for PrP/IGF-1Rβ , VDAC/PrP,
VDAC/ERα, IGF-1Rβ/Flo, ERα/Flo, PrP/Flo, and Flo/Cav ratios.
These analyses revealed a differential ratiometric pattern for
HC, SMC, and MCI groups, with the ratio VDAC/ERα ratio
exhibiting total differentiation. Mean ratios and range values,
along with their 95% confidence intervals for all ratios are
shown in Table 2 (ratio panel). Noticeably, the ratiometric
results allow a degree of definition of SMC subjects, featured
by highest values of PrP/IGF-1Rβ , VDAC/ERα, IGF-1Rβ/Flo,
ERα/Flo, and PrP/Flo ratios, and lowest of VDAC/PrP and
Flo/Cav, probing SMC as a singular group different from HC and
MCI groups.

We next used linear regression analyses to get a deeper
insight into the significance of these relationships between
ER signalosome proteins. The results summarized in Table 2

(Regression coefficients, β) and Figure 4 revealed a number of

bivariate relationships between signalosome proteins undergo
significant changes between groups.

The first relevant observation is the opposed behavior of
flotillin-caveolin along the HC→ MCI transition (Figure 4A).
This observation is unprecedented and strongly suggests the
remodeling of scaffold proteins in the signalosome structure.
Second, the proportion of VDAC in the caveolin fraction is
reduced as the amount of caveolin increases in the HC group, but
augments progressively in the SMC andMCI groups (Figure 4B).
The association of VDAC with flotillin is not affected in the H→

MCI transition (Figure 4C). This means that as the proportion of
caveolin is reduced and the amount of flotillin increases toward
MCI, the amount of VDAC associated to signalosomes increases.

Third, the amounts of PrP remain low both in caveolin
and flotillin fractions in HC group, but increase significantly in
both fractions in MCI subjects (Figures 4D,E). Similar results
have been found for IGF-1Rβ (Figures 4F,G) and for ERα

(Figures 4H,I). Of note, the associations PrP-caveolin (but not
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FIGURE 2 | Pearson’s correlation matrixes for signalosome proteins in the CSF of HC (A) SMC (B) and MCI (C) groups. Blue scale is used for positive correlations

and red scale for negative correlations. Cav, caveolin; IGF-1Rβ, Insulin-like growth factor-1 receptor β; VDAC, voltage dependent anion channel; Flo, flotillin; PrP, Prion

protein.

PrP-flotillin) and IGF-1Rβ-caveolin (but not IGF-1Rβ-flotillin)
increase in SMC group to a similar extent (similar slope) than
in MCI subjects (Figures 4D,F). The similarity of PrP, IGF-1Rβ ,
and ERα regression lines as function of flotillin and caveolin
contents explains the collinearity of their bivariate relationships
(Figures 4J,K), and suggest that these proteins are physically
associated and interacting in the ER signalosomes. Noticeably,
the degree of association depends on the staging, being the
complexity of associations most evident in the MCI group.
Finally, a particularly interesting observation is their relationship
with VDAC, which is negatively related to IGF-1Rβ in HC group
but become progressively more positive along the transition
HC→ SMC→ MCI (Figure 4l).

The internal consistency, as determined by analyses of
Cronbach’s alpha coefficient, also suggests changes in the
interaction between ER-signalosome proteins along the disease
progression. Indeed, the results indicate that Cronbach’s alpha
increase along the transition HC (α = 0.057, p = 0.76)→
SMC (α = 0.83, p = 0.001)→ MCI (α = 0.96, p <

0.001). Notably, the internal consistency in HC group increased
significantly when VDAC and flotilin were excluded from
the analyses (α = 0.850, p < 0.001), which agrees with the
hypothesis of ER-signalosome remodeling in the transition to
SMC. For proteins ratios, best Cronbach’s alpha is exhibited
by SMC group (α = 0,832, p = 0.007). These novel features
are interesting since they suggest very early alterations in
signalosome protein associations which are reflected in the
CSF, even before classical biomarkers become altered (shown
in Table 1).

Relationships Between ER-Signalosome
Proteins and Classical CSF Biomarkers
The levels of classical CSF biomarkers for AD, βA (Aβ)
peptide, t-tau (t-tau) and 181-Thr p-tau were determined
in subjects. The results are summarized in Table 1. In

general, the values are in good agreement with most
studies for prodromal AD reported so far. Thus, we found
particularly interesting to explore the potential association
of these biomarkers with the changes observed here for
ER-signalosome proteins.

First, we assessed the role of classical biomarkers as covariates
for group differences in ER-signalosome protein levels using
GLM. The GLMs were designed to include each ER-protein
as independent variable and Aβ , t-tau, and p-tau as covariates
(Table 3A). The classical biomarkers, included either as single
variables (Aβ, t-tau, and p-tau) or combined (Aβ , t-tau, and p-
tau), failed to demonstrate any significant influence as covariates
nor interaction with ER proteins compared to the results
shown in Figure 1 (as shown in the last column “Factor”
of Table 3A), indicating that group differences in prodromal
stages were independent of classical biomarkers but the disease
stage. Next, we performed Pearson’s correlation analyses between
ER-signalosome proteins and classical biomarkers analyses.
The results in Table 3B indicate poor, mostly not significant,
correlation coefficients between the two set of variables in
either stage groups or in whole data set. Further, we performed
partial correlation analyses using βA peptide, t-tau and p-tau
as independent variables controlling for changes in correlation
coefficients between ER-signalosome proteins. The results shown
in Table 3C revealed negligible effects of classical biomarkers
(either individually or combined) on the existing correlation
between any protein pair (shown in Table 3C on whole dataset
for Aβ , t-tau, and p-tau). Similar results were obtained for
individual groups.

These observations are particularly relevant to this study,
since they suggest that changes in the CSF contents of
signalosome proteins might occur independently of amyloid
peptide generation or tau protein phosphorylation. Therefore,
these results indicate that changes in ER-signalosome represent
early indications of neuronal degradation along prodromal stages

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 May 2022 | Volume 15 | Article 87914658

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


Mesa-Herrera et al. ER-Signalosome Proteins in Prodromal AD

FIGURE 3 | The box plots for signalosome protein ratios (A) in the CSF of HC, SMC and MCI groups. The data were submitted to one-way ANOVA or Kruskal–Wallis

test followed by post-hoc Tukey’s HSD test, Games–Howell or Mann–Withney U-test where appropriate. The different letters in each plot indicate statistically

significant differences with p < 0.05. (B) Heatmap representation of mean protein ratios in the three groups (B).

of the disease, well before CSF alterations of classical biomarkers
allow accurate diagnosis.

Multivariate Analyses Disclose Distinctive
Fingerprints for ER-Signalosome Proteins
at Preclinical Stages of AD
We next attempted to determine the set of overall variables that
might differentiate between groups. We used a variable reduction
strategy based on PCA. The PCA results for signalosome
proteins are illustrated in Figure 5. We found that two principal

components were able to explain most overall variance (87.51%).
In the component matrix, PC1 explains 70.01% of total variance
while PC2 explains 17.49% of total variance. The differences
between groups were mainly attributed to the variables with
higher coefficients, being for PC1 ERα and insulin growth factor-
1 receptor β (IGF-1Rβ) and for PC2 VDAC and caveolin. The
analyses revealed that the alterations in the concentrations of
signalosome-forming proteins are sufficiently different to allow a
high degree of segregation between groups (Figure 5A). Further,
analysis of factor scores indicates that PC1 scores differentiate
HC group from MCI groups (Figure 5B). On the other hand,
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TABLE 2 | Comparative analyses of bivariate relationships between ER-signalosome proteins.

Variable (dep/indep) Parameter HC SMC MCI HC vs. SMC HC vs. MCI SMC vs. MCI

ERα/Cav Mean ± SEM 0.95 ± 0.033 0.86 ± 0.34 0.87 ± 0.22 ns ns ns

Range 0.90–1.01 0.52–1.49 0.24–1.54

CI 95% 0.93–0.97 0.50–1.22 0.77–0.97

β 0.978 0.284 0.913 ns ns ns

VDAC/Cav Mean ± SEM 0.39 ± 0.00 0.24 ± 0.13 0.39 ± 0.045 ns ns ns

Range 0.21–0.84 0.10–0.42 0.03–0.8

CI 95% 0.27–0.52 0.13–0.36 0.30–0.48

β −0.694 0.641 0.715 * * ns

IGF-1Rβ/Cav Mean ± SEM 0.94 ± 0.05 0.88 ± 0.04 0.89 ± 0.04 ns ns ns

Range 0.84–1.03 0.63–1.16 0.28–1.64

CI 95% 0.91–0.98 0.70–1.06 0.79–0.99

β 0.872 0.990 0.949 ns ns ns

PrP/Cav Mean ± SEM 0.81 ± 0.03 1.02 ± 0.04 0.95 ± 0.05 * ns ns

Range 0.67–0.93 0.92–1.18 0.28–1.6

CI 95% 0.75–0.87 0.92–1.11 0.84–1.07

β 0.211 0.971 0.923 ns ns ns

ERα/IGF-1Rβ Mean ± SEM 1.00 ± 0.02 1.06 ± 0.27 1.01 ± 0.06 ns ns ns

Range 0.89–1.2 0.45–2.35 0.43–2.18

CI 95% 0.95–1.05 0.37–1.76 0.88–1.14

β 0.820 0.390 0.872 ns ns ns

VDAC/IGF-1Rβ Mean ± SEM 0.42 ± 0.05 0.29 ± 0.06 0.48 ± 0.06 ns ns ns

Range 0.24–0.82 0.11–0.49 0.02–1.46

CI 95% 0.30–0.52 0.14–0.44 0.35–0.60

β −0.740 0.699 0.752 * * ns

PrP/IGF-1Rβ Mean ± SEM 0.86 ± 0.04 1.19 ± 0.09 1.11 ± 0.06 * * ns

Range 0.69–1.10 0.83–1.45 0.41–1.66

CI 95% 0.78–0.94 0.96–1.41 0.99–1.22

β 0.094 0.939 0.886 ns ns ns

ERα/PrP Mean ± SEM 1.18 ± 0.04 0.86 ± 0.16 0.97 ± 0.07 ns ns ns

Range 0.97–1.45 0.54–1.62 0.30–2.21

CI 95% 1.09–1.27 0.44–1.28 0.81–1.12

β 0.174 0.120 0.803 ns ns ns

VDAC/PrP Mean ± SEM 0.49 ± 0.07 0.25 ± 0.05 0.45 ± 0.06 * ns *

Range 0.22–1.05 0.08–0.41 0.05–1.29

CI 95% 0.34–0.63 0.13–0.36 0.32–0.56

β −0.143 0.500 0.671 * * ns

VDAC/ERα Mean ± SEM 2.39 ± 0.06 4.09 ± 1.06 1.10 ± 0.21 ** *** ***

Range 1.13–3.97 1.94–6.18 0.1–3.58

CI 95% 1.89–2.88 0.71–7.45 0.66–1.56

β −0.781 0.212 0.599 * * ns

VDAC/Flo Mean ± SEM 1.20 ± 0.14 1.32 ± 0.30 1.36 ± 0.15 ns ns ns

Range 0.52–2.15 0.80–2.48 0.09–3.16

CI 95% 0.90–1.50 0.47–2.16 1.06–1.66

β 0.828 0.602 0.602 ns ns ns

IGF-1Rβ/Flo Mean ± SEM 2.97 ± 0.17 4.05 ± 1.15 2.92 ± 0.19 *** ns ***

Range 2.13–3.86 1.76–5.24 1.73–5.42

CI 95% 2.60–3.34 −0.89–9.00 2.52–3.32

β −0.930 0.083 0.873 ns * ns

ERα/Flo Mean ± SEM 2.98 ± 0.16 4.02 ± 0.73 2.86 ± 0.19 *** ns **

Range 2.26–3.93 1.86–5.00 1.42–5.85

(Continued)
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TABLE 2 | Continued

Variable (dep/indep) Parameter HC SMC MCI HC vs. SMC HC vs. MCI SMC vs. MCI

CI 95% 2.62–3.34 1.70–6.34 2.46–3.25

β −0.809 0.201 0.201 ns * ns

PrP/Flo Mean ± SEM 2.52 ± 0.11 5.74 ± 1.37 3.24 ± 0.31 *** ** ns

Range 2.00–3.55 2.08–8.71 1.71–7.15

CI 95% 2.27–2.76 1.37–10.10 2.59–3.89

β 0.013 0.074 0.745 ns * ns

Flo/Cav Mean ± SEM 3.13 ± 0.16 5.75 ± 1.45 3.30 ± 0.30 *** ns **

Range 2.36–3.97 2.02–9.05 0.66–6.55

CI 95% 2.77–3.46 1.15–10.35 2.67–3.93

β −0.561 0.026 0.314 * * ns

β, standardized regression coefficient; IC95%, 95% Confidence interval *p < 0.05, **p < 0.01, and ***p < 0.001, respectively. ns, not significant.

FIGURE 4 | Linear regression analyses for different associations between signalosome proteins in the CSF of HC, SMC, and MCI groups. The regression coefficients

and statistical significances in panels (A–L) are indicated in Table 2. 1: p < 0.05 HC vs. SMC. 8: p < 0.05 HC vs. MCI.

factor score 2 allows the statistical differentiation of SMC group
from HC and MCI groups (Figure 5B).

To evaluate the probability of any patient belonging to a
diagnostic group based on their CSF protein concentrations, we

performed a different multivariate approach, DFA (Figure 5C).
Using this analysis, it is possible to determine the quantitative
influence of protein variables in the discrimination between
groups, as well as the probability of each case corresponding
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TABLE 3 | Relationships between ER-signalosome proteins and classical AD biomarkers.

(A) Analyses of covariance

Aβ t-tau p-tau Aβ, t-tau, and p-tau FACTOR (group)

Cav F2,43 0.560 0.002 1.362 1.150 3.872

p 0.459 0.968 0.251 0.291 0.030

IGF-1R F2,43 0.202 0.298 3.024 0.609 4.118

p 0.656 0.588 0.091 0.440 0.025

ERα F2,43 0.059 0.118 1.378 0.471 5.192

p 0.809 0.733 0.248 0.497 0.010

VDAC F2,43 1.959 0.211 1.242 0.595 5.266

p 0.170 0.648 0.273 0.445 0.010

Flo F2,42 0.237 0.233 1.711 0.295 5.223

p 0.629 0.632 0.199 0.591 0.010

PrP F2,42 0.175 0.001 2.588 1.353 6.010

p 0.678 0.976 0.117 0.253 0.006

(B) Pearson’s correlation analyses for HC, SMC, MCI groups, and whole dataset

HC SMC MCI DATASET

Aβ t-tau p-tau Aβ t-tau p-tau Aβ t-tau p-tau Aβ t-tau p-tau

Cav r −0.107 0.024 −0.010 −0.032 −0.655 −0.788 0.056 −0.018 0.074 −0.100 0.022 0.021

p 0.741 0.941 0.977 0.951 0.078 0.020 0.789 0.930 0.727 0.525 0.886 0.893

n 12 12 12 6 8 8 25 25 25 43 45 45

IGF−1R r 0.047 0.077 0.035 −0.090 −0.573 −0.593 0.020 −0.025 0.104 −0.109 0.066 0.123

p 0.885 0.811 0.913 0.866 0.138 0.121 0.924 0.905 0.620 0.485 0.668 0.421

n 12 12 12 6 8 8 25 25 25 43 45 45

ER r −0.072 −0.027 −0.049 −0.111 −0.672 −0.517 −0.013 −0.078 0.009 −0.107 0.082 0.138

p 0.825 0.934 0.881 0.834 0.068 0.190 0.951 0.710 0.966 0.493 0.590 0.365

n 12 12 12 6 8 8 25 25 25 43 45 45

VDAC r 0.532 0.224 0.188 −0.439 0.380 0.549 0.156 −0.244 −0.184 0.108 −0.041 0.027

p 0.075 0.483 0.559 0.383 0.353 0.159 0.455 0.240 0.378 0.490 0.789 0.858

n 12 12 12 6 8 8 25 25 25 43 45 45

Flo r 0.147 0.109 0.131 −0.290 0.568 0.514 0.040 −0.093 −0.002 0.027 0.068 0.130

p 0.649 0.736 0.684 0.577 0.142 0.193 0.855 0.666 0.994 0.865 0.662 0.399

n 12 12 12 6 8 8 24 24 24 42 44 44

PrP r 0.014 0.241 0.291 0.129 −0.596 −0.695 −0.036 0.070 0.191 −0.216 0.128 0.148

p 0.965 0.450 0.358 0.808 0.119 0.056 0.869 0.746 0.371 0.169 0.409 0.339

n 12 12 12 6 8 8 24 24 24 42 44 44

(C) Pearson’s and partial correlation analyses performed in whole dataset

Pearson’s correlation

P
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β
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a
u
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t-
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u
)

Cav IGF-1R ERα VDAC Flo PrP

Cav r 1 0.952** 0.913** 0.682** 0.701** 0.915**

n 43 43 43 43 42 42

IGF-1R r 0.946** 1 0.864** 0.627** 0.553** 0.883**

n 35 46 46 46 45 45

ERα r 0.901** 0.903** 1 0.565** 0.684** 0.809**

n 35 35 46 46 45 45

VDAC r 0.704** 0.759** 0.747* 1 0.755** 0.609**

n 35 35 35 46 45 45

Flo r 0.666* 0.753** 0.829** 0.800** 1 0.546*

n 35 35 35 35 45 44

PrP r 0.918** 0.904** 0.883** 0.762** 0.731** 1

n 35 35 35 35 35 45

Aβ, β amyloid peptide; t-tau, total-tau; p-tau, phosphorylated tau. *p < 0.05, **p < 0.01.
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FIGURE 5 | The PCA (A,B) and DFA (C) of signalosome proteins in the CSF of subjects from HC, SMC, and MCI groups. The factor scores in plot (B) were submitted

to one-way ANOVA followed by post-hoc Tukey’s HSD test. The different letters indicate statistically significant differences with p < 0.05.

to a particular group. The first discriminant function has a
high capacity to discriminate the groups (λWilks = 0,477, χ²
= 28.49, p < 0.005) and contains 57.6% of overall variance
while the second canonical function represents the remaining
42.4% (λWilk) = 0.724, χ2 = 12.40, p< 0.03). According
to the structure coefficients, most important variables for
first discriminant function are VDAC and flotillin, while for
the second discriminant function, main variables are PrP
and caveolin, but contributing to group discrimination to a
lesser extent.

We have also addressed whether the study of protein ratios
by multivariate PCA and discriminant analysis might improve
the differentiation of groups (Figure 6). In the case of the
PCA analysis with the ratios obtained from the proteins, the
total variance explained was 76.20%, with components 1 and 2
contributing by 56.89 and 19.13% of variance, respectively. The
variables that contribute most to component 1 are the ratios IGF-
1Rβ/Flo and PrP/Flo (positively) and VDAC/PrP (negatively)
whiles for component 2 the ratios IGF-1Rβ/ERα (positively)
and ERα/Flo (negatively) were the main variables. The analyses

of factor scores obtained for each group, revealed that scores
from component 1 allowed the significant differentiation of
SMC group not only from HC but also from MCI (Figure 6B).
No differences between groups is observed with the scores of
component 2 (Figure 6B). Regarding DFA (Figure 6C), the first
canonical function (λWilk) = 0.326 χ2 = 41.97, p < 0.001)
accounted for most of the overall variance (77.7%) and was
mainly determined by the ratios IGF-1Rβ/Flo, PrP/Flo, and
ERα/Flo, with similar potency.

To further explore the predictive value of multivariate
outcomes, we performed multinomial logistic regression analysis
using diagnosis (HC/SMC/MCI) as the dependent variable and
principal components PC1 and PC2 from protein levels analyses
describe above, as the independent variables. In this model PC1
predicted SMC andMCI diagnosis with 78.3 and 62.5% accuracy,
respectively (likelihood ratio: LR χ² = 28.96, p < 0.001).
The diagnoses of MCI was heavily related to PC1 [regression
coefficient: β = 1.573; Wald’s χ² = 5.905; p = 0.015; odds ratio
(OR) = 4.81)], while SMC was mostly related to PC2 (β =

−3.785; Wald’s χ² = 6.633; p = 0.010; OR = 0.023). Further,
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FIGURE 6 | The PCA (A,B) and DFA (C) of signalosome protein ratios in the CSF of subjects from HC, SMC, and MCI groups. Factor scores in plot (B) were

submitted to one-way ANOVA followed by post-hoc Tukey’s HSD test. The different letters indicate statistically significant differences with p < 0.05.

when the model included AD biomarkers Aβ and p-tau, and
ER-signalosome parameters PC1 and PC2, predictability of MCI
and SMC were 73.9 and 50.0%, respectively (LR χ² = 40.66, p
< 0.001); therefore, the slightly worse than in the absence of
AD biomarkers. The model parameters confirm the weights of
PC1 and PC2 for the diagnoses of SMC and MCI. However, a
subtle, yet significant, contribution of Aβ could be detected for
MCI group (β = −0.007; Wald’s χ² = 6.672; p = 0.010; OR =

0.993) and SMC (β = −3.785; Wald’s χ² = 5,879; p = 0.015; OR
= 0.987).

Relationships Between Neurocognitive
Tests and Principal Components
We finally used the results from PCA to evaluate potential
relationships with the neurocognitive tests FCSRT, ROCF3,
ROCF30, and in–out test, which showed significant differences
between controls and prodromal stages, as indicated in Table 1.
First, we used a correlation analyses to evaluate the association
between each neurocognitive test and the factor scores from

multivariate analyses of ER-signalosome described above. The
results of these analyses are shown in Table 4. The four tests
displayed significant negative correlations with PC1 for protein
levels (PC1_P) but no with PC2 (PC2_P). Neither PC1 (PC1_R)
nor PC2 (PC2_R) for protein ratios were significantly associated
with neurocognitive scores (Table 4). The four cognitive tests
were positively related with each other, but the best correlation
with PC1_P was detected for in–out test (r = −0.493, p =

0.002). The multiple regression analyses indicate that PC1_P (β
= −3.46 ± 1.11, p = 0.004) alone is sufficiently predictive for
in–out test and that incorporation of additional components
fails to improve overall fit (F = 3.19, p = 0.026). The results
in Figure 7 display the regression lines for in–out test, FCSRT,
and ROCF30 along with 95% confidence intervals and the box-
plots for PC1_R and test punctuations. These results demonstrate
an inverse relationship between neurocognitive scores and
PC1_P. No further intergroup statistical analyses were performed
due to the reduced number of factor scores within each
GDS group.
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TABLE 4 | Correlation analyses for neurocognitive tests and principal components from Figures 6, 7.

FCSRT IOT ROCF3 ROCF30 PC1_P PC2_P PC1_R PC2_R

FCSRT r 1 1.886** 1.784** 1.812** −0.48** 0.095 −0.086 0.063

p 0.000 0.000 0.000 0.003 0.575 0.595 0.695

n 45 45 45 45 37 37 41 41

IOT r 0.886** 1 0.792** 0.822** −0.49** 0.030 −0.010 0.199

p 0.000 0.000 0.000 0.002 0.858 0.949 0.213

n 45 45 45 45 37 37 41 41

ROCF3 r 0.784** 0.792** 1 0.956** −0.44** 0.076 0.001 0.023

p 0.000 0.000 0.000 0.006 0.657 0.996 0.886

n 45 45 45 45 37 37 41 41

ROCF30 r 0.812** 0.822** 0.956** 1 −0.45** 0.106 −0.042 0.082

p 0.000 0.000 0.000 0.005 0.531 0.794 0.612

n 45 45 45 45 37 37 41 41

PC1_P r −0.480** −0.49** −0.440** −0.453** 1 0.271 −0.039 0.154

p 0.003 0.002 0.006 0.005 0.109 0.818 0.364

n 37 37 37 37 37 36 37 37

PC2_P r 0.095 0.030 0.076 0.106 0.271 1 −0.82** 0.119

p 0.575 0.858 0.657 0.531 0.109 0.000 0.483

n 37 37 37 37 36 37 37 37

PC1_R r −0.086 −0.010 0.001 −0.042 −0.039 −0.82** 1 0.018

p 0.595 0.949 0.996 0.794 0.818 0.000 0.910

n 41 41 41 41 37 37 41 41

PC2_R r 0.063 0.199 0.023 0.082 0.154 0.119 0.018 1

p 0.695 0.213 0.886 0.612 0.364 0.483 0.910

n 41 41 41 41 37 37 41 41

PC1_P, Factor scores from principal component 1 for protein levels in Figure 6; PC2_P: Factor scores from principal 2 for protein levels in Figure 7; PC1_R, Factor scores from principal

component 1 for protein ratios in Figure 7; PC2_R, Factor scores from principal 2 for protein ratios in Figure 6. **p < 0.01. r: Pearson’s correlation coefficient.

FIGURE 7 | The associations of neurocognitive tests and multivariate outcomes shown in Figure 6. The linear relationships between PC1 as dependent variable and

in–out (left), FCSRT (middle), and ROCF30 (right) tests as independent variables along the whole range of data are shown. The regression lines are represented along

with the corresponding 95% confidence intervals and individual box-plots, in each analysis. The regression coefficients (β) and significance of regression models are

indicated in each panel.
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DISCUSSION

The most recently identified multimolecular signalosome in
nerve cells is the ER-signalosome, a complex multimolecular
cluster of proteins integrated in lipid rafts and involved in
neuronal preservation (Ramírez et al., 2009; Marin, 2011;
Marin et al., 2012; Marin and Diaz, 2018). Furthermore,
current evidence indicates that impairment of this particular
signalosome is linked to the development of neurodegenerative
diseases, in particular to AD (Marin et al., 2009, 2012;
Marin, 2011; Canerina-Amaro et al., 2017; Marin and Diaz,
2018). The present study provides the first evidence for
a signature of ER-signalosome alterations in the CSF at
early stages of AD. Indeed, we demonstrate here that main
representative components of ER-signalosome, namely ERα,
IGF-1Rβ , PrP, Flot, and Cav are present in the CSF of
all subjects in the analyzed cohort. Assuming that ER-
signalosome proteins in the CSF reflect changes in the cortical
tissue, it may be envisaged that quantitative associations
between these proteins are progressively modified as the
cognitive decline occurs. First, signalosome proteins (ERα,
IGF-1Rβ , PrP, and Cav) exhibit display a linear trend to
increase along the HC→ MCI transition (Figure 1). These
observations indicate that a progressive degradation of ER-
signalosome occurs in nerve cells in parallel to development of
cognitive complaints.

An essential component in the ER-signalosome is caveolin-
1, which functions as scaffolding protein. Some recent reports
have already related caveolin-1 to cognitive impairment (Tang
et al., 2021), andmore interestingly, that caveoin-1 might provide
the potential link for type 2 diabetes and AD co-occurrence
in pathological aging (Surguchov, 2020). The caveolin-1 plays
a pivotal anchoring role for the interaction of ERα/IGF-
1Rβ/VDAC complex in the ER-signalosome (Marin et al., 2008;
Ramírez et al., 2009). Further, it has been observed that ER-
signalosome proteins associations are altered in AD frontal
cortex, with a displacement of both ERα and IGF-1Rβ outside
the lipid rafts as a consequence of their caveolin-1 dissociation
(Canerina-Amaro et al., 2017). The significantly increased level
of Cav in the CSF of MCI group is indicative that this protein
is being excluded from ER-signalosome. Moreover, a clear
trend exists to increase CSF Cav levels in the SMC group,
which suggest that the destabilization process is progressive
during these early stages of AD. This hypothesis is reinforced
by the observation that caveolin-associated proteins ERα, PrP,
and IGF-1Rβ are also increased in MCI patients. In addition,
mismatched ERα/IGF-1Rβ/caveolin-1 association causes the
redistribution of VDAC outside lipid rafts (Canerina-Amaro
et al., 2017; Marin and Diaz, 2018). Indeed, it has been
suggested that dissociation from ERα favors the progressive
dephosphorylation of pl-VDAC and its proapoptotic activation.
This promotes its physical association with βA, which results
in increased neuronal vulnerability (Herrera et al., 2011a;
Fernandez-Echevarria et al., 2014; Smilansky et al., 2015;
Thinnes, 2015a,b; Canerina-Amaro et al., 2017). This suggests
that estrogen binding to ERα signalosome may be part of
the mechanisms of neuroprotection against Aβ production,

and that progressive VDAC dephosphorylation and trafficking
out of raft microdomains may be part of the neurotoxic
mechanism that exacerbates AD progression. However, it still
remains to be established whether these alterations in the ER-
signalosome may also occur, and to what extent, in the brain
cortex in prodromal stages of AD. Noticeably, ER-signalosome
disarrangements similar to those observed in AD brains have
been observed in postmortem postmenopausal women brain
cortex, a finding that has been associated to the decline of
estrogen production (Marin et al., 2005, 2008; Lan et al., 2015;
Canerina-Amaro et al., 2017; Marin and Diaz, 2018). In this
sense, it is suggestive the scenario that ER-signalosome might
represent a decision step in nerve cell fate, as hypothesized by
George and Wu (2012) for lipid rafts as floating islands of death
and survival.

Based on the bivariate analyses performed here, it becomes
clear that protein associations vary depending on the stage.
Indeed, the relationship between Cav and Flo is negative in
HC, inexistent in SMC and positive in MCI, which reflect
a profound alteration in the scaffold structure of the ER-
signalosome along HC→ MCI transition. Also, ERα, IGF-1Rβ

and PrP are positively associated with Cav in all groups, but
their association with Flo depends on the stage, being always
negative in HC and progressively more positive in the SMC
to MCI groups. This suggests a remodeling of interactions
with scaffold proteins as Flo becomes more abundant. In
agreement, a recent report by Abdullah and coworkers (2019)
has suggested that flotillin might be a novel diagnostic
marker of AD.

The highest degree of interaction of ER-signalosome proteins
occurs in the MCI stage, as suggested by the very significant
positive collinearity between ERα/IGF-1Rβ/PrP/Flo/Cav and the
high internal consistency. In this stage, pl-VDAC appears as
associated with Cav, which differs from HC subjects, where the
channel is associated to Flo but excluded for its association
with Cav. Thus, according to our present results, pl-VDAC
activation would involve dissociation from ERα and Cav,
therefore escaping from the control by ERα, at the time
that its association with Flo increases. Additional studies in
postmortem MCI brains would allow verifying the consistency
of this hypothesis. Further, it would be particularly interesting
determining the phosphorylation status of pl-VDAC in the CSF
along the HC→ MCI transition, since it is known that in
human hippocampus and frontal and entorhinal cortices, the
porin is phosphorylated in three tyrosine residues in control
brains but undergo progressive dephosphorylation correlated
with the severity of the disease (Herrera et al., 2011a; Fernandez-
Echevarria et al., 2014).

A relevant outcome from our bivariate and multivariate
analyses is the systematic intergroup variations exhibited by
different sets of proteins as well as their ratios, which allow
the segregation of HC, SMC, and MCI groups. From the point
of view of diagnosis this feature is very promising, since the
procedure allows identification of MCI and SMC groups as
singular and differentiated from previous stages (SMC and HC,
respectively) and subsequent stages (MCI and AD, respectively)
in the spectrum of AD. Noteworthy, the multivariate approach
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used here allow a separation of prodromal groups which cannot
be reached by standard neurocognitive assessments. Indeed, as
summarized in Table 1B, HC and SMC groups are practically
undistinguishable between each other, yet they both differ from
MCI stage.

Noticeably, an important conclusion from these findings is
that the dynamics of ER-signalosome protein rearrangement
differ, and is independent, from that of the formation of the
classical histopathological markers of the disease, that is, senile
plaques and neurofibrillary tangles. In fact, we demonstrate no
significant influences of amyloid peptide, tau protein or p-tau,
on the dynamic of ER-signalosome proteins along stages, which
strongly suggest that the changes in the levels of these proteins in
the CSF during prodromal stages represent another perspective
of AD pathogenesis.

Although the underlying mechanisms to the ER-signalosome
destabilization remain unknown, these changes apparently
correlate with alterations in cell membrane microdomains
such lipid rafts and perhaps other non-raft domains. Indeed,
compelling evidence indicate that anomalies in lipid rafts occur
in neurodegenerative diseases, including AD and Parkinson’s
diseases (Rushworth andHooper, 2010; Vetrivel and Thinakaran,
2010; Fabelo et al., 2011, 2014; Hicks et al., 2012; Díaz
et al., 2015; Egawa et al., 2016; Canerina-Amaro et al., 2017;
Díaz and Marin, 2021). Previous studies have demonstrated
changes in the lipid matrix of lipid raft and this appears to
be a crucial early event in the development of AD (Fabelo
et al., 2012, 2014; Díaz et al., 2015, 2018). In addition,
these changes affect the physicochemical properties of the
lipid rafts that can subsequently alter the protein clusters
integrated in these domains (Levental et al., 2010; Diaz et al.,
2012; Díaz et al., 2018; Egawa et al., 2016; Santos et al.,
2016).

Indeed, even minor alterations in lipid rafts can trigger
pathological effects by modifying the way lipids and
proteins interact, thereby affecting signal processing and
consequently nerve cell responses (Michel and Bakovic,
2007; Fabelo et al., 2014; Díaz et al., 2018; Díaz and
Marin, 2021). In this sense, a plausible hypothesis is
that the altered membrane lipid microenvironment may
determine the trafficking of signalosome proteins from
the cerebral matrix to CSF being its composition a
fingerprint of the degenerative process that takes place in
the brain matrix.

Finally, we have assessed the potential relationship of CSF
multivariate outcomes with the neuropsychological evaluation
of this cohort. Statistically significant results were obtained
for in–out test, which assesses episodic memory (Torrealba
et al., 2019), FCSRT which assess episodic verbal memory
(Buschke, 1984; Peña-Casanova et al., 2009a), ROCF3 and
ROCF30 (Rey-Osterrieth Complex Figure 3 and 30min), which
evaluates visual memory and visuoperceptual function (Peña-
Casanova et al., 2009a). The in–out test is a recent neurocognitive
test particularly interesting since it may detect prodromal
AD with a higher degree of accuracy than conventional
hippocampal-based memory tests, though avoiding reliance on
executive function, whichmay compensate for damagedmemory

networks. Further, this new paradigm has a high predicting
capacity in which patients with MCI will go on to develop AD
(Torrealba et al., 2019).

We found that in–out test, FCSRT and ROCF30 punctuations
were all negatively related to principal component 1
for CSF proteins. These results are outstanding as they
indicate that CSF variables included in PC1 associate with
cognitive alterations, specifically in episodic memory, and
more interestingly, in predicting conversion to dementia
(Torrealba et al., 2019).

A clear limitation of this study is the small cohort size
used in our analyses. Unfortunately, age at onset, gender
and APOE genotype could not be used as covariates in
the analyses, because such information was either lacking
or the access to CSF samples was limited, especially for
control subjects. Nevertheless, we reckon this initial study
is relevant as it highlights the involvement of alternative
mechanisms underlying AD which are altered during the
early development of the disease. Further longitudinal
studies with larger sample sizes will be necessary to
confirm the diagnostic usefulness and specificity of these
novel biomarkers.

CONCLUSIONS

This study provides the first evidence of the ER-signalosome
protein alterations detectable in the CSF of prodromal stages
of AD. These modifications in protein contents and their
ratios indicate the progressive rearrangement of lipid raft
resident ER-signalosome during the preclinical phases of AD,
which may ultimately contribute to cognitive impairments.
Furthermore, the changes in these CSF proteins may pave
the way for the development of early biomarkers for the
diagnosis of initial stages of AD. Moreover, this work
can prove valuable for better understanding the early
pathogenicity of AD, which might be useful in the patient
stratification for clinical trials and therapy development.
Additional studies on the dynamics of protein/protein
interactions in lipid raft resident signalosomes during
early stages of AD would be worthy of pursuing, as
a method to search for novel accurate biomarkers but
also for identification of molecular targets for alternative
therapeutic approaches.
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Seizures are a common presenting symptom during viral infections of the central
nervous system (CNS) and can occur during the initial phase of infection (“early” or
acute symptomatic seizures), after recovery (“late” or spontaneous seizures, indicating
the development of acquired epilepsy), or both. The development of acute and delayed
seizures may have shared as well as unique pathogenic mechanisms and prognostic
implications. Based on an extensive review of the literature, we present an overview of
viruses that are associated with early and late seizures in humans. We then describe
potential pathophysiologic mechanisms underlying ictogenesis and epileptogenesis,
including routes of neuroinvasion, viral control and clearance, systemic inflammation,
alterations of the blood-brain barrier, neuroinflammation, and inflammation-induced
molecular reorganization of synapses and neural circuits. We provide clinical and animal
model findings to highlight commonalities and differences in these processes across
various neurotropic or neuropathogenic viruses, including herpesviruses, SARS-CoV-
2, flaviviruses, and picornaviruses. In addition, we extensively review the literature
regarding Theiler’s murine encephalomyelitis virus (TMEV). This picornavirus, although
not pathogenic for humans, is possibly the best-characterized model for understanding
the molecular mechanisms that drive seizures, epilepsy, and hippocampal damage
during viral infection. An enhanced understanding of these mechanisms derived from the
TMEV model may lead to novel therapeutic interventions that interfere with ictogenesis
and epileptogenesis, even within non-infectious contexts.

Keywords: blood-brain barrier, neuroinflammation, hippocampal damage, herpesviruses, SARS-CoV-2,
flaviruses, picornaviruses, status epilepticus

INTRODUCTION

Seizures are common presenting symptoms of viral infections of the central nervous
system (CNS), and can occur during the acute phase of infection (“early” or acute
symptomatic seizures or status epilepticus), after recovery (“late” or spontaneous seizures;
indicating the development of acquired epilepsy), or both (Misra et al., 2008; Vezzani
et al., 2016). These two types of epileptic seizures have different underlying mechanisms
and prognostic implications (Löscher et al., 2015). Over 100 different neurotropic viruses
cause encephalitis (i.e., inflammation of the brain parenchyma) in humans, and of these,
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several play a significant role in the development of seizures
and epilepsy (Table 1). Some types of viral encephalitis
occur sporadically in worldwide distribution, while others have
restricted geographic ranges, often related to specific viral
vectors and hosts (Theodore, 2014). The incidence both of
acute symptomatic seizures and subsequent epilepsy varies with
the specific type of viral encephalitis (mainly dependent on
the affected brain regions), the patient’s age, delays in starting
treatment, and possibly the degree of cortical inflammation
(Misra et al., 2008; Michael and Solomon, 2012; Theodore, 2014).
In contrast to encephalitis (or encephalomyelitis), viral infection
confined to the meninges rarely causes seizures and does not
increase the risk for later epilepsy (Theodore, 2014).

In an epidemiological landmark study in a population-based
cohort of 204 survivors of viral encephalitis between 1935 and
1981, Annegers et al. (1988) reported that the 20-year risk of
developing epilepsy was 22% for patients (n = 89) with observed
early seizures vs. 10% for patients (n = 115) without observed
early seizures, demonstrating that early seizures increase the
risk for developing late spontaneous seizures. Cases of viral
encephalitis were most numerous in the 5–14 year age group
and the increased incidence of unprovoked seizures was highest
within the first 5 years after the CNS infection. Among the 21
cases of late unprovoked seizures after viral encephalitis, a specific
agent was identified in only two patients, with herpes simplex
virus (HSV) in one and measles (based on clinical evidence)
in another (Annegers et al., 1988). In a more recent register-
based population-wide study on epilepsy after brain infection
in adult patients, the 10-year risk of epilepsy was 26% after
HSV encephalitis, but only 1.7% after tick-borne encephalitis
(compared to 1.2% in controls) (Zelano and Westman, 2020).
HSV is one of the most common causes of sporadic encephalitis
and bears a high risk for both early and late seizures (Table 1).
Finally, in a recent retrospective analysis of children presenting
with encephalitis [20 diagnosed with enterovirus (EV) infections,
9 with HSV], 30% of EV and 90% of HSV patients exhibited acute
seizures, with 22% of EV and 66% of HSV cases developing post-
encephalitic epilepsy (Pillai et al., 2016). Moreover, 33% of the
HSV patients developed drug-resistant epilepsy and one of the
EV patients died over 2 years after the acute presentation from
possible sudden unexpected death in epilepsy (SUDEP). These
findings clearly highlight the role of viral encephalitis in driving
acute seizures and the development of chronic epilepsy.

In this review, we will discuss the potential mechanisms that
underlie early and late seizures in response to viral infections.
As shown in Figure 1, such seizures may be either a direct
consequence of virus invasion into the CNS or an indirect
consequence mediated by immune responses of the host. Often,
the specific mechanisms underlying seizures induced by virus
infection are only incompletely understood. Animal models are
useful to study the mechanisms involved in infection-induced
ictogenesis (early seizures) and epileptogenesis (late seizures).
However, most viruses that cause encephalitis in rodents are
associated with high mortality, so the processes leading to
epilepsy cannot be readily investigated (Vezzani et al., 2016). One
of the few exceptions is the Theiler’s murine encephalomyelitis
virus (TMEV), a picornavirus that induces both acute seizures

and epilepsy in C57BL/6 (B6) mice following intracerebral
inoculation, and which mirrors many of the features of viral
encephalitis in humans, including associated brain injury, and
can thus be used for deciphering the molecular mechanisms of
these processes (Buenz and Howe, 2006; Libbey and Fujinami,
2011; Vezzani et al., 2016; DePaula-Silva et al., 2017; Gerhauser
et al., 2019). We have made extensive use of this model and will
include it herein for comparison with human pathogenic viruses.

MECHANISMS OF VIRUS INVASION
INTO THE CENTRAL NERVOUS SYSTEM

As will be discussed later in this review, the mechanisms by which
neurotropic viruses enter the brain may by themselves lead to
ictogenic and epileptogenic brain alterations, particularly when
the mechanism of invasion involves damaging the blood-brain
barrier (BBB). Most acute and persistent viral infections begin in
the periphery and only rarely spread into the CNS, because the
CNS is protected from most virus infections by effective immune
responses and specific barriers, such as the BBB or the blood-
cerebrospinal fluid (CSF) barrier (Koyuncu et al., 2013; Löscher
and Friedman, 2020). However, neurotropic viruses may enter
the brain through multiple routes (Figure 2 and Table 2). Most
commonly, they spread hematogenously, i.e., across the BBB, but
they can also invade the brain via the olfactory nerves in the nasal
mucosa, through the choroid plexus into the CSF, or via trans-
synaptic retrograde transport following infection of peripheral
nerves (Nath and Johnson, 2021).

The BBB is a dynamic, highly selective barrier primarily
formed by brain microvascular endothelial cells (BMECs)
connected by tight junctions that separate the circulating blood
from the brain parenchyma (Löscher and Friedman, 2020). The
tight junctions between the BMECs limit the paracellular flux
of hydrophilic and macro-molecules as well as the entry of cells
across the BBB, while nutrients such as glucose and amino acids
enter the brain via specific membrane transporters. As shown in
Figure 2, in addition to endothelial cells, the BBB is composed of
the capillary basal or basement membrane, pericytes embedded
within the basal membrane, and the glia limitans, formed by
astrocytic end-feet processes that surround the endothelial cells
and add to the barrier properties (Löscher and Friedman, 2020).
As summarized in Figure 2 and Table 2, viruses can use diverse
routes of neuroinvasion that also dictate which brain regions are
affected by the virus.

Although the BBB protects the brain from pathogens, viruses
can penetrate the barrier by several means. One way is
through direct infection of the brain endothelium resulting in
transcellular transport into the CNS (Table 2 and Figure 2).
Examples of viruses thought to enter the CNS through this
route include West Nile virus (WNV) and poliovirus (Coyne
et al., 2007; Verma et al., 2009). Pathogens also may cross
the BBB paracellularly via disruption of the tight junctions or
by damaging BMECs (Cain et al., 2019). Strategies used by
neurotropic pathogens in this regard include induced secretion
of tight junction-disrupting proteases and toxins, hijacking of
host inflammatory and immune responses, and lytic damage
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TABLE 1 | Common viruses associated with seizures and epilepsy in humans.

Genus or
family

Species Neuro-
tropic/neuro-
pathogenic

Cause of acute
viral encephalitis

or encepha-
lomyelitis

Type of seizures Comments References

Early (insult-
associated;
provoked)

Late
(spontaneous;
i.e., epilepsy)

Flaviviridae
+ssRNA

West Nile virus
(WNV)

+ + + + Endemic in temperate and tropical regions throughout
the world, causing yearly outbreaks of encephalitis, with
a mortality rate of 5–10%. Severe neurological illness in

less than 1%.

Briese et al., 2000; DellaBadia et al., 2004;
Getts et al., 2008; Suen et al., 2014

Japanese
encephalitis virus

(JEV)

+ + + + Given its broad geographic distribution, JEV is probably
the most common cause of arbovirus encephalitis.

Early seizures are reported in 50–80% of cases;
epilepsy is less common.

Misra et al., 2008; Singhi, 2011; Theodore,
2014; Chen et al., 2021

St. Louis encephalitis
virus (SLEV)

+ + + ? One of the most important arbovirus infections in North
America. It accounts for ∼35–60% of aseptic meningitis

in all symptomatic cases in children.

Getts et al., 2008; Misra et al., 2008; Singhi,
2011; Abdullahi et al., 2020

Dengue virus (DENV) + + + ? Endemic in more than 100 countries. Getts et al., 2008; Abdullahi et al., 2020;
Zhang et al., 2020

Zika virus (ZIKV) + (+) + + As with other flaviviruses, DENV is a
mosquito-transmitted virus that has caused outbreaks

across the Americas. Mother-to-child transmission
occurs through the placenta. First flavivirus associated

with congenital defects, including microcephaly.
Epileptic seizures are among the main neurological

outcomes of congenital Zika syndrome.

Getts et al., 2008; Zhang et al., 2020

Tick-borne
encephalitis virus

(TBEV)

+ + + + Causes long-term neurological sequelae in up to 60%
of symptomatic patients.

Getts et al., 2008; Theodore, 2014; Zelano and
Westman, 2020

Retroviridae
+ssRNA

Human
immunodeficiency

virus (HIV)

+ + + + 2–20 percent of HIV-positive patients present with
seizures. Epilepsy develops in about 4%.

Kellinghaus et al., 2008; Singhi, 2011;
Theodore, 2014; Atluri et al., 2015; Zhang

et al., 2020

Picornaviridae
+ssRNA

Enterovirus (EV) + + + (+) Poliovirus is the prototypical neurotropic enterovirus.
Others, such as EV71, EV70, and EV68 show evidence
of neurotropism and neuropathogenesis. Seizures are a

manifestation of EV infections, especially in children.

Wakamoto et al., 2000; Hosoya et al., 2001; Li
et al., 2002; Mistchenko et al., 2006; Chen

et al., 2010; Lewthwaite et al., 2010; Ooi et al.,
2010; Choi et al., 2011; Kaida et al., 2011;

Singhi, 2011; Yang et al., 2011; Demir et al.,
2012; Lee et al., 2014; Huang and Shih, 2015;
Ong and Wong, 2015; de Graaf et al., 2016;
Lee et al., 2016; Teoh et al., 2016; Too et al.,

2016; Thong et al., 2017; Yu et al., 2017;
Jones et al., 2018; Xing et al., 2018; Han et al.,
2019; Pascual-Goni et al., 2019; Sberna et al.,

2020; Lim et al., 2021

Coxsackievirus (CV) + + + ? Seizures occur in patients infected with CVA6, CVA10,
and CVB5. Evidence indicates neurotropism in CVB3,

CVB4, and others.

Modlin et al., 1991; Härtel et al., 2002; Jmii
et al., 2020; Sberna et al., 2020;

Rhinovirus (RV) ? + + ? Very common cause of viral infection but extremely rare
cause of encephalitis.

Hazama et al., 2019; Soma et al., 2021

Echovirus (ECHOV) ? + + + ECHOV are a common cause of aseptic meningitis in
children, but ECHOV3 and ECHOV6 are associated

with encephalitis and seizures.

Wilfert et al., 1977; Lee et al., 2010; Sberna
et al., 2020

Parechovirus (PeV) + + + + PeVs are common in very young children, especially
PeV3.

Getts et al., 2008; Verboon-Maciolek et al.,
2008; Cabrerizo et al., 2015; Wiley, 2020

(Continued)
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TABLE 1 | (Continued)

Genus or
family

Species Neuro-
tropic/neuro-
pathogenic

Cause of acute
viral encephalitis

or encepha-
lomyelitis

Type of seizures Comments References

Early (insult-
associated;
provoked)

Late
(spontaneous;
i.e., epilepsy)

Coronaviridae
+ssRNA

Severe acute
respiratory syndrome

coronavirus type 1
(SARS-CoV-1)

+ (+) + ? In patients with neurological manifestations, seizures
are a common symptom.

Asadi-Pooya, 2020

Severe acute
respiratory syndrome

coronavirus type 2
(SARS-CoV-2)

+ (+) + (+) Ongoing global pandemic. Too early for long-term
studies on potential development of epilepsy, but more
than 35% of COVID-19 patients develop neurological

symptoms. Seizures are observed in 1–2% of
COVID-19 patients.

Asadi-Pooya et al., 2021; Mohan et al., 2021;
Pröbstel and Schirmer, 2021; Tavkar et al.,

2021; Milano et al., 2022

Middle East
respiratory syndrome

coronavirus
(MERS-CoV)

+ (+) ? ? In one study of 70 patients with MERS-CoV infection,
six people (8.6%) had seizures

Asadi-Pooya, 2020

Togaviridae
+ssRNA

Equine Encephalitis
viruses (EEV)

+ + + + Important family members include the alphaviruses
Eastern EEV, Western EEV, and Venezuelan EEV.

Carrera et al., 2013; Salimi et al., 2020

Orthomyxoviri-
dae
−ssRNA

Influenza viruses (IAV) (+) + + (+) Each year, about 500 million people are infected
worldwide by IAV type A and B, of which about 500,000

die. Most influenza strains are non-neurotropic.
Seizures are the most commonly reported neurologic

complication, including febrile seizures in children.
Influenza accompanied by complications are

associated with a slightly increased epilepsy risk.

Fauci, 2006; Atluri et al., 2015; Wilson et al.,
2015; Carman et al., 2019; Han et al., 2019;

McEntire et al., 2021

Paramyxo-
viridae
−ssRNA

Mumps virus (MuV) + + + ? Highly neurotropic. May cause acute encephalopathy in
children with high incidence.

Koyuncu et al., 2013; Zhang et al., 2020

Measles virus (MeV) + + + + Unlike MuV, MeV infection spreads to the CNS in only
∼0.1% of cases, but can cause several types of

devastating neurological diseases, such as subacute
sclerosing panencephalitis, which leads to epilepsy in

45% of patients.

Koyuncu et al., 2013; Zhang et al., 2020

Nipah virus ? + + + Seizures are reported in about one-quarter of affected
individuals.

Singhi, 2011; Singh et al., 2019

Rhabdoviridae
−ssRNA

Rabies virus (RABV) + + + ? Few long-term studies because of high mortality. Getts et al., 2008; Theodore, 2014

Peribunya-
viridae
−ssRNA

La Crosse virus
(LACV)

+ + + + LACV is a leading cause of pediatric arboviral
encephalitis in the US. Other relevant family members

include California Encephalitis virus.

de los Reyes et al., 2008; Teleron et al., 2016;
Evans et al., 2019; Ding et al., 2020; Ojha

et al., 2021

Arenaviridae
±ssRNA

Lassa Fever virus
(LASV)

? + + ? Viral hemorrhagic disease endemic to West Africa. Cummins et al., 1992; Chika-Igwenyi et al.,
2021

Lymphocytic
Choriomeningitis

virus (LCMV)

+ + + (+) Carried by common house mouse. Causes aseptic
meningitis in immunocompetent subjects.

Wright et al., 1997; Fischer et al., 2006; Kang
and McGavern, 2008; Vilibic-Cavlek et al.,

2021

Herpesviridae
dsDNA

Herpes simplex virus
type 1 (HSV-1)

+ + + + Most common cause of sporadic encephalitis. Presents
with seizures in 40–70% of individuals. Late unprovoked

seizures (epilepsy) occur in 40–65% of adult patients
after an episode of herpes simplex encephalitis (HSE).

Libbey and Fujinami, 2011; Singhi, 2011;
Sellner and Trinka, 2012; Theodore, 2014
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of BMECs. Further, it is thought that viruses may enter
the brain at regions of heightened permeability (Nath and
Johnson, 2021). The BBB is heterogeneous throughout the
CNS, and some regions, such as the circumventricular organs,
are more permeable than others due to the absence of tight
junctions (Löscher and Friedman, 2020). Alternatively, viruses
may penetrate the BBB and enter the brain parenchyma
through the trafficking of infected leukocytes, often termed
“The Trojan Horse” pathway (Outram et al., 1975; Williams
and Blakemore, 1990). Phagocytic leukocytes contribute to the
clearance of viral, bacterial, and parasitic infections. However,
after the internalization of the virus or direct infection of the
leukocytes, pathogens may exploit the migratory capabilities
of these cells to cross the BBB and lead to CNS infection
(Figure 2 and Table 2). Other pathogens, e.g., mumps and rabies
viruses, use hematogenous routes to gain access to the CSF
compartment (Table 2).

Another mechanism of virus invasion into the CNS is via
the olfactory system (Figure 2), which provides a unique and
directly accessible portal of entry to the CNS from the periphery
(Koyuncu et al., 2013). As shown in Table 2, several viruses may
infect neurons in the nasal olfactory epithelium. Spread to the
CNS occurs via anterograde axonal transport along the olfactory
nerve into the brain (Figure 2). The olfactory epithelium is
well protected from most common infections by mucus and
the presence of several pathogen recognition receptor systems
(Kalinke et al., 2011). However, there is evidence that pathogens
such as herpes simplex virus type-1 (HSV-1), influenza A virus
(IAV), parainfluenza viruses, rabies virus, and, more recently,
SARS-CoV-2 (severe acute respiratory syndrome coronavirus
type 2) can enter the CNS through the olfactory route (Table 2).
Following CNS entry via the olfactory system, the virus may
spread to other parts of the brain, e.g., using axonal transport via
the lateral olfactory tract to the hippocampus, which often acts as
a focus in the development of epilepsy and cognitive impairment
following virus infections (Vezzani et al., 2016).

Viruses such as the herpes viruses and rabies virus infect
peripheral neurons (Table 2), leading to anterograde or
retrograde transport of virions or viral ribonucleoprotein
complexes within axons into the CNS, followed by trans-synaptic
transport and infection of new neurons (Vezzani et al., 2016).

Another possible mechanism of viral invasion is just the
entry of viral proteins and not the entire virus into the CNS.
For instance, Rhea et al. (2021) reported that the S1 subunit
of the spike protein of SARS-CoV-2 crosses the mouse BBB by
adsorptive transcytosis and that murine angiotensin-converting
enzyme 2 (ACE2) is involved in brain and lung uptake, but not in
kidney, liver or spleen uptake. In a subsequent in vitro study, the
S1 protein was shown to cross the human brain endothelial cell
barrier effectively (Petrovszki et al., 2022).

CENTRAL NERVOUS SYSTEM-SPECIFIC
CONSEQUENCES OF VIRAL INFECTION

Central nervous system viral infections are a major cause of
death and disability globally (Manglani and McGavern, 2018).
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FIGURE 1 | Interactions of viruses and the central nervous system. Modified from Vezzani et al. (2016).

The spatial distribution of CNS infection and localization
of the consequent immune response results in meningitis
(inflammation restricted to the meninges), meningoencephalitis
(inflammation of the meninges and brain parenchyma), myelitis
(inflammation of the spinal cord), encephalitis (inflammation
of the brain parenchyma), or encephalomyelitis (inflammation
of the brain and spinal cord). The manifestations of CNS
viral infection include fever, altered mental state, neurocognitive
impairment, seizures, brain damage, stroke, and death. For
many viruses, a robust innate immune response is readily
elicited at CNS barriers, including the meninges, the perivascular
space, and the ventricular system, which prevents further spread
into the subjacent parenchyma (Vincenti and Merkler, 2021).
At these CNS barriers, specialized macrophage populations,
including dural, leptomeningeal, perivascular, and choroid plexus
macrophages, are collectively referred to as CNS-associated
macrophages (CAMs) (Kierdorf et al., 2019). Early pathogen
detection by CAMs and CNS-resident microglia triggers a
disease-associated signature and the release of pro-inflammatory
cytokines and chemoattractants (Vincenti and Merkler, 2021).
CAMs thereby initiate an inflammatory response that recruits
other immune cells, including neutrophils and monocytes. While

these innate immune response mechanisms do not directly clear
the virus, per se, they are vital for the initiation of cytokine-
mediated antiviral programs and the subsequent recruitment of
adaptive antiviral T cells. Ultimately, the control and clearance
of most CNS viral infections depend on the adaptive immune
system, including both newly trained antiviral cytotoxic T cells
and re-expanded populations of memory lymphocyte subsets
(Libbey and Fujinami, 2014). The latter surveil the CNS to
rapidly detect invading or re-activating viruses and provide
immediate responses toward previously encountered antigens
(Vincenti and Merkler, 2021).

If a virus invades the CNS as described above, innate immune
responses are mainly coordinated by microglia, i.e., the resident
macrophages and primary innate immune cells of the CNS
(Chen et al., 2019), and by astrocytes (Klein et al., 2019).
Indeed, once thought to be immune-privileged, the CNS is now
known to be immune-competent, dynamic, and in direct contact
with the peripheral immune system (Manglani and McGavern,
2018). However, the specific role of microglia and other CNS
resident cells in this process and their interactions with CNS
infiltrating immune cells, such as blood-borne monocytes and
T cells, are only incompletely understood. At least in part, this

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 May 2022 | Volume 15 | Article 87086877

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


fnmol-15-870868 May 3, 2022 Time: 18:41 # 7

Löscher and Howe Viral Infections and Seizures

FIGURE 2 | Routes of virus invasion into the brain. In addition to the routes illustrated in the figure, viruses may enter the central nervous system (CNS) via the
choroid plexus, i.e., the blood-CSF barrier (see Table 2). Modified from Löscher and Potschka (2005), Löscher and Friedman (2020), and Sulzer et al. (2020).

is due to the problems of differentiating invading monocytes
from activated microglia in the brain and the lack of selective
tools to manipulate these two types of myeloid cells (Greter
et al., 2015; Butovsky and Weiner, 2018; Spiteri et al., 2022).
Because of the BBB, peripheral monocytes are not found in the
CNS parenchyma unless there is overt damage to the barrier
or unless pathogen-induced chemokine responses in the brain
parenchyma are sufficient to drive monocyte infiltration across
the barrier. Iba-1 (ionized calcium-binding adaptor molecule-
1) is widely employed as an immunohistochemical marker for
both ramified and activated microglia; however, Iba-1 does not
discriminate between microglia and peripheral monocytes that
have infiltrated the brain (Jeong et al., 2013). Flow cytometry
using the expression of cell surface markers such as CD45
and CD11b is widely used to differentiate microglia from CNS
invading monocytes (Prinz et al., 2011; Butovsky and Weiner,
2018); however, during neuroinflammation microglia upregulate
CD45 expression and may therefore become indistinguishable
from monocytes (Yamasaki et al., 2014; Greter et al., 2015;
Käufer et al., 2018a). Recent evidence suggests that surface
expression of Ly6C/G molecules may adequately distinguish
monocytes from microglia (Howe et al., 2022), though as
monocytes differentiate into tissue macrophages they likely
become, once again, indistinguishable from resident microglia.
Adaptive inflammation-associated changes may also affect
the specificity of more recent microglia markers such as
TMEM119, further blurring the distinction between microglia
and infiltrating monocytes (Bennett et al., 2016; Butovsky and
Weiner, 2018). Finally, recent single-cell analyses have shown
that microglia exhibit a much higher spatial, temporal, and

functional diversity than previously thought (Masuda et al., 2020;
Sankowski et al., 2021).

In several viral brain infections, activated microglia appear
to be involved in both the inhibition of viral replication and
in the induction of neurotoxicity, indicating the dual nature of
microglia: they contribute to the defense of the CNS but also bear
responsibility for CNS damage (Rock et al., 2004; Chhatbar and
Prinz, 2021; Figure 3). Microglial phenotypes were, in the past,
characterized by the presence of particular cell surface molecules
and the expression of specific sets of cytokines and were classified
as either M1-like (exhibiting pro-inflammatory signaling and
neurotoxicity) or M2-like (participating in the resolution of
inflammation) (Butovsky and Weiner, 2018). However, with
the help of newly developed technologies, including single-
cell RNA-sequencing, quantitative proteomics, and epigenetic
studies, it is now clear that this simplistic view of microglial
phenotypes does not adequately describe the complex physiology
and pathophysiology of microglial cells (Masuda et al., 2020;
Sankowski et al., 2021; Waltl and Kalinke, 2022).

Microglia expresses various pattern recognition receptors
(PRRs) that recognize viral signatures called pathogen-associated
molecular patterns (PAMPs) (Bachiller et al., 2018; Gern
et al., 2021). Upon stimulation by PAMPs, microglia release
several pro- and anti-inflammatory cytokines such as monocyte
chemoattractant protein 1 (MCP1 aka CCL2), interleukin (IL)-
1β, type I interferon (IFN), IFNγ, and tumor necrosis factor-α
(TNF-α) (O’Shea et al., 2013). This microglial response likely
recruits inflammatory monocytes during the acute phase and
contributes to CNS recruitment of antiviral CD8+ T cells
throughout infection. Recruitment of both innate and adaptive
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TABLE 2 | Mechanisms of neuroinvasion by neurotropic viruses.

Viruses Hematogenous transmission route Axonal transmission route

Blood-brain barrier Blood-CSF barrier Nasal/olfactory route Axonal transport from
peripheral neurons

West Nile + (transcellular, paracellular,
Trojan horse, BCEC infection)

+ +

Japanese encephalitis + (transcellular) + +

St. Louis encephalitis +

Dengue +

Zika + (transcellular)

Tick-borne +

Influenza + +

Mumps + +

Measles +

Nipah + +?

Rabies + + (neuromuscular junction)

HIV + (Trojan horse)

Enteroviruses + (poliovirus [BCEC infection]) + [e.g., poliovirus
(neuromuscular junction)]

SARS-CoV-2 + + +

HSV-1 + +

HSV-2 + +

CMV + (BCEC infection)

HHV-3 (VZV) + +

HHV-6 +

HHV-7 + +

EPV + (BCEC infection)

Note that, at least in part, these data are from preclinical models.
For details, see Koyuncu et al. (2013), Cain et al. (2019), and Nath and Johnson (2021).
Abbreviations: BCEC, brain capillary endothelial cell; CSF, cerebrospinal fluid; HIV, human immunodeficiency virus; HSV, herpes simplex virus; CMV, cytomegalovirus;
HHH, human herpesvirus; EPV, Epstein-Barr virus.

immune cells is necessary for effective control of infection,
with the innate response limiting viral replication and the
adaptive response clearing the virus via both cytolytic and
non-cytolytic mechanisms (Griffin, 2010; Libbey and Fujinami,
2014). However, as with the dual role of microglia, infiltrating
monocytes contribute to neurotoxicity, synaptic dysregulation,
and ictogenesis (Howe et al., 2012a,b; Cusick et al., 2013; Varvel
et al., 2016; Cusick et al., 2017; Howe et al., 2017; Käufer et al.,
2018a; Figure 3).

Recovery from infection requires non-cytolytic clearance of
the virus from the CNS to avoid further damage to tissue
(Griffin and Metcalf, 2011). B cell production of antiviral
antibodies (Bartlett and Griffin, 2020), T cell production of
IFN-γ (Milora and Rall, 2019), and other immune responses
within the infected nervous system are important for non-
cytolytic clearance of infectious virus and viral RNA and also
for prevention of viral reactivation and recrudescence (Manglani
and McGavern, 2018). Microglia and other neural cells exert
direct antiviral effects by producing type I interferons that
consequently induce autocrine and paracrine expression of IFN-
stimulated genes (ISGs), resulting in viral control and hardening
of neural cell susceptibility to further infection (Chen et al.,
2019). These signals also induce MHC class I expression and
facilitate the presentation of viral peptides that are recognized by

antiviral T cells. Infiltrating lymphocytes and natural killer cells,
recruited by the same processes that induce type I interferons,
produce IFN-γ which drives intracellular processes that block
viral replication and enhance the destruction of viral material
via autophagic and oxidative mechanisms (Lee and Ashkar,
2018). However, despite this symphony of antiviral responses,
some pathogens persist in the CNS (Griffin and Metcalf,
2011; Nath and Johnson, 2021), contributing to ongoing tissue
damage and neuroinflammatory processes that exacerbate the
consequences of infection. Restricted viral replication within
the context of persistent infection in the absence of sterilizing
immunity results in chronic neuroinflammation (Nath and
Johnson, 2021). Viral mechanisms that contribute to persistence
include the route of viral entry into the CNS, viral immune
evasion strategies, and viral spread to permissible cells (Nath
and Johnson, 2021). In parallel, host genetics contribute
significantly to viral clearance versus persistence, as exemplified
by TMEV infection in SJL versus B6 mice (Howe et al., 2012b;
Gerhauser et al., 2019).

Viruses may also enter a latent state within the CNS, marked
by the continued presence of viral genomic material but limited
gene expression and no replication. A crucial component of such
cryptic infection is the reversion to the active expression of the
complete viral genome and resurgent production of infectious
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FIGURE 3 | The acute inflammatory and neuroinflammatory responses to CNS viral infection exert both protective and injurious effects. Leukocyte infiltration in
response to chemokine production induced by pattern recognition receptor binding to viral components and endogenous alarmins results in potentially pathogenic
alterations at the blood-brain barrier and leads to a robust release of cytokines that are critical for enhancing viral control before the development of an adaptive
antiviral response. However, these cytokines also disrupt synaptic function and homeostasis, leading to neuronal injury and changes in excitability that confer a
pro-ictogenic effect. Ultimately, viral control and clearance from the CNS is a trade-off between exuberant innate immune responses and consequent cellular and
circuit damage.

virions. Herpesviruses such as Epstein-Barr virus (EBV) are
canonical latent infectious agents (Speck and Ganem, 2010), and
human herpesvirus (HHV)-6, a nearly ubiquitous pathogen in
children, establishes latency in the CNS (Dunn et al., 2020).
Later reactivation of HHV-6 may drive limbic encephalitis,
and, as described below, induce seizures and temporal lobe
epilepsy (TLE). Overall, the detection of persistent or latent
viruses in the CNS is severely hampered by inaccessibility
and the field still has much to learn about the influence of
such infections on the development of later-life neurological

disorders, ranging from Alzheimer’s disease and multiple
sclerosis (MS) to epilepsy.

SEIZURES AND EPILEPSY ASSOCIATED
WITH VIRAL INFECTIONS OF THE
CENTRAL NERVOUS SYSTEM

As shown in Figure 4, by definition, “early” or acute symptomatic
seizures are seizures that occur during the initial phase (typically
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the first week) of CNS infection, whereas “late” or unprovoked
(spontaneous) recurrent seizures develop in surviving patients
after a latent period of weeks, months, or years following the
acute phase (Löscher et al., 2015). In more general terms, acute
symptomatic seizures occur in a close temporal relationship with
the initial infection and typically subside once the acute insult
is over, usually without recurrence (Singhi, 2011). Early seizures
are not a prerequisite for late seizures but increase the risk of
spontaneous, unprovoked seizures (i.e., epilepsy), presumably
because early seizures are an indicator of injury that leads to
maladaptive changes in neural circuitry (Klein et al., 2018).

In addition to the dysregulation of synapses incurred by
the electrophysiological influence of an early seizure associated
with CNS viral infection, the infection-associated inflammatory
response elicited in resident microglia and generated by
infiltrating leukocytes also confers maladaptive synaptic changes
that lead to persistent hyperexcitability. Such changes include
morphological alteration of synaptic spine structure (Tomasoni
et al., 2017), alterations in the balance of inhibitory and excitatory
neurons and synaptic channels (Habbas et al., 2015), and
transcriptional reprogramming that alters neuronal excitability
(Buffolo et al., 2021).

It is estimated that half of all patients with encephalitis
experience acute symptomatic seizures, and approximately 4%
develop status epilepticus, a medical emergency in which a
patient has a seizure lasting longer than 5 min or has multiple
discrete seizures between which consciousness is not fully
recovered. An episode of status epilepticus, especially one lasting
30 min or more, greatly increases the risk of developing epilepsy
(Barnard and Wirrell, 1999). Epilepsy exists when someone
has an unprovoked seizure and their brain “demonstrates a
pathologic and enduring tendency to have recurrent seizures”
(Fisher et al., 2014). More specifically, in survivors of viral
infections, epilepsy is diagnosed when an individual has: (1)
at least two unprovoked or reflex seizures > 24 h apart, (2)
one unprovoked or reflex seizure and a probability of having
another seizure similar to the general recurrence risk after two
unprovoked seizures (≥60%) over the next 10 years, or (3) an
epilepsy syndrome (Fisher et al., 2014).

Importantly, early and late seizures may look very similar, both
behaviorally and by EEG (Löscher et al., 2015). Thus, determining
whether a patient or group of patients developed epilepsy after
viral infection is not trivial, but necessitates a thorough review
of symptoms and medical history and detailed diagnostic testing,
including high-resolution EEG, to adequately diagnose epilepsy
and determine the cause of seizures. This explains why it is
often not yet clear, particularly for infections occurring in the
developing world, whether a virus infection causes epilepsy or
only early seizures. For the current review, we performed an
extensive literature search, using Pubmed and Google Scholar,
to find studies that unequivocally identified epilepsy as an
outcome in patients infected with a variety of neurotropic and
neuropathogenic viruses. The outcome of this search is shown
in Table 1, demonstrating that many more viruses than thought
before can lead to unprovoked seizures and epilepsy.

As shown in Table 1, a variety of different RNA and
DNA viruses have been reported to cause acute symptomatic

seizures and subsequent epilepsy. Among the viruses shown in
Table 1, the high prevalence and spread of arthropod-borne
viruses (arboviruses) make them an important cause of viral
encephalitis and associated seizures in humans, with between
10 and 35% of patients infected with these viruses displaying
some form of seizure (Getts et al., 2008; Singhi, 2011; Zheng
et al., 2020). Among the various arboviruses, flaviviridae such
as WNV, Japanese encephalitis virus (JEV), Zika virus (ZIKV),
and tick-borne encephalitis virus (TBEV) have been reported
to induce both early and, in survivors, late (spontaneous)
seizures (Table 1).

JEV is the single largest cause of acute epidemic encephalitis
worldwide (Singhi, 2011). Acute symptomatic seizures are
reported in 50–80% of cases and are much more frequent
in children than in adults. The seizures are generalized or
focal with secondary generalization, single or multiple, and
may present as status epilepticus. Late-onset epilepsy is less
common in JEV (Singhi, 2011; Chen et al., 2021). Concerning
congenital ZIKV syndrome, recent reports show that epileptic
seizures are among the main neurological outcomes of this
syndrome (Table 1).

Among the sporadic viral encephalitides, herpes simplex
encephalitis (HSE) is perhaps most frequently associated with
epilepsy, which may often be severe (Misra et al., 2008). Seizures
may be the presenting feature in 40–70% of patients during
acute infection and the frequency of epilepsy in survivors may
be 40–60% (Theodore, 2014). The propensity to cause seizures
is probably related to viral spread along olfactory pathways
to limbic structures including the temporal lobe, insula, and
cingulate cortex. Other potentially neurotropic viruses, such
as measles, varicella, mumps, IAV, and enteroviruses may
cause seizures depending on the area of the brain involved
(Misra et al., 2008).

COVID-19 (coronavirus disease 2019), the global pandemic
caused by SARS-CoV-2, is considered to be primarily a
respiratory disease, but SARS-CoV-2 infection affects multiple
organ systems including the CNS (Mishra and Banerjea, 2020).
Numerous reports have described seizures in people with
COVID-19 (Asadi-Pooya, 2020; Asadi-Pooya et al., 2021; Doyle,
2021; Nolen et al., 2022), though it is unclear how many of
these seizures arise as a complication of systemic inflammation,
peripheral organ damage, and vascular injury versus more
direct infection-related effects on the CNS. It is also too early
to determine whether COVID-19 is associated with epilepsy,
although several anecdotal reports suggest de novo epilepsy in
these patients (Elgamasy et al., 2020; Nikbakht et al., 2020).
In children, seizures may be the main presenting manifestation
of acute SARS-CoV-2 infection (Kurd et al., 2021). In the as-
yet largest study on neurological manifestations of COVID-19,
seizures were observed in 74 of 4491 patients (1.6%), which
was the third most common neurological manifestation after
encephalopathy and stroke (Frontera et al., 2021). No patient
had meningitis/encephalitis or myelopathy/myelitis that was
conclusively related to direct SARS-CoV-2 invasion of the CNS.
However, these findings do not eliminate the possibility of
direct CNS invasion of SARS-CoV-2. Indeed, more recently,
olfactory transmucosal SARS-CoV-2 invasion has been described
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FIGURE 4 | Steps in the development and progression of acquired epilepsy (often temporal lobe epilepsy) as a consequence of viral infections. The term
epileptogenesis includes processes that take place before the first spontaneous seizure occurs, which render the brain susceptible to spontaneous recurrent
seizures and processes that intensify seizures and make them more refractory to therapy (progression). The concept illustrated in the figure is based on both
experimental and clinical data. Adapted from Löscher et al. (2008).

as a port of CNS entry in individuals with COVID-19
(Meinhardt et al., 2021).

Some viruses, including HHV-6, IAV, adenovirus, and
rhinovirus, are associated with febrile seizures, i.e., seizures that
are triggered by fever, typically above 38.3◦C. These seizures
are the most common type of convulsions in infants and
young children (Millichap and Millichap, 2006; Epstein et al.,
2012; Rudolph et al., 2021). Most febrile seizures last only
a few minutes and are not associated with an increased risk
of later spontaneous seizures. However, multiple or prolonged
febrile seizures, including febrile status epilepticus (fSE), are
a risk factor for epilepsy (Shinnar, 2003). Of greatest concern
is the small group of children with febrile seizures lasting
longer than 30 min. In these children, the risk of developing
epilepsy is as high as 30–40%, though the condition may
not develop until many years later. The prospective FEBSTAT
study examines the consequences of fSE and is clarifying the
relationship between fSE, hippocampal atrophy, hippocampal
sclerosis, and the development of subsequent TLE and cognitive
impairment (Hesdorffer et al., 2012). As such, this study will be
instrumental in determining the role of structural hippocampal
alterations as a potential mechanism of TLE. Recent data from
the FEBSTAT study suggest that prolonged febrile seizures injure
the hippocampus (Shinnar et al., 2012; Lewis et al., 2014;
McClelland et al., 2016).

Febrile infection-related epilepsy syndrome (FIRES), a
subtype of new-onset refractory status epilepticus (NORSE), is a
catastrophic epileptic syndrome that strikes previously healthy
children between the age of 2 and early adulthood and has
unknown pathogenesis and few treatments (Fox et al., 2017;
Sculier et al., 2021; Lattanzi et al., 2022; Nausch et al., 2022).
Affected children experience a non-specific illness with fever
starting between 2 weeks and 24 h before the onset of prolonged
refractory status epilepticus. In a few cases, specific pathogens,
including rhinovirus, respiratory syncytial virus, and EBV, were
identified in serum or nasopharyngeal aspirates (Venkatesan and
Benavides, 2015). However, despite extensive testing, pathogens
have not been identified in the CNS, suggesting that a systemic
infection induces the CNS dysfunction, potentially by triggering
inflammation that is communicated across the BBB, inducing
sterile encephalitis (Ravizza et al., 2018; Vezzani et al., 2019).
The outcome of FIRES varies with the length of the acute phase
and is usually poor, with up to 30% of cases ending in death
and 60–100% of survivors developing permanent intellectual
disability and drug-resistant epilepsy (Fox et al., 2017; Tan et al.,
2021).

The occurrence of febrile seizures and FIRES, as well as
the occurrence of seizures in COVID-19 patients, suggests
that systemic inflammatory responses to viral infection in
the absence of neuroinvasion and true encephalitis may be
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an important pathogenic mechanism in driving seizures and
epilepsy. Fever and high levels of circulating inflammatory
cytokines alter BBB permeability (Danielski et al., 2018;
Remsik et al., 2021) and may permit the transmission of
inflammation into the CNS. These events may also facilitate
viral entry into the CNS that otherwise would not occur,
resulting in transient neural infection or PAMP-induced PRR
signaling that drives microglial activation in the absence of
leukocyte infiltration. These mechanisms of infection-associated
ictogenesis may explain how viruses that show weak or no
neurotropic potential still elicit early seizures that confer
heightened risk for later development of epilepsy. Indeed,
systemic virus infection-associated indirect neuroinflammation
and ictogenesis may be the parallel of sepsis-associated
encephalopathy (Gao and Hernandes, 2021).

In addition to viral infections as a trigger for ictogenesis and
epileptogenesis, such infections may affect disease progression
in patients with existing epilepsy (Vezzani et al., 2016;
Tan et al., 2021). In particular, the inflammation associated
with viral infections contributes to the progression of the
disease (see below).

MECHANISMS OF SEIZURES AND
EPILEPSY ASSOCIATED WITH VIRAL
INFECTIONS

The various molecular, structural, and functional alterations in
the CNS that are potentially involved in the generation of seizures
and epilepsy associated with viral infections are illustrated in
Figures 1, 3–5. The mechanisms underlying the generation of
early and late seizures vary with the type and location of infection.
In general, early seizures are an acute consequence of virus
infection, either directly via neuroinvasion and encephalitis or
indirectly via systemic inflammation and neuroinflammation. In
contrast, late seizures arise from the functional and structural
alterations that drive epileptogenesis, a multifactorial process that
is outlined in Figure 4.

Alterations of the Blood-Brain Barrier as
a Mechanism of Ictogenesis and
Epileptogenesis
Hematogenous transmission of virus to the CNS involving either
BMEC infection, damage to the tight junctions, or both, results in
changes to BBB integrity that are likely an essential mechanism
of subsequent ictogenesis and epileptogenesis (Löscher and
Friedman, 2020). One hallmark of a damaged BBB is the
extravasation of albumin from the blood to the brain parenchyma
(Friedman et al., 2009). In the brain parenchyma, albumin can
be taken up or bound to neurons, astrocytes, and microglial
cells. In astrocytes, albumin can be taken up via transforming
growth factor-beta (TGF-β) receptors. This is followed by
downregulation of inward rectifying potassium channels (Kir
4.1), water channels (aquaporin 4; AQP4), and glutamate
transporters in these astrocytes (Löscher and Friedman, 2020).
As a result, the buffering of extracellular potassium and

glutamate is reduced, which facilitates N-methyl-D-aspartate
(NMDA) receptor-mediated neuronal hyperexcitability and
eventually induces epileptiform activity (Löscher and Friedman,
2020). TGF-β receptor signaling is further associated with
transcriptional changes involved in inflammation, alterations
in extracellular matrix (specifically the perineuronal nets
around inhibitory interneurons), excitatory synaptogenesis, and
pathological plasticity, all considered important mechanisms
that contribute to lowering the seizure threshold during
epileptogenesis (Löscher and Friedman, 2020). As a proof-
of-concept that albumin extravasation plays a crucial role in
the generation of seizures, the angiotensin II type 1 (AT1)
receptor antagonist, losartan, which blocks brain TGF-β receptor
signaling, was shown to prevent epilepsy in different models of
epileptogenesis (Swissa et al., 2019).

Structural Brain Alterations as a
Mechanism of Ictogenesis and
Epileptogenesis
For many decades, the limbic system in the temporal lobes,
including the hippocampal formation and parahippocampal
areas such as the piriform, perirhinal, and entorhinal cortices,
have been known to play a crucial role in the development of
seizures and epilepsy (Walter, 1969; Meldrum, 1975; Ribak et al.,
1992; Engel, 1996; Löscher and Ebert, 1996; Chatzikonstantinou,
2014; Scharfman, 2019). The hippocampus is considered by many
to be the generator of TLE, the most common type of epilepsy in
adults and a frequent consequence of viral infections (Vezzani
et al., 2016). TLE is typically associated with hippocampal
sclerosis, a neuropathological condition with severe neuronal
cell loss and gliosis in the hippocampus, specifically in the
CA1 (Cornu Ammonis area 1) region and subiculum of the
hippocampus proper and in the hilus of the dentate gyrus
(Blümcke et al., 2002). Hippocampal sclerosis was first described
in 1880 by Wilhelm Sommer as an etiological component of
epilepsy (Sommer, 1880). In addition to neuron loss, aberrant
sprouting of dentate granule cell mossy fibers in mesial TLE
is thought to underlie the creation of aberrant circuitry that
promotes the generation or spread of spontaneous seizure
activity (Sutula and Dudek, 2007; Scharfman, 2019). Surgical
removal of the sclerotic hippocampus in drug-resistant patients
often improves or even cures TLE (Löscher et al., 2020).
Thus, these structural changes in the hippocampal formation
provide a mechanism by which viral infections could induce
seizures and epilepsy.

As discussed above, some viruses may be more epileptogenic
due to their anatomic distribution, as in the case of HSV,
with a propensity to affect the temporal lobes, including
the hippocampus (Theodore, 2014). HSV causes widespread
inflammation, edema, and parenchymal necrosis (Theodore,
2014). Experimental corneal inoculation of HSV-1 in BALB/c
mice led to increased CA3 pyramidal cell excitability and aberrant
mossy fiber sprouting in the hippocampus as well as clinical
seizures (Wu et al., 2003). Remarkably, after initial infection, HSV
can establish persistent latent infections in the CNS, acting as a
continuous source of HSE recurrence (Zhang et al., 2020).
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FIGURE 5 | Pathophysiological cascade of events leading from viral infection to inflammation to seizures and epilepsy. See text for details. Modified from Vezzani
et al. (2011) and Vezzani et al. (2019).

Concerning the neurotropic virus HHV-6, several studies and
a recent meta-analysis suggest a pathogenic role of HHV-6B
infection in the development of mesial TLE, especially when
associated with hippocampal sclerosis and a history of febrile
seizures (Wipfler et al., 2018; Bartolini et al., 2019; Wang and
Li, 2021). HHV-6, which is ubiquitous and infects most people
when they are children, establishes latent infections in the CNS,
especially in the hippocampus and amygdala, and is associated
with neurologic diseases, including TLE (Wang and Li, 2021). In
a meta-analysis of studies that detected HHV-6 genomic DNA
or protein in brain samples from the hippocampus of people
with mesial TLE, HHV-6 DNA was detected in 19.6% of all
TLE patients compared to 10.3% of all controls (P < 0.05)
(Wipfler et al., 2018).

Transcriptional analysis of the amygdala in patients with
hippocampal sclerosis revealed higher expression of CCL2 and
glial fibrillary acidic protein (GFAP) in HHV-6 positive samples
and a positive correlation between viral load and protein
expression (Kawamura et al., 2015). As described above, CCL2
is a chemokine that participates in the migration and CNS
infiltration of monocytes, in which HHV-6 can establish latent
infection (Bartolini et al., 2019). Overexpression of GFAP and
CCL2 is associated with neuronal loss and gliosis and has been
previously described in resected epileptogenic tissue from the
hippocampus (Xu et al., 2011). However, the casual relationship
and possible pathological role of HHV-6 in TLE are yet to
be elucidated. Infections with ZIKV have also been reported
to cause alterations in temporal lobe structures such as the
hippocampus, leading to memory and behavioral deficits and

seizures (Stanelle-Bertram et al., 2018; Büttner et al., 2019; Raper
et al., 2020). This will be discussed in more detail below.

Inflammatory Processes as a Mechanism
of Ictogenesis and Epileptogenesis
Upon viral invasion of the CNS, activation of the innate
and adaptive immune response is critical to control viral
replication and spread (Libbey and Fujinami, 2014; Figure 3).
However, an exuberant innate response to the infection may
cause considerable acute bystander pathology, while failing to
adequately control viral replication which may lead to persistent
smoldering inflammation that results in chronic neuropathology
(DePaula-Silva et al., 2021; Figure 3). In general, as illustrated in
Figure 5, inflammation plays a prominent role in the mechanisms
underlying increased neuronal excitability in both early and
late seizures associated with virus infection (Vezzani et al.,
2016). Furthermore, oxidative stress is thought to contribute
to these processes (Figure 5). As shown in Figures 1, 3, 5,
initiation of neuroinflammation may either be the result of
neuroinvasion, host danger signal response mediated effects or
both. As described above, encephalitis is defined as inflammation
of parenchymal CNS tissue that occurs in response to viral
replication (Vezzani et al., 2016). Once a virus enters the brain
parenchyma, inflammation may result from two mechanisms
that are not mutually exclusive. First, viruses may directly
infect neurons leading to unconstrained neuronal lysis and
death and the release of proinflammatory cytokines and cellular
products that act as endogenous danger signals (such as ATP
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or mitochondria-derived DNA N-formyl peptides) (Vezzani
et al., 2016; Di Virgilio et al., 2020; Das et al., 2021). Second,
viral PAMPs may activate PRRs on microglia and astrocytes,
leading to cytokine and chemokine production that recruits
innate immune effectors that drive immunopathology. These
inflammatory responses drive acute injury but are also associated
with the formation of a residual pathological state marked by
continued BBB dysfunction and injury, neuronal death, and
persistent neuronal hyperexcitability, all of which may contribute
to ictogenesis and epileptogenesis.

Viruses may also trigger post-infectious encephalitis or
encephalomyelitis, even in the absence of neuroinvasion during
the initial infection. Such delayed responses are elicited following
the development of T cell- and/or antibody-mediated recognition
of self epitopes (Vezzani et al., 2016; Popkirov et al., 2017; Joubert
and Dalmau, 2019). Molecular mimicry, epitope spreading,
and unmasking of autoreactive lymphocytes (see Figure 1) are
the primary mechanisms by which infectious agents induce
autoimmunity (Powell and Black, 2001; Cusick et al., 2012; Pape
et al., 2019; Gupta and Weaver, 2021).

During the acute response to CNS infection, brain resident
cells recruit peripheral immune cells to sites of viral infection
(Manglani and McGavern, 2018). Among the acute responders,
CNS infiltration of monocytes and neutrophils is a hallmark
of CNS inflammation, including viral infection (Terry et al.,
2012). These cells engage in several potent effector functions
including the production and secretion of numerous pro-
inflammatory mediators and reactive oxygen species that drive
tissue damage (Terry et al., 2012). Monocytes that migrate
into the infected brain also differentiate into macrophages,
dendritic cells, and, arguably, microglial populations (see
below). In addition to invasion of blood-borne immune cells
such as monocytes and neutrophils, brain resident innate
immune cells, including microglia and astrocytes, also produce
proinflammatory cytokines and reactive oxygen species that
contribute to inflammation and CNS injury (Figure 5).

It has been proposed that the IL-1 cytokine system may
play a pivotal role in the development of fSE and mesial TLE
(Dube et al., 2005; Dube et al., 2010). IL-1β is the primary
cytokine responsible for mediating febrile responses in humans
and it is a powerful proconvulsant implicated in ictogenesis
and epileptogenesis (Dube et al., 2010; Vezzani et al., 2016;
Vezzani et al., 2019). At least in part, this effect of IL-1 β is
related to its suppressive action on inhibitory GABA currents
and enhancement of NMDA-mediated neuronal Ca2+ influx,
resulting in increased glutamatergic excitation (Huang et al.,
2011; Mishra et al., 2012; Vezzani and Viviani, 2015). The
effects of IL-1β are mediated via IL-1 receptor type 1 (IL-
1R1), which is enriched in cortical and hippocampal neurons
where it co-localizes and physically associates with the NR2B
(GluN2B) subunit of the NMDA receptor (Vezzani and Viviani,
2015). IL-1R1 is activated by IL-1β that is released from
neurons, glia, brain endothelial cells, and infiltrating monocytes
following inflammasome activation (Labzin et al., 2016; Vezzani
et al., 2019). Elevation of IL-1β induces robust release of other
proinflammatory cytokines, including IL-6 and CXCL8 (Heida
and Pittman, 2005; Vezzani et al., 2016). A recent study that

examined the association between plasma cytokines and fSE
in children, as well as their potential as biomarkers of acute
hippocampal injury, found that levels of CXCL8 and epidermal
growth factor (EGF) were significantly elevated after fSE in
comparison to controls (Gallentine et al., 2017). However,
individual cytokine levels were not predictive of MRI changes in
the hippocampus.

The nuclear protein high mobility group box 1 (HMGB1),
which is released by neurons and macrophages/monocytes in
response to exogenous and endogenous inflammatory stimuli
and during unconstrained cell death, is thought to play a critical
role as a danger signal in virus infection-induced inflammatory
responses in the CNS (Wang et al., 2006; Vezzani et al., 2016;
Walker et al., 2022). Furthermore, HMGB1 has been implicated
in the generation of seizures and epilepsy (Ravizza et al., 2018).
As with IL-1β, TNF-α, and IL-6, HMGB1 has pro-ictogenic
properties in animal models and affects neuronal function by
inducing rapid post-translational changes in glutamate receptor
subunit composition and/or phosphorylation (Vezzani et al.,
2016). HMGB1 physiologically interacts with nucleosomes,
transcription factors, and histones within the nucleus of nearly
every cell type but is rapidly translocated to the cytoplasm
and released following brain injury and during seizures (Jiang
et al., 2020; Murao et al., 2021). Several viruses that cause
encephalitis and seizures, including WNV, SARS, TBEV, and IAV,
can induce the release of HMGB1 (Wang et al., 2006; Ding et al.,
2021). HMGB1 binds to and activates the receptor for advanced
glycation end products (RAGE), toll-like receptor 4 (TLR4),
and TLR2 (Jiang et al., 2020), inducing signal transduction
cascades that drive inflammation. Indeed, activation of IL-1R1
and HMGB1 receptors expressed by microglia and astrocytes
orchestrates inflammatory events that result in the release of
cytokines and chemokines, induction of the prostaglandin-
synthesizing enzyme cyclooxygenase 2 (COX-2), and activation
of the complement system, and may thereby subsequently lead to
recruitment of leukocytes to the brain (Vezzani et al., 2016).

Virus-Specific Mechanisms: Human
Immunodeficiency Virus
Whereas the processes illustrated in Figure 5 and discussed above
would be relevant for all viruses that cause encephalitis and/or
sterile inflammation, there are also neuropathophysiological
processes and outcomes specific to individual viruses. For
instance, the transactivator of transcription (Tat) protein is a
major viral protein in HIV that can directly drive neurotoxicity
(Atluri et al., 2015). Tat is vital for HIV replication and
influences transcription initiation and elongation at the HIV
promoter. In addition, however, Tat injures neurons via several
different mechanisms, including induction of inflammatory
cytokines, impairment of mitochondrial function, and activation
of ionotropic glutamate receptors (Atluri et al., 2015). Indeed,
Haughey et al. (2001) reported that HIV-1 Tat potentiates
the excitotoxicity of glutamate by phosphorylating NMDA
receptors, a process that is critically involved in neuronal
hyperexcitability, seizures, and epileptogenesis (Ghasemi and
Schachter, 2011; Hanada, 2020). The effect of prolonged exposure
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to endogenously produced Tat in the brain was investigated using
a transgenic mouse model constitutively expressing the HIV-
1 Tat gene (Zucchini et al., 2013). Stimulus-evoked glutamate
exocytosis in the hippocampus and cortex of these mice
was significantly increased and was associated with increased
seizure susceptibility. In addition to the effects associated
with the Tat protein, the HIV type 1 envelope glycoprotein
gp120 activates macrophages, which release neurotoxins that
affect the glutamate system, leading to activation of voltage-
dependent calcium channels and modulation of NMDA signals
(Potter et al., 2013).

Virus-Specific Mechanisms: Severe
Acute Respiratory Syndrome
Coronavirus Type 2
Concerning the SARS-CoV-2 virus, the specific mechanisms
by which this virus affects the CNS remain unclear (Pröbstel
and Schirmer, 2021). As described above, infection with SARS-
CoV-2 may result in psychiatric and neurological symptoms,
including seizures; more than 35% of COVID-19 patients develop
such symptoms, particularly during severe manifestation of
the disease (Tavkar et al., 2021). It is well accepted that the
entry of SARS-CoV-2 into a host cell is mediated by ACE2,
which functions as an entry receptor (Hoffmann et al., 2020).
Membrane-bound ACE2 is a zinc-containing metalloenzyme
located on the surface of cells. SARS-CoV-2 downregulates ACE2,
with a consequent loss of its catalytic activity (Pacheco-Herrero
et al., 2021). Inflammation and thrombosis have been associated
with enhanced and unimpeded angiotensin II effects through the
ACE2-AT1 receptor axis (Pacheco-Herrero et al., 2021).

In the CNS, ACE2 is expressed in the majority of brain
regions (e.g., the amygdala, cortex, frontal cortex, substantia
nigra, and hippocampus) but mostly at low levels (Chen et al.,
2020). Analysis of human and mouse brains showed that ACE2
is expressed predominantly in neurons but also in non-neuronal
cells, including astrocytes, oligodendrocytes, endothelial cells,
and pericytes (Tavkar et al., 2021). The expression of ACE2 makes
CNS cells susceptible to SARS-CoV-2 infection, provided that the
virus enters the brain. As summarized in Table 2 and Figure 2,
current evidence points to two plausible mechanisms of brain
invasion by SARS-CoV-2: (i) entry into the CNS via axonal
transport along infected olfactory nerves and then dissemination
via trans-synaptic transmission to other brain areas (Montalvan
et al., 2020; Yachou et al., 2020; Meinhardt et al., 2021); note
that as many as 65% of COVID-19 affected individuals reported
hyposmia, anosmia, and ageusia, suggesting the possibility of
transsynaptic spread not only via the olfactory route but also
along lingual and glossopharyngeal nerves (Figure 2; Sulzer
et al., 2020); (ii) entry into the CNS via a hematogenous
pathway, either through the infiltration of infected blood cells
(usually leukocytes) or through infection of endothelial cells
at the BBB. The hematogenous pathway may also involve
infection of epithelial cells of the choroid plexus, the building
blocks of the blood-CSF barrier (Montalvan et al., 2020; Murta
et al., 2020; Vargas et al., 2020; Yachou et al., 2020). Another
intriguing mechanism via which SARS-CoV-2 may spread is

through the vagus nerve from infected lungs (Jarrahi et al., 2020).
Using human brain organoids derived from induced pluripotent
stem cells as a valuable tool for investigating SARS-CoV-
2 neurotropism, it was found that choroid plexus organoids
showed a high rate of infection and supported productive viral
replication, consistent with the finding that the choroid plexus
exhibits high ACE2 expression (Jacob et al., 2020; Pellegrini
et al., 2020). Besides epithelial cells of choroid plexus, neurons,
astrocytes, and neural progenitor cells in brain organoids are
also susceptible to SARS-CoV-2 infection, although the infection
rates for these cell types remain under debate (Tavkar et al.,
2021). Overall, replication of SARS-CoV-2 in the CNS remains
a controversial issue.

Concerning the mechanisms of neurological symptoms such
as seizures, many groups argue that the devastating neurological
damage caused by SARS-CoV-2 is not a consequence of
direct infection of neural cells but rather a result of the
severe peripheral hyper-inflammation associated with COVID-
19 (Pacheco-Herrero et al., 2021; Tavkar et al., 2021). Among
the various consequences of such inflammation, impairment of
BBB may be involved in CNS symptoms, as discussed above and
illustrated in Figures 3, 5. Furthermore, it has been suggested
that endothelial dysfunction in several organs, including the CNS,
may be triggered by the interaction between SARS-CoV-2 and
ACE2 receptors that are expressed by endothelial cells (Pacheco-
Herrero et al., 2021). In patients with COVID-19, magnetic
resonance imaging (MRI) detected lesions that are compatible
with a cerebral small-vessel disease and with disruption of the
BBB (Nassir et al., 2021).

More recently, Wenzel et al. (2021) reported structural
changes in cerebral small vessels of patients with COVID-19
and elucidated potential mechanisms underlying the vascular
pathology. Both in patients and two animal models of SARS-
CoV-2 infection, an increase in string vessels was observed in
the brain. These structures represent the endothelial cell-free
remnants of lost capillaries. Furthermore, the authors also found
evidence that BMECs are infected and that the death of BMECs
in COVID-19 is secondary to SARS-CoV-2 infection. The SARS-
CoV-2 genome encodes two viral proteases that are responsible
for processing viral polyproteins into the individual components
of the replication and transcription complexes. Wenzel et al.
(2021) found that one of them, SARS-CoV-2 Mpro, cleaves
the host protein nuclear factor (NF)-κB essential modulator
(NEMO), which is known to modulate cell survival and prevent
apoptosis and necroptosis.

However, other findings suggest that SARS-CoV-2-
related neurological complications may be a direct result
of the neurovirulent properties of the virus (Shehata et al.,
2021). Overall, it has been postulated that there are several
different mechanisms involved in COVID-19–associated
CNS dysfunction, including activation of inflammatory and
thrombotic pathways and, in a few patients, a direct viral effect
on the brain endothelium and the brain parenchyma (Bodro
et al., 2021). However, further studies are needed to clarify the
relative contribution of each of these mechanisms. A recent
landmark study used three independent approaches to probe the
capacity of SARS-CoV-2 to infect the brain (Song et al., 2021).
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In the first, transgenic mice overexpressing human ACE2 were
found to support SARS-CoV-2 neuroinvasion. After intranasal
administration, the virus was widely present in neural cells
throughout the forebrain. In the second, using human brain
organoids, clear evidence of infection with accompanying
metabolic changes in infected and neighboring neurons was
found. In this study, neuronal infection could be prevented by
blocking ACE2. Finally, in autopsies from patients who died
of COVID-19, SARS-CoV-2 was detected in cortical neurons.
Remarkably, none of the regions of positive viral staining
showed lymphocyte or leukocyte infiltration, indicating that
SARS-CoV-2 did not invoke an immune response typical of
other neurotropic viruses. These findings provide compelling
evidence that the brain is a site for the high replicative potential
for SARS-CoV-2 and that neurons can become a target of
SARS-CoV-2 infection, with devastating consequences for
localized ischemia in the brain and cell death, highlighting
SARS-CoV-2 neurotropism.

The lipid-binding protein apolipoprotein E (ApoE) is the
most abundant apolipoprotein in the brain (Flowers and
Rebeck, 2020). It is produced predominantly by astrocytes
and to some extent microglia. In addition, neurons upregulate
ApoE expression in response to excitotoxic injury (Liao
et al., 2017). As a major component of very low-density
lipoproteins in the brain, ApoE facilitates the transfer of
cholesterol and phospholipid between cells. ApoE has been linked
with immune responses and neuroinflammation, metabolism,
synaptic plasticity, transcriptional regulation, and vascular
function by modulating cerebral blood flow, neuronal-vascular
coupling, and BBB integrity (Liao et al., 2017). There are three
major isoforms (ApoE2, ApoE3, and ApoE4) in humans (Liao
et al., 2017). The most common isoform (77–78%) in the
general population is E3, whereas E2 is evident in 7–8%, and
E4 in 14–16% of individuals (Weisgraber and Mahley, 1996).
ApoE4, a strong genetic risk factor for Alzheimer’s disease, is
known to lead to BBB dysfunction (Montagne et al., 2020) and
has been associated with increased risk for severe COVID-19
(Kuo et al., 2020). Recently, Wang et al. (2021a) tested the
neurotropism of SARS-CoV-2 in human induced pluripotent
stem cell (hiPSC) models and observed low-grade infection of
neurons and astrocytes. They then generated isogenic ApoE3/3
and ApoE4/4 hiPSCs and found an increased rate of SARS-CoV-
2 infection in ApoE4/4 neurons and astrocytes. ApoE4 astrocytes
exhibited enlarged size and elevated nuclear fragmentation upon
SARS-CoV-2 infection. These findings suggest that ApoE4 may
play a causal role in COVID-19 severity.

Interestingly, ApoE4 has also been associated with seizures.
For instance, spontaneous seizures were observed in aged
ApoE4 targeted replacement (TR) mice but not in age-matched
ApoE2 TR or ApoE3 TR mice (Hunter et al., 2012). In mice
with overexpression of ApoE4 (but not ApoE2 or ApoE3),
intranasal administration of kainate induced more severe
seizures, increased microglial activation, and triggered more
hippocampal damage than in wild-type mice (Zhang et al., 2012).
In a case-control genetic association study in patients with mesial
TLE and hippocampal sclerosis, ApoE4 carriers had an earlier
onset of epilepsy than non-carriers (Leal et al., 2017). Thus, in

summary, ApoE4 may play a role in seizures observed in viral
infections, including COVID-19.

As described above, it is a matter of debate whether SARS-
COV-2 can enter the brain, but several studies indicate that the
SARS-CoV-2 S1 protein can be released from viral membranes,
can cross the BBB, and is present in brain cells including
neurons (Meinhardt et al., 2021; Rhea et al., 2021; Petrovszki
et al., 2022). Thus, Datta et al. (2021) tested the hypothesis that
SARS-CoV-2 S1 protein can directly induce neuronal injury.
The latter authors found that the S1 protein accumulates in
endolysosomes of human cortical neurons and induces aberrant
endolysosome morphology and neuritic varicosities, which could
contribute to the high incidence of neurological disorders
associated with COVID-19.

Emerging data suggest that ∼10–40% of patients fail to
fully recover after acute COVID-19 infection (Doyle, 2021;
Nalbandian et al., 2021). Patients who report symptoms persisting
for weeks or months after the acute illness have been termed “long
haulers” or described as having “long-COVID.” Long-COVID
comprises a variety of symptoms, of which the neurological
component prevails, often characterized as post-infectious
fatigue syndrome (Sandler et al., 2021). Furthermore, new-onset
seizures in people with COVID-19 can potentially extend beyond
the acute phase of the infection (Doyle, 2021). The most widely
accepted theory on the genesis of these symptoms builds upon
the development of microvascular dysfunction similar to that
seen in numerous vascular diseases such as diabetes. This can
occur through the peripheral activation of ACE2 receptors or
through the exacerbating effects of pro-inflammatory cytokines
that remain in circulation even after the infection diminishes
(Nalbandian et al., 2021). However, at least in part, some of the
mechanisms of CNS symptoms discussed above for the acute
infection may also play a role in post-COVID symptoms.

Virus-Specific Mechanisms: Human
Herpesvirus-6
As discussed above, accumulating evidence suggests a pathogenic
role of HHV-6B infection in the development of mesial TLE,
and a relationship between viral load and markers that directly
(CCL2) or indirectly (GFAP) reflect inflammatory or otherwise
injurious processes. How might these observations associating
mesial TLE with increased HHV-6 viral detection and increased
markers of neuroinflammation and astrocyte activation be
mechanistically associated with epilepsy? Inflammation and
HHV-6 infection have each been demonstrated to induce
dysregulation of glutamate homeostasis in astrocytes, which
is hypothesized to play a central role in the pathogenesis of
epilepsy (Leibovitch and Jacobson, 2015). In vitro, HHV-6
infection of primary astrocytes has been shown to downregulate
levels of glutamate transporter expression, which supports
the concomitant observation of decreased glutamate uptake
in infected versus uninfected astrocytes (Fotheringham et al.,
2008). Inflammatory cytokines, such as IL-1β, can also inhibit
the astrocyte reuptake of glutamate (Vezzani and Baram, 2007).
Because HHV-6–infected astrocytes have been demonstrated
in mesial TLE, and because the virus can induce a metabolic
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dysregulation that is considered to contribute to epileptogenesis,
this mechanism is biologically plausible (Leibovitch and
Jacobson, 2015). Interestingly, ApoE4 has been suggested
to increase viral load and seizure frequency in mesial TLE
patients that are positive for HHV-6B DNA and protein in
temporal lobe brain samples resected during epilepsy surgery
(Huang et al., 2015).

Virus-Specific Mechanisms: Flaviviruses
Such as Tick-Borne Encephalitis Virus,
West Nile Virus, Zika Virus, and Japanese
Encephalitis Virus
Astrocytes exert many essential complex functions in the healthy
CNS that are necessary to maintain synaptic and neural circuit
homeostasis (Sofroniew and Vinters, 2010). Astrocytes respond
to all forms of CNS insults, including viral encephalitis, through
a process referred to as reactive astrogliosis, which has become
a pathological hallmark of CNS structural lesions. Astrogliosis
is a common step in the sequence of events that converts a
normal brain into an epileptic brain after an acquired insult
(Klein et al., 2018). Astrogliosis is involved in inflammatory
processes as well as dysregulation of astroglial potassium
and gap junction channels, which together alter glioneuronal
communication and, by impairing uptake and redistribution
of extracellular K+ accumulated during neuronal activity, can
contribute to or cause seizures (Klein et al., 2018). Astrocytic
compartmentalization of synapses also plays an essential role
in neurotransmitter homeostasis by concentrating high levels
of transporters for glutamate, GABA, and glycine that serve to
clear these neurotransmitters from the synaptic space (Sofroniew
and Vinters, 2010). During neuroinflammation, high levels of
cytokines such as IL-6 lead to decreased glutamate uptake from
the synaptic space by downregulating the excitatory amino acid
transporter 2 (EAAT2; formerly glutamate transporter 1) on
astrocytes, leading to glutamate accumulation and consequent
neuronal hyperexcitability (Verhoog et al., 2020).

Within this context, it is important to note that astrocytes
are thought to play a crucial role in flavivirus infections of the
CNS by mediating the mechanisms that underlie neurological
sequelae such as seizures and epilepsy (Potokar et al., 2019; Zheng
et al., 2020; Ashraf et al., 2021). Indeed, given the anatomic
position of astroglia and their homeostatic role in the CNS, one
can predict that virus invasion may lead to important functional
consequences for the entire CNS upon the interaction of
astrocytes with viruses. Furthermore, in comparison to neurons,
infected astrocytes produce orders of magnitude more virus, as
demonstrated for ZIKV, TBEV, and WNV (Tavkar et al., 2021).
This is highly relevant for the spread of infection through the
CNS, especially because astrocytes are also more resilient to
the lytic effects of flavivirus infection. Interestingly, different
flavivirus strains appear to exert different effects on specific
astrocyte responses (Potokar et al., 2019; Ashraf et al., 2021).

For example, TEBV, an important human pathogen
that may result in dangerous neuroinfections (meningitis,
meningoencephalitis, myelitis) and is endemic in Europe and
Asia, replicates in astrocytes but does not typically affect astrocyte

viability (Palus et al., 2014; Potokar et al., 2019). TBEV infection
induces several morphologic and functional changes in infected
rat and human astrocytes, including astrocyte activation as
indicated by increased production of GFAP (Tavkar et al.,
2021). Upon activation by TEBV infection, astrocytes release
inflammatory cytokines and chemokines that may enhance
neuronal excitability (Figure 5). TBEV infection of astrocytes
may also alter the permeability of the BBB, as shown in mice
(Ruzek et al., 2011). One of the key molecules that degrade the
integrity of the BBB is matrix metalloproteinase 9 (MMP-9),
which is overproduced in TBEV-infected astrocytes in vitro
and increased in the serum and CSF of TBEV-infected patients
(Potokar et al., 2019).

Upon WNV infection, astrocytes also release MMPs and
pro-inflammatory cytokines, leading to disruption of the
BBB and recruitment of leukocytes (Ashraf et al., 2021).
Analysis of autopsied neural tissues from humans with WNV
encephalomyelitis revealed WNV infection of both neurons
and glia (van Marle et al., 2007). In human astrocytes and
neurons, WNV replicates efficiently but distinctively with a
higher and faster replication rate in astrocytes (Cheeran et al.,
2005). Astrocytes have an active role in the spread of WNV in the
CNS and in the maintenance of WNV neuroinvasive potential.
Among the WNV-induced functional changes in astrocytes is the
expression of endoplasmic reticulum stress-related genes linked
to WNV neurovirulence (van Marle et al., 2007). WNV-infected
astrocytes also upregulate the expression of several chemokines,
but only after infection with the replication-competent virus
and not with an inactivated virus (Potokar et al., 2019). In an
experimental murine model of WNV-induced seizures, intranasal
inoculation with WNV caused limbic seizures in B6 mice, but
not in IFN-γ-deficient (IFN-γ−/−) mice (Getts et al., 2007). Both
strains showed similar levels of virus in the brain, as well as
similar concentrations of TNF-α and IL-6, both of which alter
neuronal excitability. However, TNF-α deficient mice infected
intranasally with WNV still developed severe limbic seizures,
similar to B6 wild-type mice (Getts et al., 2007). While the
absence of seizures in the infected IFN-γ−/− mice was shown
to be associated with the influence of this cytokine on excitatory
circuit development, rather than a direct effect on synaptic
function, per se, the observation highlights the complicated
relationship between inflammation and CNS function. Finally,
in patients with WNV encephalitis, increased infiltration of
monocytes into the brain was found (Ashhurst et al., 2013),
which, as discussed elsewhere in this review, appears to be a
common outcome of CNS infection.

In addition to the profound impact on fetuses and
neonates (fetal growth restriction, abnormalities of the CNS,
including microcephaly) caused by intrauterine infections
with ZIKV during pregnancy, this virus can also cause
neurologic symptoms in adults (Guillain-Barré syndrome,
myelitis, encephalitis, and neuralgia) (Potokar et al., 2019).
Following infection of immunocompetent pregnant mice with
ZIKV, we found the virus particularly in glial cells, such as
astrocytes, oligodendrocytes, and microglia, most profoundly in
the brainstem and cerebellum of the maternal brain (Stanelle-
Bertram et al., 2018). Interestingly, the male offspring from ZIKV
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infected mothers were more likely to suffer from impairment
of learning and memory compared to females, likely as a
result of more severe neuropathological alterations in the
hippocampus compared to their female littermates (Stanelle-
Bertram et al., 2018). Furthermore, in a study in which
perinatal infection was simulated by using neonatal mice,
seizures were observed following subcutaneous inoculation of
1-day-old immunocompetent B6 mice with ZIKV PRVABC59
(Manangeeswaran et al., 2016). The seizures were associated
with ZIKV infection in the brain, neurodegeneration in the
hippocampus and cerebellum, and infiltration of brain tissue with
CD4+ and CD8+ T cells. In a study with ZIKV infection in
3-days-old Swiss mice, the animals developed frequent seizures
during the acute phase, which were reduced by inhibiting TNF-α
(Nem de Oliveira Souzaem et al., 2018). During adulthood, ZIKV
replication persisted in neonatally infected mice, and the animals
showed increased susceptibility to chemically induced seizures
and neurodegeneration, predominantly in the hippocampus,
thalamus, striatum, and cortex. Both cell death and impaired
proliferation of neural precursors were shown to underlie ZIKV-
induced neuropathology (Nem de Oliveira Souzaem et al.,
2018). In a subsequent study from the same group, the effects
of ZIKV infection on neuronal networks (determined from
electrophysiological activity) and how different mechanisms
can trigger epilepsy in ZIKV Swiss mice were examined
(Pinheiro et al., 2020).

Astrocytes, together with microglia, are proposed to be major
ZIKV targets in fetal brain development (Potokar et al., 2019).
Primary fetal human astrocytes particularly stand out for their
susceptibility to ZIKV infection in comparison with neurons and
neural progenitor cells. As is the case for TBEV, astrocytes are also
proposed to serve as a reservoir for ZIKV, and they apparently
induce neuroinflammation through pro-inflammatory cytokines
mediating synaptic and cognitive changes (Potokar et al., 2019).

As with other flaviviruses, astrocytes are also an important
player in altered BBB permeability in response to JEV. Upon
infection with JEV, astrocytes release vascular endothelial growth
factor (VEGF), IL-6, and MMPs (Potokar et al., 2019). In
addition to affecting the BBB, astrocytes are also involved in
neuroinflammatory responses in the JEV-infected CNS that may
underlie ictogenesis.

Virus-Specific Mechanisms:
Picornaviruses
The family of small, positive-sense, single-stranded, non-
enveloped RNA viruses known as the Picornaviridae includes
numerous human pathogens with known and potential
neurovirulence (Rotbart, 1995; Buenz and Howe, 2006),
including members of the Enterovirus genus such as poliovirus,
the echoviruses, the Coxsackie viruses, and the rhinoviruses.
The global ubiquity of these viruses, the high transmissibility,
and the widespread exposure experienced by children make
picornaviruses an important component of emerging or re-
emerging infections associated with neurological disease (Fischer
et al., 2022). For example, enterovirus 71 (EV71), the causative
pathogen in hand, foot, and mouth disease, was originally

isolated in California in 1969 from a 9-month old girl with
encephalitis (Schmidt et al., 1974). Further outbreaks of this
and related serotypes occurred across the US, South America,
Europe, and Asia, with hundreds of thousands of infections in
Asia-Pacific countries since the 1990s and thousands of deaths
due to encephalitis or encephalomyelitis (Puenpa et al., 2019).
Notably, while seizures are reported in some of these patients
(Bissel et al., 2015), a predominant outcome for children with
neurologic manifestations is death, suggesting that neurovirulent
picornaviruses induce severe neuropathology. As we and others
have discussed, several picornavirus proteins, including the
structural proteins VP1, VP2, and VP3 and the non-structural
proteins 2A and 3C directly engage pro-apoptotic mechanisms
in infected cells (Buenz and Howe, 2006) and co-opt antiviral
mechanisms (Wang et al., 2018). However, seizures are clearly
a component of picornaviral infections in less severe cases,
including a broad propensity to febrile seizures, acute seizures,
and late spontaneous seizures (Table 1).

Picornavirus neurotropism is obviously well established for
human poliovirus (Whitton et al., 2005). The human poliovirus
receptor CD155 is enriched in anterior horn motor neurons
(Gromeier et al., 2000) and mediates cellular entry, as proven
by neuronal infection and development of paralytic poliomyelitis
in mice transgenically expressing CD155 (Ren et al., 1990).
Other picornaviruses exploit different cellular receptors. For
example, both EV71 and coxsackievirus A16 (CVA16) utilize
scavenger receptor class B, member 2 (SCARB2; aka CD36L2)
to enter cells. This protein, widely and highly expressed in
the brain, gut, and immune system, localizes to neurons, and
transgenic expression of human SCARB2 in mice renders the
host susceptible to CNS infection with EV71 (Fujii et al.,
2013). While the pathophysiological relevance is not clear, it is
notable that mutations in SCARB2 are associated with epilepsy
(Rubboli et al., 2011).

Given the broad expression of picornavirus receptors, the
development of focal neurological sequelae must depend upon
cell-intrinsic responses to infection or cell-specific sensitivity
to innate and/or adaptive immune responses elicited by CNS
infection. Concerning the former, one potential mechanism of
neuronal specificity arises from the rapid and robust shutdown
of host cell translation that is a hallmark of picornavirus
infection (Etchison et al., 1982) and is mediated by viral
protease cleavage of cap-dependent translation factor eIF-
4G (Whitton et al., 2005). While cap-dependent translation
is important to all cells, neurons may exhibit a unique
sensitivity to translation inhibition. For example, evidence
from ischemia-reperfusion models indicates that vulnerable
neuronal populations in the hippocampus selectively undergo
apoptosis in response to downregulated protein synthesis
(Ayuso et al., 2013). Likewise, specific neuronal populations
may be uniquely sensitive to the activation of stress pathways
activated by translation inhibition, such as NFκB activation
due to loss of IκBα translation and suppression of AKT
signaling as part of the integrated stress response (Kapur
et al., 2017). In parallel, suppression of glutamate transporter
expression and local neuroinflammatory responses that result
in the release of factors such as TNFα may combine to drive
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both hyperexcitability and accelerated neuronal cell death
(Guerrini et al., 1995; Kaltschmidt et al., 1995; McCoy and
Tansey, 2008). Finally, concerning neuron-specific sensitivity
to infection-induced neuroinflammatory responses, robust
evidence obtained using the mouse picornavirus TMEV, outlined
below, indicates that innate immune cell-mediated acute antiviral
responses lead to both neuronal cell death and dysregulation of
electrophysiological homeostasis.

ANIMAL MODELS TO STUDY
MECHANISMS OF SEIZURES AND
EPILEPSY AFTER VIRAL INFECTIONS

As discussed above, animal models are useful to study the
mechanisms involved in infection-induced ictogenesis (i.e., the
generation of seizures) and epileptogenesis (i.e., the generation
of epilepsy). Various animal species, including rabbits, rats, and
mice have been infected with neurotropic viruses and develop
early (encephalitis-associated) seizures, but most die following
the acute viral encephalitis phase so the processes leading to
epilepsy cannot be investigated (Vezzani et al., 2016). One
important exception is the infection of mice with TMEV, which
will be discussed in the next section.

A significant advantage of animal studies is that they allow
for the examination of genetic background as a variable for
the host response (cf., Figure 1) to virus infection (Kollmus
et al., 2018). Furthermore, animal models permit the invasive
mechanistic dissection of in vivo processes underlying virus-
induced CNS alterations that cannot be examined in patients.
One recent example is the infection of mice with a low dose of
a mouse-adapted non-neurotropic IAV (H1N1), which caused
ample peripheral immune response followed by a temporary
BBB disturbance (Düsedau et al., 2021). Although histological
examination did not reveal obvious pathological processes in
the brains of IAV-infected mice, a closer evaluation revealed
a subtle dysbalance in glutamatergic synapse transmission in
the cortex and hippocampus upon H1N1 infection. Previous
experiments using IAV/H1N1 infection models have shown
subtle alterations in hippocampal neuronal morphology and
impairment of cognitive abilities in the absence of virus
in the brain (Jurgens et al., 2012; Hosseini et al., 2018),
thus demonstrating the importance of host response mediated
effects as illustrated in Figure 1. In line with these findings,
neuropsychiatric complications including seizures were not only
reported after infection with neurotropic IAV variants but
also after non-neurotropic H1N1 virus infection, especially in
children (Ekstrand et al., 2010; Surana et al., 2011).

A variety of animal models to study viral infections are
available, including models of herpesvirus encephalitis (Reynaud
and Horvat, 2013; Sehl et al., 2020), COVID-19 (Munoz-Fontela
et al., 2020), ZIKV infections (Morrison and Diamond, 2017),
HIV, IAV and Dengue virus infections (Krishnakumar et al.,
2019), and multiple other encephalitic viruses, including JEV,
WNV, and TBEV (Holbrook and Gowen, 2008). The most
commonly used model species include mice, hamsters, rats,
rabbits, guinea pigs, ferrets, cats, dogs, minks, pigs, chickens,

ducks, fruit bats, and non-human primates. Mice have an
important advantage in that the development of humanized
mouse models offers a preclinical in vivo platform for further
characterization of human viral pathogens and human antiviral
immune responses (Lai and Chen, 2018). A recent example is the
use of transgenic mice that express human ACE2 as a model for
SARS-CoV-2 infection (Munoz-Fontela et al., 2020).

However, with few exceptions, animal models of virus
infections have not been used in the past to study the mechanisms
of seizures. One explanation in this regard is that seizures,
either early or late, are easily overseen if not monitored by
laborious techniques, including continuous (24/7) EEG and video
monitoring (Löscher, 2016). The most important example of an
animal model of viral encephalitis that has been extensively used
to study the molecular mechanisms of seizures and epilepsy is
described in the following section.

THE THEILER’S MURINE
ENCEPHALOMYELITIS VIRUS MOUSE
MODEL TO STUDY MECHANISMS OF
SEIZURES AND EPILEPSY IN THE
CENTRAL NERVOUS SYSTEM

We and others have used the TMEV mouse model to study the
mechanisms underlying seizure generation after virus infection
of the CNS. TMEV, a non-enveloped, positive-sense, ssRNA virus
of the Picornaviridae family and Cardiovirus genus, is a naturally
occurring enteric pathogen of the mouse (Libbey and Fujinami,
2011). It was discovered by Nobel laureate Max Theiler in the
1930s (Theiler, 1934). TMEV causes enteric infection in mice via
the fecal-oral route of transmission. While these infections are
usually asymptomatic or mild, the virus can spread to the CNS
and cause encephalitis and/or encephalomyelitis. Using different
substrains of the virus, Theiler observed encephalomyelitis
that was associated either with flaccid paralysis or seizures
(Theiler, 1934; Theiler, 1937; Theiler and Gard, 1940a). He
also described that the mouse virus is very rarely present in
the CNS of normal mice but that intracerebral inoculation
of mice with filtrates prepared from the intestinal contents
of normal mice induced encephalomyelitis and the associated
neurological phenotype (Theiler and Gard, 1940b). Due to the
development of chronic inflammatory demyelinating disease in
susceptible mouse strains such as SJL, intracerebral infection
of such mice with the Daniels (DA) or BeAn 8386 (BeAn)
strains of TMEV has been used as an animal model for MS for
approximately the past 50 years (Libbey and Fujinami, 2021;
Figure 6A). The T cell-mediated autoimmune demyelinating
disease in SJL mice is characterized by weakness of the hind limbs,
which advances to severe spastic paralysis, and inflammatory
demyelination in the spinal cord. The B6 mouse has been
used as the classic “resistant” mouse strain, which does not
develop the demyelinating disease (Libbey and Fujinami, 2011).
One important difference between SJL and B6 mice is that SJL
mice are unable to adequately control the virus and therefore
develop persistent TMEV infection that induces a smoldering
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neuroinflammatory environment that facilitates demyelination,
particularly in the spinal cord. In contrast, the virus is rapidly
cleared by B6 mice, which was thought to explain the resistance
to neurological consequences of TMEV infection (Gerhauser
et al., 2019; Figure 6B). The mechanisms underlying this striking
difference between the strains seem to be partially due to
the strong antiviral cytotoxic CD8+ T lymphocyte response
that occurs in B6 mice, which is suppressed by the elevated
induction of regulatory CD4+ T cells (Tregs) in SJL/J mice
(DePaula-Silva et al., 2017).

In addition to the initial description of flaccid paralysis
induced by TMEV in some mice, Theiler also noted that some
strains of the virus induced disease in which the “outstanding
clinical sign was an extreme hyperexcitability” (Theiler and
Gard, 1940a). He further noted that these animals “would jump
about excitedly at the slightest stimulus,” performed “rubbing
movements of the face,” and exhibited “tonic convulsions with the
hind limbs extended and the fore limbs flexed.” Theiler indicated
that “death might occur during one of these seizures” and that
infected mice showed “marked encephalitis” in the absence of
frank paralysis (Theiler and Gard, 1940a). However, this aspect of
the TMEV model was largely overlooked for 50 years–regrettably,
we noted seizures in one of our early studies as an exclusion
criterion for behavioral assessment in B6 mice infected with
the virus (Buenz et al., 2006)! It wasn’t until the foundational
report from Libbey et al. in 2008 that the field came to recognize
the value of the TMEV model for understanding seizures
induced by viral encephalitis. These investigators reported that
approximately 50% of B6 mice (male and female) infected
intracerebrally with the DA strain of TMEV developed acute
behavioral seizures that occurred between 3 and 10 days after
virus inoculation. As with Theiler’s original observation, slight
cage shaking, handling, or loud noises facilitated the occurrence
of early seizures, which were rated by the Racine score (Racine,
1972). Most early seizures were generalized convulsive (Racine
stage 5) seizures (Libbey et al., 2008). A similar percentage of
early seizures was also observed when infecting B6 mice with the
BeAn strain of TMEV (Libbey et al., 2011). The incidence of such
seizures increased to 75% if continuous video-EEG was used to
monitor the mice (Stewart et al., 2010a). Furthermore, Stewart
et al. (2010a) reported that a significant proportion of mice
experiencing acute seizures later developed spontaneous epileptic
seizures with hippocampal sclerosis (Figure 6B), which is a
hallmark of TLE (Blümcke et al., 2002; Thom, 2014). In B6 mice,
TMEV has a specific tropism for the CA1 and CA2 pyramidal
cell layers of the hippocampus; periventricular thalamic nuclei;
septal nuclei; and piriform, parietal, and entorhinal cortices
during acute TMEV infection (Libbey et al., 2008; Buenz et al.,
2009; Stewart et al., 2010a,b). Unlike B6 mice, TMEV-infected
SJL mice show subclinical, transient polioencephalitis along with
mild neuronal degeneration, which is not accompanied by seizure
development in the acute disease (Libbey et al., 2008; Figure 6A).
SJL mice are typically protected from hippocampal damage by
TMEV, which seems to be mediated by IL-10 receptor signaling
(Uhde et al., 2018).

Theiler’s murine encephalomyelitis virus infection in B6
mice was the first animal model to associate viral encephalitis

with epilepsy, thus allowing the field to study the mechanisms
underlying the development of early and late seizures.

Potential Role of Invading Monocytes
and Resident Microglia in the
Mechanisms Underlying Seizure
Generation in the Theiler’s Murine
Encephalomyelitis Virus Model
Based on a large series of subsequent studies of the groups
of Robert S. Fujinami, H. Steve White, and Karen S. Wilcox
at the University of Utah, which were reviewed by Libbey
and Fujinami (2011) and DePaula-Silva et al. (2017, 2021), it
was suggested that infiltrating monocytes (CD45hi CD11b+)
present in the brain of B6 mice at day 3 post-infection are
an important source of IL-6, which critically contributes to the
development of acute seizures in the TMEV-induced seizure
model. Furthermore, the production of high levels of TNF-α
by microglia during the acute phase of the infection was found
to play a role (Cusick et al., 2013). When mice deficient in
TNF receptors, TNF-α or IL-6 were infected with TMEV, the
incidence of acute seizures was significantly decreased, whereas
IL-1R1 deficient mice did not differ from wild-type controls
(Kirkman et al., 2010; Patel et al., 2017). From these data and
the known effects of IL-6 and TNF-α on neuronal activity, it was
suggested that IL-6 and TNF-α secreted in the brain by infiltrated
monocytes and resident microglia during TMEV infection in B6
mice may contribute to enhanced glutamatergic excitation and
decreased GABAergic inhibition and lead to a more seizure prone
state (DePaula-Silva et al., 2021). In support of this hypothesis,
TMEV infection of B6 mice depleted of monocytes resulted
in a significant decrease in the number of mice experiencing
seizures, substantiating a role for infiltrating monocytes in the
development of acute seizures in the TMEV-induced seizure
model (Cusick et al., 2013). However, at least in part, the
experimental methods used to reduce monocyte invasion and
distinguish monocytes/macrophages from microglia were not
specific, so the exact role and interplay of these and other immune
cells in the TMEV model remained elusive.

The Role of Structural vs. Inflammatory
Brain Alterations in the Mechanisms
Underlying Seizure Generation in the
Theiler’s Murine Encephalomyelitis Virus
Model
The interesting data reported by the University of Utah groups
prompted W. Löscher’s group to establish the TMEV model in
B6 mice in Hannover, Germany. Unexpectedly, it took several
years to reproduce the seizure phenotype in our laboratory (Bröer
et al., 2016). Indeed, the BeAn strain of TMEV was used in
thousands of SJL/J and B6 mice by Wolfgang Baumgärtner’s
group at the Department of Pathology at the University of
Veterinary Medicine in Hannover over a period of ∼15 years
in numerous studies on mechanisms involved in virus-induced
demyelination but seizures were never observed in B6 mice.
Thus, we hypothesized that either the substrain of B6 mice
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FIGURE 6 | Theiler’s murine encephalomyelitis virus (TMEV) infection as a model for multiple sclerosis (A) or epilepsy (B). (A) Intracerebral inoculation of SJL mice
with low neurovirulent Theiler’s original (TO) subgroup strains of TMEV (such as DA or BeAn) results in a biphasic disease course consisting of an acute
encephalomyelitis followed by demyelination of the spinal cord. During the acute phase, neurons within the hippocampus, cerebral cortex, and spinal cord are
infected. However, later, as the virus is cleared from the brain, persistent infection in spinal glia results in chronic inflammation, demyelination, axonal degeneration,
and astrogliosis, resembling the pathological alterations observed in MS. Notably, seizures are not observed in TMEV-infected SJL mice at any point during the
disease course. (B) Intracerebral inoculation of C57BL/6 mice with TMEV results in acute viral encephalitis that is marked by rapid monocytic and neutrophilic
infiltration followed by entry of antiviral T cells, resulting in viral clearance from the host. The virus does not persist in these animals. In contrast to SJL mice, damage
to hippocampal neurons is a prominent feature in B6 mice and is associated with impaired learning and memory and induction of anxiety behaviors. Early
symptomatic seizures occur in ∼75% of mice during the acute phase and are associated with monocyte-derived cytokines such as IL-6 and TNF-α. The acute
symptomatic seizures are observed over ∼2–10 days following infection, followed by a seizure-free latent phase of several weeks, after which about 30% of the
infected mice develop spontaneous seizures.

or the BeAn substrain used in these experiments may have
been responsible for the lack of seizures. This hypothesis was
addressed by comparing two B6 and two BeAn substrains,
including the mouse and virus substrains used in the original
studies of Fujinami and White (Bröer et al., 2016). In addition,
we compared the potency of the BeAn and DA TMEV strains
to induce seizures and epilepsy in mice. The idea behind this
approach was to study what is and what is not necessary
for the development of acute and late seizures after brain
infection in mice. Receiver operating characteristic (ROC) curve
analysis was used to determine which virus-induced brain
alterations are associated with seizure development. In B6 mice
infected with different TMEV virus (sub)strains, the severity
of hippocampal neurodegeneration, amount of MAC3-positive
microglia/macrophages, and expression of ISG15 were almost
perfect at discriminating seizing from non-seizing B6 mice,
whereas T-lymphocyte brain infiltration was not found to be a
crucial factor (Bröer et al., 2016).

The potential role of blood-borne monocyte brain invasion
for the seizure phenotype induced by TMEV infection of B6
mice suggested by the University of Utah groups (Libbey
and Fujinami, 2011; DePaula-Silva et al., 2017, 2018, 2021)
prompted us to perform a series of studies using either
genetic or pharmacological strategies. The outcome of these
studies is summarized in Table 3. First, to better differentiate
brain-resident myeloid cells, including microglia, from invading
monocytes in the TMEV encephalitis model of TLE, we
compared virus-induced effects in B6 WT vs. B6-based Cx3cr1-
creER±tdTomatoSt/Wt mice, in which long-lived CX3CR1+
cells such as microglia can be distinguished from infiltrating
monocytes by the expression of the red fluorescent protein
tdTomato (Käufer et al., 2018a). When using flow cytometry
to differentiate blood-borne monocytes (CD45highCD11b+)
from resident microglia (CD45lowCD11+) in the brain, the
Cx3cr1-creER±tdTomatoSt/Wt reporter mice provided qualitative
proof that activated myeloid cells present in the CNS after
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TMEV infection consist of microglia and infiltrating monocytes
(Table 3), although concerning CD45 and CD11b expression,
some microglia become indistinguishable from monocytes
during CNS infection (Käufer et al., 2018a).

Next, we used two pharmacological approaches to determine
the impact of invading monocytes vs. resident microglia for early
seizures and hippocampal damage induced by TMEV in B6 mice.
When using systemic administration of liposome-encapsulated
clodronate liposomes as a selective and widely used approach
for monocyte depletion, almost complete depletion of monocytic
cells was achieved in the spleen and blood of Theiler’s virus-
infected B6 mice, which was associated with a 70% decrease
in the number of brain-infiltrating monocytes as assessed by
flow cytometry (Waltl et al., 2018a). As shown in Table 3,
significantly fewer clodronate liposome-treated mice exhibited
seizures than liposome controls. The severity of seizures was
not affected by monocyte depletion, but the seizure burden
(the number of seizures per mouse observed over 7 days after
infection) was markedly reduced (Waltl et al., 2018a). However,
the development of hippocampal damage was not prevented or
reduced by monocyte depletion (Table 3).

Surprisingly, clodronate liposome treatment did not reduce
the increased Iba1 and Mac3 labeling in the hippocampus of
infected mice, indicating that activated microglia may contribute
to hippocampal damage (Waltl et al., 2018a). Thus, our next
pharmacological approach used prolonged administration of
PLX5622, a specific inhibitor of colony-stimulating factor 1
receptor that depletes microglia (Waltl et al., 2018b). As shown
in Table 3, microglia depletion accelerated the occurrence
of seizures, exacerbated hippocampal damage, and led to
neurodegeneration in the spinal cord, which is normally not
observed in B6 mice. These data suggested that microglia are
required early after infection to limit virus distribution and
persistence, most likely by modulating T cell activation (Waltl
et al., 2018b). An antiviral role of microglia has also been

demonstrated for ZIKV, HSV, JEV, WNV, and several other virus
infections (Terry et al., 2012; Chen et al., 2019). Interestingly,
TNF-α expression in the brain of TMEV-infected mice was not
affected by microglia depletion, suggesting that CNS and/or
infiltrating cells other than microglia are also secreting this
cytokine (Waltl et al., 2018b). More recently, our data have been
partially confirmed by the University of Utah groups (DePaula-
Silva et al., 2018; Sanchez et al., 2019).

In an additional series of experiments, we used genetic
approaches (Ccr2-KO and Cx3cr1-KO mice) to study the
role of invading monocytes vs. activated microglia for early
seizures and hippocampal damage (Käufer et al., 2018a). CCR2
and CX3CR1 are two chemokine receptors that regulate the
responses of myeloid cells, such as monocytes and microglia,
during inflammation (Prinz and Priller, 2010). Based on
their differential expression of the chemokine receptors CCR2
and CX3CR1 in mice, so-called “inflammatory” (or “classic”)
monocytes (CCR2+CX3CR1low), which are highly mobile and
rapidly recruited to inflamed tissues, can be distinguished from
patrolling (non-classic) monocytes (CCR2−CX3CR1high), which
are larger in size and patrol along vascular endothelium such
as the BBB (Prinz et al., 2011; Prinz and Priller, 2017). Brain-
resident microglia produce the myelo-attractant cytokine CCL2
(also known as MCP1), a CCR2 ligand that promotes the
transmigration of CCR2+ monocytes (and T cells) across the
BBB via CCL2/CCR2 crosstalk (Prinz and Priller, 2010; Howe
et al., 2017). Mice devoid of the Ccr2 gene exhibit markedly
reduced recruitment of monocytes and reduced pathology in
several brain disease models, including autoimmune encephalitis,
MS, stroke, and status epilepticus (Prinz and Priller, 2010; Chu
et al., 2014; Varvel et al., 2016). Interestingly, in SJL mice,
in which infection with TMEV induces severe spinal cord
demyelination (Figure 6A), the use of Ccr2-KO mice reduced
monocyte infiltration, demyelination, and long-term disease
severity (Bennett et al., 2007).

TABLE 3 | A summary of the experiments of the Löscher lab on TMEV-induced seizures and epilepsy.

Approach
(C57BL/6 mice)

Monocyte
invasion

Microglia
proliferation

Hippocampal
damage

Early
seizures

Late
seizures

(epilepsy)

References

Control (wild-type) + Ø + + + Bröer et al., 2016; Bröer et al.,
2017; Anjum et al., 2018; Käufer
et al., 2018a; Waltl et al., 2018a,b

Pharmacological manipulation

Clodronate liposomes ⇓ Ø + ⇓ + Waltl et al., 2018a,c

PLX5622 + ⇓ ⇑ ⇑ TBD Waltl et al., 2018b,c

Genetic manipulation

Cx3cr1 reporter mice
(Cx3cr1CreER±td-TomatoSt/wt)

+ Ø + + TBD Käufer et al., 2018a

Ccr2-KO mice ⇓ Ø ⇓ + + Käufer et al., 2018a,b

Cx3cr1-KO mice (⇓) Ø ⇓ + + Käufer et al., 2018a,b

Data are from TMEV-infected C57BL/6 mice, using the DA strain of TMEV for intracerebral inoculation.
In addition to data from flow cytometry shown in the table for monocyte invasion and microglia proliferation, neuroinflammation was also assessed by
immunohistochemistry (Iba1, Mac-3, CD3), T cell and neutrophil infiltration, and qPCR (cytokines). A significant increase in infected wild-type controls or Cx3cr1 reporter
mice compared to sham-infected controls is indicated by “+” and lack of such alteration by “Ø”. A significant decrease or increase by pharmacological or genetic
manipulation compared to infected wild-type controls is indicated by arrows. TBD, to be determined.
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As shown in Table 3, in B6 mice, the lack of CCR2 or CX3CR1
receptors was associated with a significant reduction of monocyte
invasion and almost complete prevention of hippocampal
damage but did not prevent seizure development after viral CNS
infection (Käufer et al., 2018a). These data are compatible with
the hypothesis that CNS inflammatory mechanism(s) other than
the infiltrating myeloid cells trigger the development of seizures
during viral encephalitis. It is also important to note that the
consequences of pharmacological vs. genetic manipulation of
monocyte invasion and microglia activation strikingly differed
(Table 3). Furthermore, the interplay between microglia and
invading monocytes in this model is more complex than
previously proposed by other groups (Libbey and Fujinami, 2011;
DePaula-Silva et al., 2017, 2018, 2021).

All studies described thus far examined the role of
various manipulations on the occurrence of early seizures and
hippocampal damage in the TMEV model in B6 mice. As
described above, a fraction of the mice also develops spontaneous
recurrent seizures, i.e., epilepsy after a latent period of several
weeks (Figure 6B). In the experiments of the Löscher group,
the incidence of epilepsy was determined by continuous (24/7)
video-EEG monitoring, resulting in an epilepsy incidence of 33%,
while the incidence of early seizures was 77% (Anjum et al.,
2018). When determining the development of epilepsy in mice
following treatment with clodronate liposomes or in Ccr2-KO
and Cx3cr1-KO mice, no significant difference from controls was
observed (Käufer et al., 2018b; Waltl et al., 2018c). This would
suggest that–as outlined above–the mechanisms underlying early
and late seizures are different. In this respect, it is interesting to
note that although there are significant increases in amplitude
and frequency of spontaneous and miniature excitatory currents
(mediated by glutamate) in hippocampal CA3 neurons recorded
in brain slices prepared during the acute infection period and
during chronic epilepsy 2 months after infection, the patterns
of changes observed are markedly different during these two
periods, suggesting that there are underlying changes in the
network over time (Smeal et al., 2012). In addition to the changes
in excitatory currents of CA3 neurons both during the acute
infection and 2 months later shown by Smeal et al. (2012),
additional experiments disclosed a decrease in CA3 inhibitory
network activity (mediated by GABA) during the acute infection,
but not at the 2-month time point, again suggesting different
mechanisms of seizure generation during the acute infection and
during chronic epilepsy (Smeal et al., 2015).

In addition to epilepsy as a long-term outcome of TMEV
infection in B6 mice, these animals also exert behavioral
and cognitive alterations, such as increased anxiety, decreased
pentylenetetrazole seizure threshold, and impaired learning and
memory (Umpierre et al., 2014; Barker-Haliski et al., 2015).
Treatment of mice with minocycline, but not valproic acid,
during the acute phase of the TMEV infection improved long-
term behavioral outcomes in the TMEV model (Barker-Haliski
et al., 2016), but epilepsy was not monitored in this study.
Minocycline was used in this study to directly suppress microglial
activation and overexpression of inflammatory cytokines.

In summary, our data on the TMEV model suggest that
hippocampal damage is not critically involved in ictogenesis

and epileptogenesis, because genetic manipulations that
completely prevented the damage did not modify the
incidence of early or late seizures (Käufer et al., 2018a,b). The
mismatch between findings of genetic versus pharmacological
manipulations in TMEV-infected B6 mice illustrated in Table 3
deserves further study.

Focusing on Acute Inflammatory
Monocyte Infiltration as the Driver of
Seizures and Neuropathology in the
Theiler’s Murine Encephalomyelitis Virus
Model
In parallel with the elegant work of the Utah and Hannover
groups, the Howe group also came to recognize the importance
of infiltrating inflammatory monocytes. Our initial studies
probed the neuropathological and behavioral sequelae of TMEV
encephalitis in B6 mice, revealing that pyramidal neurons in the
CA1 region of the hippocampus were selectively lost by 4 days
after intracerebral inoculation with Daniel’s strain of TMEV and
that mice tested in the Morris water maze starting at 11 days
after infection exhibited a profound disruption in the ability to
form spatial memories (Buenz et al., 2006). We showed that
memory impairment was associated with damage to the CA1
region in two ways. First, the increasing hippocampal injury was
associated with a graded loss in the ability to learn the maze;
second, mice with any amount of hippocampal damage converted
from a spatial memory strategy to a cue-based escape strategy.
At the time, we focused on the role of neurotropic viruses in the
direct killing of hippocampal neurons (Buenz and Howe, 2006)
and we postulated that low-level neurovirulence amongst the
human picornaviruses results in widespread erosion of cognitive
reserves in humans, potentially explaining the development of
memory and cognitive impairments with age in the absence
of clear etiology.

Unexpectedly, however, our follow-up studies indicated
that apoptosis of hippocampal neurons during acute TMEV
encephalitis occurred independently of direct cellular infection
(Buenz et al., 2009). Indeed, while many infected mice
exhibited nearly complete loss of all CA1 neurons in the
dorsal hippocampus, only a small fraction of these neurons
expressed TMEV antigen before death. This is consistent with
our contention that only 20–2000 cells in the brain are infected
with TMEV in the immediate aftermath of inoculation (Howe
et al., 2017). Moreover, we showed that CA1 neurons exhibited
evidence of oxidative injury and apoptotic processes as early as
2 days after inoculation, with peak neuronal death occurring
within 4 days, a timeline that is inconsistent with any effect
of antiviral adaptive immune-mediated mechanisms (Dethlefs
et al., 1997; Mendez-Fernandez et al., 2003). Given the virus-
independent nature of the CA1 pyramidal neuron death, we next
sought to protect these neurons by interfering with the apoptotic
cascade. We observed that calpain was specifically activated
in CA1 neurons as early as 2 days after TMEV inoculation,
prompting us to treat infected animals with ritonavir, a drug
designed as an HIV protease inhibitor that also suppresses
calpain (Howe et al., 2016). We found that ritonavir therapy
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almost completely prevented the loss of CA1 pyramidal neurons,
without impacting viral fitness or eventual viral clearance.
Moreover, we found that calpain inhibition preserved cognitive
performance in the Morris water maze, protected novel object
recognition learning, and completely prevented the development
of acute, high Racine score seizures. Critically, this therapeutic
effect was achieved even when therapy was started at 36 h
after inoculation, a timepoint at which mice already exhibit
low Racine score events and encephalitis is well established
(Howe et al., 2016).

In parallel with the ritonavir work, we published two studies
showing that inflammatory monocytes are the primary driver
of hippocampal injury and cognitive impairment in the TMEV
model. In the first, we showed that inflammatory monocytes
infiltrate the TMEV inoculated brain within hours (Howe et al.,
2012a)–indeed, in our most recent work we have observed these
cells in the hippocampus within 3 h of inoculation. We defined
these cells as CD45hiCD11b+ cells that are positive for Ly6C
and Ly6B but negative for Ly6G. We also established that the
LysM:GFP mouse generated by David Sacks (Faust et al., 2000)
(not based on the LysM-Cre line) permitted the clear delineation
of infiltrating inflammatory monocytes (GFPmid), infiltrating
neutrophils (GFPhi), and microglia (GFPneg). Furthermore, we
showed that immunodepletion of monocytes but not neutrophils
preserved cognitive performance in the Morris water maze and
protected the hippocampus from injury.

In the second study, we showed that despite equivalent
viral load and acute encephalitis, SJL mice do not exhibit
any injury to the hippocampus and this effect was genetically
dominant, as the F1 offspring of SJL × B6 mice also showed
hippocampal preservation (Howe et al., 2012b). Relevant to the
discussion above regarding the direct viral killing of neurons,
we also observed large numbers of intact CA1 pyramidal
neurons loaded with TMEV antigen at 3 days after inoculation;
these neurons eventually clear the virus non-lytically and
remain intact. Strikingly, we found that SJL mice exhibited a
markedly truncated inflammatory monocyte response at 24 h
after inoculation, while neutrophil infiltration levels were the
same or greater than B6 mice at the same timepoint. The
B6 response profile was recapitulated in B10.S mice (Patick
et al., 1990) (a C57BL/10 congenic line that expresses H-2s

and is therefore histocompatible with SJL mice) and we used
bone marrow reconstitution to create chimeric animals with
a B10.S nervous system and SJL immune system or an SJL
nervous system with a B10.S immune system. We found that
reconstitution of SJL mice with a B10.S immune system resulted
in robust inflammatory monocyte infiltration and consequent
hippocampal injury that was indistinguishable from B10.S mice
reconstituted with B10.S bone marrow. Finally, we showed
that adoptive transfer of Ly6C+Ly6G− B6 peritoneal exudate
monocytes (induced by mineral oil) into B6× SJL F1 hosts at 18 h
after TMEV inoculation led to profound hippocampal injury and
abrogation of scent-based novel object recognition learning.

Given the acute timing of the inflammatory monocyte
response and the rapid initiation of hippocampal injury and
behavioral seizures in B6 mice, we sought to identify the
molecular and cellular sources driving leukocyte recruitment to

the CNS. We found that by 3 h after intracranial inoculation of
TMEV the hippocampus exhibited a profound upregulation of
inflammatory chemokine transcripts that was quickly followed
by upregulation of inflammatory cytokine RNA (Howe et al.,
2017). Moreover, we observed that serum CCL2 levels peak
at 3 h after infection and this was temporally associated
with high levels of CCL2 in the brain and hippocampus.
Genetic deletion of CCR2 essentially abrogated inflammatory
monocyte infiltration, while systemic immunodepletion of CCL2
but not CCL7 also truncated the monocytic response during
acute TMEV encephalitis. Unexpectedly, we found that CCL2
was predominantly expressed by hippocampal neurons at
6 h after TMEV inoculation and we showed that neuron-
specific deletion of CCL2 (Syn-Cre × CCL2-RFPfl/fl) resulted in
complete suppression of serum and hippocampal CCL2 levels
at this timepoint and greatly attenuated inflammatory monocyte
infiltration at 24 h after inoculation.

Finally, we have recently determined that the size of
the inflammatory monocyte response during acute TMEV
encephalitis effectively controls the extent of hippocampal injury,
the loss of spatial learning, and the induction of high-grade
Racine score behavioral seizures in B6 mice (Howe et al.,
2022). In this work, we used different amounts of initial TMEV
inoculum to drive different levels of encephalitis. We found
that introducing 12,500 plaque-forming units of TMEV into
the brain elicited encephalitis at 24 h, which was 90% less
intense than our standard inoculum of 200,000 plaque-forming
units in terms of absolute numbers of infiltrating inflammatory
monocytes. While at first glance this seems obvious, it is critical
to note that at 24 h the total load of infectious virus in the
brain was equivalent between the two inocula. This means that
the initial viral exposure, not the amount of replicated virus,
set the pace for the downstream encephalitic response. Indeed,
animals inoculated with the lower amount of virus exhibited
essentially no increase in CCL2 at 24 h and exhibited no
increase in TNFα or IL6 in the hippocampus at 24 or 72 h
after inoculation. These mice had limited hippocampal injury
and showed complete preservation of spatial learning in the
Barnes maze. Assessment of behavioral seizures through the
first 10 days after inoculation revealed that the low virus group
exhibited no high-level Racine seizures at any timepoint. EEG
analysis confirmed reduced ictal activity. Notably, however, the
low virus group still developed low-grade Racine seizures and did
exhibit EEG abnormalities. Looking at microglial activation in
these animals, we found that there was equivalent upregulation
of Iba-1+ microglia in the hippocampus between viral inocula
and these microglia showed equivalent upregulation of activation
markers such as CD44. Within this context, we also found
that mice inoculated with the lower amount of TMEV were
more resistant to kainic acid-induced status epilepticus at 24 h
relative to mice receiving the standard inoculum, but were still
more sensitive than uninfected mice. These findings suggest that
microglial activation acts as a binary switch during acute CNS
viral infection while the infiltrating monocyte response (and
encephalitis, stricto sensu) is graded. Moreover, while microglial
activation during CNS viral infection primes the brain for
ictogenesis, the full induction of acute clinical-grade seizures
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requires infiltration of inflammatory monocytes. This may have
profound implications for considerations of ictogenesis during
viral encephalitis. For example, even a small amount of viral
invasion into the CNS may trigger microglial activation that
confers a decrease in seizure threshold without rising to the
level of clinical manifestations. In the context of a patient
with other factors predisposing to ictogenesis, this microglial
effect may be sufficient to push the system over into a seizure
state. Likewise, the critical role of inflammatory monocyte
infiltration in driving seizures during viral encephalitis provides
an opportunity to consider therapeutic approaches that prevent
these cells from invading the CNS. In numerous experiments over
many years, we have never observed a detrimental effect on viral
clearance associated with suppression of inflammatory monocyte
responses, while we have repeatedly observed neuroprotective
effects of reducing inflammatory monocyte infiltration. This
leads us to strongly favor the development of new therapies
to inhibit these cells or the application of unconventional
therapies such as monocyte adsorption apheresis in patients with
viral encephalitis.

The Potential Role of Invading
Lymphocytes in the Mechanisms
Underlying Seizure Generation in the
Theiler’s Murine Encephalomyelitis Virus
Model
Following the acute innate response to intracerebral inoculation
with TMEV, a robust adaptive response is mounted, leading
to infiltration of virus-specific CD8+ cytotoxic T lymphocytes,
which play a significant role in viral clearance from the host
(Libbey and Fujinami, 2011). In B6 mice, the earliest wave of anti-
viral T cells arrives in the brain around 4 days after inoculation,
peaking around day 7 (Deb and Howe, 2008). This response
is marked by nearly complete restriction to recognition of a
peptide derived from the VP2 capsid protein presented on the
Db MHC class I molecule (Johnson et al., 1999; Howe et al.,
2007). While antiviral CD8+ T cells recognize and kill infected
cells, within the CNS it is vital to host survival and function to
clear virus non-lytically via mechanisms such as IFNγ (Rodriguez
et al., 2003). The involvement of CD8+ cytotoxic T lymphocytes
and viral clearance in the development of acute seizures in the
TMEV-induced seizure model was assessed through the use of
OT-I transgenic mice (B6 background), in which the majority
of the CD8+ T cells carry an ovalbumin-specific T-cell receptor
(Kirkman et al., 2010). The number of TMEV-infected OT-I
mice experiencing acute seizures was comparable to wild-type
B6 mice, suggesting that the seizures were not influenced by
TMEV-specific CD8+ T cells. In TMEV-infected B6 mice, the
acute symptomatic seizures resolve by ∼day 10 post-infection
(Figure 6B), which was also observed in OT-I mice, indicating
that the cessation of seizures was also not due to the clearance
of virus by the CD8+ T-cell response (Kirkman et al., 2010).
Similarly, in our studies, we found no significant correlation
(by ROC analysis) between T lymphocyte brain infiltration and
acute symptomatic seizures (Bröer et al., 2016). More recently,

RAG1−/− mice, which are deficient in mature T and B cells,
were compared with B6 mice infected with TMEV (DePaula-
Silva et al., 2018). As expected, CD4+ and CD8+ T cells were
absent from the brains of RAG1−/− mice, but the number of
RAG1−/− mice experiencing seizures was similar to control
mice, further substantiating that lymphocytes are not playing
a role in the development of acute seizures following TMEV
infection (DePaula-Silva et al., 2018).

When we depleted microglia by prolonged treatment with
PLX5662 from 21 days before to 6 or 7 days after TMEV
infection of B6 mice, an unfavorable hippocampal and spinal
cord ratio between Tregs and effector T cells was observed,
thus reducing antiviral immunity in these regions (Waltl et al.,
2018b). This possibility was substantiated by a marked increase
in brain mRNA expression of the immunosuppressive cytokine
IL-10 in the brain of infected PLX5622-treated mice, which is
released by Tregs and suppresses the activation of cytotoxic
T cells. These data thus added to the concept of microglia–
T cell crosstalk (Schetters et al., 2017). Recently, it has been
proposed that a dysregulated microglia-T-cell interplay during
viral infection may result in altered phagocytosis of neuronal
synapses by microglia that causes neurocognitive impairment
(Chhatbar and Prinz, 2021).

The Potential Role of the Excitatory
Neurotransmitter Glutamate in the
Mechanisms Underlying Seizure
Generation in the Theiler’s Murine
Encephalomyelitis Virus Model
The role of glutamate receptors and transporters in the TMEV
model in B6 mice was studied by the University of Utah groups.
Based on previous data from these groups indicating that the
inflammatory cytokines IL-6 and TNF-α play a role in seizure
development in the TMEV model and that infiltrating monocytes
are major producers of these cytokines, the potential role of
the metabotropic glutamate receptor 5 (mGluR5) was examined
(Hanak et al., 2019). mGluR5 is a G-protein coupled receptor
that has been shown to reduce IL-6 and TNF-α production in
microglia and macrophages and to provide neuroprotection in
other disease models (Loane et al., 2014; Zhang et al., 2015).
Hanak et al. (2019) found that pharmacological stimulation
of mGluR5 with the selective positive allosteric modulator
VU0360172 not only reduced acute seizure outcomes in TMEV-
infected B6 mice but also reduced the percent of microglia
and macrophages producing TNF-α 3 days post-infection.
Immunofluorescence confocal imaging showed a significant
decrease in mGluR5 immunoreactivity in the CA1 and CA3
regions of the hippocampus with no significant changes seen
in the dentate or cerebral cortex (control brain region) in
TMEV-infected B6 mice with seizures compared to controls
(Hanak et al., 2019).

Concerning ionotropic glutamate receptors, i.e., NMDA,
kainate, and AMPA receptors, Libbey et al. (2016) determined the
effects of three antagonists, MK-801, GYKI-52466, and NBQX,
on acute seizure development in the TMEV-induced seizure
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model in B6 mice. Surprisingly, they found that only the AMPA
receptor antagonist NBQX affected acute seizure development,
resulting in a significantly higher number of mice experiencing
seizures, an increase in the number of seizures per mouse, a
greater cumulative seizure score per mouse, and a significantly
higher mortality rate among the mice. This proconvulsant effect
of NBQX observed in the TMEV-induced seizure model was
unexpected, because NBQX has previously been shown to be
a potent anticonvulsant in a variety of animal seizure models
(Catarzi et al., 2007).

In another study, the role of glutamate transporters was
examined (Loewen et al., 2019). Glutamate transporters such
as GLT-1 expressed by glial cells contribute significantly to the
control of extracellular glutamate levels, and the expression
profile and function of these glutamate transporters have
been implicated in epilepsy (Peterson and Binder, 2020).
TMEV-infected seizing B6 mice show evidence of reactive
astrogliosis, which has been associated with decreases in
glutamate transporter expression and function in sclerotic tissue
(Proper et al., 2002; Dossi et al., 2018). However, pharmacological
and genetic methods used to modulate the glial glutamate
transporters, while effective in other models, were not sufficient
to reduce the number or severity of behavioral seizures in TMEV-
infected B6 mice (Loewen et al., 2019).

Overall, the TMEV encephalitis model of acute and late
seizures in B6 mice is a powerful tool for testing the inflammatory
mechanisms that drive ictogenesis. In addition to providing a
robust platform for manipulating the host immune response
during viral encephalitis to alter seizure biology, the TMEV
model also serves as a new, biologically and clinically relevant
platform for testing established and novel therapeutics in
the context of seizures that evolve without the introduction
of ictogenic pharmacological agents or electrical stimulation
(Metcalf et al., 2021). While a tremendous amount of progress
has been made in understanding the acute phase of TMEV
encephalitis, much work remains to discover the cellular and
molecular mechanisms that link inflammation to ictogenesis and,
critically, to identify the mechanisms that lead from the acute
phase of the disease to the development of late, spontaneous
seizures (DePaula-Silva et al., 2021).

THERAPEUTIC INTERVENTIONS THAT
INTERFERE WITH ICTOGENESIS AND
EPILEPTOGENESIS AFTER VIRAL
INFECTIONS

Both the early (acute symptomatic) seizures and the late
(spontaneous recurrent) seizures occurring in the acute and
chronic phases of the infection, respectively (Figure 4), can be
symptomatically suppressed in many patients using antiseizure
medications (ASMs) such as levetiracetam, phenytoin, and others
(Löscher and Klein, 2021a). More than 30 ASMs are clinically
approved; adequate choice of treatment depends on a variety
of factors, including the type of seizures and epilepsy (Löscher
and Klein, 2021a). However, about 30% of patients with epilepsy
do not respond adequately to ASM treatment (Janmohamed

et al., 2020), indicating that more research is required to identify
the multiple mechanisms driving seizures associated with viral
encephalitis and other brain insults.

Treatment of Acute Symptomatic
Seizures
In principle, the use of ASMs does not differ between
early and late seizures, but control of acute symptomatic
seizures during viral infection requires simultaneous treatment
of the underlying etiology (Koppel, 2009; Gunawardane and
Fields, 2018; Löscher and Klein, 2021a). Preferred medications
for the treatment of acute symptomatic seizures or status
epilepticus are those available for intravenous use, such
as benzodiazepines, fosphenytoin or phenytoin, valproate,
levetiracetam, and phenobarbital (Gunawardane and Fields,
2018). Prophylactic treatment with ASMs should be started as
soon as possible after the onset of infection and continued as long
as needed (Singhi, 2011). If not adequately treated, early seizures
may progress to status epilepticus. However, prophylactic ASMs
are not administered in all cases after onset of infection. Instead,
ASMs are often withheld until the first-post-infection seizure.

Although the use of ASMs after the onset of infection appears
clinically plausible, there is insufficient evidence to support or
refute the routine use of ASMs for the prevention of early
seizures in viral encephalitis. Concerning other causes of early
seizures, only a few placebo-controlled clinical studies on the
treatment of early seizures exist. In a study in which treatment
with intravenous phenytoin or placebo was started within 24 h
of traumatic brain injury, 3.6% of the patients assigned to
phenytoin had seizures between the onset of treatment and
day 7, as compared with 14.2% of patients assigned to placebo
(P < 0.0001; Temkin et al., 1990). Although phenytoin is the
standard of care to prevent acute symptomatic seizures after brain
injury, a recent meta-analysis of clinical studies indicated that
levetiracetam has similar efficacy to phenytoin in preventing such
seizures (Zhao et al., 2018).

Concerning the treatment of febrile seizures in children, most
febrile seizures are self-limited (simple febrile seizures); however,
when seizures last longer than 5 min (complex febrile seizures
or fSE), a benzodiazepine should be administered to break the
seizure (Löscher and Klein, 2021a). A 2018 Cochrane review
concluded that intravenous lorazepam and diazepam have similar
rates of seizure cessation and respiratory depression (McTague
et al., 2018). When intravenous access is unavailable, buccal
midazolam or rectal diazepam is acceptable.

In contrast to febrile seizures, FIRES is very difficult to
treat. Treatment modalities for these patients include, among
others, various ASMs, ketogenic diet, intravenous corticosteroids,
intravenous immunoglobulin, and burst-suppression coma (Hon
et al., 2018). More recently, based on our initial report of
efficacy in a child with FIRES (Kenney-Jung et al., 2016;
Clarkson et al., 2019), the IL-1R antagonist anakinra has been
increasingly used in the treatment of these patients, with mixed
results (Farias-Moeller et al., 2018; Löscher and Klein, 2021a;
Yamanaka et al., 2021). Furthermore, the IL-6 receptor antagonist
tocilizumab has been used as an alternative (Stredny et al., 2020;
Yamanaka et al., 2021).
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In the TMEV model in B6 mice, the efficacy of various
ASMs and anti-inflammatory compounds to suppress acute
symptomatic seizures has been tested. In studies by Barker-
Haliski et al. (2015, 2016), valproate, but not carbamazepine
or minocycline, reduced the acute seizure burden. In a
recent study by Metcalf et al. (2021), several prototype ASMs
were effective, including lacosamide, phenytoin, ezogabine,
phenobarbital, tiagabine, gabapentin, levetiracetam, topiramate,
and valproate. Of these, phenobarbital and valproate had
the greatest effect (>95% seizure burden reduction). The
prototype anti-inflammatory drugs celecoxib, dexamethasone,
and prednisone also moderately reduced seizure burden.
Furthermore, cannabidiol reduced seizures in the TMEV model
(Patel et al., 2019). The TMEV model in B6 mice is currently
utilized by the NIH/NINDS-funded Epilepsy Therapy Screening
Program (ETSP) as a tool for evaluating the antiseizure effect of
novel compounds (Wilcox et al., 2020).

However, it is important to note that transient treatment of
acute symptomatic seizures with ASMs has no proven effect
on the subsequent development of epilepsy (Löscher and Klein,
2021a). Similarly, it is not entirely clear whether treatment
of FIRES with anakinra improves the long-term prognosis
of affected patients (Yamanaka et al., 2021), though several
studies report adequate seizure control with ASMs as long
as anakinra therapy is maintained (Kenney-Jung et al., 2016;
Yamanaka et al., 2021).

Prevention of Epilepsy and Other
Neurological Alterations After Viral
Infections
Prevention of epilepsy after neurological insults such as viral
encephalitis is an unmet clinical need (Pitkänen and Lukasiuk,
2011; Löscher et al., 2013; Löscher and Klein, 2021a). In principle,
there are at least three strategies to prevent epilepsy after
brain infections or other epileptogenic brain insults (Vezzani
et al., 2016), (1) prevention of the initial insult; (2) initial
insult modification (diminishing the long-term consequences
of the insult by reducing the severity or duration of the
initial brain insult); and (3) “true” antiepileptogenesis or disease
modification after the insult by interfering with the mechanisms
underlying epileptogenesis. Ad 1, wearing masks in public,
maintaining a safe distance from others, and getting vaccinated
are examples of prevention of the initial insult, i.e., the infection.
Ad 2, intervention with appropriate treatment of the CNS
infection that modifies the initial insult and thereby reduces
the risk of long-term consequences. A novel emerging strategy
is targeting phosphatidylserine receptors such as the TAM
tyrosine kinase receptor family (TYRO3, AXL, and MERTK),
which confers potent protection against neuroinvasion and
CNS lesion development during neuroinvasive virus infection
(Wang et al., 2021b). Our findings showing preservation of
the hippocampus and inhibition of ictogenesis in mice treated
with a calpain inhibitor during the acute phase of TMEV
encephalitis is another potential example (Howe et al., 2016).
Ad 3, antiepileptogenesis or disease modification after the
infection includes treatments that directly target the complex

mechanisms underlying epileptogenesis and/or actively repair
damaged neural circuits.

As discussed above, the available experimental evidence
supports the idea that inflammation in the brain caused by
viral infections may contribute to acute seizures and epilepsy
development using partially overlapping mechanisms. This
highlights the possibility of identifying common targets for
therapeutic interventions which may not only suppress the
symptoms of the disease but also interfere with key pathogenic
mechanisms. Thus, one can envisage the use of specific anti-
inflammatory drugs blocking the key pathogenic inflammatory
mechanisms (Vezzani, 2014, 2015). The advantage of this
approach is that some of these drugs are already available
in the clinic for the treatment of auto-inflammatory or
autoimmune diseases, such as the IL-1R antagonist anakinra,
the IL-1α antagonist canakinumab, the IL-6 receptor antagonist
tocilizumab, and the TNF-α antibody infliximab or the TNFα

receptor fusion protein etanercept. Preclinical research is
important to determine the therapeutic potential of such novel
treatments. The challenge, however, is to design an intervention
that blocks the detrimental arm of brain inflammation
without interfering with the homeostatic mechanisms; in
this context, the implementation of resolving anti-inflammatory
mechanisms rather than the prevention of the inflammatory
cascade may be a better strategy to avoid complications
surrounding viral control and clearance (Vezzani et al., 2016).
Preventing inflammation may also be difficult due to the rapid
onset and amplification of the pathogenic cascade after the
first inciting event.

Animal models are important in the search for novel
treatments that provide disease-modifying efficacy after viral
infections. In a study by Barker-Haliski et al. (2016), in
which TMEV-infected B6 mice were treated during the acute
phase with minocycline to suppress microglial activation
and overexpression of inflammatory cytokines, minocycline
improved long-term behavioral outcomes and normalized
seizure threshold. However, because late spontaneous seizures
are relatively rare in the TMEV model (Figure 6B), necessitating
continuous (24/7) video-EEG monitoring of large groups of
infected mice, the potential effect of minocycline on the
development of epilepsy was not examined by Barker-Haliski
et al. (2016). As discussed above, we used continuous video-EEG
monitoring in the TMEV model in B6 mice to determine the
potential antiepileptogenic effect of pharmacologic and genetic
manipulations interfering with monocyte invasion and found
no significant effects on the development of epilepsy (Käufer
et al., 2018b; Waltl et al., 2018c). The disparity between this
finding and evidence that inflammatory monocytes contribute to
early ictogenesis further underscores the need for more extensive
research in this arena.

Febrile seizures in children often, but not always, occur
in the context of an ongoing systemic virus or bacterial
infection (Vezzani et al., 2016). This clinical setting has been
reproduced in immature rodents by systemic administration
of lipopolysaccharide (LPS) to mimic Gram-negative infections
or poly(I:C) to mimic viral infections. This acute challenge
imposed in a specific developmental window (postnatal day
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7–14) increases the susceptibility to subsequent seizures induced
by kainate, pilocarpine, or pentylenetetrazole (Galic et al., 2009;
Riazi et al., 2010; Galic et al., 2012). The increased susceptibility to
provoked seizures was maintained in the animals until adulthood.
Systemic inflammation, not the fever per se, transiently induced
IL-1α and TNF-α in the hippocampus and neocortex, and
prevention of this brain response with minocycline, or using an
IL-1R antagonist (anakinra) or TNF-α inactivating antibodies,
precluded both the acute and long-term reduction in seizure
threshold, as well as the comorbidities (anxiety-like behavior
and learning and memory deficits) observed in adulthood (Riazi
et al., 2010; Galic et al., 2012). The transient inflammatory
challenge permanently altered the expression of glutamate
receptor subtypes and the Na-K-2Cl co-transporter NKCC1
in the rat forebrain, which may have implications for the
observed long-term pathophysiological outcomes (Reid et al.,
2013; Riazi et al., 2015).

Interestingly, transient treatment with anakinra after brain
injury has been reported to provide disease-modifying or
antiepileptogenic effects in non-infectious post-status epilepticus
models of acquired epilepsy (Noé et al., 2013; Dyomina
et al., 2020). Similarly, the immunomodulator fingolimod,
which is established as an MS therapy, was reported to exert
antiepileptogenic, neuroprotective effects, and anti-inflammatory
effects in post-status epilepticus models of TLE (Gao et al., 2012;
Pitsch et al., 2019). The main pharmacologic effect of fingolimod
is immunomodulation of lymphocyte homing, thereby reducing
the numbers of T and B cells in circulation and, as a consequence,
reducing lymphocyte migration into the CNS (Chun et al.,
2019). In addition, fingolimod acts on CNS resident cells and
inhibits the activation of astrocytes and microglia (Bascunana
et al., 2020). Thus, this drug may be an interesting candidate
for epilepsy prevention studies in viral encephalitis models,
including the TMEV model.

However, as shown in Figure 4, epileptogenesis is a complex
multifactorial process, so it seems unlikely that affecting
neuroinflammation alone will be sufficient to halt this process.
We have proposed previously that multi-targeted cocktails
of drugs may provide a more effective strategy for epilepsy
prevention after brain insults (Löscher, 2021; Löscher and
Klein, 2021b). Proof of concept of this strategy has been
achieved for the intrahippocampal kainate mouse model of TLE

(Schidlitzki et al., 2020; Welzel et al., 2021). However, it remains
to be evaluated whether this strategy is also viable for epilepsy
developing during viral infections.

CONCLUSION

Robust evidence suggests that ictogenesis during acute viral
encephalitis is a complex pathophysiological process that is
more than just the sum of parts such as neuroinflammation,
invasion of peripheral immune effectors, inflammation- and
virus-mediated dysregulation of neural circuitry, and lytic and
non-lytic neural cell death. In the absence of complete and
global viral eradication, the CNS will always be susceptible
to the acutely devastating effects of viral infection. We have
provided a broad overview of the manifold viruses that may,
directly and indirectly, impact the CNS and we have offered
specific mechanistic profiles that offer valuable insights into
the potential use of currently available therapeutic strategies to
reduce the burden of seizures associated with viral encephalitis.
Vitally, we have also offered examples of mechanisms, cell-
cell interactions, and host-pathogen interactions that may guide
the development of novel therapeutic approaches to preventing,
halting, or controlling seizures and the development of epilepsy–
not only in patients with viral encephalitis but potentially in many
patients with epilepsy and seizure disorders that are refractory to
current treatments.
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Proficiency of Extracellular Vesicles
From hiPSC-Derived Neural Stem
Cells in Modulating Proinflammatory
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Pentraxin-3 and miRNA-21-5p
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of Medicine, College Station, TX, United States

Extracellular vesicles (EVs) shed by human-induced pluripotent stem cell (hiPSC)-
derived neural stem cells (hNSC-EVs) have shown potent antiinflammatory properties
in a mouse macrophage assay and a mouse model of acute neuroinflammation.
They can also quickly permeate the entire brain after intranasal administration, making
them attractive as an autologous or allogeneic off-the-shelf product for treating
neurodegenerative diseases. However, their ability to modulate activated human
microglia and specific proteins and miRNAs mediating antiinflammatory effects of hNSC-
EVs are unknown. We investigated the proficiency of hNSC-EVs to modulate activated
human microglia and probed the role of the protein pentraxin 3 (PTX3) and the miRNA
miR-21-5p within hNSC-EVs in mediating the antiinflammatory effects. Mature microglia
generated from hiPSCs (iMicroglia) expressed multiple microglia-specific markers. They
responded to lipopolysaccharide (LPS) or interferon-gamma challenge by upregulating
tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β) mRNA expression
and protein release. iMicroglia also exhibited proficiency to phagocytose amyloid-beta
(Aβ). The addition of hNSC-EVs decreased TNF-α and IL-1β mRNA expression and
the release of TNF-α and IL-1β by LPS-stimulated iMicroglia (proinflammatory human
Microglia). However, the antiinflammatory activity of hNSC-EVs on LPS-stimulated
microglia was considerably diminished when the PTX3 or miR-21-5p concentration was
reduced in EVs. The results demonstrate that hNSC-EVs are proficient for modulating
the proinflammatory human microglia into non-inflammatory phenotypes, implying their
utility to treat neuroinflammation in neurodegenerative diseases. Furthermore, the role
of PTX3 and miR-21-5p in the antiinflammatory activity of hNSC-EVs provides a new
avenue for improving the antiinflammatory effects of hNSC-EVs through PTX3 and/or
miR-21-5p overexpression.

Keywords: antiinflammatory effects, extracellular vesicles, microglia, human induced pluripotent stem (hiPS)
cells, human neural stem cells, lipopolysaccharide, neuroinflammatioin
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INTRODUCTION

Extracellular vesicles (EVs) are lipid-bound tiny vesicles with a
diameter varying from 30 to 1,000 nm and comprise both smaller
exosomes and larger microvesicles (Lötvall et al., 2014; Holm
et al., 2018; Vogel et al., 2018; Upadhya and Shetty, 2019, 2021a,b;
Vidal, 2019; Upadhya et al., 2020a). In physiological conditions,
EVs facilitate the exchange of RNAs and proteins between cells to
promote intercellular cross-talk or induce transient or persistent
molecular changes in target cells to maintain tissue homeostasis
or mediate cellular signaling (Montecalvo et al., 2012; Doyle
et al., 2019). On the other hand, EVs shed by different stem cell
types can promote specific therapeutic properties, as they carry
bioactive microRNAs (miRs), peptides, proteins, and lipids from
parental cells. Therefore, to examine their efficacy in treating
various diseases, testing the effects of stem cell-derived EV
administrations in a variety of preclinical model systems has
received significant attention (Kim et al., 2016; Ahn et al., 2021;
Go et al., 2021; Xia et al., 2021).

EVs generated from sources such as human mesenchymal
stem cells and neural stem cells (hNSCs) have displayed
potent neuroprotective, antiinflammatory, and neurogenic
properties when tested in cellular assays and animal models
of brain disorders (Kim et al., 2016; Long et al., 2017;
Gowen et al., 2020; Upadhya et al., 2020b). Moreover,
delivering bioactive compounds to sites in and around
neurodegeneration or neuroinflammation is likely an essential
prerequisite for facilitating brain repair or improving
function. In this context, stem cell-derived EVs have
received particular attention in treating neurological and
neurodegenerative diseases owing to their ability to permeate
the entire brain following intranasal (IN) administration
(Long et al., 2017; Kodali et al., 2020; Upadhya et al.,
2020b). Thus, stem cell-derived EVs are amenable for
repeated, non-invasive dispensation as an autologous or
allogeneic off-the-shelf product for treating brain disorders.
However, a thorough characterization of EVs derived from
different stem cell types will be necessary to understand
their molecular signatures and potential mechanisms
by which they mediate neurorestorative effects before
considering stem cell-derived EV therapy for a particular
brain condition or disease.

Our recent study has validated that EVs comprising similar
miR and protein composition can be isolated consistently from
cultured hNSCs derived from human induced pluripotent stem
cells (hiPSCs) (Upadhya et al., 2020b). Moreover, such EVs
could quickly target most neurons and microglia in virtually all
rodent brain regions following an IN administration (Upadhya
et al., 2020b). Notably, hNSC-EVs carried miRs and proteins
proficient for mediating neuroprotective, anti-apoptotic,
antioxidant, blood-brain barrier repairing, neurogenic,
and amyloid-beta (Aβ)-reducing properties or promoting
synaptogenesis, synaptic plasticity, and better cognitive function.
Furthermore, the hNSC-EVs have a cargo of several miRs and
proteins capable of mediating antiinflammatory activities. The
antiinflammatory properties of hNSC-EVs could be confirmed
in an in vitro mouse macrophage assay and an in vivo mouse

status epilepticus-induced acute neuroinflammation model
(Upadhya et al., 2020b).

Currently, it is unknown whether hNSC-EVs are proficient
in mediating antiinflammatory effects on activated human
microglia. Also, the specific proteins and miRs mediating
the antiinflammatory effects within hNSC-EVs are yet to be
discovered through the knockdown of candidate proteins or
miRs that are highly enriched within hNSC-EVs. Therefore, in
this study, we first investigated the proficiency of naïve hNSC-
EVs to modulate activated human microglia. Testing the effects
of hNSC-EVs on human proinflammatory microglia is critical
for gaining insights into their potency to modulate activated
human microglia in neurodegenerative disease conditions. Then,
we probed the role of the protein pentraxin 3 (PTX3) and the
miR-21-5p within hNSC-EVs in mediating the antiinflammatory
effects. The choice to examine the function of PTX3 and miR-21-
5p is based on our previous finding that PTX3 and miR-21-5p
are among the most enriched proteins and miRs within hNSC-
EVs (Upadhya et al., 2020b). Furthermore, previous studies have
shown that PTX3 and miR-21-5p can reduce inflammation,
including in models of brain injury and stroke (Sheedy et al.,
2010; Barnett et al., 2016; Ge et al., 2016; Shindo et al., 2016;
Gaudet et al., 2018; Yang et al., 2018; Rajkovic et al., 2019; Slota
and Booth, 2019). Identifying specific molecules that mediate
antiinflammatory effects within hNSCs will help comprehend
the mechanisms and further improve the antiinflammatory
effects of hNSC-EVs through the overexpression of such
molecules through transfection of parental stem cells or EV-
engineering.

Using standardized protocols, we first generated human
microglia from hiPSCs, referred to as iMicroglia, from here
onwards. We examined the biological and functional activity of
iMicroglia by evaluating their response to lipopolysaccharide
(LPS) or interferon-gamma (IFN-γ) challenge and ability
to phagocytose fluorescently labeled Aβ particles. Next, we
tested the dose-dependent effects of hNSC-EVs to modulate
LPS stimulated iMicroglia (i.e., activated or proinflammatory
human Microglia). We chose to test hNSC-EVs on LPS
activated human iMicroglia because of the contribution
of activated microglia in neuroinflammation and brain
dysfunction in multiple conditions, including traumatic
brain injury, stroke, Parkinson’s disease (PD), and Alzheimer’s
disease (AD) (Yun et al., 2018; Lambertsen et al., 2019; Leng
and Edison, 2021; Witcher et al., 2021). Then, we tested
the efficacy of hNSC-EVs with or without the depletion
of PTX3 or miR-21-5p to subdue the LPS stimulated
human iMicroglia.

MATERIALS AND METHODS

Generation of iMicroglia From Human
Induced Pluripotent Stem Cells
iMicroglia were generated from hiPSCs by following a published
protocol (Ijaz et al., 2021) with minor modifications. Briefly,
hiPSC colonies (10–16/well) cultured on matrigel-coated dishes
using StemFlex medium (Thermo Fisher Scientific, Waltham,
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MA, United States) were first coaxed into a mesoderm lineage
using a basal medium devoid of pluripotency factors but
containing bone morphogenetic protein 4 at 80 ng/ml. The
basal medium comprised 50 mL of DMEM/F12 containing 1X
insulin-transferrin-selenium, 1X non-essential amino acids, 1X
Pen-strep, 1X chemically defined lipid concentrate, 64 µg/ml of
L-ascorbic acid 2 phosphate sesquimagnesium salt hydrate, and
400 µM of 1-thioglycerol. After 4 days, the cells were driven
toward hematopoietic, myeloid, and microglial differentiation
by incubating in StemPro-34 SFMTM and components (Thermo
Fisher Scientific) supplemented with a combination of cytokines
and growth factors at a specified concentration, as described
in the published report (Ijaz et al., 2021) for ∼30 days. The
floating microglial progenitors were collected and cultured using
a microglia maturation medium on poly-d-lysine coated plates
for 7–14 days to obtain mature microglia. The media, cytokines
and growth factors used in different steps are described in Table 1.
Mature iMicroglia were visualized through immunofluorescence
using antibodies against several microglia-specific antigens
such as integrin alpha M (CD11b), ionized calcium-binding
adaptor molecule 1 (IBA-1), and transmembrane protein
119 (TMEM119). The primary antibodies comprised mouse
CD11b (1:1,000, Bio-Rad, Hercules, CA, United States), rabbit
IBA-1 (1: 1,000, Abcam, Cambridge, MA, United States),
and mouse TMEM119 (1:1,000, BioLegend, San Diego, CA,
United States). Images of iMicroglia expressing different markers
were randomly taken from 3 to 4 independent cultures,
and the percentages of total cells (DAPI + cells) expressing
CD11b, IBA-1, and TMEM119 were measured. Mature iMicroglia

TABLE 1 | Media, growth factors and cytokines employed for iMicroglia
differentiation from hiPSCs.

Day Stages Culture medium Growth factors
and cytokines

−3 to 0 Maintenance of
hiPSCs

StemFlex medium

0–4 Induction into
mesoderm lineage

Basal medium BMP4 (80 ng/mL)

4–6 Differentiation into
hematopoietic
lineage

StemPro-34 SFM,
with supplement
and Glutamax (1X)

bFGF (25 ng/mL),
SCF (100 ng/mL),
VEGF (80 ng/mL)

6–14 Differentiation into
Myeloid cells

StemPro-34 SFM,
with supplement,
and Glutamax (1X)

SCF (50 ng/mL),
IL-3 (50 ng/mL),
TPO (5 ng/mL),
M-CSF (50 ng/mL),
Flt3l (50 ng/mL)

14–30 Differentiation into
Microglial
progenitors

StemPro-34 SFM,
with supplement,
and Glutamax (1X)

M-CSF (50 ng/mL),
Flt3l (50 ng/mL),
GM-CSF (25
ng/mL)

30–44 Maturation of
Microglia

RPMI 1640 with
Glutamax (1X)

GM-CSF (10
ng/mL), IL-34 (100
ng/mL)

BMP4, Bone Morphogenetic Protein 4; bFGF, Basic fibroblast growth factor; SCF,
Stem cell factor; VEGF, Vascular endothelial growth factor; IL-3, Interleukin-3;
TPO, Thrombopoietin; M-CSF, Macrophage colony-stimulating factor; Flt3l, FMS-
like tyrosine kinase 3 ligand; GM-CSF, Granulocyte-macrophage colony-stimulating
factor; IL-34, Interleukin 34.

were employed for all subsequent experiments described
below.

Assessment of Proinflammatory Activity
of iMicroglia in Response to
Lipopolysaccharide or IFN-γ Stimulation
We first investigated the ability of iMicroglia to sense and
respond to the inflammatory stimuli by evaluating their
response to the LPS or IFN-γ challenge. For this, iMicroglia
were cultured in the microglia maturation medium at a
density of 140,000 cells per cm2 in 48-well plates and then
treated overnight with PBS (vehicle), LPS (100 ng), IFN-γ
(50 ng), or LPS + IFN-γ (100 ng + 50 ng). After 24 h, the
conditioned media was collected, and the concentration of
proinflammatory cytokines, tumor necrosis factor-alpha (TNF-
α) and interleukin-1 beta (IL-1β) were measured using ELISA
kits (R&D Systems, Minneapolis, MN, United States) with a
detection range of 15.6–1,000 pg/mL for TNF-α and 3.9–250
pg/mL for IL-1β.

Analysis of the Phagocytic Activity of
iMicroglia
The ability of iMicroglia to phagocytose fluorescently labeled
Aβ particles was investigated, as described elsewhere (Gouwens
et al., 2016; Merlo et al., 2018). Briefly, iMicroglia were
cultured in the microglia maturation media at a density
of 140,000 cells per cm2 in 48-well plates and then
treated with a fluorescently labeled amyloid-β peptide
(FAM-Aβ42; AnaSpec, Fremont, CA, United States) at
a concentration of 500 ng/well. The cultures were fixed
in 2% paraformaldehyde an hour later and processed for
IBA-1 or TMEM119 immunofluorescence. The microglia
were imaged to confirm the internalization of FAM-Aβ42
particles into iMicroglia using a fluorescence microscope
(Nikon, Melville, NY, United States). The percentages of
IBA-1 + /TMEM119 + iMicroglia internalizing FAM-Aβ42
particles were measured from images randomly selected from 3
independent cultures.

Human Induced Pluripotent Stem
Cell-Derived Neural Stem Cell Cultures
and Collection of Spent Media for
Harvesting Extracellular Vesicles
hNSCs were generated from hiPSCs, as described elsewhere
(Yan et al., 2013; Upadhya et al., 2020b). Briefly, hiPSCs
(IMR90-4; Wisconsin International Stem Cell Bank, Madison,
WI, United States) were expanded into 10–15 colonies in six-
well plates coated with matrigel (Corning, Tewksbury, MA,
United States) using StemFlexTM medium (Thermo Fisher
Scientific, Waltham, MA). The medium was then replaced with
the neural induction medium comprising neurobasal (Gibco,
Grand Island, New York, United States) and neural induction
supplement (Gibco). The media was replaced every day for
10 days, following which primitive NSCs were dissociated
with accutase (Gibco) and plated on matrigel-coated dishes

Frontiers in Molecular Neuroscience | www.frontiersin.org 3 May 2022 | Volume 15 | Article 845542112

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


fnmol-15-845542 May 11, 2022 Time: 14:22 # 4

Upadhya et al. hiPSC-NSC-Derived EVs and Human Microglia

with a density of 0.5–1.0 × 105 cells per cm2 in an
NSC expansion medium containing 50% neurobasal, 50%
advanced DMEM/F12, and 1X neural induction supplement.
The culture medium was replaced every other day until
NSCs reached confluency on day 5 of plating. The NSC
cultures were serially passaged when they reached 80%
confluency, and NSCs from different passages were cryoprotected
and stored in liquid nitrogen. The NSC status at different
passages was confirmed through immunofluorescence staining
for nestin (anti-nestin, 1:1,000; EMD Millipore, Burlington,
MA, United States) and Sox-2 (anti-Sox-2, 1:300; Santacruz
Biotechnology, Dallas, TX, United States) as described in our
previous study (Upadhya et al., 2020b). In all experiments, the
spent media from passage 11 (P11) cultures were collected to
isolate hNSC-EVs.

Isolation of Extracellular Vesicles From
Spent Human Induced Pluripotent Stem
Cell-Derived Neural Stem Cells Culture
Media and Characterization of
Extracellular Vesicle Markers
The spent media was centrifuged at low speed to remove cell
debris and any suspended particles. The supernatant was passed
through a 0.22 µm membrane filter before ultrafiltration to
achieve a 5–7-fold concentration using Amicon 100 kDa cut-off
UF device (Millipore, Burlington, MA). The EVs were isolated via
precipitation using overnight incubation with ExoQuick-TCTM

at 4◦C, per the manufacturer’s protocol (System Biosciences, Palo
Alto, CA). The EV preparations were centrifuged at 2,000 rpm
for 30 min and stored in PBS at −20◦C. The size analysis of EVs
was done using the nanoparticle tracking analysis (NanoSight
LM10; Malvern Panalytical, Malvern, United Kingdom), as
detailed in our previous studies (Upadhya et al., 2020b).
The EVs isolated from hNSC cultures were characterized for
EV protein marker expression through western blots (WBs)
using antibodies against CD63 (1:1,000 BD Biosciences), CD81
(1:1,000 BD Biosciences), and ALG1-interacting protein X
(ALIX, 1:1,000 Santa Cruz).

Characterization of the Proficiency of
Human Induced Pluripotent Stem
Cell-Neural Stem Cell
Derived-Extracellular Vesicles to
Modulate Activated iMicroglia
We first validated the ability of hNSC-EVs to modulate activated
iMicroglia. For this, iMicroglia were cultured overnight in
the microglia maturation media at a density of 140,000 cells
per cm2 in 48-well plates. Then, the cultures were incubated
with LPS (100 ng/well) and different doses of hNSC-EVs (0,
10, 20, or 40 × 109 EVs) for 24 h, following which the
conditioned media and iMicroglia were collected. TNF-α and
IL-1β mRNA in iMicroglia were quantified via qPCR, and TNF-
α and IL-1β protein concentrations in the conditioned media
were measured through ELISA, using methods described in our

previous reports (Madhu et al., 2019, 2021; Upadhya et al.,
2020b).

Measurement of the Antiinflammatory
Protein IL-10
We measured the human IL-10 protein concentration in
hNSCs and hNSC-derived EVs. As a positive control, we
employed human mesenchymal stem cells (TAMU-IRM
generated hMSCs, donor #:6015) as these cells typically express
IL-10. The lysates from hNSCs, hMSCs, and hNSC-EVs were
prepared using mammalian protein extraction reagent (Thermo
Fisher Scientific), and then the ELISA was performed as per
manufacturer’s instructions (IL-10 kit from Thermo Fisher
Scientific). IL-10 levels were normalized to 1 mg of total protein
in the cell or EV lysates.

Transfection of Human Induced
Pluripotent Stem Cell-Derived Neural
Stem Cells With siRNA for PTX-3 and
Antagomir-21-5p
For generating hNSC-EVs with diminished expression of
PTX3 or miR-21-5p, P11 hNSCs with 60% confluency in 6
well plates were transfected with 10 nM siRNA for PTX3
(Santa Cruz, Dallas, TX, United States) or 20 nM miR-21-5p
inhibitor (AntagomiR-20-5p, AUM Biotech, Philadelphia,
PA, United States) using LipofectamineTM 2,000 transfection
reagent (Invitrogen, Waltham, MA, United States) in Opti-
MEM media (Thermo Fisher Scientific). The media was
replaced with the NSC medium 5 h later, but the spent
media from the first 8 h of incubation after transfection
was discarded. The transfected hNSCs were maintained
further with new NSC media for 48 h. The spent media
from these cultures were used to isolate hNSC-EVs with
reduced expression of PTX3 or miR-21-5p, using the method
described above.

Validation of Human Induced Pluripotent
Stem Cell-Neural Stem Cell
Derived-Extracellular Vesicles With
Reduced Expression of PTX3 and
miR-21-5p
The reduced expression of PTX3 was first validated in control
and transfected hNSCs through measurement PTX3 mRNA
via qPCR using a specific primer (Qiagen, Germantown, MD,
United States) and RT2 SYBR Green qPCR Mastermix (Qiagen).
Then, PTX3 protein was measured from hNSC-lysates and in
EVs isolated from control and transfected hNSCs using sandwich
ELISA (Aviscera Biosciences, Sunnyvale, CA, United States).
Our previous reports describe the detailed qPCR and ELISA
methods employed (Upadhya et al., 2020b; Madhu et al., 2021).
Diminished expression of miR-21-5p was validated by measuring
miR-21-5p in EVs generated from control and transfected
hNSCs, via qPCR. For this, the total RNA from hNSC-EVs was
first isolated using the SeraMir Exosome RNA amplification kit
(System Biosciences), following which miRCURY LNA RT Kit
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(Qiagen) was employed for converting 5 ng/µl of total RNA into
cDNA. miRCURY LNA miRNA SYBR Green PCR kit (Qiagen)
and miRCURY LNA miRNA PCR assay primer mix (Qiagen)
were employed to measure miR-21–5p level in hNSC-EVs.

Measurement of Changes in the
Antiinflammatory Activity of Human
Induced Pluripotent Stem Cell-Neural
Stem Cell Derived Extracellular Vesicles
With Reduced Expression of PTX3 or
miR-21-5p
We investigated whether reduced expression of PTX3 or
miR-21-5p in hNSCs would significantly diminish their
ability to modulate the activated iMicroglia. iMicroglia
were cultured overnight in the microglia maturation media
at a density of 140,000 cells per cm2 in 48-well plates.
Then, the cultures were treated with LPS (100 ng/well),
LPS + 40 × 109 naïve hNSC-EVs, LPS + 40 × 109 hNSC-EVs
with reduced expression of PTX3, or LPS + 40 × 109EVs
hNSC-EVs with reduced expression of miR-21-5p for 24 h.
The conditioned media and iMicroglia were collected,
TNF-α and IL-1β mRNA in iMicroglia were quantified via
qPCR, and TNF-α and IL-1β protein concentrations in the
conditioned media were measured through ELISA, using
methods described in our previous reports (Madhu et al., 2019,
2021; Upadhya et al., 2020b).

Statistical Analyses
The experiments utilized 3–4 independent cultures per condition,
and statistical analysis was done using Prism software 9.0. A two-
tailed, unpaired Student’s t-test was employed to analyze data
across two groups, whereas, one-way ANOVA with Newman-
Keuls multiple comparison post-hoc tests was employed for
datasets containing three or more groups. In all comparisons,
p < 0.05 was considered a statistically significant value.

RESULTS

Mature iMicroglia Generated From
Human Induced Pluripotent Stem Cells
Displayed Several Microglia-Specific
Markers
Figure 1 illustrates the various stages in the differentiation
of hiPSCs into mature iMicroglia (Figure 1A), and the steps
involved in testing the proinflammatory response of mature
iMicroglia with LPS and/or IFN-γ stimulation (Figure 1B),
and the phagocytic property of mature iMicroglia (Figure 1C).
The iMicroglia differentiation protocol employed in the study
(Ijaz et al., 2021) efficiently transformed hiPSCs into mature
microglia on days 37–44 after passing through stages of myeloid
and hematopoietic progenitor cells (HPCs) on days 4–12 and
microglia progenitor cells (MPCs) on days 30–36 (Figures 2A,B).
Phase-contrast pictures of MPCs and mature iMicroglia are

FIGURE 1 | Schematics depicting different steps involved in the generation of iMicroglia from human induced pluripotent stem cells (hiPSCs) and the functional
characterization of iMicroglia using specific assays. (A) Illustrates the timeline for transforming hiPSCs into mature microglia through stages of hematopoietic
progenitor cells and microglial progenitor cells. (B) Shows the design employed to generate activated iMicroglia secreting elevated levels of proinflammatory
cytokines tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β), using proinflammatory stimuli such as lipopolysaccharide (LPS), interferon-gamma
(IFN-γ), or LPS + IFN-γ. (C) Depicts the experiment for demonstrating the proficiency of iMicroglia to phagocytose the fluorescently labeled amyloid-beta (Aβ).
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FIGURE 2 | Microglial progenitors from human induced pluripotent stem cells (hiPSCs) differentiate into mature iMicroglia expressing microglia-specific markers.
(A,B) Illustrate phase contract images of microglial progenitor cells derived from hiPSCs (A) and mature iMicroglia (B). (C–K) Show the morphology of mature
iMicroglia expressing microglia-specific markers such as CD11b (C–E), IBA-1 (F–H), and TMEM119 (I–K). Scale bar (A,B) 100 µm; (C–K) 25 µm.

illustrated in Figures 2A,B. We next probed whether iMicroglia
generated from hiPSCs express the three typical markers of
mature microglia through immunofluorescence. The analysis
confirmed that most MPCs maintained in the microglia
maturation medium expressed CD11b, IBA-1, and TMEM119
(Figures 2C–K). Quantification revealed that ∼84–89% of total
cells expressed CD11b (Mean ± S.E.M. = 89.8 ± 5.9%), IBA-
1 (83.7 ± 2.1%) and TMEM119 (89.1 ± 6.3%), implying the
proficiency of the employed protocol for transforming hiPSCs
into mature iMicroglia (Figure 3A).

Mature iMicroglia From Human Induced
Pluripotent Stem Cells Displayed
Proinflammatory Activity in Response to
Lipopolysaccharide or IFN-γ
We investigated the ability of mature iMicroglia to display
proinflammatory activity in response to treatment with the
bacterial endotoxin LPS or the cytokine IFN-γ, alone or in
combination. iMicroglia treated with LPS, IFN-γ, or LPS + IFN-
γ responded similarly by greatly enhancing the release of

proinflammatory cytokines TNF-α and IL-1β into the media
(Figures 3B,C). In comparison to the vehicle-treated iMicroglia,
the release of TNF-α and IL-1β by LPS and/or IFN-γ
treated iMicroglia was increased by 29–37 folds (p < 0.001,
Figures 3B,C), implying that iMicroglia can readily transform
themselves into a proinflammatory phenotype when faced with
the pathogens or the proinflammatory stimulus.

Mature iMicroglia From Human Induced
Pluripotent Stem Cells Are Proficient in
Phagocytosing Aβ
We examined whether mature iMicroglia are capable of
phagocytosing proteins such as Aβ. Incubation of mature
iMicroglia with fluorescently labeled Aβ (i.e., FAM-Aβ42) for
an hour resulted in the internalization of Aβ by iMicroglia.
Figures 3D,E illustrates examples of iMicroglia displaying
internalized FAM-Aβ42 particles, implying their proficiency
for phagocytosing unfolded proteins. Quantification revealed
that 71.0 ± 5.2% of IBA-1 + iMicroglia and 68.5 ± 4.7% of
TMEM119 iMicroglia internalized FAM-Aβ42 particles with an
hour of incubation.

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 May 2022 | Volume 15 | Article 845542115

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


fnmol-15-845542 May 11, 2022 Time: 14:22 # 7

Upadhya et al. hiPSC-NSC-Derived EVs and Human Microglia

FIGURE 3 | Percentages of total cells expressing microglia-specific markers in iMicroglia cultures, the response of iMicroglia to proinflammatory stimuli, and
phagocytosing property of iMicroglia. Bar chart (A) shows percentages of total cells expressing CD11b, IBA-1, and TMEM119 in iMicroglia cultures. The bar charts
in (B,C) show iMicroglia cultures activated through lipopolysaccharide (LPS), interferon-gamma (IFN-γ), or LPS + IFN-γ, secreting elevated levels of proinflammatory
cytokines tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β). (D,E) Illustrate mature IBA-1 + iMicroglia (red) following the internalization of
fluorescently labeled Aβ (green), confirming their proficiency for phagocytosis. ***p < 0.001, (D,E) 25 µm.

Size and Extracellular Vesicle-Specific
Marker Expression in Human Induced
Pluripotent Stem Cell-Neural Stem Cell
Derived Extracellular Vesicles
The size of EVs isolated through ExoQuick-TCTM was measured
using nanoparticle tracking analysis. Such quantification revealed
a mode value of 133.3 ± 1.0 nm for EVs (Figure 4A), indicating
the separation of smaller EVs. Furthermore, WB analysis of
hNSC-EVs confirmed the presence of EV-specific markers such
as CD63, CD81, and ALIX (Figure 4B).

Human Induced Pluripotent Stem
Cell-Neural Stem Cell Derived
Extracellular Vesicle Treatment
Modulated the Release of TNF-α and
IL-1β by Proinflammatory iMicroglia
We validated the ability of hNSC-EVs to modulate activated
iMicroglia by treating mature iMicroglia cultures with LPS
and different doses of hNSC-EVs (0, 10, 20, or 40 × 109

EVs) for 24 h and then measuring changes in TNF-α and
IL-1β mRNA expression in iMicroglia, and TNF-α and IL-
1β protein levels in the medium (Figure 4C). LPS treatment
alone increased TNF-α mRNA expression in iMicroglia by
∼3.5 folds (p < 0.01, Figure 4D). The addition of hNSC-
EVs dose-dependently decreased TNF-α mRNA expression in
iMicroglia. While the lowest EV dose (i.e., 10 × 109 EVs)

had no effect, higher EV doses were efficient in curbing
the increase of TNF-α mRNA expression in LPS stimulated
iMicroglia (p < 0.01–0.05 vs. LPS alone and p > 0.05 vs.
control), with the highest dose (i.e., 40 × 109 EVs) mediating
the most potent antiinflammatory activity (60% reduction
vs. LPS alone, p < 0.01, Figure 4D). LPS treatment alone
increased IL-1β mRNA expression in iMicroglia by ∼2.5 folds
(Figure 4E). The addition of hNSC-EVs decreased IL-1β mRNA
expression in iMicroglia with all doses (10, 20, or 40 × 109

EVs) exhibiting significant antiinflammatory activity (44–55%
reduction vs. LPS alone, p < 0.05, Figure 4E). Also, IL-1β mRNA
expression in LPS stimulated iMicroglia restored to levels in
naïve control iMicroglia with the addition of all doses of hNSC-
EVs (p > 0.05). Quantification of TNF-α and IL-1β protein
levels in iMicroglia culture media revealed that LPS stimulation
alone enhanced TNF-α release by ∼38 folds and IL-1β by
∼13-fold (p < 0.001, Figures 4F,G). The highest dose of EV
treatment considerably reduced the release of both TNF-α and
IL-1β by LPS stimulated iMicroglia (39–67% reduction vs. LPS
alone, p < 0.001, Figures 4F,G). Thus, an apt dose of hNSC-
EVs can considerably suppress the proinflammatory activity of
human microglia.

To determine the possible involvement of the
antiinflammatory protein IL-10 in the antiinflammatory
effects of hNSC-EVs, we measured the IL-10 concentration in
hNSCs and hNSC-EVs. We also measured IL-10 from hMSCs as
a positive control since these MSCs are known to produce IL-10
(Heo et al., 2016; Al-Azzawi et al., 2020). Our results showed
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FIGURE 4 | Size and marker expression in human neural stem cell-derived extracellular vesicles (hNSC-EVs) and antiinflammatory activity of hNSC-EVs. (A) Shows
the size of hNSC-EVs measured through nanoparticle tracking analysis. (B) Illustrates western blot images of EV-specific markers CD63, CD81, and ALIX in hNSCs
and hNSC-EVs. (C) Is a schematic showing the experimental design testing the antiinflammatory effect of hNSC-EVs. The bar charts in (D,E) show greatly enhanced
tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β) mRNA expression in iMicroglia with lipopolysaccharide (LPS) treatment alone and diminished
TNF-α and IL-1β mRNA expression in iMicroglia with LPS plus hNSC-EV treatment. While only higher doses of hNSC-EV treatment (20 or 40 × 109 EVs) normalized
TNF-α mRNA expression (D), all doses of hNSC-EV treatment tested (10, 20, or 40 × 109 EVs) normalized IL-1β mRNA expression (E). The bar charts in (F,G) show
elevated TNF-α, and IL-1β protein levels in LPS-stimulated iMicroglia conditioned media and significantly diminished TNF-α and IL-1β protein concentrations in the
conditioned media of LPS-stimulated iMicroglia receiving 40 × 109 EVs treatment. (H) Shows the concentration of IL-10 in hNSCs and hNSC-EVs compared to
human mesenchymal stem cells (hMSCs). *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant.
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FIGURE 5 | Human neural stem cell-derived extracellular vesicle (hNSC-EVs) with reduced expression of pentraxin 3 (PTX3) mediated diminished antiinflammatory
activity on lipopolysaccharide (LPS) stimulated iMicroglia. (A) Is a schematic showing the design for this experiment. The bar charts in (B–D) show reductions in
PTX3 mRNA expression in hNSCs (B), PTX3 protein concentration in the hNSC lysate, and PTX3 protein concentration in hNSC-EVs (C) after PTX3-siRNA
treatment. The bar charts in (E,F) illustrate that LPS-stimulated iMicroglia display higher expression of tumor necrosis factor-alpha (TNF-α; E) and interleukin-1 beta
(IL-1β; F) mRNA expression when treated with hNSC-EVs with reduced expression of PTX3 (PTX3-knockdown [KD]-hNSC-EVs), in comparison to naïve hNSC-EVs.
The bar charts in (G,H) show that LPS-stimulated iMicroglia release higher levels of TNF-α (G) and IL-1β (H) into the culture media when treated with hNSC-EVs with
PTX3-KD-hNSC-EVs, in comparison to naïve hNSC-EVs. *p < 0.05; **p < 0.01; ***p < 0.001.

that both hNSCs and hNSC-EVs contained only negligible
amounts of IL-10 compared to hMSCs (Figure 4H), implying
that IL-10 is not directly involved in the antiinflammatory effects
mediated by hNSC-EVs.

Human Induced Pluripotent Stem
Cell-Neural Stem Cell
Derived-Extracellular Vesicles With
Reduced Expression of PTX3 Mediated
Diminished Antiinflammatory Activity on
Lipopolysaccharide Stimulated
iMicroglia
The cartoon in Figure 5A illustrates the various steps involved
in this experiment. We first validated the efficiency of PTX3-
siRNA to significantly reduce PTX3 mRNA expression in
transfected hNSCs with the employed protocol. In comparison
to naïve hNSCs, the transfected hNSCs displayed a 53%
decline in PTX3 mRNA expression (p < 0.001, Figure 5B),
and the PTX3 protein was reduced by 68% in the transfected
hNSCs (p < 0.01, Figure 5C). Importantly, in EVs isolated
from transfected hNSC conditioned media, the PTX3
protein level was decreased by 68% compared to EVs from
naïve hNSCs (p < 0.0.001, Figure 5D). Thus, PTX3-siRNA

treatment to hNSCs did not result in complete knockdown
(KD) of PTX3 but significantly reduced PTX3 mRNA
expression in hNSCs and PTX3 protein concentration in
hNSC-derived EVs.

Next, we added naïve hNSC-EVs or hNSC-EVs with reduced
expression of PTX3 (PTX3-KD-hNSC-EVs) to LPS treated
iMicroglia, incubated for 24 h, and measured TNF-α and IL-
1β mRNA expression in iMicroglia, and TNF-α and IL-1β

protein levels in the conditional media. The dose of naïve
hNSC-EVs (40 × 109 EVs) exhibiting robust antiinflammatory
activity in the previous experiment (i.e., dose-response effects of
hNSC-EVs on LPS or IFN-γ stimulated iMicroglia, Figure 4)
was employed. LPS stimulated iMicroglia displayed higher
levels of both TNF-α and IL-1β mRNA expression with the
addition PTX3-KD-hNSC-EVs, in comparison to the addition
of naïve hNSC-EVs (p < 0.01–0.05, Figures 5E,F). Moreover,
both TNF-α and IL-1β protein levels in the conditioned
media of LPS stimulated iMicroglia were increased with
the addition PTX3-KD-hNSC-EVs, in comparison to the
addition of naïve hNSC-EVs (p < 0.01, Figures 5G,H). Thus,
the antiinflammatory activity hNSC-EVs on LPS stimulated
iMicroglia significantly diminished when PTX3 concentration in
EVs was decreased, implying the critical role played by PTX3
in hNSC-EV mediated antiinflammatory activity on activated
human microglia.
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FIGURE 6 | Human neural stem cell-derived extracellular vesicle (hNSC-EVs) with reduced expression of miR-21-5p mediated diminished antiinflammatory activity
on lipopolysaccharide (LPS) stimulated iMicroglia. (A) Is a schematic depicting the experimental design. The bar chart (B) shows the reduction in miR-21-5p content
of hNSC-EVs (C) after antagomiR-21-5p treatment. The bar charts in (C,D) show that LPS-stimulated iMicroglia display enhanced expression of tumor necrosis
factor-alpha (TNF-α; C) expression with no significant change in interleukin-1 beta (IL-1β; D) mRNA expression when treated with hNSC-EVs with reduced
expression of miR-21-5p (miR-21-5p-knockdown [KD]-hNSC-EVs), in comparison to naïve hNSC-EVs. The bar charts in (E,F) show that LPS-stimulated iMicroglia
release a higher concentration of TNF-α (E) with no change in IL-1β concentration (F) into the culture media when treated with hNSC-EVs with
miR-21-5p-KD-hNSC-EVs, in comparison to naïve hNSC-EVs. *p < 0.05; ***p < 0.001; NS, not significant.

Human Induced Pluripotent Stem
Cell-Neural Stem Cell Derived
Extracellular Vesicles With Reduced
Expression of miR-21-5p Mediated
Diminished Antiinflammatory Activity on
Lipopolysaccharide Stimulated
iMicroglia
The cartoon in Figure 6A illustrates the various steps involved in
this experiment. We first confirmed the efficiency of antagomiR-
21-5p to significantly reduce miR-21-5p expression in EVs
isolated from transfected hNSCs in the employed protocol
(Figure 6B). The EVs isolated from transfected hNSCs displayed
a 46% decline in miR-21-5p expression in comparison to EVs
from naïve hNSCs (p < 0.05, Figure 6B). Thus, the miR-21-5p-
siRNA treatment protocol to hNSCs employed in the study did
not eliminate miR-21-5p but significantly reduced miR-21-5p in
the cargo of hNSC-derived EVs.

Next, we added naïve hNSC-EVs or hNSC-EVs with
reduced expression of miR-21-5p (miR-21-5p-KD-hNSC-EVs)
to LPS treated iMicroglia, incubated for 24 h, and measured
TNF-α and IL-1β mRNA expression in iMicroglia, and TNF-
α and IL-1β protein levels in the conditioned medium. LPS
stimulated iMicroglia displayed a higher level of TNF-α mRNA
expression with the addition miR-21-5p-KD-hNSC-EVs, in
comparison to the addition of naïve hNSC-EVs (p < 0.001,
Figure 6C). However, the IL-1β mRNA expression in LPS
stimulated iMicroglia was similar with naïve hNSC-EV or
miR-21-5p-KD-hNSC-EV treatment (p > 0.05, Figure 6D).

Measurement of TNF-α and IL-1β protein levels in the
conditioned medium of LPS stimulated iMicroglia also showed
a similar trend. The conditioned medium from LPS stimulated
iMicroglia displayed a higher level of TNF-α protein with
the addition miR-21-5p-KD-hNSC-EVs, in comparison to
the addition of naïve hNSC-EVs (p < 0.001, Figure 6E).
However, the IL-1β protein concentrations in the conditioned
media of LPS stimulated iMicroglia were similar with naïve
hNSC-EV or miR-21-5p-KD-hNSC-EV treatment (p > 0.05,
Figure 6F). Thus, the antiinflammatory activity hNSC-EVs
on LPS stimulated iMicroglia partially diminished when miR-
21-5p content was decreased in EVs, implying that miR-21-
5p also plays a role in hNSC-EV mediated antiinflammatory
activity. The differential effect of miR-21-5p-KD-hNSC-EVs on
TNF-α and IL-1β expression and release by LPS stimulated
iMicroglia likely reflects the effect of a partial KD of miR-21-
5p in hNSC-EVs.

DISCUSSION

This study demonstrates that appropriate doses of hNSC-EV
treatment can modulate proinflammatory human microglia into
non-inflammatory phenotypes, and PTX3 and miR-21-5p are
among the EV-cargo involved in the antiinflammatory activity
of hNSC-EVs. The therapeutic effects of hNSC-EVs on activated
human microglia was evident from decreased TNF-α and IL-1β

mRNA expression and diminished release of TNF-α and IL-1β

by LPS-stimulated iMicroglia in this study. The involvement of
PTX3 in the antiinflammatory activity of hNSC-EVs on activated

Frontiers in Molecular Neuroscience | www.frontiersin.org 10 May 2022 | Volume 15 | Article 845542119

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


fnmol-15-845542 May 11, 2022 Time: 14:22 # 11

Upadhya et al. hiPSC-NSC-Derived EVs and Human Microglia

human microglia was apparent from higher levels of TNF-α and
IL-1β mRNA expression and TNF-α and IL-1β protein release by
LPS-stimulated iMicroglia when they were treated with hNSC-
EVs with reduced expression of PTX3 vis-à-vis the addition
of naïve hNSC-EVs. On the other hand, the involvement of
miR-21-5p in the antiinflammatory activity of hNSC-EVs on
activated human microglia seemed partial because the addition
of hNSC-EVs with reduced miR-21-5p resulted in higher levels
of TNF-α mRNA and protein levels but not IL-1β mRNA and
protein concentrations.

The antiinflammatory activity of hNSC-EVs was first
observed on LPS stimulated mouse macrophages using a cell
culture assay in our previous study (Upadhya et al., 2020b).
In the latter study, LPS exposure alone induced elevated
release of IL-6 from macrophages. However, the addition of
hNSC-EVs to LPS-stimulated macrophages demonstrated
dose-dependent antiinflammatory effects with 4 × 109

hNSC-EVs or higher, significantly suppressing the release
of IL-6 from activated macrophages (Upadhya et al., 2020b).
Then, in a mouse model of acute seizures, brain injury, and
neuroinflammation (i.e., a prototype of status epilepticus),
IN administration of hNSC-EVs 2 h after the induction of
status epilepticus normalized the concentration of multiple
proinflammatory cytokines involved in post-status epilepticus
cytokine storm in the hippocampus (Upadhya et al., 2020b).
The normalized cytokines included TNF-α, IL-1β, IFN-γ,
and monocyte chemoattractant protein-1. Interestingly, such
treatment also normalized the antiinflammatory cytokine
IL-10. The above results provided evidence on the ability
of hNSC-EVs to modulate the inflammatory activity of
activated macrophages in vitro or neuroinflammatory changes
that transpire in the adult rodent brain after an insult.
Nonetheless, it remained to be addressed whether hNSC-
EVs are proficient in mediating antiinflammatory effects on
activated human microglia.

Testing the effects of hNSC-EVs on human proinflammatory
microglia is critical for gaining insights into their potency
to modulate activated human microglia in neurodegenerative
disease conditions. For example, it has been proposed that
functional changes occurring in microglia are vital factors in
the pathogenesis of AD and PD (Zhang et al., 2013; Mhatre
et al., 2015; Salter and Stevens, 2017; Subramaniam and Federoff,
2017). Increased microglial activation has also been hypothesized
to contribute to neuronal dysfunction and death in such
diseases (Svoboda et al., 2019). However, activated human
microglia associated with neurodegenerative diseases are not
readily available for extensive studies, likely due to technical
and logistical obstacles in harvesting pure, viable microglia from
postmortem brain tissues of subjects with neurodegenerative
diseases (Olah et al., 2018; Mathys et al., 2019; Alsema et al.,
2020). Also, microglia are very sensitive to culture conditions
and could lose their key in situ properties when grown in vitro
(Svoboda et al., 2019).

Therefore, we directed our studies on iMicroglia generated
from hiPSCs, understanding that antiinflammatory studies need
biologically and functionally active iMicroglia. By employing
a published protocol with a few modifications (Ijaz et al.,

2021), we were able to generate iMicroglia from hiPSCs, which
comprised induction of hiPSCs first into a hematopoietic lineage
and then into myeloid intermediates or primitive macrophages
(Muffat et al., 2016; Abud et al., 2017; Douvaras et al., 2017;
Pandya et al., 2017). Since differentiation of microglia in vivo
is regulated by cytokines released from neurons and astrocytes
(Erblich et al., 2011; Wang et al., 2012), microglial differentiation
in vitro was accomplished by adding such cytokines. Our studies
demonstrated that iMicroglia generated through such a protocol
expressed microglia-specific markers such as CD11b, IBA-1,
and TMEM119. In addition, iMicroglia efficiently responded
to proinflammatory stimuli from LPS and IFN-γ and most
iMicroglia exhibited proficiency for phagocytosing unfolded
proteins such as Aβ. The generation of such iMicroglia
facilitated the investigation of the direct effects of hNSC-EVs on
activated human microglia in this study. Our results showing
that appropriate doses of hNSC-EV treatment can modulate
the release of proinflammatory cytokines TNF-α and IL-1β

by activated human microglia suggests that such EVs could
be used for treating neuroinflammation in neurodegenerative
diseases. However, studies testing the effects of hNSC-EVs on
iMicroglia produced from hiPSCs of patients afflicted with
different neurodegenerative diseases are needed in the future
to advance the concept of hNSC-EV therapy for inflammatory
microglia. This is because iMicroglia produced from patient-
iPSCs likely display disease-specific pathological changes. For
example, a study has shown that iMicroglia produced from
sporadic AD-patient iPSCs display altered phagocytosis and
release elevated levels of specific cytokines with the LPS challenge
(Xu et al., 2019).

The antiinflammatory activity of hNSC-EVs likely comprises
synergized effects of several proteins and miRs in their
cargo. Therefore, identifying specific molecules within
hNSC-EVs mediating antiinflammatory effects is beneficial
in comprehending the mechanisms and further improving
the antiinflammatory effects of hNSC-EVs through the
overexpression of such molecules in EVs through transfection
of parental cells or EV-engineering approaches. To address this
issue, we initiated such studies by investigating the role of PTX3
and miR-21-5p in the antiinflammatory activity of hNSC-EVs.
Notably, we found a significantly diminished antiinflammatory
activity of hNSC-EVs on LPS stimulated iMicroglia when PTX3
concentration in hNSC-EVs was reduced by 68% through
treatment of hNSCs with PTX3-siRNA. The antiinflammatory
activity of hNSC-EVs on activated iMicroglia was also partially
reduced when miR-21-5p content in hNSC-EVs was decreased
by 46% by treating hNSCs with antagomiR-21-5p. These
results implied that PTX3 and miR-21-5p play vital roles in the
antiinflammatory activity mediated by hNSC-EVs.

In addition to being one of the highly enriched proteins in
hNSC-EVs (Upadhya et al., 2020b), there were additional reasons
for investigating the role of PTX3 in the antiinflammatory
effects, which are summarized below. PTX3 has been shown
to promote neuroprotection, neurogenesis, and angiogenesis
after ischemic brain injury (Rodriguez-Grande et al., 2015).
A compromised resolution of brain edema and glial scar
formation was observed after ischemic brain injury in PTX3
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deficient mice (Rodriguez-Grande et al., 2014, 2015), and
astrocyte-derived PTX3 maintained blood-brain barrier integrity
after stroke (Shindo et al., 2016, 2021). Additional studies have
shown that PTX3 treatment after traumatic brain injury can
activate the beneficial type 2 astrocytes, enhance neuroprotection
and neurogenesis, and improve functional recovery (Zhou et al.,
2020). PTX3 can regulate neutrophil transmigration into the
brain in neuroinflammatory conditions (Rajkovic et al., 2019),
and PTX3 secreted by human adipose tissue-derived stem
cells can reduce dopaminergic neurodegeneration and promote
functional recovery in a model of PD (Lian et al., 2021). PTX3
also plays a role in synaptogenesis in the developing brain (Fossati
et al., 2019). Furthermore, PTX3 deficiency results in augmented
infarct area following myocardial ischemia/reperfusion injury
(Salio et al., 2008), increased macrophage accumulation and
inflammation in atherosclerotic plaques (Norata et al., 2009), and
exacerbated proinflammatory gene expression in visceral adipose
tissue from a high fat diet-induced obese mice (Guo et al., 2020).
Overall, PTX3 can mediate multiple beneficial effects in various
disease states through antiinflammatory and neuroprotective
actions. The current study has further demonstrated that
PTX3 within hNSC-EVs is indeed involved in modulating
human proinflammatory microglia into a non-inflammatory
phenotype. Thus, PTX3 appears to be an excellent candidate to
overexpress in hNSC-EVs to enhance their therapeutic efficacy in
neurodegenerative and neuroinflammatory conditions.

The investigation of miR-21-5p, one of the most enriched
miRs in hNSC-EVs, in the antiinflammatory activity of hNSC-
EVs was also based on multiple beneficial effects of this miR
observed in several previous studies. For example, age-related
cognitive dysfunction is associated with dysregulation of miR21
(Sessa et al., 2019). In a cell culture model of traumatic brain
injury, miR-21 has been shown to suppress the activation of
caspase-3 and alleviate apoptosis of cortical neurons (Han et al.,
2014). Another study has shown that miR-21 can alleviate
the injured brain microvascular endothelial barrier leakage by
suppressing inflammation and apoptosis by regulating NF-kB
signaling (Ge et al., 2016). miR-21 expression is also upregulated
in the surviving neurons adjoining infarcts in a stroke model,
implying its role in neuroprotection (Buller et al., 2010). miR-
21 has also been shown to mediate antiinflammatory effects in
a model of ischemic stroke (Gaudet et al., 2018). miR-21 can
mediate antiinflammatory effects through multiple mechanisms,
which include downregulation of NF-kB, induction of the
antiinflammatory cytokine IL-10, and directly decreasing the
release of TNF-α (Sheedy et al., 2010; Das et al., 2014; Barnett
et al., 2016; Slota and Booth, 2019). miR-21 has also been shown
to attenuate inflammation, cardiac dysfunction, and maladaptive
remodeling after myocardial infarction (Yang et al., 2018; Li et al.,
2021). Taken together, it is clear that miR-21 can mediate robust
antiinflammatory in a variety of brain and heart conditions.

The current results demonstrate that miR-21 within hNSC-
EVs also contributes to suppressing human proinflammatory

microglia, particularly the release of TNF-α. However,
downregulation of miR-21 in hNSC-EVs did not impact IL-
1β released from proinflammatory microglia. The discrepancy
regarding the effects of miR-21 downregulation on TNF-α
and IL-1β release by proinflammatory microglia is likely due
to the following factors. miR-21 can directly reduce TNF-α
concentration in microglia by inhibiting glycogen synthase
kinase-b (GSK3b) through its effect on phosphatase and tensin
homolog (Steinbrecher et al., 2005; Das et al., 2014). On the
other hand, in the presence of miR-21, other proinflammatory
cytokines such as IL-1β can persist as IL-1β release could be
maintained by other changes in activated microglia such as
the activation of NOD-, LRR- and pyrin domain-containing
protein 3 (NLRP3) inflammasomes (Heneka et al., 2018; Madhu
et al., 2021). Nonetheless, miR-21 could be another candidate to
overexpress in hNSC-EVs to improve their therapeutic efficacy in
neurodegenerative and neuroinflammatory conditions because
of its ability to reduce TNF-α concentration.

In conclusion, the results underscore that hNSC-EV treatment
can modulate proinflammatory human microglia into non-
inflammatory phenotypes, and PTX3 or miR-21-5p are among
the EV-cargo involved in the antiinflammatory activity of hNSC-
EVs. Studies testing the effects of hNSC-EVs overexpressing
PTX3 and miR-21, alone or in combination, in AD, PD, or other
disease models in the future can determine the specific benefits of
such strategies.
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Xiang Li 1,2* and Jincao Chen 1,2*
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Moyamoya disease (MMD) is a rare, progressively steno-occlusive cerebrovascular

disorder of unknown etiology. Here, we revealed the gene expression profile of the

intracranial arteries in MMD via the RNA-sequencing (RNA-seq). We identified 556

differentially expressed genes (DEGs) for MMD, including 449 and 107 significantly

upregulated or downregulated genes. Compared with atherosclerosis-associated

intracranial artery stenosis/occlusion (AS-ICASO) controls, upregulated genes were

mainly involved in extracellular matrix (ECM) organization, whereas downregulated genes

were primarily associated with mitochondrial function and oxidative phosphorylation in

MMD. Moreover, we found that a separate sex analysis uncovers more DEGs (n= 1.022)

compared to an combined sex analysis in MMD. We identified 133 and 439 sex-specific

DEGs for men and women in MMD, respectively. About 95.6% of sex-specific DEGs

were protein-coding genes and 3% of the genes belonged to long non-coding RNAs

(lncRNA). Sex-specific DEGs were observed on all chromosomes, of which 95.49 and

96.59% were autosomal genes in men and women, respectively. These sex-specific

DEGs, such as aquaporin-4 (AQP4), superoxide dismutase 3 (SOD3), and nuclear

receptor subfamily 4 group A member 1 (NR4A1), may contribute to sex differences

in MMD. This transcriptomic study highlighted that ECM and mitochondrial function

are the central molecular mechanisms underlying MMD, and revealed sex differences

in the gene expression in the intracranial arteries, thereby providing new insights into the

pathogenesis of MMD.

Keywords: sex difference, RNA sequencing, moyamoya disease, mitochondria, intracranial atherosclerosis

INTRODUCTION

Moyamoya disease (MMD) is a rare chronic cerebrovascular disorder characterized by
progressive stenosis or occlusion of the distal and intracranial internal carotid arteries
(ICAs) and their proximal branches, accompanied by the development of leptomeningeal
collaterals, called moyamoya vessels, at the base of the brain (Suzuki and Takaku, 1969;
Kuroda and Houkin, 2008). MMD is commonly found worldwide, but it is more prevalent
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in East Asian countries and that 10–15% of patients with MMD
have a family history of the disease (Kuriyama et al., 2008; Kainth
et al., 2013; Ahn et al., 2014). Surgical revascularization, including
superficial temporal artery (STA) to middle cerebral artery
(MCA) bypass, has been proven as an effective treatment for
MMD to prevent subsequent stroke and rebleeding (Miyamoto
et al., 2014).

Although the etiology and pathogenesis of MMD are
still unknown, genetic factors have been implicated in the
development of this disease. This idea is supported by the
differences in the incidence of MMD in different ethnic
populations mentioned above. In addition, numerous genome-
wide associated studies revealed that the ring finger protein 213
(RNF213) p.R4810K mutation was an important susceptibility
gene for MMD through whole blood samples (Kamada et al.,
2011; Liu et al., 2011; Miyawaki et al., 2012; Duan et al., 2018;
Cheng et al., 2019). However, this mutation showed a marked
variation in frequency among ethnic populations [e.g., about 90%
in Japanese, 80% in Korean, only 20% in Chinese (Liu et al.,
2011; Cheng et al., 2019); and no detectability in Caucasian
patients with MMD (Guey et al., 2017)]. This suggested that
the mutation of this gene may not be solely responsible for
MMD and that other causes of susceptibility for MMD may
exist. Recently, a previous study has identified hundreds of
differentially expressed genes (DEGs) in the peripheral blood
of MMD and healthy subjects through RNA-sequencing (RNA-
seq) (Peng et al., 2019). This result indicates that molecular
mechanism based on genome is critical for understanding the
etiology and pathogenesis of MMD.

The samples investigated in genome-wide or RNA-seq studies
were mainly obtained from patients’ peripheral blood, whichmay
not reflect the real pathological changes of blood vessels inMMD.
Because it is difficult to extract sufficient RNA or proteins from
the microsamples of MCA that can be obtained during surgery,
studies to elucidate the genome-wide molecular characteristics
of the intracranial arteries have rarely been reported. Excitingly,
two recent studies from Japan reported a transcriptome-wide
analysis of intracranial arteries in patients withMMD via an RNA
microarray (Okami et al., 2015; Kanamori et al., 2021). However,
the microarray analysis has several limitations, including its
reliance on known genome sequence, high background noise,
a narrow dynamic range of detection, and a limited ability to
distinguish different isoforms and allelic expression, compared
with high-throughput sequencing (Wang et al., 2009).

Importantly, our previous study and other studies have proven
that the cortical segments of MCA specimens from patients with
MMD have significantly thinner media and thicker intima than
MCAs extracted from atherosclerosis-associated intracranial
artery stenosis/occlusion (AS-ICASO) (Takagi et al., 2006, 2016;
Zhang et al., 2016). Moreover, MMD and AS-ICASO have similar
pathological progression, including chronic and slow progression
of intracranial artery stenosis/occlusion. Therefore, the MCA
specimen from AS-ICASO could serve as an ideal control to
understand the actual pathogenesis of MMD.

In this study, tiny pieces of the cortical segment of the MCA
were harvested from 16 adult patients with MMD and five
patients with matched AS-ICASO during their STA-MCA bypass

surgeries, and then high-throughput RNA-seq was performed to
detect DEGs. To our knowledge, this study is the first time to
report genome-wide transcriptomic profiling of the intracranial
artery specimens from patients with MMD via the RNA-seq.

METHODS AND MATERIALS

Patients and Specimen Preparation
In total, 16 adult patients with MMD and five with AS-
ICASO in the Chinese Han population were enrolled in this
study. Detailed baseline data and clinical characteristics of
all patients are summarized in Supplementary Table 1. The
diagnostic criteria for MMD were based on the guidelines
published in 2012 by the Research Committee on the Pathology
Treatment of Spontaneous Occlusion of the Circle of Willis
(2012) of the Ministry of Health and Welfare, Japan. Digital
subtraction angiography (DSA) was applied to diagnose MMD
and AS-ICASO (Figures 1A,B). A computer tomography (CT)
or magnetic resonance imaging (MRI) scan was also performed
for each patient to determine the clinical manifestation of
patients with MMD and controls. All MMD and AS-ICASO
cases were treated by standard STA-MCA bypass surgery,
and the cortical segment of MCA specimens was collected
intraoperatively. Surgically resected tissues were frozen in liquid
nitrogen as soon as possible and then stored at −80◦C until the
subsequent experiment.

All vascular specimens were obtained by applying the
technique described in our previous study (Figure 1C) (Zhang
et al., 2016). The research protocol was approved by the
Institutional Ethics Committee of Zhongnan Hospital, Wuhan
University based on the guidelines of the 1964 Declaration of
Helsinki (No. 2021028). Informed consent was obtained from all
individuals prior to their enrollment. The workflow diagram of
this study is shown in Figure 1D.

RNA Extraction
Total RNA was extracted from the MCA samples using RNAiso
Plus reagent (Takara, Otsu, Japan) following the manufacturer’s
protocol. Harvested RNA was quantified with the Qubit R©
4.0 Fluorometer (Thermo Scientific, USA). To evaluate the
purity and integrity of RNA, Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA) and an RNA 6000 Pico
Chip kit (Agilent Technologies) were used.

RNA Library Construction and RNA-Seq
In total, 10 ng of RNAs was used to construct the RNA
library using the SMARTer R© Stranded Total RNA-Seq
kit v2—Pico Input Mammalian (Takara, Mountain View,
CA, USA) according to the manufacturer’s protocol, which
contained a series of procedures, including first-strand cDNA
synthesis, addition of Illumina adapters and barcodes, library
purification, ribosomal cDNA depletion, PCR amplification,
library purification, and quality control. Library concentration
was detected using the Qubit R© 4.0 Fluorometer (Thermo
Scientific), and the quality control was determined using an
Agilent 2100 Bioanalyzer with a DNA 1000 Chip kit (Agilent
Technologies). Subsequently, the RNA-seq was carried out
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FIGURE 1 | Typical digital subtraction angiography (DSA) images for diagnosis, intraoperative image of obtaining middle cerebral artery (MCA) specimens, and

workflow diagram of this study. (A) Typical image of Moyamoya disease (MMD). It shows stenosis-occlusion in the left terminal portion of the internal carotid arteries

(ICAs) and the proximal segment of anterior cerebral artery (ACA) and MCA accompanied by moyamoya vessels. (B) Typical image of atherosclerosis-associated

intracranial artery stenosis/occlusion (AS-ICASO). It shows the left M1 segment of MCA occlusion (white circle) without moyamoya vessels. (C) Arteriotomy was

performed cautiously with microscissors, and a tiny piece of specimen was harvested from the artery in the red circle. (D) Workflow diagram of this study. Created

with BioRender.com.

using Illumina NovaSeq PE150 platforms at Beijing Annoroad
Biotechnology Co. Ltd. (Beijing, China).

Quantitative Polymerase Chain Reaction
To measure gene expression levels, quantitative polymerase
chain reaction (qPCR) was conducted. After the extraction
of total RNA, as mentioned above, reverse transcription was
performed using the HiScript III 1st Strand cDNA Synthesis
kit (+gDNA wiper) (Vazyme, Nanjing, China), and thus cDNA
amplification using the ChamQ Universal SYBR qPCR Master
Mix (Vazyme, Nanjing, China). Gene expression was determined
by the comparative Ct method and normalized to that of
GAPDH. All primers have been synthesized by Sangon Biotech
(Shanghai, China) and are listed in Supplementary Table 2.

Identification of an RNF 213 p.R4810K
Variant
Genomic DNA was isolated from 200 µl of peripheral blood
using the FastPure Blood DNA Isolation Mini kit (Vazyme,
Nanjing, China). RNF213 was amplified via PCR using a Phanta
Max Super-Fidelity DNA Polymerase (Vazyme, Nanjing, China)
according to the manufacturer’s protocol. Primer sequences
have been synthesized by Sangon Biotech (Shanghai, China)
and are shown in Supplementary Table 2. After agarose gel
electrophoresis, the PCR product was purified using a SanPrep
Column DNA Gel Extraction kit (Sangon Biotech, Shanghai,
China). The existence of the p.R4810K variant of RNF213
(rs112735431) was identified by Sanger sequencing with the Big
Dye Terminator version 1.1 kit (ThermoFisher) and an ABI
3730XL Genetic Analyzer (Applied Biosystems, USA).

Frontiers in Molecular Neuroscience | www.frontiersin.org 3 May 2022 | Volume 15 | Article 881954126

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


Xu et al. Transcriptome of MMD Patients’ MCA

Qualification and Quantification of mRNA
Illumina high-throughput sequencing data were dealt with
bcl2fastq and converted into sequenced reads (raw reads).
Fastq files were filtered by TrimGalore (https://github.com/
FelixKrueger/TrimGalore) with the criteria of Ph red quality
score of 30 and a minimum length of 25. Bowtie2 (http://bowtie-
bio.sourceforge.net/bowtie2/index.shtml) was applied to filtrate
rRNA reads by aligning against the human rRNA fasta file
from NCBI and to build an index from the genome annotation
file hg38, which was downloaded from Ensembl (https://www.
ensembl.org/index.html). Unmapped reads were then mapped to
hg38 index by STAR (Dobin et al., 2013). We then used samtools
(version:1.8) (http://www.htslib.org/) to convert sam files to bam
files along with sorting, which was dealt with FeatureCounts
(Liao et al., 2014) to create a gene expression matrix with
parameters “-t exon -g gene_id.”

DEGs of MMD and AS-ICASO Groups
The expression matrix was imported to R (version:4.0.4) for a
downstream analysis. DESeq2 (1.30.1) (Love et al., 2014) was
applied to identify DEGs between the MMD group and AS-
ICASO group. In addition, the values of p were calculated using
the Wald test, which were corrected with the Benjamini and
Hochberg method for multiple testing by default of DESeq2.
Significant genes were defined with a minimum log2 fold change
of 1 and the value of p < 0.05. We ran a principal component
analysis (PCA) reduction analysis on all DEGs. Clustering
for patients is calculated based on using the hclust function.
ClusterProfiler (verision:3.18.1) (Wu et al., 2021) is applied for
both Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analyses. The R packages stringr, dyplr,
ggplot2, ComplexHeatmap, circlize, factoextra, psych, gridExtra,
AnnotationDbi, factoextra, and psych were employed in the
workflow of data processing and visualization.

Sex-Specific MMD-Related Genes
Sex-specific MMD-related genes were defined as genes related
not only to the progression of MMD, but also differing in
men and women with MMD. Thus, we firstly found MMD
progression-related genes in men and women. Using the same
criteria for significant genes as stated above, 424 genes and 598
genes in men and women were found as Sex-respective Genes,
which indicated a significant expression pattern shift within
each group but might not vary between all groups. For this
purpose, we further survey the sex-specific genes, which have a
significant alteration in the expression, we found DEGs between
men and women with MMD at the same threshold, followed by
intersecting such genes with sex-respective Genes. In total, 133
sex-specific Genes were found in men and 439 in women.

Statistical Analysis
Demographic variables were represented as the mean± standard
deviation (SD) between the MMD group and the control group
unless otherwise specified. Statistical analyses were performed
using an unpaired student’s t-test for continuous variables and
the Fisher’s exact test for categorical variables. p < 0.05 was

considered as statistically significant. Statistical analysis was
performed using GraphPad Prism version 9.3.0.

RESULTS

Demographic and Clinical Characteristics
of Participants
The demographic and clinical characteristics of participants are
summarized in Table 1. The age was 54.94 ± 5.53 and 59.60
± 10.64 years in the MMD and control group, respectively.
The initial manifestations of patients with MMD included
intraventricular hemorrhage (IVH), intracerebral hemorrhage
(ICH), subarachnoid hemorrhage (SAH), transient ischemic
attack (TIA), and cerebral infarction (CI). Of the 16 patients with
MMD, over half (56.25%) presented with a symptom of TIA or
CI. In the AS-ICASO cases, four patients presented with CI and
one patient suffered TIA. There were no significant difference
in age, sex, and clinical manifestations between MMD and AS-
ICASO. For medical history, atherosclerosis-associated diseases,
such as hypertension, diabetes mellitus, and hyperlipidemia, were
significantly higher in the AS-ICASO group than in the MMD
group (p = 0.035). The RNF213 p.R4810K mutation was not
detected in either the MMD or the AS-ICASO group. This
strongly suggested that the RNF213 p.R4810K mutation was not
themain susceptible cause for the ChineseMMDpopulation. The
duration between the last symptom and surgery in the MMD
group and control group is 120.6 ± 53.5 and 104.2 ± 4.4 days,

TABLE 1 | Summary of the demographic and clinical characteristics of all

participants.

Items MMD (n = 16) AS-ICASO (n = 5) p

Age (mean ± SD) 54.94 ± 5.53 59.60 ± 10.64 0.204

Sex (male/female) 8/8 3/2 0.999

Family history of MMD 0 0 0.999

Initial symptom

ICH 4 0 0.532

IVH 2 0 0.999

SAH 1 0 0.999

CI 7 4 0.311

TIA 2 1 0.999

Subtotal (hemorrhage/ 7/9 0/5 0.123

ischemia)

Medical history

Hypertension 4 4* 0.047

Diabetes mellitus 2 2 0.228

Hyperlipidemia 0 1 0.238

Subtotal 6 5 0.035

Mutation in RNF213 0 0 0.999

Values represent the number of patients unless indicated otherwise. Statistical analyses

were performed using an unpaired student’s t-test for continuous variables and

the Fisher’s exact test for categorical variables. ICH, intracerebral hemorrhage; IVH,

intraventricular hemorrhage; SAH, subarachnoid hemorrhage; TIA, transient ischemic

attack; CI, cerebral infarction.
* In the atherosclerosis-associated intracranial artery stenosis/occlusion (AS-ICASO)

group, two subjects have both hypertension and diabetes mellitus.
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respectively (Supplementary Table 1). There is no significant
difference between these two groups.

Genome-Wide Transcriptomic Profiling in
MCA Specimens of Patients With MMD
To further compare the differences in the gene expression
pattern in MCA between MMD and AS-ICASO, we performed
the RNA-seq on MCA specimens derived from patients with
MMD or AS-ICASO using the SMARTer-seq, which allowed
us to explore genome-wide transcriptomic profiling from low-
input samples. As a result, we identified 556 DEGs between
the MMD and AS-ICASO group, in which 449 and 107
genes were significantly upregulated or downregulated in MMD
(Figure 2A). Intriguingly, PCA using the MCA sequencing data
of participants showed obviously distinct clusters for the MMD
and AS-ICASO group (Figure 2B). An heatmap analysis based
on the gene expression of the 556 DEGs demonstrated that
MMD and AS-ICASO had a distinct gene expression pattern
(Figure 2C). Taken together, the global analysis of the gene
expression in MCA specimens in MMD reveals previously
unknown differential expression for a multitude of genes.
Furthermore, according to their fold change, we ranked the
556 DEGs and found that many of the top upregulated or
downregulated DEGs were mainly related to mitochondrial
function, extracellular matrix (ECM), angiogenesis, immune,

and inflammatory response (Supplementary Table 3). These
results suggested that MMD, an uncommon cerebrovascular
disorder, could display significant gene dysregulation in the
intracranial arteries.

qPCR Validation of Selected Genes
Because of a number of MCA specimens, we have to select several
relative genes for qPCR validation using another independent
sample from MMD and AS-ICASO. We selected the genes
according to the following criteria: (1) the genes showed
significant differential expression in RNA-seq analysis; (2) gene
functions were expected to contribute to the pathophysiology
of MMD. Finally, metallopeptidase inhibitor 1 (TIMP1),
caveolae-associated protein 2 (CAVIN2), and mitochondrially
encoded cytochrome c oxidase II (MT-CO2) were chosen for
validation. According to the results of qPCR, the expression
of these transcripts between the MMD and control group has
demonstrated a consistent distribution in the gene expression as
observed in the RNA-seq (Figure 3).

GO and KEGG Pathway Enrichment
Analyses
To further understand the biological processes and pathways of
DEGs, we performed the GO and KEGG pathway enrichment
analysis (Bonetta, 2004). As a result, the GO analysis

FIGURE 2 | Dysregulated genes in MCA specimens from MMD and AS-ICASO controls. (A) A volcano plot to visualize the DEGs between MMD and AS-ICASO

controls. Magenta dots represent significantly (p < 0.05 and fold change >2) upregulated genes (n = 449), and indigo dots represent significantly downregulated

genes (n = 107). Gary dots represent the genes that are not differentially expressed. (B) A principal component analysis (PCA) biplot for PC1 and PC2, performed

using all of the normalized values obtained from the sequencing data, shows two separate clusters for MMD and AS-ICASO controls. Dark red dots represent patients

with MMD, yellow dots represent participants with AS-ICASO. (C) Heatmap shows a distinct expression pattern of DEGs between MMD and AS-ICASO controls. The

color key at the right indicates a relative gene expression. Yellow and green colors represent higher and lower gene expression levels, respectively.
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FIGURE 3 | Quantitative polymerase chain reaction (qPCR) validation of the selected genes. The validation of the RNA-sequencing (RNA-seq) results using qPCR in

independent samples including nine patients with MMD and six AS-ICASO controls. The relative expression level of mRNA is shown. Expression values are first

normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH; internal control) and then plotted relative to corresponding controls that are set as one for each

gene. Error bar represents mean ± standard error of the mean (SEM). Unpaired student’s t-test is used to calculate significant differences. *p < 0.05.

demonstrated that numerous genes upregulated in MMD
were related to cell-substrate junction, ECM organization, cell-
substrate adhesion, the regulation of vasculature development,
and the regulation of angiogenesis (Figure 4A). In contrast, the
downregulated genes in the MMD group were mainly involved
in mitochondrial ATP synthesis-coupled electron transport,
the respiratory chain complex, oxidative phosphorylation,
a neuromuscular process controlling balance, and dendrite
development (Figure 4B). The KEGG pathway enrichment
analysis uncovered that NOD-like receptor signaling pathway,
ECM–receptor interaction, and cell adhesion molecules were
enriched in upregulated genes, on the contrary, oxidative
phosphorylation, synaptic vesicle cycle, and cAMP signaling
pathway were overrepresented in downregulated genes in
patients with MMD (Figures 4C,D). Therefore, our results
suggested that these enriched biological processes or pathways,
such as ECM organization, mitochondrial function, and
oxidative phosphorylation, may be closely related to the complex
pathogenesis of MMD.

Sex Differences Between Adult Men and
Women Patients With MMD
Previous studies have reported the presence of sex differences
among men and women with MMD, mainly in incidence and
clinical manifestation based on epidemiological results (Baba
et al., 2008; Kuriyama et al., 2008; Kainth et al., 2013; Ahn
et al., 2014). As sex differences were known to exist in men
and women with MMD, we further analyzed gene expression,
in MCA, between men and women patients with MMD (n
= 8/8). There were no significant differences in age, clinical
manifestations, and medical history between men and women
with MMD (Supplementary Table 1).

Interestingly, in our transcriptomic study, we observed the
existence of sex differences in the gene expression in men
and women with MMD. According to the PCA analysis, men
and women with MMD were completely categorized into
two separate clusters (Figure 5A). There was a distinct gene

expression pattern according to sex in MMD (Figure 5B). In
the MMD group, we identified 4,518 sex DEGs when sex was
analyzed separately. To further distinguish sex DEGs, which were
related to the progression of MMD, we compared men with
MMD vs. AS-ICASO and women with MMD vs. AS-ICASO.
Thus, we identified 424 DEGs in men with MMD and 598 DEGs
in women with MMD (Figure 5C). MMD-related sex-specific
genes were defined as genes related not only to the progression
of MMD, but also differing in men and women with MMD. As
a result, we identified 133 and 439 sex-specific DEGs in men
and women with MMD, respectively (Figure 5C), of which most
of the sex-specific DEGs were newly observed dysregulations in
the intracranial arteries of patients with MMD. According to the
gene biotype, the majority of sex-specific DEGs (about 95.6%)
were protein-coding genes and about 3% of the genes belonged
to long non-coding RNAs (lncRNA) (Figure 5D). Sex-specific
DEGs were observed on all chromosomes, of which 95.49 and
96.59% were autosomal genes in men and women, respectively
(Figure 5E).

To extend our understanding of sex-specific expressed genes,
we examined genes that are upexpressed or downexpressed
between men and women. In men with MMD, 50 and 83 sex-
specific DEGs were upregulated or downregulated, respectively.
Of these, the top five sex-specific genes in our analysis with a
significantly higher expression were aquaporin-4 (AQP4), FUT9,
KCNH7, CADM2, and LSAMP. On the other hand, the top
five sex-specific genes with a significantly lower expression were
ATP1A2, F3, LGI4, METTL7A, and DST (Table 2).

For women with MMD, 422 sex-specific DEGs were
upregulated, whereas only 17 were downregulated. The top five
sex-specific genes with a significantly higher expression were
superoxide dismutase 3 (SOD3), nuclear receptor subfamily 4
group A member 1 (NR4A1), PPDPF, AEBP1, and MYADM.
On the other hand, CTNND2, CAMK2N1, KIF5A, NRXN1, and
OLFM1 were the top five genes that were significantly decreased
(Table 3).

The pathway enrichment analysis of sex-specific DEGs
showed that retrograde axonal transport and the regulation
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FIGURE 4 | The GO and KEGG pathway enrichment analysis of dysregulated genes in the MCA of patients with MMD. (A,B) Showed the top 10 GO biological

processes enriched in upregulated and downregulated genes, respectively. (C,D) Displayed the top three KEGG pathways overrepresented in upregulated and

downregulated genes. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; ECM, extracellular matrix.

of DNA methylation were predominant bioprocesses in men
with MMD, whereas transforming growth factor-β- (TGFβ-)
activated receptor activity and bleb assembly were the main
biological processes in women with MMD (Figures 6A,B).
These sex differences in the gene expression indicate that the
pathophysiology of MMDmay be different for men and women.

Differences Between Ischemic and
Hemorrhagic MMD
Taking it into account that different types ofMMDmanifestation,
such as ischemia and hemorrhage, may have effects on gene
expression, we also analyzed the gene expression profile
between ischemic and hemorrhagic MMD. According to our
analysis, we identified a total of 633 hemorrhagic-ischemic
DEGs (HI-DEGs) using the same criterion, as mentioned in
the methods (Supplementary Table 4). However, there were
no clear differences between the hemorrhagic group and
the ischemic group, as shown in the heatmap and PCA
(Supplementary Figures 1, 2). This result showed that variants
in gene expression randomly cross the transcriptome rather

than affecting certain genes, and may suggest that the pathology
between ischemic and hemorrhagic MMD is very similar.

DISCUSSION

Moyamoya disease is characterized by progressive
stenosis/occlusion in the terminal portion of ICA and main
vascular branches in the circle of Willis (Kuroda and Houkin,
2008). Moreover, moyamoya-like stenosis changes almost do not
occur in the external carotid system or intra-abdominal arteries
in patients with MMD (Komiyama et al., 2000; Togao et al.,
2004). These studies indicate that the core pathogenesis of MMD
is restricted to the intracranial arteries. Therefore, investigating
the molecular characteristics of intracranial arteries is vital to
understand the pathogenesis of MMD. As such, we believe that
using intracranial artery samples of MMD to perform genome-
wide analysis is better than peripheral blood samples, which may
not be suitable for studying the actual molecular mechanism of
MMD. To our knowledge, this study is the first time to perform
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FIGURE 5 | Sex differences between adult men and women patients with MMD. (A) PCA analysis, performed using all of the normalized values obtained from the

sequencing data, showed two separate clusters for men and women with MMD. Green dots represent men patients with MMD, red dots represent women participants

with MMD. (B) Heatmap showed a distinct gender expression pattern of DEGs in MMD. The color key at the right indicates a relative gene expression. Yellow and

green colors represent higher and lower gene expression levels, respectively. (C) Venn plot of sex-specific DEGs showed specific genes in men and women patients

with MMD. Blue color represents men with MMD vs. men with AS-ICASO, yellow color represents women with MMD vs. women with AS-ICASO, and orange color

represents men with MMD vs. women with MMD. (D) Gene biotype of all sex-specific genes. (E) Chromosome distribution of sex-specific genes shows that 95.49

and 96.59% of the genes are autosomal genes in men and women, respectively. Green bar represents men patients with MMD, red bar represents women patients.

transcriptomic profiling of the intracranial arteries of patients
with MMD via the RNA-seq.

As a result, we identified 449 and 107 genes significantly
upregulated or downregulated in MMD, implying a distinct gene
expression profile of the intracranial arteries between MMD and
AS-ICASO control. In addition, we observed the presence of
sex differences in the gene expression of the intracranial arteries
in men and women with MMD. Although we identified 633
DEGs between ischemic and hemorrhagic patients with MMD,
hemorrhagic patients with MMD and ischemic patients with
MMD could not be completely separated from each other either
in a heatmap or in the PCA plot. It is well-known that ischemic
patients with MMD may progress to hemorrhage if not treated
in time while a hemorrhagic patient with MMD could also show
insufficient cerebral perfusion.

On the other hand, the selection of controls is different from
that of a previous study, in which patients with intracranial

aneurysm or epilepsy are selected as controls (Kanamori et al.,
2021). As an ischemic cerebrovascular disease, stenosis caused
by MMD and AS-ICASO share a series of similarities in clinical
presentations and pathological changes. For instance, ischemic
cerebrovascular events are the most common manifestations
in both diseases, whereas hemorrhagic stroke may present in
patients with MMD due to the rupture of fragile moyamoya
vessels or microaneurysms (Kuroda and Houkin, 2008). In terms
of histopathological changes, similar to MMD, AS-ICASO causes
stenosis with intimal expansion and intimal smooth muscle cell
hyperplasia. However, AS-ICASO is marked by a characteristic
inflammatory infiltration and lipid accumulation that do not
typically occur in MMD (Fukui et al., 2000; Lin et al., 2012).
Interestingly, studies have found that moyamoya-like stenosis
changes almost do not occur in the external carotid system or
intra-abdominal arteries in patients withMMD (Komiyama et al.,
2000; Togao et al., 2004). The restriction ofMMD stenosis to such
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TABLE 2 | Top 10 upregulated or downregulated sex-specific differentially

expressed genes (DEGs) in middle cerebral artery (MCA) samples in men patients

with Moyamoya disease (MMD).

Gene symbol Ensemble ID Fold change p

Upregulated genes

AQP4 ENSG00000171885 5.2 5.8E-05

FUT9 ENSG00000172461 4.7 3.8E-04

KCNH7 ENSG00000184611 4.5 2.0E-05

CADM2 ENSG00000175161 3.9 2.0E-04

LSAMP ENSG00000185565 3.8 1.5E-05

PPM1E ENSG00000175175 3.5 7.0E-05

NEFL ENSG00000277586 3.5 2.1E-03

KIF14 ENSG00000118193 3.4 1.0E-04

LOC105379109 ENSG00000251574 3.1 1.1E-04

CENPE ENSG00000138778 2.9 1.0E-05

Downregulated genes

ATP1A2 ENSG00000018625 6.4 7.0E-07

F3 ENSG00000117525 6.2 2.5E-08

LGI4 ENSG00000153902 4.3 1.6E-07

METTL7A ENSG00000185432 4.1 6.0E-05

DST ENSG00000151914 3.6 1.5E-05

CPE ENSG00000109472 3.5 1.4E-02

SRRM2 ENSG00000167978 3.5 1.0E-03

NARS1 ENSG00000134440 3.4 1.7E-05

CCDC124 ENSG00000007080 3.3 3.3E-04

RAD23A ENSG00000179262 3.3 4.5E-04

a limited and specific anatomic region remains one of the most
fundamental questions surrounding its pathology, as other forms
of medium to large artery stenosis, such as atherosclerosis, are
typically far more widespread throughout the arterial tree (Fox
et al., 2021). In terms of molecular mechanisms, many angiogenic
factors, such as vascular endothelial growth factor (VEGF),
TGFβ, and hypoxia inducible factor 1α (HIF1α), and the RNF 213
variant, are not only associated with MMD but also connected
with AS-ICASO compared with healthy controls (Burke et al.,
2009; Lin and Sheng, 2018; Shoeibi et al., 2018). Generally, MMD
and AS-ICASO are two different disease entities with distinctive
pathogenesis and therapeutic strategies, but both share a series of
similarities and differences in clinical presentations, pathological
changes, and molecular mechanisms. Given this, the contrast
of MMD with AS-ICASO could highlight the central questions
underlying its pathogenesis.

Based on the GO and KEGG pathway analysis, genes involved
in ECM organization were upregulated, while genes involved
in mitochondrial function and oxidative phosphorylation were
downregulated in MMD vs. AS-ICASO. The ECM organization
was identified as enriched in MMD through the GO analysis,
and this result was consistent with a recent study that performed
the RNA-seq using peripheral blood in MMD (Peng et al.,
2019). Regarding the KEGG pathway enrichment analysis,
the analysis illustrated that ECM–receptor interaction was
the pathway that is overrepresented in patients with MMD.
Similarly, a previous study reported that the downregulation of

TABLE 3 | Top 10 upregulated or downregulated sex-specific DEGs in MCA

samples in women patients with MMD.

Gene symbol Ensemble ID Fold change p

Upregulated genes

SOD3 ENSG00000109610 18.0 1.03E-13

NR4A1 ENSG00000123358 15.9 8.16E-10

PPDPF ENSG00000125534 14.7 5.57E-15

AEBP1 ENSG00000106624 13.2 3.02E-12

MYADM ENSG00000179820 12.6 3.97E-13

PNRC1 ENSG00000146278 12.6 3.87E-12

AHNAK ENSG00000124942 12.5 1.99E-08

COL1A2 ENSG00000164692 12.2 5.75E-15

IER2 ENSG00000160888 12.0 1.44E-11

IGFBP5 ENSG00000115461 11.8 1.30E-10

Downregulated genes

CTNND2 ENSG00000169862 3.2 1.0E-03

CAMK2N1 ENSG00000162545 3.0 2.5E-02

KIF5A ENSG00000155980 3.0 3.1E-06

NRXN1 ENSG00000179915 2.9 6.8E-05

OLFM1 ENSG00000130558 2.9 1.6E-03

CAMK2A ENSG00000070808 2.7 1.3E-03

CNKSR2 ENSG00000149970 2.5 6.1E-05

SCN8A ENSG00000196876 2.5 9.1E-06

CAMK2B ENSG00000058404 2.5 5.6E-03

SRGAP3 ENSG00000196220 2.3 1.1E-04

ECM–receptor-related genes may be associated with impaired
angiogenic activity in ECs derived from iPSCs in patients with
MMD (Hamauchi et al., 2016). Timely regulation of ECM is
an important feature of tissue development, morphogenesis,
repair, and remodeling. It is mainly regulated by the balance
between matrix metalloproteinases (MMPs) and tissue inhibitor
of metalloproteases (TIMPs) (Nagase et al., 2006). Accumulating
evidence has proven that the disrupted balance between MMPs
and TIMPs plays a potential role in the pathogenesis of
MMD (Kang et al., 2010; Bang et al., 2016b). Similarly, we
found that patients with MMD exhibited an obviously higher
expression of MMP2 (p = 0.001) and TIMP1 (p = 0.04) in
MCA specimens than that of controls in the present study.
Given that peri-endothelial ECM plays an important role in
protection, cell adhesion and migration, dysfunctional peri-
endothelial ECM in MMD may contribute to endothelial
vulnerability to wall shear stress. As a result, invasive endothelial
progenitor cells repairing endothelial injury would produce
excess hyaluronan and CS in the intima, and cause vascular
stenosis (Matsuo et al., 2021). A previous study has found
a different pattern of vascular remodeling in MMD and AS-
ICASO. During the progression of luminal stenosis, expansive
vascular remodeling occurs in AS-ICASO accompanied by an
increase in vessel outer diameter (Xu et al., 2010), in contrast
to a decrease in the outer diameter that occurs in MMD
(Kaku et al., 2012). These results supported the hypothesis that
ECM may be involved in vascular stenosis or occlusion and
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FIGURE 6 | The GO pathway enrichment analysis of sex-specific genes in MCA of men and women patients with MMD. (A,B) Showed the top 10 GO biological

processes enriched in male and female sex-specific genes, respectively.

the formation of an abnormal vascular network in patients
with MMD.

In our study, the gene expression of CAVIN2 and caveolin
1 (CAV1) was significantly upregulated (p = 0.01, p = 0.02,
respectively) in MCA samples of patients with MMD. As a
principal scaffolding protein component of caveolae, CAVIN2
and CAV1 may play important positive roles in the regulation
of endothelial cell function, which is a prerequisite step in the
process of angiogenesis (Frank et al., 2003). However, previous
studies reported that the serum CAV1 protein level was lower
in patients with MMD than in controls (Bang et al., 2016a;
Chung et al., 2018). In addition, an in vitro analysis showed that
downregulation of CAV1 suppressed angiogenesis in endothelial
cells and induced apoptosis in smooth muscle cells (Chung et al.,
2018). Therefore, further studies are needed to investigate the
mechanisms of CAV1 and CAVIN2 in the intracranial arteries
of MMD.

Similarly, our data also revealed that the GO terms
involved in mitochondrial function and the KEGG pathway
of oxidative phosphorylation were significantly downregulated
in patients with MMD compared with controls. This result
was consistent with a previous study, in which data obtained
from the MCA of MMD via an RNA microarray (Kanamori
et al., 2021). Mitochondria and the oxidative phosphorylation
system are the pivotal mechanisms of ATP synthesis in
maintaining cellular metabolism (Vercellino and Sazanov, 2021).
Impaired mitochondrial function plays a central role in several
diseases, such as cerebrovascular diseases, hypertension, and
neurodegenerative disorders (Sure et al., 2018; Zhou et al.,
2021; Rey et al., 2022). Recently, a study has been designed to
investigate the relationship between mitochondrial function and
MMD. It was found that colony-forming endothelial cells from
patients withMMDnot only displayed a disruptedmitochondrial
morphology, including a shorter and more circular shape, but

also aberrant mitochondrial function, manifested as a decrease
in the oxygen consumption rate and an increase in intracellular
Ca2+ concentration (Choi et al., 2018). In addition, Wang
et al. (2021) demonstrated that exosomes of hemorrhagic MMD
could promote vascular endothelial cell proliferation through
the induction of mitochondrial dysfunction and dysregulation
of oxidative phosphorylation. Our observations, together with
previous results, suggest that functional abnormalities of
mitochondria and oxidative phosphorylation may play an
important role in the pathogenesis of MMD.

Apart from the findings similar to those of previous research,
our study also observed some new insights from the RNA-
seq in MCA samples of MMD. Our results showed that the
gene expression profile between men and women with MMD
was distinctly different. According to the epidemiology results
of MMD, there were several distinct differences in the disease
pattern according to gender. For instance, it is well-known that
MMD occurs more frequently among women, even the incidence
of sex ratio (women/men) is shown to be from 1.8 to 2.2
(Baba et al., 2008; Kuriyama et al., 2008; Kainth et al., 2013;
Ahn et al., 2014). Additionally, the percentage of ischemia in
women is significantly lower than that in men (53.0% vs. 65.9%)
(Baba et al., 2008). The age distribution pattern in patients with
MMD has changed from 2 peaks to 3 peaks (aged 10–14, 35–
39, and 55–59 years) in men, whereas it is still in two peaks
(aged 20–24 and 50–54 years) in women (Kuriyama et al., 2008).
Taken together, these results suggest that there are sex differences
between men and women with MMD. However, the molecular
mechanism underlying sex differences in MMD remains clearly
unknown. Although previous studies reported that estrogen
might be involved in MMD (Levine et al., 1991; Busey et al.,
2014; Surmak et al., 2020), all women are postmenopausal in the
present study. Thus, we went on to compare the transcriptomic
difference between men and women with MMD.
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Excitingly, we observed the existence of sex differences in
the gene expression in the intracranial samples from patients
with MMD via the RNA-seq. Our results showed that the gene
expression of AQP4 was significantly increased (p = 5.81E-
05) in men with MMD. AQP4, a major water channel in the
brain, plays an important role in the integrity and function of
blood–brain barrier (BBB) by reducing inflammatory responses
and attenuating the release of pro-inflammatory cytokines (Zhao
et al., 2018). Previous studies reported that the level of AQP4 was
higher in patients who showed neurological improvement after
the onset of ischemic stroke (Ramiro et al., 2020). This suggests
that AQP4 may have a neuroprotective role in cerebrovascular
disease. Interestingly, Morrison and Filosa (2016) revealed a
significant sex difference in AQP4 polarity in contralateral and
ipsilateral distal brain regions after MCA occlusion in male but
not in female mice. In addition, Solarz et al. (2021) also found
pronounced sex differences in BBB permeability in an early-life
stress rat model, in which juvenile females showed lower BBB
permeability and AQP4 level than males in the dorsal striatum.

For women with MMD, we also observed several higher
expressed sex-specific genes, such as SOD3 (p = 1.03E-13)
and NR4A1 (p = 8.16E-10). Extracellular SOD3 is an enzyme
that scavenges reactive oxygen species and has been shown to
facilitate vascular endothelial function via VEGF signaling and
anti-inflammatory (Mathias et al., 2021). A previous study found
that a higher frailty index was related to a greater improvement in
endothelium-dependent dilation with the superoxide scavenger
SOD3 in the MCA for old female mice than for old male mice
(Cole et al., 2021). NR4A1, a member of the nuclear receptor
superfamily, plays an integral role in a plethora of cellular
processes, including survival, apoptosis, mitophagy, immunity,
and inflammation in response to diverse stimuli (Lin et al., 2004;
Rodríguez-Calvo et al., 2017). A previous study has reported that
sex steroid hormones, such as estrogens and testosterone, could
modulate NR4A1 expression in men and women (Pérez-Sieira
et al., 2014). These results suggest the hypothesis that sex-specific
DEGs, such as AQP4, SOD3, and NR4A1, in men and women
may contribute to sex differences in patients with MMD.

According to the GO analysis, in men with MMD, many sex-
specific DEGs take part in the bioprocess of DNA methylation.
A previous study has reported that hypomethylation of a
specific promoter CpG site of sortilin 1 in endothelial colony-
forming cells fromMMDwas related to endothelial cell function,
implying the involvement of hypomethylation of sortilin 1 in
MMD pathogenesis (Sung et al., 2018) Recently, a study reported
that men with lung cancer showed extensive autosomal DNA
hypomethylation and a significantly increased risk of death
(Willis-Owen et al., 2021). This result indicates that the level of
aberrant DNA methylation in men and women may lead to a
different pathophysiology of MMD.

Our study revealed, for the first time, sex differences in the
gene expression in the MCA specimens from MMD, which were
not reported in previous microarray studies due to over 90%
of women in their groups (Okami et al., 2015; Kanamori et al.,
2021). Moreover, an understanding of the molecular mechanisms
behind sex differences in MMD can lead to new insights into sex-
specific pathophysiology and treatment opportunities. Therefore,

taking sex differences into account, more research should be
conducted to evaluate the molecular mechanisms underlying
men and women with MMD in the future.

LIMITATIONS

Nevertheless, it should be noted that the present study has
some limitations. First, the relatively small sample size in
our RNA-seq experiment may exert some influence on the
robustness of our results. Second, adult patients (mean age
was 56 years) with MMD were investigated and all women
enrolled in our study were postmenopausal women. Thus, a
better stratification of the cohort based on age is needed to
evaluate our results in premenopausal women and in pediatric
MMD. Third, we should consider ethnic differences in MMD,
as mentioned above. In the present study, all participants were
Chinese, and the RNF213 p.R4810K mutation was not detected
in any participant. This is quite different from a similar study
previously conducted in Japan, where the rate of this mutation
has been reported to be 72.7% in MMD and 11.1% in control
patients (Kanamori et al., 2021). Therefore, it is not clear that
our findings in this study can be generalized to other ethnic
populations. Finally, similar to most bioinformatic research, we
merely performed transcriptomic profiling of MMD without any
functional investigation. As a consequence, further experimental
validation should be conducted to assess the exact biological
processes of the genes dysregulated in the development of MMD.

CONCLUSION

This transcriptome-wide analysis highlighted the upregulation
of genes associated with the organization of ECM and the
downregulation of genes involved in mitochondrial function
and oxidative phosphorylation in the intracranial arteries of
patients with MMD compared with AS-ICASO. In addition, we
also displayed, for the first time, the sex dimorphism of gene
expression in MCA samples in men and women with MMD,
suggesting that sex differences should be taken into account in
future studies. In a word, these findings may provide important
new insights for further studies to clarify the pathophysiology
of MMD.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the Genome
Sequence Archive for Human in BIG Data Center, Beijing
Institute of Genomics (BIG), Chinese Academy of Sciences
(https://ngdc.cncb.ac.cn/gsa-human/browse/HRA002011),
accession number HRA002011.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Ethics Committee of Zhongnan
Hospital, Wuhan University. The patients/participants provided
their written informed consent to participate in this study.

Frontiers in Molecular Neuroscience | www.frontiersin.org 11 May 2022 | Volume 15 | Article 881954134

https://ngdc.cncb.ac.cn/gsa-human/browse/HRA002011
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Xu et al. Transcriptome of MMD Patients’ MCA

Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.

AUTHOR CONTRIBUTIONS

SX, WW, JZ, XL, and JC conceived and designed experiments.
SX, WW, TC, LD, JS, XW, TZ, and ZL performed experiments.
SX, WW, and FZ analyzed data, interpreted experimental
results, prepared figures, and drafted this manuscript. SX, WW,
FZ, TC, LD, JS, XW, TZ, ZL, JZ, XL, and JC edited and
revised this manuscript and approved the final version of this
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (NSFC 81771280 and 82171326) and
by the Research Fund from Medical Sci-Tech Innovation
Platform of Zhongnan Hospital, Wuhan University
(PTXM2021006).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnmol.
2022.881954/full#supplementary-material

REFERENCES

Ahn, I. M., Park, D. H., Hann, H. J., Kim, K. H., Kim, H. J., and Ahn,
H. S. (2014). Incidence, prevalence, and survival of moyamoya disease
in Korea: a nationwide, population-based study. Stroke 45, 1090–1095.
doi: 10.1161/STROKEAHA.113.004273

Baba, T., Houkin, K., and Kuroda, S. (2008). Novel epidemiological features
of moyamoya disease. J. Neurol. Neurosurg. Psychiatry 79, 900–904.
doi: 10.1136/jnnp.2007.130666

Bang, O. Y., Chung, J. W., Kim, S. J., Oh, M. J., Kim, S. Y., Cho, Y. H., et al. (2016a).
Caveolin-1, Ring finger protein 213, and endothelial function in Moyamoya
disease. Int. J. Stroke 11, 999–1008. doi: 10.1177/1747493016662039

Bang, O. Y., Fujimura, M., and Kim, S. K. (2016b). The pathophysiology of
moyamoya disease: an update. J. Stroke 18, 12–20. doi: 10.5853/jos.2015.01760

Bonetta, L. (2004). Bioinformatics—from genes to pathways. Nat. Methods 1,
169–176. doi: 10.1038/nmeth1104-169

Burke, G. M., Burke, A. M., Sherma, A. K., Hurley, M. C., Batjer, H. H., and
Bendok, B. R. (2009). Moyamoya disease: a summary.Neurosurg. Focus 26:E11.
doi: 10.3171/2009.1.FOCUS08310

Busey, B., Berry-Cabán, C. S., Hoedebecke, K., and Barts, R. N. (2014). A rare case
of moyamoya disease in a 20-year-old Puerto Rican female U.S. soldier. P R

Health Sci J 33, 197–199. Available online at: https://pubmed.ncbi.nlm.nih.gov/
25563038/

Cheng, W., Xue, S., Wu, F., Song, X., Huang, Q., Song, H., et al. (2019). The
clinical and vascular characteristics of RNF213 c.14576G>A variant-related
intracranial major artery disease in China. Behav. Neurol. 2019:7908392.
doi: 10.1155/2019/7908392

Choi, J. W., Son, S. M., Mook-Jung, I., Moon, Y. J., Lee, J. Y., Wang, K. C., et al.
(2018). Mitochondrial abnormalities related to the dysfunction of circulating
endothelial colony-forming cells in moyamoya disease. J. Neurosurg. 129,
1151–1159. doi: 10.3171/2017.5.JNS17147

Chung, J. W., Kim, D. H., Oh, M. J., Cho, Y. H., Kim, E. H., Moon, G. J., et al.
(2018). Cav-1 (Caveolin-1) and arterial remodeling in adult moyamoya disease.
Stroke 49, 2597–2604. doi: 10.1161/STROKEAHA.118.021888

Cole, J. A., Kehmeier, M. N., Bedell, B. R., Krishna Kumaran, S., Henson, G.
D., and Walker, A. E. (2021). Sex differences in the relation between frailty
and endothelial dysfunction in old mice. J. Gerontol. A Biol. Sci. Med. Sci. 77,
416–423. doi: 10.1093/gerona/glab317

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al.
(2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21.
doi: 10.1093/bioinformatics/bts635

Duan, L., Wei, L., Tian, Y., Zhang, Z., Hu, P., Wei, Q., et al. (2018). Novel
susceptibility loci for moyamoya disease revealed by a genome-wide association
study. Stroke 49, 11–18. doi: 10.1161/STROKEAHA.117.017430

Fox, B. M., Dorschel, K. B., Lawton, M. T., and Wanebo, J. E. (2021).
Pathophysiology of vascular stenosis and remodeling in moyamoya disease.
Front. Neurol. 12:661578. doi: 10.3389/fneur.2021.661578

Frank, P. G., Woodman, S. E., Park, D. S., and Lisanti, M. P. (2003). Caveolin,
caveolae, and endothelial cell function. Arterioscler. Thromb. Vasc. Biol. 23,
1161–1168. doi: 10.1161/01.ATV.0000070546.16946.3A

Fukui, M., Kono, S., Sueishi, K., and Ikezaki, K. (2000). Moyamoya disease.
Neuropathology 20, S61–S64. doi: 10.1046/j.1440-1789.2000.00300.x

Guey, S., Kraemer, M., Hervé, D., Ludwig, T., Kossorotoff, M., Bergametti, F.,
et al. (2017). Rare RNF213 variants in the C-terminal region encompassing the
RING-finger domain are associated with moyamoya angiopathy in Caucasians.
Eur. J. Hum. Genet. 25, 995–1003. doi: 10.1038/ejhg.2017.92

Hamauchi, S., Shichinohe, H., Uchino, H., Yamaguchi, S., Nakayama, N.,
Kazumata, K., et al. (2016). Cellular functions and gene and protein expression
profiles in endothelial cells derived from moyamoya disease-specific iPS cells.
PLoS ONE 11:e0163561. doi: 10.1371/journal.pone.0163561

Kainth, D., Chaudhry, S. A., Kainth, H., Suri, F. K., and Qureshi, A. I. (2013).
Epidemiological and clinical features of moyamoya disease in the USA.
Neuroepidemiology 40, 282–287. doi: 10.1159/000345957

Kaku, Y., Morioka, M., Ohmori, Y., Kawano, T., Kai, Y., Fukuoka, H., et al. (2012).
Outer-diameter narrowing of the internal carotid and middle cerebral arteries
in moyamoya disease detected on 3D constructive interference in steady-
state MR image: is arterial constrictive remodeling a major pathogenesis? Acta
Neurochir. 154, 2151–2157. doi: 10.1007/s00701-012-1472-4

Kamada, F., Aoki, Y., Narisawa, A., Abe, Y., Komatsuzaki, S., Kikuchi, A.,
et al. (2011). A genome-wide association study identifies RNF213 as the first
Moyamoya disease gene. J. Hum. Genet. 56, 34–40. doi: 10.1038/jhg.2010.132

Kanamori, F., Yokoyama, K., Ota, A., Yoshikawa, K., Karnan, S., Maruwaka, M.,
et al. (2021). Transcriptome-wide analysis of intracranial artery in patients
with moyamoya disease showing upregulation of immune response, and
downregulation of oxidative phosphorylation and DNA repair. Neurosurg.
Focus 51:E3. doi: 10.3171/2021.6.FOCUS20870

Kang, H. S., Kim, J. H., Phi, J. H., Kim, Y. Y., Kim, J. E., Wang, K. C.,
et al. (2010). Plasma matrix metalloproteinases, cytokines and angiogenic
factors in moyamoya disease. J. Neurol. Neurosurg. Psychiatry 81, 673–678.
doi: 10.1136/jnnp.2009.191817

Komiyama, M., Nishikawa, M., Yasui, T., Kitano, S., Sakamoto, H., and Fu, Y.
(2000). Steno-occlusive changes in the external carotid system in moyamoya
disease. Acta Neurochir. 142, 421–424. doi: 10.1007/s007010050452

Kuriyama, S., Kusaka, Y., Fujimura, M., Wakai, K., Tamakoshi, A., Hashimoto,
S., et al. (2008). Prevalence and clinicoepidemiological features of moyamoya
disease in Japan: findings from a nationwide epidemiological survey. Stroke 39,
42–47. doi: 10.1161/STROKEAHA.107.490714

Kuroda, S., and Houkin, K. (2008). Moyamoya disease: current
concepts and future perspectives. Lancet Neurol. 7, 1056–1066.
doi: 10.1016/S1474-4422(08)70240-0

Levine, S. R., Fagan, S. C., Pessin, M. S., Silbergleit, R., Floberg, J., Selwa, J. F.,
et al. (1991). Accelerated intracranial occlusive disease, oral contraceptives,
and cigarette use. Neurology 41, 1893–1901. doi: 10.1212/WNL.41.12.
1893

Frontiers in Molecular Neuroscience | www.frontiersin.org 12 May 2022 | Volume 15 | Article 881954135

https://www.frontiersin.org/articles/10.3389/fnmol.2022.881954/full#supplementary-material
https://doi.org/10.1161/STROKEAHA.113.004273
https://doi.org/10.1136/jnnp.2007.130666
https://doi.org/10.1177/1747493016662039
https://doi.org/10.5853/jos.2015.01760
https://doi.org/10.1038/nmeth1104-169
https://doi.org/10.3171/2009.1.FOCUS08310
https://pubmed.ncbi.nlm.nih.gov/25563038/
https://pubmed.ncbi.nlm.nih.gov/25563038/
https://doi.org/10.1155/2019/7908392
https://doi.org/10.3171/2017.5.JNS17147
https://doi.org/10.1161/STROKEAHA.118.021888
https://doi.org/10.1093/gerona/glab317
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1161/STROKEAHA.117.017430
https://doi.org/10.3389/fneur.2021.661578
https://doi.org/10.1161/01.ATV.0000070546.16946.3A
https://doi.org/10.1046/j.1440-1789.2000.00300.x
https://doi.org/10.1038/ejhg.2017.92
https://doi.org/10.1371/journal.pone.0163561
https://doi.org/10.1159/000345957
https://doi.org/10.1007/s00701-012-1472-4
https://doi.org/10.1038/jhg.2010.132
https://doi.org/10.3171/2021.6.FOCUS20870
https://doi.org/10.1136/jnnp.2009.191817
https://doi.org/10.1007/s007010050452
https://doi.org/10.1161/STROKEAHA.107.490714
https://doi.org/10.1016/S1474-4422(08)70240-0
https://doi.org/10.1212/WNL.41.12.1893
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Xu et al. Transcriptome of MMD Patients’ MCA

Liao, Y., Smyth, G. K., and Shi, W. (2014). featureCounts: an efficient
general purpose program for assigning sequence reads to genomic features.
Bioinformatics 30, 923–930. doi: 10.1093/bioinformatics/btt656

Lin, B., Kolluri, S. K., Lin, F., Liu, W., Han, Y. H., Cao, X., et al. (2004).
Conversion of Bcl-2 from protector to killer by interaction with nuclear
orphan receptor Nur77/TR3. Cell 116, 527–540. doi: 10.1016/S0092-8674(04)
00162-X

Lin, J., and Sheng, W. (2018). RNF213 variant diversity predisposes distinct
populations to dissimilar cerebrovascular diseases. Biomed. Res. Int.

2018:6359174. doi: 10.1155/2018/6359174
Lin, R., Xie, Z., Zhang, J., Xu, H., Su, H., Tan, X., et al. (2012). Clinical and

immunopathological features of Moyamoya disease. PLoS ONE 7:e36386.
doi: 10.1371/journal.pone.0036386

Liu, W., Morito, D., Takashima, S., Mineharu, Y., Kobayashi, H., Hitomi, T.,
et al. (2011). Identification of RNF213 as a susceptibility gene for moyamoya
disease and its possible role in vascular development. PLoS ONE 6:e22542.
doi: 10.1371/journal.pone.0022542

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550.
doi: 10.1186/s13059-014-0550-8

Mathias, M., Taylor, J., Mendralla, E., and Perez, M. (2021). Neonatal extracellular
superoxide dismutase knockout mice increase total superoxide dismutase
activity and VEGF expression after chronic hyperoxia. Antioxidants 10:1236.
doi: 10.3390/antiox10081236

Matsuo, M., Nadanaka, S., Soga, M., Sugiyama, T., Serigano, S., Shimano,
K., et al. (2021). Vulnerability to shear stress caused by altered peri-
endothelial matrix is a key feature of Moyamoya disease. Sci. Rep. 11:1552.
doi: 10.1038/s41598-021-81282-9

Miyamoto, S., Yoshimoto, T., Hashimoto, N., Okada, Y., Tsuji, I., Tominaga,
T., et al. (2014). Effects of extracranial-intracranial bypass for patients with
hemorrhagic moyamoya disease: results of the Japan Adult Moyamoya Trial.
Stroke 45, 1415–1421. doi: 10.1161/STROKEAHA.113.004386

Miyawaki, S., Imai, H., Takayanagi, S., Mukasa, A., Nakatomi, H., and Saito,
N. (2012). Identification of a genetic variant common to moyamoya disease
and intracranial major artery stenosis/occlusion. Stroke 43, 3371–3374.
doi: 10.1161/STROKEAHA.112.663864

Morrison, H.W., and Filosa, J. A. (2016). Sex differences in astrocyte andmicroglia
responses immediately following middle cerebral artery occlusion in adult
mice. Neuroscience 339, 85–99. doi: 10.1016/j.neuroscience.2016.09.047

Nagase, H., Visse, R., and Murphy, G. (2006). Structure and function
of matrix metalloproteinases and TIMPs. Cardiovasc. Res. 69, 562–573.
doi: 10.1016/j.cardiores.2005.12.002

Okami, N., Aihara, Y., Akagawa, H., Yamaguchi, K., Kawashima, A., Yamamoto,
T., et al. (2015). Network-based gene expression analysis of vascular
wall of juvenile Moyamoya disease. Childs. Nerv. Syst. 31, 399–404.
doi: 10.1007/s00381-014-2605-2

Peng, X., Zhang, Z., Ye, D., Xing, P., Zou, Z., Lei, H., et al. (2019).
Gene dysregulation in peripheral blood of moyamoya disease and
comparison with other vascular disorders. PLoS ONE 14:e0221811.
doi: 10.1371/journal.pone.0221811

Pérez-Sieira, S., López,M., Nogueiras, R., and Tovar, S. (2014). Regulation of NR4A
by nutritional status, gender, postnatal development and hormonal deficiency.
Sci. Rep. 4:4264. doi: 10.1038/srep04264

Ramiro, L., Simats, A., Penalba, A., Garcia-Tornel, A., Rovira, A., Mancha, F.,
et al. (2020). Circulating Aquaporin-4 as A biomarker of early neurological
improvement in stroke patients: a pilot study. Neurosci. Lett. 714:134580.
doi: 10.1016/j.neulet.2019.134580

Research Committee on the Pathology and Treatment of Spontaneous Occlusion
of the Circle of Willis, Health Labour Sciences Research Grant for Research
on Measures for Infractable Diseases. (2012). Guidelines for diagnosis and
treatment of moyamoya disease (spontaneous occlusion of the circle of Willis).
Neurol. Med. Chir.52, 245–266. doi: 10.2176/nmc.52.245

Rey, F., Ottolenghi, S., Zuccotti, G. V., Samaja, M., and Carelli, S. (2022).
Mitochondrial dysfunctions in neurodegenerative diseases: role in disease
pathogenesis, strategies for analysis and therapeutic prospects. Neural. Regen.
Res. 17, 754–758. doi: 10.4103/1673-5374.322430

Rodríguez-Calvo, R., Tajes, M., Vázquez-Carrera, M. (2017). The NR4A
subfamily of nuclear receptors: potential new therapeutic targets for the
treatment of inflammatory diseases. Expert Opin. Ther. Targets 21, 291–304.
doi: 10.1080/14728222.2017.1279146

Shoeibi, S., Mozdziak, P., and Mohammadi, S. (2018). Important signals
regulating coronary artery angiogenesis. Microvasc. Res. 117, 1–9.
doi: 10.1016/j.mvr.2017.12.002

Solarz, A., Majcher-Maślanka, I., and Chocyk, A. (2021). Effects of early-life stress
and sex on blood-brain barrier permeability and integrity in juvenile and adult
rats. Dev. Neurobiol. 81, 861–876. doi: 10.1002/dneu.22846

Sung, H. Y., Lee, J. Y., Park, A. K., Moon, Y. J., Jo, I., Park, E.
M., et al. (2018). Aberrant promoter hypomethylation of Sortilin 1: a
moyamoya disease biomarker. J Stroke 20, 350–361. doi: 10.5853/jos.2018.
00962

Sure, V. N., Sakamuri, S., Sperling, J. A., Evans, W. R., Merdzo, I., Mostany,
R., et al. (2018). A novel high-throughput assay for respiration in isolated
brain microvessels reveals impaired mitochondrial function in the aged mice.
Geroscience 40, 365–375. doi: 10.1007/s11357-018-0037-8

Surmak, A. J., Wong, K. P., Cole, G. B., Hirata, K., Aabedi, A. A., Mirfendereski,
O., et al. (2020). Probing estrogen sulfotransferase-mediated inflammation
with [11C]-PiB in the living human brain. J. Alzheimers. Dis. 73, 1023–1033.
doi: 10.3233/JAD-190559

Suzuki, J., and Takaku, A. (1969). Cerebrovascular “moyamoya” disease. Disease
showing abnormal net-like vessels in base of brain. Arch. Neurol. 20, 288–299.
doi: 10.1001/archneur.1969.00480090076012

Takagi, Y., Hermanto, Y., Takahashi, J. C., Funaki, T., Kikuchi, T., Mineharu, Y.,
et al. (2016). Histopathological characteristics of distal middle cerebral artery
in adult and pediatric patients with moyamoya disease. Neurol. Med. Chir. 56,
345–349. doi: 10.2176/nmc.oa.2016-0031

Takagi, Y., Kikuta, K., Sadamasa, N., Nozaki, K., and Hashimoto, N. (2006).
Caspase-3-dependent apoptosis in middle cerebral arteries in patients
with moyamoya disease. Neurosurgery 59, 894–900; discussion 900-1.
doi: 10.1227/01.NEU.0000232771.80339.15

Togao, O., Mihara, F., Yoshiura, T., Tanaka, A., Kuwabara, Y., Morioka,
T., et al. (2004). Prevalence of stenoocclusive lesions in the renal and
abdominal arteries in moyamoya disease. AJR Am. J. Roentgenol. 183, 119–122.
doi: 10.2214/ajr.183.1.1830119

Vercellino, I., and Sazanov, L. A. (2021). The assembly, regulation and function
of the mitochondrial respiratory chain. Nat. Rev. Mol. Cell Biol. 23, 141–161.
doi: 10.1038/s41580-021-00415-0

Wang, X., Han, C., Jia, Y., Wang, J., Ge, W., and Duan, L. (2021).
Proteomic profiling of exosomes from hemorrhagic moyamoya disease and
dysfunction of mitochondria in endothelial cells. Stroke 52, 3351–3361.
doi: 10.1161/STROKEAHA.120.032297

Wang, Z., Gerstein, M., and Snyder, M. (2009). RNA-Seq: a revolutionary tool for
transcriptomics. Nat. Rev. Genet. 10, 57–63. doi: 10.1038/nrg2484

Willis-Owen, S. A. G., Domingo-Sabugo, C., Starren, E., Liang, L.,
Freidin, M. B., Arseneault, M., et al. (2021). Y disruption, autosomal
hypomethylation and poor male lung cancer survival. Sci. Rep. 11:12453.
doi: 10.1038/s41598-021-91907-8

Wu, T., Hu, E., Xu, S., Chen, M., Guo, P., Dai, Z., et al. (2021). clusterProfiler 4.0:
A universal enrichment tool for interpreting omics data. Innovation 2:100141.
doi: 10.1016/j.xinn.2021.100141

Xu, W. H., Li, M. L., Gao, S., Ni, J., Zhou, L. X., Yao, M., et al. (2010).
In vivo high-resolution MR imaging of symptomatic and asymptomatic
middle cerebral artery atherosclerotic stenosis. Atherosclerosis 212, 507–511.
doi: 10.1016/j.atherosclerosis.2010.06.035

Zhang, J., Xiong, Z., Wang, S., He, Y., Sun, S., Wu, X., et al. (2016).
Cyclooxygenase-2 and Prostaglandin E2 are associated with middle cerebral
artery occlusion and hemorrhage in patients with moyamoya disease.
Curr. Neurovasc. Res. 13, 68–74. doi: 10.2174/15672026126661510271
51239

Zhao, F., Deng, J., Xu, X., Cao, F., Lu, K., Li, D., et al. (2018). Aquaporin-
4 deletion ameliorates hypoglycemia-induced BBB permeability by
inhibiting inflammatory responses. J. Neuroinflammation 15:157.
doi: 10.1186/s12974-018-1203-8

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 May 2022 | Volume 15 | Article 881954136

https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1016/S0092-8674(04)00162-X
https://doi.org/10.1155/2018/6359174
https://doi.org/10.1371/journal.pone.0036386
https://doi.org/10.1371/journal.pone.0022542
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3390/antiox10081236
https://doi.org/10.1038/s41598-021-81282-9
https://doi.org/10.1161/STROKEAHA.113.004386
https://doi.org/10.1161/STROKEAHA.112.663864
https://doi.org/10.1016/j.neuroscience.2016.09.047
https://doi.org/10.1016/j.cardiores.2005.12.002
https://doi.org/10.1007/s00381-014-2605-2
https://doi.org/10.1371/journal.pone.0221811
https://doi.org/10.1038/srep04264
https://doi.org/10.1016/j.neulet.2019.134580
https://doi.org/10.2176/nmc.52.245
https://doi.org/10.4103/1673-5374.322430
https://doi.org/10.1080/14728222.2017.1279146
https://doi.org/10.1016/j.mvr.2017.12.002
https://doi.org/10.1002/dneu.22846
https://doi.org/10.5853/jos.2018.00962
https://doi.org/10.1007/s11357-018-0037-8
https://doi.org/10.3233/JAD-190559
https://doi.org/10.1001/archneur.1969.00480090076012
https://doi.org/10.2176/nmc.oa.2016-0031
https://doi.org/10.1227/01.NEU.0000232771.80339.15
https://doi.org/10.2214/ajr.183.1.1830119
https://doi.org/10.1038/s41580-021-00415-0
https://doi.org/10.1161/STROKEAHA.120.032297
https://doi.org/10.1038/nrg2484
https://doi.org/10.1038/s41598-021-91907-8
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1016/j.atherosclerosis.2010.06.035
https://doi.org/10.2174/1567202612666151027151239
https://doi.org/10.1186/s12974-018-1203-8
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Xu et al. Transcriptome of MMD Patients’ MCA

Zhou, X., Chen, H., Wang, L., Lenahan, C., Lian, L., Ou, Y., et al. (2021).
Mitochondrial dynamics: a potential therapeutic target for ischemic
stroke. Front. Aging Neurosci. 13:721428. doi: 10.3389/fnagi.2021.
721428

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Xu, Wei, Zhang, Chen, Dong, Shi, Wu, Zhang, Li, Zhang, Li

and Chen. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 May 2022 | Volume 15 | Article 881954137

https://doi.org/10.3389/fnagi.2021.721428
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-903175 June 10, 2022 Time: 11:53 # 1

ORIGINAL RESEARCH
published: 10 June 2022

doi: 10.3389/fnmol.2022.903175

Edited by:
Marie-Claude Potier,

Centre National de la Recherche
Scientifique (CNRS), France

Reviewed by:
Joanna Urban Ciecko,

Nencki Institute of Experimental
Biology (PAS), Poland

Marta Fructuoso,
INSERM U1127 Institut du Cerveau et

de la Moelle Épinière (ICM), France

*Correspondence:
Shreejoy J. Tripathy

Shreejoy.tripathy@utoronto.ca
Daniel Felsky

Daniel.felsky@camh.ca

Specialty section:
This article was submitted to
Brain Disease Mechanisms,

a section of the journal
Frontiers in Molecular Neuroscience

Received: 24 March 2022
Accepted: 16 May 2022

Published: 10 June 2022

Citation:
Consens ME, Chen Y, Menon V,

Wang Y, Schneider JA, De Jager PL,
Bennett DA, Tripathy SJ and Felsky D

(2022) Bulk and Single-Nucleus
Transcriptomics Highlight

Intra-Telencephalic and Somatostatin
Neurons in Alzheimer’s Disease.

Front. Mol. Neurosci. 15:903175.
doi: 10.3389/fnmol.2022.903175

Bulk and Single-Nucleus
Transcriptomics Highlight
Intra-Telencephalic and
Somatostatin Neurons in Alzheimer’s
Disease
Micaela E. Consens1, Yuxiao Chen1, Vilas Menon2,3, Yanling Wang4, Julie A. Schneider4,
Philip L. De Jager2,3, David A. Bennett4, Shreejoy J. Tripathy1,5,6,7* and Daniel Felsky1,5,6,8*
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Cortical neuron loss is a pathological hallmark of late-onset Alzheimer’s disease (AD).
However, it remains unclear which neuronal subtypes beyond broad excitatory and
inhibitory classes are most vulnerable. Here, we analyzed cell subtype proportion
differences in AD compared to non-AD controls using 1037 post-mortem brain samples
from six neocortical regions. We identified the strongest associations of AD with fewer
somatostatin (SST) inhibitory neurons (β = −0.48, pbonf = 8.98 × 10−9) and intra-
telencephalic (IT) excitatory neurons (β = -0.45, pbonf = 4.32 × 10−7). Replication
in three AD case-control single-nucleus RNAseq datasets most strongly supported
the bulk tissue association of fewer SST neurons in AD. In depth analyses of cell
type proportions with specific AD-related neuropathological and cognitive phenotypes
revealed fewer SST neurons with greater brain-wide post-mortem tau and beta amyloid,
as well as a faster rate of antemortem cognitive decline. In contrast, greater IT
neuron proportions were associated with a slower rate of cognitive decline as well
as greater residual cognition–a measure of cognitive resilience–but not canonical AD
neuropathology. Our findings implicate somatostatin inhibitory and intra-telencephalic
excitatory neuron subclasses in the pathogenesis of AD and in cognitive resilience to
AD pathology, respectively.

Keywords: cell type proportions, Alzheimer’s disease, somatostatin, RNA sequencing, post-mortem brain,
mega-analysis
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INTRODUCTION

Late-onset Alzheimer’s disease (AD) is a neurodegenerative
disease characterized by the gradual accumulation of
specific neuropathologies, including beta amyloid and
hyperphosphorylated tau proteins, followed by widespread
brain atrophy and cognitive decline (Rombouts et al., 2000; Lerch
et al., 2005, 2008). While these pathological hallmarks of AD are
well established, a lack of clarity over which specific brain cell
types are lost over the course of neurodegeneration and cognitive
decline remains.

Recent advances in single-cell and cell type-specific gene
expression profiling has revolutionized our knowledge of cell-
type specific changes in neuropsychiatric disease (Mancarci et al.,
2017; Gandal et al., 2018; Toker et al., 2018; Wang D. et al.,
2018; Jew et al., 2020). By combining these datasets with bulk
tissue gene expression data sampled from large numbers of
well-characterized individuals, cellular deconvolution analyses
have revealed important differences in AD, including fewer
neurons and more astrocytes (Li et al., 2018; Patrick et al.,
2020; Park et al., 2021). However, the majority of these analyses
have focused on cellular differences at the level of broad
cell types and comparatively less focus has been placed on
resolving cellular differences among finer-resolution cell types
such as subtypes of neurons (Cain et al., 2020). While emerging
AD case/control single-nucleus RNA sequencing (snRNAseq)
datasets offer an exciting opportunity to better resolve such
cellular differences (Mathys et al., 2019; Cain et al., 2020;
Zhou et al., 2020; Leng et al., 2021), technical constraints have
limited the size of such datasets in terms of total numbers
of cells and individuals sampled (Park et al., 2021), making it
difficult to determine robust cellular differences in a disorder as
heterogeneous as AD.

Here we performed a comprehensive analysis of brain bulk-
and single-nucleus RNAseq datasets to quantify changes in
cell-type proportions in AD. We quantified excitatory and
inhibitory neuronal subpopulations and non-neuronal cell
types by estimating relative cell-type proportions across three
studies and six neocortical brain regions. We corroborated
our bulk tissue-based findings by directly estimating cell-
type proportions in three snRNAseq datasets collected
from AD cases and controls. Finally, we explored how cell-
type proportion differences relate to specific age-related
neuropathologies, longitudinal cognitive decline, and an

Abbreviations: AD, late-onset Alzheimer’s disease; AIBS, Allen Institute for Brain
Sciences; AMP-AD, Accelerating Medicines Partnership–Alzheimer’s Disease;
CDR, clinical dementia rating; CERAD, Consortium to Establish a Registry for
Alzheimer’s Disease; DLPFC, dorsolateral prefrontal cortex; FDR, false discovery
rate; FP, frontal pole; GABA, gamma aminobutyric acid; IFG, inferior frontal gyrus;
IT, intra-telencephalic; LAMP5, lysosomal associated membrane protein family
member 5; MAP, Rush Memory and Aging Project; MGP, MarkerGeneProfile;
MSBB, Mount Sinai Brain Bank; PHG, parahippocampal gyrus; PMI, post-
mortem interval; QC, quality control; rCTP, relative cell-type proportion; RIN,
RNA integrity number; ROS, Religious Orders Study; SD, standard deviation;
snCTP, single-nucleus cell type proportion; snRNAseq, single-nucleus RNA
sequencing; SST, somatostatin; STG, superior temporal gyrus; TCX, temporal
cortex; TDP43, transactive response DNA binding protein 43 kDa; TMM, trimmed
mean of m-values; VIP, vasoactive intestinal peptide-expressing; VLMC, vascular
lepotomeningeal cell.

established measure of cognitive resilience. Together, our
findings suggest a robust and specific loss of excitatory intra-
telencephalic neurons and inhibitory somatostatin-expressing
interneurons in AD.

MATERIALS AND METHODS

Studies Used for Bulk Tissue RNA
Sequencing Analyses
Post-mortem bulk-brain RNAseq data were processed from 1373
different individuals across three independent studies from the
Accelerating Medicines Partnership–Alzheimer’s Disease (AMP-
AD) consortium (summarized in Table 1), encompassing six
brain regions:

1. The Religious Orders Study and Rush Memory and Aging
Project (herein ROS/MAP) cohort provided bulk RNAseq
data for dorsolateral prefrontal cortex (DLPFC) from 1092
individuals. The mean age at death was 89.6 (standard
deviation, SD = 6.6).

2. The Mayo Clinic study (herein Mayo) provided temporal
cortex (TCX) samples from 147 individuals. The mean age
at death was 82.6 (SD = 8.0).

3. The Mount Sinai Brain Bank study (herein MSBB)
provided samples from the same individuals across
multiple brain regions. The mean age at death was 83.3
(SD = 7.4). 134 individuals had bulk-tissue RNAseq data
sampled from Frontal Pole (FP), Brodmann area 10; 112
from Inferior Frontal Gyrus (IFG), Brodmann area 44; 104
from Parahippocampal Gyrus (PHG), Brodmann area 36;
and 117 from Superior Temporal Gyrus (STG), Brodmann
area 22.

Tissue Preparation and Bulk Tissue RNA
Sequencing
Details pertaining to the handling and processing of post-
mortem samples in ROS/MAP (De Jager et al., 2018), Mayo
(Allen et al., 2016), and MSBB (Wang M. et al., 2018) have
been previously published (Wan et al., 2020). RNA sequencing
procedures differed between studies:

1. For ROS/MAP, RNA sequencing on DLPFC tissue was
carried out in 13 batches within three distinct library
preparation and sequencing pipelines (see Supplementary
Methods). Sequencing was carried out using the Illumina
HiSeq (pipeline #1: 50M 101 bp paired end reads) and
NovaSeq6000 (pipeline #2: 30M 100 bp paired end; pipeline
#3: 40–50M 150 bp paired end reads). Full details on RNA
extraction and sequencing are available on the Synapse
AMP-AD Knowledge Portal (syn3219045).

2. For Mayo, sequencing was carried out on the Illumina
HiSeq 2000 (101 bp paired end reads). Details available on
the AMP-AD Knowledge Portal (syn5550404).

3. For MSBB, sequencing was carried out on the Illumina
HiSeq 2500 (100 bp single end reads). Details available on
the AMP-AD Knowledge Portal (syn3159438).
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TABLE 1 | Summary of RNAseq datasets used in this study.

Dataset name Study Data type Brain region Total individuals Controls AD cases Other

DLPFC ROS/MAP Bulk RNAseq Dorsolateral Prefrontal Cortex 1092 138 285 669

FP MSBB Bulk RNAseq Frontal Pole 134 44 90 0

IFG MSBB Bulk RNAseq Inferior Frontal Gyrus 112 34 78 0

PHG MSBB Bulk RNAseq Parahippocampal Gyrus 104 38 66 0

STG MSBB Bulk RNAseq Superior Temporal Gyrus 117 35 82 0

TCX Mayo Clinic Bulk RNAseq Temporal Cortex 147 67 80 0

Mathys ROS/MAP snRNAseq Dorsolateral Prefrontal Cortex 47 9 16 22

Zhou ROS/MAP snRNAseq Dorsolateral Prefrontal Cortex 32 8 8 16

Cain ROS/MAP snRNAseq Dorsolateral Prefrontal Cortex 24 5 5 14

AIBS snRNAseq Allen Institute snRNAseq Cingulate Gyrus and Medial Temporal Gyrus 3 3 0 0

Counts of individuals include only samples passing Quality Control.Column of individuals denoted as “Other” indicate individuals from the ROS/MAP cohort not meeting
either of the defined control or AD case criteria used in mega-analyses of all cohorts.Note that some individuals from the Mount Sinai Brain Bank, MSBB, were sampled
multiple times from different brain regions; therefore, not all samples are independent.

Processing of Bulk Tissue RNA
Sequencing Datasets
Bulk-tissue based RNA-seq read counts from all three studies
underwent uniform quality control (QC) and filtering protocols,
using the same approach as described previously (Felsky et al.,
2020). Briefly, genes with a median expected count less than
or equal to 15 were removed and multidimensional scaling
was performed. Subjects were deemed outliers and removed
if they differed from the sample median of any of the first
5 latent components by more than 3 interquartile ranges.
Gene counts were log2 transformed with an offset of 0.5,
to coerce any log2(expected count) value differing from the
sample median by 3 interquartile ranges to its nearest most
extreme value within that range. After sample- and gene-level
filtering, the log2(expected counts) were transformed back to
the expected count scale. Trimmed mean of m-values (TMM)
normalization (using edgeR calcNormFactors) and mean-
variance derived observational-level weights were calculated.
Variance related to technical factors, including sequencing
batch, percent of mapped bases, percent usable bases, RNA
integrity number (RIN), and post-mortem interval, were
removed using the removeBatchEffect function in limma
(Ritchie et al., 2015).

Consensus Definition of Alzheimer’s
Disease for Mega-Analysis
We applied a harmonized definition of AD case/control
diagnosis as defined previously in the same studies (Wan
et al., 2020). This definition combined clinical and post-mortem
neuropathological data for categorization, where controls were
defined as individuals with a low burden of plaques and tangles,
as well as no evidence of cognitive impairment (if available).
To define AD case status, Braak stage, global cognitive status at
time of death, and CERAD (Consortium to Establish a Registry
for Alzheimer’s Disease) scores were used in ROS/MAP, with
Clinical Dementia Rating (CDR) scores being used instead of
global cognitive status in MSBB. For the Mayo dataset, only
neuropathological criteria were used to define case/control status,

with details previously published (Allen et al., 2018). In total, 704
individuals across the three studies met the established AD case
or control criteria.

Cognitive and Neuropathological
Measures in Religious Orders
Study/Rush Memory and Aging Project
All subjects in ROS/MAP were administered 17 cognitive
tests annually spanning five cognitive domains. Raw scores
for tests within each domain were z-scored (using the mean
and standard deviation of the entire ROS/MAP combined
study population at baseline) and averaged to form the
composites. The list of individual cognitive tasks and their
corresponding domains has been published (Felsky et al.,
2019). Prior to autopsy, the average post-mortem interval was
9.3 h (SD = 8.1). All brains were examined by a board-
certified neuropathologist blinded to clinical data. We analyzed
11 neuropathologies measured brain-wide: total amyloid β

peptides, neuritic and diffuse plaques, paired helical filament
tau protein, neurofibrillary tangles, Braak stage (tau), gross
cerebral infarcts, cerebral atherosclerosis, degree of alpha-
synucleinopathy, transactive response DNA binding protein
43 kDa (TDP43) proteinopathy, and hippocampal sclerosis.
Detailed descriptions of all neuropathological variables have been
previously published (Felsky et al., 2019).

Single-Nucleus RNA Sequencing
Datasets
In total, we used expression data from four human cortical
single-nucleus RNA sequencing (snRNAseq) datasets for this
study. First, we used an ultra high-depth SMART-seq based
snRNAseq dataset from the human neocortex provided by
the Allen Institute for Brain Sciences (AIBS) (Hodge et al.,
2019) to define our reference cell type taxonomy and derive
cell type specific marker genes (see Supplementary Methods).
We used all nuclei sampled from the cingulate gyrus (5,939
nuclei) and medial temporal cortex (15,519), as these correspond
most closely with the bulk expression samples described above.
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Given that nuclei from non-neuronal cell types were relatively
undersampled in this dataset, we supplemented this dataset
with 2,620 nuclei corresponding to non-neurons sampled from
other cortical regions, including visual, auditory, somatosensory
and motor cortex (502, 742, 595, and 781 nuclei, respectively).
We further used three AD case/control snRNAseq datasets
collected from subjects sampled from the ROS/MAP cohort
(Mathys et al., 2019; Cain et al., 2020; Zhou et al., 2020). Cells
from each of the three ROS/MAP snRNAseq datasets were
bioinformatically mapped onto the AIBS snRNAseq dataset (see
Supplementary Methods).

Estimation of Relative Cell Type
Proportions From Bulk RNA Sequencing
Samples
Relative cell type proportions were estimated with the
MarkerGeneProfile (MGP) R package, as described previously
(Mancarci et al., 2017; Toker et al., 2018), using our derived
cell type-specific marker genes with default parameters. The
output of the mgpEstimate function was taken as the relative
cell-type proportion estimates (rCTPs), providing an indirect
measure of cell type abundance in each sample. To ensure
consistency in rCTP definitions across individual bulk datasets,
rCTPs were estimated using only cell type-specific marker genes
passing QC in each of the six bulk-tissue datasets. rCTPs were
converted to standardized z-scores within each dataset prior to
downstream analysis.

Estimation of Single-Nucleus RNA
Sequencing-Derived Cell Type
Proportions
Cell type proportions from snRNAseq datasets (snCTPs) were
directly estimated from snRNAseq datasets by counting nuclei
annotated to each cell type and normalizing by the total count
of all QC-passing nuclei per individual subject. We note that
such calculations were only performed on nuclei passing quality
control and also met our mapping criteria to our reference cell
type taxonomy. Direct comparisons between bulk and snRNAseq
derived cell type proportions for subjects from the ROS/MAP
cohort were performed by identifying subjects in common
between both datasets and correlating rCTPs with snCTPs values
across subjects.

Statistical Analyses
Mega-Analysis of Bulk RNA Sequencing Cell Type
Proportions With Alzheimer’s Disease
The lme4 package in R (Bates et al., 2015) was used to perform a
set of mega-analyses, one per cell type, across all bulk RNAseq
datasets. Linear mixed effect models were fitted as follows, for
each cell type (i), including a random effect of sample to account
for correlation structure between brain samples taken from
multiple regions of the same individuals in the MSBB study:

rCTPi ∼ AD diagnosis + (1|subject id) + study+

age at death + sex (1)

Adjustment of two-sided p-values to account for multiple
cell types was performed. The Bonferroni method and false
discovery-rate (FDR) method (Benjamini and Hochberg, 1995)
were applied separately to identify highly stringent and more
relaxed thresholds for statistical significance. Corrected p-values
are labeled specifically within results (i.e., pBonf , pFDR).

Analysis of Single-Nucleus Cell Type Proportions in
Alzheimer’s Disease and Controls
For snCTPs, AD association analyses were performed as for
rCTPs, with an additional covariate added for post-mortem
interval (PMI; for bulk analyses, variation in gene expression due
to PMI was removed during the preprocessing phase) and using
a linear model due to the limited overlap in individuals sampled
between snRNAseq datasets.

Association of Bulk Tissue Relative Cell-Type
Proportions With Neuropathology, Cognitive Decline,
and Residual Cognition in Religious Orders
Study/Rush Memory and Aging Project
In ROS/MAP we performed detailed analyses associating
each rCTP to measures of individual brain pathologies,
global cognitive decline, and cognitive status proximal to
death. We specifically utilized the full set of individuals
in ROS/MAP with bulk expression and other measures
available, as opposed to the more limited set of individuals
in our cross-cohort mega-analysis of AD case/control criteria
described above. “Residual cognition” was calculated per
individual as in White et al. (2017); the measure corresponds
to residuals of a linear model regressing global cognition
proximal to death on observed neuropathological variables
and demographic factors. Associations between rCTPs for
each cell type and cognitive and neuropathological phenotypes
were assessed using linear models covarying for age at
death, sex, and PMI. For models of cognitive outcomes,
we covaried for sex, educational attainment, and age at
time of baseline study assessment. Correction for multiple
testing across all cell types and outcomes (19 × 14 = 266
tests) was performed using the FDR method. To estimate
variance explained (R2) by rCTPs over and above covariates
and measured neuropathologies, we built a series of nested
linear models and compared them using likelihood ratio
tests. To improve the generalizability of our estimates, models
were bootstrapped (100 iterations) using the 0.632 + method
(Efron and Tibshirani, 1997).

Causal Mediation Modeling of Intra-Telencephalic
and Somatostatin Relative Cell-Type Proportions,
Alzheimer’s Disease Neuropathology, and Cognitive
Performance in Religious Orders Study/Rush
Memory and Aging Project
The R mediation package (v4.5.0) was used for causal
mediation modeling. To model pathological burden, we used an
established measure of global post-mortem AD neuropathology:
the mean of brain-wide diffuse plaques, neuritic plaques,
and neurofibrillary tangles. Four models were tested with
SST and IT rCTPs as either predictor or mediator, AD

Frontiers in Molecular Neuroscience | www.frontiersin.org 4 June 2022 | Volume 15 | Article 903175141

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


fnmol-15-903175 June 10, 2022 Time: 11:53 # 5

Consens et al. Neuron Subtype Associations Alzheimer’s Disease

pathology the other role and global cognitive performance
at last study visit was always the outcome measure. To
estimate confidence intervals for average indirect, direct, and
total effects, 1000 Monte Carlo draws were used for non-
parametric bootstrapping.

RESULTS

Deriving Cell Type-Enriched Marker
Genes for the Major Neuron Subclasses
of the Human Neocortex
To build a high-quality foundation for investigating cell subtype
proportions–focusing on subclasses of neocortical neurons–
in AD, we first established representative marker gene sets
using ultra-high depth single-nucleus data RNA sequencing
(snRNAseq) data from multiple regions of human cortex
collected by the Allen Institute for Brain Sciences (Hodge et al.,
2019). In these datasets, nuclei were annotated to an established
cell type reference taxonomy where transcriptomically defined
cell clusters are linked to orthologous multi-modal taxonomies
established in other species and neocortical regions (Tasic et al.,
2018; Gouwens et al., 2020; Berg et al., 2021). This annotation
enables the inference of additional aspects of cellular identity
for these human snRNAseq-based cell clusters that include
axonal projection patterns and cell morphology (Hodge et al.,
2019).

We used these snRNAseq reference data to derive cell
type-specific “marker genes” (illustrated in Supplementary
Table 1), focusing our analyses primarily on the subclass
cell type resolution. This taxonomic grouping serves as
an intermediate resolution (e.g., somatostatin-expressing
GABAergic interneurons) between more coarse-grained (e.g.,
inhibitory neurons) and fine-grained cell taxonomic divisions
(e.g., Martinotti neurons). A key benefit of these markers is
their specificity and good cross-dataset replicability, including
in snRNAseq datasets specific to aging and AD samples
(Supplementary Figures 1, 2).

Bulk Tissue Analysis Implicates Fewer
Inhibitory and Excitatory Neurons in
Alzheimer’s Disease, With Most Robust
Associations With Somatostatin
Interneurons and Intra-Telencephalic
Pyramidal Cells
We first sought to understand how the abundance of specific
cell types are different in brains of individuals with a
pathologically confirmed AD diagnosis compared to controls.
We estimated the relative cell type proportions (rCTPs) of each
post-mortem bulk tissue RNAseq sample across all six bulk
expression datasets separately using the Marker Gene Profile
(MGP) method (Mancarci et al., 2017; Toker et al., 2018)
and our novel cell type-enriched marker gene sets described
above. We then performed mega-analysis for AD case/control
status with rCTPs across each of the major cell subclasses

and all six datasets using a linear mixed effects model. In
aggregate, we found lower rCTPs in most GABAergic subclasses,
mostly fewer but some greater rCTPs among glutamatergic
subclasses, and higher rCTPs for most non-neuronal subclasses
(Figure 1A).

Specifically, at a stringent Bonferroni correction threshold
of pbonf < 0.05, our analysis identified lower rCTPs for SST
(β = −0.48, pbonf = 8.98 × 10−9) and PVALB (β = −0.28,
pbonf = 0.0072) GABAergic interneurons, as well as IT (β =−0.45,
pbonf = 4.32 × 10−7), L4 IT (β = −0.24, pbonf = 0.023), L5
6 NP (β = −0.23, pbonf = 0.039), and L6 CT (β = −0.25,
pbonf = 0.023) glutamatergic neurons in AD. At the same
threshold, we observed greater rCTPs for L5 6 IT Car3
glutamatergic neurons (β = 0.023, pbonf = 0.034) and VLMC
cells (β = 0.24, pbonf = 0.041). At a less stringent threshold
(FDR < 0.1), we also observed lower rCTPs for lysosomal
associated membrane protein family member 5 (LAMP5)
and vasoactive intestinal peptide-expressing (VIP) GABAergic
interneurons, and greater rCTPs for L6b glutamatergic cells
and most non-neuronal cells, except endothelial cells. One
important caveat of these analyses is the focus on relative
proportions, which are not absolute cell counts (Mancarci et al.,
2017; Toker et al., 2018); therefore, potentially paradoxical
reported differences in some rCTPs here, such as greater L5
6 IT Car3 and L6b glutamatergic cell rCTPs in AD, may not
necessarily indicate that these cell types are actually increasing
in their absolute cell counts. These results are consistent with
prior observations that AD is characterized by relatively fewer
neuronal cells and corresponding relatively more non-neuronal
cells (Patrick et al., 2020).

The strongest AD-associated cell type in mega-analysis was the
somatostatin (SST) interneuron (β =−0.48, pbonf = 8.98× 10−9);
in each individual dataset, SST rCTPs were lower in AD cases
relative to controls (Figure 1B), though the differences were
not significant in all regions. Our findings mirror those of
Cain et al. (2020) highlighting SST interneurons as particularly
associated with AD phenotypes among ROS/MAP participants
and further generalizes this finding to additional studies and
brain regions. Importantly, in addition to the SST gene mRNA
transcript itself, we also observed lower mRNA expression of
other SST interneuron marker genes, including GRIK1 and
COL25A1 across most brain regions (Figure 1C). Moreover,
the SST rCTP signal is robust, albeit attenuated, to the
removal of the SST mRNA as a marker gene (β = −0.39,
pbonf = 6.02 × 10−6), suggesting the relevance of fewer SST-
expressing neurons rather than a lower expression of the SST
gene specifically.

Among excitatory cell types, rCTPs for intratelencephalic-
projecting (IT) pyramidal cells showed the greatest difference

between AD and controls (β = −0.45, pbonf = 4.32 × 10−7).
Like SST rCTPs, proportionally fewer IT neurons were observed
in AD cases relative to controls in each of the six bulk
expression datasets (Figure 1D), albeit not significantly in all
regions. The IT cell subclass includes both superficial layer
pyramidal cells, such as CUX2-positive cells, as well as more
infragranular cells, including RORB- and THEMIS-positive
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FIGURE 1 | Differences in relative cell type proportions of neuronal and non-neuronal subclasses in Alzheimer’s disease. (A) Consensus associations of Alzheimer’s
disease (“AD”) vs. control (“C”) status and cell type-specific relative cell type proportions (rCTPs) across six bulk RNAseq datasets. Y-axis shows standardized beta
coefficients estimated using a mixed effects model to pool associations across datasets. Positive (negative) standardized beta coefficients indicate an increase
(decrease) in the cell type-specific rCTP in AD. Error bars indicate one standard deviation. Asterisks (dots) above each cell type indicate two-sided pbonf < 0.05 (or
less stringent FDR < 0.1). (B) Comparisons between rCTPs between controls and AD cases in each of the six bulk gene expression datasets, ROS/MAP, sampling
the dorsolateral prefrontal cortex (DLPFC), MSSB, sampling the Frontal Pole (FP), Inferior Frontal Gyrus (IFG), Parahippocampal Gyrus (PHG), and Superior Temporal
Gyrus (STG), and the Mayo cohort, sampling the Temporal Cortex (TCX). Y-axis shows estimates of rCTPs for somatostatin (SST) interneurons from individual
post-mortem samples (each dot reflects one individual), after covarying for age and sex. Numbers show p-values from a statistical model comparing residualized
rCTPs between controls and AD cases, uncorrected for multiple comparisons across datasets and cell types. Subjects with outlier values of rCTPs not shown.
(C) Heatmaps showing AD case/control associations for marker genes for SST inhibitory cells. White dots indicate specific associations where FDR < 0.1. (D,E)
Same as panels (B,C) for intra-telencephalic-projecting (IT) excitatory pyramidal cells (IT cells).
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neurons (Hodge et al., 2019). As expected, we observed lower
expression in many of the individual IT cell marker genes
across each of the datasets in AD, including LINC00507 and
LINC01202 (Figure 1E).

Single-Nucleus Analysis Suggests
Selective Vulnerability of Specific
Inhibitory Subclasses in Alzheimer’s
Disease, Including Lysosomal
Associated Membrane Protein Family
Member 5 and Somatostatin
Interneurons, but Not
Intra-Telencephalic-Projecting Pyramidal
Cells
To complement the indirect estimates of rCTPs from bulk
tissue, we accessed three AD case/control snRNAseq datasets
sampled from subsets of participants from the ROS/MAP
cohort (Table 1; Mathys et al., 2019; Cain et al., 2020; Zhou
et al., 2020). We first harmonized cell type annotations from
these snRNAseq datasets by mapping cells to the same Allen
Institute-based human cortical cell type reference taxonomy
used in our rCTP analyses, finding good qualitative agreement
between the annotated cell type identities provided within
the original publications and those following QC and re-
mapping (Supplementary Figure 3). We then estimated single-
nucleus CTPs (snCTPs) per post-mortem sample by counting
nuclei annotated to each cell type, as a percentage of the
total nuclei sampled in each subject. Correlations between
cell type-specific snCTPs and bulk-tissue derived rCTPs in
subjects with overlapping data types were modest, but overall
positive (Supplementary Figure 4), in agreement with published
deconvolution efforts validated using immuno-histochemistry
(Patrick et al., 2020).

In line with our bulk tissue rCTP analysis, a mega-analysis
across the three snRNAseq datasets indicated that AD samples
showed lower snCTPs in most inhibitory subclasses, both higher
and lower snCTPs among excitatory subclasses, and greater
snCTPs for most non-neuronal subclasses (Figure 2A). At
Bonferroni-corrected pbonf < 0.05, we found only LAMP5
GABAergic interneurons to be lower in AD compared to
controls (β = −0.95, pbonf = 0.011). At a less stringent
threshold (FDR < 0.1), we also observed lower snCTPs
for PAX6 (β = −0.62, FDR = 0.093) and SST (β = −0.74,
FDR = 0.093) interneurons (Figure 2B). We note that we
did not see strong evidence for lower expression of SST
mRNA among SST-annotated nuclei in AD after covarying
for SST cell proportion differences (β = −0.43, p = 0.47;
Supplementary Figure 5), providing additional evidence
for SST cell-specific vulnerability highlighted by bulk tissue
analysis. In contrast to our bulk tissue results, we did not
find any effects for IT pyramidal cells (Figure 2C). To assess
the overall consistency between our bulk tissue rCTP and
single-nucleus approaches, we correlated standardized effect
coefficients for each cell type between analyses (Figure 2D).
Effects were strongly correlated (Spearman rho = 0.65),

illustrating broad concordance between methods, with
some exceptions.

Somatostatin Interneurons and
Intra-Telencephalic-Projecting Pyramidal
Cells Specifically Are Correlated With
Alzheimer’s Disease Neuropathologies
and Residual Cognition
Having identified SST interneurons and possibly IT-projecting
pyramidal cells as especially diminished in AD cases vs. controls,
we explored the associations of rCTPs with specific aging-
related neuropathologies and rates of longitudinal cognitive
decline. We utilized a larger set of individuals from ROS/MAP
with available data (889 subjects), as opposed to only those
meeting the consensus AD case/control criteria. After FDR
correction, we observed a striking pattern of association whereby
only SST rCTPs were negatively associated with each tau
and beta-amyloid-related neuropathology–most strongly with
neuritic plaques (pFDR = 3.1 × 10−4)–and positively associated
with rates of cognitive decline (pFDR = 3.9 × 10−6) and
cognition measured proximal to death (pFDR = 5.7 × 10−5)
(Figure 3). In contrast, IT neurons were also associated with
both cognitive measures (decline: pFDR = 8.3 × 10−5; proximal
to death: pFDR = 1.2 × 10−7) but were not associated with
canonical AD-related neuropathologies. However, an association
with TDP-43 proteinopathy was observed (pFDR = 0.015).
At a relaxed FDR < 0.1 threshold, several other neuronal
and non-neuronal associations were observed for individual
pathologies (Figure 3), though none as strong as those for
SST and IT neurons.

Finally, we sought to determine if cell type-cognition
associations were either independent or a reflection of
accumulating brain pathology. Therefore, we calculated a
measure of residual cognition for all individuals, as described
previously (White et al., 2017), which represents global
cognitive performance (proximal to death) after accounting for
variability due to neuropathology and demographics (see Section
“Materials and Methods”). After correction, IT rCTPs were the
only cell type significantly associated with residual cognition
(pFDR = 1.2 × 10−5), though we note SST neurons showed a
marginal association as well (pFDR = 0.069). To quantify the
additional variance in cognition explained by IT rCTPs over and
above measured neuropathology, we first established a baseline
model of cognition, where demographic and neuropathological
variables alone explained 40.3% of total variance (R2 = 0.403).
Adding IT rCTPs to this model increased the variance explained
by 1.9% (likelihood ratio test p = 7.1 × 10−8, R2 = 0.422). By
contrast, SST rCTPs increased the explained variance to a much
lesser extent (additional 0.53%; likelihood ratio test p = 0.0049).
These findings were supported by mediation analyses, including
apolipoprotein E ε4 AD risk variant as a co-variate, which found
bidirectional mediation of SST and AD pathology on cognitive
performance proximal to death (pperm < 0.0001), but no
mediation of the relationship between pathology and cognition
by IT neurons (pperm = 0.31), or of IT neurons and cognition by
pathology (pperm = 0.35) (results in Supplementary Table 2).
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FIGURE 2 | Differences in single-nucleus derived cell type proportions (snCTPs) of neuronal and non-neuronal subclasses in Alzheimer’s disease. (A) Consensus
associations of AD status and snCTPs across three AD snRNAseq case/control datasets. Y-axis shows standardized beta coefficients estimated using a mixed
effects model to pool associations across datasets. Positive (negative) standardized beta coefficients indicate an increase (decrease) in the cell type-specific snCTP
in AD. Error bars indicate one standard deviation. Asterisks (dots) above each cell type indicate two-sided pbonf < 0.05 (or less stringent FDR < 0.1).
(B) Comparisons between snCTPs between controls and AD cases in each of three snRNAseq datasets. Y-axis dots show snCTPs for somatostatin (SST)
interneurons (as a percentage of all nuclei sampled) from individual post-mortem samples. Numbers show p-values from t-test (uncorrected for multiple comparisons
across datasets and cell types) from a statistical model comparing snCTPs between controls and AD cases. Subjects with outlier values of rCTPs not shown.
(C) Same as panel (B) for intratelencephalic-projecting (IT) excitatory pyramidal cells. (D) Consistency of AD standardized effect sizes between bulk rCTPs and
snCTPs based on single-nucleus analyses. X-axis shows point estimates of standardized beta coefficients of AD effects on rCTPs in the ROS/MAP cohort (as in
Figure 1A) and y-axis is the same as point estimates shown in A. Diagonal line denotes the unity line. Inset correlation value denotes overall Spearman correlation
(rho) between rCTP and snCTP estimated effects.

DISCUSSION

Our analysis leveraged three aging and AD studies with multi-
region post-mortem bulk gene expression to determine which
neocortical cell subtypes are most strongly associated with AD.
Based on marker gene expression specific to cellular subclasses,
we observed lower relative proportions of most neuronal types
and greater relative proportions of most non-neuronal types.
In particular, our analyses highlighted fewer somatostatin-
expressing (SST) interneurons and intra-telencephalic projecting
(IT) pyramidal cells in AD that were replicated across studies
and neocortical regions. Cellular proportions directly derived

from three additional AD case/control single-nucleus RNAseq
datasets provided partial corroboration of our bulk-tissue based
results, suggesting that such cellular changes are likely the result
of cellular loss as opposed to a coordinated global change in
cellular identity. The results of our analyses support previous
literature implicating the loss of SST interneurons in AD and
further indicate that the preservation of IT pyramidal cells may
contribute to cognitive resilience despite the presence of AD
neuropathologies.

Our conclusion implicating SST interneurons, a key
subpopulation of cortical GABAergic cells that provide synaptic
inhibition to pyramidal cells by targeting their distal dendrites
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FIGURE 3 | Associations between cell type specific relative proportions and neuropathologies, cognition, and residual cognition. Inset values denote the FDR
statistics of specific associations, where FDR < 0.1. Note that while pathology scores are coded such that greater levels of pathology indicate worsening brain
health, global cognition scores are coded such that higher scores indicate better cognition and less dementia. Std Beta, standardized beta coefficients; PHF, paired
helical filaments; AA, amyloid angiopathy.

(Urban-Ciecko and Barth, 2016), are consistent with a broad
literature on the role of SST in neurological illness, recently
reviewed (Song et al., 2021). The association of SST with AD is
decades-old, beginning with seminal findings reporting reduced
levels of somatostatin immunoreactivity in AD brain (Davies
et al., 1980), and more recently with cross-study differential
expression analyses finding ubiquitous reductions of SST RNA
in AD brain tissue (with the exception of the cerebellum1).
However, it remains unknown if this association is driven
by a selective loss of SST mRNA or losses of populations of
SST-expressing neurons. Taken as a whole, our bulk and single-
nucleus based findings support the latter conclusion, though
certainly do not provide definitive evidence for it. In agreement,
one study found that SST interneurons were uniquely lost in
AD among neuronal subtypes in prefrontal cortex ROS/MAP
samples (Cain et al., 2020). While the precise role of selective
SST interneuron vulnerability in AD remains to be understood,
a recent publication pointed to a role for a potential direct
biochemical interaction between the SST neuropeptide and
amyloid beta (Solarski et al., 2018).

In addition, we observed negative associations between four
neuronal subtypes (GABAergic: LAMP5, VIP, and PVALB;
glutamatergic: IT) and TDP-43 neuropathology, with the most
consistent effects among GABAergic neurons. We are cautious
to not over-interpret this result given its non-specificity and
relatively weak statistical signal, but note that GABA-specific
involvement in TDP-43 neurodegeneration has been observed
in preclinical (Tsuiji et al., 2017) and human contexts (Lin
et al., 2021). In addition, recent work has shown that gene
expression modules enriched for GABAergic neurons (module

1https://agora.adknowledgeportal.org/

18) are strongly regulated by the TMEM106B genetic locus,
a known risk factor for TDP-43 neurodegenerative conditions
(Yang et al., 2020).

We also observed strong associations between IT pyramidal
cells and AD, and, intriguingly, this was the only cell type
significantly associated with residual cognition. IT cells are
defined by their cortico-cortical and cortico-striatal projections
(Tasic et al., 2018) and encompass supragranular pyramidal cells,
such as CUX2-positive cells, and infragranular cells, including
RORB- and THEMIS-positive pyramidal cells (Hodge et al.,
2019). Immunohistochemical studies corroborate these results in
part, suggesting that SMI32-immunoreactive neurons, labeling
large pyramidal neurons in Layers 3 and 5, are selectively lost
in the frontotemporal cortex in AD (Hof et al., 1990; Bussière
et al., 2003; van de Nes et al., 2008). More recently, evidence from
snRNAseq studies of the entorhinal cortex and superior frontal
gyrus have implicated RORB-expressing excitatory neurons as
selectively vulnerable in AD (Leng et al., 2021). As one caveat,
we note that we saw some, but overall limited replicability
of decreased IT CTPs in our bulk- compared to our single-
nucleus analyses.

Our study has several key limitations and considerations. First,
the backbone of our study is a neocortical cell type taxonomy
derived from deep transcriptomic sequencing of single-nuclei
from normotypic individuals (Hodge et al., 2019); it remains
unclear how comparable these transcriptional profiles are to
those in the elderly and in individuals with AD. In addition,
the fact that our marker gene sets were required to pass quality
control in each dataset means that some biological cell-specific
signals may have been missed, though the observed consistency
in effects between our individual study samples (Figures 1B–E)
is encouraging. Second, the conclusion of our study rely on the
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accurate estimation of relative differences in cell-type proportions
between individuals. Such estimates are highly dependent on
the choice and quality of the constituent marker genes that
serve as representatives of each cell type (Mancarci et al., 2017;
Toker et al., 2018) as well as the particular choice of method for
cellular deconvolution (Jew et al., 2020; Patrick et al., 2020; Park
et al., 2021). However, the relatively high degree of consistency
between our bulk- and single-nucleus based results help partially
mitigate this concern. Third, the focus of this work is the study
of robust changes in cell-type proportions in AD, but does not
tackle the question of within-cell type transcriptional regulation
(Mathys et al., 2019; Wang and Li, 2021). Lastly, all of the results
presented here are associational; further studies are needed to
determine how and when cell type-specific loss occurs relative to
the emergence of AD pathologies and cognitive decline.

CONCLUSION

Overall, our study provides a comprehensive consensus overview
of the vulnerability of neocortical neuronal subpopulations in
AD. Our results demonstrate that losses of SST interneurons and
IT pyramidal cell populations are those most strongly associated
with AD. In addition, IT pyramidal cells are uniquely associated
with residual cognition, suggesting that efforts to preserve
or maintain this key neuronal subpopulation might mitigate
cognitive decline in the face of AD neuropathologies. Our hope is
that these results will inform future studies to further disentangle
the causal progression of AD neuropathological burden, cellular
loss, and cognitive decline.
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Glioblastoma (GBM) is the most common and advanced form of primary malignant
tumor occurring in the adult central nervous system, and it is frequently associated with
epilepsy, a debilitating comorbidity. Seizures are observed both pre- and post-surgical
resection, indicating that several pathophysiological mechanisms are shared but also
prompting questions about how the process of epileptogenesis evolves throughout GBM
progression. Molecular mutations commonly seen in primary GBM, i.e., in PTEN and
p53, and their associated downstream effects are known to influence seizure likelihood.
Similarly, various intratumoral mechanisms, such as GBM-induced blood-brain barrier
breakdown and glioma-immune cell interactions within the tumor microenvironment
are also cited as contributing to network hyperexcitability. Substantial alterations to
peri-tumoral glutamate and chloride transporter expressions, as well as widespread
dysregulation of GABAergic signaling are known to confer increased epileptogenicity
and excitotoxicity. The abnormal characteristics of GBM alter neuronal network function
to result in metabolically vulnerable and hyperexcitable peri-tumoral tissue, properties the
tumor then exploits to favor its own growth even post-resection. It is evident that there is
a complex, dynamic interplay between GBM and epilepsy that promotes the progression
of both pathologies. This interaction is only more complicated by the concomitant
presence of spreading depolarization (SD). The spontaneous, high-frequency nature of
GBM-associated epileptiform activity and SD-associated direct current (DC) shifts require
technologies capable of recording brain signals over a wide bandwidth, presenting major
challenges for comprehensive electrophysiological investigations. This review will initially
provide a detailed examination of the underlying mechanisms that promote network
hyperexcitability in GBM. We will then discuss how an investigation of these pathologies
from a network level, and utilization of novel electrophysiological tools, will yield a more-
effective, clinically-relevant understanding of GBM-related epileptogenesis. Further to
this, we will evaluate the clinical relevance of current preclinical research and consider
how future therapeutic advancements may impact the bidirectional relationship between
GBM, SDs, and seizures.

Keywords: glioma, peritumoral border, epilepsy, seizures, spreading depolarizations
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INTRODUCTION

Glioblastoma (GBM) is an astrocytic-origin neoplasm
categorized as a WHO grade IV glioma (Ohgaki and Kleihues,
2013). It is generally regarded as the most aggressive form of
primary brain cancer in adults, evidenced by its notoriously
high mortality rate. Median survival after primary diagnosis
is ∼14 months when following standard treatment regimens
(Goodwin and Laterra, 2010; Lim et al., 2011; Szopa et al.,
2017; Khandwala et al., 2021). Long-term survival is so
exceedingly rare that long-term survivor status is achieved only
2.5 years post-diagnosis (Thakkar et al., 2014). The presence
and progression of GBM is often associated with seizures, a
debilitating comorbidity otherwise known as tumor-associated
epilepsy (TAE). Epilepsy associated with GBM is regarded as a
‘‘secondary focal epilepsy’’ as it progressively develops secondary
to the nature and presence of the primary lesion (de Curtis et al.,
2015). The high chance of seizure recurrence in GBM, primarily
due to the presence of the neoplasm, means that patients are
often diagnosed with and treated for epilepsy following initial
seizure occurrence.

Seizures manifest as a presenting symptom in two-thirds of
GBM patients, with the average incidence of epilepsy throughout
the disease course varying between 30% and 62% (Bruna et al.,
2013; Kerkhof and Vecht, 2013; Kerkhof et al., 2013; Dührsen
et al., 2019). Seizures in GBM are varied in semiology. The
most common types seen in the clinic are focal to bilateral tonic
clonic, and either simple or complex focal seizures (Kerkhof et al.,
2013; Liang et al., 2016; Toledo et al., 2017). The initial focal
onset of the seizures indicates that the transition to seizure is
influenced by the location of the tumor, and in general GBM
patients with tumors located in cortical regions are at the highest
risk of experiencing seizures (Chaichana et al., 2009; Englot et al.,
2012; Ertürk Çetin et al., 2017). Lesions situated in the temporal
lobe, frontal lobe, and parietal lobe are particularly epileptogenic
(Liang et al., 2016). Patients with temporal lobe involvement are
thought to be most likely to develop pre-operative seizures due
to the high epileptogenicity of mesial temporal lobe structures, as
observed in epilepsy syndromes such as temporal lobe epilepsy
(TLE). GBMs in cerebellar or brainstem regions are thought
to carry a reduced risk of seizures, but these tumors are rare
regardless (van Breemen et al., 2007; Lee J. W. et al., 2010; Zhang
et al., 2020).

In this review, we will first consider the mechanisms that
underlie epileptogenesis in GBM and the impact of their
resulting bidirectional relationship on disease progression. We
focus on both ‘‘intratumoral’’ and ‘‘peri-tumoral’’ mechanisms
that involve epigenetic changes, neuroinflammation, BBB
dysfunction, and extensive alterations to glutamatergic and
GABAergic neurotransmission. We then recognize in our
review that our extensive knowledge gap has implications
for clinical translation, and address the challenges faced in
current preclinical research. We also then discuss the potential
influence of anti-tumorigenic and anti-seizure treatments on
GBM-associated epileptogenesis. Finally, we evaluate how
approaching these pathologies from a network level is a necessary
direction for translational future research.

THE IMPORTANCE OF TIMING

There are four main stages associated with clinical GBM
progression: pre-resection, post-resection, recurrence, and end-
of-life. The occurrence of seizures relative to these defined
periods, i.e., their timing, has potential implications for disease
progression and prognosis. The occurrence of seizures as a
presenting symptom has historically had a more favorable
relationship to prognosis, vs. their appearance post-primary
diagnosis. This former connection is primarily based on the
hypothesis that seizures provoke earlier tumor discovery and
initiation of anti-tumorigenic treatment, translating to increased
survival. Yet, recent clinical evidence has indicated a significant
association between new-onset seizures post-GBM diagnosis and
mortality in IDH-wildtype GBM patients (Climans et al., 2020;
Wasade et al., 2020; Mastall et al., 2021). This disparity suggests
that the mechanisms underlying seizure occurrence at these
respective time points may slightly differ in their progression.
Along the same vein, the recurrence or new-onset occurrence
of seizures post-resection is associated with more negative
outcomes. In particular, seizure recurrence following first-line
anti-tumor therapy and successful seizure control is closely
associated with disease progression (Chaichana et al., 2009;
Vecht et al., 2014).

It is commonplace that patients with pre-operative seizures
will experience seizure re-emergence post-resection. If GBM is
considered the singular ‘‘driving force’’ of seizure generation
then it is reasonable to suggest that removal of the bulk tumor
should result in complete seizure cessation. However, this is more
often not the case. Those with lesions previously situated in the
frontal lobe carry the highest risk of post-operative seizures; a
switch with temporal lobe lesions, which are associated with
the highest pre-operative seizure likelihood (Liang et al., 2016).
Interestingly, patients with no previous history of TAE have
also been known to develop new-onset seizures post-tumor
resection. Liang et al. (2016) found that 45% of their GBM
cohort without any prior seizure history developed new-onset
epilepsy 12 months post-resection. It is well established that
epileptogenesis is an ongoing process that continues after seizure
onset, and in the case of GBM, this process takes place in the
peri-tumoral brain tissue as opposed to the tumor itself (Figure 1;
Köhling et al., 2006). Seizure generation may continue or newly
arise post-tumor removal, as the epileptogenic loci is often still
present in the remaining ‘‘normal’’ parenchyma surrounding
the resection cavity, otherwise known as the peri-cavity area.
Furthermore, the infiltrative nature of GBM confers that small
populations of tumor cells will be present in the peri-tumoral
border post-resection, and these may continue to promote the
cycle of epileptogenesis. The influence of tumor resection on,
and the potential post-resection mechanisms underlying seizure
generation will be discussed further in-depth later in our surgical
resection and recurrence section.

The disease’s end-of-life phase often includes the
development of new-onset seizures in patients with no history
of TAE, or recurrence of seizures in patients with previously
effective anti-epileptic regimens (Oberndorfer et al., 2008; Pace
et al., 2013; Koekkoek et al., 2014). The non-linear appearance
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FIGURE 1 | Seizure occurrence and pathoanatomical changes relative to disease stages in glioblastoma. The different stages of glioblastoma progression are
associated with their own relationship to seizure occurrence, of which focal and focal-to-bilateral are the most common semiology. When the bulk tumor is present
(glioblastoma), the area where tumor meets “normal brain” is known as the peri-tumoral border (in red). The network organization of this area changes progressively
with disease evolution. Upon resection, the peri-tumoral border is now termed the peri-cavity area. Now independent of the glioblastoma, this area may become
intrinsically epileptic. When the tumor recurs, areas of the peri-cavity area now merge with the new peri-tumoral border (orange/red). At the endstage of the disease,
the peri-cavity area and peri-tumoral border are simultaneously present (orange/red). Therefore, there are a multitude of mechanisms generating seizure activity both
in the new peri-tumoral border and the epileptic peri-cavity area.

of seizures with GBM progression suggests that the mechanisms
by which seizures manifest prior to, or following diagnosis
(pre-surgical resection) may be different to those resulting in
post-resection recurrent or new-onset seizures. And these may
be different still from those occurring in the final phase of the
disease. The presence of seizures post-resection infers that whilst
GBM appears to initially influence the development of epilepsy,
the mechanisms by which seizures are continuously generated
may eventually become independent of the tumor.

The importance of seizure occurrence relative to disease
stage has only recently been delineated, and this reflects the
historical inconsistencies within the literature when reporting
seizure occurrence in GBM. The extent of the relationship
between seizures and prognosis has been clouded by studies
grouping GBM-associated seizures in investigations of low-grade
gliomas. This is exacerbated by the lack of distinction between
IDH-mutant vs. IDH-wildtype tumors in studies. It is evident
that the mechanisms underlying network hyperexcitability, and
their effect on disease progression, are extremely varied between
tumors despite the umbrella classification of ‘‘glioma’’. The
inclusion of GBM-associated seizures in studies of lower-grade
gliomas leads to misinterpretation of the role seizures play in
GBM progression. Further to this, the IDH subtypes of GBM
show distinct relationships to seizure occurrence and prognosis.
Higher rates of seizures are often associated with the IDH-mutant
GBMs that are known to occur in younger patients, evolve
from lower-grade tumors, and have a more favorable prognosis

(Alzial et al., 2022). Accordingly, the mechanisms contributing
to seizure generation in this patient population (IDH-mutant)
are thought to be markedly different to those occurring in
IDH-wildtype patients (Liubinas et al., 2014; Berendsen et al.,
2016; Toledo et al., 2017; Wasade et al., 2020). Therefore, it is
crucial that future studies differentiate not only between low and
high-grade gliomas but also subtypes.

FACTORS CONTRIBUTING TO
TUMOR-DRIVEN EPILEPTOGENESIS

Epileptogenic Molecular Mutations
The rapid growth of GBM and the presence of areas of
hemorrhage or necrosis confers that there is a high probability
of acute tissue damage, the consequences of which could
promote epileptogenesis. Yet, clinical studies have not observed
a strong correlation between tumor volume, seizures, and mass
effect. Generally, smaller tumor volume is associated with
seizure presence, and so other tumor-driven mechanisms may
provoke epileptogenesis (Chaichana et al., 2009; Henker et al.,
2019). GBM’s disorganized, uncontrolled growth inevitably leads
to mutations, and consequently, there is substantial genetic
heterogeneity inter- and even intratumorally (Szopa et al., 2017).
Collective mutations in tumor suppressor genes PTEN (Wang
et al., 1997; Han et al., 2016), TP53 (Dittmer et al., 1993; Nagpal
et al., 2006; Zhang et al., 2018), and NF1 (Pearson and Regad,
2017; Soomro et al., 2017; Szopa et al., 2017) are common
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in primary GBM. Disruptions to their associated downstream
signaling pathways are heavily implicated in tumorigenesis.
Interestingly, PTEN, NF1, and TP53 are all also intrinsically
linked to epilepsy. Recent experimental studies have selected
them for deletion/mutation to produce genetic rodent models
of GBM that reliably produce epileptogenic tumors (Hatcher
et al., 2020; Hu et al., 2022). Their commonality in both GBM
and epilepsy indicates that whilst the tumor itself may not
be electrographically active, its intrinsic molecular properties
produce an environment that is both vulnerable to and promotes
mechanisms of hyperexcitability.

Physiologically, PTEN negatively regulates PI3K/AKT/mTOR
pathway. However, mutated or deleted forms of PTEN are
present in GBM resulting in the disinhibition of PI3K/AKT
and hyperactivation of mTOR signaling (Endersby and Baker,
2008; Venkatesan et al., 2016). PTEN mutations have been
associated with poorer prognosis in GBM and are also known
to play a role in epilepsy syndromes. Targeted conditional
deletion of PTEN in mice results in spontaneous seizures
with post-mortem brains displaying the hallmark pathologies
of temporal lobe epilepsy (Nishio et al., 2000; Backman et al.,
2001; Luikart et al., 2011; Pun et al., 2012; Williams et al.,
2015). NF1, and its protein neurofibromin 1, are known
to negatively regulate Ras signaling through GTPase activity
(Pearson and Regad, 2017; Soomro et al., 2017). GBM-induced
loss-of-function mutations in NF1 disinhibits the Ras/MAPK
pathway, leading to hyperactivation of mTOR and unchecked cell
proliferation, favoring tumor progression. Targeted knockout of
the NF1 gene is associated with decreased latency to epilepsy
and greater seizure severity in mice (Sabetghadam et al., 2020).
Its mutated form is associated with increased seizure presence
in patients with neurofibromatosis-1 (Sorrentino et al., 2021).
Mutations in TP53, also known as p53, disrupt its ability to
induce the mechanisms of cell cycle arrest, senescence, and
apoptosis that prevent proliferation and migration of damaged or
neoplastic cells (Kastenhuber and Lowe, 2017). Gain-of-function
(GOF) mut-p53 is a protein highly expressed in GBM that
enhances pro-invasive signaling by upregulating the activity of
receptor tyrosine kinases e.g., MET and EGFR (Zhang et al.,
2018). Increased expression of p53, particularly within the
hippocampus, is found in both experimental models and resected
tissue samples from patients with drug-resistant TLE (Morrison
et al., 1996; Engel et al., 2007). In seizures, overexpression
of p53 is associated with greater activation of apoptotic
processes and neuronal cell death, further contributing to
network imbalances and potentiating mechanisms of excitability
(Morrison et al., 1996). Importantly, elevated p53 expression
has been previously correlated with epileptogenic GBMs (Toledo
et al., 2017). It is worth noting that TP53 mutations alone are
not sufficient to induce the formation of GBM, and require other
genes such as PTEN to also be mutated to drive GBM progression
(Zheng et al., 2008).

Whilst there are overt epileptogenic molecular mutations
potentiated by GBM growth as discussed above, the epileptogenic
potential of a tumor may also be influenced by the particular
subpopulation of glioma cells that constitute the tumor.
An interesting investigation into this relationship is seen in

Lin et al. (2017). They utilized their CRISPR-Cas9 in-utero
electroporation (IUE) GBM model to identify glioma-analogs of
astrocyte subpopulations specifically involved in the emergence
of GBM-associated seizures. One such identified was astrocyte
population C which increased linearly with tumor progression.
This trend was tightly correlated with increased invasion and
importantly, seizure onset. Interestingly, astrocyte population
C was found to be highly enriched for the expression of
synaptic genes, and also for a number of established epilepsy-
associated genes. This indicates an additional genetic glial basis
for epileptogenesis in GBM. These findings also confer that some
of the most intrinsic properties of the tumor, the genes enriching
the glioma cells, directly influence the development of epilepsy.

BBB Dysfunction
GBM is one of the most vascularized tumors in humans and
its associated neoangiogenesis promotes blood-brain barrier
(BBB) disruption. This breakdown allows infiltration of serum
proteins into the brain parenchyma, encourages vasogenic
oedema, and increases intracranial pressure (Noell et al.,
2012). Pathologic BBB disruption is readily apparent in GBM
patients using gadolinium contrast MRI, whereby the leaky BBB
enables gadolinium to diffuse into the tissue and presents as
ring-enhancing lesions (Wolburg et al., 2012; Dubois et al., 2014).
Morphologically, blood vessels involved in the GBM blood-
tumor barrier are typically non-uniform with altered pericyte
coverage, fenestrations, and reduced tight junctions. For in-depth
reviews focused on tumor progression and its impact on the
BBB, please see Dubois et al. (2014) and Arvanitis et al. (2020).
It is notable that BBB dysfunction is observed in both human
and animal studies following acute seizures, and its leakage is
particularly associated with TLE (van Vliet et al., 2007; Marchi
et al., 2012). As a corollary, there may be additional effects
on the BBB in GBM due to the effect of epileptogenesis on
pericytes, please see Löscher and Friedman (2020) and Yamanaka
et al. (2021) for further discussion of this work. Interestingly,
epileptogenesis secondary to BBB injury largely involves the
activation of inflammatory responses and reactive astrogliosis,
attributes observed in the GBM microenvironment.

The exposure of the brain to blood serum components
such as fibrinogen, albumin, glutamate, and K+ following
GBM-induced BBB disruption contributes to changes in
neuronal excitability. The transformation of astrocytes under
these conditions further provokes epileptogenic changes. The
action of albumin at transforming growth factor beta (TGF-β)
receptors induces changes in the expression of critical inwardly
rectifying potassium channels (Kir; Ivens et al., 2007; Marchi
et al., 2012) and water channels i.e., aquaporin 4 (AQP4;
Ikeshima-Kataoka, 2016). In human and animal models of
epilepsy syndromes, it has been shown that serum-exposure
can lead to the direct downregulation or mislocalization of
Kir4.1 astrocytic K+ channels consequently resulting in disrupted
K+ homeostasis (Campbell et al., 2012; Buckingham and Robel,
2013; Pallud et al., 2013). Kir4.1 is responsible for buffering
extracellular K+ and maintaining a negative resting membrane
potential (RMP; Olsen and Sontheimer, 2004; Hibino et al.,
2010). Therefore, GBM-induced disruption would likely result
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in RMP dysregulation of astrocyte processes, accumulation of
extracellular K+ and consequently a lowered neuronal firing
threshold (Table 1; Olsen and Sontheimer, 2004). GBM-induced
AQP4 dysregulation and redistribution is known to be associated
with increased peri-tumoral vasogenic oedema and aberrant BBB
function (Warth et al., 2007).

Ion Homeostasis
Notably, Kir4.1-mediated K+ buffering also plays a crucial role
in glutamate homeostasis as the channel tends to colocalize
with GLT-1 and AQP4 at tripartite synapses (Nagelhus et al.,
2004; Olsen and Sontheimer, 2008). Glutamate reuptake is
suppressed in the case of Kir4.1 inhibition, due to disruption
of ionic gradients and astrocytic RMP, with epileptogenic
consequences. These occur secondary to greater extracellular
glutamate accumulation, as will be discussed later in glutamate
release, reuptake, and post-synaptic action (Kucheryavykh et al.,
2007; Armbruster et al., 2021). Both downregulation and
mislocalization of Kir4.1 has been demonstrated in patient-
derived GBM samples and cell lines (Zurolo et al., 2012; Madadi
et al., 2021). As well as significant electrophysiological changes
including a depolarized astrocytic RMP and large outward K+

currents (Olsen and Sontheimer, 2004).
Accumulation of extracellular K+ is known to be a key

initiating event in the generation of spreading depolarization
(SD). SD is characterized by a near-complete regional
depolarization of neurons and glial cells that is accompanied
by the collapse of transmembrane ion gradients and followed
by a temporary suppression of neuronal activity (Pietrobon
and Moskowitz, 2014; Ayata and Lauritzen, 2015). SDs are
primarily self-terminating in healthy brain tissue as the resources
required to recover from major disruptions to transmembrane
ion gradients are readily available. However, in a metabolically
compromised brain, such as one with GBM, there is decreased
availability of these resources. Consequently, repolarization and
recovery is significantly delayed to a point that may exacerbate
existing tissue damage (Ayata and Lauritzen, 2015). The complex
relationship between seizures and SDs is well documented,
seizures create an excitotoxic environment conducive to SD
generation and vice versa (Berger et al., 2008; Kramer et al.,
2017). The BBB disruption and subsequent steady increase in
K+ accumulation that occurs within the GBM peri-tumoral
border contributes to a progressive reduction in the threshold
for seizures and SDs (Figure 2).

Upregulation and redistribution of AQP4 is widely reported
in GBM (Figure 2). Interestingly significantly increased diffuse
and perivascular expression of AQP4 on glioma cells is seen
in resected tumor tissue from GBM patients with seizures vs.
those without (Isoardo et al., 2012). Dysregulation of astrocytic
AQP4 expression is known to contribute to epileptogenesis
in traditional epilepsy syndromes (Binder and Steinhäuser,
2006; Binder et al., 2012). AQP4-knockout mice demonstrate
increased latency to seizure generation when challenged with
pentylenetetrazole (PTZ). This is largely attributed to expansion
of the extracellular space (ECS), but seizures showed a more
severe phenotype once eventually generated (Binder et al., 2004a,
2006). Conversely, significant AQP4 upregulation is observed

in TLE and in the chronically epileptic brain following intra-
hippocampal kainic acid (IHKA) epilepsy induction (Lee et al.,
2004; Hubbard et al., 2016). This suggests that extremes of
AQP4 expression contribute to epileptogenesis (Binder et al.,
2004a,b). GBM-induced upregulation of AQP4 expression may
lead to cell swelling, compensatory efflux of K+, Cl−, and
glutamate, and decreased ECS volume (Table 1). The net effect of
which would favor neuronal depolarization and potentiation of
excitatory activity throughout the surrounding neuronal network
(Binder et al., 2012). Therefore, GBM-induced alterations to
both AQP4 and Kir4.1 aggressively promote microenvironment
changes conducive to both seizures and SDs.

Neuroinflammation
The extreme infiltrative and epileptogenic nature of GBM can
be, at least in part, attributed to its master manipulation of
the immune system. GBMs are primarily immunosuppressive
tumors, and this is primarily due to the high presence of tumor-
associated macrophages (TAMs), tumor-associated neutrophils
(TANs), and regulatory T cells (Tregs). These mediators are
crucial in maintaining GBM’s extreme immunosuppressive
phenotype and are also directly linked to cancer cell proliferation
and the recruitment of surrounding non-neoplastic cells (Fanelli
et al., 2021). However, whilst the net effect of the tumor
microenvironment (TME) is immunosuppressive, this does
not preclude the existence of underlying pro-inflammatory
actions. The peri-tumoral environment is inundated with a
variety of pro-inflammatory cytokines (IL-1β, IL-6, IL-8, TNF-
α), chemokines, and extracellular matrix remodeling enzymes
(MMP-2, MMP-9; Figure 2; DeCordova et al., 2020). Reactive
astrocytes, which also produce said mediators (Guan et al., 2018),
are also increasingly present. In particular, IL-1β and IL-6 are
well recognized to contribute to oncogenesis and their expression
is abundantly found in GBM cell lines and tissues (Lu et al.,
2007; Yeung et al., 2012; Liu et al., 2021), IL-6, in particular,
is associated with poorer prognosis (Hori et al., 2019). IL-1β

signaling stimulates activation of NF-kB, ERK, and p38 MAPK
pathway signaling, as well as promoting the release of IL-6 and
IL-8 from GBM cells (Yeung et al., 2013). In turn, the release of
IL-8 is postulated to induce TNF-α secretion from TAMs (Wei
et al., 2021).

Interestingly, the pro-inflammatory molecules seen within
the TME are historically associated with seizures (Rana and
Musto, 2018). It is well recognized that neuroinflammation and
associated BBB breakdown are necessary for epileptogenesis
(Marchi et al., 2007). Experimental models of TLE, and
resected hippocampal tissue from TLE patients both display
upregulated expressions of pro-inflammatory molecules, reactive
astrocytosis, and activated microglia (Ravizza et al., 2008).
Transgenic mice overexpressing IL-6 and TNF-α demonstrate
increased seizure susceptibility (Campbell et al., 1993; Probert
et al., 1997; Samland et al., 2003), and treatment with IL-1β

prior to kainic acid administration potentiates seizure duration
(Vezzani et al., 1999). IL-1β exerts its pro-convulsive actions
through IL-1R (IL-1 receptor)-mediated phosphorylation of
the NMDAR GluN2B subunit (Viviani et al., 2003). TNF-α
upregulates Ca2+-permeable AMPAR (CP-AMPAR) membrane
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TABLE 1 | Potential biomarkers in GBM-associated epilepsy, their relationship to each pathology, role, and potential targeted therapies.

Potential
biomarkers

Associated cell types Alterations in GBM (G) and
epileptogenesis (E)

Pathological role Potential targeted therapies References

Kir4.1 Astrocytes G and E: Downregulation and
mislocalization

Disrupts astrocytic RMP→
extracellular K+ accumulation;
suppression of glutamate reuptake.

Gene therapy, VPA (CA) Mukai et al. (2018) and Ohno et al.
(2021)

Aquaporin 4 Astrocytes, glioma cells G: Upregulated with diffuse
perivascular expression
E: Extremes of expression,
mislocalization

Cell swelling→ efflux of K+, Cl−,
glutamate; decreased ECS volume.

Gene therapy, acetazolamide (CA) Reiss and Oles (1996), Binder et al.
(2004a), Alvestad et al. (2013), and
Duan and Di (2017)

MMP-9 Astrocytes, glioma cells G and E: Increased release Increases NMDAR activity;
degrades PNNs surrounding
FS-PV+ interneurons.

MMP-inhibitors (e.g., marimastat) Bronisz and Kurkowska-Jastrzębska
(2016), Mondal et al. (2020), and Pijet
et al. (2020)

xCT (SLC7A11) Astrocytes, glioma cells G and E: Upregulation Increases glutamate release into the
extracellular space.

Gene therapy, sulfasalazine (CA) Lewerenz et al. (2014), Leclercq et al.
(2019), and Sears et al. (2019)

GLT-1 Astrocytes G and E Marked downregulation on
astrocytes

Impairs glutamate clearance from
the extracellular space.

Gene therapy, ceftriaxone (CA) de Groot et al. (2005), Peterson et al.
(2021), and Ramandi et al. (2021)

GABAAR Pyramidal neurons,
glioma cells

G: Almost complete absence on
glioma cells
E: Dysfunctional membrane
trafficking, various subunit
alterations

Reduces GABAergic
neurotransmission→ glioma cell
proliferation; disinhibits pyramidal
neuronal firing

Gene therapy, benzodiazepines
(CA)

Houser et al. (2012) and Greenfield
(2013)

NKCC1:KCC2 Pyramidal neurons G and E: NKCC1 upregulated on
glioma cells in GBM and pyramidal
cells, KCC2 downregulated on
pyramidal cells

Reverses the chloride gradient→
paradoxical depolarization; cell
shrinkage promoting glioma cell
proliferation

NKCC1: Bumetanide (CA)
KCC2: Gene therapy, kenpaullone
(CA)

Huberfeld et al. (2007), MacKenzie and
Maguire (2015), MacKenzie et al.
(2016), Duy et al. (2020), and Yeo et al.
(2021)

CA, clinically approved for use in epilepsy or otherwise; VPA, valproic acid.
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FIGURE 2 | The vicious cycle of hyperexcitability in glioblastoma (GBM) progression. How epileptogenesis is initiated, is influenced by, and contributes to GBM
growth. (1) GBM growth and its interaction with neuronal/glial cells initiates the cycle to epileptogenesis. (2) Upregulation of xCT on glioma cells and downregulation
of KCC2 on surrounding pyramidal neurons creates an initial imbalance between excitatory and inhibitory neurotransmission. (3) Pro-inflammatory cytokines and
MMPs present in the GBM TME act to degrade the PNNs surrounding GABAergic interneurons. (3) Once epileptogenesis has been initiated, further proinflammatory
cytokine, K+, and glutamate release exacerbates BBB disruption and encourages network reorganization creating a microenvironment conducive to SDs. (4) The
function of Kir4.1, AQP4 and GLT-1 transporters is disrupted by recurrent seizures and SDs, and via actions of GBM. (5) This dysfunction continues in a cyclical
fashion whereby seizures promote more seizures and SDs, and the associated pathological downstream signaling actively potentiates glioma cell proliferation, and
vice versa. BBB, blood brain-barrier; TME, tumor microenvironment; MMPs, matrix metalloproteinases; PNNs, perineuronal nets; SDs, spreading depolarizations;
APQ4, aquaporin 4.

expression and trafficking, enabling greater Ca2+ influx with
cytotoxic effects. It also acts to increase the internalization
of GABAA receptors (GABAARs), subsequently reducing
the influence of GABAergic inhibitory neurotransmission
(Stellwagen et al., 2005). IL-1β and TNF-α are also known
to increase glutaminase activity (Bezzi et al., 2001; Ye et al.,
2013), which results in enhanced glutamate release whilst also
decreasing its re-uptake (Hu et al., 2000; Yeung et al., 2013; Rana
and Musto, 2018). All alterations to network function that can
be interpreted as epileptogenic.

Concomitant to pro-inflammatory cytokine secretion,
GBM cells release matrix metalloproteinase 9 (MMP-9).
Chronic MMP-9 production is associated with BBB disruption,
independent of the insult, and mediates its pathological effects
by decreasing the efficiency of BBB tight junctions (Asahi et al.,
2001). MMP-9 also impacts both excitatory and inhibitory
neurotransmission. It acts to increase the activity of NMDARs
through integrin-β1 signaling (Michaluk et al., 2009), and
induces the degradation of perineuronal nets (PNNs) that
surround fast-spiking parvalbumin positive (FS-PV+) inhibitory
interneurons (Figure 2; Tewari et al., 2018). These alterations
increase the excitability of the peri-tumoral network, and when

occurring in conjunction with the epileptogenic mechanisms
mentioned in the following section, result in seizure generation.
These are just a few mechanisms by which GBM promotes
network hyperexcitability to the point of recurrent seizure
generation. Following which the seizures themselves potentiate
tumor progression and increased excitability in a malignant
feed-forward nature.

SEIZURES, SPREADING
DEPOLARIZATIONS AND PERI-TUMORAL
BORDER

Glutamate Release, Reuptake and
Post-synaptic Action
In the GBM peri-tumoral environment, there is a breakdown
in glutamate homeostasis and subsequent pathological network
signaling creates an environment favorable to seizures and SDs.
In GBM, glutamate is primarily released into the synaptic cleft
by the cystine/glutamate antiporter system (system xc-), also
known by its active subunit xCT (Buckingham et al., 2011).
System xc- primarily mediates the exchange of intracellular
L-glutamate for extracellular L-cystine, a precursor for the
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antioxidant glutathione (GSH). Its expression is known to be
significantly upregulated in the tumor tissue of epileptic GBM
patients (Lin et al., 2020). Upregulated expression of system xc-
in GBM cells leads to greater concentrations of glutamate in
the extracellular space (Table 1). This promotes hyperexcitability
through activation of post-synaptic glutamatergic receptors
on peri-tumoral neurons, subsequently initiating processes
of depolarization and excitotoxicity (Figure 2; Buckingham
et al., 2011; Neal et al., 2016). As a corollary, increased xCT
expression has been associated with shorter progression-free
survival and poorer overall survival in GBM patients, as well as
a more infiltrative phenotype on MRI (Takeuchi et al., 2013).
Interestingly, the expression of xCT in glioma patients has
been found to significantly correlate with epileptic seizures at
GBM diagnosis, even denoted as an ‘‘independent biomarker’’
(Sørensen et al., 2018). Notably, epileptiform activity can be
reduced by treatment of both epileptogenic GBM-bearing acute
brain slices and mice with sulfasalazine (SAS), an FDA-approved
system xc- antagonist (Table 1; Buckingham et al., 2011;
Campbell et al., 2012; Robert et al., 2015; Hatcher et al.,
2020). There are no current clinical trials looking at SAS as a
treatment for GBM-related epilepsy. Yet, a phase 2 randomized
clinical study evaluating SAS as a primary anti-tumor treatment
in recurrent GBM was conducted 2005–2007. This trial was
terminated early due to unreasonable occurrence of adverse
events and lack of tumor response. However, this study was
conducted in a severely ill, neurologically impaired patient
population. They also neglected to assess the anti-epileptic
potential of SAS as an adjuvant treatment to standard anti-tumor
regimens and therefore this avenue would still be of great interest
(Robe et al., 2009).

The disruption in peri-tumoral glutamate homeostasis
is thought to be further exacerbated by GBM-induced
downregulation of astrocytic glutamate transporter 1 (GLT-1;
Table 1). This impairs clearance of glutamate from the synaptic
cleft and indirectly acts to potentiate its actions at post-synaptic
NMDARs/AMPARs (Robert and Sontheimer, 2014). GLT-1
(also known as EAAT2) is responsible for 80%–90% of all
extracellular glutamate reuptake activity (Lin et al., 2012;
Takahashi et al., 2015), but both GBM tumor tissue and cell
lines show an almost complete absence of the transporter (Ye
et al., 1999; de Groot et al., 2005). Initial experimental evidence
suggests that GLT-1 expression is significantly downregulated
in both tumoral and peri-tumoral tissue from GBM patients
with seizures vs. those without (Yuen et al., 2012). Interestingly,
parallels are seen in TLE patients with hippocampal sclerosis
and drug-refractory seizure phenotypes where GLT-1 expression
is markedly reduced (Proper et al., 2002; Sarac et al., 2009).
Additionally, GLT-1 knockout mice are known to develop
lethal spontaneous seizures (Tanaka et al., 1997), and GLT-1
conditional knock-out mice demonstrate increased susceptibility
to SD (Aizawa et al., 2020). A reduction in GLT-1 expression
favors SD propagation by allowing a more rapid increase in
extracellular glutamate concentration during the course of
the phenomenon (Figure 2). Direct links are yet to be fully
elucidated in the literature, but current findings support the
theory that the pathological mechanisms underlying seizures

and SDs may be in part initiated by GBM-induced GLT-1
downregulation.

The pathological downstream signaling cascades that occur
secondary to extracellular glutamate accumulation in GBM are
primarily mediated by post-synaptic NMDARs and AMPARs.
Glutamate-mediated prolonged NMDAR and CP-AMPAR
activation triggers a wide variety of intracellular events, that
in turn initiate processes of Ca2+-mediated excitotoxicity and
apoptosis (Zhu et al., 2000; Buckingham and Robel, 2013; Henley
and Wilkinson, 2016). In both peri-tumoral human and murine
GBM tissue, there is increased phosphorylation of the NMDAR
GluN2B subunit, a widely used measure of NMDAR activation
(Gao et al., 2014). Notably, a relative increase in the NMDAR
GluN2B subunit confers slower receptor decay times enabling
a greater volume of Ca2+ influx through the receptor, thereby
increasing the risk of Ca2+-mediated excitotoxicity and neuronal
death. NMDARs are also implicated in the propagation of SDs,
therefore any alterations to NMDAR activation may potentiate
SD propagation and alter their waveform (Masvidal-Codina
et al., 2021).

There are marked decreases in the editing of the AMPAR
GluA2 subunit and increases in the expression of GluA1 subunits
in human GBM samples and cell lines (Maas et al., 2001; de
Groot et al., 2008; Venkataramani et al., 2019). This indicates
that there is Ca2+ influx through, and increased activity at,
post-synaptic ionotropic glutamate receptors that trends towards
increased neuronal excitability. Epileptiform activity originating
from GBM-bearing tissue can be completely abolished by
the administration of NMDAR antagonist APV (Buckingham
et al., 2011; Campbell et al., 2012), and AMPAR antagonists
perampanel and cyanquixaline (CNQX; Venkataramani et al.,
2019; Venkatesh et al., 2019; Lange et al., 2020; Mayer et al.,
2020). When occurring in GBM, the surrounding cell death
occurring secondary to overactivation of NMDARs/AMPARs
could encourage greater tumor growth by ‘‘making space’’ and
further exacerbate the network imbalance fuelling excitability.

The generation of seizures in peri-tumoral neuronal networks
inevitably disrupts ionic homeostasis. This primarily manifests
as increased extracellular K+ concentration and intracellular
Na+, Cl−, and Ca2+ concentrations, as well as a decrease in
intracellular pH (Raimondo et al., 2015). Moreover, recurrent
seizures provoke excess glutamate release from pre-synaptic
neurons. Parallels can be drawn between the signaling pathways
initiated by seizures/SDs and those potentiated by GBM.
The dysfunctional actions of glutamate transporters and
receptors also create an environment conducive to glioma
cell proliferation, migration, and invasion. Blockade of xCT
with SAS consistently reduces GBM glioma cell migration in
multiple cell lines, an anti-tumor effect corroborated in vivo
(Lyons et al., 2007). GLT-1 downregulation also contributes to
GBM oncogenesis, in physiological conditions it plays a role in
growth suppression therefore the absence of this transporter on
glioma cells allows their growth to proceed unchecked. Adeno-
associated virus (AAV)-mediated reintroduction of GLT-1 into
GBM cells mitigated in vitro growth. Furthermore, flank
implantation of U87 cells transfected ex vivo with AAV-GLT-1
into nude mice was associated with significantly decreased tumor
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growth (de Groot et al., 2005). As such, evidence suggests that
glutamate released by GBM glioma cells may be able to promote
pro-migration/invasion and proliferative effects through seizure-
induced alterations to the functionality of GLT-1, NMDARs, and
AMPARs.

GABAergic Neurotransmission and
Chloride Homeostasis
GBM induces major perturbations to inhibitory GABAergic
neurotransmission. These disruptions originate from a loss of
GABAergic synaptic density on pyramidal neurons, reductions
in GABAAR expression, and changes to the Cl− gradient.
GBM-induced degradation of the PNNs surrounding FS-PV+
inhibitory interneurons significantly decreases their frequency of
action potential firing (Figure 2; Tewari et al., 2018). Significant
selective loss of FS-PV+ interneurons is also observed within
the peri-tumoral cortex, secondary to excitoxicity associated
with increased extracellular glutamate accumulation (Tewari
et al., 2018). Cumulatively, this manifests as reduced GABAergic
neurotransmission and disinhibition of pyramidal neurons
within the peri-tumoral network. GBM also induces a reduction
in the density of GABA binding sites, such that functional
GABAARs are postulated to be almost completely absent on
glioma cells (Labrakakis et al., 1998; Smits et al., 2012; Jung et al.,
2019). Experimental studies have demonstrated that the majority
of GBM cells, from both human GBM samples and cell lines, do
not exhibit any electrophysiological response when challenged
with the application of GABA. This is suggestive of a lack of
functional GABA receptors (Labrakakis et al., 1998). Whilst
glioma cells appear to lack functional GABAARs, they are still
postulated to be present on surrounding peri-tumoral neurons
allowing them to play a role in epileptogenic neurotransmission
(Campbell et al., 2015; Huberfeld and Vecht, 2016).

GBM-induced alterations to the expression ratio of
Cl− transporters KCC2 and NKCC1 influence GABAergic
neurotransmission by extruding and accumulating intracellular
Cl− ([Cl−]i), respectively. They are primarily responsible for the
pathological reversal of the Cl− gradient that occurs in GBM (Liu
et al., 2020; Zhang et al., 2021). Higher KCC2 expression ensures
a low [Cl−]i concentration such that GABA binding elicits
Cl− influx and cell hyperpolarization, potentiating inhibitory
GABAergic signaling. Whereas increased NKCC1 expression in
mature neurons results in a greater concentration of [Cl−]i and
reversal of the chloride gradient, promoting Cl− efflux upon
GABA binding and cell depolarization (Plotkin et al., 1997;
Hübner et al., 2001). Various epilepsy syndromes commonly
demonstrate alterations in both Cl− cotransporters (Liu
et al., 2020). Significant downregulation of KCC2 is known
to occur within the GBM peri-tumoral cortex (Figure 2),
correlating with greater [Cl−]i concentration and a more
positive GABA equilibrium potential (Conti et al., 2011;
Pallud et al., 2014; MacKenzie et al., 2016). This has also been
shown to significantly correlate with decreased survival in
GBM patients (Campbell et al., 2015). Peri-tumoral tissues
from patients with epileptogenic GBMs show significantly
increased expression of NKCC1 vs. non-epileptogenic patients
(Conti et al., 2011; Garzon-Muvdi et al., 2012; Pallud et al.,

2014; Schiapparelli et al., 2017; Luo et al., 2020). Epileptic
discharges from resected human tissue were suppressed by the
application of FDA-approved NKCC1 antagonist bumetanide
(Table 1; Pallud et al., 2014). Further to this, latency to
seizure onset was increased in GBM-bearing mice treated with
continuous infusion of bumetanide (MacKenzie et al., 2016).
Evidently, the Cl− dysregulation and consequent defective
GABAergic signaling in GBM facilitates the generation of
epileptiform activity. GBM-induced changes in Cl− transporter
expression may be potentially triggered by overstimulation of
NMDARs and consequent dephosphorylation of KCC2 residue
serine 940 (Ser940); a residue responsible for transporter
function and stability in the membrane (Lee H. H. C. et al.,
2010; Lee et al., 2011; MacKenzie et al., 2016). Blockade of
excess glutamate release from glioma cells with SAS prevents
KCC2 downregulation in GBM cells (MacKenzie et al., 2016),
implicating increased glutamate signaling in Cl− gradient
dysregulation and aberrant GABAergic neurotransmission.
Additionally, BDNF release from glioma cells or locally
activated microglia is known to elicit the downregulation of
KCC2 and upregulation of NKCC1 on peri-tumoral neurons
(Pallud et al., 2013).

Defective GABAergic neurotransmission also confers a
growth advantage in GBM. Increased GABAergic signaling via
GABAARs has been shown to negatively regulate glioma cell
proliferation (Blanchart et al., 2017). Therefore, the observed
reduction in functional GABAARs expression on glioma cells
would result in decreased GABAergic neurotransmission and
favor tumor growth (Table 1; Labrakakis et al., 1998). NKCC1 is
also known to regulate glioma cell volume changes by increasing
[Cl−]i, which results in Cl− efflux upon GABA binding and
cell shrinkage to promote glioma cell proliferation, migration,
and invasion of surrounding parenchyma (Table 1; Schiapparelli
et al., 2017). Both knockdown of NKCC1 and inhibition with
bumetanide significantly reduces GBM cell migration in vitro
and in vivo, and overexpression of the transporter markedly
increases GBM cell invasion (Haas and Sontheimer, 2010;
Garzon-Muvdi et al., 2012; Schiapparelli et al., 2017).

FROM LABORATORY TO CLINICAL
TRANSLATION

Clinical Relevance
The majority of current GBM literature focuses on either the
complex GBM microenvironment or the development of novel
therapeutics. Ergo, studies on the epileptological aspect of GBM
are extremely limited, and even less have investigated the impact
of anti-tumorigenic treatment strategies on the relationships
between epilepsy, SDs, and tumor growth. Experimental studies
of GBM-associated epilepsy primarily employ GBM cell lines
(human, mouse, or rat) or human primary cultures to generate
intracranial GBM tumors. Wherein a tumor cell suspension
is intracranially injected into brain areas associated with
seizure vulnerability and/or propagation (Table 2). Genetic
manipulation of epilepsy-associated known oncogenes via IUE
CRISPR/Cas9-mediated deletion or utilization of inducible-Cre-
LoxP transgenic models has recently been employed to aid
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TABLE 2 | Seminal experimental studies, with a primary objective of GBM-associated epilepsy investigation.

Study Model type Time
course

Chronic
EEG?

Seizure frequency Semiology Spreading
depolarizations?

Additional
imaging?

Köhling et al. (2006) Allograft transplant:
C6 cells, Wistar rats

nd Y nd EEG: spike wave discharges nd N

Buckingham et al.
(2011)

PDX transplant into SCID
mice

nd Y In vivo:
Average
2.5–6.5 events/hour

EEG: spontaneous epileptiform
activity. Freezing behavior, facial
automatisms, head tremor

nd N

Campbell et al. (2012) PDX transplant into SCID
mice

21 days N (in vitro
only)

In vitro:
3.7 ± 0.6 events/min

nd nd N

Campbell et al. (2015) PDX transplant into SCID
mice

14–28 days Y In vivo:1 ± 0.3 events/day EEG: spontaneous epileptiform
activity. Freezing behavior, facial
automatisms, head tremor

nd N

MacKenzie et al. (2016) Xenograft transplant:
C6 cells, nude mice

21 days Y In vivo:11.0–18.7 events/week EEG: spontaneous epileptiform
activity.

nd N

Bouckaert et al. (2020) Allograft transplant:
F98 cells, Fischer rats

21 days Y nd EEG: spontaneous epileptiform
activity. Ranging from
non-convulsive to GTC
seizures.

Y: seen in
filtered trace,
not acknowledged

Y—MRI

Hatcher et al. (2020) Genetic: CRISPR
Cas9-based IUE (deletion
of Pten, Trp53, Nf1)

80 days Y In vivo:
Day 80:
3.7–63.6 events/hour

EEG: spontaneous epileptiform
activity, i.e., cortical spike
discharges. GTC seizures (day
80).

Y Y—Calcium
imaging

PDX, patient-derived xenograft; IUE, in-utero electroporation; EEG, electroencephalography; GTC, generalized tonic clonic; nd, not disclosed.
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the investigation into genetic mechanisms of GBM-associated
epileptogenesis (Table 2; Hatcher et al., 2020; Jin et al., 2021).
The majority of existing studies utilize transplantation methods
(Köhling et al., 2006; Bouckaert et al., 2020), with many seminal
articles employing xenografting (Table 2; Buckingham et al.,
2011; Campbell et al., 2012, 2015). The use of mice lacking
an intact immune system, e.g., SCID mice, in investigations
of GBM-associated epileptogenicity is controversial as the
neuroinflammatory environment created and maintained by the
tumor is a key contributor to the development of network
hyperexcitability. As the primary aim of using animal models
is to accurately recapitulate the disease as seen in humans,
it stands to reason that GBM should be modeled in an
immunocompetent animal to incorporate all aspects of the
immune system that may play any role in seizure generation or
GBM progression.

The paucity of the literature including seizures as a
measured variable in oncological studies is a substantial
obstacle to collating information about mechanisms underlying
GBM-related epileptogenesis. Where the experimental focus is
oncogenesis or novel treatment development, the presence of
seizures is often overlooked or only mentioned as a general
indicator of a humane endpoint. Experimental animals typically
express complex or simple focal seizures characterized by subtle
behavioral changes such as freezing periods, facial automatisms,
head tremors, or exaggerated startle responses to audiogenic
stimuli (Köhling et al., 2006; Buckingham et al., 2011; Campbell
et al., 2015). These events are completely spontaneous and
may never occur in the presence of the researcher. Therefore,
seizures could be easily missed if their investigation is not
an objective of the study. However, arguably, neglecting
to include seizures as a monitored variable in therapeutic
studies has implications for clinical translation. The network
changes occurring secondary to seizures and SDs in GBM
undoubtedly impact tumor growth, disease progression, and
potential risk of recurrence. Testing novel treatments in a
model of GBM that does not account for seizure presence
may confound results by omitting to include a potentially
important influencer of therapeutic efficacy that affects a
substantial portion of the patient population. Examples of how
clinically-used anti-tumor treatments affect seizures in GBM
have been examined in clinical trials (Chalifoux and Elisevich,
1997; Climans et al., 2020), but the literature primarily focuses
on low-grade gliomas.

The Stupp regimen is the standard of care for GBM, consisting
of resection followed 6 weeks later by post-surgical ionizing
radiotherapy (RT) with concomitant TMZ chemotherapy and
maintained by 20 weeks of adjuvant TMZ (Stupp et al., 2005,
2009; Fernandes et al., 2017). RT induces an acute inflammatory
reaction to mediate its anti-tumor effects but, as it targets
the vulnerable peri-cavity environment, this may paradoxically
contribute to network hyperexcitability (Baskar et al., 2014).
RT has been historically associated with improved seizure
control in low-grade gliomas (Chalifoux and Elisevich, 1997;
Rudà et al., 2013). However, extensive investigations have not
yet been reported for GBM and therefore, seizure outcomes
may differ. A prospective interventional trial evaluating the

effect of RT on seizure activity in high grade (IV) gliomas
is currently ongoing (Rades et al., 2021). Results from this
study will aid understanding and inform future decisions
pertaining to the application of individual anti-tumorigenic
treatments in GBM patients with seizures. TMZ is an oral
alkylating chemotherapeutic that combats tumor growth and
progression through DNA methylation and cell cycle arrest.
The efficacy of TMZ in GBM patients is correlated with
increased methylation of the MGMT promoter (Perry et al.,
2017). Interestingly this has also been associated with increased
post-operative seizure control in one clinical study (Feyissa et al.,
2019). This appears to indicate that increased susceptibility to
TMZ treatment is associated with greater seizure control and
better survival outcomes. A reduction in seizure burden in
TMZ-treated MGMT-methylated epileptogenic GBM patients
confers a proportional decrease in the activity of associated
epileptogenic downstream signaling cascades. These pathways
are known to encourage tumor growth, and so their interruption
would restrict the ability of enduring tumor cells to progress
into fully-fledged recurrent GBMs. However, other recent
evidence suggests that the addition of TMZ to RT has a
minimal effect on seizure presence in elderly GBM patients
vs. RT alone (Climans et al., 2020). Climans et al. (2020) also
demonstrated that decreased overall survival was significantly
associated with seizures. This paradoxically supports the
hypothesis that continuous seizure presence and associated
excitotoxicity may increase the likelihood of tumor recurrence,
and subsequently decrease the overall survival of epileptogenic
GBM patients relative to patients without seizures. However,
these conclusions were derived from previously acquired clinical
trial data and MGMT methylation nor IDH-status were
not taken into account in the reanalysis. Moreover, seizure
outcomes were not reliably recorded in the original study
potentially confounding results (Perry et al., 2017; Climans et al.,
2020).

Anti-Seizure Medication in GBM
The prevalence of seizures in GBM necessitates the use
of anti-seizure drugs (ASDs) as the constant presence of
the tumor increases the likelihood of seizure recurrence.
GBM-associated seizures present unique challenges as they
are often poorly controlled, requiring poly-therapy. However,
there are several potential contraindications related to the
use of ASDs in GBM, including increased risk of enhanced
toxicity and undesirable interactions with anti-cancer
treatments. Generally, non-enzyme inducing agents are
first-line ASD options, i.e., levetiracetam (LEV), as they do
not interfere with anti-tumor treatment strategies (Rosati
et al., 2010; Kerkhof et al., 2013). Experimental evidence
indicates that certain ASDs may have anti-tumorigenic effects,
supporting a connection between seizures and mortality
in GBM. Historically, valproic acid (VPA) treatment has
been associated with a potential survival benefit in GBM
patients (Kerkhof et al., 2013; Krauze et al., 2015; Lu et al.,
2018). VPA is employed as an ASD as it disrupts GABA
degradation and blocks voltage-gated Na+ and Ca2+ channels.
Its anti-tumor effects are mediated through its actions as
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a histone deacetylase (HDAC) inhibitor and potentiation
of the cytotoxicity induced by temozolomide (TMZ; Van
Nifterik et al., 2012). Application of VPA to a variety of,
but not all, GBM cell lines slowed cell cycle progression and
inhibits proliferation (Knüpfer et al., 1998; Chavez-Blanco
et al., 2006). However, the beneficial effect of VPA on GBM
progression in the clinic is extremely variable. A recent study
inferred that wild-type p53 status is necessary for VPA to
enhance the anti-neoplastic effect of TMZ, demonstrating a
potential reason for inconsistencies seen within the literature
(Tsai et al., 2021).

In recent years, standards of care have shifted to favor LEV for
anti-seizure treatment in GBM, and this has its own association
with anti-cancer effects (Roh et al., 2020). It is currently favored
as a therapeutic dose that can be achieved quickly in a clinic
and there is a low likelihood of myelosuppression, hepatotoxicity,
or hyponatremia (Hovinga, 2001). LEV binds to synaptic
vesicle protein 2A, interfering with neurotransmitter release
and reducing epileptogenic excitatory neurotransmission (Lynch
et al., 2004). Evidence also indicates that LEV exerts a significant
inhibitory effect on O6-methylguanine-DNA methyltransferase
(MGMT) in GBM cell lines, conferring reduced resistance
to TMZ (Bobustuc et al., 2010). LEV also increases MGMT
transcription in normal astrocytes exhibiting a neuroprotective
effect (Bobustuc et al., 2010). LEV treatment concurrent with
standard chemo-radiation protocol has been associated with
increased overall survival in IDH-wildtype GBM patients (Roh
et al., 2020; Pallud et al., 2022).

A third-generation ASD, perampanel (PER), recently gained
attention as it was shown to significantly reduce the seizure
frequency of previously drug-refractory GBM-related seizures
(Vecht et al., 2017; Dunn-Pirio et al., 2018; Izumoto et al.,
2018; Coppola et al., 2020; Maschio et al., 2020). Its anti-seizure
effects are mediated by its actions as a non-competitive
AMPARs antagonist (Hanada et al., 2011; Frampton, 2015;
Augustin et al., 2018; Brito da Silva et al., 2021). PER exhibits
significant anti-proliferative effects on multiple GBM cell lines
at various concentrations, and appears to reduce the overall
concentration of extracellular glutamate (Lange et al., 2019;
Salmaggi et al., 2021). Initial evidence suggests a correlation
between PER treatment and tumor volume reduction on
MRI-FLAIR (Izumoto et al., 2018). However, more clinical
investigations are required before conclusions can be drawn
as to the full extent of PER’s anti-tumor effects and any
synergistic interactions it has with chemo-radiation regimens.
Notably, PER is associated with various serious adverse effects,
primarily psychiatric changes that are often the primary cause of
discontinuation due to their prevalence (Rohracher et al., 2018;
Villanueva et al., 2022). Administration of PER concomitant with
anti-tumorigenic treatment regimens in a patient population
already vulnerable to psychiatric changes, secondary to the GBM,
must be carefully considered as adverse effects may be more
frequent or severe.

It is of note that ASDs are not disease-modifying drugs, they
do not prevent epileptogenesis but do reduce seizure burden.
To our knowledge there are no known treatments that act to
prevent epileptogenesis in the context of GBM, however, please

see Terrone et al. (2020) for a comprehensive discussion of this
work in other types of epilepsy.

Novel GBM Therapeutics and Their Impact
on Seizure Likelihood
Despite a wide research field dedicated to anti-GBM therapeutics,
no significant positive advances have been made in prognosis for
over a decade. As such, novel immunotherapeutic approaches
such as immune checkpoint inhibitors (ICI), chimeric antigen
receptor T cell (CAR-T) therapy, myeloid-targeted therapies,
and tumor vaccines, have been the focus of GBM literature in
recent years. GBM mediates an immunosuppressive TME by
upregulating the expression of immune checkpoint molecules to
reduce T cell activation and proliferation. This confers an almost
intrinsic resistance to traditional anti-cancer treatments, making
immune checkpoint molecules attractive therapeutic targets. In
particular, increased expression of CTLA-4 is seen on Tregs
and cytotoxic T lymphocytes, and PD-L1 on tumor cells and
TAMs (Yu and Quail, 2021). Correspondingly, initial in vivo
evidence demonstrated that the anti-PD-1 ICI nivolumab was
remarkably effective at eradicating GL261 tumors. However,
whilst essentially dominating the preclinical ICI research field,
nivolumab’s effect failed to translate clinically (Yu and Quail,
2021). Interestingly seizures were the second most common
neurological adverse event observed in clinical trials (Lim
et al., 2017). ICIs provoke an adaptive immune response in
the peri-cavity area to increase the activity and infiltration of
cytotoxic T cells and pro-inflammatory cytokine secretion. As
such, adverse effects have been attributed to ‘‘overshooting’’
T cell activation against antigens expressed on surrounding
non-neoplastic cells (Roth et al., 2021). This mistargeting could
act to promote hyperexcitability in peri-cavity neuronal networks
post-resection, the time period at which systemic treatments are
typically employed. Interestingly, an adaptive immune response
characterized by the infiltration of cytotoxic CD8+ T cells
and associated pro-inflammatory cytokine secretion is known
to give rise to neuronal cell death and seizure induction in
Rasmussen Encephalitis (Varadkar et al., 2014). Furthermore,
the epileptogenic potential of ICIs is evidenced in reports
of paraneoplastic encephalitis, and associated seizures, directly
linked to the administration of anti-PD-1 (Shi et al., 2020)
and anti-CTLA-4 (ipilimumab; Roth et al., 2021). It stands to
reason that if a potentially epileptogenic ICI is employed in
a seizure-vulnerable patient population, e.g., GBM, this may
indirectly encourage tumor progression secondary to increased
epileptiform activity and paradoxically result in decreased
therapeutic efficacy. Unfortunately, there are no reports of the
impact of ICIs on seizure presence and how this affects outcomes
in GBM specifically. Therefore, the use of particular ICIs in the
treatment of epileptogenic GBMs should be further investigated
preclinically to validate their safe use in the clinic.

CAR-T therapy is another T-cell mediated immunotherapy,
wherein a patient’s own T cells are harvested and engineered
ex vivo to express chimeric antigen receptors (CARs) that
recognize an identified tumor antigen, e.g., EGFRvIII, before
being re-transplanted (Sterner and Sterner, 2021). CAR-T
therapy application in GBM presents significant challenges
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namely due to intratumoral heterogeneity in antigen expression
and the high likelihood of target antigens also being expressed in
normal tissue (Maggs et al., 2021). Pathological overactive T-cell
responses in CAR-T therapy commonly manifest as seizure-
associated toxicities such as cytokine release syndrome (CRS)
or immune effector cell-associated neurotoxicity syndrome
(ICANS; Shimabukuro-Vornhagen et al., 2018). Headaches,
hallucinations, hemiparesis, and seizures are some of the most
prominent behavioral manifestations observed when CRS and
ICANS occur secondary to brain-targeted CAR-T therapy
(Shimabukuro-Vornhagen et al., 2018). The release of IL-1, TNF-
α, IFN-β, and IL-6 are postulated to play key roles in both
CRS and ICANS pathophysiology as they trigger an almost
uncontrolled activation of microglia (Shimabukuro-Vornhagen
et al., 2018; Siegler and Kenderian, 2020). In ICANS, activated
CAR-T cells also provoke the release of pro-inflammatory
cytokines IL-1 and IL-6, which subsequently activate endothelial
cells of the BBB to drive its breakdown. The potentiation
of significant neuroinflammation in peri-cavity tissue, when
coupled with BBB breakdown, mirrors an environment seen in
GBM-associated seizure generation. Furthermore, CAR-T cells
can remain in circulation for a prolonged time post-infusion,
and so continued downstream pro-inflammatory signaling
may progressively encourage epileptogenesis in the vulnerable
peri-cavity area. Whilst CRS/ICANS and the acute neurological
toxicity associated with them are predominantly reversible,
the potentiation of epileptogenic processes has permanent
consequences and may result in paradoxical resistance to therapy
secondary to seizure-potentiated tumor growth.

The therapeutic potential of macrophage
reprogramming/repolarization has attracted a great deal of
interest in recent years, but it also represents an area of
uncertainty in its unknown relationship to epileptogenesis.
The majority of TAMs are monocyte-derived macrophages
(MDMs) that infiltrate the brain through the BBB and they
account for up to 50% of the tumor mass (Parmigiani et al.,
2021). M1-polarized macrophages display primarily pro-
inflammatory, anti-tumor attributes making them an attractive
therapeutic target. Whereas M2-polarized macrophages exhibit
predominantly anti-inflammatory features with pro-tumor
effects and are the subtype primarily associated with the GBM
TME (Ma et al., 2021). Repolarization of TAMs within the TME
focuses on therapeutic pro-inflammatory actions either in the
tumor proper, in the absence of resection, or in peri-cavity tissue,
negating the need for systemic application. However, this may
have implications for epileptogenic GBMs as this area is highly
vulnerable to the inflammation-induced alterations in NMDARs,
AMPARs, and ion homeostasis that promote hyperexcitability.
The anti-tumor consequences of macrophage repolarization are
mediated through increased production of inducible nitric oxide
synthase (iNOS), TNF-α, IL-1β, IL-6, and chemokines associated
with cytotoxic T cell recruitment (Duan and Luo, 2021). As
previously stated, these are all mediators known to contribute
to epileptogenesis. Whilst there are no reported investigations
into macrophage reprogramming in epileptogenic GBMs,
studies have acknowledged seizures as a common side effect
in cytosine-guanine oligonucleotide (CpG-ODN) mediated

MDM repolarization (Carpentier et al., 2006, 2010). Intracranial
infusion of litenimod (CpG-28) in a cohort of 34 recurrent
GBM patients was associated with seizures of either generalized
or focal semiology in 14 patients (Carpentier et al., 2010).
The downstream actions of M1-polarized macrophages and
aforementioned evidence suggests that TAM reprogramming
may possess at least an acute epileptogenic capability, and
indicates a clear need for further preclinical investigation.

Whilst it is clearly important that seizure presence and
prevalence be a monitored variable in preclinical studies of novel
anti-tumorigenic treatment regimens, it ultimately returns to a
balance of risk-benefit when translating these therapeutics into
the clinic. If these therapies effectively eradicate the GBM, despite
increasing the risk of epilepsy, then this would be tolerable.
However, if these therapies only extend survival by a few months
and this time is associated with debilitating seizures, would this
still be an acceptable outcome?

Surgical Resection and Recurrence
Another equally important challenge in preclinical research is the
focus on pre-resective models of GBM, all current epileptological
GBM research has been performed in pre-resection models.
These represent a valuable method to investigate underlying
mechanisms but may not be as clinically relevant. The majority of
GBM patients are eligible for resective surgery to remove the bulk
tumor, and as a corollary, the most common clinical scenario
involves a post-resection brain. The post-resection environment
demonstrates a substantially altered neural network, even vs.
pre-resection, and as such the mechanisms of hyperexcitability
and seizure generation may also be altered (Figure 3).
Resection models of GBM have been developed (Kauer et al.,
2011; Momiyama et al., 2013; Bianco et al., 2017; Otvos
et al., 2021; Tang et al., 2021), but their use has not been
reported in the investigation of GBM-related epileptogenesis.
Therefore, there is currently no evidence indicative of how
mechanisms of excitability and seizure generation are altered in
a post-resection brain. Both pre-resective and recurrent GBMs
display considerable intratumoral heterogeneity, but recurrent
GBMs may also have a slightly different molecular phenotype
than the tumor it originated from (Campos et al., 2016). The
recurrent tumor acquires new genetic aberrations as it grows
(Kim et al., 2015), potentially resulting in different reactions
to anti-tumor or anti-epileptic therapeutic regimens used to
treat the pre-resective tumor. This has downstream effects
on the ability to make research-informed decisions regarding
anti-seizure treatment regimens post-resection in the clinic,
and demonstrates an incomplete understanding of the impact
seizures have on disease progression.

The recurrence of seizures following GBM resection could be
attributed to a phenomenon known as secondary epileptogenesis
(Figure 3), wherein an extended epileptogenic network enables
epileptogenesis to continue following the removal of a primary
focus (Morrell et al., 1956; Morrell, 1985; Scholly et al., 2017).
Morrell (1985) defined secondary epileptogenesis as a three-stage
process in which an actively discharging epileptogenic region
gradually induces paroxysmal activity in the cellular components
of distally connected normal neuronal network(s). In this
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FIGURE 3 | Changes in seizure characteristics during disease progression and treatment. There are a multitude of mechanisms that alter seizure characteristics
and phenotype in GBM. The molecular mutations and consequently activated signaling pathways change throughout its progression and as it enters new areas of
the brain. Upon resection, these mechanisms are altered again and often accompanied by a period of seizure cessation. Seizures may then be produced in the
peri-cavity region due to pre-existing network disruption or tumor regrowth, or in an entirely different region due to secondary epileptogenesis.

context, GBM can be considered the primary epileptogenic foci
and the generation of seizures is predominantly dependent on
its presence (stage 1). Following GBM resection, or removal
of the primary focus, there is a period of temporary seizure
cessation whilst the network re-adjusts to further reorganization,
aligning with stage 2. Finally, consistent with stage 3, underlying
epileptiform activity in a secondary previously-connected focus
persists independently to manifest as post-resection seizures.
This is a hypothesis not previously considered in experimental
or clinical literature, and evidently the controversial existence
of secondary epileptogenesis requires greater attention in the
context of GBM.

New-onset seizures or their recurrence post-tumor resection
is common, and have been independently associated with
tumor recurrence, but evidence also suggests a correlation to
the extent of resection (EOR). Generally, surgical treatment
of GBM can range from a minimally invasive surgical biopsy
to a craniotomy involving varying degrees of ‘‘total’’ tumor
resection (McGirt et al., 2009; Brown et al., 2016; Tan et al.,
2020). Increased EOR is independently associated with increased
survival rates (McGirt et al., 2009), and this also correlates
with seizure freedom. Patients who have undergone gross
total tumor resection (GTR; >80%) are much more likely
to be seizure-free post-operatively than sub-total resection
(SubTR; <70%; Liang et al., 2016). Still significantly higher
rates of seizure freedom are seen with supra-total resection
(SupraTR; >100%) in the form of anterior temporal lobectomy
(ATL; Borger et al., 2021). Comprehensive investigations
into the effect of seizures on risk of tumor recurrence and
how this is impacted by EOR have not yet been reported.
However, interesting initial evidence from a medium-sized
cohort study appears to indicate that patients with post-operative
seizures may exhibit less time to tumor recurrence vs. those
without, independent of EOR (Liang et al., 2016). It is well

recognized that the peri-tumoral area is a primary source
of epileptiform activity and hyperexcitability, as previously
discussed. It has been postulated that, as this area often
goes un-resected, post-resection seizures may continue to
originate from the pre-existing epileptogenic locus in the
original peri-tumoral border. The process of epileptogenesis
and associated tumorigenic network alterations may potentially
continue in this peri-cavity area even independent of tumor
presence. Increased use of intraoperative electrocorticography
(ECoG) in GBM patients with pre-operative seizure history has
the potential to increase maximal resection margins to include
greater portions of peri-tumoral epileptogenic loci. This would
increase the likelihood of post-operative seizure freedom and
potentially influence tumor recurrence risk.

Additionally, the cycle of epileptogenesis may be potentiated
post-resection by the small populations of neoplastic
cells that invariably persist in the ‘‘normal’’ parenchyma
surrounding the resection cavity. These remaining glioma
cells promote network reorganization of the peri-cavity area
through further BBB breakdown (Figure 4A), and continued
dysfunctional glutamatergic (Figure 4B), and GABAergic
signaling (Figure 4C). Additionally, their release of MMP-9
works to degrade FS-PV+PNNs (Figure 4C). Therefore, the
hyperexcitable peri-cavity area in epileptogenic GBM patients is
highly likely to actively be undergoing epileptogenesis secondary
to the actions of these enduring glioma cells. These seizures- and
glioma cell-driven aberrances will result in further progressive
reorganization of peri-cavity neuronal networks, working in
pathological synergy to promote recurrence. The multiple month
latency to seizure generation and tumor recurrence following
initial GBM resection appears to fit with this timeline (Liang
et al., 2016). It is pertinent to mention that the cumulative risk of
de novo post-operative epilepsy is generally increased following
all craniotomy procedures, but this is markedly higher in patients
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FIGURE 4 | Epileptogenic molecular mechanisms post-GBM resection. (A) The neuroinflammatory environment and BBB disruption originally potentiated by the
tumor can also be transiently exacerbated by the resective surgery itself. Serum albumin infiltration evokes Kir4.1 downregulation on reactive astrocytes, enabling K+

accumulation. AQP4 expression is increased on glioma cells, decreasing the ECS. (B) Increased xCT expression on glioma cells and decreased GLT-1 expression on
astrocytes leads to extracellular glutamate accumulation in the peri-cavity region. It’s post-synaptic action at NMDARs and CP-AMPARs increases neuronal
excitability. (C) The remaining glioma cells continue to release MMP-9 which induces PNN degradation. GABAAR expression is almost absent on glioma cells to aid
their proliferation. NKCC1 is upregulated and KCC2 downregulated on surrounding pyramidal neurons, reversing the Cl− gradient. The subsequent decreased
inhibitory influence disinhibits pyramidal neuronal firing enabling seizure generation. ECS, extracellular space; BBB, blood-brain barrier; NMDAR, NMDA receptor;
CP-AMPARs, Ca2+-permeable AMPARs; MMPs, matrix metalloproteinases; PNNs, perineuronal nets.

undergoing craniotomies for GBM resection (13.9% vs. 23.6%
respectively; Giraldi et al., 2021).

Novel Technologies for
Electrophysiological Investigation in GBM
By nature, the seizures that occur in models of GBM-related
epilepsy are spontaneous and so represent unique challenges.
A comprehensive investigation of epileptogenesis in GBM
models requires continuous electrophysiological monitoring
of epileptiform activity. This is typically performed through
chronic implantation of electroencephalographic devices,
as it is impossible to predict seizure occurrence without
pro-convulsant intervention by pharmaceutical or stimulatory
means. Furthermore, the lack of overt behavioral manifestations
of seizure presence in experimental animals renders video
monitoring insufficient in the absence of accompanying
EEG recordings. Equipment to record epileptiform activity
long-term is widely accessible and readily employed in
experimental epilepsy studies, commonly as tethered recordings
or subcutaneous battery implantation to power the recording
headstage (Wykes et al., 2012). However, these technologies
are largely unsuitable for use in a progressive GBM model as
they primarily employ a single or few electrodes, rather than
configurations that allow high-density mapping. If a rigid
electrode is invasively implanted into the brain, this could
result in mechanical and physical damage secondary to the
tumor growth, and a progressive attenuation of the signal as the
recording site is enveloped by the tumor. Therefore, to effectively
monitor epileptiform activity in GBM, any electrophysiological
methods must include some form of multi-electrode array to
account for the progressive expansion of the peri-tumoral border.
Furthermore, whilst some electrophysiological techniques,
i.e., epicortical arrays, can be used in conjunction with imaging
techniques, conventional electrodes are poorly suited due to the
presence of overwhelming artifact or magnetic interference with

electronics. This represents an obstacle in current preclinical
research, wherein the restricted ability to employ live imaging
methods in conjunction with ECoG monitoring hinders the
investigation of seizures and SDs in GBM.

The ideal preclinical scenario would incorporate
MRI-compatible multi-electrode, flexible, penetrating arrays
that can be placed at the peri-tumoral border, and are capable of
electrographically mapping the changes to network excitability
associated with progressive tumor growth over multiple areas
of the brain. The closest preclinical example of this is seen
in Hatcher et al. (2020) wherein in vivo Ca2+ fluorescence
imaging was used in conjunction with EEG monitoring in
a CRISPR-Cas9 IUE model of GBM-associated epilepsy,
with great success. However, Ca2+ imaging is a complex
technique not readily adopted nor clinically translatable.
This hurdle presents challenges in both transplantation and
genetic models of GBM-related epilepsy as tumor volume
and growth rates can vary between animals. As a corollary,
previous conclusions reached about the causal relationship
between volume or growth patterns and the development
of epileptiform activity are more illustrative than certain
statements.

The presence of SDs in GBM-associated epilepsy further
complicates electrophysiological investigations. The massive,
abrupt change in activity seen in SD results in cortical electrical
potential changes over a wide spectral range. This primarily
manifests as slow potentials approaching the DC (or 0 Hz) level.
Negative potential shift is an important identifier of SD but is not
measured using standard AC-coupled (>0.5 Hz) highpass filtered
electrophysiological methods. This can be partially overcome by
the use of amplifiers capable of recording at lower high-pass filter
limits (>0.02 Hz), or by using a DC-coupled system. However,
substantial attenuation of the amplitude and distortion of the SD
waveform is evident when using passive metal-based electrodes,
as well as issues with drift and amplifier saturation. The presence
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of SD has not yet been investigated intra- or post-operatively
in GBM patients, epileptogenic or otherwise, and only very
few experimental studies acknowledge its presence (Bouckaert
et al., 2020; Hatcher et al., 2020). Current detection of SDs
in humans is mediated using platinum electrodes. They allow
for the unfiltered recording of DC shifts and have a relatively
high signal-to-noise ratio (SNR), but the unfortunate presence
of artifacts and transients makes them unsuitable for accurate
monitoring and mapping of SD in GBM. Experimental studies
employ solution-filled glass micropipettes and silver or silver
chloride (Ag/AgCl) wires to detect SDs (Hatcher et al., 2020),
but these offer little to no spatial resolution. Additionally, the
inherent toxicity of Ag/AgCl makes it inappropriate for use in
clinical studies.

There is a clear need for novel means of electrophysiological
recording that can sustain continuous and simultaneous
recording of both high frequency synchronous epileptiform
activity and SD DC-shifts across the brain. Importantly,
these technologies need to be compatible with a variety
of imaging modalities in order to draw direct conclusions
relating to the interaction between tumor presence and
seizure generation. The application of novel technologies
currently in development for preclinical investigations
of epileptogenesis in GBM are crucial to improving our
understanding. One such example of which is graphene-
based solution-gated field-effect transistors (gSGFETs).
gSGFETs have the potential to fill this technology gap as
they offer the means to record SDs, either independently
or concurrently with high-frequency activity, both epi- and
intra-cortically with high spatiotemporal fidelity (Hébert et al.,
2018; Masvidal-Codina et al., 2019, 2021; Bonaccini Calia et al.,
2021). The potential for SDs to exacerbate tissue damage and
promote mechanisms of hyperexcitability in GBM could have
consequences for disease progression, prognosis, and resistance
to therapies.

DISCUSSION

It is clear that GBMs create a pro-epileptogenic environment
via a multitude of mechanisms, and thus the associated seizures
present unique clinical challenges. However, it is also known that
some GBM patients do not present with, and never experience
tumor-associated seizures or epilepsy. Therefore, we may gain
more mechanistic insight into what the important essential
factors are for the development of epilepsy by understanding
why some patients do not develop epilepsy despite an aggressive
tumor environment.

The answer may lie somewhere in the complex interaction
between genetic influences and acquired mechanisms of epilepsy.
There is a precedent of diseases that are associated with
epilepsy where seizures manifest only following treatment. In
neurocysticercosis, intracranial cysts evade detection by the
immune system through various mechanisms, and it is only
once they are treated that seizures are generated (Carpio
et al., 1998; Prodjinotho et al., 2020; Espino et al., 2022). This
master evasion of the immune system is an aspect mirrored
in GBM. In the GBM TME of some patients, the tumor

may promote such extensive anti-inflammatory signaling to
suppress the immune system, that it indirectly transiently
discourages epileptogenesis. This may also offer a further
potential explanation for new-onset seizures post-resection.
Wherein the removal of the tumor may provoke such an
aggressive inflammatory immune response that it potentiates
seizure generation.

Recent experimental evidence suggests that tumor-localized
expansion of certain pathological glioma subpopulations
enriched for epilepsy-associated genes may confer
hyperexcitability secondary to neosynaptogenesis (Lin et al.,
2017). Therefore, if the proportional expression of certain glioma
subpopulations in a tumor differ to not favor this particular
population, then the changes incurred by the aforementioned
peri-tumoral mechanisms may not be cumulatively sufficient to
evoke hyperexcitability and ultimately initiate epileptogenesis.
This is a link between genetic and acquired mechanisms
of GBM-associated epilepsy not previously delineated (Lin
et al., 2017). The intratumoral heterogeneity of GBM, and
its unique microenvironment, support this theory. This is
indicative that many different pro-epileptogenic mechanisms
must work in pathological synergy in order for seizures
to occur. Further investigations are needed to unravel the
interactions between genetic predisposition and acquired
mechanisms of epilepsy in GBM as this is clearly an area that
could provide great insight into the determinants of seizure
presence in a population of GBM patients. Investigations in this
vein would also support the transition to more personalized
therapeutics, as is an important current area of research
in GBM.

Ultimately, a better understanding of the relationship between
GBM, epilepsy, and SDs will stem from further experimental
investigations. Whilst clinical studies have provided initial
evidence connecting tumor location to seizure presence, the
reluctance of oncology studies to stray from the standard
striatal injection site precludes further preclinical investigation.
Incorporating a variety of injection sites, i.e., mesial temporal
or frontal lobe structures, into implantation models would
help to further our understanding of how GBM growth in
different brain regions predisposes a patient to comorbidities.
Different areas of the brain are considerably different in
how their networks function. Therefore, certain networks
may communicate in ways that have a more favorable
influence on the relationship between tumor growth and
secondary epileptogenesis. Greater insight into how tumor
location specifically affects the process of epileptogenesis
will undoubtedly have clinical significance. Patients identified
as predisposed to developing seizures may receive slightly
altered anti-tumorigenic regimens that also simultaneously
address the underlying network dysfunction occurring during
tumor-associated epileptogenesis, instead of just using an
adjuvant ASD.

It is important to emphasize that novel technologies need to
be developed to comprehensively investigate the impact tumor
location has on epileptogenesis. The ability to map seizure and
SD propagation across multiple brain areas with high fidelity
is an aspect of electrophysiology that has eluded the research
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community up until very recently. Initial experimental evidence
shows that cortical involvement is progressive in preclinical
GBM-epilepsy models (Hatcher et al., 2020). Therefore, the
availability of both epi-dural and intra-cortical arrays is crucial
to spatially map the relationship of epileptiform activity with
the expansion of the peri-tumoral border. Evidently, the
spontaneous nature of epileptiform activity and SDs in this
disease model necessitates 24/7 electrophysiological recording.
However, chronic monitoring is a substantial experimental and
technological investment and therefore is not readily performed.
The inaccessibility, and unavailability, of this technology is
a major obstacle to investigating seizures as a measured
variable in oncology studies. Many novel anti-tumorigenic
treatments appear to have pro-epileptogenic potential, but
it is only with increased accessibility of electrophysiological
technologies that seizures will be included and monitored in
these studies. The field of GBM research overwhelmingly focuses
on the development of novel treatment options. Therefore, it
is crucially important that the effect seizures and SDs may
have on therapeutic efficacy is evaluated to best inform their
clinical success.
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Background: Theta burst stimulation (TBS) belongs to one of the biological
antidepressant treatment options. When applied bilaterally, excitatory intermittent TBS
(iTBS) is commonly targeted to the left and inhibitory continuous TBS (cTBS) to the right
dorsolateral prefrontal cortex. TBS was shown to influence neurotransmitter systems,
while iTBS is thought to interfere with glutamatergic circuits and cTBS to mediate
GABAergic neurotransmission.

Objectives: We aimed to expand insights into the therapeutic effects of TBS on
the GABAergic and glutamatergic system utilizing 3D-multivoxel magnetic resonance
spectroscopy imaging (MRSI) in combination with a novel surface-based MRSI analysis
approach to investigate changes of cortical neurotransmitter levels in patients with
treatment-resistant depression (TRD).

Methods: Twelve TRD patients (five females, mean age ± SD = 35 ± 11 years)
completed paired MRSI measurements, using a GABA-edited 3D-multivoxel
MEGA-LASER sequence, before and after 3 weeks of bilateral TBS treatment. Changes
in cortical distributions of GABA+/tNAA (GABA+macromolecules relative to total N-
acetylaspartate) and Glx/tNAA (Glx = mixed signal of glutamate and glutamine), were
investigated in a surface-based region-of-interest (ROI) analysis approach.

Results: ANCOVAs revealed a significant increase in Glx/tNAA ratios in the left caudal
middle frontal area (pcorr. = 0.046, F = 13.292), an area targeted by iTBS treatment.
Whereas, contralateral treatment with cTBS evoked no alterations in glutamate or GABA
concentrations.
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Conclusion: This study demonstrates surface-based adaptions in the stimulation area
to the glutamate metabolism after excitatory iTBS but not after cTBS, using a novel
surface-based analysis of 3D-MRSI data. The reported impact of facilitatory iTBS on
glutamatergic neurotransmission provides further insight into the neurobiological effects
of TBS in TRD.

Keywords: TBS, MRS, GABA, glutamate, depression, TMS, TRD

INTRODUCTION

Major depressive disorder (MDD) represents a severe psychiatric
disease affecting up to 3.8% of the population worldwide and
has risen further during the last years (COVID-19 Mental
Disorders Collaborators, 2021). Several treatment options of
pharmacological [e.g., selective serotonin reuptake inhibitors
(SSRIs) or ketamine] or non-pharmacological, biological
interventions [i.e., transcranial magnetic stimulation (TMS)
or electroconvulsive therapy (ECT)] are currently available.
Modifications of neurotransmitter systems are key aspects of
the antidepressant actions of different interventions in order
to restore GABAergic or glutamatergic function (Kalueff and
Nutt, 2007; Sanacora et al., 2012). Several studies have shown
SSRIs or ketamine to affect a variety of neurotransmitter systems
including the serotonergic (Spindelegger et al., 2009; Hahn
et al., 2010; Lanzenberger et al., 2012), GABAergic (Sanacora
et al., 2002; Brennan et al., 2017; Silberbauer et al., 2020) or the
glutamatergic system (Rowland et al., 2005; Taylor et al., 2008;
Spurny et al., 2021). Moreover, certain antidepressants directly
interfere with the glutamatergic or GABAergic system. The
N-methyl-D-aspartate (NMDA) receptor antagonist ketamine
is a treatment option for use in TRD patients, leading to rapid
symptom reductions (Kasper et al., 2021; McIntyre et al.,
2021). Although ketamine is targeting the glutamatergic system,
adaptions in GABA levels could be reported (Silberbauer
et al., 2020). According to a recent study, the clinical efficacy
in treatment resistant depression (TRD) of rTMS does not
differ from ketamine (Mikellides et al., 2021). Hence, both the
glutamatergic and GABAergic systems are promising targets for
the treatment of TRD.

While the biological binding sites and downstream effects
of pharmacological interventions are abundantly studied, this
is oftentimes less clear for non-pharmacological, biological
treatments. Since TMS constitutes a biological treatment
approach with few side effects, it finds broad acceptance in
patients, especially suffering from treatment resistant depression
(TRD). When two different pharmacological treatment trials
fail to significantly improve clinical symptoms, MDD is
commonly classified as TRD, although this definition varies
between studies (Gaynes et al., 2020). In a meta-analysis of
29 randomized, double-blind and sham-controlled trials, Berlim
et al. (2014) demonstrated response and remission rates of 29%
and 19% of subjects with major depression receiving excitatory
high-frequency (≥ 5 Hz) TMS.

Previous imaging studies reported diverse effects of TMS
on different morphological and physiological parameters.
Stimulation of the dorsolateral prefrontal cortex (DLPFC) was

reported to affect functional connectivity between the PFC
and cingulate regions (Baeken et al., 2014; Salomons et al.,
2014). Similar to pharmacological treatments, TMS was shown
to evoke changes in neurotransmitter systems in both animal
and human studies. Two 1H-MRS studies found correlations
between glutamate levels in the motor cortex and excitability
with TMS (Stagg et al., 2009; Tremblay et al., 2013). In disease,
a study by Pogarell et al. (2006) revealed adaptions in the
dopaminergic system in MDD patients following repetitive
TMS (rTMS) treatment. Furthermore, an investigation by
Lewis et al. (2016) reported changes in cortical excitability in
patients suffering from MDD in the primary motor cortex
and the ACC (Lewis et al., 2016). Dubin et al. (2016) were
one of the first to investigate the therapeutic effect of TMS
on neurotransmitter distribution using MRS, showing elevated
GABA levels. However, effects on the glutamatergic system
in MDD are less conclusive and similar to GABA limited to
a handful of studies. While Dubin and colleagues reported
no effects on glutamate in the PFC, a different approach
revealed elevations in the glutamate/glutamine (Glu/Gln) ratio
after TMS treatment in MDD patients (Croarkin et al., 2016;
Dubin et al., 2016).

In addition to rTMS, the high frequency form theta
burst stimulation (TBS), utilizing frequencies of 50 Hz,
showed promising results in MDD. For the treatment of
depression, bihemispheric TBS is typically applied using
excitatory intermittent (iTBS) or inhibitory continuous TBS
(cTBS) to the DLPFC, since the DLPFC was shown to provide
a suitable target for TBS to treat TRD (George et al., 1995).
However, especially TBS impacts on neurotransmitter levels
are understudied. Both the GABAergic and glutamatergic
system seems to be involved in underlying neurobiological
mechanisms of iTBS and cTBS, respectively. Thereby, it is
speculated that iTBS produces long-term potentiation (LTP)
effects by affecting NMDA receptor related Ca2+ influx. On
the other hand, cTBS seems to activate interneural inhibitory
pathways leading to long-term depression (LTD)-like effects
(Huang et al., 2011). Moreover, the involvement of glutamatergic
neurotransmission was demonstrated when ketamine drastically
reduced iTBS effects in rats (Labedi et al., 2014). Nevertheless,
both TBS-induced LTP and LTD are thought to be accompanied
by presynaptic changes in GABA release (Larson and Munkacsy,
2015; Li et al., 2019).

Previous MRS studies have reported inconclusive results,
trying to replicate these preclinical findings in humans. Iwabuchi
et al. (2017) showed reduced GABA/Glx levels in the DLPFC
and ACC after iTBS to the left DLPFC (Iwabuchi et al.,
2017). Moreover, increased GABA concentrations in the PCC
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after iTBS to the left inferior parietal lobe could be revealed
(Vidal-Pineiro et al., 2015). In addition, iTBS was described
to increase the N100 amplitude (a marker for GABA-mediated
inhibition), while cTBS reduced this amplitude in the cerebellum
of healthy individuals (Harrington andHammond-Tooke, 2015).
On the other hand, cTBS, applied to the motor cortex, was
reported to increase GABA concentrations while no effects
were shown on glutamate (Stagg et al., 2009) suggesting an
enhancement of interneural circuits. Based on the evidence of
preclinical and clinical studies in animals and humans, Li et al.
(2019) proposed a model to explain differential aftermaths of
intermittent and continuous TBS on GABA and glutamate. This
model suggests iTBS inhibits GABAergic interneurons, which
in consequence leads to reduced inhibition of glutamatergic
pyramidal cells, while continuous bursts of cTBS might increase
the inhibitory activities of interneurons resulting in higher
GABA concentrations.

However, due to the inconclusive evidence of the potential
of TBS to restore disrupted GABAergic and glutamatergic
neurotransmission in TRD subjects, further research is needed.
Since previous findings of MRS studies were restricted to
a limited number of locations by the use of single-voxel
sequences, we aimed to extend our understanding by applying
a 3D-multivoxel MRSI approach to cover a range of cortical
regions, involved in the pathophysiology of MDD. Due to
the cortical stimulation method of TBS, changes within these
regions are of high interest. Hence, we applied a novel surface-
based analysis approach to multi-voxel MRS data, based on a
similar method used in PET imaging (Greve et al., 2014). We
investigated adaptions in cortical GABA+/tNAA (GABA+ = a
combination of GABA and macromolecules; tNAA = total
N-acetylaspartate) and Glx/tNAA (Glx = combined signal of
glutamate and glutamine) after 3 weeks of iTBS to left and cTBS
treatment to the right DLPFC in a cohort of TRD patients.

METHODS

Study Design
All study patients underwent 3 weeks of TBS treatment
at the Department of Psychiatry and Psychotherapy at the
Medical University of Vienna, Austria. MRSI measurements
were conducted within 2 weeks prior to and after the TBS
treatment period (see Figure 1). This study was approved by
the Ethics Committee of the Medical University of Vienna (EK
1761/2015) and is part of a larger clinical trial with multimodal
neuroimaging (ClinicalTrials.gov Identifier: NCT02810717).

Participants
Twelve TRD patients (five females, mean
age ± SD = 35 ± 11 years) with a DSM-4 diagnosis of single or
recurrent MDD were included in our analysis. TRD was defined
as an insufficient response to two treatment trials in adequate
dosage and time (>4 weeks) according to the criteria set by the
GSRD group (Group for the studies of Resistant Depression;
Bartova et al., 2019). Moreover, participants were included if
they had a HAMD-17 total score of ≥18, a Clinical Global
Impression Scale score of ≥4 and a stable treatment regime of

4 weeks prior to the study inclusion, which remained unchanged
during the study participation. Exclusion criteria included
psychotic symptoms, severe internal illnesses within the last
5 years, neurological diseases or brain injuries, substance abuse
left handedness, or any contraindications to TMS treatment and
MRI.

Transcranial Magnetic Stimulation
Over the course of three weeks, patients received intermittent
(stimulating) TBS (iTBS) to the left DLPFC and continuous
(inhibiting) TBS (cTBS) to the right DLPFC. iTBS consisted of
2-s trains (30 pulses; 10 bursts) repeated 20 times (600 pulses
per session). cTBS comprised uninterrupted bursts of 600 pulses
per session (see Figure 1). The TBS protocol was performed
similar to Huang et al. (2005) (3-pulse 50-Hz bursts delivered
at 5 Hz) by using a MagPro magnetic stimulator (MagVenture,
Denmark K) and a figure-of-eight shaped cool coil (Cool-B70).
Daily treatment (5 days per week) included two TBS sessions,
separated by 1 h. Within each session, bilateral treatment with
iTBS and cTBS was conducted, starting in randomized order,
which reversed for consecutive sessions (Li et al., 2014). The
stimulation area (DLPFC) was defined in Montreal Neurological
Institute (MNI) space [coordinates: (−38, +44, +26)—left
DLPFC; (+38, +44, +26)—right DLPFC], using neuro-navigation
(LOCALITEr TMS Navigator Germany), based on individual
structural MRIs of each participant (Hecht, 2010). Stimulation
intensity was based on 120% of the individual resting motor
threshold (Ge et al., 2017).

Magnetic Resonance Spectroscopy
MRI measurements were performed on a 3 Tesla MAGNETOM
Prisma Siemens MR Scanner using a 64-channel head coil. For
an accurate volume of interest (VOI)-placement and surface
extraction, 3D T1-weighted anatomical images were acquired
via an MPRAGE sequence (208 slices, 288 × 288 matrix size,
voxel size 1.15 × 1.15 × 0.85 mm3) with GRAPPA acceleration.
ForMRS, a constant-density, spiral-encoded, 3D-MRSI sequence
with MEGA-LASER editing (Bogner et al., 2014) was used
with a VOI = 110 × 120 × 45 mm3 and field of view
(FOV) = 160 × 160 × 160 mm3. The acquired matrix size
of 10 × 10 × 10 (approx. 4 cm3 voxel size) was interpolated
to a 16 × 16 × 16 matrix (approx. 1 cm3 voxel size) during
spectral processing steps. Since the VOI was placed close to the
skull to cover cortical regions, tissue saturation slabs (25 mm
thickness, sat. delta frequency: −3.5 ppm) were used to suppress
signals from subcutaneous lipids (see Figure 2). Siemens
advanced shimming procedure with manual adjustments was
used. During the EDIT-ON acquisition, MEGA-editing pulses
(60 Hz Gaussian pulses of 14.8 ms duration) were set to
1.9 ppm, editing the coupled 4CH2 triplet of GABA resonating
at 3.02 ppm. Twenty-four acquisition-weighted averages and
two-step phase cycling were employed for 3D-MRSI, resulting in
a total scan time of 17:23 min.

An in-house software tool using MATLAB (R2013a,
MathWorks, Natick, MA, USA), Bash (4.2.25, Free Software
Foundation, Boston, MA, USA), MINC (2.0, MINC Tools,
McConnell Brain Imaging Center, Montreal, QC, Canada) and
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FIGURE 1 | Study design and treatment regime. Study subjects received theta burst stimulation (TBS) over 3 weeks including two stimulations a day for 5 days per
week. TBS sessions comprised intermittent TBS (iTBS) to the left and continuous TBS (cTBS) to the right dorsolateral prefrontal cortex. Magnetic resonance
spectroscopy imaging (MRSI) measurements were conducted within 2 weeks before and after the treatment period.

FIGURE 2 | Placement of the field of view (yellow), volume of interest (white), and tissue separation slaps in sagittal (A), horizontal (B), and coronal (C) views.

LCModel software (6.3-1, S. Provencher, LCModel, Oakville,
ON, Canada) was used for the quantification of all spectra
within the VOI (Spurny et al., 2019). A simulated basis set
was created using the GAMMA library for the difference
spectrum [containing GABA+, Glx, and tNAA among others
(Hnilicova et al., 2016)]. An exemplary spectrum is shown in
Supplementary Figure 1. Cramér–Rao lower bounds (CRLB)
thresholds were set at 30% and spectra were visually inspected.

Surface-Based MRSI Analysis
For surface-based quantification, metabolic maps of GABA+,
Glx, and tNAA were interpolated to the resolution of anatomical

images and ratio maps of GABA+/tNAA and Glx/tNAA
were calculated. Ratios to tNAA were favored over total
creatine (tCr), since changes in tCr after rTMS treatment
were previously reported (Grohn et al., 2019). FreeSurfer 6.01

was used for the surface-based analysis approach of MRSI
data. Previous investigations have successfully shown cortical
analysis approaches of metabolic maps in FreeSurfer using
positron emission tomography (PET) data (Greve et al., 2014).
Hence, this analysis was based on previous reports. Individual
ratio maps of single subjects were spatially normalized by

1https://surfer.nmr.mgh.harvard.edu/
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FIGURE 3 | Boxplots showing elevations in Glx/tNAA ratio in the right caudal
middle frontal area before (M1) and after the treatment period (M2). Glx,
combined measure of glutamate and glutamine; tNAA, total
N-acetylaspartate.

projecting onto the standard surface (fsaverage) using the
tkregister2 command. All vertices of individual surfaces were
assigned to the corresponding region-of-interest (ROI) using
the Desikan atlas (Desikan et al., 2006). The following ROIs
were included in the analysis: superiorfrontal, rostral middle
frontal, caudal middle frontal, pars opercularis, and precentral
for both Glx/tNAA and GABA+/tNAA and additionally pars
triangularis, postcentral, paracentral, posterior cingulate, and
caudal anterior cingulate for Glx/tNAA ratios only, due to
insufficient data quality in GABA+ maps. Furthermore, each
surface was filtered by removing vertices that did not pass
the CRLB threshold or laid above twice the standard variation
within its respective brain region. After filtering steps, all
remaining vertices were averaged within each ROI. Group-wise
comparisons between measurements were done with calculated
mean cortical neurotransmitter ratios within ROIs of each
subject.

Statistical Analyses
Statistical analyses were performed using SPSS Statistics (v26.0,
2010, SPSS, Inc., an IBM Company, Chicago, United States
of America). Two-tailed paired t-tests were conducted to
test for differences in HAM-D measures before and after
the treatment period (p < 0.025). Univariate analyses of
covariance (ANCOVAs) including sex and age as covariates
were performed for each ROI and neurotransmitter ratio
independently, to test for differences between measurements.
Sidak correction was applied to correct for multiple comparisons
(ROIs * neurotransmitter ratios, Table 1). Residuals were tested
for normal distribution using the Kolmogorov-Smirnoff test.
Moreover, post hoc Spearman correlation analyses between
changes in neurotransmitter ratios and changes in HAM-D
scores were performed in ROIs showing significant adaptions

TABLE 1 | ROIs of each hemisphere included in the analysis of Glx/tNAA and
GABA+/tNAA ratios.

Glx/tNAA GABA+/tNAA

ROI left right left right
superiorfrontal x x x
rostralmiddlefrontal x x x x
caudalmiddlefrontal x x x x
parsopercularis x x x x
parstriangularis x x
precentral x x x x
postcentral x x
paracentral x x
posterior cingulate x x
caudalanteriorcingulate x x

Glx: combined measure of glutamate and glutamine; tNAA: total N-acetylaspartate;
GABA+: a combination of GABA and macromolecules.

in Glx/tNAA and GABA+/tNAA ratios. Again, Sidak correction
was applied to correct for multiple comparisons.

RESULTS

All 12 TRD patients (five female, mean age± SD = 35± 11 years)
completed both MRSI measurements. Detailed stable
pharmacological treatment of the patient cohort can be found in
Supplementary Table 1. HAM-D measures showed significant
reductions after the treatment period (19.9 ± 2.8 before
treatment to 12 ± 6.8 post treatment (mean ± SD), p = 0.002)
with a response rate of 33% (HAM-D reductions ≥ 50%) and
remission rate of 25% (HAM-D < 7) of the TRD patients.

Due to insufficient data quality of GABA+ maps in the right
superiofrontal area, this ROI had to be excluded resulting in a
total of 29 ROIs in the final analysis (see Table 1). Hence, results
from ANCOVAs were corrected for 29 comparisons using the
Sidak correction method.

ANCOVAs revealed a significant difference in Glx/tNAA
ratios in the left caudal middle frontal area (pcorr. = 0.046,
F = 13.292), an area targeted by (excitatory) iTBS treatment.
Boxplots illustrating mean Glx/tNAA ratios before and after the
treatment are shown in Figure 3. No changes in GABA+/tNAA
ratios could be detected in any ROI investigated. Although a
cluster of elevated GABA+/tNAA ratios can be seen in the right
caudal middle frontal area (see Figure 4D), an area targeted with
inhibitory cTBS, changes within this area did not reach statistical
significance.

Changes in cortical Glx/tNAA and GABA+/tNAA are
depicted in Figure 4. Moreover, distributions of Glx/tNAA and
GABA+/tNAA before and after the treatment are shown in
Figure 5 and Supplementary Figure 2.

No significant correlations could be found between changes
in HAM-D scores and changes in neurotransmitter ratios after
correction for multiple comparisons in any ROI investigated.

DISCUSSION

Here we report elevatedGlx/tNAA ratios in the left caudalmiddle
frontal area after 3 weeks of TBS treatment in TRD patients using
a surface-based MRSI analysis approach. Significant increases of
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FIGURE 4 | Mean changes of Glx/tNAA and GABA+/tNAA ratios of the left (A,C) and right (B,D) hemisphere across all study participants. The left caudal middle
frontal area in (A), showing significant changes, is marked with a *. Glx, combined measure of glutamate and glutamine; tNAA, total N-acetylaspartate; GABA+, a
combination of GABA and macromolecules.

Glx/tNAA were found in the left caudal middle frontal area after
iTBS, while Glx/tNAA in the corresponding right area remained
unchanged after cTBS. No changes in GABA+/tNAA ratios
were revealed across the investigated cortical regions. Similar to
previous surface-based PET analysis approaches (Greve et al.,
2014), the proposed surface-based investigations of MRSI data
provide a suitable tool when adaptions in neurotransmitter
levels of cortical regions are expected, i.e., by utilizing cortical
stimulation methods. Moreover, following the treatment, TRD
patients experienced a marked reduction of HAM-D scores, a
response rate of ∼33%, and a remission rate of ∼25%, which
seems promising when compared to the 13.7% remission rate of
the equivalent TRD patient collective in the third treatment step
of the STAR*D study (Rush et al., 2006). Hence, the impact of
the stimulation on neurotransmitters gives further insight into
the neurobiological effects of TBS.

A dysregulation of glutamate, glutamine, and GABA
metabolism in MDD could be previously shown (Croarkin et al.,
2011; Sanacora et al., 2012; Abdallah et al., 2014). Moreover,
rTMS was assumed to directly influence these neurotransmitter
systems. In line with Croarkin et al. (2016), showing elevated
glutamine/glutamate ratios in the anterior cingulate cortex
and DLPFC, we found an increase in Glx/tNAA levels in the
stimulation area of iTBS. Prior studies suggested modulation
of the glutamatergic system after rTMS demonstrating higher

glutamate levels in both preclinical (Yue et al., 2009) and clinical
studies (Michael et al., 2003). Moreover, Luborzewski et al.
(2007) were able to show a link between clinical effectiveness of
rTMS treatment to the DLPFC and glutamate elevations through
rTMS therapy. On a neurobiological level, rTMS is thought
to alter synaptic connections and thereby affect long-term
potentiation (Fitzgerald et al., 2006). Hence, cTBS is suggested
to lower synaptic strength, while iTBS leads to opposite effects
in both GABAergic and glutamatergic cells (Huang et al., 2005,
2007). These findings highlight the importance of glutamate and
its receptors to the physiological TBS response in the human
brain (Huang et al., 2007; Ishikawa et al., 2007; Li et al., 2019).
As proposed in the model by Li and colleagues, describing the
neurophysiological effects of TBS treatment, the stimulating or
facilitatory iTBS is thought to be accompanied by inhibition of
GABAergic interneurons via feedforward inhibition leading to
decreased suppression of glutamatergic cells (Li et al., 2019). In
consideration of this model, our results demonstrate increased
Glx/tNAA ratios in the stimulation area of iTBS. Hence,
the decreased suppression of glutamatergic cells seems to be
reflected in increased Glx/tNAA content, while the inhibition of
interneurons was not reflected in altered GABA+/tNAA ratios.

On the other hand, inhibitory cTBS is speculated to activate
the I-1 pathway as well as leading to long-term depression by
prolonged Ca2+ increases and thereby slowly increasing the

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 July 2022 | Volume 15 | Article 913274178

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


Spurny-Dworak et al. TBS Affecting Cortical Neurotransmitter Levels

FIGURE 5 | Mean distribution of Glx/tNAA ratios before (=M1) and after (=M2) the treatment period of the left (A,C) and right (B,D) hemispheres. Glx, combined
measure of glutamate and glutamine; Tnaa, total N-acetylaspartate.

activity of GABAergic interneurons (Li et al., 2019). This was
supported by increased GABA levels detected after cTBS to
the motor cortex, without changes in glutamate being observed
(Stagg et al., 2009). Moreover, several studies implicated a
contribution of GABAergic neurotransmission in TBS-evoked
plasticity (Larson and Munkacsy, 2015). Findings that cTBS
lead to decreased numbers in calbindin interneurons (Suppa
et al., 2016) or a report of a modulation of different classes
of interneurons after both cTBS and iTBS (Labedi et al., 2014)
adds to the importance of the interneural network in TBS
mechanisms. Interestingly, increases in GABA concentrations
could be shown after both iTBS and cTBS when some clinical
studies reported elevated GABA levels or an influence on the
marker for GABAergic inhibition after iTBS treatment in patients
(Harrington and Hammond-Tooke, 2015; Vidal-Pineiro et al.,
2015; Dubin et al., 2016), while cTBS was also shown to
increase GABA concentrations in the motor cortex of healthy
individuals (Stagg et al., 2009). However, the attribution of
GABAergic interneurons could not be reflected in alterations
in total GABA+ content in the scope of our study. Although,
there seems to be a cluster with GABA+/tNAA increases in
the stimulation area of cTBS, our data did not reach statistical
significance within this ROI. Hence, in contrast to previous
MRS studies of patient cohorts, we could not show GABA
alterations after iTBS (Harrington and Hammond-Tooke, 2015;
Dubin et al., 2016). Reasons for the absence of significant changes

in GABA+/tNAA content can be manifold. While the use of
GABA-edited MRSI provides the basis for the quantification
of both excitatory and inhibitory neurotransmitters, the GABA
signal is prone to artifacts. Both motion artifacts, due to the
long measurement time, as well as voxel blurring, resulting
from the rather big voxel sizes and spatial interpolations in the
post-processing steps, leading to confounding effects on spatial
specificity, have potentially attributed to the lack of significant
changes in GABA+ ratios. Moreover, considering the voxel sizes,
changes in GABA+/tNAAmay have been too subtle, in regard to
the derived SNR, to lead to significant results in this sample size.
In addition, it has to be considered that here a combined signal
of GABA and macromolecules, mainly containing lipids and
methyl and methylene resonances of proteins (Behar and Ogino,
1993; Povazan et al., 2015), (=GABA+) was quantified. Although
macromolecule content is thought to be stable (Cudalbu et al.,
2021), the influence of TBS treatment on macromolecule levels
cannot be excluded. Hence, further studies are needed to
clarify the influence of TBS treatment in TRD on GABAergic
neurotransmission.

While TRD patients showed significant reductions in
HAM-D scores, the correlation analyses conducted revealed
no significant relationships between changes in HAM-D scores
and neurotransmitter ratios in the stimulation area. However,
a correlation between clinical effectiveness and changes in
neurotransmitter levels, as reported in Luborzewski et al. (2007)
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may be more distinct in bigger sample sizes. Nevertheless, the
absence of the speculated relationship in this study suggests that
changes in Glx/tNAA levels in the stimulation area of iTBS may
attribute but are not solely responsible for reductions in HAM-D
scores.

This surface-based analysis approach for MRSI data provides
a suitable method when changes in cortical neurotransmitter
concentrations are of interest. Based on previous surface-based
PET analysis approaches (Greve et al., 2014), analysis of cortical
metabolites can be done using cortex-based atlases in individual
subjects (Desikan et al., 2006). However, an appropriate MRSI
sequence with reliable signal suppression in lipid-rich areas is
required. In the course of this study, tissue separation slabs were
used to cancel signals of lipid-rich regions (see Figure 2). An
effect of lipid suppression on spectral quality is demonstrated
in Supplementary Figure 3. Moreover, this method allows the
quantification of several cortical regions simultaneously, which
discriminates these investigations from previous MRS studies
focusing on the effects of rTMS treatment using single voxel
approaches in very selected brain regions.

Some limitations of this study need to be mentioned. Due to
the previously discussed reasons, available data of GABA+/tNAA
ratios was limited to a restricted number of cortical brain
regions compared to derived Glx maps. In line with most
MRSI studies conducted at 3T, we quantified the combined
signal of glutamate and glutamine (Glx), due to overlapping
peaks of both compounds. Hence, changes in the combined
Glx measures cannot be clearly attributed to either metabolite.
Therefore, future approaches may use higher field strengths
to allow a distinct quantification of glutamate and glutamine.
Moreover, MRSI does not allow distinguishing between intra-
and extracellular neurotransmitter content. All TRD patients
included in these analyses had stable treatment regimens of
at least 4 weeks prior to the study inclusion, which remained
unchanged in the course of this study. However, an attribution
of pharmacological interventions in the derived GABA+ and
Glx concentrations cannot be excluded. Moreover, we could not
include a group receiving sham treatment due to the limited
number of available TRD patients undergoing MRSI.

CONCLUSION

This study demonstrates a significant increase in Glx/tNAA
ratios in the stimulation area of excitatory iTBS treatment
of TRD patients. Our findings suggest changes in glutamate
metabolism, following excitatory iTBS, to be mediated by
reduced inhibition of pyramidal cell, while neurotransmitter
concentrations remained stable after inhibitory cTBS on the
contralateral hemisphere. These results may help to contribute
to a better understanding of the neurobiological implications of
TBS in TRD patients.
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Familial hemiplegic migraine (FHM) is a severe neurogenetic disorder for which three
causal genes, CACNA1A, SCN1A, and ATP1A2, have been implicated. However, more
than 80% of referred diagnostic cases of hemiplegic migraine (HM) are negative for
exonic mutations in these known FHM genes, suggesting the involvement of other
genes. Using whole-exome sequencing data from 187 mutation-negative HM cases,
we identified rare variants in the CACNA1I gene encoding the T-type calcium channel
Cav3.3. Burden testing of CACNA1I variants showed a statistically significant increase
in allelic burden in the HM case group compared to gnomAD (OR = 2.30, P = 0.00005)
and the UK Biobank (OR = 2.32, P = 0.0004) databases. Dysfunction in T-type calcium
channels, including Cav3.3, has been implicated in a range of neurological conditions,
suggesting a potential role in HM. Using patch-clamp electrophysiology, we compared
the biophysical properties of five Cav3.3 variants (p.R111G, p.M128L, p.D302G,
p.R307H, and p.Q1158H) to wild-type (WT) channels expressed in HEK293T cells. We
observed numerous functional alterations across the channels with Cav3.3-Q1158H
showing the greatest differences compared to WT channels, including reduced current
density, right-shifted voltage dependence of activation and inactivation, and slower
current kinetics. Interestingly, we also found significant differences in the conductance
properties exhibited by the Cav3.3-R307H and -Q1158H variants compared to WT
channels under conditions of acidosis and alkalosis. In light of these data, we suggest
that rare variants in CACNA1I may contribute to HM etiology.

Keywords: hemiplegic migraine, familial hemiplegic migraine, migraine genetics, ion channel, CACNA1I, Cav3.3,
T-type calcium channels, voltage gated calcium channels

INTRODUCTION

Voltage-gated calcium (Cav) channels are widely expressed throughout the nervous system where
their dysfunction can lead to a variety of neurological disorders including epilepsy, ataxia, and
hemiplegic migraine (HM). HM is a rare severe subtype of migraine with aura coupled with
reversible motor weakness, visual, sensory, and/or speech/language symptoms (Goadsby and
Evers, 2020). The familial form, familial hemiplegic migraine (FHM), is usually inherited in an
autosomal dominant manner, with pathogenic mutations in three main genes encoding cation
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transport proteins considered causal: CACNA1A, which
encodes the pore-forming subunit of the Cav channel
Cav2.1 (Ophoff et al., 1997); SCN1A, which encodes the
pore-forming voltage-gated sodium channel Nav1.1; and
ATP1A2, encoding the alpha-2 isoform of the Na+/K+-ATPase
pump (Russell and Ducros, 2011).

Numerous causal mutations in the three FHM genes have
been reported (de Vries et al., 2009; Friedrich et al., 2016).
The full exonic analysis using next-generation sequencing
(NGS) approaches has allowed more comprehensive studies
of these genes. Nevertheless, while accounting for some HM
cases, particularly familial cases with severe phenotypes, we
and others have found that <20% of clinically diagnosed
cases have pathogenic variants in the FHM genes (Hiekkala
et al., 2018; Maksemous et al., 2019). Mutations in other genes
including PRRT2, PKND, ATP1A3, SLC1A3, SLC2A1, and
SLC4A4 can cause disorders with overlapping symptoms
and have been implicated in some cases that present
with HM (Sutherland et al., 2019; Riant et al., 2022).
Nevertheless, despite additional targeted analysis of whole-
exome sequencing (WES) data for likely pathogenic variants
in these genes, the majority of suspected HM cases remain
genetically unsolved (Pelzer et al., 2018; Sutherland et al.,
2020).

Familial hemiplegic migraine-causing mutations in
CACNA1A are usually missense, and electrophysiological
studies show gain-of-function (GOF) effects leading to channel
hyperactivity (Hans et al., 1999; Tottene et al., 2002). The
Cav channels control calcium influx in excitable membranes,
initiating a wide range of calcium-dependent processes such as
muscle contraction, release of neurotransmitters, gene expression
to control neuronal excitability, and synaptic plasticity (Wadel
et al., 2007; Simms and Zamponi, 2014). Amid the multitude
of ion channels, mutations in different Cav channels may
potentially be involved in the development of HM.

Cav channels fall into two major groups: high voltage-
activated (HVA) comprising L-, N-, P/Q- (which includes
CACNA1A), and R-types; and low-voltage-activated (LVA) T-type
calcium channels. Compared with the HVA, LVA channels
activate at more hyperpolarized potentials (or “lower” voltages),
have faster inactivation, and have slower deactivation (Armstrong
and Matteson, 1985; Bean, 1985). Thus, along with having very
small single-channel conductance, their opening is regarded
as “transient” (hence T-type). There are three T-type isoforms
Cav3.1/α1G, Cav3.2/α1H, and Cav3.3/α1I encoded by the
CACNA1G, CACNA1H, and CACNA1I genes, respectively. All
Cav3 channels activate and inactivate within voltages near the
resting membrane potential, but have unique gating, inactivation,
and deactivation properties; pharmacological profiles; and
specific cellular and subcellular expression (Klockner et al.,
1999; Kozlov et al., 1999; Iftinca, 2011). In the brain, these
unique electrophysiological properties allow T-type channels
to finely regulate neuronal excitability. Thus, they have
been implicated in neurological functions including sensory
processing, sleep, and hormone and neurotransmitter release, as
well as consciousness and cortical arousal via the thalamocortical
system (Cheong and Shin, 2013).

In humans, T-type channel mutations can cause or increase
the risk for several neurological and neurodevelopmental
disorders including epilepsy, cerebellar ataxia and atrophy,
autism spectrum disorders, and schizophrenia (Lory et al.,
2020; El Ghaleb et al., 2021). With a role in regulating
the neuroexcitability and high expression of CACNA1I in
the thalamus and the cortex, regions important for migraine
generation (May and Burstein, 2019; Barbanti et al., 2020),
disruption of normal Cav3.3 function has the potential to
also trigger HM.

In this study, we report numerous missense CACNA1I variants
in a large cohort of HM probands and show altered function on
selected Cav3.3 variants, suggesting that mutations in CACNA1I
may play a role in the etiology of HM.

MATERIALS AND METHODS

Patients
Blood samples or purified DNA from a large cohort of 187
patients from Australia and New Zealand, who were clinically
diagnosed by neurologists as having HM, were sent to the
Genomics Research Centre (GRC), Queensland University of
Technology (QUT) for molecular genetic testing of the known
FHM genes. All the 187 cases tested negative for pathogenic
variants in the known FHM genes: CACNA1A, ATP1A2, and
SCN1A. Following clinical reporting, these patients were enrolled
in research to identify a potential genetic cause for their
symptoms. Twenty-one extended family members of nine cases
were also recruited for segregation analysis (14 = affected and
7 = unaffected). A total of 208 individuals (131 women and
77 men) with a mean age at diagnosis of 32.9 years were
included in the study.

Whole Exome Sequencing of the
Hemiplegic Migraine Cohort
The DNA for 187 index cases previously referred to the GRC
for molecular genetics testing was obtained either by in-house
use of the QIAGEN QIAcube (Venlo, Netherlands) or extracted
and purified by the referring hospitals. DNA was extracted
from peripheral blood of 21 extended family members recruited
for a segregation analysis. A WES was performed using the
genomic DNA from the 208 participants in this study. WES
libraries were prepared using the Ion AmpliSeq Exome RDY
library preparation kit (Catalog number: A38264, Revision C.0,
ThermoFisher Scientific, Scoresby, VIC Australia) according to
the manufacturer’s protocol. The libraries were sequenced on
the Ion Proton sequencer or a GeneStudio S5 Plus sequencer
(ThermoFisher Scientific, Scoresby, VIC, Australia). Sequence
reads were aligned to the human reference genome (hg19);
single-nucleotide variants and indels were called using the
Ion Torrent Suite software v5.10.1. The WES produced an
average of 168× base coverage depth for the 10 rare variants
identified in CACNA1I in this study. The bam format file
generated by the Torrent Suite was uploaded and visualized for
human examination using the Integrative Genomics Viewer (IGV
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v2.3) software1. The Ion Reporter software 5.10 (ThermoFisher
Scientific) was used to perform automated variant annotation
and filtering. To select candidate variants, iterative filtering
was performed to focus on rare variants that alter protein-
coding regions and canonical splice sites with a focus on
the CACNA1I (OMIM# 608230, NM_001003406) gene. An
additional analytical pass was also undertaken using VCF-DART,
our in-house variant assessment tool to confirm that all relevant
variants were identified (Benton et al., 2019). In addition,
patients with the rare CACNA1I variants were also assessed for
whether they carry variants in other migraine-associated genes
(Sutherland et al., 2020).

Functional Consequence of Hemiplegic
Migraine-Associated Cav3.3 Variants
Cell Culture and Transient Transfection
HEK293T cells expressing the SV40 large T antigen (ATCC R©

CRL-3216, Manassas, VA United States) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, ThermoFisher
Scientific, Scoresby, VIC, Australia), supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Bovigen, Keilor East,
VIC, Australia), 1% penicillin and streptomycin (Pen/Strep),
and 1% GlutaMAXTM supplement (Thermo Fisher Scientific).
Cells were kept in a humidified incubator at 37◦C/5% CO2
and were passaged at ∼80% confluence following standard
protocols. Plasmid DNA encoding wild-type (WT) human
Cav3.3, as well as five Cav3.3 HM-associated variants – p.R111G,
p.M128L, p.D302G, p.R307H, and p.Q1158H – in the UniProt
ID: Q9P0X4 isoform 4 were generated in pcDNA3.1-C-(k)DYK
(constructs synthesized by GenScript, HK). Note that Q1158H
corresponds to Q1193H in isoform 1. HEK293T cells were
transiently co-transfected with plasmid cDNAs encoding either
WT or mutant Cav3.3 and green fluorescent protein (GFP) to
mark the transfected cells using the calcium phosphate method
(Kumar et al., 2019). Whole-cell patch clamp recordings were
conducted from GFP-positive cells 24–48 h post-transfection
for all channels.

Electrophysiology
Whole-cell patch clamp recording of transfected HEK293T cells
was used to characterize the biophysical and electrophysiological
properties of the WT and five HM-associated Cav3.3 variant
channels to provide insights into the impact of the identified
mutations on membrane excitability and cell function.
Recordings were obtained using a MultiClamp 700B amplifier
controlled by the Clampex11/Digidata1440A acquisition system
(Molecular Devices, San Jose, CA, United States) and undertaken
at 23–25◦C. These experiments were completed post-transfection
depending on the most consistent expression of each channel
isoform during the 24–48 h interval. Cells were perfused with an
extracellular solution containing (in mM): 110 NaCl, 10 CaCl2,
1 MgCl2, 5 CsCl, 30 TEA-Cl, 10 D-glucose, 10 HEPES (pH 7.4
adjusted with NaOH), and ∼310 mOsmol.kg-1. On experiments
examining the effects of pH modulation of Cav3.3 currents under
alkaline conditions, the extracellular solution was adjusted to

1http://www.broadinstitute.org/igv

pH 8.0 with NaOH. To study the effects of acidic conditions on
Cav3.3 function, the extracellular solution was buffered with
10 mM MES and adjusted to pH 6.5 using NaOH. Fire-polished
borosilicate pipettes (1–3 M�) were filled with an intracellular
solution composed of (in mM) 140 K-gluconate, 5 NaCl, 2
MgCl2, 5 EGTA, 10 HEPES (pH 7.2 adjusted with K-OH), and
∼285 mOsmol.kg–1.

The channel protein expression levels at the plasma membrane
of all constructs were assessed by measuring peak current
amplitudes (Ipeak in pA) elicited by a 100-ms pulse to –10 mV
from a holding potential (Vh) of –90 mV and dividing this
value by the cell capacitance (pF), rendering a value for current
density in pA/pF. The cell capacitance is proportional to the
cell surface area and thus provides a measure of cell size
(Zimmermann et al., 2006).

The cells were held at –90 mV during stimulation protocols
to examine various biophysical aspects of the channel, including
I–V steady-state inactivation, and recovery from inactivation
protocols. During these protocols, linear membrane capacitive
currents were electronically subtracted (P/N = 4) and series
resistance was compensated (60–80%). Based on these first
pass protocols, we then modified protocols to look at channel
activation, inactivation, or deactivation during different pH
conditions. The data generated from each experiment were
presented as SuperPlots (Lord et al., 2020).

Immunofluorescence
HEK293T cells were transfected with plasmids bearing
C-terminally flag tagged Cav3.3 constructs and plated onto
glass coverslips. Twenty-four hours post-transfection, the cells
were fixed with 4% paraformaldehyde in PBS for 15 min,
permeabilized (0.1% Triton X-100, 5 min), and blocked (PBS, 2%
goat serum, and 2% BSA) for 30 min. Incubation with primary
monoclonal ANTI-FLAG R© M2 antibody produced in mouse
(1:1,000, F3165 Sigma-Aldrich) in blocking solution for 2 h at
room temperature (RT) was followed by three washes (PBS)
and stained with fluorophore-conjugated secondary antibody
Alexa goat anti-mouse 488 (1:1,000, Alexa goat anti-mouse 488
Thermo Fisher) for 1 h at RT, further washed three times (PBS),
and counterstained with DAPI. Coverslips were mounted on
glass slides in Dako Mounting Medium (Agilent) and sealed.
Images were acquired on an LSM 900 Airyscan 2 cryo confocal
microscope (ZEISS) and visualized using Zen Lite (ZEISS) and
ImageJ (Schindelin et al., 2012).

Statistical Analysis
Whole-Exome Sequencing Statistical Analysis
Burden testing for the CACNA1I protein-coding variants in the
HM cohort (MAF < 0.01) was performed by (a) summing the
number of alternate alleles across variants per subject and then
(b) calculating the total number of alleles in the cohort. These
HM counts were then compared to count data derived from
two general population control cohorts (i.e., gnomAD and UK
Biobank). For the gnomAD population, we first removed any
individuals with known neurological conditions to obtain a closer
approximation to a control population. We also selected non-
Finnish Europeans (NFE) to more closely match the ancestral
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background of the HM population in Australia. This resulted
in ∼50,000 subjects for this comparison. Since individual-level
data were not available, we estimated the allelic counts from the
MAF for each variant. For the UK Biobank, we first removed
all subjects that had self-reported headache symptoms and then
focused only on the “British” cohort to better match the HM
group. This resulted in ∼43,000 subjects. Individual-level count
data were available for this cohort. The statistical significance of
differences in allele counts (i.e., burden) was assessed using chi-
square tests with a 1-tailed p-value. The justification for using
1-tailed p-value was that we are specifically hypothesizing an
increased burden in HM cases compared to controls a priori.
A p-value of –0.05 was used to assess statistical significance when
comparing allele counts. These tests were performed using the R
package (R-4.0.3).

Functional Study Statistical Analysis
Electrophysiological data are expressed as mean ± SEM and
n is the number of cells. The Student’s unpaired t-tests
were used to compare Cav3.3-WT with variant channels
using GraphPad (GraphPad Software). Unpaired t-tests were
used as each experiment was independent of one another.
Statistical significance was set (p < 0.05) to compare WT and
HM-associated Cav3.3 and enabled conclusions to be made
surrounding hindered functionality of variant channels. Highly
significant (p ≤ 0.001∗∗∗), very significant (0.001 < p ≤ 0.01∗∗),
and significant (0.01 < p≤ 0.05∗) results were also differentiated.
A minimum of n = 5 was used to calculate the statistical
significance of various factors. Activation (1) and steady-state
inactivation (2) curves were fit with the modified Boltzmann
equations:

G = 1/(1 + exp
(

Vm− V0.5
d(x)

)
) (1)

I = 1 − 1/(1 + exp
(

Vm− V0.5
d(x)

)
) (2)

where I is the current, G is the conductance, Vm is the prepulse
potential, V0.5 is the half-maximal activation or inactivation
potential, and d(x) is the slope factor. Window currents (IW)
were determined by calculating the area under the overlapping
normalized mean activation and inactivation curves using
OriginPro. Comparison of IW of all channels assessed (IWVar)
was obtained as the ratio against IWWT (IWVar/IWWT).

RESULTS

Variants Identified in CACNA1I in the
Hemiplegic Migraine Cohort Using
Whole-Exome Sequencing
This study focused specifically on CACNA1I as a candidate
for harboring functionally important mutations in HM. This
is based on previous studies implicating CACNA1I mutations
in neuronal excitability and resultant neurological disorders,
coupled with high corticothalamic expression of CACNA1I,

and potential connections to established migraine symptom-
related neural pathways (Noseda et al., 2011). The genomic
data for this gene were derived from a broader WES study of
187 HM cases negative for mutations in CACNA1A, ATP1A2,
and SCN1A (Hiekkala et al., 2018; Maksemous et al., 2019).
Briefly, Ion Reporter v5.10 was used to align reads to the
hg19 genome assembly, call and annotate variants, which were
also confirmed using our in-house analysis pipeline VCF-
DART (Benton et al., 2019). CACNA1I is highly constrained
with respect to missense variants (Z = 5.05) and extremely
intolerant to loss of function (pLI = 1) (Lek et al., 2016).
Variants in CACNA1I detected in the HM cohort were filtered
for those with potential functional effects (altering amino acid
composition of proteins, i.e., missense, predicted to affect
splicing or result in stop-gain or loss); a total of 14 different
exonic variants were detected, all of which were missense. An
additional filtering to remove all variants found in the databases
dbSNP2, 1000 Genomes Project3, and gnomAD4 at > 0.01 minor
allele frequency (MAF) identified 10 rare variants. These were
visually confirmed by the IGV software and validated by the
Sanger sequencing. Thus, in total, 10 different heterozygous
rare variants of interest in CACNA1I were confirmed in 17
individuals (Table 1), including four found in multiple unrelated
probands: p.M128L was present in DGR1 and DGR239; p.A548T
in DGR108 and DGR251; p.P991L in DGR94, DGR114, and
DGR129; and p.Q1158H in DGR96, DGR161, DGR167, and
DGR226. Clinical manifestations available for the cases (n = 9)
with the five extracellular variants in CACNA1I are listed in
Table 2.

All confirmed variants were then subjected to in silico
pathogenicity assessment using SIFT (Ng and Henikoff, 2001),
PolyPhen2 (Adzhubei et al., 2010), LRT (Chun and Fay, 2009),
MutationTaster (Schwarz et al., 2010), FATHMM (Shihab et al.,
2013), and CADD (Kircher et al., 2014; Table 1). The in silico
predictor assessment was somewhat variable; nevertheless, the
variants p.R111G, p.R924K, and Q1158H all scored as deleterious
in at least 3/6 of the predictor programs used.

Segregation analyses were performed for available family
members by the Sanger sequencing. A segregation analysis of
the p.M128L variant was performed in the proband (DGR1)
and her daughter who suffer from severe migraine, confirming
allele sharing between the two. The remainder of samples were
unrelated probands with no other family samples available.

Notably, four of the probands that carry rare CACNA1I
variants were also found to carry rare variants in other
genes potentially associated with migraine: DGR211 (p.R111G,
CACNA1I) had a variant annotated to be benign variant in
PRRT2 (p.P216L) and DGR32 (p.D302G, CACNA1I) carries
a likely benign deletion variant in PNKD (p.M381_H382del).
DGR161 and DGR96 (p.Q1158H, CACNA1I) were found to
carry variants in ATP1A4 (p.V146I and p.D685H), respectively
(Sutherland et al., 2020), albeit the evidence for a role of this latter
gene in migraine is still very limited.

2https://www.ncbi.nlm.nih.gov/snp/
3www.1000genomes.org
4https://gnomad.broadinstitute.org/
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TABLE 1 | Rare functional variants (n = 10) identified in CACNA1I in 187 cases clinically diagnosed with HM.

Sample
ID

Locus* Amino
acid
change

Coding SIFT Polyphen2 LRT Mutation
taster

FATHMM CADD gnomAD
exome_
NFE
(MAF)

UKBiobank
(MAF)

GRC HM-
cases (MAF)

dbSNP

DGR211 chr22:39994250 p.R111G c.331C > G D P N D D 34 9.84E-06 2.23E-05 0.0026738 rs751729397

DGR1,
DGR239

chr22:39996558 p.M128L c.382A > C T B D N D 9.094 0.0006 0.00071 0.00534759 rs58395851

DGR32 chr22:40037036 p.D302G c.905A > G T B U N D 23.6 0.0013 0.001 0.0026738 rs59635914

DGR246 chr22:40037051 p.R307H c.920G > A D B N N D 25.5 0.0073 0.0071 0.0026738 rs59986512

DGR108,
DGR251

chr22:40045685 p.A548T c.1642G > A T B N N D 6.547 0.0019 0.00087 0.00534759 rs56859827

DGR206 chr22:40056424 p.G859C c.2575G > T T P U N D 24.6 9.04E-06 0 0.0026738 rs747381590

DGR72 chr22:40057233 p.P905L c.2714C > T T B N D D 24.2 1.81E-05 8.15E-05 0.0026738 rs376992678

DGR146 chr22:40057290 p.R924K c.2771G > A T B D D D 17.06 2.92E-05 2.33E-05 0.0026738 rs199552874

DGR94,
DGR114,
DGR129

chr22:40058145 p.P991L c.2972C > T T B U N D 8.374 0.007 0.0052 0.00802139 rs57299573

DGR96,
DGR161,
DGR167,
DGR226

chr22:40059828 p.Q1158H c.3474G > C T D D D D 23.7 0.0041 0.0046 0.01069519 rs58500586

* GRCh37 (hg19) genome assembly.
D, damaging or deleterious; P, possibly damaging; T, tolerated; B, benign; U, unknown; MAF, minor allele frequency; GRC, Genomics Research Centre.
Transcript, CACNA1I (NM_001003406.2).

A burden analysis for CACNA1I variants was performed
by per-subject allele counting across the 10 rare variants
(MAF < 0.01) and summing allele counts in both the case and
control populations. The chi-square test with a one-tailed p-value
was used to assess the statistical significance of the difference
between groups (Table 1). The case group had a higher frequency
of aggregated alternate variants compared to gnomAD, non-
Finnish Europeans (gnomAD_NFE) controls (0.0045 vs. 0.0020),
and UK Biobank controls (0.0045 vs. 0.0020). The increased
burden was statistically significant using both control groups
(P = 0.00005, OR = 2.3 and P = 0.0004, OR = 2.32, respectively).

Functional Characterization of
Hemiplegic Migraine-Associated Cav3.3
Variants
To investigate whether variants identified in HM patients
can elicit measurable changes in Cav3.3 channel function, we
focused on the five variants that result in amino acid changes
(p.R111G, p.M128L, p.D302G, p.R307H, and p.Q1158H) in
structurally and/or functionally defined regions (i.e., extracellular
or transmembrane domains) of Cav3.3 (Figure 1A). Four
of the selected variants lay within Cav domain I (DI) and
correspond to (1) a neutralizing change of the arginine (basic)
to glycine (neutral) in position 111 (R111G, fuchsia) within
the linker between transmembrane segments S1 and S2; (2) a
conservative change of methionine to leucine in position 128
(M128L, orange) predicted to reside in the transmembrane
segment S2 (eight amino acids downstream from the S1–S2
linker); (3) a neutralizing change from an aspartate (acidic)
to a glycine in position 302 (D302G, blue); and (4) a semi-
conservative substitution of arginine 307 to a histidine (R307H,

green). The latter two changes occur within neighboring residues
in DI’s S5–S6 Pore-Loop. The fifth HM variant selected for
functional testing corresponds to a glutamine to histidine change
in position 1158 (Q1158H, purple) within the DIII S1–S2 linker
of the Cav3.3 protein.

The other CAGNA1I rare variants occurred in intracellular
loops lacking distinctive structural features and were therefore
not prioritized for functional testing in this study. Nevertheless,
preliminary in silico analyses using MusiteDeep (Wang et al.,
2020) identified potential disruptions to post-translational
modifications (PTM) for variants p.A548T, p.G859C (loss of
phosphorylation in adjacent serine residues), and p.R924K
(appearance of a lysine acetylation site), verifying the presence
of these novel PTMs would require extensive biochemical
analyses beyond the scope of this study, and thus could form
part of future work.

Expression Level: Current Density and
Immunostaining
The Cav3.3 channel sequence under UniProt ID: Q9P0X4
was considered the parental sequence (wild type, WT) in this
study, from which the HM-associated variants identified were
introduced by site-directed mutagenesis. Plasmids encoding WT
and variants of Cav3.3 were transiently transfected into HEK293T
cells and their functional expression was characterized by patch-
clamp electrophysiology. The heterologous expression of all
channel constructs in HEK293T cells yielded robust inward
calcium currents (Figure 1B). To account for differences in
expression between HEK293T cell passages and/or batches, the
wild-type Cav3.3 channels were transfected and recorded in
parallel with each of the assessed variants. This is portrayed
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TABLE 2 | Clinical manifestation of nine cases with five extracellular variants in CACNA1I.

Amino acid
change

Patients ID Age Gender Clinical information

p.R111G DGR211 5 M Severe migraine and ataxia following head injury. Family history of migraine.

p.M128L DGR1 54 F Migraine, hemiplegia, vertigo, face sagging, loss of vision, confusion, clinical depression, relative had
similar episode recently.

DGR239 9 F Two episodes of headache with right side weakness, self-resolved. Mother had similar episode recently

p.D302G DGR32 58 F Migraine, left side hemiplegia. Cognitive decline and progressive dementia, tremor when holding items,
no parkinsonism, poor sleep, tiredness, angry and emotional

p.R307H DGR246 34 F Hemiplegic migraine

p.Q1158H DGR161 9 F Migraine coma, right sided hemiplegic migraine, past history of epilepsy since 3 years, mother has
history of migraine, one episode of transient hemiplegia, maternal uncle said to have "headaches."

DGR167 16 M Head injury induced migraine.

DGR226 22 M Hemiplegic Migraine.

DGR96 40 F Hemiplegic Migraine-stroke

F, female; M, male.

in figures through the use of the same symbols for WT
(black) and corresponding variant channels (according to color
scheme) recorded from a given transfection day. The density
of calcium currents mediated by Cav3.3 WT and HM variants
was determined 24 h and/or 48 h post-transfection (Figure 1B;
empty and filled symbols, respectively). In comparison to Cav3.3
WT (208.4 ± 14.9 pA/pF, n = 17), the current densities of
variants D302G (120.5 ± 17.5 pA/pF, n = 11; p = 0.0008),
R307H (104.2 ± 10.3 pA/pF, n = 11; p < 0.0001) and Q1158H
(133.1 ± 9.6 pA/pF, n = 21; p < 0.0001) were significantly
lower at both time points, while variants R111G (153.0 ± 35.2
pA/pF, n = 5; p = 0.1101) and M128L (196.0 ± 30.9 pA/pF,
n = 11; p = 0.6902) were expressed at current levels comparable
to WT (Figure 1B).

To assess the potential mechanisms underlying the current
density profiles observed, C-terminally flag-tagged Cav3.3 WT
and variant constructs transiently expressed in HEK293T cells
were immunostained 24 h post-transfection using an anti-
flag primary antibody (raised in mouse) and imaged in
3D by confocal microscopy. All constructs revealed positive
immunostaining when probed with an Alexa 488 coupled anti-
mouse secondary antibody (Figure 1C) attesting to the synthesis
of the full-length protein products. The shown paired images
include Alexa 488 fluorescence from the center stack (∼ cell
equator, top) and depth-encoded projections of all the imaged
stacks (bottom) per construct to enable the resolution of the
z-plane (black corresponds to zero distance from the cover
glass). Fake-colored orthogonal views of all presented images
and primary antibody omitted control (WT) are included in
Supplementary Figure 1. It can be observed that Cav3.3 WT
transfected cells display distinctive punctate staining radiating
away from the nucleus throughout the stack depth suggestive
of predominant expression of the wild-type construct in the
plasma membrane. In contrast, the staining of R111G and
D302G variants appears as a continuous band in close proximity
to the nuclear membrane (note strong white yellow signal
near the cell nucleus, Figure 1C, and continuous green in
orthogonal view from Supplementary Figure 1) consistent
with the accumulation of these protein products within

intracellular membranous organelles such as the endoplasmic
reticulum. Notably, the current recordings for the Cav3.3-
R111G variant were only possible 48 h post-transfection (see
Supplementary Figure 1C for individual plots of data acquired
at each time point), whereas abundant staining was evident
at 24 h post-transfection suggesting potential impairments in
recombinant protein trafficking for this variant in HEK293T
cells. The expression pattern of M128L, H307R, and Q1158H
revealed intermediate levels of punctate and band-like staining
likely reflecting less-profound changes in protein trafficking
for these variants.

Voltage Dependence of Activation
The voltage dependence of activation of recombinant Cav3.3
WT and the five selected variants was evaluated from peak
current amplitudes in response to 100-ms-long voltage steps
from –90 to +60 mV (Vh = –90 mV) delivered at a frequency
of 0.2 Hz. Representative current families for all channels
are included as insets within the normalized conductance vs.
voltage (G/Gmax-V) relationship plots generated for all Cav3.3
variants and WT as presented in Figure 2. The half-activation
voltages (act V0.5) of Cav3.3-M128L (–23.3 ± 0.9 mV, n = 12;
p = 0.0216) and Cav3.3-Q1158H (–17.6 ± .3 mV, n = 9;
p = 0.0025) displayed small but statistically significant shifts from
Cav3.3-WT activation (–20.6 ± 0.7 mV, n = 15). A very small
depolarizing shift in the activation V0.5 of variant R307H (–
19.8 ± 0.6 mV, n = 6; p = 0.04914) reached significance while
no alterations were detected for R111G (–21.3 ± 1.1 mV, n = 8;
p = 0.5709) and D302G (–21.3 ± 1.1 mV, n = 12; p = 0.5648)
for this parameter.

Furthermore, currents mediated by all HM-associated Cav3.3
channel variants presented similar voltage dependence (slope)
to WT-Cav3.3, with only M128L displaying minor differences
in average slope (5.1 ± 0.3, n = 12) compared to WT channels
(5.8 ± .2, n = 15; p = 0.0428). Thus, we find a small but
significant alteration of the voltage dependence of activation
for the M128L variant channel with a hyperpolarizing shift
in act V0.5 and steeper current–voltage (I–V) slope compared
to WT, as well as a significant depolarizing shift in act
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FIGURE 1 | Location and functional expression of Cav3.3 HM-associated variants. (A) Schematic representation of the Cav3.3 channel protein and location of the
HM-associated variants functionally characterized. Modular architecture of Cav3.3 showing the four homologous domains (DI–DIV). Each domain is composed of a
voltage sensor module (transmembrane segments S1–S4) and a pore module (S5, a re-entrant pore loop and S6). The locations of the amino acids changed by
HM-associated rare variants are marked with circles. Color scheme maintained hereafter: R111G ( ), M128L ( ), D302G ( ), R307H ( ), and Q1158H ( ). (B) Top:
representative whole-cell currents from Cav3.3 WT and HM-associated variants R111G (fuchsia), M128L (orange), D302G (blue), R307H (green), and Q1158H
(purple) expressed in HEK293T cells. Voltage-gated Ca2+ currents were elicited by a 100-ms pulse to −10 mV (Vh: −90 mV, inset). Scale bars: 1 nA. Bottom:
summary of current density calculated from peak current amplitude (Ipeak/cell capacitance in pA/pF). In this and subsequent SuperPlots (Lord et al., 2020), individual
values and mean ± SEM (calculated from all data points in each group) are shown. Biological variabilities from independent transfections and recording time points
are conveyed by different symbols. Within biological replicates, empty symbols correspond to determinations made 24 h post-transfection (�: mean 24 h), and solid
symbols correspond to 48 h post-transfection recordings ( : mean 48 h). The statistical significance was determined through a paired Student’s t-test against
Cav3.3 WT. p ≤ 0.001 (***), 0.001 < p ≤ 0.01 (**), or 0.01 < p ≤ 0.05 (*). (C) Confocal micrograph from immunostained Cav3.3 WT and variants (indicated by the
corner labels) showing distinct expression patterns. Paired images of Alexa 488 fluorescence of center stack (top) and the depth-encoded full stack sets are shown
for each construct. The color scale (bottom right) indicates relative distance from the coverslip. DAPI nuclear stain is not shown here for clarity, see Supplementary
Figure 1A. Scale bar 10 microns.

V0.5 for Q1158, without discernible changes to its voltage
dependence (Figure 2B).

Voltage Dependence of Steady-State
Inactivation
A standard steady-state inactivation (SSI) stimulation protocol
was implemented to determine the voltage dependence of SSI for
each of the five Cav3.3 variant channels under study and compare
it to WT. Representative Ca2+ current families used to build the
availability plots for all the identified variants are presented as
insets in Figure 3. The SSI stimulation protocol consisted of a

1-s-long pre-pulses from –90 to+20 mV to inactivate the Cav3.3
channels followed by a 50 ms square pulse to –20 mV (Vh = –
90 mV) at.1 Hz to track the remaining channel population able
to activate after the pre-pulses. Availability plots were fit using
a Boltzmann equation (see section “Materials and Methods”) to
extract the voltage-dependent parameters of SSI for WT and
variant Cav3.3 channels. As shown in Figure 3, there were no
significant differences in the voltage dependence of half maximal
inactivation (inact V0.5) between WT Cav3.3 [V0.5 –47.1 ± .9
mV, d(x) 6.9 ± 0.1, n = 15] and R111G (–47.0 ± 0.5 mV, n = 7;
p = 0.9639), M128L (–45.0 ± 0.6 mV, n = 5; p = 0.1873), D302G
(–49.5± 0.8 mV, n = 11; p = 0.054), and R307H (–45.7± 1.1 mV,
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FIGURE 2 | Voltage dependence of activation of Cav3.3 WT and HM-associated variants. (A) Normalized conductance (G/Gmax) vs. voltage relationships for Cav3.3
and HM variants. Representative current families are included as insets. Dotted lines are drawn at G/Gmax = 0.5 to highlight the voltage of half-maximal activation
(activation V0.5). (B) SuperPlots of activation V0.5 and slope [d(x)]. Symbols represent determination made from cells transfected on the same day (i.e., biological
replicates). 0.001 < p < 0.01 (**), 0.01 < p 0.05 (*).

n = 6; p = 0.2057) variant channels. Concurrently, no changes to
SSI’s slope component for the same four variant channels, R111G
(7.2± 0.1, n = 7; p = 0.7035), M128L (6.8± 0.3, n = 5; p = 0.4554),
D302G (7.4 ± 0.2, n = 11; p = 0.2662), and R307H (7.2 ± 0.3,
n = 6; p = 0.7019), were observed in comparison to Cav3.3-WT
inactivation slope (6.9± 0.1, n = 15).

Importantly, Cav3.3-Q1158H displayed a 3.8 mV depolarizing
shift in SSI V0.5 (–43.3± 0.9 mV, n = 9; p = 0.0072) and shallower
slope [d(x) 7.9± 0.3; p = 0.026] compared to WT Cav3.3 channels
(Figure 3). Hence, under the same recording conditions, both
activation and inactivation properties of the Cav3.3-Q1158H
variant differ from those of the “reference” WT channel.

It has been shown that a subpopulation of T-type channels
remains tonically active within the membrane potential overlap
between activation and inactivation voltages in what is called
the window current (Iw). The Iw is thus carried by a fraction of

T-type channels that do not fully inactivate, allowing a steady
influx of Ca2+ and concomitant tonic depolarization; Cav3.3
channels are the most distinctive of the T-type family displaying
the slowest activation and inactivation kinetics and larger
window currents (Klockner et al., 1999; Crunelli et al., 2005).
Window currents (IW) were determined from the area under
the overlapping normalized mean activation and inactivation
curves obtained in this study (Figures 2, 3). A comparison of IW
of all channels assessed (IWVar) was obtained as the ratio against
IWWT (IWVar/IWWT). The window currents of all variants
analyzed did not overlap with those of Cav3.3 WT channels. Even
though, D302G channels displayed window currents with an area
that matched those of WT channels (IWD302G/IWWT = .99,
Figure 4A), a small leftwards shift was apparent (Figure 4C,
blue). Both R111G and D307H revealed a somewhat decreased
availability as extrapolated from relative window current
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FIGURE 3 | Steady-state inactivation (SSI) of HM-associated Cav3.3 variants. (A) Availability plots were constructed from normalized peak currents (I/Imax ) vs. the
inactivating pre-pulse potential. Representative SSI current traces for each channel variant are shown in the insets. Gray dotted lines indicate the potential at which
50% of the channels are inactivated (inact V0.5). (B) SuperPlots summarizing SSI V0.5 and slope [d(x)] for all variants. 0.001 < p < 0.01 (**), 0.01 < p 0.05 (*).

ratios of 0.95 and 0.91, respectively (Figures 4A–C), whereas
Cav3.3-M128L (IWM128L/IWWT = 1.13) and -Q1158H
(IWQ1158H/IWWT = 1.33) window currents were larger
10–30% larger (Figure 4A, yellow and purple, respectively).
Furthermore, and consistent with the hitherto reported voltage-
dependent parameters, Q1158H channels also evidenced a
depolarizing shift in the voltage range of its window current
compared to WT Cav3.3 channels (Figure 4C, purple).

Current Kinetics
The current kinetics of each channel variant were compared
to those of Cav3.3 WT and shown in Figure 5. The steady
state currents elicited by a 100-ms depolarization to 0 mV
(Vh −90 mV, 0.1 Hz) were averaged and approximated
through exponential fits to derive time constants for activation
(τact) and inactivation (τinact), as shown for Cav3.3 WT
in Figure 5A (see section “Materials and Methods”). For

ease of comparison, representative current traces from all
Cav3.3 variants were normalized to their peak amplitude and
superimposed (Figure 5B). There were no discernible differences
when comparing the activation time constant between Cav3.3-
WT (τact = 4.6 ± 0.4 ms, n = 18) and variants R111G
(4.8 ± 0.3 ms, n = 6; p = 0.7596), M128L (τact = 4.8 ± 0.4 ms,
n = 11; p = 0.06453), and D302G (5.9 ± 0.8 ms, n = 12;
p = 0.1228) (Figure 5C). Similarly, there were no apparent
deviations from WT τinact (40.9 ± 2.9 ms, n = 18) with
respect to R111G (35.6 ± 2.4 ms, n = 8; p = 0.2713), M128L
(45.3± 3.6 ms, n = 12; p = 0.3471), and D302G (39.0± 2.2, n = 12;
p = 0.6472) (Figure 5D).

In contrast, currents mediated by the Cav3.3-R307H (green)
and -Q1158H (purple) channels displayed slower open channel
kinetics than those mediated by WT channels (Figures 5B–D).
Thus, the activation time constants of R307H (τact = 8.0± 0.7 ms,
n = 6; p = 0.0002) and Q1158H (τact = 7.3 ± .7 ms, n = 11;
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FIGURE 4 | Cav3.3-WT and HM-associated variant window currents. The window current (IW ) was determined from the area under the overlapping normalized
activation and inactivation curves (AUC) of WT and HM-associated Cav3.3 variants (average traces from Figures 2, 3). (A) Total AUCs were divided by Cav3.3-WT
AUC (IW Var/IW WT) for comparison. In (B,C) window currents are highlighted by the shading color corresponding to each HM-associated variant and plotted along
Cav3.3 WT activation and SSI curves (in black).

p = .0009) were ∼2-fold slower than WT’s τact . Whereas, R307H
(τinact = 60.3 ± 6.8 ms, n = 6; p = 0.0055) and Q1158H
(τinact = 56.0 ± 3.4 ms, n = 11; p = 0.0027) both displayed ∼1.5-
fold slower inactivation kinetics in comparison to those of WT
(Figures 5C,D).

Extracellular pH Modulation of
Cav3.3-WT and Variants R307H and
Q1158H
Histidine residues bear a partial charge at physiological pH
values (isoelectric point pH 7.6) and therefore changes in pH
affect its protonation/charge. Thus, histidine residues act as
[H+] sensors that, when present in exposed functional domains,
have modulatory effects on voltage-gated ion channel function
(Claydon et al., 2000; Finol-Urdaneta et al., 2006; Jones et al.,
2013; Huang et al., 2020). Since variants R307H and Q1158H
involve histidine substitutions within extracellular domains,
the effects of changes in extracellular pH (pHo) on Cav3.3
WT-mediated currents (amplitude, τinact and act V0.5) were
investigated and compared to the hereby identified histidine-
bearing novel HM-associated variants. Cav3.3 currents elicited
by repeated pulse stimulation (200 ms, −20 mV, Vh = −90 mV,
0.1 Hz) were recorded at neutral pHo (pH 7.4) and during
transition to defined acidic (pH 6.5) or alkaline (pH 8.0)
conditions (Figure 6). WT Cav3.3 currents were strongly
inhibited at acidic pHo with an average relative peak current
inhibition of 46% (fractional current remaining at pH 6.5,
IpH6.5/IpH7.4 = 0.54 ± 0.02; n = 9; paired t-test p < 0.0001)
while the alkalinization (pH 8.0) of the extracellular media lead

to a 30% increase in peak current (IpH8.05/IpH7.4 = 1.29 ± 0.033;
n = 6, paired t-test p = 0.0003) (Figure 6B, left). In contrast,
exposure to acidic or alkaline pHo had weaker effects on
currents mediated by the R307H (IpH6.5/IpH7.4 0.68 ± 0.04,
n = 7; IpH8.0/IpH7.4 = 1.25 ± 0.028, n = 6) (Figure 6,
middle) and Q1158H (IpH6.5/IpH7.4 = 0.75 ± 0.04, n = 7;
IpH8.0/IpH7.4 = 1.06 ± 0.022, n = 9) (Figure 6, right) Cav3.3
channel variants.

Finally, inactivation kinetics of Cav3.3 WT and novel histidine
variants were compared at the three explored pHo (Figure 6C).
The inactivation time constants measured (from the same cell)
at neutral and either acidic or alkaline pHo (τinact pH X/τinact
pH 7.4) did not differ for WT- and R307H-mediated currents,
whereas the inactivation kinetics of Q1158H were slowed by
alkalinization (τinact pH 8.0/τinact pH 7.4 = 1.38 ± 0.05, n = 6,
Paired test-test p = 0.0005, Figure 6C). Importantly, extracellular
alkalinization uniquely affected the inactivation kinetics of the
Q1158H variant and not WT or R307H currents (one-way
ANOVA with the Tukey’s multiple comparisons test WT vs.
Q1158H, p = 0.0017).

DISCUSSION

A variety of neurodevelopmental and neurological disorders
are characterized by excessive neocortical cellular excitability.
Migraine aura attacks are thought to be initiated by the
progression of hyperexcitability to cortical spreading depression
(Rogawski, 2008) and can be caused by Cav channel dysfunction,
e.g., CACNA1A Cav2.1 mutations which cause FHM. With the
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FIGURE 5 | Cav3.3-WT and HM-associated variant current kinetics. (A) The speed of Ca2+ current activation (τact ) and inactivation (τinact) during 100-ms stimuli
(inset) was evaluated by fitting (red) the elicited currents with an exponential product equation (bottom), where (C) is the y-intercept. Scale bars: 10 ms, 500 pA. (B)
Representative currents from Cav3.3 variants studied. (C) Summary of time constants of current activation (τact ). (D) Summary of time constants of current
inactivation (τinact). p < 0.001 (***), 0.001 < p < 0.01 (**).

genetic basis of many HM cases unknown, we undertook a
WES of a large cohort of clinically diagnosed probands to
investigate additional causal genes and variants. Focusing on
Cav channels in this study, we found a statistically significant
burden of rare missense variants in CACNA1I Cav3.3 in HM
probands when compared to gnomAD_NFE and UK Biobank
populations. The detailed electrophysiological analysis of selected
Cav3.3 variants showed a range of functional effects including
altered expression, changes in voltage-dependent parameters,
and macroscopic inactivation kinetics, as well as modulation
by pHo, suggesting they could therefore contribute to HM
pathophysiology.

R111G and D302G: Charge
Neutralizations in the Extracellular Loops
of Cav3.3-DI
Cells expressing Cav3.3-R111G and -D302G displayed lower
current densities in comparison with Cav3.3-WT (Figure 1).
Interestingly, a current density quantification of the two
time points assessed revealed variant-intrinsic dynamics
in the appearance of functional channels at the plasma
membrane (Supplementary Figure 1). Notably, for R111G,
abundant full-length protein expression could be detected by
immunocytochemistry 24 h post-transfection, yet measurable
currents were only present after 48 h compared to all other

Cav3.3 variants studied here. R111 is conserved in all
T-type Cav channels while D302 is not, yet both residues
are distantly located from channel regions known to be
important for gating and/or permeation that could hint at
effects on open probability or single-channel conductance.
As transfection and recordings of WT and these variants
were performed under identical experimental conditions,
their immunofluorescence patterns suggest that their delayed
and/or lower current densities may be related to impairment
trafficking to the plasma membrane. Both R111G and D302G
also mediated slightly smaller window currents than WT
Cav3.3 (Figure 4). Thus, the Cav3.3-dependent network
activity in individuals carrying p.R111G and p.D302G variants
may be compromised.

M128L: A Conservative Change in the
Middle of Cav3.3’s DI-S2
The expression of the Cav3.3-M128L variant was highly
variable (Figure 1B) but nevertheless displayed subtle
shifts in voltage-dependent activation and inactivation
that translated into enlarged window currents (Figure 4).
Hence, although a conservative change in DI-S2, p.M128L
may lead to a subtle GOF by which a larger fraction of
Cav3.3 channels support the neuronal depolarization in
patients with HM.
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FIGURE 6 | pHo modulation of Cav3.3- WT-, - R307H-, and -Q1158H-mediated currents. (A) Representative Ca2+ current traces in response to 200-ms
depolarizing pulses to −20 mV (Vh = −90 mV, 0.1 Hz, inset) recorded in control (black, pH 7.4), acidic (red, pH 6.5), or alkaline (blue, pH 8.0) pHo conditions. Scale
bars: 10 ms, 200 pA. Dashed line indicates zero level. (B) Relative change in peak current amplitude (I pH X/ I pH7.4) for WT and HM-associated Cav3.3 variants (pH
7.4:©; pH 6.5:©; pH 8.0:©; difference between pH 6.5:  , or pH 8.0:  ). (C) Relative changes in inactivation time constant (τinact pH X/τinact pH7.4) for WT and
HM-associated Cav3.3 variants (pH 7.4:©;, M; pH 6.5:©; pH 8.0: ; difference between pH 6.5:  , or pH 8.0: ). In (B,C) paired t-test for pH 7.4 vs. pH X:
*p ≤ 0.05; **p ≤ 0.05; ***p < 0.005; ****p < 0.0005. One-way ANOVA with Tukey’s multiple comparisons test for WT vs. variant: †p ≤ 0.05; ††p ≤ 0.05;
†††p ≤ 0.005; ††††p ≤ 0.0001.
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R307H and Q1158H: Cav3.3 Histidine
Replacement Variants
Several functional properties of R307H and Q1158H Cav3.3
channels distinguished them from WT. Paradoxically, R307H
and Q1158H had apparent lower current densities, yet
substantially slower current kinetics and altered activation
and/or inactivation voltage-dependent parameters. In their study
of the schizophrenia-associated CACNA1I histidine replacement
variant R1346H, Ghoshal et al. (2020) also noted a reduction in
current density and associated changes in burst frequency (Astori
et al., 2011). Nevertheless, a limitation of transient expression
approaches is that the contribution of seemingly opposing effects
cannot be accurately evaluated.

It has been proposed that mutations that lead to enhanced
Cav3 activity such as slower inactivation can tip neuronal balance
toward hyperexcitability (Perez-Reyes, 2003). An extreme
example of GOF is represented by mutations in CACNA1G
associated with early-onset cerebellar atrophy, in which A961T
and M1531V mutations in Cav3.1’s from DII-S6 and DIII-S6
(respectively) result in drastically slower current inactivation
kinetics and a –10 mV shift in the voltage dependence of
SSI (Chemin et al., 2018). In this study, we observed that
Cav3.3-R307H and -Q1158H channels inactivated slower than
WT-Cav3.3. Q1158H channels display a depolarizing shift in
the range of potentials at which Cav3.3 currents are available
that, together with slower inactivation kinetics than WT, lead
to an overall > 30% increase in its mediated window currents.
In GABAergic nucleus reticularis thalamic (NRT) neurons,
enhanced Cav3.3 window currents would likely contribute to an
excitability imbalance.

Robust rhythm generation in the thalamus requires timely
activation of T-type channels to stimulate the sodium channel
activation and is imperative to processes such as synaptic
plasticity in thalamic neurons (Jacquerie and Drion, 2021). The
physiological role of thalamic neurons Iw and its contribution to
the activities of other neuronal types underlines the importance
of alterations in T-type channel function in neurological
and psychiatric disorders (Crunelli et al., 2005). Changes
in Cav3 Iw can contribute to pathophysiological conditions
(Tsakiridou et al., 1995) directly, or as co-occurring with
other abnormalities, such as extracellular pH changes (Shah
et al., 2001), hyperpolarization-activated current and HVA
Ca2+ channel variation, or sustained hyperexcitability disorders
(Crunelli et al., 2005). Abnormal electrical oscillations of the
cortico-thalamo-cortical network have been shown to underlay
childhood absence epilepsy (CAE) and other idiopathic forms
of epilepsy (Gobbo et al., 2021), while dysfunction to the
thalamocortical network caused by altered Cav3.3 activation
that increases tonic firing has been linked to absence epilepsy
(Lee et al., 2014).

Cav3.3-WT, R307H, and Q1158H
Channels Are Differentially Modulated by
Extracellular pH
Consistent with the effects of extracellular pH on ventrobasal
thalamic complex relay neurons (Shah et al., 2001), extracellular

alkalinization reversibly increased Cav3.3 WT currents,
whereas extracellular acidification decreased it (Figure 6).
Similar to Cav3.3-WT mediated currents, acidification and
alkalinization of pHo decreased and increased the Cav3.3-R307H
conductance, respectively, without changes to open channel
kinetics. Nevertheless, pHo effects were somewhat attenuated in
this variant despite a net increase in “protonatable” histidines in
the DI p-loop (from 3 in WT to 4 in R307H). Previous studies
have suggested that the protonation states of pore loops serve as
extracellular redox state sensors (Li and Xu, 2012).

In stark contrast to WT Cav3.3 channels, the current
amplitude of Q1158H was resistant to pHo changes and its
open-channel inactivation kinetics were slowed by extracellular
alkalinization. Activity-dependent extracellular pH transients
have been proposed to modulate LVA calcium currents which
in turn modify the activity patterns of the thalamocortical relay
neurons (Shah et al., 2001). The factors involved in the control
of network excitability and synchronicity include interstitial
fluid homeostasis. Thus, pHo-dependent modulation of Cav3.3
channels may support the physiological synchronization of
neuronal activity. The attenuation or loss of pHo sensitivity
observed in the histidine-bearing variants R307H and Q1158H
may relate to the pathophysiology of HM due to the absence of
homeostatic changes in Cav3.3 conductance required in response
to extracellular pH fluctuations. Extracellular pH modulation of
LVA calcium currents is still incompletely understood, yet the
underlying mechanisms may involve screening of outer-facing
charges within the voltage sensor or pore modules of the channel
protein that can shift voltage-dependent functional parameters
or interfere with current flow, respectively (Delisle and Satin,
2000). To our knowledge, this study constitutes the first report
of pHo modulation of Cav3.3-mediated currents and warrants
further research addressing the modulatory mechanisms of
extracellular pH on the biophysical properties of Cav3.3 channels
and its variants.

Cav3.3 can interact with other proteins that can modulate
its channel activity including calmodulin (Chemin et al.,
2017), Galpha(q/11)-coupled muscarinic acetylcholine receptors
(Hildebrand et al., 2007), and the α2δ-like Cache Domain-
Containing 1 (CACHD1) protein (Cottrell et al., 2018). The
location of the variants functionally tested in this study did not
overlap with the known binding sites on Cav3.3 for any of these
proteins, although it is possible that the variants may affect the
Cav3.3 function via unknown binding sites for these proteins or
other interacting proteins.

Functional Changes in Cav3.3 Variants
Align With Predicted Deleteriousness
and Potentially Interact With Additional
Genetic or Environmental Factors
For CACNA1I, pathogenicity prediction has been shown
to correlate strongly with functional effects only for rare
variants (Heyne et al., 2020). The altered biophysical properties
we observed for Cav3.3-Q1158H channels were consistent
with in silico predictors (five out of six tools predicted
deleterious/damaging effects). However, while significantly
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increased in our HM cohort, the Q1158H variant is nevertheless
present in general population databases at greater frequency
than the estimated prevalence of HM (∼1:10,000) (Lykke
Thomsen et al., 2002), suggesting that such variants may act
in combination with other susceptibility variants. For instance,
in 4 of the 187 patients (2.1%) of our HM cohort, the hereto
reported CACNA1I variants co-occurred with variants in other
genes that have been implicated in HM including PRRT2,
PKND, and ATP1A4 (Sutherland et al., 2020). Thomsen and
Olesen (2004) hypothesized that sporadic HM may effectively
be extreme migraine with aura, as relatives of people with
sporadic HM had increased risk of migraine themselves.
Additionally, polygenic risk scores were found to have a
stronger effect in families with migraine, and particularly
HM, compared to migraineurs collected at a population level
(Gormley et al., 2018). Furthermore, a recent study of GOF
variants in Cav3.3 channel-gating residues demonstrated a
correlation between graded effects in channel function and
the severity of neurodevelopmental disorders (El Ghaleb et al.,
2021). These results, along with the spectrum of functional
changes observed in our assays, are consistent with the
possibility that some CACNA1I variants may contribute to
the development of hemiplegic symptoms directly, but others
require additional genetic or environmental interactions/triggers
(Hansen et al., 2011) to do so consistently, thus occupying a
position between the monogenic causative FHM mutations
and the multitude of polygenic variants involved in common
forms of migraine.

The CACNA1I gene has been implicated in a range of
disorders. CACNA1I GOF channel-gating mutations can cause
neurodevelopmental disorders (El Ghaleb et al., 2021). CACNA1I
is highly expressed in the dendrites of TRN neurons, where they
are involved in rebound bursting (Astori et al., 2011; Lee et al.,
2014). Computational modeling of relatively small Cav3.3 current
reduction in TRN neurons results in complete abolishment
of rebound bursting without changes in the depolarization-
induced activity (Andrade et al., 2016) that is consistent with
the absence of rebound bursting in knockout CACNA1I mice
(Astori et al., 2011). Such loss of rebound bursting is predicted
to reduce the thalamoreticular neuron inhibitory input over
the thalamocortex, leading to increase or dysfunctional activity
of the thalamus which is important for pain processing in
migraine (Younis et al., 2019). Interestingly, CACNA1I knockout
mice lacking TRN rebound bursting also evidence disrupted
sleep spindles (Astori et al., 2011), while sleep disorders and
sleep deprivation constitute known migraine triggers (Bigal and
Lipton, 2008; Odegard et al., 2010; Wober and Wober-Bingol,
2010). As such, CACNA1I variants proposed to contribute to
sleep rhythms (Astori et al., 2011; Ghoshal et al., 2020) are
also implicated in the development of complex neuropsychiatric
disorders including autism and schizophrenia (Lu et al., 2012;
Andrade et al., 2016; Lory et al., 2020; El Ghaleb et al., 2021). Rare
functional LOF Cav3.3 variants have been suggested to reduce
the risk of schizophrenia (Baez-Nieto et al., 2021), and there is
some overlap and concurrence of the functional data with the
variants investigated here. Notably, migraine shows a slightly
negative correlation with schizophrenia in a study exploring

correlations between a wide range of psychiatric and neurological
data (Brainstorm et al., 2018).

In simplified disease settings involving Cav channels, variants
are classified as either GOF or LOF, depending on whether
the net channel conductance is larger or smaller. However,
variants often display parallel changes in several functional
properties with potentially opposing effects, such as low current
density/expression (LOF) and slower inactivation kinetics
(GOF). Estimating which of these functional changes dominates
within a physiologically relevant context will require extensive
interdisciplinary approaches. Indeed, the variety of effects
seen in functional assessments of mutations in our work in
hemiplegic migraine, as well as studies into schizophrenia and
neurodevelopmental disorders, show that even relatively similar
functional changes can lead to different outcomes (Ghoshal
et al., 2020; El Ghaleb et al., 2021). Given the intrinsic
limitations of heterologous protein expression and window
current quantification, the results reported here constitute the
basis for follow-up investigation in model systems, such as variant
bearing iPSC-derived corticothalamic or trigeminal neurons.
Coupling functional studies, e.g., dynamic clamp, action potential
clamp, and direct measurement of window currents using
slow ramp protocols, in diseased and isogenic wild-type cell
lines will shed further light on the physiological significance
of the functional changes elicited in the CACNA1I variants
characterized here.

In summary, we present evidence to support the hypothesis
that Cav3.3 dysfunction from rare variants may contribute to the
etiology of HM. The distribution of Cav3.3 and their influential
role in regulating the thalamocortical network suggests this
could be via their contributions to regulation of the neuronal
excitability, sleep homeostasis, and/or perhaps in response to
environmentally triggered pH disturbances. This work will
potentially lead to improved molecular diagnosis of HM and
understanding of its mechanisms, as well as expansion of
treatment avenues to improve quality of life for patients.
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The NMDA receptor (NMDAR) subunit GluN1 is critical for receptor function and
plays a pivotal role in synaptic plasticity. Mounting evidence has shown that
pathogenic autoantibody targeting of the GluN1 subunit of NMDARs, as in anti-NMDAR
encephalitis, leads to altered NMDAR trafficking and synaptic localization. However, the
underlying signaling pathways affected by antibodies targeting the NMDAR remain to
be fully delineated. It remains unclear whether patient antibodies influence synaptic
transmission via direct effects on NMDAR channel function. Here, we show using
short-term incubation that GluN1 antibodies derived from patients with anti-NMDAR
encephalitis label synapses in mature hippocampal primary neuron culture. Miniature
spontaneous calcium transients (mSCaTs) mediated via NMDARs at synaptic spines are
not altered in pathogenic GluN1 antibody exposed conditions. Unexpectedly, spine-
based and cell-based analyses yielded distinct results. In addition, we show that
calcium does not accumulate in neuronal spines following brief exposure to pathogenic
GluN1 antibodies. Together, these findings show that pathogenic antibodies targeting
NMDARs, under these specific conditions, do not alter synaptic calcium influx following
neurotransmitter release. This represents a novel investigation of the molecular effects
of anti-NMDAR antibodies associated with autoimmune encephalitis.

Keywords: autoimmune encephalitis, calcium signaling, synaptic, NMDA receptor, neurotransmission

INTRODUCTION

The molecular correlates of learning and memory in the central nervous system are encoded
at synapses, the fundamental unit of information transfer between neurons. Experience drives
alterations in synaptic transmission in a process termed synaptic plasticity, whereby transmission
between neurons is strengthened or weakened. At excitatory glutamatergic synapses, synaptic
strength is tuned by alterations to the number or single-channel conductance of ionotropic
glutamate receptors, primarily α-amino-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs). Another ionotropic glutamate receptor, the N-methyl-D-aspartate receptor (NMDAR),
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governs this plasticity through its Ca2+ permeability and control
of postsynaptic signaling. The level of Ca2+ influx through
NMDARs at the postsynaptic membrane controls NMDAR-
dependent plasticity (Sabatini et al., 2002; Sanderson and
Dell’Acqua, 2011; Lisman et al., 2012). Furthermore, recent
evidence suggests that spontaneous neurotransmitter release
events modulate synaptic tuning (Andreae and Burrone, 2014,
2018; Kavalali, 2015).

Anti-NMDAR encephalitis is an autoimmune disease
whereby autoantibodies target the NMDAR (Dalmau et al.,
2008). This disease is marked by neuropsychiatric symptoms
including memory deficits, psychosis, catatonia, hyperkinetic
movement disorder, language dysfunction, seizures, and
autonomic dysfunction (Dalmau et al., 2008; Graus et al.,
2016; Dalmau and Graus, 2018). Coma and death can occur
in severe cases. Although this disease was relatively recently
described, much work has defined the pathophysiological
effects of anti-NMDAR antibodies derived from patient
biosamples. Autoantibodies target a common epitope within
the obligate GluN1 subunit of NMDARs, within the N-terminal
domain (NTD), and cause internalization of NMDARs that
is dependent on receptor crosslinking (Dalmau et al., 2008;
Dalmau and Graus, 2018). The main epitope has been
mapped to the N368/G369 region of the extracellular NTD
of GluN1 (Gleichman et al., 2012). As anti-GluN1 antibodies
decrease NMDAR surface expression through crosslinking and
internalization of receptors (Dalmau et al., 2008; Hughes et al.,
2010), the prevailing hypothesis is that patient symptoms arise
from loss of synaptic NMDARs (Mikasova et al., 2012; Moscato
et al., 2014; Planagumà et al., 2015, 2016; Dalmau and Graus,
2018).

Current evidence suggests that after exposure to pathogenic
GluN1 antibodies, internalization of NMDARs occurs on a
timescale of hours (Moscato et al., 2014). However, there is a
paucity of information on pathogenic GluN1 antibody effects
at short timepoints, and it is critical that we understand this
for two reasons. First, it is important to define fully whether
antibody binding disrupts the function of NMDARs at native
synapses and contributes to the pathophysiology of anti-NMDAR
encephalitis. Secondly, antibodies may have effects on NMDARs
in addition to cross-linking and internalization. Indeed, evidence
suggests that a population of NMDARs remain on the surface
and at the synapse even at later timepoints following pathogenic
antibody exposure (Moscato et al., 2014; Ladépêche et al., 2018),
potentially with altered functionality caused by interaction with
GluN1 antibodies. Furthermore, metabotropic NMDAR function
has been established in synaptic plasticity (Nabavi et al., 2013;
Aow et al., 2015; Dore et al., 2015) and remains unexplored
in the molecular pathophysiology of anti-NMDAR encephalitis.
These gaps in knowledge have made development of targeted
therapeutics difficult, and current therapies do not target the
underlying pathology. Defining further the pathogenic effects
of GluN1 antibodies on NMDAR function will contribute to
our understanding of how function of surface NMDARs may
be disrupted, even at later stages of antibody exposure and
disease, and provide insights into novel therapeutic targets for
anti-NMDAR encephalitis.

We have previously shown that human monoclonal
GluN1 antibodies, derived from a patient with anti-NMDAR
encephalitis, recapitulate key cellular (Sharma et al., 2018a),
physiological (Taraschenko et al., 2021b), and behavioral features
(Sharma et al., 2018a; Taraschenko et al., 2021a) of the disease.
We hypothesized that short-term GluN1 antibody exposure
disrupts synaptic NMDAR function. Here, we demonstrate
critical functions of synaptic NMDARs are not disrupted by
GluN1 antibodies using a combination of immunohistochemical
and live-cell imaging techniques in neuron cultures.

MATERIALS AND METHODS

Animals
All experiments were performed with approval from the
Institutional Animal Care and Use Committee of University
of Maryland School of Medicine. Experiments were performed
using mixed-sex neuron cultures derived from Sprague-Dawley
rat embryos (Charles River Laboratories, Wilmington, MA,
United States). All animal procedures were performed in
accordance with the University of Maryland Baltimore animal
care and use committee’s regulations.

Human Monoclonal Antibodies
Human monoclonal GluN1 antibodies specific for GluN1 were
derived from an 18 year-old female patient with anti-NMDA
receptor encephalitis who presented with emotional lability,
paranoia, and temporal lobe seizures (Sharma et al., 2018a).
We have previously confirmed specificity for NMDARs using
transfected HEK 293 cells (Sharma et al., 2018a) as well as a
cell line expressing the GluN1-NTD (Sharma et al., 2018b) for
four human clones 5F5, 3C11, 1D1, and 2G6 (data not shown).
The 5F5 GluN1 human monoclonal antibody (GluN1 mAb) was
previously shown to target GluN1 and stain mature primary
neurons (data not shown). The 6A control human monoclonal
antibody against BoNT serotype A (BoNT/A) heavy chain was
isolated and cloned using the same hybridoma method (Adekar
et al., 2008) and was previously confirmed to be non-reactive in
brain and primary hippocampal neurons (Sharma et al., 2018a).
The human monoclonal antibody 6A (Control mAb) was used as
a control IgG for all experiments.

Rat Primary Hippocampal Neuron
Culture
Hippocampi were isolated from male and female embryonic day
18 Sprague-Dawley rat embryos, dissociated, and plated on glass
coverslips coated with poly-L-lysine in plating media (Neurobasal
medium supplemented with 2% B27, 2 mM Glutamax, 50 U/mL
Penicillin-Streptomycin, and 5% bovine serum). Neurons were
seeded at 50 k cells/well in 12-well plates. At 4 days in vitro (DIV
4), neurons were treated with 2 mM (+)-5-fluor-2’-deoxyuridine
for 24 h, followed by exchange of growth media (Neurobasal
medium supplemented with 2% B27, 2 mM Glutamax, 50 U/mL
Penicillin-Streptomycin). Every 3–4 days thereafter, half of the
culture medium was changed with fresh growth media until

Frontiers in Molecular Neuroscience | www.frontiersin.org 2 July 2022 | Volume 15 | Article 940005201

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


fnmol-15-940005 July 28, 2022 Time: 6:21 # 3

Dean et al. Ca2+ Signaling by Anti-NMDAR Antibodies

DIV indicated. All experiments were conducted no sooner than
48 h from last media change. Immunocytochemistry and Ca2+

imaging experiments were performed from DIV 18 to DIV 23.

Immunocytochemistry
Neurons on coverslips were fixed in 4% paraformaldehyde (PFA)
and 4% sucrose in PBS at room temperature (RT) for 10 min.
Coverslips were then washed in PBS with 100 mM glycine
(PBS-G) and permeabilized by incubation in PBS-G with 0.3%
Triton X-100 (TX-100) for 20 min at RT. Neurons were then
blocked for 20 min at RT in blocking buffer consisting of PBS-G
supplemented with 5% donkey serum, 5% bovine serum albumin,
and 0.1% TX-100. Primary antibodies were diluted in blocking
buffer and incubated on coverslips overnight at 4◦C. Neurons
were washed with PBS-G after primary antibody incubation, then
conjugated secondary antibodies diluted in PBS-G were applied
for 1 h at RT. Coverslips were then washed with PBS-G and
mounted with ProLong Glass Antifade mountant (Thermo Fisher
Scientific, Waltham, MA, United States).

Calcium Imaging Experiments
Dissociated hippocampal neurons were prepared as described
above, except that 25 k uninfected cells were plated with 20 k cells
infected with pAAV.CAG.GCaMP6f.WPRE.SV40 (Penn Vector
Core) on DIV 0 on each individual coverslip. All experiments
were performed on a wide-field Nikon Ti2 using a 40×/1.3 NA
oil-immersion objective and a Zyla 4.2 sCMOS camera. Time-
lapse images were acquired at 20 Hz under continuous autofocus.
An objective-heater maintained bath solutions at 37◦C. Basal
extracellular solution (ES) contained 0 mM Mg2+, 139 mM
NaCl, 2.5 mM KCl, 1.5 mM CaCl2, 10 mM glucose, and
10 mM HEPES with pH adjusted to 7.4 with NaOH. Ca2+

imaging of miniature spontaneous Ca2+ transients (mSCaTs) was
performed essentially as described previously (Metzbower et al.,
2019) with several modifications. Neurons were removed from
Neurobasal growth media and briefly rinsed in ES containing
1 µM TTX (Enzo, Farmingdale, NY, United States). Then, to

isolate pharmacologically NMDAR-dependent mSCaTs, neurons
were pre-incubated for 20 min in mSCaT imaging solution (MIS):
ES supplemented with 1 µM TTX (Enzo), 10 µM DNQX (Sigma-
Aldrich, St Louis, MO, United States), 20 µM ryanodine (Tocris
Bioscience, Briston, United Kingdom), 1 µM thapsigargin
(Sigma-Aldrich), and 5 µM nifedipine (Sigma-Aldrich). Baseline
mSCaT activity was imaged for 5 min, after which human
mAbs at 1 µg/mL were added to the bath solution and neurons
were imaged for another 10 min. Processing and analysis of
Ca2+ imaging data were performed as described previously
(Metzbower et al., 2019). Briefly, regions of interest (ROIs) were
drawn around single dendritic spines in MetaMorph (Molecular
Devices, San Jose, CA, United States). Using custom MATLAB
scripts (MathWorks, Natick, MA, United States), Fbaseline was
then determined at each spine ROI by averaging background-
subtracted mean intensity every 10 frames and within each
minute of imaging identifying the lowest positive value. In some
analyses, individual spine F values were normalized to F value
obtained over 5 min baseline period to yield running F value
over the course of the imaging session on per spine basis.
For each frame of imaging 1F/F was calculated by (Fframe –
Fbaseline)/Fbaseline. To detect mSCaTs, 1F/F at each spine over
time was analyzed in Clampex (Molecular Devices), and a
template search identified peaks and peak amplitude based on
an average shape profile. Only spines that produced at least
one mSCaT during baseline were selected for analysis, and
amplitude and frequency were normalized to baseline values
within each spine. Plots for cell and spine were constructed over
time. Experimenters were blind to experimental condition during
imaging, spine selection, image processing, and data analysis
(Experimental design summarized in Figure 1).

Live Labeling at Spines and Synapses
and Fluorescent Microscopy
To confirm localization of human mAbs at spines, GCaMP6f-
infected neurons underwent the mSCaT imaging process
followed immediately by the staining procedure described above.

FIGURE 1 | Experimental design to assess role of human GluN1 monoclonal antibodies on synaptic function. Teal shaded bar represents mAb incubation period.
Red indicates imaging sessions. DIV, days in vitro; ES, extracellular solution; ICC, immunocytochemistry; mAb, human monoclonal antibodies.
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Secondary anti-human antibodies were utilized. Images were
acquired using an Andor Dragonfly spinning disk confocal, using
60×/1.45 NA objective and a sCMOS camera (Andor Zyla)
giving a final pixel size of 108 nm. Quantification of human IgG
intensity at spines was performed in FIJI (ImageJ) by measuring
background-subtracted intensity at ROIs drawn around dendritic
spines. Spines were identified by GCaMP6f signal used as a
morphological marker.

Antibodies
For immunocytochemistry, the following primary antibodies
were used: pan-shank (6.25 µg/mL, 75-089, NeuroMab,
Davis, CA, United States; RRID:AB_10672418). The following
secondary antibodies were used: donkey anti-human Alexa647
(1:200, 709-605-149, Jackson Immuno Research Labs, West
Grove, PA, United States; RRID:AB_22340578) and donkey
anti-mouse CF555 (1:500, 20037, Biotium, Fremont, CA,
United States; RRID:AB_10559035).

Statistical Analysis
Statistical analysis was performed in Prism (GraphPad, San
Diego, CA, United States). A Kruskal-Wallis test (non-
parametric) followed by multiple comparisons with Dunn’s
correction was conducted for immunohistochemistry with more
than two groups. A Welch’s t-test was used to compare baseline
(0–5 min) and post-treatment (10–15 min) normalized basal F
values. A Welch’s ANOVA was used to compare normalized basal
F values and mSCaT experiments with more than two groups.
Results are reported as mean± SEM. Whiskers represent 5–95%.
All microscopy experiments were repeated at least three times. In
all analyses, a p-value of less than 0.05 was considered statistically
significant. Experimenters were blind to experimental condition
during all imaging, image processing, and data analysis.

Code Accessibility
All MATLAB code used for Ca2+ imaging analysis is available
on request. All code was run on Windows 7 and Windows 10
operating systems.

RESULTS

Human Monoclonal GluN1 Antibodies
Rapidly Localize to Mature Native
Synapses
Our previous work in primary cultured neurons demonstrated
that GluN1 mAb derived from a patient with anti-NMDAR
encephalitis localizes to a subset of synapses after 45 min
of incubation (Sharma et al., 2018a). Thus, this GluN1 mAb
is well-suited to studies of individual monoclonal NMDAR-
IgG antibodies and their effects on synaptic function at
short time-points (Figure 1). After 45 min of GluN1 mAb
incubation, however, significant internalization of the antibody
had already occurred (Sharma et al., 2018a), and the initial
pattern of mAb labeling at synapses is unknown. To test early
GluN1 mAb labeling at native synapses, we conducted live

labeling experiments in mature hippocampal primary neurons
for brief, 10 min application times of human monoclonal
antibodies (Figure 2). To confirm spine labeling, we utilized
neurons expressing GCaMP6f as a morphology marker. Primary
hippocampal neurons were matured to DIV 20 prior to staining.
Following 10 min GluN1 mAb application to GCaMP6f-infected
neurons, secondary antibodies were applied to detect human
mAbs, and images were analyzed using confocal fluorescent
imaging. The synaptic protein Shank was used as a marker of
spines. The control mAb, 6A, exhibited no significant staining
at dendritic spines (Figure 2A) relative to a vehicle-treated
control conditions (images not shown; p = 0.1). Robust GluN1
labeling was visualized by GluN1 mAb (Figure 2B) at spines.
Dunn’s Test for multiple comparisons revealed that the intensity
of GluN1 mAb at spines was significantly higher than that in
vehicle (p < 0.0001) and control mAb (p < 0.0001) conditions
(Figure 2C). These data demonstrate that human GluN1 mAbs
localize to dendritic spines within 10 min. Our observations of
rapid labeling of monoclonal GluN1 antibodies to native synapses
supports the potential for immediate effects of these pathogenic
antibodies in the setting of anti-NMDAR encephalitis.

Baseline Calcium Levels at Synaptic
Spines Are Not Altered by Human
Monoclonal GluN1 Antibodies
To determine if human monoclonal GluN1 antibodies alter Ca2+

handling at synaptic sites, we utilized the genetically encoded
Ca2+ indicator GCaMP6f for live-cell imaging of NMDAR Ca2+

influx at synapses in cultured neurons, as previously reported
(Andreae and Burrone, 2015; Metzbower et al., 2019). We
measured basal F over time under conditions of blockade of
neuronal activity, intracellular Ca2+ stores, and extracellular
sources of Ca2+ (Figure 3A). The signal intensity of GCaMP6f
was observed to vary slightly over the recording session, as has
been observed in our prior work (Metzbower et al., 2019), and
the baseline GCaMP6f signal increased significantly following
addition of vehicle (1.23 ± 0.076, n = 1,171 spines, p < 0.05,
Welch’s t-test comparing baseline to final 5 min; Figure 3B).
However, we found no effect of human monoclonal antibodies
on normalized basal F values compared to vehicle condition
(control mAb 1.26 ± 0.16, n = 1,151 spines; GluN1 mAb
1.29 ± 0.12, n = 1,705 spines; [F(2, 2,427) = 0.092, p = 0.9;
Figure 3B]. Similar results were observed when analyzed on
per cell basis rather than per spine (Figure 3C). Overall, the
median normalized basal F values remained stable throughout
the recording session following addition of vehicle or mAbs
when analyzed on per spine basis (Figure 3D), as well as per
cell basis (Supplementary Figure 1). These findings support the
notion that brief exposure to antibodies does not dramatically
change Ca2+ mobilization at synaptic spines in mature primary
culture. Further, it suggests the lack of rapid cellular toxicity from
the brief exposure to antibodies in this experimental paradigm.
However, little is known about NMDAR mediated Ca2+ at native
synapses in response to human monoclonal GluN1 antibody
exposure. We sought to evaluate this by measuring NMDAR-
mediated mSCaTs.
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FIGURE 2 | Human GluN1 monoclonal antibodies rapidly localize to spines in live hippocampal primary neuron culture. (A) Representative cultured hippocampal
neuron transduced with GCaMP6f (green) and stained for human mAb (magenta) and synaptic marker Shank (cyan) following control mAb exposure. Right top,
zoom in of boxed dendrite in left showing GCaMP6f and Ctrl mAb (magenta). Right middle, GCaMP6f and Shank (cyan). Right bottom, zoom in of GCaMP6f, human
mAb, and Shank. Note lack of human control mAb labeling. (B) Representative hippocampal neuron, as in panel (A), exposed to GluN1 mAb. Right bottom, note
co-labeling of Shank with human GluN1 mAb (white). (C) Quantification of human mAb staining intensity at spines. A Kruskal-Wallis test with post-hoc Dunn’s
revealed a statistically significant difference in mAb labeling between groups [H(3) = 240, p < 0.0001]. Control mAb labeling at spines was not significantly above
background levels of vehicle (ns, p = 0.1) and mAb spine labeling was significantly different between GluN1 mAb and vehicle (p < 0.0001) and between GluN1 mAb
and control mAb (p < 0.0001). Ctrl, control; mAb, human monoclonal antibody; ns, not significant; Veh, vehicle; ****p < 0.0001; ns, p > 0.05.

Human Anti-NMDAR Antibodies Have
Limited Effect on the Amplitude or
Frequency of NMDAR-Mediated
Miniature Spontaneous Ca2+ Transients
To our knowledge, the only study that tested the effects of
pathogenic anti-NMDAR antibodies on native NMDAR function
at short timepoints found that cerebrospinal fluid (CSF) from
patients prevented NMDAR-dependent long-term potentiation
(LTP) at hippocampal CA3-CA1 synapses in acute slice after
just 5 min of exposure (Zhang et al., 2012). This suggests
that pathogenic GluN1 antibodies prevent normal synaptic
NMDAR function at time points before significant antibody-
mediated loss of synaptic receptors has been reported. The
underlying mechanism for this, however, remains unexplored.
Because LTP at these synapses requires Ca2+ influx through
NMDARs, an attractive mechanism by which pathogenic GluN1
antibodies prevent normal plasticity is decreased Ca2+ influx at
synaptic receptors.

We adapted a live-cell Ca2+ imaging approach using
GCaMP6f (Metzbower et al., 2019) to test the effects of
human GluN1 antibodies on NMDAR-dependent Ca2+ influx
at individual synapses. To determine if pathogenic GluN1
antibodies alter Ca2+ flux through native synaptic NMDARs,
we measured NMDAR-dependent mSCaTs (Figure 4A). We
measured baseline mSCaT amplitude and frequency in dendritic
spines for 5 min, then applied antibodies or controls and imaged
mSCaTs for another 10 min (design shown in Figure 1). We
observed a high degree of variability in mSCaT amplitude and

frequency at individual spines (Figures 4B,C), consistent with
our previous observations (Metzbower et al., 2019). Further,
we found that mSCaT amplitude increased over the recording
session in all conditions when analyzed on per spine basis
(Figure 4D). There was no statistically significant interaction
between the effects of mAb and time [F(4, 6,748) = 1.1, p = 0.3]
and simple main effects analysis showed that mAb had a
statistically significant effect on mSCaT amplitude on spine basis
(p = 0.02). The GluN1 mAb did not alter mSCaT amplitude.
Overall, we observed a modest decrease in normalized mSCaT
amplitude by the GluN1 mAb (1.04 ± 0.022) compared to the
control mAb (1.10 ± 0.028, p < 0.05, Fisher’s LSD, Figure 4E)
when analyzed on a per spine basis at 10–15 min. This effect
was also present comparing normalized mSCaT amplitude of
GluN1 mAb with vehicle (1.10 ± 0.028, p < 0.05, Fisher’s
LSD). No significant difference was observed in normalized
mSCaT amplitude between control mAb and vehicle. A trend
toward reduced normalized mSCaT amplitude at 5–10 min
timepoint in GluN1 mAb (1.05 ± 0.021) compared to control
mAb (1.11 ± 0.027, P = 0.05, Fisher’s LSD) was observed. This
trend was evidenced only when individual spine analyses were
conducted (Figure 4E). No effect of GluN1 mAb compared to
the control mAb or vehicle was observed in mSCaT amplitude
when analyzed on per cell basis (Figure 4F), although time
similarly influenced amplitude at both 5–10 min and 10–15 min
as observed when analyzed per spine. These data suggest that
the decreased mSCaT amplitude by GluN1 mAb observed
with per spine analysis reflects synapse-to-synapse variation in
susceptibility to the GluN1 mAb.
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FIGURE 3 | Basal Ca2+ at synaptic sites is not altered by human GluN1 antibodies. (A) Zoom in of dendrite of hippocampal cell transduced with GCaMP6f (green).
Spine identified by red circle. Below, 1F/F trace of spine region identified in panel (A) plotted against time. Red box indicates region analyzed as basal GCaMP Ca2+

measurement. (B) Normalized basal F trace of spine over recording session. Vehicle or mAb added after 5 min baseline; teal shaded bar in x-axis represents
incubation period. A one-way Welch’s ANOVA was performed to compare the effect of mAb on normalized basal F values in final 5 min between groups. There was
an effect of vehicle treatment (1.23 ± 0.076, n = 1,171 spines, p < 0.05, Welch’s t-test comparing baseline to final 5 min). There was no statistically significant
difference between groups at final 5 min (control mAb 1.26 ± 0.16, n = 1,151 spines; GluN1 mAb 1.29 ± 0.12, n = 1,705 spines; one-way Welch’s ANOVA [F (2,
3,182) = 0.07, p = 0.9]. (C) Normalized basal F trace of spines analyzed on per cell basis. No statistically significant difference was observed on F values between
treatments at final 5 min (control mAb 1.21 ± 0.46, n = 6 cells; GluN1 mAb 1.16 ± 0.33, n = 6 cells; Veh 1.25 ± 0.51, n = 7 cells; one-way Welch’s ANOVA [F (2,
10) = 0.06, p = 0.9]. (D) Box plots of normalized basal F values in individual treatments over time. Ctrl, control; mAb, human monoclonal antibody; ns, not significant;
Veh, vehicle; *p < 0.05; ns, p > 0.05.

Regarding mSCaT frequency on a per spine basis, we found
that there was an increase in all conditions over the recording
sessions (Figure 4G). Overall, there was no effect of GluN1 mAb
on mSCaT frequency. We observed an interaction between mAb
and time on mSCaT frequency (Figure 4H). Unexpectedly, there
was a significant reduction in the mSCaT frequency observed
with GluN1 mAb compared to control mAb at 5–10 min
(p = 0.007, Fisher’s LSD) and 10–15 min (p = 0.01, Fisher’s LSD)
timepoints. This effect was also observed comparing GluN1 mAb
to vehicle at 1–5 min (p = 0.01, Fisher’s LSD) and 5–10 min
(p < 0.0001) exposure time (Figure 4H). The control mAb had
no effect compared to vehicle at 5–10 min (p > 0.05, Fisher’s
LSD), but reduced mSCaT frequency at 10–15 min compared
to vehicle (p = 0.03, Fisher’s LSD). Interestingly, these between
group effects on mSCaT frequency are not observed when data
were analyzed on a per cell basis (Figure 4I). Simple main effects
analysis showed that time had a statistically significant effect
on mSCaT frequency (p = 0.001). Post-hoc Dunnett’s multiple
comparisons test revealed mSCaT frequency at 10–15 min was
significantly different from baseline (p = 0.001). Median mSCaT
amplitude and frequency values from per cell basis remained
stable over recording sessions (Supplementary Figures 2A,B).
These data further support the idea that subsets of synapses

are susceptible to transient decrease in mSCaT frequency by
GluN1 mAb. Given that the overall normalized mSCaT event
number and amplitude were unchanged on a cell-based analysis,
the biological relevance of the spine-based analysis observation
remains to be defined. Nonetheless, there may be a population of
spines that exhibit smaller Ca2+ influx in response to glutamate
release in the setting of GluN1 Ab exposure. This novel finding
supports the notion that pathogenic anti-NMDAR antibodies
may alter synaptic NMDAR function after short-term exposure.
Further, the effects of pathogenic GluN1 mAbs on presynaptic
function warrants further investigation.

DISCUSSION

We have demonstrated here that an individual human
monoclonal antibody, cloned from a patient with anti-NMDAR
encephalitis, rapidly localizes to synaptic NMDARs at native
hippocampal synapses. We analyzed mSCaTs in cultured
hippocampal neurons with the genetically encoded Ca2+

indicator GCaMP6f and found that the GluN1 mAb does
not alter the amplitude or frequency of synaptic NMDAR-
dependent Ca2+ influx within 10 min of antibody exposure.
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FIGURE 4 | Human GluN1 mAbs have limited effect on NMDAR-dependent miniature spontaneous Ca2+ transients (mSCaTs). (A) Zoom in of dendrite of
hippocampal cell transduced with GCaMP6f (green). Spine identified by red circle. Below, 1F/F trace of spine region identified in panel (A) plotted against time. Red
box indicates regions analyzed as mSCaTs. (B) Frequency histogram of mSCaT amplitude (1F/F) for individual synapses across 747 spines from 7 cells in vehicle
condition. (C) Frequency histogram of mSCaT frequency (Hz) for individual synapses across 747 spines from 7 cells in vehicle condition. (D) Dot plots of normalized
mSCaT amplitude in individual treatments over time. Vehicle or mAb added after 5 min baseline. (E) Normalized mSCaT amplitude over recording on per spine basis.
A two-way ANOVA was performed to analyze the effect of mAb and time on mSCaT amplitude. Compared to the control mAb, GluN1 mAb from a patient with
anti-NMDAR encephalitis showed a small decrease in Ca2+ influx through NMDARs activated by spontaneous glutamate release (spontaneous release) after 10 min
exposure. (F) Normalized mSCaT amplitude over recording session (mean ± SEM for each group; n = 6–7 cells). A two-way ANOVA was performed to analyze the
effect of mAb and time on mSCaT amplitude on per cell basis. There was no statistically significant interaction between the effects of mAb and time [F (4, 32) = 0.07,
p = 1.0]. Simple main effects analysis showed that mAb did not have a statistically significant effect on mSCaT amplitude (p = 0.9). Simple main effects analysis
showed that time did have a statistically significant effect on mSCaT frequency (p = 0.001). Both timepoints were significantly increased from baseline using
Dunnett’s multiple comparisons test (5–10 min, p = 0.0006; 10–15 min, p = 0.009). (G) Dot plots of normalized mSCaT frequency in individual treatments over time.
Vehicle or mAb added after 5 min baseline. (H) Normalized mSCaT frequency over recording session. A one-way ANOVA was performed to analyze the effect of
mAb on mSCaT frequency at 5–10 min [F (2, 2,575) = 4.8, p = 0.009] and 10–15 min [F (2, 2,575) = 12, p ≤ 0.0001] timepoints. Unexpectedly, there was a significant
reduction in the mSCaT frequency observed with GluN1 mAb compared to control mAb at 5–10 min (p = 0.007, Fisher’s LSD) and 10–15 min (p = 0.01, Fisher’s
LSD) timepoints. This effect was significant also observed comparing GluN1 mAb to vehicle at 1–5 min (p = 0.01, Fisher’s LSD) and 5–10 min (p < 0.0001) exposure
time. The control mAb had no effect compared to vehicle at 5–10 min (p > 0.05, Fisher’s LSD), but reduced mSCaT frequency at 10–15 min compared to vehicle
(p = 0.03, Fisher’s LSD). (I) Normalized mSCaT frequency over recording session (mean ± SEM for each group; n = 6–7 cells). A two-way ANOVA was performed to
analyze the effect of mAb and time on mSCaT frequency. There was no statistically significant interaction between the effects of mAb and time [F (4, 32) = 0.38,
p = 0.8]. Simple main effects analysis showed that mAb did not have a statistically significant effect on mSCaT frequency (p = 0.8). Simple main effects analysis
showed that time did have a statistically significant effect on mSCaT frequency (p = 0.0012). Post-hoc Dunnett’s multiple comparisons test revealed mSCaT
frequency at 10–15 min was significantly different from baseline (p = 0.0012). Ctrl, control; mAb, human monoclonal antibody; ns, not significant; Veh, vehicle;
*p < 0.05, **p < 0.01, ***p < 0.0001; ns, p > 0.05.
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There are changes observed between GluN1 mAb compared
to control mAb when mSCaTs are analyzed on per spine
basis, including changes in mSCaT amplitude and frequency.
Surprisingly, these effects are not evident when analyzed on
a cell basis, suggesting unique spine features associated with
vulnerable NMDARs yet to be discovered. Further, the cause
of mSCaT frequency changes, and possible altered presynaptic
function, remain undefined. Additionally, we determined by
complementary imaging methods that synaptic NMDAR labeling
is robust following brief live-cell GluN1 mAb exposure. Further
investigation into the dynamics of surface expression of synaptic
NMDARs and internalization of GluN1 mAb remain to be
examined within this time-frame in cultured hippocampal
neurons. These data represent, to our knowledge, the first
investigation of an individual anti-GluN1 pathogenic antibody
on rapid dysregulation of NMDAR function at native neuronal
synapses.

The consequences of pathogenic GluN1 antibodies on Ca2+

influx through synaptic NMDARs are potentially widespread as
the importance of NMDAR-mediated Ca2+ signaling in directing
the molecular underpinnings of synaptic plasticity, and learning
and memory, are well evidenced (Sabatini et al., 2002; Sanderson
and Dell’Acqua, 2011; Lisman et al., 2012). At excitatory
glutamatergic synapses, synaptic strength is tuned by alterations
to the number or single-channel conductance of ionotropic
glutamate receptors, primarily α-amino-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARs) (Banke et al., 2000,
2001; Lee et al., 2003; Oh et al., 2006; Kristensen et al., 2011;
Diering and Huganir, 2018). The NMDAR governs this plasticity
through its Ca2+ permeability and control of postsynaptic
signaling. The level of Ca2+ influx through NMDARs at the
postsynaptic membrane controls NMDAR-dependent plasticity
(Sabatini et al., 2002; Lisman et al., 2012). Also, recent evidence
supports a non-canonical metabotropic function of NMDAR in
controlling plasticity independent of Ca2+ influx (Nabavi et al.,
2013; Aow et al., 2015; Dore et al., 2015). Classically, strong
activation of NMDARs and a large Ca2+ influx induces synaptic
strengthening, or LTP, whereas weaker activation NMDAR
activation favors long-term depression (LTD). Anti-NMDAR
encephalitis antibodies that decrease NMDAR Ca2+ influx with
receptor activation are likely to disrupt the propensity for
synapses to undergo normal LTP, and targeted synapses may
exhibit a higher threshold for LTP induction. Further, these
targeted synapses may also be more susceptible to LTD following
receptor activation. It remains to be explored whether anti-
NMDAR antibodies dysregulate metabotropic NMDAR function.
In support of the notion of an effect on LTP, CSF from a patient
with anti-NMDAR encephalitis has been observed to prevent
normal hippocampal NMDAR-LTP at Schaeffer collaterals with
high-frequency stimulation after just 5 min of exposure (Zhang
et al., 2012). However, serum and CSF in patients with anti-
NMDAR encephalitis may contain multiple biologically active
factors. As such, synaptic dysfunction mediated by short-term
exposure to pathogenic anti-NMDAR CSF is complicated to
interpret. There is strong evidence that pathogenic anti-NMDAR
antibodies share the same major epitope on the GluN1 subunit
(Zhang et al., 2012; Sharma et al., 2018a,b). However, pathogenic

anti-NMDAR antibody titers do not correlate with disease
severity (Gresa-Arribas et al., 2014) and CSF contains a
polyclonal population of pathogenic antibodies that are likely
unique to each patient. Also, anti-NMDAR encephalitis is
highly heterogenous clinically with regards to disease severity,
progression, and response to therapeutics. These features suggest
that other antibody parameters such as antibody affinity
(Ly et al., 2018) or polyclonal antibody responses, as well
as parallel immune responses, may be relevant in disease
pathophysiology and disease severity. Further experimentation
is required to define the mechanism for rapid altered plasticity
induction by anti-NMDAR encephalitis antibodies or factors
present in patient CSF.

The pathophysiology underlying anti-NMDAR encephalitis
is complex. Internalization of NMDARs by GluN1 antibodies
is crosslinking dependent (Hughes et al., 2010), and the effects
of pathogenic anti-NMDAR antibodies can be prevented by
activation of other synaptic signaling receptors that physically
interact with NMDARs (Mikasova et al., 2012; Planagumà et al.,
2015, 2016; Washburn et al., 2020). The potential mechanisms
by which pathogenic GluN1 antibodies alter NMDAR function
aside from receptor internalization are numerous and diverse,
including altered channel kinetics by direct allosteric modulation,
disruption of extracellular or intracellular binding interactions,
altered metabotropic signaling, and altered NMDAR subunit
phosphorylation state. Numerous allosteric modulators are
known to bind GluN2 NTDs or the GluN1-GluN2 interface and
induce changes to single channel properties (Hansen et al., 2010).
Allosteric modulators of GluN1-containing NMDARs have only
recently been described (Strong et al., 2021). Antibody effects
on NMDAR channel function have been explored by single-
channel electrophysiology, showing CSF from patients with anti-
NMDAR encephalitis increase open time of GluN1/GluN2B
receptors in Xenopus oocytes (Gleichman et al., 2012). This
supports the potential role of pathogenic antibodies as positive
allosteric modulators of NMDARs, but these studies have
been limited to heterologous expression systems with GluN2B-
containing receptors. In contrast, we observed a small decrease
in mSCaT amplitude (compared to control mAb) on a spine-
based analysis at native synapses, which could be explained
by negative allosteric modulation by the GluN1 mAb, possibly
through changes to channel open probability, agonist affinity,
open time, or Ca2+ conductance. The observed change in mSCaT
frequency could imply altered presynaptic function, which is
challenging to explain via postsynaptic NMDAR regulation.
Possible mechanisms could include retrograde signaling or other
indirect effect on presynaptic function. Also, GluN1 mAb may
alter presynaptic NMDAR function, which is known to regulate
spontaneous glutamate release (Sjöström et al., 2003; Corlew
et al., 2007; Brasier and Feldman, 2008). Nonetheless, this
suggests the possibility that individual GluN1 clones within
the polyclonal population of patient CSF may differentially
modulate NMDAR function. GluN1 antibodies most commonly
target an epitope dependent on residues N368/G369 at the
“hinge” of the GluN1-NTD clamshell, and their modulation of
receptors highlights the importance of binding interactions in
this region as NMDAR modulation by EphB receptor binding
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has been observed at this site as well (Washburn et al., 2020).
The heterologous expression approaches lack native receptor
complexes and synaptic protein-protein interactions, including
those at the GluN1-NTD (Gleichman et al., 2012). Additionally,
the native synaptic binding partners modulate NMDAR function
(Bard and Groc, 2011) and the GluN2A subunit-containing
NMDARs are more prevalent at the synapse than GluN2B
subunit-containing NMDARs (Vieira et al., 2020). Further, recent
studies have illustrated the regulation of dopamine receptor
function by anti-NMDAR antibodies thru NMDAR and D1R
crosstalk (Gréa et al., 2019; Carceles-Cordon et al., 2020).
Collectively, these studies underscore the complex NMDAR
protein-protein interactions that may be targets and altered in
anti-NMDAR encephalitis.

An additional mechanism by which the GluN1 mAb may
alter mSCaT amplitude is through disruption of extracellular
synaptic binding partners and increased lateral mobilization
of surface receptors. Antibody-mediated internalization of
NMDARs by pathogenic patient CSF was found to be prevented
by activation of EphB2 receptors in vitro and in vivo (Mikasova
et al., 2012). The exact mechanism underlying this regulation
remains to be defined in anti-NMDAR encephalitis. However,
the working hypotheses include altered synaptic capture,
receptor stabilization, and receptor mobility. Patient CSF also
produced increased mobility of GluN2A-containing receptors
and decreased mobility of GluN2B-containing receptors, which
was also prevented by activation of EphB2 receptors. Although
this was not evaluated on the same timescale in which we
observed decreased mSCaT amplitude, that study used patient
CSF while we studied an individual GluN1 mAb that may
have distinct effects. EphB receptors regulate synaptic NMDAR
function and targeting (Henderson et al., 2001; Nolt et al., 2011),
and it is very possible that pathogenic GluN1 antibodies alter
NMDAR surface trafficking by disrupting binding between these
two receptors at their nearby site of interaction. Such an effect
would alter NMDAR mobility and diffusion, potentially away
from site of spontaneous release of glutamate as measured by our
mSCaT assay here. Because NMDARs activated by spontaneous
release likely represent a population of receptors at least partially
non-overlapping with those activated by evoked release, their
localization across from the site of spontaneous release may be
critical for maximum post-synaptic response and Ca2+ influx.
Trafficking of NMDARs away from sites of spontaneous vesicle
release therefore may be an underlying mechanism by which the
GluN1 mAb may reduce mSCaT amplitude.

This study involved time-resolved and spatially restricted
analysis of NMDAR function at hippocampal synapses. As such,
it will be challenging to extend these observations to biochemical
metrics of GluN1 mAb function. Further, we characterized a
single GluN1 mAb, clone 5F5, in these studies. Future studies
should explore whether the effects described here are reproduced
with other GluN1 clones, mixtures of clones, patient CSF, or
pathogenic antibodies isolated from patient serum.

Effects specific to spontaneously activated NMDARs,
as measured in this study, may be relevant to the
underlying pathophysiology of anti-NMDAR encephalitis.
Spontaneously activated NMDARs mediate synaptic homeostasis

(Reese and Kavalali, 2015) and blockade of spontaneous release
leads to potentiation of synaptic transmission (Nosyreva
et al., 2013). Both phenomena may be dysregulated in anti-
NMDAR encephalitis. However, it is important to consider
that evidence suggests NMDARs activated by spontaneous
release may be distinct from those activated by neurotransmitter
release following action potentials (Atasoy et al., 2008).
Further examination of short-term effects of GluN1 mAb on
action potential-evoked NMDAR Ca2+ transients is therefore
necessary to define its effect on these distinct synaptic NMDAR
populations. Future experiments will further interrogate these
hypotheses about the underlying pathophysiology of anti-
NMDAR encephalitis by evaluating GluN1 antibody effects on
native NMDAR function and downstream intracellular signaling
pathways. These studies will provide valuable insights into the
role of antibody repertoire in the underlying disease pathogenesis
and contribute to the foundation for targeted therapeutics and
precision medicine in autoimmune encephalitis.
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Supplementary Figure 1 | Basal calcium levels at synaptic spines analysis on per
cell basis. Dot plots of normalized basal F values in individual treatments over time

per cell. Vehicle or mAb added after 5 min baseline. Note the F values remained

stable following addition of vehicle or mAbs when analyzed on per cell basis. Ctrl,

control; mAb, human monoclonal antibody; Veh, vehicle.

Supplementary Figure 2 | mSCaT amplitude and frequency analyses on

per cell basis. (A) Dot plots of normalized mSCaT amplitude in individual
treatments over time per cell. Vehicle or mAb added after 5 min baseline.
(B) Dot plots of normalized mSCaT frequency in individual treatments
over time.
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Genetic variations resulting in the loss of function of the discs large homologs
(DLG2)/postsynaptic density protein-93 (PSD-93) gene have been implicated in the
increased risk for schizophrenia, intellectual disability, and autism spectrum disorders
(ASDs). Previously, we have reported that mice lacking exon 14 of the Dlg2 gene (Dlg2-/-

mice) display autistic-like behaviors, including social deficits and increased repetitive
behaviors, as well as suppressed spontaneous excitatory postsynaptic currents in the
striatum. However, the neural substrate underpinning such aberrant synaptic network
activity remains unclear. Here, we found that the corticostriatal synaptic transmission
was significantly impaired in Dlg2-/- mice, which did not seem attributed to defects
in presynaptic releases of cortical neurons, but to the reduced number of functional
synapses in the striatum, as manifested in the suppressed frequency of miniature
excitatory postsynaptic currents in spiny projection neurons (SPNs). Using transmission
electron microscopy, we found that both the density of postsynaptic densities and the
fraction of perforated synapses were significantly decreased in the Dlg2-/- dorsolateral
striatum. The density of dendritic spines was significantly reduced in striatal SPNs, but
notably, not in the cortical pyramidal neurons of Dlg2-/- mice. Furthermore, a DLG2/PSD-
93 deficiency resulted in the compensatory increases of DLG4/PSD-95 and decreases
in the expression of TrkA in the striatum, but not particularly in the cortex. These
results suggest that striatal dysfunction might play a role in the pathology of psychiatric
disorders that are associated with a disruption of the Dlg2 gene.

Keywords: MAGUK, dorsolateral striatum, spiny projection neurons, corticostriatal transmission, schizophrenia
risk gene

INTRODUCTION

Discs large homologs (DLG2), also known as postsynaptic density protein-93 (PSD-93)
or Chapsyn-110, is a member of the membrane-associated guanylate kinase (MAGUK)
family that directly interact with receptors, including AMPA and NMDA as a postsynaptic
scaffolding protein (Brenman et al., 1996; Kim et al., 1996; Sheng and Sala, 2001;
Sheng and Hoogenraad, 2007). Studies using a large-scale genetic analysis of human
patients have indicated that the disruption of the Dlg2 gene is closely associated with
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psychiatric disorders, including schizophrenia (Walsh et al.,
2008; Kirov et al., 2012; Fromer et al., 2014; Sanders et al.,
2022), intellectual disability (Reggiani et al., 2017), and autism
spectrum disorder (ASD) in humans (Egger et al., 2014; Ruzzo
et al., 2019). Despite emerging evidence of its implication
in psychiatric and neurodevelopmental disorders, it remains
unclear the mechanism by which a DLG2/PSD-93 plays a
pathological role.

During mid-fetal development, DLG2/PSD-93 is abundantly
expressed in the human striatum (Kang et al., 2011). Structural
alterations of the putamen, a part of the dorsal striatum in
the human brain, are found to be linked to mutations in the
Dlg2 gene (Hibar et al., 2015). Furthermore, a recent study
employing longitudinal imaging combined with genetic analyses
has demonstrated that single nucleotide polymorphisms (SNPs)
in DLG2/PSD-93 are associated with structural asymmetry
of subcortical regions, including putamen in patients with
Alzheimer’s disease (AD) (Wachinger et al., 2018). In particular,
corticostriatal dysfunction has been implicated in ASDs (Peça
et al., 2011; Bentea et al., 2020), obsessive-compulsive disorders
(Burguiere et al., 2015), and schizophrenia (Zandbelt et al., 2011;
Wagshal et al., 2014), implying that striatum-related circuitries
play a critical role in the pathology. In this context, we have
previously found that Dlg2 mRNA is highly expressed in the
mouse striatum during early developmental stages. Mice lacking
DLG2/PSD-93 have suppressed excitatory synaptic inputs onto
spiny projection neurons (SPNs)–the output cell type in the
striatum, as measured by spontaneous excitatory postsynaptic
currents (sEPSCs), which accompanied aberrant behaviors,
including suppressed locomotor response to novelty, decreased
social interaction, and increased repetitive behavior (Yoo et al.,
2020), that are tightly associated with dysfunction of striatal
circuitries (Welch et al., 2007; Shmelkov et al., 2010; Ishii et al.,
2016; Leonzino et al., 2019; Li and Pozzo-Miller, 2020). However,
the underlying neural substrate for a DLG2/PSD-93 deficiency
still remains elusive.

In this study, we investigated the consequence of the genetic
disruption of DLG2/PSD-93 on striatal synaptic connectivity. We
found that a DLG2/PSD-93 deficiency significantly suppressed
corticostriatal synaptic transmission accompanying the reduced
number of functional excitatory synapses in the striatum. Spine
densities were significantly reduced, as well as the expression
of synapse-related molecules was altered in the dorsolateral
striatum, neither of which was found in the cortex of Dlg2-/-

mice. Our findings suggest a crucial role for DLG2/PSD-93 in
the regulation of striatum-related circuitries, shedding a light on
the potential involvement of striatal dysfunction in the pathology
of various psychiatric disorders accompanying disruption of the
Dlg2 gene.

MATERIALS AND METHODS

Animals
Dlg2-/- mice carrying a deletion of exon 14 of the Dlg2 gene
were generated and maintained as previously reported (Yoo
et al., 2020). Briefly, all animals were fed ad libitum and housed
under a 12-h light/dark cycle. Pups were weaned at postnatal day

21, and 3–6 mice were grouped in each cage. Only male adult
mice were used for experiments. Dlg2-/- mice were genotyped by
polymerase chain reaction (PCR) using the following primers as
previously reported (Yoo et al., 2020): WT allele (312 bp), 5′-
CCA GAA TGT AC TTC AGC ACC A –3′ (forward) and 5′-TCG
TGGTATCGTTATGCGCC-3′ (reverse); mutant allele (527 bp),
5′-GCC AAG ACT TTT AGA GAC AGC C-3′ (forward) and
5′-AAG CAG GCA ATT CAC ACC AC-3′ (reverse). The use
of mice was approved by and performed in accordance with
the committees of animal research at KAIST (KA2021-070) and
Yeungnam University (2020-037).

Electrophysiology
Acute coronal brain slices for the dorsolateral striatum were
obtained following the protective recovery method (Ting et al.,
2014). In brief, mice at 3–5 months were anesthetized with
an intraperitoneal injection of a ketamine (120 mg/kg)-xylazine
(10 mg/kg) cocktail and transcardially perfused with a protective
buffer (NMDG aCSF) at room temperature consisting of, in
mM: 100 NMDG, 12 NAC, 30 NaHCO3, 20 HEPES, 25
glucose. 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 2.5 KCl,
1.25 NaH2PO4,0.5 CaCl2, and 10 MgSO4. Mouse brains were
extracted and sectioned (300 µm for whole-cell recording,
400 µm for field recording) in NMDG aCSF buffer at room
temperature bubbled with 95% O2 and 5% CO2 gases using Leica
VT 1200. The slices were transferred to a 32◦C holding chamber
containing NMDG aCSF for 11 min, followed by recovery
for over 1 h in a chamber at room temperature containing a
buffer (in mM: 92 NaCl, 12 NAC, 30 NaHCO3, 20 HEPES, 25
Glucose. 2 Thiourea, 5 Na-Ascorbate, 3 Na-Pyruvate, 2.5 KCl,
1.25 NaH2PO4, 2.5 CaCl2, and 1.3 MgSO4) oxygenated with 95%
O2 and 5% CO2 gases. During all recordings, brain slices were
maintained in a submerge-type recording chamber perfused with
27.5–28.5◦C aCSF (2 ml min−1; in mM: 124 NaCl, 25 NaHCO3,
10 Glucose, 2.5 KCl, 1 NaH2PO4, 2.5 CaCl2, and 1.3 MgSO4
oxygenated with 95% O2 and 5% CO2 gases). Recording glass
pipettes from borosilicate glass capillaries (Harvard Apparatus)
were pulled using an electrode puller (Narishige). All-electric
responses were amplified and filtered at 2 kHz (Multiclamp 700B,
Molecular Devices) and then digitized at 10 kHz (Digidata 1550,
Molecular Devices).

For extracellular field recordings, a platinum/iridium
concentric bipolar stimulation electrode (CBBRC75; inner pole
diameter, 25 µm) and glass recording electrodes filled with
aCSF were placed on the inner border of the corpus callosum,
containing mainly passing cortical axons, and the dorsolateral
striatum, approximately 400 µm away from the stimulus,
respectively. Paired pulse ratio was measured by applying three
paired pulses at different inter-stimulus intervals (25, 50, 75,
100, 200, and 300 ms), averaging across triplicate measurements.
Stable baseline responses were monitored for 5 min before the
recording. For input-output curves, stimulation intensity (mA)
was increased after every third consecutive response. Whole-cell
patch-clamp recordings of miniature excitatory postsynaptic
currents (mEPSCs) were obtained from voltage-clamped (–70
mV) SPNs of the dorsolateral striatum. Recording pipettes
(2.5–3.5 M�) were filled with an internal solution consisting of
100 mM CsMeSO4, 10 mM TEA-Cl, 8 mM NaCl, 10 mM HEPES,
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5 mM QX-314-Cl, 2 mM Mg-ATP, 0.3 mM Na-GTP, and 10 mM
EGTA (pH 7.25, 295 mOsm). Responses were recorded for 2 min
after maintaining a stable baseline for 5 min. Picrotoxin (60
µM) and TTX (1 µM) were included in aCSF to block GABA
receptors and voltage-gated Na+ channels, respectively.

Transmission Electron Microscopy
Mice were deeply anesthetized with a mixture of ketamine
(120 mg/kg) and xylazine (10 mg/kg) and were intracardially
perfused with heparinized normal saline, followed by a
freshly prepared fixative of 2.5% glutaraldehyde and 1%
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Whole
brains were post-fixed for 2 h and stored in PB overnight at
4◦C. A total of 50 µm-thick coronal sections were osmicated
with 1% osmium tetroxide, dehydrated in graded alcohols, flat
embedded in Durcupan ACM (Fluka), and then cured for 48 h
at 60◦C. Dorsolateral striatum regions were cut out of the
wafers and glued onto the plastic block with cyanoacrylate.
Ultrathin sections were cut and mounted on Formvar-coated
single-slot grids, stained with uranyl acetate and lead citrate, and
examined with an electron microscope (Hitachi H-7500) at 80 kV
accelerating voltage. A total of thirty two micrographs were taken
per animal representing 837.9 µm2 (27.31 µm2

× 32) neuropil
regions at a 30,000× magnification. The number of postsynaptic
densities (PSDs), the proportion of perforated PSDs, the length
and thickness of PSDs, and the number of docked vesicles (as
defined by direct contact with presynaptic plasma membrane)
per active zone length were quantified by an experimenter blind
to the genotype. Digital images were captured with the GATAN
DigitalMicrograph software driving a CCD camera (SC1000
Orius, Gatan). The brightness and contrast of the images were
adjusted in Adobe Photoshop 7 (Adobe Systems).

Golgi-Cox Staining
Golgi-Cox staining was conducted following the manufacturer’s
protocol of the FD Rapid GolgiStainTM Kit (FD
NeuroTechnologies, Inc.). One hundred-micrometer-thick
sections were collected using a vibratome (Leica VT 1200S).
Wholly stained neurons were selected from the dorsolateral
striatum and layer V of the motor cortex of Dlg2-/- and WT
littermate controls using a brightfield microscope (Leica DMi8).
SPNs in the dorsolateral striatum were identified based on their
morphological features as previously described (Bentea et al.,
2020), e.g., either round or ovoid soma with a diameter ranging
from 10 to 20µm that contains at least three primary dendrites
having a relatively low density of spines that increases as the
branching order becomes higher. Layer V pyramidal neurons
in the motor cortex were identified as previously described
(Urrego et al., 2015) based on morphological features, e.g., a
triangular-shaped and relatively large soma that has the apical
dendrites projecting toward the pial surface. Entire neurons
within an imaging depth of stained sections (approximately
60 µm), excluding axons, were traced at 40×magnification. Note
that long dendrites of pyramidal neurons were often partially
reconstructed due to cut by sectioning. A total of 8–12 SPNs and
13–15 pyramidal neurons per animal were traced. The degree of
dendritic arborization was assessed using the Sholl analysis in

that a series of concentric circles (separated by 10 µm in radius)
was overlaid over neuron traces and the number of intersections
was counted using ImageJ (Schindelin et al., 2012). The spine
density was estimated from dendrites greater or equal to the
third order for SPNs and to the second order for pyramidal
neurons and at least 30 µm distant from cell soma. For spine
quantification, SPNs and pyramidal neurons were imaged at
63× magnification. The spine density was assessed on 8–14
neurons per animal. Statistical comparisons were made based
on the representative value of each animal that was averaged
from sampled neurons per animal. An experimenter was blinded
to the group information throughout the data collecting and
analysis processes. The brightness and contrast of the images
were adjusted in Adobe Photoshop 7 (Adobe Systems).

Immunoblotting Analysis
For postsynaptic composition analyses, striatum and cortex
from 3- to 5-month-old mice were dissected and homogenized
with ice-cold buffer (0.32 M sucrose, 10 mM HEPES, pH
7.4, 2 mM EDTA, pH 8, 2 mM EGTA, pH 8, protease
inhibitors, phosphatase inhibitors). Synapse enriched fraction
was collected as previously described (Chung et al., 2019).
A synaptic or crude membrane (P2) fraction lysates separated
in electrophoresis and transferred to a nitrocellulose membrane
were incubated with primary antibodies to DLG2/PSD-93
(#1634, rabbit), DLG4/PSD-95 (Neuromab 75-028), pan-Shank
(Neuromab 75-089), Homer1 (#1133, rabbit), GluA1 (#1193,
rabbit), GluA2 (Millipore MAB397), and α-tubulin (Sigma
T5168) at 4◦C overnight. Fluorescent secondary antibody
signals were detected using the Odyssey

R©

Fc Dual-Mode
Imaging System. For the DRD1, DRD2, and TrkA, expression
analysis, striatum and/or cortex lysates were separated in
electrophoresis and then transferred to a polyvinyldene fluoride
(PVDF) membrane, followed by the incubation with anti-
TrkA (#2505S, Cell Signaling Technology), anti-DRD1 (#D2944,
Sigma Aldrich), anti-DRD2 (#AB5084P, Merck Millipore), anti–
GAPDH (#LF-PA0212, ABfrontier) and anti-β-actin (#sc-47778
Santa Cruz Biotechnology) at 4◦C overnight and then with
secondary antibodies at room temperature for 1 h. Protein
bands were visualized using the FujiFilm LAS-4000 Mini
Luminescent Image Analyzer.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 7.
Repeated measures ANOVA was used for analyzing input/output
and paired-pulse ratio. Post hoc analyses were performed
using Sidak’s test, as warranted by significant interaction
effects. mEPSCs were analyzed using either Student’s t-test for
normally distributed data, as determined by the D’Agostino and
Pearson’s tests, or by the non-parametric Mann-Whitney test
for non-normally distributed data. Student’s t-test was used for
the analysis of electron microscopy, Golgi-Cox staining, and
immunoblotting. All statistical details, including information on
sample sizes, descriptive statistics, normality test results, and
t-, F-, U- values, are summarized in Supplementary Table 1.
Results are presented as means ± SE, and differences with a
p-value < 0.05 were considered statistically significant.
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RESULTS

Corticostriatal Synaptic Transmission Is
Suppressed in Dlg2-/- Mice
Corticostriatal circuitries play important roles in the regulation
of cognitive and motor function (Shepherd, 2013), including
locomotor response to novelty (Ishii et al., 2016; Leonzino
et al., 2019), social interactions (Li and Pozzo-Miller, 2020), and
repetitive “stereotype” behaviors (Welch et al., 2007; Shmelkov
et al., 2010; Peça et al., 2011), all of which are found to be
abnormal in Dlg2-/- mice (Yoo et al., 2020). To investigate
whether a DLG2/PSD-93 deficiency causes dysfunction of

corticostriatal projections, we measured extracellular field
excitatory postsynaptic potentials (fEPSPs) in the dorsolateral
striatum evoked by stimulating the corpus callosum, which
mainly contains corticostriatal tracts (Figure 1A), as previously
described (Peça et al., 2011; Bentea et al., 2020). Compared
with WT animals, Dlg2-/- mice showed significantly decreased
fEPSPs in the dorsolateral striatum, with two curves progressively
diverging as the stimulation intensity increased (Figures 1B,C),
indicating suppressed corticostriatal synaptic transmission in
Dlg2-/- mice. The presynaptic function was not impaired by
a DLG2/PSD-93 deficiency, as evidenced by the absence of
the main effect of genotypes in paired-pulse ratios (PPRs,

FIGURE 1 | Corticostriatal synaptic transmission is suppressed in Dlg2-/- mice. (A) Representative micrograph of the dorsolateral striatum region showing placement
of extracellular field recordings and stimulus via the corpus callosum. Scale bar, 400 µm. (B) Representative traces of input-output measurements were performed
by extracellular field recordings for WT and Dlg2-/- mice. (C) The amplitude of corticostriatal fEPSPs was significantly reduced in Dlg2-/- mice (n = 15 slices from
three WT mice and n = 15 slices from three Dlg2-/- mice). Arrowheads indicate p-values being 0.05 in post hoc Sidak’s multiple comparisons tests (see details for
Supplementary Table 1). (D) Representative traces of paired-pulse ratio (PPR) from WT and Dlg2-/- mice. Paired-pulse ratio, as shown by fEPSP amplitude plotted
against interstimulus intervals, was not significantly altered overall in Dlg2-/- mice in repeated measures of ANOVA (E), but at 25 ms (F), it was significantly reduced in
Dlg2-/- mice (n = 15 slices from three WT mice and n = 15 slices from three Dlg2-/- mice). (G) Representative traces of whole-cell patch-clamp recordings of
miniature excitatory postsynaptic currents (mEPSCs) from WT and Dlg2-/- mice. (H) The frequency of mEPSCs was decreased in striatal SPNs of Dlg2-/- mice
compared with that in WT mice, suggesting the corticostriatal dysfunction attributable to a smaller number of functional synapses in the striatum of Dlg2-/- mice than
that of WT. (I) There was no group difference in the amplitude of mEPSCs. n = 15 neurons from three WT mice and n = 19 neurons from four Dlg2-/- mice. Student’s
t-test (mEPSC frequency) and the Mann-Whitney test (mEPSC amplitude) were used according to the normality of the data. *p < 0.05; **p < 0.01; ns, not significant.
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Figures 1D,E). Instead, there was a tendency toward an increased
probability of presynaptic releases in Dlg2-/- mice, as shown by
the significantly reduced value of PPRs at 25 ms (Figure 1F).

A Discs’ Large Homologs2/Postsynaptic
Density Protein-93 Deficiency Results in
the Reduced Number of Functional
Excitatory Synapses on Spiny Projection
Neurons of the Dorsolateral Striatum
To investigate the physiological driver of the reduction in fEPSPs
in the Dlg2-/- striatum, we performed whole-cell voltage-clamp
recordings of mEPSCs in SPNs, one of the major output cell types
in the dorsolateral striatum. We found that the frequency, but
not amplitude, of mEPSCs in SPNs was significantly decreased in
Dlg2-/- mice (Figures 1G–I), indicating the absence of changes in
the strength of individual excitatory synapses (Figure 1I). Given
no evidence of impaired presynaptic function (Figures 1D–F),
this result indicates that the number of functional synapses is
decreased in Dlg2-/- SPNs.

To determine whether the decreased number of functional
synapses on Dlg2-/- SPNs is attributed to the reduction in the
total number of excitatory synapses caused by a DLG2/PSD-
93 deficiency, quantification of synapses was performed at the
ultrastructural level using transmission electron microscopy. The
number of PSDs in the dorsolateral striatum was significantly
decreased in Dlg2-/- mice compared with that in wild-type
(WT) animals (Figures 2A,B). The percentage of perforated
synapses, a type of synapse often regarded as a functionally
mature form of axospinous synapses (Geinisman, 1993), was also
significantly reduced in Dlg2-/- mice (Figure 2F). The number
of presynaptic docked vesicles per active zone length, as well
as the length and thickness of PSDs, were not significantly
different between genotypes (Figures 2C–E). Taken together,
these findings suggest that a DLG2/PSD-93 deficiency impairs the
corticostriatal synaptic transmission, mainly owing to a reduction
in the number of functional excitatory synapses in SPNs of the
dorsolateral striatum.

Dendritic Spines of Spiny Projection
Neurons in the Dorsolateral Striatum, but
Not of Pyramidal Neurons in the Cortex,
Were Decreased in Dlg2-/- Mice
Given the important role of SPNs in numerous complex striatum-
related behaviors (Welch et al., 2007; Shmelkov et al., 2010;
Ahmari et al., 2013; Rothwell et al., 2014; Calabresi et al.,
2016; Koch et al., 2018), we investigate whether a DLG2/PSD-
93 deficiency specifically alters morphological and structural
features of SPNs in comparisons with its effect on pyramidal
neurons in layer V of the cortex. Golgi-Cox staining results
revealed that a DLG2/PSD-93 deficiency did not alter the
complexity of dendritic arborization of SPNs in the dorsolateral
striatum, nor of pyramidal neurons in the motor cortex
(Figures 3A,B). However, the number of dendritic spines of
SPNs in the dorsolateral striatum of Dlg2-/- mice was significantly
reduced, compared with that in WT animals (Figure 3C). On the

other hand, there were no group differences in the number of
dendritic spines on either apical or basal dendrites of pyramidal
neurons in the motor cortex (Figure 3D), highlighting that the
consequence of a DLG2/PSD-93 deficiency on dendritic spines
was more prominent in the striatal SPNs than the cortical
pyramidal neurons.

Alterations in Synapse-Related
Molecules Caused by a Discs’ Large
Homologs2 Deficiency Are Pronounced
in the Striatum, Compared to the Cortex
With the prominent decreases in the number of spines on SPNs
in the striatum of Dlg2-/- mice, we then addressed the question
of whether a DLG2/PSD-93 deficiency distinctively alters the
composition of excitatory synapses in different brain regions.
The expression levels of postsynaptic proteins were measured
using the synapse-enriched fraction of either the striatum or
cortex. Notably, DLG4/PSD-95 protein expression levels were
significantly increased in the synaptic fraction of the striatum
of Dlg2-/- mice (Figure 3E), indicating a possible compensatory
response to the DLG2/PSD-93 deficiency as previously reported
in the hippocampus (Winkler et al., 2018). However, the level
of DLG4/PSD-95 was not significantly increased in the synaptic
fraction of the cortex (Figure 3F). No significant differences
were found in other PSD-related molecules, including pan-
Shank, Homer, and GluA1 and 2 in either the striatum or cortex
(Figures 3E,F). Additionally, there was no significant difference
between WT and Dlg2-/- mice in the expression of dopamine D1
and D2 receptors in the striatum, suggesting that a DLG2/PSD-
93 deficiency does not alter the expression of dopamine receptors
that are linked to either direct or indirect pathways, respectively
(Supplementary Figure 1).

It has been recently reported that DLG2 plays an important
role in the nerve growth factor (NGF)-induced differentiation
through the regulation of its receptor TrkA expression via
positive feedback interactions between TrkA and DLG2 in
human neuroblastoma cells (Siaw et al., 2020). Therefore, we
examined the level of TrkA expression using immunoblotting.
The TrkA expression level was significantly decreased in the
striatum of Dlg2-/- mice compared to WT animals (Figure 3G),
but there was no group difference in its expression in the
cortex (Figure 3H). Together, these results suggest that a
DLG2/PSD-93 deficiency prominently alters the number and
composition of synapses in the striatum, suggesting striatal
dysfunction as a major culprit underlying the suppressed
corticostriatal transmission.

DISCUSSION

Genetic variations in DLG2/PSD-93 have been implicated in
various disorders, including schizophrenia (Walsh et al., 2008;
Kirov et al., 2012; Fromer et al., 2014), intellectual disability
(Reggiani et al., 2017), and ASD (Ruzzo et al., 2019), as well as
neurodegenerative disorders, such as AD (Hondius et al., 2016;
Lawingco et al., 2021; Prokopenko et al., 2022) and Parkinson’s
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FIGURE 2 | The number of functional synapses is decreased in the dorsolateral striatum of Dlg2-/- mice. (A) Representative electron microscopy images of the
dorsolateral striatum of WT and Dlg2-/- mice. Arrows, synapse; arrowheads, perforated synapse. Scale bar, 500 nm. (B) The number of PSDs in the dorsolateral
striatum was significantly reduced in Dlg2-/- mice, corroborating the decreased number of synapses in the dorsolateral striatum. (C–E) There were no group
differences in the length or thickness of PSDs or the number of presynaptic docked vesicles per active zone length. (F) The percentage of perforated synapses was
significantly reduced in Dlg2-/- mice. A total of 32 micrographs per animal were analyzed (WT, n = 3 mice; Dlg2-/-, n = 3 mice). *p < 0.05; **p < 0.01; ns, not
significant. Student’s t-test.

disease (PD) (Foo et al., 2017; Wu et al., 2018; Zhao et al.,
2020). However, the neural substrate for the genetic disruption
of DLG2/PSD-93 has not been well understood. Here, we
present findings that a DLG2/PSD-93 deficiency causes deficits
in excitatory synapses, in particular of SPNs in the striatum,
and consequent dysfunction of corticostriatal neurotransmission,
highlighting the potential role of DLG2 in brain disorders linked
to striatum-related circuitries.

Striatal circuits play a crucial role in the regulation of cognitive
and motor functions, including reward-oriented movement,
sociability, and stereotyped behaviors (Báez-Mendoza and
Schultz, 2013; Shepherd, 2013; Burguiere et al., 2015; Graybiel
and Grafton, 2015; Jurado-Parras et al., 2020). Dysfunction in
corticostriatal synaptic transmission has been implicated in both
psychiatric [e.g., autism (Fuccillo, 2016), obsessive-compulsive
disorders (Burguiere et al., 2015), schizophrenia (McCutcheon
et al., 2019)] and neurodegenerative disorders [e.g., AD

(Anderkova et al., 2017) and PD (Kravitz et al., 2010;
Anderkova et al., 2017; Lang et al., 2020)]. The reduced
corticostriatal synaptic transmission found in Dlg2-/- mice
appeared to be mainly attributable to the insufficiency of available
functional synapses in the dorsolateral striatum. Paired-pulse
ratios were significantly reduced at the first interstimulus
interval in Dlg2-/- mice, suggesting even a tendency toward
increased presynaptic release probability in the context of a
DLG2 deficiency, probably as a compensatory response to the
reduction in corticostriatal synaptic transmission. Given that
the strength of individual excitatory synapses was not altered
in Dlg2-/- SPNs, as measured by the amplitude of mEPSCs,
the reduction in the number of functional synapses in the
striatum could fully account for the observed corticostriatal
dysfunction in Dlg2-/- mice. Such an inference is corroborated
by the decreased densities of PSDs and dendritic spines
in the striatum.
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FIGURE 3 | The consequence of a DLG2/PSD-93 deficiency on excitatory synapses is prominent in the striatum compared to that in the motor cortex. (A,B)
Golgi-Cox staining revealed no changes in dendritic arborization of SPNs in the dorsolateral striatum (A) or pyramidal cells in the cortex (B) of Dlg2-/- mice. Left,
representative traces. Scale bars, 15 µm; right, quantification by the Sholl analysis. A total of 8–12 SPNs and 13–15 pyramidal neurons per animal were analyzed
(WT, n = 4 mice; Dlg2-/-, n = 3 mice). (C,D) The number of dendritic spines was significantly reduced in striatal Dlg2-/- SPNs (C), but not in cortical pyramidal neurons
(D). Left, representative images of dendrites. Scale bar, 5 µm. A total of 12–15 neurons per animal were analyzed for spine quantification (WT, n = 4 mice; Dlg2-/-,
n = 3 mice; **p < 0.01, Student’s t-test). Representative blot images of postsynaptic density-related molecule in the synapse-enriched fraction of the striatum (E)
and the cortex (F). Immunoblot analysis confirmed the absence of DLG2/PSD-93 at striatal and cortical synapses in Dlg2-/- mice. Note that DLG4/PSD-95 protein
levels were significantly increased in the striatal, but not the cortical, synaptic fraction of Dlg2-/- mice. No other changes in synaptic composition were found. (G,H)
TrkA was significantly decreased in the striatum of Dlg2-/- mice, but not in the cortex. *p < 0.05; ****p < 0.0001; ns, not significant. Student’s t-test.

The use of electrical stimulation of corpus callosum
encompassing cortical fibers is a well-established approach to
investigate corticostriatal projections, as numerously employed
in previous studies (Welch et al., 2007; Peça et al., 2011;
Assous et al., 2019; Bentea et al., 2020; Hadjas et al., 2020).
However, it should be noted that the incoming fibers onto the
dorsolateral striatum might contain projections not only from

the cortex but also from the thalamus (Alloway et al., 2017).
Recent evidence suggests that thalamocortical projections play
an important role in the regulation of motor behaviors (Díaz-
Hernández et al., 2018). Based on the synaptic deficits found
in the striatum of Dlg2-/- mice, it seems reasonable to postulate
that a DLG2/PSD-93 deficiency might alter synaptic transmission
projecting from the thalamus as well. Furthermore, given that the
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cortex, striatum, and thalamus are intricately connected at multi-
synaptic levels to form the cortico-basal ganglia-thalamus loop
(Foster et al., 2021), the striatal synaptic deficits in Dlg2-/- mice
might alter projections to and/or from the thalamus via either
direct or indirect pathways. Although we did not find significant
differences between groups in the expression of dopamine D1
and D2 receptors in the striatum (Supplementary Figure 1),
future studies are necessary to investigate whether a DLG2/PSD-
93 deficiency influences the synaptic connectivity of direct and/or
indirect striatofugal pathways and subsequently, the cortico-basal
ganglia-thalamus network.

It should be noted that this study was focused on the
quantification of synapse numbers to confirm the reduction
of functional synapse numbers, as hinted by the results of
electrophysiological analyses. However, it cannot be ruled
out that a DLG2/PSD-93 deficiency might affect various
morphological and structural features of individual synapses, and
consequently synaptic transmission. The 3D reconstruction of
spines and dendrites using serial-section electron microscopy is
warranted for detailed assessment regarding the potential effect
of a DLG2/PSD-93 deficiency on synaptic morphological features
in the striatum.

The consequence of a DLG2/PSD-93 deficiency seems more
pronounced in the striatum than in the motor cortex, with respect
to the number of dendritic spines. It should be noted that we
have quantified the number of spines on pyramidal cells of layer
V in the motor cortex since the corticostriatal pathways are
mainly projected from cells in layer V of the cortex (McGeorge
and Faull, 1989; Shepherd, 2013; Sohur et al., 2014). It has
been reported that DLG2/PSD-93 plays an important role in the
regulation of developmental synaptic maturation in the mouse
visual cortex (Favaro et al., 2018). Therefore, it cannot be ruled
out that neurons in different cortical regions and/or layers might
be more susceptible to a DLG2/PSD-93 deficiency than those in
the motor cortex.

Notably, previous findings have drawn attention to a potential
role for DLG2/PSD-93 on striatal development. DLG2/PSD-93
is highly expressed in both the human and mouse striatum
during early development (Kang et al., 2011) and its genetic
variants are also associated with altered striatal volume in
humans (Hibar et al., 2015). We show that a DLG2/PSD-93
deficiency confers the vulnerability to synaptic deficits in the
striatum. Although the underlying mechanism remains to be
determined, the decreased expression of TrkA in the striatum of
Dlg2-/- mice might imply a clue. TrkA is abundantly expressed
in the striatum, as well as the basal forebrain, and it is well
known to play an important role in the maturation of cholinergic
synapses (Sanchez-Ortiz et al., 2012). A study on high-risk
neuroblastomas having a genetic disruption of the Dlg2 gene has
shown that DLG2/PSD-93 expression drives differentiation of
neuroblastoma cells via increases in the TrkA expression (Siaw
et al., 2020). Given that DLG2/PSD-93 is abundantly expressed
at neuronal cholinergic synapses (Temburni et al., 2004) and
regulates their synaptic stability (Parker et al., 2004), it seems
reasonable to postulate that the vulnerability of the striatum
to a DLG2/PSD-93 deficiency might be attributed to its role
at cholinergic synapses that are abundantly expressed in the

striatum. It remains to be determined whether a DLG2/PSD-93
deficiency specifically causes a loss of cholinergic synapses in the
striatum and if so, whether it affects other cholinergic systems,
such as basal forebrain.

Although our previous study has showed that DLG4/PSD-95
is not altered in the whole brain of Dlg2-/- mice (Yoo et al., 2020),
the present study revealed that its expression is significantly
increased in the crude synaptic fraction of the Dlg2-/- striatum.
This finding is reminiscent of the results of a previous study
showing that DLG2/PSD-93 is significantly increased in the
hippocampal synaptic fraction of Dlg4/PSD-95+/- mice (Winkler
et al., 2018). Given the role of these DLG family members in
the regulation of AMPA and NMDA receptors in PSDs (Chen
et al., 2015), it is possible that the increased expression of
DLG4/PSD-95 in the striatal synaptic fraction might, in part,
account for the absence of changes in the postsynaptic efficacy
of Dlg2-/- SPNs. Future studies should determine how synapses
in different brain regions and circuitries cope with a DLG2/PSD-
93 deficiency at PSDs and what the functional ramifications of
overexpression of DLG4/PSD-95 might be on the organization of
postsynaptic receptors and other interacting molecules, including
Shank (Naisbitt et al., 1999).

DLG2/PSD-93 has been largely viewed as merely one of the
MAGUK family members with apparent biological redundancy
with DLG4/PSD-95. We previously identified an important
role for DLG2/PSD-93 in behavioral abnormalities, including a
reduction in social interaction, abnormal locomotor responses
to novelty, and heightened repetitive behavior. The results
presented here indicate that genetic disruption of DLG2/PSD-
93 leads to a reduction in the number of spines and functional
excitatory synapses on SPNs in the dorsolateral striatum, with
attendant dysfunction of corticostriatal synaptic transmission.
Given that corticostriatal circuitry is strongly implicated in
cognitive and motor function, these findings provide clues that
may help unveil the pathological role of DLG2/PSD-93 in
psychiatric and neurological disorders involving dysregulation of
striatal circuits.
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immunohistochemical analysis for the expression of dopamine D1 and D2
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(D) The expression levels of DRD1 and DRD2 were not altered by a DLG2/PSD-93
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S100A10 (p11) is an emerging player in the neurobiology of depression

and antidepressant actions. p11 was initially thought to be a modulator of

serotonin receptor (5-HTR) trafficking and serotonergic transmission, though

newly identified binding partners of p11 and neurobiological studies of these

proteins have shed light on multifunctional roles for p11 in the regulation

of glutamatergic transmission, calcium signaling and nuclear events related

to chromatin remodeling, histone modification, and gene transcription. This

review article focuses on direct binding partners of p11 in the brain including

5-HTRs, mGluR5, annexin A2, Ahnak, Smarca3, and Supt6h, as well as their

roles in neuronal function, particularly in the context of depressive-like

behavior as well as behavioral effects of antidepressant drug treatments

in mice. In addition, we discuss neurobiological insights from recently

uncovered p11 pathways in multiple types of neurons and non-neuronal cells

and cast major remaining questions for future studies.

KEYWORDS

depression, antidepressants, serotonin receptors, Smarca3, Ahnak, mGluR5, annexin
A2, Supt6h

Introduction

As a leading cause of disability, major depressive disorder
(MDD) affects an estimated 8.5% of adults in the United
States and 5% of adults worldwide (Ettman et al., 2020; GBD
2019 Mental Disorders Collaborators, 2022). However, these
numbers vary or soar in populations affected by traumatic or

life-disrupting events such as natural disasters (Li et al., 2019),
epidemics (Ettman et al., 2020; COVID-19 Mental Disorders
Collaborators, 2021), military attacks, or civil wars (Naja et al.,
2016; Kovess-Masfety et al., 2021).

The etiology of MDD is not well understood, and many
genetic and environmental risk factors may contribute to
MDD (Wong and Licinio, 2001; Otte et al., 2016). Classic
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antidepressants including selective serotonin reuptake inhibitors
(SSRIs) can take 4–6 weeks to become effective (Otte
et al., 2016; Harmer et al., 2017). Additionally, more than
one-third of patients have treatment-resistant depression (TRD;
Little, 2009; Zhdanava et al., 2021). Recently, a nasal spray
formulation of a low dose of ketamine was FDA approved
as a fast-acting antidepressant for TRD (Kim et al., 2019).
However, the usage of ketamine is highly limited by its
psychedelic side effect (Short et al., 2018) and abuse potential
for recreational purposes (Sassano-Higgins et al., 2016). Thus,
studies of the pathophysiology of MDD and antidepressant
actions are crucial to finding innovative targets for this
burdensome disorder.

S100A10 (also called p11), a member of the S100 protein
family (Donato et al., 2013), levels are reduced in postmortem
brains of patients with depression (Svenningsson et al., 2006;
Alexander et al., 2010). p11 knockout (KO) mice display
depressive- or anxiety-like behaviors, such as increased
thigmotaxis in the open field test (OFT) and increased
immobility during the tail suspension test (TST). Conversely,
p11 overexpression mice display antidepressive-like behaviors,
which are behaviors that mimic those induced by antidepressant
administration, such as decreased immobility in the TST and
forced swim test (FST) and increased sucrose consumption
in sucrose preference test (SPT; Svenningsson et al., 2006;
Alexander et al., 2010). Antidepressant treatment and
electroconvulsive therapy both increase p11 levels in mice
(Svenningsson et al., 2006; Oh et al., 2013) via epigenetic
changes of DNA methylation in the p11 promoter region (Melas
et al., 2012; Neyazi et al., 2018) and AP-1 complex-mediated
transcriptional regulation (Chottekalapanda et al., 2020). Also,
behavioral and neurogenic effects of SSRIs were abolished in
p11 KO mice (Svenningsson et al., 2006; Egeland et al., 2010;
Warner-Schmidt et al., 2010). These findings initiated a new
research avenue into molecular and cellular p11 pathways
underlying depressive-like behavior and antidepressant actions
(Svenningsson et al., 2013).

Although several review articles describing p11 and its
function are available (Svenningsson and Greengard, 2007;
Svenningsson et al., 2013; Seo and Svenningsson, 2020), we
will discuss recent cell-type-specific studies with a focus on
direct interactors of p11 to illuminate the updated view of
p11 pathways. Notably, in most studies reviewed in this article,
behavioral tests such as FST, TST, novelty-suppressed feeding
(NSF), OFT, SPT, elevated plus maze, splash test, and/or cookie
test were used to assess behavioral phenotypes. Although
translating such behavioral outcomes to human conditions of
depression or antidepressant effects is highly limited, we adopt
the terminologies of “depressive-like” and “antidepressive-like”
to describe the behavioral phenotypes measured in these simple
and quantifiable assays. These terminologies are helpful for
reviewing studies of molecular and neurobiological mechanisms
of p11 and its binding partners.

P11/5-HTR pathways in
depressive-like behavior and in
antidepressant actions

Svenningsson et al. (2006) looked for binding partners of the
3rd intracellular domain of serotonin (5-hydroxytryptamine, 5-
HT) receptor 1B (5-HTR1B) in a yeast two-hybrid assay and
found p11 (Figure 1A). Subsequent assays with 14 members
from the S100 family and 12 subtypes of 5-HTRs confirmed
selective binding between p11 and 5-HTR1B, 5-HTR4, and
5-HTR1D (Warner-Schmidt et al., 2009). P11 was required
for 5-HTR1B and 5-HTR4 cell surface localization as well as
for the behavioral effects of 5-HTR1B or 5-HTR4 agonists
(Svenningsson et al., 2006; Warner-Schmidt et al., 2009;
Figure 2A).

5-HTR1B, 1D, and 4 are highly implicated in depressive-like
behavior and in antidepressant actions (Lowther et al., 1997;
Tiger et al., 2018; Murphy et al., 2021). P11 containing neurons
co-express these serotonin receptors in the cortex, hippocampus,
and caudate-putamen (Egeland et al., 2011; Schmidt et al., 2012).
However, mice with constitutive or conditional deletions of
5-HTR1B not only are less anxious but also show phenotypes
mimicking antidepressant-induced behaviors in the FST, TST,
and SPT (Jones and Lucki, 2005; Bechtholt et al., 2008; Nautiyal
et al., 2016). Selective deletion of 5-HTR1Bs from serotonergic
neurons in mice was found to increase extracellular 5-HT levels
in response to an SSRI in the hippocampus (Nautiyal et al.,
2016). Thus, the involvement of p11–5-HTR1B in regulating
depressive-like behavior and antidepressant action might be cell
type-specific.

p11 is highly expressed in cholinergic interneurons
(CINs) in the nucleus accumbens (NAc; Warner-Schmidt
et al., 2012), which is a critical brain region controlling
reward responses (Nestler et al., 2002). While p11 reduction
in CINs in the NAc using an AAV-gene transfer technique
to express siRNA targeting p11 or transgenic approaches
[ChAT-Cre line bred with mice harboring flanked loxP sites
for p11 gene (floxed p11)] causes depressive-like behavior
in the TST, FST, and SPT, restoration of p11 levels in CINs
in the NAc in the constitutive p11 KO mice sufficiently
reversed this depressive-like behavior (Alexander et al., 2010;
Warner-Schmidt et al., 2012). The depressive-like phenotype
is recapitulated by silencing neuronal transmission in CINs
by ChAT-Cre-dependent and AAV-mediated production
of the tethered peptide toxin antagonists of Cav2.1 and
Cav2.2 calcium channels (Warner-Schmidt et al., 2012).
Presynaptic 5-HTR1B in CINs in the NAc are involved in
inhibiting acetylcholine release in a p11-dependent manner,
and CINs-specific deletion of 5-HTR1B (ChAT-Cre line
crossed with floxed 5-HTR1B) induces an anhedonia-like
phenotype in the SPT, cookie test, and social approach test
(Virk et al., 2016).
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FIGURE 1

Domain structure and interaction motifs in p11 and p11 binding partners. (A,B) 5-HTRs and mGluR5 are G protein-coupled receptors with seven
transmembrane (TM) domains. The third intracellular loop is the binding region of p11 (A), and a p11/AnxA2-binding motif exists in the C-terminal
tail of mGluR5 (amino acids 836–844) (B). (C) p11 protein is composed of two non-calcium-binding EF-hand motifs and four α helices. Helix I,
the hinge and C-terminal regions of p11 participate in the interaction with AnxA2. (D) AnxA2 consists of a p11-binding motif (amino acids 2–12)
and a nuclear export signal (NES) motif in N-terminal region, and four annexin repeat domains. (E) Smarca3 is composed of the DNA-binding,
helicase ATP-binding, RING-type zinc finger, and helicase C-terminal domains. The p11/AnxA2-binding motif is located in the N terminus region
(amino acids 34–39). (F) Supt6h is composed of YqgFc, S1, and SH2 domains. A p11/AnxA2-binding motif resides in the C-terminal region (amino
acids 1650–1726). (G) Ahnak consists of a PDZ domain in the N terminal region and a central region consisting of 128 amino-acid units, repeated
26 times. The p11/AnxA2-binding motif resides in the C-terminal region (amino acids 5663–5668).

p11 deletion in CINs also changes the intrinsic membrane
property of CINs by reducing the gene expression of
hyperpolarization-activated cyclic nucleotide-gated channel 2
(HCN2; Cheng et al., 2019). The expression of HCN2 and
tonic firing of CINs in the NAc are reduced in chronic
stress mouse models. Overexpression of HCN2 channels
in CINs enhances cell activity and is sufficient to rescue
depressive-like phenotypes in CIN-specific p11 KO mice

(ChAT-Cre line crossed with floxed p11 line). Notably,
p11 regulation of 5-HTR1B function and HCN2 gene expression
is cell-type specific because 5-HT1B and HCN2 are not
involved in p11-mediated pathways in other cell types including
parvalbumin (PV)-expressing interneurons (Medrihan et al.,
2020; Sagi et al., 2020). A study suggests the interaction
between p11 and 5-HTR1B receptor in cholecystokinin (CCK)-
expressing interneurons in the ventral hippocampus might
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FIGURE 2

p11 as a functional modulator of its binding partners at the plasma membrane and in the nucleus. p11 dimer or p11/AnxA2 heterotetrameric
complex regulates serotonin, glutamate, or calcium signaling by increasing levels of 5-HTRs (A), mGluR5 (B) or L-type VGCCs (C) at the
plasma membrane. The heterotetrameric p11/AnxA2 complex also binds to Smarca3 (D) or Supt6h (E) and regulates Smarca3- or Supt6h-
mediated chromatin remodeling, epigenetic modifications, and gene transcription. These cell surface and nuclear actions underlie depressive or
antidepressant-like behavioral effects of genetic modulations of p11 and its binding partners. This figure was created with BioRender.com.

be relevant for behavioral effects of acute administration of
antidepressants measured in the TST and FST (Medrihan et al.,
2017).

Chronic SSRI administration in mice led to increased
5-HTR4 expression in corticostriatal neurons expressing p11,
located in layer 5 of the cerebral cortex (Schmidt et al., 2012).
However, instead of 5-HTR4, 5-HTR2 appears to underlie
SSRI-mediated changes in the excitatory 5-HT responses in layer
5a p11-expressing neurons (Sargin et al., 2020). In the absence
of 5-HTR4, behavioral effects of chronic fluoxetine were still
seen in corticosterone-treated mice, such as increased time in the
center during the OFT and decreased latency to feeding during
the NSF (Amigo et al., 2021). Constitutive deletion of 5-HTR4
does not affect depressive-like behavior (Nautiyal and Hen,
2017). However, deletion of 5-HTR4 specifically from excitatory
neurons of the hippocampus results in robust antidepressive-like
behaviors and an elevation in baseline anxiety (Karayol et al.,
2021), measured by the TST, FST, sucrose splash test, OFT,
elevated plus maze, and NSF. These updated studies together
with the somewhat different phenotypes found in 5-HTR1B

and 5-HTR4 KO mice compared to the phenotype of p11 KO
mice indicate the contribution of additional p11 pathways in
regulating depressive-like behavior or antidepressant actions.

p11/AnxA2/mGluR5 pathways in
depressive-like behavior and in
fast-acting antidepressant actions

Previous studies of antagonists acting on metabotropic
glutamate receptor 5 (mGluR5) or mGluR2/3 indicate their role
in phenotypes that mimic antidepressant-induced behaviors in
mice (Belozertseva et al., 2007; Chaki et al., 2013; Goeldner
et al., 2013; Palucha-Poniewiera et al., 2013). Interestingly, the
antidepressant-like effect of a selective antagonist of mGluR5 but
not of an mGluR2/3 antagonist, seen in wild-type (WT) mice
was abolished in constitutive p11 KO mice in FST and NSF
(Lee et al., 2015). mGluR5 and p11 mutually facilitate their
accumulation at the plasma membrane. This specific role for
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p11 in cell surface localization of mGluR5 is due to the direct
interaction of the p11/annexin A2 (AnxA2) heterotetrameric
complex with mGluR5 (Lee et al., 2015; Figures 1B, 2B), and
p11 interaction with AnxA2 is previously well characterized
(Kwon et al., 2005; Rescher and Gerke, 2008; Hedhli et al., 2012;
Figures 1C,D).

The imbalance of glutamate and γ-aminobutyric acid
(GABA) systems plays a central role in the pathophysiology
of MDD (Sanacora et al., 2012; Duman et al., 2019; Sarawagi
et al., 2021). mGluR5 is expressed both in glutamatergic neurons
and inhibitory interneurons (van Hooft et al., 2000; Lopez-
Bendito et al., 2002; Sun et al., 2009), in which stimulation
of Gq-coupled mGluR5 positively regulates neuronal activity
(De Blasi et al., 2001). mGluR5 receptor deletion selectively
in GABAergic interneurons (GAD-Cre or PV-Cre line crossed
with floxed mGluR5) renders an antidepressive-like behavioral
phenotype, while its deletion in forebrain glutamatergic neurons
(EMX-Cre line crossed with floxed mGluR5) results in a
depressive-like phenotype in the TST, FST, and SPT (Lee et al.,
2015). This suggests an overriding role of chronic inhibition
of PV interneurons in antidepressant-like behavioral outcomes
observed in mGluR5 null mice (Li et al., 2006). Consistent with
this notion, pharmacological inhibition of mGluR5, and thereby
disinhibition of PV neuron-mediated enhanced glutamatergic
neuronal activity, underlies a fast-antidepressant-like activity of
an mGluR5 antagonist in rodents (Lee et al., 2015).

The critical role of the glutamate system in antidepressant
actions is mirrored by ketamine, an inhibitor of NMDA
receptor. One mechanism underlying the antidepressant actions
of ketamine is an increase in glutamatergic activity via
transient inhibition of inhibitory interneurons (Duman et al.,
2019; Gerhard et al., 2020; Fogaca et al., 2021). Chronic
unpredictable mild stress decreases hippocampal p11 level in
rats, which is significantly recovered to control levels 72 h after
ketamine administration (Sun et al., 2016). Ketamine-induced
p11 restoration is dependent on TrkB activity, which is consistent
with the role of BDNF in p11 induction (Warner-Schmidt et al.,
2010; Chottekalapanda et al., 2020). Lentiviral vector-mediated
p11 knockdown in the hippocampus causes depressive-like
behavior in FST and SPT and blocks antidepressant-like effects
of ketamine in a chronic stress paradigm, suggesting a role
for p11 in ketamine-mediated antidepressant effects (Sun et al.,
2016). These results suggest that p11 pathways are involved in
fast-acting antidepressant actions in rodent models.

p11/AnxA2/Smarca3 pathways in
antidepressant actions of SSRIs

When p11 binding partners were searched for using a
heterologous expression system of Hek293 cells, Smarca3 and
Supt6h were identified together with AnxA2 and Ahnak (Oh
et al., 2013; Figures 1E–G). Smarca3 (SWI/SNF-related, matrix-

associated, actin-dependent regulator of chromatin, subfamily
A, member 3) is known as a chromatin remodeling factor and
is also called helicase-like transcription factor (HLTF; Ding
et al., 1999). Supt6h (suppressor of Ty 6 homolog S. cerevisiae,
also called Spt6) interacts with the C-terminal domain of RNA
polymerase II and plays roles in transcription elongation as well
as histone 3 modifications (Kato et al., 2013; Cramer, 2019).

The heterotetramer of p11/AnxA2 interacts with a consensus
binding motif existing in the N-terminal region of Smarca3 and
the C-terminal region of Ahnak (Oh et al., 2013; Figures 1E,G).
Formation of the p11/AnxA2/Smarca3 complex increases the
DNA-binding affinity of Smarca3 and its localization to the
nuclear matrix (Oh et al., 2013), a process which may rely
on phospholipid and actin binding properties of AnxA2
(Hayes et al., 2009; Drucker et al., 2014). Chronic SSRIs
increase the hippocampal levels of p11 and AnxA2 without
changing the level of Smarca3, facilitating the assembly of the
p11/AnxA2/Smarca3 complex. SSRI-induced neurogenesis and
behavioral responses measured in the NSF and SPT are abolished
by constitutive Smarca3 KO (Oh et al., 2013).

SSRI-induced p11 induction was observed in the
dentate gyrus, particularly in mossy cells and PV-expressing
interneurons, which are also expressing Smarca3 (Oh et al.,
2013). Behavioral and neurogenic effects of chronic treatment
with the SSRI are abolished by Calcrl-Cre or Drd2-Cre-driven
p11 or Smarca3 KO in mossy cells or by inhibition of the
p11/AnxA2/Smarca3 heterohexamer with the complex-specific
inhibitory peptides (Oh et al., 2020). Chemogenetic activation
of mossy cells using Gq-DREADD (Designer Receptors
Exclusively Activated by Designer Drugs) is sufficient to
elevate the proliferation and survival of neural stem cells.
Conversely, acute chemogenetic inhibition of mossy cells using
Gi-DREADD impairs behavioral and neurogenic responses to
chronic administration of SSRIs (Oh et al., 2020).

Smarca3 KO in PV neurons also abolished the behavioral
effects of SSRIs in the FST, TST, and NSF (Umschweif et al.,
2021a). Alterations of AMPA receptor signaling and endosomal
trafficking were found as downstream events of Smarca3 KO
(Umschweif et al., 2021a,b). After chronic treatment with SSRIs,
increased levels of p11/Smarca3 complex represses Neurensin-2
gene expression (Umschweif et al., 2021a). Neurensin-2 is
localized in endosomal vesicles and potentially involved
in vesicular trafficking (Nakanishi et al., 2006; Umschweif
et al., 2021b). The behavioral response to SSRIs requires
p11/Smarca3-mediated repression of Neurensin-2 expression
in PV interneurons (Figure 2D). Additionally, Smarca3 KO
or Neurensin-2 overexpression in CCK interneurons (CCK-
Cre line), but not PV neurons, in the dentate gyrus causes
depressive- and anxiety-like behavioral phenotypes in TST,
FST, SPT, cookie test, social interaction test, and OFT
(Umschweif et al., 2021b), although CCK-p11 KO did not
display baseline depressive-like behavior in the TST and
FST (Medrihan et al., 2017). Notably, the accessibility of
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Neurensin-2 gene (Nrsn2) in GABAergic interneurons assessed
by ATAC-seq was comparable between WT and Smarca3 KO
conditions, making it unclear whether Smarca3 directly or
indirectly represses Neurensin-2 gene transcription (Umschweif
et al., 2021b). Identification of additional target genes of
p11/AnxA2/Smarca3 and p11/AnxA2/Supt6h relevant to the
regulation of depressive-like behavior or antidepressant actions
would accelerate a full understanding of nuclear p11 pathways
(Figures 2D,E).

p11/AnxA2/Ahnak pathways in
calcium signaling and chronic
stress-induced behavioral responses

The interaction between Ahnak and the
p11/AnxA2 heterotetramer has been well characterized
(Benaud et al., 2004; Rezvanpour et al., 2011; Oh et al., 2013;
Ozorowski et al., 2013). It is also known that Ahnak regulates
cardiac L-type voltage-gated calcium channels (VGCC; Haase
et al., 1999; Haase, 2007) and L-type Cav1.1-mediated calcium
signaling in T cells (Matza et al., 2008, 2009). However, the
neuronal function of Ahnak has only recently emerged.

Ahnak is found as a major protein co-precipitated with the
p11/AnxA2 complex in a pull-down assay using brain lysates
(Jin et al., 2020). Ahnak stabilizes p11 and AnxA2 proteins
and scaffolds the L-type pore-forming α1 subunit and the β

subunit of VGCC (Figure 1G). Cell surface localization of the
α1 subunits and L-type calcium current is significantly reduced
in Ahnak KO neurons compared to WT controls, demonstrating
L-type VGCC as an effector of the Ahnak/p11/AnxA2 complex
(Jin et al., 2020; Figure 2C). Behaviorally, constitutive Ahnak
KO mice display a depressive-like phenotype like that of
constitutive p11 KO mice in the TST, FST, and SPT (Jin
et al., 2020). Forebrain glutamatergic neuron-selective Ahnak
KO mice (EMX-Cre crossed with floxed Ahnak) display a
depressive-like phenotype. In contrast, PV interneuron-selective
Ahnak KO mice (PV-Cre crossed with floxed Ahnak) display an
antidepressive-like phenotype.

Differences in Ahnak levels are tightly associated with
chronic stress-induced behavioral susceptibility or resilience
(Bhatti et al., 2022). Following the chronic social defeat stress
(CSDS) paradigm, Ahnak protein in the hippocampus or
Ahnak mRNA in PV neurons in the ventral dentate gyrus
were reduced in stress-resilient mice but increased in stress-
susceptible mice compared to non-defeated control mice. Ahnak
deletion selectively in the ventral dentate gyrus or PV neurons
resulted in a stress-resilient phenotype measured by the social
interaction test and SPT (Bhatti et al., 2022). A decrease in
calcium signaling of PV neurons resulting from Ahnak KO
may confer stress resilience. In fact, the firing frequency of PV
neurons was significantly increased in susceptible compared to

non-defeated or resilient mice. Inhibition or activation of PV
neurons in the dentate gyrus by chemogenetic tools was capable
of conferring resilience or susceptibility to CSDS, respectively,
confirming the causal relationship between PV neuronal activity
and stress susceptibility or resilience (Bhatti et al., 2022).

Human genetic studies implicate altered function of
L-type VGCCs in the pathophysiology of multiple psychiatric
disorders including MDD (Green et al., 2010; Liu et al., 2011;
Bhat et al., 2012; Cross-Disorder Group of the Psychiatric
Genomics Consortium, 2013; Schizophrenia Working
Group of the Psychiatric Genomics, 2014; Pinggera et al.,
2015). Potential alterations of Ahnak in the brains of MDD
patients remain to be investigated. Additionally, Ahnak
is highly expressed in endothelial cells in blood vessels
(Gentil et al., 2005; Jin et al., 2020). Endothelial cells have
been implicated as a target of CSDS, and CSDS-induced
dysfunction of the blood-brain-barrier has been suggested as
a mechanism underlying stress susceptibility (Menard et al.,
2017). Thus, further understanding of the function of Ahnak
in other cell types including endothelial cells in the brain
will advance our understanding of stress susceptibility and
resilience.

Outstanding questions

p11 is expressed in many other neuronal cell types
and brain regions relevant to mood and anxiety disorders
(Milosevic et al., 2017). A study indicates p11 expression in
vasopressinergic cells in the paraventricular nucleus where
p11 regulates hypothalamic-pituitary-adrenal hyperactivity
in a vasopressin V1B receptor-dependent manner (Sousa
et al., 2021). Additionally, sympathetic-adrenal-medullary
hyperactivity is partially regulated by the loss of p11 in
serotonergic neurons of the raphe nuclei (SERT-Cre line
bred with floxed p11 line; Sousa et al., 2021). Future studies
should identify actual molecular changes of p11 and its
pathways in these new cell types with animal models
of depression and brain tissues from MDD patients.
Importantly, when performing cell-type-specific approaches
with animal models for future studies, proper selection
of Cre lines and careful interpretations of experimental
results are necessary due to potential specificity issues
associated with certain cell-type-specific Cre lines (Brindley
et al., 2019; Zhao et al., 2019; Muller-Komorowska et al.,
2020).

Studies of p11 pathways in non-neuronal cells are another
avenue to be explored. p11 and its binding partners are highly
expressed in astrocytes, microglia, endothelial cells in blood
vessels, ependymal cells in the ventricles, and epithelial cells in
the choroid plexus (Gentil et al., 2005; Milosevic et al., 2017;
Jin et al., 2020). The deletion of p11 in ependymal cells causes
disoriented ependymal planar cell polarity, reduced CSF flow,
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and depressive-like and anxiety-like behaviors measured by the
TST, FST, and NSF (Seo et al., 2021). AnxA2, Smarca3, and
Ahnak are all expressed in ependymal cells, and these binding
partners together with p11 may regulate calcium signaling
and gene expression. Interestingly, previous studies indicate
restoration of p11 levels in CINs in the NAc (Alexander et al.,
2010; Warner-Schmidt et al., 2012) or glutamatergic neurons in
the prelimbic cortex (Seo et al., 2017) in constitutive p11 KO
mice sufficiently normalized depressive-like behavior: in the
TST and SPT for NAc restoration and in the TST, FST, SPT, and
NSF for the prelimbic cortex restoration. It is somewhat puzzling
how the restoration of neuronal p11 in one cell type can restore
depressive-like behavior driven by the absence of p11 in other
neuronal types and non-neuronal cell types.

Finally, alterations of p11 or its binding partners are
implicated in pathobiologies relevant to other diseases, including
Parkinson’s disease (Zhang et al., 2008; Marongiu et al.,
2016; Schintu et al., 2016; Green et al., 2017), drugs of
abuse (Arango-Lievano et al., 2014; Thanos et al., 2016),
and various cancers (Lokman et al., 2011; Lee et al., 2014;
Noye et al., 2018; Bharadwaj et al., 2020; Lu et al., 2020),
in which depression is a common comorbid condition. While
the human Ahnak gene was initially cloned from tumor
cells (Shtivelman and Bishop, 1993) and later characterized
as a tumor suppressor (Lee et al., 2014), chemotherapy-
induced p11/AnxA2/Supt6h complex is known to facilitate
Oct4-mediated gene transcription and thereby is involved in
chemotherapy-induced breast cancer stem cell enrichment (Lu
et al., 2020). Molecular and cellular studies of p11 and its binding
partners using animal models of comorbidities could provide
insights into novel mechanisms and innovative therapeutic
targets for comorbidities.
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Cholesterol as a key player in
amyloid β-mediated toxicity in
Alzheimer’s disease

Vladimir Rudajev and Jiri Novotny*
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Alzheimer’s disease (AD) is a neurodegenerative disorder that is one of

the most devastating and widespread diseases worldwide, mainly affecting

the aging population. One of the key factors contributing to AD-related

neurotoxicity is the production and aggregation of amyloid β (Aβ). Many

studies have shown the ability of Aβ to bind to the cell membrane and disrupt

its structure, leading to cell death. Because amyloid damage affects different

parts of the brain differently, it seems likely that not only Aβ but also the nature

of the membrane interface with which the amyloid interacts, helps determine

the final neurotoxic effect. Because cholesterol is the dominant component

of the plasma membrane, it plays an important role in Aβ-induced toxicity.

Elevated cholesterol levels and their regulation by statins have been shown

to be important factors influencing the progression of neurodegeneration.

However, data from many studies have shown that cholesterol has both

neuroprotective and aggravating effects in relation to the development of

AD. In this review, we attempt to summarize recent findings on the role of

cholesterol in Aβ toxicity mediated by membrane binding in the pathogenesis

of AD and to consider it in the broader context of the lipid composition of

cell membranes.

KEYWORDS

amyloid β, Alzheimer’s disease, membrane, cholesterol, lipids, GM1, lipid rafts

Introduction

The plasma membrane (PM) serves as the major
communication interface where the cell receives and processes
almost all signals from the environment. Homeostasis of
membrane lipids, including cholesterol, is critical for normal

brain function (Litvinov et al., 2018; Kao et al., 2020; McFarlane
and Kedziora-Kornatowska, 2020). In the human body,
cholesterol is mainly concentrated in brain tissue, where it
forms nearly half of lipid molecules and the brain contains
23% of the body’s total cholesterol (15 mg/g tissue), although
this organ accounts for only 2.1% of total body weight

Frontiers in Molecular Neuroscience 01 frontiersin.org

232

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2022.937056
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2022.937056&domain=pdf&date_stamp=2022-08-25
mailto:jiri.novotny@natur.cuni.cz
https://doi.org/10.3389/fnmol.2022.937056
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnmol.2022.937056/full
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#articles
https://www.frontiersin.org


Rudajev and Novotny 10.3389/fnmol.2022.937056

(Dietschy and Turley, 2004; Takamori et al., 2006; Das et al.,
2014; Egawa et al., 2016). About 70% of the cholesterol in the
brain is associated with myelin, 20% is present in glia, and
10% is present in neurons. Cholesterol is essential for neuronal
function. A deficiency of cholesterol in neurons can lead to
impaired signal transduction and synaptic degradation (Frank
et al., 2008; Egawa et al., 2016; Loera-Valencia et al., 2019).

Alzheimer’s disease (AD) is strongly associated with the
accumulation of neurofibrillary tangles of hyperphosphorylated
tau (p-tau) and the aggregation of amyloid β-42 (Aβ42) in the
brain, which can be observed many years before the disease
manifestation (Braak and Braak, 1997; Braak et al., 2011;
Tarawneh and Holtzman, 2012; Villemagne et al., 2013; Cho
et al., 2016). Both tau and amyloid pathology are associated with
neuroinflammation and neurodegeneration (Braak and Braak,
1997; Jack et al., 2010; Tonnies and Trushina, 2017; Vogels et al.,
2020). Moreover, lipid dyshomeostasis is an obvious feature
of all stages of AD (Panza et al., 2006; Chan et al., 2012;
Naudi et al., 2015; de Oliveira et al., 2017; Agarwal and Khan,
2020). Since lipids are the basic constituents of cell membranes,
changes in phospholipids, sphingolipids, cholesterol, and the
degree of unsaturation of fatty acids have a nonnegligible
impact on the action of amyloid peptides, blood-brain barrier
(BBB) disruption, mitochondrial dysfunction, oxidative stress,
inflammation, and neurodegeneration (Panza et al., 2006; Di
Paolo and Kim, 2011; Agrawal et al., 2020; Chew et al., 2020; Kao
et al., 2020).

Several genes implicated in the pathophysiology of AD are
involved in cholesterol metabolism, including apolipoprotein
E (ApoE), apolipoprotein J (clusterin), ATP-binding cassette
(ABC) transporters A and G, and SORL1 (receptor for
lipoprotein particles). Others, such as phosphatidylinositol-
binding clathrin assembly protein (PICALM), CD2-associated
protein (CD2AP), and bridging Integrator-1 (BIN1) are
associated with membrane trafficking, which is also more or less
cholesterol-dependent (Reitz, 2013; Kim et al., 2017; Pimenova
et al., 2018; Kunkle et al., 2019; Abe-Dohmae and Yokoyama,
2021; Dai et al., 2021). ApoE, which is responsible for the
majority of intercellular cholesterol transport in the brain, has
the greatest relevance to AD pathology. ApoE exists in three
variants, ApoE2, E3, and E4, with ApoE4 being the most risky
allele in the sporadic form of AD (Hayashi et al., 2002; Morrow
et al., 2002; Leoni et al., 2010; Youmans et al., 2012; Tai et al.,
2013; Oikawa et al., 2014; Wood et al., 2014; Chang et al., 2017;
Lin et al., 2018; Fernandez et al., 2019; Lanfranco et al., 2020;
Lee et al., 2021; de Leeuw et al., 2022). Cholesterol does not pass
through the BBB and nearly all brain cholesterol is synthesized
in the brain, particularly in astrocytes, as the neuronal synthetic
pathway is insufficient to meet the brain’s demand for this
lipid. Therefore, ApoE-mediated cholesterol transport is of
critical importance (Jurevics and Morell, 1995; Dietschy and
Turley, 2004; Takamori et al., 2006; Czuba et al., 2017;
Ferris et al., 2017).

On the other hand, when considering only cholesterol
itself, a meta-analysis of genome-wide significant single
nucleotide polymorphisms in AD patients confirmed
no association between cholesterol and AD (McFarlane
and Kedziora-Kornatowska, 2020; Nilsson et al., 2021).
However, other systematic reviews found a broad association
between many proteins involved in cholesterol transport
and metabolism and AD (Agarwal and Khan, 2020; Xin
et al., 2021). In this review, we would like to highlight
the significance and also the controversy of the role of
cholesterol in AD pathology related to amyloid β toxicity.
Because cholesterol affects several processes associated
with AD pathology including Aβ formation, transport, and
degradation, we would like to focus specifically on the effects
mediated by Aβ binding to cell membranes in relation to
cholesterol content.

The interplay between cholesterol
and AD

Amyloid β

Aβ peptides are produced from the transmembrane amyloid
precursor protein (APP). APP can be cleaved by α-secretase
in the PM via the non-amyloidogenic pathway. On the other
hand, mainly intracellular amyloidogenic processing by β-
and γ-secretase leads to Aβ40/42 products (Xiong et al.,
2008; Chow et al., 2010; Arbor et al., 2016). While Aβ40,
a peptide of 40 amino acids, accounts for the majority of
amyloid β in the brain, Aβ42, which is two hydrophobic
amino acids longer, is considered the major neurotoxic
amyloid peptide (Yip et al., 2002; Williams et al., 2010;
Bode et al., 2017).

The metastability of many cellular proteins allows them
to transform into more thermodynamically stable aggregates
under appropriate conditions (Honeycutt and Thirumalai,
1990; Baldwin et al., 2011). The membrane environment
may be a key factor in the formation of aberrant amyloid
conformations of proteins rich in β-sheets, including Aβ42
(Straub and Thirumalai, 2014). Amyloids can organize into
small annular oligomers, curvilinear protofibrils, and larger
aggregates that form diffuse or dense plaques composed of fibrils
of varying composition. Depending on the environment, they
show different toxicity under different conditions (Bucciantini
et al., 2014). Oligomeric Aβ is considered the most toxic
form of amyloid, causing membrane perturbation, calcium
dyshomeostasis, reactive oxygen species (ROS) production,
mitochondrial and endosomal-lysosomal dysfunction
(Williams et al., 2010; Narayan et al., 2014; Evangelisti
et al., 2016; Oku et al., 2017; Tonnies and Trushina, 2017;
Fernandez-Perez et al., 2018; Ciudad et al., 2020). Biological
surfaces can catalyze the aggregation and growth of amyloid
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structures in ways that differ from nucleation in solution.
In particular, cell membranes composed of miscellaneous
lipids, including neutral and anionic lipids, polyunsaturated,
monounsaturated, and saturated fatty acids, and cholesterol,
provide a highly variable platform that offers a specific polar
environment as well as a hydrophobic zone in which amyloid
peptides can interact and aggregate into different forms
with varying degrees of toxicity (Ding et al., 2012; Cecchi
and Stefani, 2013). The way amyloid acts on cells always
represent a complex interplay between Aβ and the specific
membrane composition with which the amyloid interacts.
Therefore, cytotoxicity must be considered as a novel feature
resulting from the interaction between amyloid peptide
and membrane (Bucciantini et al., 2014; Liu P. et al., 2015;
Evangelisti et al., 2016).

Cholesterol homeostasis affects brain
health

In the brain, cholesterol is necessary for synaptogenesis,
neuronal differentiation and plasticity, regeneration and
myelinization, and normal neuronal function and morphology
(Hussain et al., 2019). By inducing and stabilizing membrane
curvature, cholesterol facilitates fusion of synaptic vesicles
with the PM and is required for endocytosis, making
neurotransmitter release and recycling highly dependent
on cholesterol (Subtil et al., 1999; Egawa et al., 2016; Petrov
et al., 2016). Cholesterol confers stability to lipid rafts and
provides the basis for raft association of membrane receptors,
channels, and other proteins in both healthy cells and in
pathophysiological processes (Simons and Toomre, 2000;
Anderson and Jacobson, 2002; Hicks et al., 2012; Egawa
et al., 2016; Vona et al., 2021). Modifications of brain sterols,
including cholesterol and oxysterols, can lead to disruption
of ion homeostasis, alterations in neurotransmitter release,
and propagation of excitotoxicity (Ong et al., 2010; Djelti
et al., 2015). And, even if brain cholesterol levels do not
change, decreased oxidation and efflux from the brain may
follow decreased cholesterol biosynthesis, as observed in a
transcriptome study of the hippocampus and entorhinal cortex
of AD-affected individuals, but not in the visual cortex, which
is less affected by neurodegeneration (Varma et al., 2021).
Both tau and amyloid pathology are associated with cholesterol
homeostasis and regulation, at least in part independently
(van der Kant et al., 2020). Many data confirm the disruption
of cholesterol metabolism in AD, as the major oxidation
product of cholesterol, 24S-hydroxycholesterol, is elevated
in the cerebrospinal fluid of AD patients (Leoni et al., 2006;
Panza et al., 2006). On the other hand, the reduction of 24S-
hydroxycholestrol, especially later in the course of AD, was
observed (Heverin et al., 2004; Testa et al., 2016; Kao et al., 2020;
Varma et al., 2021).

Alterations in cholesterol content in the
brain

Cholesterol levels increase by 19%–34% in the gray matter
of the cerebral cortex in AD brains (Xiong et al., 2008; Lazar
et al., 2013). However, other studies have reported a decrease
in brain cholesterol content (Ledesma et al., 2003; Egawa et al.,
2016). The controversial data might be related to the different
cholesterol metabolism in different brain regions during aging
and during neuropathological processes. Also, the different
results linking cholesterol levels to AD often reflect the analysis
of different tissues (blood, brain), brain parts (cerebral cortex,
cerebellum, whole brain), cell populations (neurons, astrocytes),
or membrane compartments (plasma membrane, lipid rafts;
Martin et al., 2010; Ledesma et al., 2012). Moreover, it is not
only the decrease or increase in the lipid that matters but
also the magnitude of the change. While a slight decrease in
cholesterol levels can be protective, a loss of more than 30%
can lead to cell death (Martin et al., 2010). Although changes
in cholesterol content, metabolism, and transport have been
linked to AD (Kirsch et al., 2002; Runz et al., 2002; Burns et al.,
2006; Pincon et al., 2015; Loera-Valencia et al., 2019), it is still
controversial whether cholesterol plays a role in the onset of
neurodegeneration or whether its dyshomeostasis is simply a
consequence of preceding Aβ-promoted pathology. Moreover,
the significance of the change is questionable, as cholesterol loss
may represent a physiological process that helps neurons combat
stress (Martin et al., 2011).

Membrane structure and
cholesterol-dependent lipid rafts

Lipid rafts are small (10–200 nm), heterogeneous and highly
dynamic assemblies enriched in cholesterol and sphingolipids.
The high content of saturated hydrocarbon chains allows
raft lipids to form a liquid-ordered (Lo) phase characterized
by lower fluidity and tight intermolecular contacts within
the bilayer (Brown, 1998; Anderson and Jacobson, 2002;
Lingwood and Simons, 2010; Rushworth and Hooper, 2010).
Lipid rafts play a role in the processes of Aβ formation,
aggregation, and interactions with membranes that lead to
amyloid toxicity (Rushworth and Hooper, 2010; Hicks et al.,
2012; Arbor et al., 2016). Because cholesterol is one of the
key structural raft elements, its membrane concentration may
have a major impact on Aβ-related pathological processes.
Mature neurons have been shown to contain more lipid
rafts, making them more susceptible to amyloid-induced
damage and degeneration (Malchiodi-Albedi et al., 2010).
In contrast to glial cells, neurons are characterized by high
levels of complex gangliosides and sphingomyelin (SM),
which support the formation and maintenance of rafts.
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Therefore, differences between different cells and brain parts
may be an important factor in the propagation of Aβ-
induced cytotoxicity (Abramov et al., 2011; Grassi et al.,
2020).

Lipid rafts from the frontal and entorhinal cortex, but not
from the cerebellum, of AD patients are more liquid-ordered
than those of control subjects. This is not due to changes
in cholesterol or SM levels (which were reduced in these
rafts) but to a decrease in the unsaturation of fatty acids. The
higher viscosity of lipid rafts is associated with increased β-
secretase/APP interaction and higher Aβ production (Martín
et al., 2010; Fabelo et al., 2014; Diaz et al., 2015, 2018). It is
interesting to note that neurodegenerative diseases such as AD,
dementia with Loewy bodies, or Parkinson’s disease share some
changes in the composition of raft lipids but the individual
diseases differ considerably in terms of specific changes in some
lipids or fatty acids (Marin et al., 2017). Molander-Melin et al.
(2005) observed a decrease in the content of lipid rafts in the
temporal cortex of AD brains, indicating a change in overall
membrane composition and physical properties. Moreover,
lipid rafts from the frontal and temporal cortex were poor
in cholesterol but enriched in gangliosides GM1 and GM2
(Molander-Melin et al., 2005). Aβ was also observed to affect
tau phosphorylation in lipid rafts, with a link between Aβ and
raft-associated tau population via the cdk5 phosphorylation
pathway (Hernandez et al., 2009).

Cholesterol distribution in cellular
membranes

Cholesterol is concentrated in the PM of animal cells,
where it is mainly localized in lipid rafts rich in SM (Das
et al., 2014; Litvinov et al., 2018). In the endoplasmic reticulum
(ER), cholesterol content reaches only about 1% and increases
markedly during the secretory pathway (Maxfield and Wustner,
2002). The different cholesterol content in cell membranes
is reflected in the different amounts of lipid rafts in which
cholesterol is concentrated. The concentrations of “free” non-raft
cholesterol are approximately the same in the ER and PM
(Litvinov et al., 2018), but the amount of cholesterol in the ER
exhibits greater variation than in the PM (Petrov et al., 2016).

In young mice, asymmetric cholesterol distribution within
the bilayer has been observed, with most cholesterol associated
with the inner leaflet of the synaptosomal plasma membrane
(SPM), which is more rigid than the exofacial leaflet (Igbavboa
et al., 1996). Changes in the distribution can occur without
changes in the total amount of cholesterol in the brain.
Interestingly, there is a shift of cholesterol from the cytofacial
to the exofacial leaflet during aging or ethanol treatment (Wood
et al., 1984, 1990, 2002; Viani et al., 1991; Igbavboa et al., 1996;
Eckert et al., 2001; Kirsch et al., 2002). These results are in
contrast to those of Molander-Melin et al. (2005), who observed

decreased cholesterol and raft content during AD. However,
aging need not correspond exactly to AD development, and
synaptosomal membranes are not readily comparable to rafts
isolated from the cerebral cortex in the Molander-Melin study.

Increased cholesterol in the outer layer of the membrane
may be related to altered interactions of the cell with Aβ and
other ligands that require cholesterol or less fluid membrane
of lipid rafts. This has implications for signaling, ion transport,
or endocytosis/exocytosis, all of which are impaired at AD
(Wood et al., 2002, 2014). Because ApoE4 is less effective than
ApoE2/3 in cholesterol export from the exofacial leaflet of
the neuronal plasma membrane, the ApoE4 phenotype may
lead to an increase in the cholesterol pool associated with the
outer membrane layer. Then, the altered cholesterol content in
the PM may affect Aβ binding and its toxic effects (Hayashi
et al., 2002). Moreover, the presence of ApoE2 was found
to be associated with lower cholesterol content in synaptic
membrane microdomains, which may be related to lower
amyloidogenic APP processing and lower levels of cholesterol-
and GM1-dependent Aβ aggregation (Oikawa et al., 2014). It
was concluded that the neuronal membranes of older individuals
or carriers of the ApoE4 allele may be more susceptible to Aβ-
mediated perturbations than those of younger individuals or
carriers of the ApoE2 or ApoE3 alleles (Wood et al., 2014).

Hypercholesterolemia as a risk factor for
AD

Brain cholesterol levels are not directly influenced by
higher plasma cholesterol levels because cholesterol cannot pass
through the BBB. However, diet-induced hypercholesterolemia
is associated with increased Aβ production and AD pathology
(Ghribi et al., 2006; Oksman et al., 2006; Jaya Prasanthi
et al., 2008; Wieckowska-Gacek et al., 2021). Thus, indirect
mechanisms following atherosclerosis or cerebrovascular
damage may play a role in cholesterol-related AD pathology
(Hooijmans et al., 2007; Anstey et al., 2017). High plasma
cholesterol, especially in midlife, perturbs cholesterol
homeostasis and is considered a risk factor for AD (Kivipelto
et al., 2001; Yaffe et al., 2002; Solomon et al., 2009; Ricciarelli
et al., 2012; Tarawneh and Holtzman, 2012; Schilling et al., 2017;
Wang et al., 2020).

In a transgenic mouse model of AD (TgAPPsw), a
high-cholesterol diet for 7–10 months resulted in increased
deposition of Aβ plaques in the brain (Shie et al., 2002).
Hypercholesterolemia induced by a high-cholesterol diet
increased Aβ content in the temporal cortex of rabbits,
where ApoE levels were also increased, indicating a link
between plasma and brain cholesterol pools (Wu et al., 2003).
Administration of a high-cholesterol diet to rats resulted in
decreased cognitive performance, increased neuroinflammatory
markers, p-tau, altered hippocampal morphology, including
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atrophy, and increased microglial cell activation (Ledreux et al.,
2016; Jin et al., 2018). Similar results were obtained in the
hypercholesterolemic AD model of transgenic mice (Umeda
et al., 2012). The high-fat diet with cholesterol did not increase
brain cholesterol levels, but the increase of Aβ deposition in
plaques was observed in the brains of APP23 model mice
(Fitz et al., 2010). Thus, disruption of cholesterol homeostasis
can lead to serious health problems and a higher risk of
AD, especially if cholesterol levels fluctuate over the years
(Chung et al., 2019).

Neurofibrillar tangle-bearing neurons have been shown
to contain more intracellular free cholesterol than adjacent
tangle-free neurons in human AD brains (Distl et al., 2001).
Extracellular colocalization of cholesterol, fibrillar amyloid
plaques, and ApoE was demonstrated by Burns et al. (2003).
In a transmission electron microscopy study, the interaction
of cholesterol with the 17–21 hydrophobic cholesterol-
binding motif of Aβ fibrils was observed (Harris, 2008). In
hypercholesterolemic AD model APP/PS1/SREBP-2 transgenic
mice, the amount and toxic effects of Aβ42 including tau
pathology, oxidative damage, and neuroinflammation,
were increased compared with APP/PS1 mice with normal
cholesterol levels (Barbero-Camps et al., 2013). Increasing
plasma membrane cholesterol levels by 30% in cultured neurons
led to AD pathology, including enlargement of early endosomes
and increased Aβ42 production (Marquer et al., 2014). On the
other hand, lowering cholesterol content by hydroxypropyl-
β-cyclodextrin had a neuroprotective effect in Tg19959 mice
(Yao et al., 2012). The experiments on cultured hippocampal
neurons indicated that mature neurons were more susceptible
to Aβ-induced calpain cleavage of tau, disruption of calcium
homeostasis, and cell death than the young cells. Neuron
maturation was accompanied by a developmental increase in
membrane cholesterol levels. When cholesterol levels were
lowered in mature neurons, the toxic effect of amyloid was
reduced. Conversely, an increase in membrane cholesterol in
young cells enhanced their susceptibility to Aβ insult (Nicholson
and Ferreira, 2009).

Impairment of mitochondria and altered mitophagy are
among the features of AD (Kerr et al., 2017; Fang et al., 2019;
Tran and Reddy, 2021). Intraneuronal cholesterol accumulation
can disrupt autophagy, reduce mitophagy, induce mitochondrial
oxidative stress, and inhibit lysosomal degradation of Aβ, leading
to AD progression (Roca-Agujetas et al., 2021). Mitochondrial
cholesterol accumulation also impairs antioxidant glutathione
(GSH) import into mitochondria, leading to increased
mitochondrial oxidative stress and enhanced Aβ neurotoxicity
in the APP/PS1 transgenic mouse model of AD (Fernandez
et al., 2009). High brain cholesterol impaired the fusion of
autophagosomes with the endosomal-lysosomal compartment,
leading to impaired tau and Aβ degradation (Barbero-Camps
et al., 2018). In vitro studies showed that elevated cellular
cholesterol disrupted endosomal and lysosomal Aβ degradation

and resulted in amyloid accumulation in Neuro2a cells
(Takeuchi et al., 2019).

Statins lower cholesterol levels by inhibiting the key
regulatory enzyme in cholesterol synthesis, 3-hydroxy-3-
methylglutaryl-CoA reductase (Fassbender et al., 2001; Kirsch
et al., 2003). Although some results do not confirm the beneficial
effects of statins in terms of AD development (Ott et al., 2015; de
Oliveira et al., 2017; Schultz et al., 2018; Williams et al., 2020),
numerous data suggest improvement in cognitive and memory
functions and reduction in the risk of developing dementia (Jick
et al., 2000; Wolozin et al., 2000; Yaffe et al., 2002; Green et al.,
2006; Carlsson et al., 2008; Kurinami et al., 2008; Haag et al.,
2009; Lin et al., 2015; Xuan et al., 2020). However, statins exhibit
many pleiotropic effects that are not always related to lowering
cholesterol (Pedrini et al., 2005; Ostrowski et al., 2007; Won et al.,
2008; Cheng S. W. et al., 2013; Daneschvar et al., 2015; Sun et al.,
2015; Jeong et al., 2021).

Altered cholesterol levels may modulate
Aβ action

Some studies do not support the assumption that AD is
associated with hypercholesterolemia. The results show that
brain cholesterol levels vary widely among AD patients, and they
do not support the idea that total brain cholesterol abundance is
a causative factor in AD (Mielke et al., 2005; Panza et al., 2006;
Wood et al., 2014). A recent study by Bennett et al. (2020) found
no association between total cholesterol, LDL cholesterol, HDL
cholesterol, and triglycerides in midlife and amyloid pathology
later in life. However, low serum cholesterol concentration
has been associated with impaired cognitive performance and
preceded the onset of AD (Elias et al., 2005; Stewart et al., 2007).

Aging has been found to lead to decreased cholesterol
synthesis in astrocytes, which may contribute to the synaptic
and neuronal degeneration associated with senescence (Boisvert
et al., 2018). In addition, oligomeric Aβ inhibits cholesterol
synthesis, as observed in mouse cerebrocortical cells (Mohamed
et al., 2018). GT1–7 hypothalamic cells were manipulated to
decrease cholesterol production, which resulted in increased
apoptosis in the presence of Aβ (Fukui et al., 2015). In
membranes isolated from AD brains, a negative correlation
was observed between cholesterol content and susceptibility to
the disruptive effects of Aβ (Eckert et al., 2000). This suggests
a protective effect of cholesterol in Aβ exposed cells, which
was confirmed by the study performed on mouse neuronal
membranes (Kirsch et al., 2002).

Cholesterol-dependent Aβ production

Lipid rafts provide an optimal environment for Aβ

production (Wahrle et al., 2002; Silva et al., 2013).
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Amyloidogenic cleavage of APP is mediated by β- and γ-
secretase and results in the deleterious Aβ40–42 products
prone to aggregation (Fraering et al., 2004; Xiong et al.,
2008; Chow et al., 2010; Arbor et al., 2016). Both β- and
γ-secretases show higher activity in cholesterol-rich lipid rafts.
Hence, higher cholesterol content ensures optimal conditions
for their activity and likely leads to stabilization of β- or
γ-secretases, enhancing their enzymatic activity and reducing
their degradation (Wahrle et al., 2002; Cordy et al., 2003;
Fraering et al., 2004; Kalvodova et al., 2005; Osenkowski
et al., 2008; Xiong et al., 2008; Beel et al., 2010; Sathya et al.,
2017). Under non-pathological conditions, non-amyloidogenic
α-secretase cleavage predominates and is localized in the more
fluid non-raft cholesterol-poor membrane (Kojro et al., 2001;
Beel et al., 2010; Chew et al., 2020). It has been shown that
α-secretase activity is inhibited by cholesterol (Bodovitz and
Klein, 1996).

In contrast to secretases, APP shows a more dynamic
cellular localization. APP has been found to be localized in
the PM, endocytic compartment, ER, and Golgi apparatus
(GA). Moreover, specific APP distribution in sub-compartments
such as mitochondria-associated ER, trans-GA, or lipid rafts is
strongly associated with differential APP processing (Lee et al.,
1998; Kawarabayashi et al., 2004; Fabiani and Antollini, 2019).
For amyloidogenic cleavage, the APP must be colocalized in
a cholesterol-dependent manner with β- and γ-secretases in
the intracellular lipid raft membrane (Ehehalt et al., 2003; von
Arnim et al., 2008; Area-Gomez et al., 2009; Cossec et al.,
2010; Panahi et al., 2016; Chung et al., 2018; DelBove et al.,
2019). Since cholesterol interacts directly with APP and secretase
actions also depend on cholesterol, the cleavage of APP and the
resulting amyloid production are strongly linked to the amount
of cholesterol and its membrane distribution (Marquer et al.,
2011; Barrett et al., 2012; Decock et al., 2015; Kim et al., 2016;
Sun et al., 2017; Audagnotto et al., 2018; Agrawal et al., 2020;
Montesinos et al., 2020; Pantelopulos et al., 2020; Nierzwicki
et al., 2021).

Thus, cholesterol content controls the amyloidogenicity
of APP processing, but on the other hand, Aβ reduces
both cholesterol production and uptake from the surrounding
environment through a negative feedback loop (Beel et al.,
2010). Moreover, APP may serve as a cholesterol-sensitive
and regulatory element (Pierrot et al., 2013). In addition
to the production machinery, enzymes involved in Aβ

degradation (insulin-degrading enzyme, neprilysin, endothelin-
converting enzymes, plasmin) have also been shown to
localize to cholesterol-rich lipid rafts. Hence, cholesterol
plays an important role not only in amyloidogenic APP
processing but also in more complicated regulatory pathways
(Sun et al., 2015). In the following sections, we would
like to focus specifically on Aβ-mediated effects related to
the cholesterol pool localized in the plasma membrane of
brain cells.

Amyloid β toxicity related to
membrane cholesterol

Membranes as nucleation platforms for
Aβ aggregation

As mentioned above, amyloid peptides adopt different
spatial arrangements depending on their surroundings. After
interaction with a membrane, Aβ can damage the bilayer
through a “carpeting effect” in which the amyloid disrupts
membrane integrity by covering its surface, it can exert
detergent-like effects, or amyloid peptides can self-organize into
transmembrane ion channels (Figure 1; Williams and Serpell,
2011; Cecchi and Stefani, 2013; Press-Sandler and Miller, 2018;
Sciacca et al., 2018). Due to the presence of different nucleation
centers, the nature of the lipid membrane determines the state
of the peptide, which is closely linked to the processes of Aβ

assembly and toxicity (Ding et al., 2012; Cecchi and Stefani,
2013; Pannuzzo, 2016; Bera et al., 2019; Qu et al., 2019).

Even pathophysiological amyloid concentrations in the brain
are too low to readily initiate self-aggregation (Hu et al.,
2009; Arbor et al., 2016). Therefore, hetero nucleation using
non-amyloid organizing centers must be at the beginning of
the aggregation process. The polar and charged N-terminal
region of Aβ binds to polar heads of membrane lipids, whereas
the hydrophobic C-terminal region is responsible for nonpolar
interactions with the hydrophobic zone containing cholesterol.
Although both parts are distinct, they can interact cooperatively,
especially in a hydrophilic/hydrophobic membrane environment
(Srivastava et al., 2019). Since the molecular arrangement of Aβ

strongly depends on the oligomerization process, the particular
structure of the nucleation centers, their membrane density
and distribution, and disease- or age-dependent alterations play
a crucial role in AD (Matsuzaki, 2014; Amaro et al., 2016;
Matsubara et al., 2017; Azouz et al., 2019; Srivastava et al., 2019).

In the Tg2576 transgenic mouse model of AD and in the
brains of AD patients, Aβ was highly concentrated in lipid rafts
along with ApoE and p-tau, suggesting that lipid rafts serve as
sites where external Aβ communicates with internal elements
involved in the pathology of AD (Kawarabayashi et al., 2004).
Brain membranes from naked mole rats rich in cholesterol
and lipid rafts were found to be more susceptible to Aβ-
mediated perturbations, but these long-lived animals showed
increased resistance to oxidative stress, which could also be
attributed to their highly organized and polyunsaturated fatty
acid (PUFA)-poor membranes (Frankel et al., 2020). When
Aβ42 is bound to rafts, it can be endocytosed but does not
reach lysosomes and accumulates intracellularly in neurons.
In contrast, lowering cholesterol levels with squalestatin was
connected with a decreased association of Aβ42 with rafts and
increased lysosomal degradation of amyloid peptide (Simmons
et al., 2014). An atomic force microscopy (AFM) study of the
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FIGURE 1

Amyloid β-membrane interactions. Amyloid β interacts with the plasma membrane in different ways, leading to disruption of cell homeostasis. Aβ

exists in a disordered state (in the center) or can change its conformation to an α-helical or β-sheet containing form after contact with membrane
lipids (especially cholesterol-rich lipid rafts), Aβ binds to the surface of the bilayer and destabilizes the membrane by a carpeting effect (1), or it may
act as a detergent (2). In addition, the membrane may serve as a platform for aggregation of Aβ in its most harmful β-sheet-rich conformation (3).
Under certain conditions, with or without the help of cholesterol, Aβ self-organizes into an α-helical (4) or β-barrel (5) transmembrane pore that
is often selective for calcium ions. Changing cholesterol content and leaflet distribution may cause Aβ to transition from the surface-bound to
the transmembrane form and vice-versa (not shown). Red—amyloid β, yellow—membrane lipids, purple—cholesterol. The scheme was prepared
according to Eckert et al. (2001), Yip et al. (2002), D’Errico et al. (2008), Abramov et al. (2011), Zhao et al. (2011), Drolle et al. (2012), Yu and Zheng
(2012), Fantini et al. (2014), Seghezza et al. (2014), Brown and Bevan (2016), Press-Sandler and Miller (2018), Staneva et al. (2018), Fabiani and
Antollini (2019), Qu et al. (2019), and Banerjee et al. (2021).

Lo/Ld (liquid-disordered) membrane model observed specific
targeting of Aβ to the disordered phase, but specifically to the
boundaries between Ld and Lo. These boundaries represent sites
of higher hydrophobic mismatch and lower stability that may
help Aβ mediate its neurotoxic defects (Azouz et al., 2019).

Amyloid β-cholesterol interactions

The interaction of Aβ with cholesterol in the PM and
lipid rafts plays a role in Aβ seeding, aggregation, and toxicity
(Mizuno et al., 1999; Yanagisawa, 2005; Schneider et al.,
2006; Qiu et al., 2009). The binding of Aβ to cholesterol
has been observed in senile plaques in the brain, where
cholesterol accumulated along with ApoE (Panchal et al., 2010).
Molecular dynamics (MD) simulations led to the conclusion
that cholesterol facilitates Aβ membrane binding by making the

interaction more energetically favorable. Cholesterol increases
surface hydrophobicity, promotes more ordered lipid packing,
and reduces lipid mobility. Then, Aβ binds preferentially to the
cholesterol-rich regions of the artificial lipid bilayers (Yu and
Zheng, 2012).

Studies on model membranes have shown that Aβ interacts
only with lipid layers containing cholesterol (Avdulov et al.,
1997; Henry et al., 2018). Small, but not large aggregates of
Aβ(25–35) interacted with a model lipid monolayer composed
of SM, 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), and
cholesterol (Cuco et al., 2016). The interaction was enhanced
under acidic conditions, which corresponds to endosomal
environment in which Aβ cytotoxic effects are expected to
occur after Aβ endocytosis (Hu et al., 2009; Cuco et al.,
2016). Depletion of cholesterol from the endosomal/lysosomal
compartment reduced Aβ toxicity and Aβ aggregation in
lysosomes of wild-type mice and AD model TgCRND8 mice
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(Yang et al., 2017). Lowering cholesterol level by 30% reduced
Aβ cytotoxicity and increasing cholesterol content by 30%
increased Aβ cytotoxicity in neuron-like PC12 cells. Association
of amyloid with cholesterol and GM1-rich raft membranes was
associated with Aβ aggregation, shift to a β-sheet-containing
form, and toxicity (Lin et al., 2008; Matsuzaki, 2011; Mori et al.,
2012).

It appears that cholesterol can promote or inhibit Aβ

aggregation at the membrane, affect the secondary structure of
amyloid and its ability to penetrate the bilayer (Williams and
Serpell, 2011; Yu and Zheng, 2012). Many factors influence the
outcome of the interaction: the molar ratio of lipid/cholesterol
in the cell membrane, the presence of anionic lipids, SM, and
gangliosides (especially GM1), lipid membrane ordering and
fluidity, the amyloid species, the extent of Aβ oligomerization,
the pH, the presence of other proteins or amyloid membrane
receptors (Yu and Zheng, 2012; Meleleo et al., 2013; Dies et al.,
2014; Amaro et al., 2016; West et al., 2017; Owen et al., 2018;
Carrotta et al., 2021; Smeralda et al., 2021; Wiatrak et al.,
2021). Moreover, physical parameters such as macromolecular
crowding or vesicle size and membrane curvature play a role
in Aβ–membrane interaction (Hirai et al., 2018; Terakawa
et al., 2018). Also, phosphorylation of Aβ42 affects amyloid
aggregation, interaction with the cholesterol-containing lipid
bilayer, and toxicity of the peptide (Jamasbi et al., 2017). It must
be emphasized that Aβ40 and Aβ42 differ significantly in their
interaction with membranes. Aβ42 exhibits a higher ability to
bind the bilayer or form Ca2+-selective transmembrane pores
and shows more complex behavior than Aβ40 (Yip et al., 2001;
Williams et al., 2010; Phan et al., 2013; Bode et al., 2017; Carrotta
et al., 2021).

Cholesterol supports the formation of
transmembrane Aβ pores

Amyloid β peptides have been shown to oligomerize
into ion-permeable transmembrane pores of varying structure,
composition, and permeability. Aβ42 oligomers are known to
adopt a β-sheet-rich structure in the presence of membrane
lipids and self-organize into transmembrane channels permeable
to calcium ions, which can cause cell death (Prangkio et al., 2012;
Arbor et al., 2016; Serra-Batiste et al., 2016; Lee et al., 2017; Julien
et al., 2018; Ciudad et al., 2020; Ruiz-Arias et al., 2020; Venko
et al., 2021).

Mass spectrometry and circular dichroism measurements
showed that cholesterol supported the incorporation of Aβ into
lipid vesicles. In contrast to the above results, Aβ incorporation
resulted in increased α-helicity of the Aβ peptide. However,
under cholesterol-depleted conditions, most of Aβ40 on the
vesicle surface remained in a β-sheet-rich, aggregation-prone
conformation (Ji et al., 2002). Cholesterol also induced α-helical
Aβ topology in transmembrane annular octameric channels, as

shown in MD simulations and SH-SY5Y cell culture studies (Di
Scala et al., 2014, 2016). In Aβ, the linear sequence of amino acids
22–35 is a functional cholesterol-binding domain that is unusual
in that it does not contain the aromatic residues common in
other cholesterol-binding protein domains. The Aβ–cholesterol
interaction may promote Aβ incorporation and the formation of
α-helical amyloid pores in cholesterol-rich lipid rafts (Di Scala
et al., 2013).

In another study, Aβ40 aggregated on a bilayer surface
containing SM but could insert into the artificial membrane
only in the presence of cholesterol (Devanathan et al., 2006).
Also, Aβ–monolayer interaction experiments and an MD-based
study showed that the oligomerization process of Aβ42 and
Aβ25–35 peptides in calcium-permeable pores was cholesterol-
dependent. Bexarotene blocked the formation of Aβ-channels
by preventing the binding between cholesterol and amyloid
peptides (Fantini et al., 2014). Astrocytes were found to
contain a higher amount of cholesterol in their PM than
neurons, which was associated with a higher extent of Aβ

incorporation into membranes and increased calcium influx
into cells (Abramov et al., 2011; Angelova and Abramov,
2017). Cholesterol affects Aβ conformation and aggregation
through both direct interaction and modulation of membrane
structure, as described in the study of calcium-permissive
amyloid membrane pore formation (Kandel et al., 2019).

Cholesterol impedes Aβ incorporation
into the bilayer but promotes Aβ binding
at the membrane surface

The presence of cholesterol has been demonstrated to inhibit
Aβ association with the membrane and stabilize membranes (Yip
et al., 2001; Phan et al., 2013). In the MD model, cholesterol
blocks amyloid pore formation by binding to Aβ42 (Zhao
et al., 2011). Cholesterol may have a protective effect on Aβ

action, as higher cholesterol levels have been associated with
increased membrane ordering and rigidity, which is connected
with a reduced ability of amyloid to enter the bilayer and alter
membrane properties (Eckert et al., 2001; Seghezza et al., 2014;
Staneva et al., 2018; Fabiani and Antollini, 2019).

Besides affecting the incorporation into the bilayer,
cholesterol may also determine the binding of amyloid to the
membrane surface. Increased cholesterol resulted in increased
binding of Aβ42 to the membrane surface in planar bilayers
composed of different brain lipids, which was not associated
with bilayer disruption (Yip et al., 2002). Cholesterol-containing
lipid membranes promoted Aβ42 aggregation up to 20-fold
through a surface-catalyzed nucleation process (Habchi et al.,
2018).

MD simulations of Aβ42 tetramer binding to pure
POPC or cholesterol-rich raft model membranes showed that
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cholesterol modulates Aβ fibril formation by reducing the
extent of Aβ42 tetramer insertion into the bilayer and inducing
intermolecular rearrangement of amyloid oligomers (Brown
and Bevan, 2016). AFM visualization and MD simulations
demonstrated that cholesterol in the lipid bilayer significantly
increased Aβ42 surface aggregation, but not membrane
penetration, at monomer concentrations as low as nM. These
results suggest the importance of membrane lipids for the
local concentration, clustering, and conformation change of
Aβ into a β-structure-rich form of amyloid peptides (Drolle
et al., 2012; Qu et al., 2019; Banerjee et al., 2021). It is
speculated that the AD-associated elevation of cholesterol levels
in the PM may increase the likelihood of membrane-dependent
Aβ42 aggregation (Banerjee et al., 2021).

Aβ(25–35) was able to intercalate into the lipid bilayer only
in the absence of cholesterol. When cholesterol was added,
the monomers of the amyloid peptide were excluded from the
bilayer (Dante et al., 2006). Electron paramagnetic resonance
(EPR) spectroscopy analysis revealed a dual effect of cholesterol
on the Aβ(25–35)-membrane interaction. Low cholesterol
content favors penetration of the Aβ(25–35) peptide into the
membrane, resulting in membrane stiffening and redistribution
of cholesterol into the outer leaflet of the membrane. However,
when cholesterol was enriched or redistributed into the outer
leaflet, the rigid lipid raft-like membrane prevented the amyloid
peptide from entering the bilayer (D’Errico et al., 2008).
This result is consistent with the fact that raft composition,
cholesterol amount, and distribution change during aging or
neurodegeneration, as mentioned previously (Wood et al., 1984,
1990, 2002; Igbavboa et al., 1996; Eckert et al., 2001; Diaz et al.,
2018).

Protective role of cholesterol in
Aβ-induced toxicity

As indicated above, cholesterol can protect cells from
Aβ-induced membrane perturbations and cytotoxic effects
(Figure 2). Increasing cholesterol levels in lysosomes led to
decreased ROS production, decreased Aβ accumulation in the
lysosomal compartment, and increased membrane stability (Oku
et al., 2017). An atomistic MD simulation revealed a protective
role of cholesterol in preventing membrane surface-induced
amyloid-β sheet formation and Aβ42-induced bilayer disruption
(Qiu et al., 2011). Enrichment of PC12 cells with cholesterol
made the cells resistant to the calcium-mediated cytotoxic effect
of Aβ, whereas reduction of membrane cholesterol enhanced
the harmful effect of amyloid (Arispe and Doh, 2002). Similar
results were obtained in experiments with fibroblasts isolated
from familiar AD patients, rat brain cortical neurons, and
SH-SY5Y neuroblastoma cells. There, increasing cholesterol
levels decreased Aβ assembly into membrane-perturbating
Ca2+-selective channels (Evangelisti et al., 2014). Using EPR

and circular dichroism spectroscopy Curtain et al. found that
membrane cholesterol reduced the ability of Aβ to enter the lipid
bilayer and organize itself into α-helical transmembrane pores.
However, Aβ that could not insert into the bilayer formed β-
sheet structures on the membrane surface (Curtain et al., 2003).
Based on results in cultured hippocampal neurons, Fernandez-
Perez et al. (2018) proposed a model in which cholesterol plays
a neuroprotective role. An increase in membrane cholesterol
content prevents Aβ from incorporating into the bilayer and
disrupting cellular homeostasis, while the peptide remains
aggregated on the cell surface in large, nontoxic clusters. On
the other hand, the amyloid peptide formed toxic membrane
pores after cellular cholesterol levels were lowered by methyl-β-
cyclodextrin (Fernandez-Perez et al., 2018).

Model membranes composed of POPC yielded a similar
result: cholesterol decreased Aβ nucleation but promoted
fibrilization on existing Aβ clusters. Moreover, a decrease
in cholesterol level enhanced the association of Aβ42 with
T-cell membranes. Increasing cholesterol levels in model
membranes suppressed Aβ42-Ld interaction but enhanced
Aβ42-Lo association, albeit to a lesser extent than Aβ42-Ld
under lower cholesterol concentration conditions (Phan et al.,
2014, 2018).

Another mechanism of the protective effect of membrane
sterols may lie in the variability of ion selectivity of Aβ42-
formed pores. The channels formed in the presence of oxidized
cholesterol were anion-selective. Thus, oxysterols may serve as a
protective mechanism against calcium-permeable pores formed
by Aβ in model membranes and physiological membranes of
cellular origin (Meleleo et al., 2013; Bode et al., 2017). The
formation of Aβ40 channel assisted by oxysterols may also
provide a protective mechanism against Aβfibrilization at the
membrane surface (Micelli et al., 2004). Another mechanism has
been proposed for metal ion-mediated amyloid toxicity. Hg2+

(and Pb2+) ions bind Aβ, which promotes β-structure formation
and peptide aggregation. At the same time, the metals inhibit
the interaction of Aβ with cholesterol, which otherwise traps the
amyloid peptide in a nontoxic form in the membrane (Meleleo
et al., 2019).

Amyloid β affects membrane ordering
and fluidity

The incorporation of amyloid aggregates resulted in
membrane thinning and was accompanied by a 0.2 nm outward
shift of the sterols and functional alterations in membrane
lipid order (Ashley et al., 2006). In model systems, a strong
association of Aβ42 with negative membrane lipids, including
phospholipids, leads to membrane thinning related to Aβ

aggregation and toxicity (Dong et al., 2017). Aβ(25–35) added
to model membranes rich in anionic lipids displaced cholesterol
molecules from the bilayer (Dies et al., 2014). A study performed
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FIGURE 2

Mechanisms of cholesterol-mediated protection against amyloid β toxicity. (A) Left: under cholesterol-deficient conditions, amyloid β (Aβ)
penetrates the membrane and aggregates in calcium-selective pores, leading to calcium dyshomeostasis and cytotoxicity. Right: cholesterol-
induced rigidization of the membrane prevents amyloid peptide from entering the bilayer. (B) Another mechanism designates cholesterol as a lipid
that reduces the ability of Aβ to bind the membrane. (C) A cholesterol-rich membrane (which may also contain oxysterols) retains Aβ peptides in a
transmembrane (TM), non-toxic form. At low cholesterol levels, Aβ can self-organize into toxic aggregates at the membrane surface. (D) Aβ forms
calcium-selective TM channels when the bilayer has low cholesterol content, whereas high cholesterol concentration induces the formation of
non-toxic, anion-selective pores. Red—amyloid β, yellow—membrane lipids, purple—cholesterol, pink—oxysterol, blue—calcium influx into the
cytosol. The scheme was prepared according to Arispe and Doh (2002), Curtain et al. (2003), Micelli et al. (2004), Qiu et al. (2009), Qiu et al.
(2011), Meleleo et al. (2013), Evangelisti et al. (2014), Phan et al. (2014, 2018), Bode et al. (2017), Fernandez-Perez et al. (2018), and Meleleo et al.
(2019).

on living cells showed that Aβ40 interacts with GM1 and
decreases bilayer fluidity, whereupon β-secretase accelerates
proteolytic cleavage of APP. This leads to a positive feedback
loop in which Aβ stimulates its own production (Peters et al.,
2009). In an MD-based study, polar Aβ residues, including Arg5,
intercalated into the layer of polar lipid groups that stiffen the
membrane. However, cholesterol and GM1 attenuated the extent
of the perturbation and reduced the effect of Aβ42 on the model
membrane (Brown and Bevan, 2017).

Cerebellar membranes were found to be more fluid
and contain less cholesterol than cortex and hippocampus
membranes, which were more susceptible to Aβ-induced
destabilization. There, Aβ40 had a fluidization effect that
was more pronounced in cholesterol-rich hippocampal and
cerebral membranes (Chochina et al., 2001). Anionic artificial
membranes containing 30%–40% cholesterol bound Aβ42,
but this interaction was followed by increased cholesterol
solubilization and decreased cholesterol plaque formation
(Barrett et al., 2015). In model bilayers, Aβ bound to the
rigid gel phase in the absence of relevant cholesterol content,
whereas increasing cholesterol concentration to physiological
levels resulted in decreased Aβ-membrane interaction and

reduced membrane thinning and disturbances induced by
amyloid (Choucair et al., 2007; Seghezza et al., 2014). Another
study showed that after cholesterol depletion, the more fluid
membranes were more sensitive to Aβ42-induced stabilization
of lipid head interaction, resulting in membrane rigidization (Yip
et al., 2002). Large unilamellar vesicles containing cholesterol
and GM1 were stiffened by interaction with Aβ, which may
have consequences for signal transduction and other processes
that depend on the lipid raft environment (Hirai et al., 2013).
In an MD simulation experiment, Aβ42 caused membrane
perturbation through a carpeting effect connected with the
formation of a more rigid, gel-like lipid phase; however, this
effect was attenuated in the presence of cholesterol (Brown and
Bevan, 2017).

Aβ bound to the non-raft Ld phase of model lipid bilayers,
where Aβ, when GM1 was present, caused thickening and
rigidization of the membrane. But when GM1 was absent in
the Ld phase, a decrease in packing and thickness was observed
(Staneva et al., 2018). These data show a strong dependence
of amyloid-mediated effects on membrane composition, which
must always be taken into account. Moreover, in SH-SY5Y
neuroblastoma cells, Aβ42 induced thinning of rafts that altered
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their physicochemical properties and membrane perturbations
only in more fluid, cholesterol-depleted membranes, indicating
a protective effect of cholesterol against Aβ42 toxicity (Cecchi
et al., 2009).

Controversy about cholesterol-mediated
protection against Aβ adverse effects

There are many data suggesting a protective role of
cholesterol, but close attention must be paid to the precise
arrangement of the experiments. In most studies, only
Aβ monomers, truncated amyloid peptides, and artificial
membranes lacking many important components, e.g., SM,
gangliosides, or proteins, were analyzed (Avdulov et al., 1997;
Dante et al., 2006; D’Errico et al., 2008; Qiu et al., 2011; Dies
et al., 2014; Fantini et al., 2014; Brown and Bevan, 2016, 2017;
Cuco et al., 2016). Moreover, the model membrane usually
represents a nonphysiological phase arrangement, including
gel-like anionic lipid bilayers (Dies et al., 2014). Since Aβ(25–35)
contains only 11 amino acids, the preference for the thinner
Ld membrane and the toxic effect exerted by the formation
of β-sheet-rich ion channels only in this bilayer could be
a consequence of the insufficient length of the peptide for
spanning thicker membrane containing cholesterol (Lin and
Kagan, 2002; Dante et al., 2006). In a study by Arispe and Doh
(2002), Aβ toxicity was measured as a change in Ca2+ balance
associated with the formation of transmembrane ion channels
from the amyloid peptide. Nevertheless, when cholesterol was
increased, Aβ was excluded from the membrane interior.
Then, Aβ could remain on the surface of the bilayer in the
toxic β-sheet-rich conformation, contradicting the protective
role of cholesterol in Aβ-induced neurodegeneration when
measured only as a level of calcium dyshomeostasis (Arispe
and Doh, 2002; Curtain et al., 2003). In this context, it is
important to emphasize that Aβ mediates its neurotoxicity in
both transmembrane and surface-bound form. This suggests
a high degree of complexity in the effects mediated by the
cholesterol-Aβ interaction. This was demonstrated in a study by
Liu R. Q. et al. (2015), in which cholesterol depletion in human
SK-N-SH neuroblastoma cells led to decreased Aβ membrane
incorporation and Ca2+-permeable channel formation, but
also decreased Aβ degradation, increased Aβ aggregation and
adsorption to the membrane, which was associated with higher
amyloid toxicity (Liu R. Q. et al., 2015).

Cholesterol distribution in the membrane
bilayer affects Aβ behavior

A model shows that depletion of cholesterol from the
exofacial leaflet and increased cholesterol content in the
cytofacial leaflet thermodynamically favor membrane retention

of a fully embedded Aβ peptide with an α-helical conformation.
However, when cholesterol concentration decreases in the
cytofacial leaflet and increases in the exofacial layer, which
is typical of aging or AD and ApoE4-knock-in mouse
synaptosomes (Wood et al., 1984, 1990, 2002; Igbavboa et al.,
1996; Hayashi et al., 2002; Yanagisawa, 2005), the peptide loses
the α-helicity and extrudes its reactive N-terminus into the
extracellular space, which can lead to deleterious aggregation.
Moreover, at very low membrane cholesterol, all Aβ is excluded
from the bilayer and concentrates on the membrane surface
(Liguori et al., 2013). MD simulations have shown that
asymmetric cholesterol distribution in the Ld phase is associated
with aggregation of Aβ monomers into membrane-spanning
oligomers and bending of the bilayer, leading to vesiculation. In
contrast, increased Lo phase rigidity causes Aβ to move toward
the membrane-water interface (Pannuzzo, 2016).

AFM measurements revealed complex effects of cholesterol
content on Aβ ion channel formation. Aβ42 is organized into
ion channel structures in an artificial lipid bilayer with 15%
cholesterol but not with 50% cholesterol or without cholesterol
(Gao et al., 2020). This suggests a strong dependence of
amyloid toxicity on cholesterol content, but the presence of
other amyloid-binding partners, including membrane lipids and
proteins must also be considered.

The involvement of other lipids

Alterations in membrane lipids in AD

Cellular and especially neuronal membranes are complex
structures, whose composition defines their function that is
significantly affected by Aβ action. Although it is difficult to
find the key factors responsible for amyloid-induced neuronal
damage, it is certain that lipid ordering and membrane viscosity
play important roles in both the amyloidogenic processing of
APP and the toxic effects of Aβ (Cordy et al., 2003; Kalvodova
et al., 2005; Osenkowski et al., 2008; Martín et al., 2010; Hicks
et al., 2012; Fernandez-Perez et al., 2018; Srivastava et al., 2019).
In this regard, fatty acids, sphingolipids, and cholesterol are
the main players that, in addition to their general effect on
membrane fluidity, show the ability to interact specifically with
Aβ and contribute to the resulting action of this malignant
peptide. In addition to cholesterol and sphingolipids, other
lipids also play a role in AD pathogenesis, e.g., alterations in
brain fatty acids including PUFAs, plasmalogens, sulfolipids,
or phosphoinositides have been found (Farooqui et al., 1997;
Martín et al., 2010; Fabelo et al., 2012, 2014; Cheng H. et al.,
2013; Naudi et al., 2015; Marin et al., 2017; Emre et al., 2021).
In particular, the highly polyunsaturated docosahexaenoic acid
shows a protective effect against AD in model systems, not
only because of its ability to affect membrane fluidity but also
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by serving as a substrate for the formation of pro-survival and
anti-inflammatory products (Hashimoto et al., 2011; Yang et al.,
2011; Janickova et al., 2015; Belkouch et al., 2016; Zhang et al.,
2018; Huang et al., 2019). However, it is not clear whether
changes in the fatty acid and lipid composition of neuronal
membranes are the cause or corollary of AD-associated brain
deterioration.

Cholesterol and GM1 cooperate in
mediating Aβ neurotoxicity

Although cholesterol plays an important role, gangliosides,
the sialic acid-containing sphingolipids, may serve as the
fundamental Aβ-membrane interaction platform on which the
monomeric form of Aβ self-aggregates into Aβ oligomers (Kim
et al., 2006; Mao et al., 2010; Matsubara et al., 2017; Ahyayauch
et al., 2020; Fantini et al., 2020; Rudajev and Novotny, 2020). In
AD brains, GM1 and cholesterol have been shown to accumulate
in nerve terminals where Aβ is concentrated (Gylys et al., 2007).
Yanagisawa et al. observed the binding of Aβ to GM1 clusters
that were dependent on cholesterol-induced GM1 aggregation.
The authors concluded that microdomains rich in GM1 and
cholesterol may be the site where Aβ accumulates and exerts
its neurotoxic effects (Yanagisawa, 2005; Matsubara et al.,
2017). Toxic, β-sheet-rich amyloid fibrils formed only when
Aβ interacted with GM1- and cholesterol-rich membranes, but
not in solution, or when the membrane lacked cholesterol and
cholesterol-dependent lipid rafts (Okada et al., 2008; Matsuzaki,
2014; Ahyayauch et al., 2020).

Both Aβ40 and Aβ42 bound to cholesterol-dependent
GM1 clusters and underwent a conformational transition
from an α-helix-rich structure to a β-sheet-rich amyloidogenic
conformation, but it was 10-fold more significant for Aβ42 than
for Aβ40 (Matsuzaki, 2011; Matsubara et al., 2018). During
early AD pathology, blockage of the endocytic pathway leads
to cholesterol-mediated GM1 accumulation in early endosomes,
where it serves as a platform for amyloid binding (Yuyama and
Yanagisawa, 2009).

If aging is associated with increased cholesterol levels in
synaptosomal membranes (Igbavboa et al., 1996) and more
rigid lipid rafts (Martín et al., 2010; Fabelo et al., 2014;
Diaz et al., 2015, 2018), age-related increased GM1 clustering
could be a risk factor for the development of AD (Matsuzaki,
2014). Intense interactions between Aβ42 and cholesterol-
containing GM1 clusters were key to accelerating Aβ fibrilization
in exosome-like vesicles (Dai et al., 2020). Depletion of
cholesterol and gangliosides significantly reduced Aβ-induced
toxicity in both PC12 and SH-SY5Y cell lines (Wang et al.,
2001). Isothermal titration calorimetry and Langmuir balance
showed pronounced binding of Aβ42 monomers and oligomers
and their incorporation into artificial model membranes
composed of phospholipids, SM, cholesterol, and various types

of gangliosides, including GM1. This interaction was followed
by GM1- and cholesterol-dependent membrane destruction
(Nicastro et al., 2016; Ahyayauch et al., 2021). Raman
spectroscopy of GM1/SM/cholesterol-supported planar lipid
bilayers tracked the binding of Aβ40 to the GM1-containing
membrane, leading to membrane disruption. The N-terminus
of Aβ40 remained in the vicinity of the polar lipid head
groups, whereas the C-terminal fragment was inserted into
the bilayer. During a 24-h incubation, the Aβ40 aggregated
and changed its conformation from a random coil through
an α-helix to a β-sheet structure (Hu et al., 2015). Increasing
GM1 and cholesterol content in lipid bilayers facilitated Aβ

binding to membranes. After binding to cholesterol-dependent
GM1 clusters, Aβ underwent a conformational change from
helix-rich to β-sheet-rich structures (Kakio et al., 2001). Hence,
elevated cholesterol levels during aging could be a risk factor
for Aβ toxicity in AD because amyloid concentration on lipid
and protein platforms leads to peptide aggregation into the most
toxic β-sheet-rich forms (Matsuzaki and Horikiri, 1999; Kakio
et al., 2001, 2002; Rudajev and Novotny, 2020).

Amyloid peptides contain binding sites for both cholesterol
and GM1. The Aβ-membrane interaction begins with the
formation of electrostatic interactions of the basic amyloid
residues with the negative charge of sialic acid on gangliosides,
whereupon the peptide inserts into the hydrophobic zone
of the bilayer with the help of cholesterol molecules.
Then, Ca2+-permeable pore formation may occur (Lin
et al., 2008; Di Scala et al., 2016; Venko et al., 2021). In
another study, Aβ monomers bound to raft-like dipalmitoyl-
PC:Chol:GM1 membranes and were incorporated into the
bilayer only when both GM1 and cholesterol were present.
In cholesterol-free DPPC:GM1 membranes, nascent Aβ binds
to surface portions of gangliosides but does not penetrate
the membrane (Rondelli et al., 2020). The concentration of
GM1 and cholesterol in lipid rafts significantly increase the
local density of amyloid-binding receptors, which can affect the
secondary, tertiary, and quaternary conformation of amyloid
(Fantini and Yahi, 2010). MD-based modeling has demonstrated
that cholesterol can change the orientation of the polar heads
of glycosphingolipids (GSL), which has a major impact on the
Aβ-lipid interaction (Figure 3). The OH group of cholesterol
forms an H-bond with galactose, which stabilizes the polar
group of a GSL in a position parallel to the bilayer. If the polar
group of a GSL is not stabilized in this parallel orientation, its
ability to interact with Aβ is significantly reduced (Yahi et al.,
2010).

The role of membrane lipid composition
in Aβ binding and toxicity

Fluorescence correlation spectroscopy and MD studies
showed a strong dependence of Aβ40 aggregation on SM and
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FIGURE 3

Cholesterol-dependent GM1 clustering and Aβ-membrane
binding. Ganglioside GM1 was found to form membrane clusters
in a cholesterol-dependent manner. Aggregated GM1 exists in
a different spatial configuration that favors Aβ binding. With its
-OH group, cholesterol forms a hydrogen bond with a sugar
moiety of the polar group of the ganglioside, which positions it
parallel to the membrane. When not bound to cholesterol, the
polar head of the lipid is less able to interact with the amyloid
peptide (dashed arrow). Red—amyloid β, yellow—membrane
lipids, purple—cholesterol, blue—sugars in GM1 polar head,
green—sialic acid. The scheme was prepared according to Yahi
et al. (2010) and Matsuzaki (2014).

GM1 concentration but not on cholesterol content (Amaro
et al., 2016). SM has been proposed as a factor inducing
the formation of surface-localized, β-sheet-rich toxic amyloid
aggregates by reducing bilayer fluidity, as Aβ does not readily
enter into the rigid bilayer formed by SM (Owen et al., 2018).
Amaro et al. (2016) suggested that the Ld phase represents
the physiological state in which Lo phase is absent. However,
this is in stark contrast to a variety of other studies as well
as the fact that cellular membranes are a mixture of lipids
and proteins that stabilize Lo membrane domains (Anderson
and Jacobson, 2002; Molander-Melin et al., 2005; Lingwood
and Simons, 2010; Martín et al., 2010; Rushworth and Hooper,
2010; Hicks et al., 2012; Fabelo et al., 2014; Diaz et al., 2015;
Arbor et al., 2016). Moreover, there is a difference in the
interaction of Aβ40 and Aβ42 with membranes, as Aβ42, but not
Aβ40, bound to Ld-phase liposomes formed from 1-palmitoyl-
2-oleoylphosphatidylserine, POPC, and 15% cholesterol. The
addition of SM led to the formation of Lo phase and increased
Aβ40- but decreased Aβ42-membrane association (Carrotta
et al., 2021). Fluorescence colocalization experiments on lipid
vesicles revealed that Aβ42 was preferentially bound to and
incorporated into the Ld phase. However, when GM1 was
present, ganglioside reduced Aβ42 penetration by sequestering
it to the polar head surface (Staneva et al., 2018).

In the AFM study, no interaction between Aβ42 and
cholesterol itself was detected, but the simultaneous presence
of ganglioside GM1 and cholesterol promoted oligomeric
Aβ42 membrane binding and rapid destruction of the bilayer by
a detergent effect. Thus, the formation of cholesterol-dependent
GM1 clusters and the acceleration of GM1-Aβ42 cluster

assembly may represent a mechanism of cholesterol-induced
amyloid toxicity (Williams and Serpell, 2011; Ewald et al., 2019).

In addition, the presence of GM1 or other factors may
drastically affect the resulting arrangement. According to many
studies (Arispe and Doh, 2002; Curtain et al., 2003; Qiu et al.,
2011; Evangelisti et al., 2014; Fernandez-Perez et al., 2018),
cholesterol can play a protective role, but in combination with
GM1, it becomes a toxicity-promoting agent (Matsuzaki and
Horikiri, 1999; Kakio et al., 2001, 2002; Yanagisawa, 2005;
Nicastro et al., 2016; Matsubara et al., 2018). Similarly, GM1 is
known to be a neuroprotective molecule (Svennerholm, 1994;
Svennerholm et al., 2002; Sokolova et al., 2007) but cholesterol-
induced GM1 aggregation is responsible for its negative effect in
AD-related neurodegeneration (Matsuzaki and Horikiri, 1999;
Kakio et al., 2001, 2002; Yanagisawa, 2005; Bucciantini et al.,
2014; Nicastro et al., 2016; Matsubara et al., 2018). Moreover,
since amyloid peptides can bind to membranes with an artificial
composition including simple phospholipids and without SM,
GM1, or cholesterol (Dante et al., 2006; Brown and Bevan, 2016,
2017; Pannuzzo, 2016; Jamasbi et al., 2017; Karimi et al., 2019),
it is very complicated to establish a realistic description of Aβ

effects on physiological neuronal membranes.

Conclusion

Cholesterol is one of the most ubiquitous lipid molecules in
neurons, making it a potent modulator of cellular processes. This
unique molecule accounts for up to 30% of the lipid molecules in
the plasma membrane. It is therefore not surprising that most
of the proteins and processes that take place in the PM are
more or less dependent on cholesterol. This effect is underlined
by the fact that cholesterol is responsible for the formation of
lipid rafts, where many vital functions of the cell are localized
and regulated. On the other hand, in Alzheimer’s disease, Aβ

peptides are produced primarily as soluble molecules, and their
association with cholesterol may represent a highly pathological
event.

In the context of AD, cholesterol plays many roles.
Cholesterol may be one of the protective mechanisms that
strongly influence Aβ-membrane interaction and Aβ-induced
bilayer disruption. Similarly, cholesterol may enhance the toxic
effect of amyloid, as shown in many studies. The deleterious
effect of cholesterol is associated with the localization of
amyloidogenic APP processing in cholesterol-rich lipid rafts.
Therefore, the precise cholesterol distribution within cell
membranes, including various organelles or lipid rafts, may have
implications for AD-related amyloid pathology. The distribution
of cholesterol depends not only on its synthesis but also on
intercellular and intracellular transport mediated by ApoE,
ABC-transporters, receptors for lipoproteins, and cholesterol-
modifying enzymes such as acyl-coenzyme A: cholesterol
acyltransferases (ACATs) or cholesterol oxidases.
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Since some authors have not confirmed the necessity of
cholesterol for Aβ-membrane interaction (Kim et al., 2006;
Amaro et al., 2016; Karimi et al., 2019), this suggests a strong
dependence of the amyloid effect on the specific membrane
composition. Because studies on the consequences of Aβ-
cholesterol interaction provide conflicting results, one of the
possible explanations could be that different amyloid forms, e.g.,
monomers, small oligomers, or larger aggregates of globular
or fibrillar shape may behave differently. In several studies,
cholesterol has been found to promote or hinder Aβ-membrane
incorporation, which is often associated with the formation
of calcium-permeable pores (Fabiani and Antollini, 2019). On
the other hand, cholesterol-assisted incorporation of amyloid
monomer into the membrane may reduce amyloid toxicity
mediated by Aβ aggregation at the membrane surface (Qiu et al.,
2009). Furthermore, as mentioned above, there are differences
between Aβ40 and Aβ42 in their ability to bind to the membrane
and cause cytotoxicity. Albeit also toxic, the truncated version
Aβ(25–35) is often used, but it is very likely that this amyloid
form exhibits different behavior than native amyloid peptides.

The specific lipid environment has a dramatic effect on the
cholesterol-dependent binding and conformation of amyloid.
This fact is extremely important when considering the results
of MD studies or model membranes that use nonphysiological
and artificial lipid ratios and often omit many lipids completely,
including the highly variable sphingolipids. Therefore, MD
simulations, studies on model membranes, and various in vitro
and in vivo experiments may yield conflicting results (Avdulov
et al., 1997; Qiu et al., 2011; Yu and Zheng, 2012; Dies et al.,
2014; Fantini et al., 2014; Liu R. Q. et al., 2015; Amaro et al.,
2016; Nicastro et al., 2016; Pannuzzo, 2016; Brown and Bevan,
2017; Henry et al., 2018; Staneva et al., 2018; Azouz et al.,
2019; Ahyayauch et al., 2021). In addition to the specific lipid
composition, membrane proteins also serve as Aβ receptors
and their function is usually cholesterol-dependent, directly
or indirectly through their association with membrane lipid
rafts (Chen et al., 2017; Wiatrak et al., 2021). Nevertheless,
the proteins are largely excluded from studies on amyloid-lipid
membrane interactions, even though they essential contribute
significantly to lipid raft formation by sequestering cholesterol
with their cholesterol-binding domains (Lingwood and Simons,
2010; Grouleff et al., 2015; Fantini et al., 2016).

Although the role of cholesterol in AD pathology can
hardly be disputed, the exact conclusion has yet to be drawn.
The above-mentioned results of multiple studies indicate a
strong dependence of the effect mediated by the cholesterol-
Aβ interaction on all the players influencing cellular cholesterol
levels and distribution, the lipid composition in the Aβ

neighborhood, and the overall cellular context as well as the
spatial arrangement of the amyloid itself. Even small changes
in any of these parameters, including increases or decreases
in the concentration of amyloid and cholesterol, gangliosides,
sphingomyelin, or PUFA that occur during aging, can lead to

shifts in the balance of Aβ production, degradation, export,
oligomerization, and membrane binding. It must be reiterated
that Aβ is an inherently unstable molecule whose conformation
is highly dependent on the environment. It is therefore not
surprising that any change in physiological conditions can lead
to increased amyloid aggregation in the most toxic species and
the development of AD.

In future studies, detailed and sophisticated analyses of
complexes containing Aβ and specific membrane environments
are in great demand. On the other hand, it is very complicated
to perform such studies on human brains because they are
not accessible for molecular analyses until after the death of
the patient, when brain structure and function are altered to
an extent that does not correspond to the earlier stages of the
disease. Because of the somewhat different lipid composition
in their brains, animal models can only provide us with
partial information. Therefore, neural stem cells and brain
organoids can help us uncover the mechanisms responsible for
Aβ aggregating into the toxic forms upon contact with cell
membranes and give us answers to the question of why the
disease begins to develop in certain parts of the brain under
certain circumstances.
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