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of interneurons in a COVID-19 hamster model
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Summary
Background Coronavirus disease 2019 (COVID-19) frequently leads to neurological complications after recovery from
acute infection, with higher prevalence in women. However, mechanisms by which SARS-CoV-2 disrupts brain
function remain unclear and treatment strategies are lacking. We previously demonstrated neuroinflammation in
the olfactory bulb of intranasally infected hamsters, followed by alpha-synuclein and tau accumulation in cortex,
thus mirroring pathogenesis of neurodegenerative diseases such as Parkinson’s or Alzheimer’s disease.

Methods To uncover the sex-specific spatiotemporal profiles of neuroinflammation and neuronal dysfunction
following intranasal SARS-CoV-2 infection, we quantified microglia cell density, alpha-synuclein immunoreactivity
and inhibitory interneurons in cortical regions, limbic system and basal ganglia at acute and late post-recovery
time points.

Findings Unexpectedly, microglia cell density and alpha-synuclein immunoreactivity decreased at 6 days post-
infection, then rebounded to overt accumulation at 21 days post-infection. This biphasic response was most
pronounced in amygdala and striatum, regions affected early in Parkinson’s disease. Several brain regions showed
altered densities of parvalbumin and calretinin interneurons which are involved in cognition and motor control.
Of note, females appeared more affected.

Interpretation Our results demonstrate that SARS-CoV-2 profoundly disrupts brain homeostasis without
neuroinvasion, via neuroinflammatory and protein regulation mechanisms that persist beyond viral clearance. The
regional patterns and sex differences are in line with neurological deficits observed after SARS-CoV-2 infection.
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Introduction
There is clear evidence that, besides the common res-
piratory symptoms of coronavirus disease 2019
(COVID-19), infections with the pandemic severe acute
respiratory syndrome coronavirus type 2 (SARS-CoV-2)
affect the central nervous system (CNS).1,2 At acute
infection, COVID-19 may present with headache,
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disturbed sense of smell and taste, dizziness and
encephalopathy.3–5 A significant subgroup of patients
with mild to severe COVID-19 experience persisting or
newly developing neurological and psychiatric symp-
toms such as anxiety, depression and cognitive impair-
ment weeks to months after recovery, often referred to
as Post COVID-19 condition,6–11 with higher prevalence
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Research in context

Evidence before this study
Neurological complications during and after COVID-19 are
highly prevalent and exhibit sex-specific differences in their
prevalence and severity. Previous studies have demonstrated
that both severe and mild forms of COVID-19 can lead to
persistent neurological and psychiatric symptoms, including
cognitive impairments, mood disorders, and motor
dysfunctions. Despite the multitude of clinical studies on
these long-term CNS-related symptoms, which point to a
wide range of changes in the brain including
neuroinflammation and degenerative processes, the
underlying mechanisms remain poorly understood and animal
studies are needed to gain further insights.

Added value of this study
We performed immunohistological analyses of brains from
male and female Syrian golden hamsters six and 21 days post
SARS-CoV-2 infection. We observed a broad range of sex- and

brain region-dependent processes during and after recovery
from COVID19: Our findings reveal a biphasic response in
alpha-synuclein levels post-infection, with initial reductions
followed by significant increases at three weeks post-
infection, with female animals exhibiting a more pronounced
response. In females, alpha-synuclein response correlated with
changes of myeloid cell density. Furthermore, we observed
altered densities of specific interneurons with pronounced
differences between male and female subjects.

Implications of all the available evidence
Together with findings in patients with Post COVID-19
condition, our results suggest the potential presence of
neuroinflammatory and neurodegenerative processes. The
pronounced effect of sex on the outcomes of this study calls
for further in-depth analysis into the mechanisms underlying
sex-specific differences on CNS-related outcomes of COVID-19
in this model.
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in women.12,13 The lack of rational therapeutic strategies
for this severe and debilitating condition represents an
urgent unmet medical need.

Among the potential mechanisms, in the majority of
cases, injury via hyperinflammatory responses and dys-
regulation of critical neuronal proteins appear as the
most likely scenarios.14–18 Microglia, the immune cells of
the brain, respond as resident macrophages to infection
and injury.19 However, this so called neuroinflammation
may, if prolonged or excessive, even contribute to
neuronal damage.20–22 We previously reported microglia
reactivity and signs of cortical accumulation of neuronal
alpha-synuclein (aSyn) in brains of Syrian golden ham-
sters 14 days post-infection (dpi), i.e., after COVID-19
remission.23,24 This animal model is well-established for
COVID-19 research due to its high susceptibility to the
original virus strain and resemblance to human infection,
especially regarding pathogenesis, clinical aspects and sex
differences.25–27 ASyn is a highly abundant, soluble and
intrinsically disordered presynaptic protein with a role in
synaptic vesicle exocytosis.28 Recently, an immune-
modulatory role of aSyn was discovered.18 However, if
aSyn protein levels increase, for example in response to
injury, this protein can aggregate into oligomers and
insoluble fibrils with potentially neurotoxic capacities.29,30

Its deposits can be found in several neurodegenerative
diseases, together termed synucleinopathies, including
Parkinson’s Disease (PD).31,32 Interestingly, SARS-CoV-2
proteins were shown to interact with aSyn and more-
over increase its expression in vitro.33 In mild to moder-
ately infected non-human primates persisting aSyn
accumulations were found in the midbrain several weeks
after recovery.34

In order to develop rational therapy for the diverse
range of neurological symptoms reported in patients
with COVID-19, there is a need to understand which
neuronal networks could be affected. Imaging and post-
mortem studies of COVID-19 patients and our previous
work in the hamster model argue against overt acute
neuronal loss in response to the non-neuroinvasive
SARS-CoV-2.23,35 Of note, alterations in small but
functionally-indispensable interneuron populations,
such as Parvalbumin- or Calretinin-positive inhibitory
interneurons, could lead to the observed cognitive im-
pairments and neuropsychiatric symptoms,36,37 and even
contribute to neurodegenerative diseases such as Alz-
heimer’s disease (AD) and PD.38–41 Yet, to our knowl-
edge, the impact of SARS-CoV-2 infection on these
interneurons is unknown.

With regard to disease modifiers, emerging evidence
suggests that sex may influence the severity and mani-
festations of COVID-19, including its neurological ef-
fects.42 Male sex is a risk factor for poor disease outcome
probably related to sex hormones,27,43–45 while Post
COVID-19 condition is more prevalent in female
patients.12,46–48 The mechanisms for the latter remain
elusive, but could serve as rational therapeutic targets.

Previously, we presented first evidence for microglia
reactivity and aSyn accumulation in the COVID-19
hamster model.23 Here, we deciphered sex-specific
temporal dynamics and regional specificity, as well as
the impact on neurons up to 3 weeks post SARS-CoV-2
infection in this model. We studied the first 3 weeks
after SARS-CoV-2 infection to provide insights how
brain homeostasis is altered from acute infection (in
hamsters this is only up to day 6 post-infection) to the
period of viral clearance (from day 6 to 21 post-infection
for most animals). We expect that during this late re-
covery period alterations are initiated and most promi-
nent. If present they could be expected to persist and
www.thelancet.com Vol 105 July, 2024
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constitute Post COVID-19 condition symptoms in some
patients.
Methods
Virus
Virus was isolated as described previously.49 The SARS-
CoV-2/Germany/Hamburg/01/2020 (ENA study 378
PRJEB41216 and sample ERS5312751) was isolated
from a nasopharyngeal swab of a PCR positive male
patient with COVID-19 hospitalized at the intensive care
unit (ICU) of the University Medical Center Hamburg-
Eppendorf (UKE). Isolated virus was inoculated for
three serial passages in VeroE6 cells cultivated in Dul-
becco’s Modified Eagle’s Medium (DMEM; Sigma–
Aldrich GmbH) with 2% fetal bovine serum, 1%
penicillin-streptomycin and 1% L-glutamine at 37 ◦C for
virus propagation. Infection experiments were accom-
plished under biosafety level 3 (BSL-3) conditions in the
Department for Viral Zoonoses-One Health, Leibniz
Institute of Virology, Hamburg, Germany.

Ethics
All experiments were accomplished in accordance with
the EU directive 688 2010/63/EU and approved by the
relevant German authority (Behörde für Gesundheit
und Verbraucherschutz; protocols N 32/2020 and N
103/2020). All animal experiments were performed in
compliance with the ARRIVE guidelines.

Animal experiments
Animal experiments were performed as previously
described.23,27,49 110 Syrian golden hamsters (Meso-
cricetus auratus), purchased from Janvier, were housed
under BSL-3 conditions at the Department for Viral
Zoonoses-One Health, Leibniz Institute of Virology,
Hamburg, Germany, using standardized housing con-
ditions (12:12 light–dark cycle, 21 ± 2 ◦C, 40–50% hu-
midity, food and water ad libitum). 8–10 weeks old male
and female hamsters were administered with 10̂5 pla-
que forming units (PFU)/ml SARS-CoV-2 or phosphate-
buffered saline (PBS, vehicle control) intranasally under
anaesthesia with 150 mg/kg ketamine and 10 mg/kg
xylazine intraperitoneally (i.p.). Clinical signs and pa-
thology of other organs from these animals were pub-
lished previously.27 Hamsters developed mild signs of
COVID-19 including respiratory dysfunction and weight
loss up to day 6 pi and recovered up to day 14 pi.27 Up to
day 6 pi virus was cleared from most organs except of
the lung of some animals.27,50 Male animals showed
more severe and longer-lasting respiratory dysfunction
and slower recovery of weight during the recovery phase
compared to females.27 Animals were euthanized via
pentobarbital injection (800 mg/kg i.p.) 6 and 21 days
post-infection (dpi) and blood withdrawal was per-
formed via cardiac puncture. During skull opening to
enable penetration of formalin into brain tissue for virus
www.thelancet.com Vol 105 July, 2024
inactivation and tissue fixation, some brain regions were
damaged by the procedure and could not be evaluated,
or staining quality was not appropriate for quantification
(a priori quality control). These regions were not
included into analyses for the respective animal result-
ing in different number of replicates across experiments
as stated in the figure legends. For information on
sample size determination, randomization, blinding,
inclusion/exclusion criteria of the animals please refer
to Stanelle-Bertram et al., 2023.27

Immunohistochemistry
Brains were removed from skulls and cryoprotected by
placing in 10%, 20%, then 30% sucrose solutions for 24 h
each. Afterwards, brains were cut into coronal sections of
40 μm thickness using a cryostat. Brain sections were
treated as published previously.41 Briefly, sections were
blocked in serum and incubated at 4 ◦C overnight in
primary antibody as indicated below.

Then, sections were incubated with secondary anti-
body solution (Invitrogen donkey or goat anti-guinea
pig, goat anti-mouse, conjugated with Alexa Fluor (AF)
488, AF555, AF647) and cover slipped with ProLongTM
Gold Antifade Mountant with DAPI (Thermo Fisher).

Slices were digitized using a Zeiss AxioObserver 7
microscope, provided with a Colibri 7 LED light source.
Images were taken at 10× or 20× magnification using
the Zeiss Zen Pro Software (Carl Zeiss AG, Oberko-
chen, Germany). For confocal laser scanning micro-
scopy a Zeiss LSM 980 with Airyscan 2 at the Research
Core Unit for Laser Microscopy at the Medical School
Hannover was used using a 40× objective in the airyscan
confocal mode with a 2× confocal zoom factor. Z-Stacks
were sampled using a z-step of 0.18 μm. All images
were analysed using the Fiji package of ImageJ.51

Analysis was performed blinded and randomized.
Myeloid cell infiltration and reactivity was evaluated

for both time points 6 and 21 days dpi via immuno-
staining of Iba1 (guinea pig anti-Iba1, 1:500, Synaptic
Systems Cat# 234004, RRID:AB_2493179, Göttingen,
Germany). Iba1-positive cells were manually counted in
regions of interest (ROIs) as illustrated in Fig. S5.

To assess the amount of aSyn, immunostaining of
aSyn was performed for 6 and 21 dpi (mouse anti-a-
Synuclein, 1:1000, BD Biosciences Cat# 610787, RRI-
D:AB_398108, Heidelberg, Germany) and the mean
fluorescent intensity of aSyn staining was measured
(aSyn-IR) in ROIs as illustrated in Fig. S1.

Interneuron staining was performed for 21 dpi
hamster brain sections using Parvalbumin (guinea pig
anti-Parvalbumin, 1:1000, Synaptic Systems Cat#
195004, RRID:AB_2156476, Göttingen, Germany) and
Calretinin (mouse anti-Calretinin, 1:500, abcam
Cat#277631-1001, Cambridge, Great Britain). Parvalbu-
min and Calretinin positive cells were counted manually
in ROIs as illustrated in Fig. S7a, j. For all antibodies
negative and positive controls were used to validate
3
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specificity, in addition to validation provided by the
supplier.

Statistics
For data comprising more than two experimental
groups 2 way or mixed effects model ANOVA followed
by Sidak’s or Dunns post hoc tests for multiple com-
parisons was used for statistical analyses as indicated.
Normality was tested using the Shapiro–Wilk test. To
understand the relationship between aSyn and Iba1,
linear regression analyses were performed and Pearson
and Spearman rank correlation coefficients were
computed. For two-group comparison for the inter-
neuron data, Mann–Whitney U tests were used. Statis-
tical analyses were performed using the software
GraphPad Prism 9.1.2 (GraphPad Software, Inc., San
Diego, CA, USA, 2003) and a significant differences was
defined as p < 0.05 and a trend defined as p < 0.1.

Role of funders
The funders had no role in study design, analysis, or
writing of the study.
Results
Biphasic response of alpha-synuclein
immunoreactivity following SARS-CoV-2 infection
We previously observed aSyn accumulation in cortical
neurons 14 days after SARS-CoV-2 infection.23 To
investigate the time course of this signature of pro-
teinopathy across the entire brain, we quantified aSyn-
immunoreactivity (aSyn-IR) in hamster brains at 6 and
21 dpi. At 6 dpi, all peripheral organs had already
cleared the virus while lungs of few hamsters remained
virus positive.27 Hence the 21 dpi timepoint represents a
late recovery phase, as the hamsters had cleared the vi-
rus and no virus could be detected by 14 dpi.24 Notably,
significant differences emerged in relation to both the
post-infection time point and sex (Fig. 1, Figs. S1–S4).

We analysed a variety of mid- and forebrain regions
(n = 12, Fig. 1a, Fig. S1) involved in functions such as
memory and cognition, emotion, sensory processing
and motor control, which could potentially be involved
in Post COVID-19 condition symptoms and/or be
related to PD. Firstly, we analysed time point and sex
effects across all regions. Unexpectedly, at 6 dpi, SARS-
CoV-2 hamsters presented with a marked reduction of
aSyn-IR compared to controls in brain (Fig. 1b–d,
Fig. S2a–f, Fig. S4; Mixed-effects model test comparing
all regions vs sex separated infection/PBS groups: fe-
male infection factor p < 0.0001, male p = 0.018; female
region factor p = 0.0024, male ns; regions range for
females = 63–84%; for males = 82.2–103.1%). While 2
out of 12 analysed brain regions showed reduced aSyn-
IR in male animals, the effect was more pronounced
and widespread in females in 11 out of 12 analysed re-
gions (Fig. 1e; fishers exact test female vs male 6 dpi
p = 0.0006). Conversely, at 3 weeks post-infection — a
time-point well after remission and recovery from the
infection — the aSyn-IR was significantly elevated
relative to both PBS controls and 6 dpi in females and in
males (Fig. 1b–d; Fig. S2a–f, Fig. S4; Mixed-effects
model test comparing all regions vs sex separated
infection/PBS groups: female p < 0.0001, male
p = 0.0001; female mean = 119%; male mean 108%).
The staining pattern resembled aSyn accumulation in
transgenic overexpressing mice at young age, prior to
the formation of protein aggregates.52,53 Again, females
were more affected than males by aSyn-IR accumulation
at 21 dpi (Fig. 1e, Fig. S4; 7 of 12 region in females, 0 of
12 region in males with significant differences to PBS
controls, fishers exact test female vs male 21 dpi
p = 0.0046).

This unexpected biphasic response, with a sharp
initial decrease followed by an increase in aSyn-IR,
prompted us to proceed with a detailed analysis into
the different brain regions across sex and time points.

As SARS-CoV-2 was introduced intranasally, and we
previously observed a microglial response in hamster
olfactory bulbs (OB) at 14 dpi,23 we undertook a detailed
examination of this region (Fig. 1f and g, Figs. S2a
and S4). Three subregions, the glomerular layer (GL),
the external plexiform layer (EPL) and the granule cell
layer (GCL) were measured (Fig. 1f and g, Figs. S1 and
S4). Two of three regions (GCL and EPL) showed a
significant decrease in aSyn-IR in females at 6 dpi while
in males differences did not reach significance. In fe-
male hamsters at 21 dpi, the aSyn-IR of all three regions
developed increased aSyn-IR. In contrast, male animals
showed no significant differences from controls at 21
dpi (Fig. 1f and g).

Next, four cortical regions—associated with different
physiological functions—were analysed (Fig. 1f and g,
Figs. S1, S2b, S4e–h; cingulate cortex (Cg), piriform
cortex (Pir), visual cortex (V2m) and auditory cortex
(Aud)). In female hamsters at 6 dpi, cortex regions
presented with decreased aSyn-IR compared to controls
(Fig. 1e and f, Aud, Pir, V2m), while at 21 dpi aSyn-IR
was elevated (Fig. 1f, Fig. S2b, Aud, Cg, Pir, V2m).
Due to less magnitude of change, infection of male
hamsters only led to a minor decrease of aSyn-IR in Pir
and did not cause further significant differences in aSyn
at 6 or 21 dpi in cortex, albeit the tendencies were
similar to the females (Fig. 1f and g). Both the hippo-
campus (Fig. 1f and g, Fig. S4i; HC, specifically the
cornu ammonis 1 (CA1) region), a region involved in
cognitive functions, and the substantia nigra partes
compacta and reticulata (Fig. 1f–g, Figs. S2c and d and
S4c and d; SNc, SNr) — the region of dopamine neuron
loss in PD — exhibited a decrease in aSyn-IR at 6 dpi in
females with a return to PBS levels at 21 dpi. The SNr
showed a reduced aSyn-IR in males at 6 dpi (Fig. S2d),
and, in direct region wide analysis, exceeded PBS levels
at 21 dpi (Fig. 1g). Notably, two regions which are hubs
www.thelancet.com Vol 105 July, 2024
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Fig. 1: Biphasic response of alpha-synuclein immunoreactivity following SARS-CoV-2 infection. (a). Schematic representation of the coronal
hamster brain sections that were stained, red dots highlighting the regions of interest examined (Olfactory bulb glomerular, granular and
external plexiform layers (bulbus_glom, gran, EPL), caudate putamen (cpu), cingulate cortex (ctx_cg), basolateral amygdala (bla), ca1 region of
hippocampus (hippoc-ca1), and aud, v2m and pir regions of cortex, substantia nigra partes reticulata and compacta (SNR, SNC)). Modification of
coronal brain illustrations of Wood et al., 2001.121 b. Representative histological stainings of aSyn recorded at a 10× magnification (i-ii, iv-v) and
confocal laser scanning macroscopy at 160× (iii, vi) in the cortex from female animals with PBS or SARS-CoV-2 infection at 6 and 21 dpi. Scale
bar in widefield images = 200 μm, in confocal images = 10 μm. The viridis lookup table was used for the histological images to increase the
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with regard to their connectivity to other brain regions,
the basolateral amygdala (Fig. 1f and g, Figs. S2e, S4a;
BLA), a limbic region associated with emotional pro-
cessing, and the caudate putamen (Fig. 1f and g,
Figs. S2f, S4b; Cpu), a region involved in motor control
and the site of dopamine loss in PD, developed a robust
biphasic aSyn response in females reaching the highest
levels at 21 dpi (32% increased aSyn-IR in BLA, 25%
increase in Cpu).

In summary, following SARS-CoV-2 infection, aSyn-
IR assessment revealed a notable biphasic response: a
dip in reactivity levels at 6 dpi, followed by a rise above
control levels at 21 dpi in most of the regions including
OB, cortical regions, BLA and Cpu. Female hamsters
exhibited notably more pronounced infection-induced
changes in aSyn-IR than males.

Sex-specific microglial response following SARS-
CoV-2 infection
Given the observed changes in aSyn detected in the
brain, we undertook an investigation into neuroimmune
homeostasis in different brain regions post SARS-CoV-2
infection. We hypothesized that alterations in aSyn-IR
could correspond to variations in neuroinflammatory
response to the viral infection, typically manifested as
microgliosis. A precedent for this was our prior detec-
tion of microglial changes (i.e., increased numbers of
Iba1+ cells at 3 and 14 dpi) in the OB of hamsters post-
infection.23 We therefore evaluated if myeloid cell counts
deviated at 6 and 21 dpi and if there were sex
differences.

Data derived from cell counting of Iba1+ myeloid
cells in various brain regions is shown in Figs. 2 and 3,
Figs. S5 and S6. Similar to the aSyn investigations, we
analysed a broad range of regions and subregions
(n = 17) for myeloid cell density changes upon infection
(Fig. 2b, Fig. S5a). Analysis across all regions revealed
sex differences in the inflammatory response to SARS-
CoV-2: in female animals we observed a reduced num-
ber of Iba1+ cells compared to controls at 6 dpi followed
by a steep increase at 21 dpi (all regions overview 2way
ANOVA with post hoc test p < 0.001; mean for females
at 6 dpi = 86.2%, 21 dpi = 116%). In contrast, male
animals showed a different pattern again, responding to
the infection with an overall increase in Iba1 cell counts
at 6 and 21 dpi (2way ANOVA p < 0.0001; mean for
visibility of expression changes. (c) Group mean of the normalized aSy
biphasic tendency of the aSyn response to infection. (d) Heatmaps of g
animals in the three groups PBS, 6 dpi and 21 dpi. (e) Distribution of b
Statistics: fishers exact test between male and female groups at 6 and 21 d
(f) and male (g) hamsters. Data normalized to female and male PBS c
additionally shown. Mark the different scales on the y-axes. Mixed-effec
hamsters evaluating effects of region and infection followed by a Dunnett
regions. Further information on Mixed-effect statistics can be found in
**p < 0.01, ***p < 0.001. Sample sizes are shown at the bottom of the g
differences originate from apriori quality control.
males at 6 dpi = 122% and at 21 dpi = 114%). Next, we
will present the detailed examination of the different
brain (sub)regions.

In female hamsters, Iba1+ cell counts in the OB, the
brain region closest to the nasal site of infection,
increased at 21 dpi, but not yet at 6 dpi compared to
controls (Fig. 2b and c, Fig. S5a–d and S6a). Conversely,
in male hamsters an early microglial response is
apparent at 6 dpi and persisting until 21 dpi (Fig. 2b and
c, Fig. S5a), replicating our previous observations at 14
dpi in the OB.23 We further examined the subregions of
the OB, quantifying cell densities in the GL, EPL and
GCL (Fig. S5a–d, Fig. S6a). These regions mirrored the
mean OB results, except for the GL in female hamsters,
which did not differ from controls (Fig. S5a–d).

To correlate to the observed aSyn-related changes, we
inspected myeloid cell densities in similar brain regions.
In female hamsters, cortical regions showed significant
variations, with a dip in Iba1+ cell numbers at 6 dpi in
several regions (somatosensory cortex (S1), motor cortex
(M), Fig. 2d and e, Fig. S6b and c), followed by a late-
onset increase that exceeded controls at 21 dpi (S1, M,
piriform cortex (Pir), retrosplenial cortex (RS), Fig. 2d–f,
h, Fig. S6b–d, f). Male hamsters exhibited only a subtle
but significant Iba1+ cell number increase at 6 dpi (M,
RS; Fig. 2e, h, Fig. S6c, f), which receded by 21 dpi to
control numbers.

Iba1+ cell counts in the HC and its subregions (CA1
anterior, CA1 posterior, CA3, Hilus, dentate gyrus (DG))
did not significantly differ for both sexes (Fig. S5f–i),
apart from a trend for increased numbers of cells in the
DG of males at 6 dpi (Fig. S5i).

No significant differences were observed within
the SNc (Fig. S5j). In the SNr, the Iba1+ cell count in
female hamsters remained at control levels, while it
temporarily increased at 6 dpi in male hamsters
(Fig. 2j, Fig. S6h). Despite the overt biphasic changes
in aSyn-IR, females did not show changes in Iba1+
cell counts in the BLA (Fig. 2g, Fig. S6e). Conversely,
in infected male hamsters Iba1+ cell numbers rose to
significance at 21 dpi compared to controls (Fig. 2g,
Fig. S6e). Interestingly, in the Cpu, aSyn- and Iba1-
related changes are aligned (Fig. 2i, Fig. S2f); fe-
males but not males exhibited the biphasic response
of reduction at 6 dpi followed by an increase over
control numbers at 21 dpi.
n-IR per region in sex/infection groups demonstrating the general
roup mean normalized aSyn-IR per brain region in female and male
rain regions where PBS and SARS-CoV-2 groups differ significantly.
pi. (f–g) Quantification of mean aSyn-IR in relevant regions for female
ontrol group. Circles depict individual animals. The mean ± SEM is
t analysis of aSyn-IR across brain regions in female (f) and male (g)
’s multiple comparisons test to evaluate infection effects within brain
Supplementary data file 1. Differences are depicted as *p < 0.05,
roups in the graphs. No experimental outliers were excluded, group
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Fig. 2: Sex-specific microglial response following SARS-CoV-2 infection. (a) Representative histological stainings of Iba1+ myeloid cells at a 10×
widefield magnification from cinglulate cortex of female (i-iv) and male (v-viii) animals with PBS or SARS-CoV-2 infection at 6 and 21 dpi. Right
images are zoomed in versions of the left images. Scale bar = 200 μm for overview images and 50 μm for inset close-up images. The viridis
lookup table was used for the histological images in the inset to increase the visibility of intensity differences. The overview images are depicted
using a gray LUT to increase visibility of cell morphology. (b) Heatmaps of group mean normalized Iba1+ cell densities per brain region in female
and male animals in the three groups (PBS, 6 dpi and 21 dpi). (c–j) Quantification of mean Iba1+ cell densities (normalized to female and male
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We proceeded with describing microglia cell
morphology using high-resolution confocal imaging
(Fig. 3). In male hamsters post SARS-CoV-2 infection,
Iba1+ microglia appear reactive, characterized by
numerous strongly labeled processes and an intensively
labeled cell body at 6 days post-infection (dpi), with
similar observations at 21 dpi (Fig. 3ix–xvi). In contrast,
female microglia at 6 dpi display fewer processes and
lack a reactive phenotype, presenting with small cell
bodies, low staining intensity, and short, weakly labeled
processes (Fig. 3i–iv). By 21 dpi, while the density of
Iba1+ microglia in infected females increases, the cells
remain weakly labeled and do not exhibit the ramified
reactive phenotype observed in the PBS control group
(Fig. 3v–viii). The microglial response is heteroge-
neous; some cells exhibit numerous but faintly labeled
processes, whereas others have a single, thick but
comparably weakly labeled process. The cell bodies vary
in shape and size, more closely resembling those
observed in SARS-CoV-2 infected female hamsters at 6
dpi rather than the PBS control group. In summary,
male microglia exhibit pronounced reactivity post-
SARS-CoV-2 infection, particularly at 6 dpi, whereas
female microglia do not show the classical reactive or
ramified phenotype, albeit increasing in cell number.

Our quantification of Iba1+ myeloid cells in various
brain regions post SARS-CoV-2 infection unveiled
infection effects that varied according to region, time
post-infection, and sex. Notably, we observed a late-onset
myeloid cell response in the OB of female hamsters and
a rapid-onset response in the OB of males. While overall
changes in the HC were marginal, we did detect specific
alterations in its subregions. In the cortex, we noticed a
biphasic response in females, whereas male hamsters
exhibited subtle effects, displaying only a transient in-
crease in cells during the acute phase of infection.
Lastly, the SNr, Cpu and BLA regions demonstrated
pronounced Iba1+ cell number shifts depending on sex,
whereby only in the Cpu, the region of dopamine loss in
PD, aSyn and Iba1+ alterations align in magnitude and
direction.

To examine potential relationships between the
observed changes in aSyn-IR and microglial marker
Iba1, regression analyses were performed (Fig. S9). Data
across brain regions for each animal were analysed to
identify correlations between aSyn and Iba1 levels based
on sex. In female hamsters, a moderate positive linear
relationship was uncovered between aSyn and Iba1
(p < 0.0001). Male hamsters exhibited a weaker positive
linear association that reached marginal significance
PBS mean) in relevant regions. Bars represent mean ± SEM, circles depict
on the y-axes. Statistics: Two-way ANOVA analysis of Iba1+ cells across sex
vs 6 dpi and PBS vs 21 dpi for each sex). Further information on 2way AN
file 1. (p < 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001. No outliers e
(p < 0.05). These findings indicate that levels of aSyn
and the microglial response are closely associated,
especially in female animals.

Sex differences could at least in parts be explained by
altered sex hormone levels in the male hamsters, that we
published recently.27 Male hamsters showed a drop in
testosterone levels at 3 dpi, which fully recovered from 6
up to 14 dpi and was associated with more severe signs
compared to females.27

Alterations of interneuron-marker
immunoreactivity following SARS-CoV-2 infection
Based on the observed loss of aSyn homeostasis and a
substantial microglial response, persisting up to three
weeks after intranasal SARS-CoV-2 infection, we hy-
pothesized that certain neuronal populations are altered
post COVID-19. Our previous study examined the
densities of NeuN+ neurons in the cortex and HC of
infected hamsters at 14 dpi, yielding no significant dif-
ferences in cell numbers.23 However, alterations in
small neuronal sub-populations, especially in inhibitory
interneurons, could severely alter brain function.
Therefore, we performed quantification of inhibitory
Parvalbumin (Parv)- and Calretinin-positive (Calret) in-
terneurons in several brain regions of infected hamsters
at 21 dpi compared to controls (Figs. 4 and 5, Fig. S7).
Parv and Calret are Calcium-binding proteins that are
specific markers but also relevant to neuronal
function.41,54,55

For Calret+ interneurons (Fig. 4a), male hamsters
were more affected than females compared to respective
controls (Fig. 4b–e, Figs. S7 and S8a–i). In males, we
observed decreased numbers of Calret+ cells in the BLA
(Fig. 4c, Fig. S8a), as well as a trend in the Cg (Fig. 4d)
and retrosplenial cortex granular area (RSG, Fig. 4e,
Fig. S8c), compared to controls. In female hamsters, a
trend towards decrease was only observed within the
BLA, a region highly relevant for neuropsychiatric
symptoms (Fig. 4c).

In Parv+ neuron numbers, again, male hamsters
were more affected by the virus infection than females
compared to respective controls (Fig. 5a–g, Fig. S7j–p).
While the Cg and RSG regions of males displayed a
significant decrease in cell numbers (Fig. 5c, f), the
parietal association (PtA) and S1 cortical areas showed
significant increases (Fig. 5d, g). The Cpu showed a
trend towards increased cell densities (Fig. 5e).
Conversely, females only exhibited differences in the
PtA, with infection associated with an increased
number of cells in this area (Fig. 5g, Fig. S8h). Other
individual animals. Red: female, green: male. Mark the different scales
and brain regions followed by Šídák’s multiple comparisons test (PBS
OVA statistics and sample sizes can be found in Supplementary data
xcluded.
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Fig. 3: Heterogenous morphology of Iba1+ myeloid cells from female and male hamsters with SARS-CoV-2 infection. Confocal laser
scanning microscopy was used to capture highly detailed Iba1+ cells for direct comparison between groups. One field is shown for females (i-viii)
and males (ix-xvi) at both timepoints (6 and 21 dpi) following PBS or SARS-CoV-2 infection. Left images are confocal slices and right images are
z-projections through a 40 μm brain slice. The viridis lookup table was used for the histological images to increase the visibility of instensity
differences. Scale bars = 20 μm.

Articles
regions were analysed but did not reveal significant
effects (Fig. S5j–p). Correlation analyses between
interneuron changes and Iba1+ cell count or aSyn-IR
did not show any significant correlations (data not
shown).

In summary, we identified five brain regions with
altered densities of interneurons marked by Parv and
Calret in hamsters post SARS-CoV-2 infection, with
changes strongly depending on sex. Each region with
significant Calret+ cell changes displayed decreased
www.thelancet.com Vol 105 July, 2024
densities. In contrast, regions with significant changes
in Parv+ cells exhibited a mix of increased and
decreased densities when compared to controls.
Discussion
We discovered changes in brain homeostasis one and
three weeks post-infection, including alterations in aSyn-
IR, microglia densities and inhibitory interneurons,
depending on sex, brain region and time post-infection.
9
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Fig. 4: Derailing of calretinin immunoreactivity following SARS-CoV-2 infection. (a) Representative staining of Calretinin+ cells in the hamster
cortex. Scale bar left 200 μm, right 50 μm. The magma lookup table was used for the histological images to increase the visibility of instensity
differences. (b) Heatmaps of mean normalized Calretinin+ cell densities per brain region in PBS (=100%) and female and male animals at 21 dpi
(region abbreviations: BLA: basolateral amygdala, CA1: hippocampus CA1 region, Cg: cingulate cortex, Cpu: caudate putamen, DG: hippocampus
dentate gyrus, Hilus: hippocampus hilus region, M: motor cortex, PtA: parietal association cortex, RSA and RSG: retrosplenial cortex agranular
and granular areas, S1: primary somatosensory cortex). (c–e) Calretinin+ cell density in the (c) BLA, (d) Cg and (e) RSG of female and male
hamsters at 21 dpi. Data normalized to PBS control group. Bars represent mean ± SEM, circles depict individual animals. Mark the different
scales on the y-axes. Statistics: Mann–Whitney U test was used to compare SARS-CoV-2 21 dpi vs PBS. Decimal numbers above columns are p
values of trends. Significance levels above the bars: *p < 0.05. Sample sizes (from left to right): BLA: 8, 7, 13, 13; Cg: 14, 10, 14, 18; RSG: 13, 12,
15, 16. No outliers were excluded.

Articles

10
Importantly, we previously reported absence of viral
protein in brain of SARS-CoV-2 infected hamsters,
which reflects observations in humans. Hence, SARS-
CoV-2 infection mediates a chain of responses in
brain tissue without neuroinvasion. Our previous work
already suggested early microgliosis at 3 dpi restricted to
the OB, and beginning accumulation of aSyn at 14 dpi
in the cortex. The current study confirms microgliosis in
the OB, but also demonstrates neuroinflammation
across several brain regions including cortex, nigros-
triatal nuclei and limbic regions at 3 weeks pi, repre-
senting a timepoint 1–2 weeks after viral clearance.
Unexpectedly, in female hamsters these microglia-
related changes appeared biphasic especially in the
most severely affected regions, with an initial decrease
in microglia cells at 6 dpi followed by microgliosis at 21
dpi. In male hamsters, microgliosis rose early and
steadily in the OB, but receded at 21 dpi in most brain
regions. Together with our previous observations, we
conclude that the appearance of microgliosis in brain
regions distant to the OB occurs after remission of the
acute COVID-19 signs, and thus most likely represents a
CNS resident pathomechanism. Microgliosis in the OB
is likely mediated by inflammatory signalling from the
nasal epithelium and invading immune cells or their
mediators, and it is conceivable that such inflammatory
molecules spread throughout the brain with time post-
infection, involving highly complex regulatory mecha-
nisms.19 Importantly, such processes may, if prolonged
or excessive, contribute to neuronal damage.20–22 Alter-
natively or additionally, there could be communication
of the peripheral immune response across the blood
www.thelancet.com Vol 105 July, 2024
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Fig. 5: Derailing of parvalbumin immunoreactivity following SARS-CoV-2 infection. (a) Representative staining of Parvalbumin+ cells in the
hamster cortex. Scale bar left 200 μm, right 50 μm. The magma lookup table was used for the histological images to increase the visibility of
instensity differences. (b) Heatmaps of mean normalized Parvalbumin+ cell densities per brain region in PBS (=100%) and female and male
animals at 21 dpi (region abbreviations: BLA: basolateral amygdala, CA1: hippocampus CA1 region, Cg: cingulate cortex, Cpu: caudate putamen,
DG: hippocampus dentate gyrus, Hilus: hippocampus hilus region, M: motor cortex, PtA: parietal association cortex, RSA and RSG: retrosplenial
cortex agranular and granular areas, S1: primary somatosensory cortex). (c–g) Parvalbumin+ cell density in the (c) Cg, (d) S1, (e) Cpu, (f) RSG and
(g) PtA of female and male hamsters at 21 dpi. Data normalized to PBS control group. Bars represent mean ± SEM, circles depict individual
animals. Mark the different scales on the y-axes. Statistics: Mann–Whitney U test was used to compare SARS-CoV-2 21 dpi vs PBS. Decimal
numbers above columns are p values of trends. Significance levels above the bars: *p < 0.05. Sample sizes: Cg: 14, 10, 14, 18; S1: 14, 13, 14, 18;
Cpu: 14, 13, 16, 16; RSG: 13, 12, 15, 16; PtA: 10, 8, 13, 17. No outliers were excluded.
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brain barrier,56,57 which would require time to develop
and thus appear only at the Post COVID-19 condition
phase. However, microglia reactivity could also be a
protective response to SARS-CoV-2 infection and the
resulting alterations in brain. To distinguish more pro-
tective from detrimental microglia reactivity, their
morphology, receptor expression and transcriptome
needs to be characterized.58 Even with a fully charac-
terized microglia, statements regarding their impact on
neurons requires measuring neuronal markers, such as
done in this study. To further dissect these mecha-
nisms, future studies need to define the molecular
makeshift of these microglia cells and the blood brain
barrier in response to SARS-CoV-2 infection.

In our previous work we detected aSyn accumulation
in cortical cells at 14dpi. Apparently this accumulation
progressed further and now includes several brain re-
gions and presynaptic protein at 21dpi. Unexpectedly,
www.thelancet.com Vol 105 July, 2024
aSyn-IR also responded in a biphasic fashion to the
infection in female, but not in male hamsters. In fe-
males, aSyn-IR decreased in most brain regions at 6 dpi.
Thereafter, confirming our earlier findings, aSyn-IR
accumulates overtly at the time point 21 dpi. Interest-
ingly, the brain regions mostly affected by this biphasic
response were the BLA and the Cpu, both highly con-
nected brain regions related to early PD
pathogenesis.59–61 The Cpu represents the main input
region from the dopamine neurons of the SNc, and
dopamine loss in response to dopamine neuro-
degeneration is causing the hallmark motor symptoms
of PD.62 It has long been suggested that pathology may,
at least in some cases, start at the dopaminergic termi-
nals followed by cell loss.63 Similarly, the amygdala is
suggested as being affected early in PD by aSyn pa-
thology.60,64 The recent compelling hypothesis of a di-
chotomy in PD pathogenesis in brain first vs gut firstmay
11
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well be supported by our results.65 If virus indirectly
causes aSyn accumulation in highly connected hub re-
gions, such regions may develop aSyn aggregation
which could spread across the brain to connected re-
gions in a prion like fashion, as has been demonstrated
in animal models of aSyn preformed fibril inoculation.66

Further studies at later time points after SARS-CoV-2
infection are required to test this hypothesis.

But what could be the purpose or driver of neuronal
aSyn accumulation upon peripheral virus infection?
Many factors, such as aging, oxidative stress, genetic
mutations or environmental changes have been con-
nected to increases in aSyn67–69 and reports confirm that
inflammation and infection are a possible cause for
increased aSyn levels in humans and animal
models.18,70,71 Therefore, aSyn increase could be medi-
ated by microgliosis in the SARS-CoV-2 infected ham-
ster, and in females there is significant overlap between
the biphasic response across brain regions. However, in
several regions microgliosis and aSyn-IR response are
disconnected, and in male hamsters aSyn-IR remains
elevated even after microgliosis receded. Of particular
note, regression analyses uncovered a significant posi-
tive correlation between aSyn and Iba1. This relation-
ship was stronger in female compared to male
hamsters, indicating closer links between neuro-
inflammation and alterations in aSyn homeostasis in a
sex-specific manner. The regional microgliosis observed
in female animals could therefore be an important
driver of the biphasic aSyn response and its accumula-
tion by 3 weeks post-infection. These results support
neuroinflammatory mechanisms as contributing to
pathological protein changes relevant to neuro-
degeneration after SARS-CoV-2 exposure, especially in
the female brain.

Additionally or alternatively, aSyn directly responds
to viral induced mediators to combat a potential viral
invasion.72–74 In western equine encephalitis virus
(WEEV) infection of mice, a temporary aSyn pathology
at 8 weeks post-infection and loss of dopaminergic
neurons were demonstrated,75 likely mediated by glio-
sis.76 Similarly, in West Nile Virus (WNV) encephalitis
increased expression of aSyn was demonstrated post
mortem. Of note, aSyn expression is protective against
WNV: infected aSyn knockout mice have higher viral
titers, mortality and clinical severity including neuro-
degeneration compared to mice with aSyn expression.71

WNV was also speculated to have accelerated a prodro-
mal case of DLB in a patient post WNV encephalitis.77

Influenza virus strains have long been connected to
brain damage, e.g. invasive H5N1 or H1N1 strains can
cause neurodegeneration and aSyn aggregation.78,79

Importantly, aSyn increased in non-human primates
post SARS-CoV-2 infection in different brain regions,
which is in line with our findings of increased levels of
this protein in various regions of the brain.34 These re-
sults suggest that SARS-CoV-2 infection primes
microglia enhancing responses to aSyn aggregates. Of
note, while SARS-CoV-2 increases expression of AD risk
genes in myeloid cells and brain tissue,80–82 plasma or
CSF aSyn levels do not change in neuro COVID-19, at
least around the time of neurological symptom onset.83

According to previous work, it appears unlikely that
the direct interplay of SARS-CoV-2 and aSyn is the main
pathogenic mechanism: while in-vitro and computer-
modelling studies have shown that aSyn directly in-
teracts with different parts of SARS-CoV-2 proteins,
there is evidence for both, facilitating or inhibiting ef-
fects on aSyn pathology.33,84–87.

Altogether, it is conceivable that aSyn protein levels
and protein folding are altered by viral infections with or
without neuroinvasion. Recently, knock-out studies
revealed that aSyn is crucial for interferon responses of
neurons—an essential protective mechanism against
viral infections of the brain.88 Additionally, a recent
study demonstrated that type I interferons (IFN-I) pro-
mote the aggregation of tau, another protein implicated
in neurodegenerative diseases.89 Thus the defence
mechanisms of aSyn against viral infection could
employ immune regulation together with amyloid mis-
folding as antimicrobial strategy. In that case, viral
infection-induced loss of aSyn-IR and decrease in
microglia cells at 6 dpi in female hamsters would render
the CNS more vulnerable to infection. Apart from this,
the loss of soluble aSyn can lead to impaired dopami-
nergic neurotransmission.90 There is growing interest in
a “toxic loss of aSyn function” theory, stating that
physiological monomeric aSyn is decreased or trapped
in a sink of aggregated aSyn.91–93 We did not find evi-
dence in the staining pattern that aSyn has been redis-
tributed or is aggregated inside the tissue or
intracellularly. Thus, loss of aSyn-IR likely results from
decreased expression or increased degradation through
mechanisms such as the Autophagy-Lysosome Pathway,
Ubiquitin-Proteasome System, proteases or other
extracellular processes.94 Given that we only observed
this aSyn loss at 6 dpi but not at 14 or 21 dpi, it is un-
likely to mediate Post COVID-19 condition symptoms,
but could be involved in acute neurological symptoms of
COVID-19. Decreased measurements of aSyn in the
brain or blood have already been associated with CNS
disease such as bipolar disorder or schizophrenia.95,96

Interestingly, a recent study by Limanaqi and col-
leagues investigated the dynamics of aSyn in peripheral
cells during acute SARS-CoV-2 infection in vitro.97 They
found that at later time points post-infection (48 h and
beyond), SARS-CoV-2 led to a decrease in SNCA mRNA
expression and α-syn immunostaining in lung epithelial
cells permissive to productive viral replication. Apart
from loss of the protein there is the possibility that
antibody binding sites were masked by an unknown
folding mechanism of aSyn; however, we used the Syn1
antibody which is well characterized for its broad
detection of aSyn species.98,99 Interestingly, symptoms
www.thelancet.com Vol 105 July, 2024
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observed in patients with COVID-19 and patients with
PD overlap significantly. For example, loss of taste and
smell is a common symptom of COVID-192 and a pre-
clinical symptom of PD.100,101 While such symptoms in
COVID-19 could be due to local olfactory epithelium or
neuronal damage, the neural substrate of Post COVID-
19 condition symptoms remains elusive. In order to
derive functional consequences of microgliosis and
aSyn derailing across the brain at late recovery phase in
the hamster model,24 we quantified inhibitory in-
terneurons which are integral to the excitatory/inhibi-
tory balance of the neurocircuitry, but also especially
sensitive to loss of CNS homeostasis.102–108 As they ac-
count for less than 5% of neurons in respective brain
regions, their loss will not lead to apparent tissue
damage, which would be in line with observations in
many patients with Post COVID-19 condition.35,109,110

Thus, they are excellent candidates to illicit Post
COVID-19 condition symptoms, and we studied these
neurons in brain regions that could be linked to
sensorimotor function, executive processing and mem-
ory formation.111,112 Parv-positive interneurons constitute
the majority of cortex interneurons and are involved in
the modulation of cognition and synaptic plasticity.102,113

Out of the eleven brain regions analysed, seven man-
ifested density changes of these neurons. Once again,
these differences where highly influenced by sex, which
could explain sex-specific Post COVID-19 condition
symptoms. Interestingly, the decrease of GABAergic
interneurons in the BLA could result in disinhibition of
the fear circuitry and increased fear and anxiety, as
observed in patients with PD and respective animal
models.41,60

The observed increase or decrease of Parv- or Calret-
positive neurons in different brain regions are unlikely
to represent loss or gain of neurons, but rather result
from down- or upregulation of the respective calcium
binding protein used to identify inhibitory interneurons.
These proteins are highly regulated which can be
impacted by disease processes as shown by us and
others.54,114,115 Further recent studies corroborate this
notion, for instance Frere et al. (2022) reported region-
specific alterations in metabolism, synaptic signaling,
and plasticity in hamster brains after SARS-CoV-2
infection, suggesting a disrupted brain homeostasis.26

Additionally, Radke et al. (2024) detected an interferon
response and alterations in the transcriptional states of
neurons and glia in brain samples from COVID-19 pa-
tients using single-cell RNAseq.116 They also found
persistent changes in neuronal/synaptic gene expres-
sion even in the late disease phase. Furthermore, Yang
et al. (2021) evaluated single nucleus sequencing data
from brain tissue of patients who died following SARS-
CoV-2 infection and observed downregulation of syn-
aptic vesicle component genes like SNAP25 and VAMP2
in Parv+ inhibitory interneurons, suggesting impaired
synaptic transmission in this neuronal population.117
www.thelancet.com Vol 105 July, 2024
These findings align with our observations of altered
expression patterns in interneurons. In summary, such
alterations of calcium-binding protein expression could
impact interneurons and thereby brain function, but
may be reversible with time, as the neurons remain
intact. This is in line with the observation that the ma-
jority of Post COVID-19 condition patients experiences
symptom remission. Further research is required to
better understand underlying mechanisms, which could
provide potential novel therapeutic targets.

Notably, men suffer from more severe symptoms
and higher mortality,118 while females have a higher risk
to develop Post COVID-19 condition consequences.47

One compelling explanation for sex-derived differences
are hormone imbalances, as we recently showed for the
hamsters used in this study. Male hamsters showed a
drop in testosterone levels at 3 dpi, which fully recov-
ered from 6 up to 14 dpi and was associated with more
severe signs compared to females.27 This is in line with
observations in human patients.27,45 Further mecha-
nisms are differences in immune response, exposure to
lifestyle risk factors and higher expression levels of
angiotensin-converting enzyme-2 (ACE2), the receptor
SARS-CoV-2 binds to.119 Females show a higher sus-
ceptibility to develop persistent immune dysregulation,
autoimmune responses and persistent virus particles in
reservoirs.120 Our results point out that sex-specific im-
pacts on aSyn homeostasis, neuroinflammation, and
interneuron populations following SARS-CoV-2 infec-
tion require attention. As discussed above, alterations of
interneuron homeostasis is likely a specific response to
the acute viral infection, and thus more prominent in
males, while increased inflammatory and proteinopathy
signature in females could potentially mediate persis-
tence of altered brain homeostasis beyond the acute
disease, thereby explaining the higher prevalence of
Post COVID-19 condition in women.

We acknowledge that this study is limited to data
from an animal model. While the COVID-19 hamster
model has been extensively validated and is generally
regarded as suitable to replicate the human condition, it
remains an animal model and all data derived thereof
need to be interpreted in light of comparable human
data. This is especially challenging for brain pathology,
which will require further studies in the future. Utili-
zation of hamster tissue results in a limited number of
antibodies suitable for immunohistochemistry
compared to stainings of mouse tissue. However, the
hamster model closely mirrors most of the main aspects
of SARS-CoV-2 infection in human patients, leading to a
higher transferability compared to mouse models out-
weighing the possibility for a broader spectrum of
stainings by using mouse tissue.

Conclusion
Our findings provide insight into spatiotemporal pro-
files of SARS-CoV-2 effects on the brain. We
13
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demonstrate robust microglial and pathological protein
responses weeks after recovery from transient infection.
The regional patterns and female preponderance of pa-
thology align with diverse neurological deficits reported
in patients with Post COVID-19 condition. Of concern,
the biphasic responses in highly connected limbic and
motor regions could accelerate pathological processes
underlying neurodegenerative disorders and Post
COVID-19 condition neurological symptoms. Whether
the overt aSyn protein accumulation leads to formation
of early insoluble protein seeds which could serve as
starting point for prion-like pathology requires future in
depth comprehensive analyses. The decrease of inhibi-
tory interneurons is a plausible substrate for imbalanced
neural activity underlying cognitive and psychiatric
symptoms.

These results shift focus to a time frame a time
frame 7–14 days after viral clearance as a critical phase
for understanding and preventing lasting neurological
damage. They highlight microglial reactivity, aSyn ag-
gregation, and neuronal homeostasis as promising
therapeutic targets to mitigate both acute and delayed
effects of SARS-CoV-2 on the central nervous system.
Our study elucidates pathological mechanisms by which
coronaviruses broadly alter brain health, and un-
derscores the need for strategies promoting neuro-
protection after exposure. Future studies will determine
which of these changes in brain homeostasis persist or
progress into the Post COVID-19 condition phase, and
determine therapeutic interventions based on underly-
ing mechanisms.
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