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Summary
Background Neurological symptoms such as cognitive decline and depression contribute substantially to post-
COVID-19 syndrome, defined as lasting symptoms several weeks after initial SARS-CoV-2 infection. The pathogene-
sis is still elusive, which hampers appropriate treatment. Neuroinflammatory responses and neurodegenerative pro-
cesses may occur in absence of overt neuroinvasion.

MethodsHere we determined whether intranasal SARS-CoV-2 infection in male and female syrian golden hamsters
results in persistent brain pathology. Brains 3 (symptomatic) or 14 days (viral clearance) post infection versus mock
(n = 10 each) were immunohistochemically analyzed for viral protein, neuroinflammatory response and accumula-
tion of tau, hyperphosphorylated tau and alpha-synuclein protein.

Findings Viral protein in the nasal cavity led to pronounced microglia activation in the olfactory bulb beyond viral
clearance. Cortical but not hippocampal neurons accumulated hyperphosphorylated tau and alpha-synuclein, in the
absence of overt inflammation and neurodegeneration. Importantly, not all brain regions were affected, which is in
line with selective vulnerability.

Interpretation Thus, despite the absence of virus in brain, neurons develop signatures of proteinopathies that may
contribute to progressive neuronal dysfunction. Further in depth analysis of this important mechanism is required.
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Introduction
Neurological symptoms are common during acute
COVID-19 (up to 67% of patients), may persist after
elimination of SARS-CoV-2 or even emerge de novo
weeks after disease remission.1-5 Neurologic, neuropsy-
chological and neuropsychiatric symptoms such as cog-
nitive disturbances, sleep disturbances, headache,
dizziness, depression, anxiety, gait disorder and general
fatigue frequently occur in post-COVID-19 syndrome, a
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Research in context

Evidence before this study

Estimations of post-COVID-19 syndrome prevalence
range from 10-85%, depending on disease severity and
other factors. Asymptomatic or mild SARS-CoV-2 infec-
tions are also frequently associated with long lasting
neurological symptoms, such as headache, fatigue, and
cognitive disturbance. Imaging studies and biomarker
assessments in patients point to ongoing neuroinflam-
matory and degenerative processes. The underlying
mechanisms are largely unknown, which hampers the
application of rational disease-modifying therapeutics.

Added value of this study

We performed immunohistochemical studies on brains
of the well-established SARS-CoV-2 hamster model and
observed increase in markers of neuroinflammation and
accumulation of proteins implicated in the pathogene-
sis of neurodegenerative diseases. Importantly, this
observation was at a time point of apparently full recov-
ery from infection and in absence of overt viral protein
in brain.

Implications of all the available evidence

Together with findings in post-COVID-19 patients our
results implicate that the potential presence of neuro-
degenerative processes requires urgent attention and
further studies to guide appropriate diagnostics and
therapeutic intervention.
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highly debilitating condition developed four or more
weeks after SARS-CoV-2 infection.6,7 The pathogenesis
of these symptoms is still elusive, and there is currently
no effective treatment apart from extensive rehabilita-
tion plans.8 The diversity of symptoms clearly indicates
involvement of many brain regions, and cannot be
explained by isolated thromboembolic events. It is still
debated whether and how SARS-CoV-2 enters the brain.
Some studies suggest the olfactory mucosa or local alter-
ations of the blood brain barrier as entry points, but
across available studies it appears that such events are
localized, specific to receptive cells and do likely not
lead to widespread viral replication in the brain, even in
severe COVID-19.9-12 Neuropathological and molecular
findings of patients that died with COVID-19 encom-
pass microglia activation, neuronophagia, but also hae-
morrhagic infarcts among other observations, while
levels of detectable virus appeared low.13-20 The severity
of COVID-19 in these patients, driven for example by
overt systemic inflammation, may have contributed to
brain pathology. Thus, authors recently concluded that
further studies are needed to define whether these
pathologies, if present in patients who survive
COVID-19, might contribute to chronic neurological
problems.21 In fact, the development of neurological
symptoms as described for several months to years after
mild or asymptomatic SARS-CoV-2 infection are
unlikely to involve severe encephalitis or overt wide-
spread neurodegeneration. Instead, local blood-brain-
barrier leakage due to virus invasion in some perivascular
compartments or via the olfactory bulb may be sufficient
to initiate a process of dysregulation of cellular homeosta-
sis, local astrogliosis and axonal damage.9,22-25 Such per-
sistence of neurological symptoms, up to now at least
one year in a majority of patients,6,7,26,27 and also includ-
ing young adults with mild COVID-19,28 points towards
tenacity or even progression of these processes. The
potential mechanisms that drive disease progression in
the brain beyond viral clearance represent a critical
knowledge gap towards application of effective therapy.
In progressive neurodegenerative diseases, alpha-synu-
clein and tau are upregulated as part of the neuronal
stress response, leading to intracellular accumulation, post-
translational modification/truncation, loss or gain of toxic
function, and perpetuating toxicity to the neuron. These
processes are hallmarks of synucleinopathies (e.g.
Parkinson�s disease) or tauopathies (e.g. Alzheimer�s dis-
ease, progressive supranuclear palsy).29-32 In fact, neurode-
generative disorders display protein pathology in the
olfactory bulb, typically associated with deficits in olfactory
perception in the very early phase of these diseases.33 Such
pathology can spread prion-like across neurons, or even
from the gut nervous system to the brain.34-36 Therefore,
even subtle local alterations can present a starting point to
more widespread progressive pathology. Here we present
evidence that upon intranasal inoculation of SARS-CoV-2
in hamsters, neurodegenerative processes are initiated
frommicroglia activation in the olfactory bulb to accumula-
tion of hyper-phosphorylated tau and alpha-synuclein pro-
tein in cortical neurons.
Methods

SARS-CoV-2 infection of hamsters
All animal experiments were performed under BSL-3
conditions as described previously.37 Male and female
Syrian Golden Hamsters of ages 8-10 weeks were intra-
nasally infected with 105 plaque forming units (p.f.u.) of
SARS-CoV-237 dissolved in 50 µl of PBS under ketamine
xylazine anaesthesia (150 mg/kg & 10 mg/kg). Mock
infected animals intranasally received 50 µl of PBS. Fol-
lowing infection, the hamsters were clinically evaluated
daily and sacrificed on days 3 (high virus titers in
periphery and onset of clinical disease) or 14 post infec-
tion (animals recovered from infection and no virus is
detectable in animals) by injection of a high dose of pen-
tobarbital. Per group 10 animals were used, amounting
to 40 animals in total. Groups were treated in parallel to
minimize confounding factors. One animal did not
www.thelancet.com Vol 79 Month May, 2022
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survive until day 14 post infection and was hence
excluded from this group.
Ethics
All animal experiments were carried out in strict accor-
dance with the guidelines of German animal protection
law and were approved by the Beh€orde f€ur Gesundheit
und Verbraucherschutz, State of Hamburg, Germany
(N032/2020).
Tissue processing and histological evaluation
Succeeding euthanasia, brains were harvested and
placed in 10% formalin for fixation and inactivation of
SARS-CoV-2 in the tissue. Noses were cut from the
skull and also placed in formalin for inactivation. Fol-
lowing inactivation and fixation, brain tissue was
trimmed, embedded in paraffin and FFPE-slides were
produced. Noses were incubated in EDTA solution to
decalcify bone tissue prior to embedding and
sectioning.38,39 Three µm sections were stained with
hematoxylin and eosin (HE) for histopathological exam-
ination by light microscopy as previously described.38,39
Immunohistochemistry
For immunohistochemical analysis FFPE-sections were
treated as previously published (K€aufer et al. 2018,40

Becker et al. 202138). Briefly, tissue sections were depar-
affinized, rehydrated and then demasked by boiling the
slides in citric acid buffer. Afterwards, sections were
blocked using a goat serum solution and then incubated
with primary antibody solution over night at 4°C (pri-
mary antibodies used can be found in supplementary
Tab.1). On the following day, sections were incubated in
secondary antibody solution (cf. supplementary Table 1)
and cover slipped using ProLongTM Gold Antifade
Mountant with DAPI (Thermo Fisher). Stained sections
were digitized using a Zeiss Axio Observer 7 microscope
using either 10x or 20x magnification lenses and a Zeiss
Colibri 7 LED light source. The software used for scan-
ning was MBF Stereo Inverstigator 11. Scanned images
were further analyzed using the Fiji package of Image
J41 Regions that were analyzed are schematically illus-
trated in Figure 1 a, l, n and Figure 2 a, i: The nasal tur-
binates, the olfactory bulb, the piriform cortex, the
suprahippocampal cortex and the hippocampus, as well
as the hilus region of the dentate gyrus. The number of
evaluated slides per tissue area varies depending on the
availability of the tissue per slide. Also, due to BSL3 con-
ditions, the tissue was not perfused by transcardial per-
fusion. This results in the presence of residual blood in
vessels with blood cells unspecifically stained by fluores-
cent secondary antibodies, which was indicated in the
figures but did not interfere with quantification of
assessed marker proteins. All histological analyses were
performed in a blinded and randomized fashion and
www.thelancet.com Vol 79 Month May, 2022
scientists evaluating brain slides were not aware about
the status of infection. The following paragraph pro-
vides more details for each staining and quantification
procedure: 3 a.) For evaluation of virus positivity, nasal
tissue and olfactory bulb were stained for the SARS-
CoV-2 Spike S2 protein. Semiquantitative scoring was
used to classify tissues into four scores: no virus, low
virus, medium virus, high virus (Figure 1 a-c). 3 b.) Iba1-
positive cells in the nasal tissue: Iba1 was stained to eval-
uate the degree of myeloid cell infiltration/activation in
the nasal turbinate tissue as well as the olfactory bulb.
Iba1-positive cells in the nasal tissue were not quantified
but are qualitatively displayed to demonstrate the high
degree of inflammation following SARS-CoV-2 infec-
tion in this tissue. Olfactory bulb Iba1-positive cells, i.e.
microglia, were counted in representative ROIs of nasal
slides from both 3 and 14 dpi specimen if sections con-
tained the olfactory bulb. 3 c.) Iba1-positive cells were
further analyzed at both 3 and 14 days post infection in
the piriform cortex, the suprahippocampal cortex and
the dorsal hippocampus by counting manually. 3 d.) For
hyperphosphorylated Tau (p-Tau), the dorsal hippocam-
pus and suprahippocampal cortex were stained with p-
Tau primary antibody (phosphorylated at Ser202 and
Thr205) and positive cells were counted. Our observa-
tions revealed two populations of p-Tau-positive cells:
cells with average staining and cells that were very
highly stained (i.e. accumulating high amounts of p-
Tau protein). We recounted cells by dividing the cell
population into two based on intensity threshold. This
threshold was set by measuring representative cells of
both populations. Cells with intensity above 350 arbi-
trary intensity units were classified highly-positive for p-
Tau. 3 e.) NeuN-positive cells were co-labeled for Tau to
evaluate density of neurons that accumulate tau protein.
Densities of these cells are high and appeared homoge-
nous in the examined brain regions, therefore randomly
placed rectangular ROIs were analyzed for cell counts.
NeuN-positive cells and Tau-positive cells were quanti-
fied at the same session and the ratio between double-
positive and NeuN-positive cells was calculated. 3 f.)
Cells positive for alpha-synuclein (a-syn) were counted
as described for tau protein.
Statistics
A priori sample size determination and power analysis
was performed with primary outcome measure number
of immune-reactive neurons in cortex. Animals were
assigned systematically to treatment groups. All quanti-
fications and analyses were done by investigators
blinded to treatment conditions. A priori normality test-
ing (Shapiro-Wilk) was followed by Student’s t-tests and
Mann Whitney U-tests to compare immunoreactivity in
mock versus SARS-CoV-2 infected hamsters. Results
from both tests were reported for transparency in figure
legends, together with single animal representations.
3



Figure 1. a. Schematic depicting a sagittal-cut hamster skull and the position of nasal turbinates evaluated in this study (blue area).
b. Viral S2 protein was stained in olfactory turbinates of hamsters following SARS-CoV-2 or mock infection and infection burden was
semiquantitatively scored (no virus, low, medium and high degree of virus). Viral protein could only be stained in infected animals
3 days post infection (compare also Figure 1 c). Statistics: infected vs. mock testing animals with viral antigen vs. no antigen present:
p < 0.0001 (fisher‘s test). Data shown represents the number of hamsters with the respective score. c. Immunofluorescent images
from nasal tissue stained against IBA1 (myeloid cells), viral S2 protein and DAPI (cell nuclei) from 3 days post infection (mock and
SARS-CoV-2 infection). Note the high number of Iba1-positive cells in infected noses compared to the low number of Iba1-positive
myeloid cells in the mock infected tissue (hollow arrowheads in Iba-1 (red) images). Also a vast amount of viral S2 protein in differ-
ent parts of the nasal tissue can be observed (white arrow heads in viral S2 protein (green) images). Artefacts are due to unspecific
fluorescence (white arrows). d-k. Statistical evaluation of Iba1-positive cells in different brain regions on 3 dpi (d-g.) and 14 dpi (h-
k.). Changes in the number of Iba1-positive cells in 4 different brain regions (d+h. olfactory bulb, e+i. piriform cortex, f+j. hippocam-
pus and g+k. suprahippocampal cortex) are shown as % changes in relation to the mean of mock. Data shown are Box-Plots with
mean +/- SEM. Dots represent the individual data values (N). Statistics: mock vs. SARS-CoV-2 infection. * = p < 0.05, *** = p < 0.001
(Mann-Whitney U-test (MWU) and unpaired t-test (t-test)). l. Schematic illustration of the sagitally cut hamster brain from brain atlas
(Morrin and Wood, 2001) depicting the evaluated brain regions of the study: Olfactory bulb (violet color, sagittal evaluation), and
Coronal Layers A and B. m. Iba1-positive cells (i.e. microglia) in the olfactory bulb from mock and SARS-CoV-2 infected hamsters.
While cells from mock infected animals appear to be resting. i.e. they have small cell bodies and fine protrusions (hollow arrow-
heads), cells from SARS-CoV-2 infected animals appear activated (white arrowheads), i.e. they have enlarged cell bodies and pro-
cesses, on both 3 and 14 dpi. n. Schematic representation of the suprahippocampal region evaluated. o. Iba1-positive cells in the
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Frequencies were compared with fisher exact test. The
significance level was set at p < 0.05 for all analyses.
Grubbs test was used to determine outliers (p < 0.05).
All statistics were calculated using GraphPad Prism
(GraphPad Software, Inc., San Diego, CA, USA, 2003)
and SigmaPlot 12.0 (Systat Software, Inc., San Jose,
CA).
Role of funders
The funders did not have any role in study design, data
collection, data analyses, interpretation or writing of the
report.
Results

Persisting microgliosis in the olfactory bulb upon
SARS-CoV-2 infection
COVID-19 can be induced in hamsters because virus can
enter cells via the human-homolog angiotensin-convert-
ing enzyme 2 (ACE2).42 In the past year, the hamster
model of SARS-CoV-2 infection has been extensively
used to study pathology in various organ systems and to
develop novel treatments and vaccines.38,43-46 This model
is currently regarded as close to the human disease pro-
cess. However, the impact of SARS-CoV-2 infection on
the central nervous system is still poorly understood. In
order to study effects of SARS-CoV-2 infection in the
brain of hamsters we started screening the brains and
noses of infected hamsters for the presence of SARS-
CoV-2 antigen at an early time point post infection
(3 days post infection [dpi]). At 3 dpi hamsters present
with weight loss, ragged fur, reduced activity and
increased rate of breathing.43-45,46 In addition, hamsters
show a decreased sense of smell supporting decreased
function of the olfactory system.47-49 Histopathological
evaluation of the nasal cavity showed large accumulation
of mucopurulent exudate in the nasal lumen (n = 9 ani-
mals) as well as necrosis (n = 9 animals) and severe infil-
tration of the olfactory and respiratory mucosa by
heterophils and histiocytes (n = 10 animals). While the
nasal turbinates of infected hamsters contained massive
amounts of viral protein-positive cells (Figure 1 a-c), nei-
ther the olfactory bulb, nor the cerebral tissue of infected
hamsters contained viral protein (immunohistochemis-
try data and staining not shown). In another batch of ani-
mals, we were able to isolate viral particles from brain
homogenate on day 3 post infection. By day 6 post infec-
tion, no viral particles could be identified by plaque assay
suprahippocampal Cortex 14 dpi. No overt differences of microglial
SARS-CoV-2 infected hamsters. Scale bars: Overview images 200 µm
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(data not shown, animals were infected in the same man-
ner as this group of animals). In order to ensure that the
persisting presence of viral protein in the nasal mucosa
(Figure 1 b-c) and brain tissue did not impact brain tissue
homogeny, we quantified microglia, the resident
immune cells of the brain, at 3 dpi in virus versus mock-
infected hamsters (Figure 1 d-g, l, m). Although the tis-
sue of the cerebrum, cerebellum and brainstem did not
show overt histopathological signs of inflammation, we
could observe an increased number of microglial cells
(i.e. microgliosis) in the olfactory bulb, the brain region
directly adherent to the olfactory tract (i.e. Iba1-positive
cells, 34.7 % increase, p = 0.0229 unpaired t-test; Figure 1
d). Strikingly, microgliosis in the olfactory bulb persisted
beyond viral clearance from the nasal cavity at 14 dpi (85
% increase, p = 0.0009 unpaired t-test, Figure 1 h),
when the nasal mucosa itself showed no (n = 1 animal)
or only few to moderate numbers of infiltrating immune
cells (n = 9 animals). This points towards an ongoing
and potentially progressive neuroinflammatory process
in animals that have apparently recovered from the clini-
cal disease. As microglial densities did not differ in the
piriform cortex (Figure 1 e+i), the hippocampus (Figure 1
f+j) and the suprahippocampal cortex at 3 or 14 dpi
(Figure 1 g+k, n, o)(all p > 0.05 unpaired t-test, Figure 1),
this microgliosis appears to be a local proximity-guided
response to the intranasal infection and inflammation,
which is observable by the massive infiltration of Iba1-
positive myeloid cells into the nasal turbinates (Figure 1
c, qualitative analysis).
Hyper-phosphorylated-tau and alpha-synuclein protein
accumulate in cortical neurons beyond viral clearance
Given that brain regions are interconnected, such overt
and persisting local neuroinflammation may still result
in distinct pathogenic processes in distant but vulnera-
ble neurons.33,36,50 To further investigate the long term
effects of SARS-CoV-2 infection, we therefore analyzed
hippocampus and suprahippocampal cortex from ani-
mals at recovery post infection (14 dpi) for markers of
neurodegenerative processes versus mock controls. Spe-
cifically, based on previous experience in slowly pro-
gressing neurodegenerative diseases,29-32 we
hypothesized that neuronal homeostasis may be altered
observable in accumulation of pathogenic proteins and
their potentially more toxic post-translational modifica-
tions. To test this hypothesis we quantified total tau pro-
tein and hyper-phosphorylated tau as well as total alpha-
cells (hollow arrowheads) could be observed between mock and
, Closeup images 50 µm.
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Figure 2. All data shown is from animals at the time point 14 days post infection. a-h. Evaluation of suprahippocampal p-Tau-posi-
tive, Tau-positive, alpha-synuclein-positive and NeuN-positive cells. a. Schematic drawing of the approximate position of the
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synuclein in neurons (Figure 2). We found a significant
increase in the number of cortical neurons with high
burden of hyper-phosphorylated tau (Figure 2 a, b, f, n
median 0.3314 vs 1.779, p = 0.0015 Mann-Whitney U-
test) and an increased alpha-synuclein burden (Figure 2
d, o median 1.690 vs. 7.738 cells/mm2, p = 0,0279 one-
sided t-test), pointing towards early pathogenic pro-
cesses also found in proteinopathies. Numbers of highly
p-Tau-positive cells are able to reliably differentiate
between infected and mock animal (Figure 2 g, AUC
0.91, p = 0.0025). In addition, the fraction of total Tau-
positive to NeuN-positive cells in the cortex increased in
SARS-CoV-2 infected hamsters at 14 dpi (Figure 2 h,
median 0.7869 vs. 0.8969, p = 0.03 Mann-Whitney U-
test), further substantiating an upregulation of tau pro-
tein in neurons (Figure 2 p). These responses to SARS-
CoV-2 infection did not yet lead to overt neurodegenera-
tion, as quantified by counting NeuN-positive cells in
the cortex (p > 0.05, t-test, Figure 2 e). Interestingly,
the increase in hyper-phosphorylated tau or alpha-synu-
clein was not present in the dorsal hippocampus (cf.
Figure 2 i, j, l), suggesting a regional specific vulnerabil-
ity characteristic also to neurodegenerative diseases.
Furthermore, we could observe a reduction of total Tau-
positive cells in the hilar region of the dentate gyrus
(Figure 2 k). Together with a trend to a reduction of
NeuN-positive cells in this region (p > 0.05, t-test,
Figure 2 m), this may indicate neuronal loss in specific
subpopulations that requires further investigation. The
lack of overt neurodegeneration is in line with absence
of astrogliosis, quantified by analyzing astroglial cells
and processes in cortex and hippocampus via area
evaluated area. b-f. suprahippocampal p-Tau-positive, Tau-positive
number (#) of cells per mm2 of tissue. Note the differentiation in th
counted as highly positive for the respective staining (cf. Material a
bers of all other positively stained cells. Error bars display mean +
(Mann-Whitney U test (MWU)), p = 0.48 (unpaired t-test (t-test)), hig
cells (i.e. normally and highly positive cells) p = 0.0133 (MWU), p = 0
Alpha-synuclein normally and highly positive cells * = p < 0.05 (MW
data values (N). f. Separate graph of p-Tau high cells from Figure
(ROC) curves for p-Tau-positive cells. While normally p-Tau-positive
Tau-positive cells are able to reliably differentiate between infected
positive and NeuN-positive cells p = 0.03 (MWU), p = 0.025 (t-test) a
pocampal p-Tau-positive, Tau-positive, alpha-synuclein-positive and
position of the evaluated area: p-Tau-positive and alpha-synuclein-p
green), Tau-positive and NeuN-positive cells were counted in the h
positive, Tau-positive, alpha-synuclein-positive and NeuN-positive ce
SEM and individual values (N). j. p-Tau-positive cells p = 0.76 (M
p = 0.046 (t-test). l. alpha-synuclein-positive cells p = 0.3 (MWU), p =
test). n-p. Immunofluorescent images from suprahippocampal regio
ual blood is found in the blood vessels and remaining blood cells ar
white arrows for examples. n. NeuN-positive and p-Tau-positive stai
CoV-2 infected tissue. White arrowheads point to exemplary cells sta
bars: Overview 200 µm, Close-up 50 µm. o. Suprahippocampal co
NeuN and alpha-synuclein. The white arrowhead demonstrates a c
200 µm, Close-up 20 µm. p. Tissue stained against NeuN and Tau
exemplary cells expressing Tau and NeuN. White arrow heads poin
view 200 µm, Close-up 20 µm.
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covered by staining and qualitative assessment of cell
morphology by an experienced researcher (p >0.05, t-
test, glial fibrillay acidic protein, GFAP-positive, data
and staining not shown). Interestingly we observed sub-
tle changes of GFAP-positive processes in the fimbrae
hippocampi (white matter part of the dorsal hippocam-
pus, p = 0.09, t-test, data and staining not shown), an
observation which could be in line with communication
of pathology along fiber tracts and previously suggested
alterations of the blood brain barrier, thus requiring fur-
ther attention.
Discussion
In summary our results suggest localized microgliosis
in the olfactory bulb in the absence of observable neuro-
invasion in SARS-CoV-2 infected hamsters, and accu-
mulation of hyper-phosphorylated tau and alpha-
synuclein in cortical neurons. Latter observation is prob-
ably of significance to long lasting neurological symp-
toms in post-COVID-19 syndrome.

While virus can be identified in the CNS of infected
hamsters 3 days post infection, only small amounts of
virus are transiently present in the brain. As other
groups could not identify viral proteins in the tissue,49

our observations underline that, if any, only small
amounts of SARS-CoV-2 enters the brain in the early
phase of infection. Release of factors from local
immune-cells or infected mucosa cells may provide a
potential mechanism of communication between
infected/inflamed nasal tissue and brain.51-55 Similar
observations of host response to combat viral entry were
, alpha-synuclein-positive and NeuN-positive cells, displayed as
e stacked plots (b-d): the red color area are cells that have been
nd methods), the white and gray parts of the bars are cell num-
/- SEM; n=10/group. b. p-Tau normally positive cells p = 0.46
hly positive cells p = 0.0015 (MWU), p = 0.0006 (t-test). Pooled
.164 (t-test) c. Tau normally positive and highly positive cells, d.
U or t-test). e. NeuN-positive cells, Dots represent the individual
2 b with individual values. g. Receiver-operating characteristic
cells do not perform well in the ROC curve (low AUC), highly p-
and mock animal (AUC 0.91, p = 0.0025). h. Ratio between Tau-
s mean +/- SEM and individual values (N). i-m. Evaluation of hip-
NeuN-positive cells. i. Schematic drawing of the approximate

ositive cells were counted in the whole hippocampal area (light
ilus of the dentate gyrus (dark green). j-m. hippocampal p-Tau-
lls, displayed as number (#) of cells per mm2 of tissue, mean +/-
WU), p = 0.79 (t-test). k. Tau-positive cells p = 0.046 (MWU),
0.45 (t-test). m. NeuN-positive cell p = 0.37 (MWU), p = 0.21 (t-
ns demonstrating stainings. Due to the tissue processing, resid-
e unspecifically stained by binding of secondary antibodies (see
ning in the suprahippocampal cortex comparing mock vs. SARS-
ined for both NeuN (i.e. neurons) and p-Tau-positive cells. Scale
rtical tissue of a SARS-CoV-2 infected hamster stained against
ell positive for alpha-synuclein and NeuN. Scale bars: Overview
in a SARS-CoV-2 infected animal. Hollow arrowheads point to
t to a cell with a high amount of Tau staining. Scale bars: Over-
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made for other viruses that enter via the olfactory sys-
tem.56-58 Therefore, it is important to compare our
observations with other respiratory virus infections,
such as influenza to enable identification of SARS-CoV-
2 specific effects. These studies are underway in the
influenza ferret model.

While this immune-response may build a local bar-
rier of activated immune-cells in the brain to combat a
potential arriving infection, its long term consequences
on brain tissue could be harmful. Interestingly, a simi-
lar increase in tau pathology was recently demonstrated
in 3D human brain organoids upon SARS-CoV-2 infec-
tion,59 where infection led to a long-term mislocation of
tau protein and an increase of phospho-tau accumula-
tion in neuronal cells. In line with previous
observations25,47 we did not yet observe overt neurode-
generation at this time point after infection. In ongoing
experiments we already confirmed persistence and fur-
ther spreading of neuroinflammatory processes several
weeks after infection, while further studies will charac-
terize corresponding neuropathology and potential
effects on cognitive function.

In autopsies of human COVID-19 patients the most
common neurological findings were brain edema, cere-
bral infarcts and intracranial hemorrhages. In several
cases histological evaluation revealed lymphocytic
encephalitis and meningitis; many patients showed
microglial activation and neuronophagy, such as intra-
vascular microthrombi and hypoxic-ischemic injury.
Fewer studies also describe neuronal cell loss, axon
degeneration and alterations of blood vessels.13-20,60,61

Interestingly, such autopsies also revealed that the
microglial responses occurred regionally heteroge-
neous.21 We argue that for most cases of post-
COVID-19 syndrome one would not expect overt
pathology in brain, mainly because additional con-
tributing factors such as severe hypoxia, stroke, and
overt systemic immune response are only expected
for most severe cases. Additionally, we do not argue
that COVID-19 results in acute and overt neurode-
generation, because there is no rapid increase in the
number of patients with Parkinson�s or Alzheimer�s
disease. However, these diseases have a long prodro-
mal period and a risk phase where viral infections
may act as triggers of pathological processes.

Further very recent studies corroborate our argu-
ments. Analyses of brain lysates from COVID-19
patients revealed increased markers of inflammation
and oxidative stress as well as activation of pathways
causing tau hyper-phosphorylation typically associated
with Alzheimer�s disease, in the absence of virus in the
brain62 Patients with neurological impairment due to
COVID-19 showed significantly elevated plasma levels
of t-tau, p-tau181, and other biomarkers relevant to
Alzheimer�s disease, correlating with the severity of
COVID-19 and age63 Increased levels of such blood neu-
ronal markers at admission are associated with death
due to COVID-19, with tau being the strongest predictor
of mortality.64 Patients with neurological symptoms
persisting 1 to 3 months post COVID-19 infection
showed increase of proteins related to neurodegenera-
tive diseases (amyloid beta, neurofilament light chain,
total tau, and p-tau181) in neuronal-enriched extracellu-
lar vesicle (nEV) pointing towards ongoing neurodegen-
erative processes.65 Importantly, in a longitudinal
imagining study comparing before and after infection,
SARS-CoV-2 infection resulted in greater loss of gray mat-
ter compared to controls, especially in the orbitofrontal
cortex and parahippocampal gyrus, increased markers of
tissue damage in regions associated with taste and smell,
and a greater reduction in overall brain size, even in mild
to moderate cases. Patients post SARS-CoV-2 infection
showed overall poorer performance in cognitive tests com-
pared to the control group.66

In Parkinson�s disease, alpha-synuclein pathology is
thought to start in the olfactory bulb, the peripheral ner-
vous system and the brain stem, thereby contributing to
the diversity of motor and non-motor symptoms includ-
ing cognitive, sleep, gastrointestinal and olfaction dys-
function as well as anxiety and depression in the
prodromal phase.67 Only specific neuronal subtypes,
such as nigral dopaminergic neurons, degenerate
overtly.68,69 The overlap with post-COVID-19 symp-
toms is notable, and a significant subset of patients with
Parkinson�s disease presents with worsening of symp-
toms after remission of COVID-19.70 Here we present
evidence for a link between SARS-CoV-2 infection and
the increase of molecular markers that also accumulate
in neurodegenerative diseases. Whether this point
towards initiation of neurodegenerative processes
requires further studies on underlying pathogenic
mechanisms, which rely on animal models, especially
mouse models that give better access to genetic tools
than the hamster. SARS-CoV-2 infected humanized
ACE-2 (hACE2) mice show neuroinvasion and neuropa-
thology,42 which can be of advantage for proof of con-
cept whether SARS-CoV-2 infection perpetuates
proteinopathy. Alternatively, recent B1.351 and P1 var-
iants may efficiently infect mice,[preprint study]71 and
mouse-adapted viral strains have been developed72,73.
Such viral strains could be used in in-depth character-
ized alpha-synuclein74,75 or tau P301S76,77 transgenic
mice exposed to SARS-CoV-2 as ‘second hit’ strategy to
unmask additive, synergistic or potentiating effects on
pathology and neuronal function in a relatively short
time period, as previously done with toxins/gene combi-
nations.77 Importantly, alpha-synuclein and tau repre-
sent key targets for disease-modifying therapy, such as
reduction of expression, aggregation or spreading with
antisense oligonucleotides, small molecules or specific
antibodies, or the increase of protein degradation.79-83

Given the increasing number of post-COVID-19 cases
with symptoms resistant to treatment such studies are
urgently required.
www.thelancet.com Vol 79 Month May, 2022
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