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Abstract

Post-Acute Sequelae of COVID-19 (PASC) encompasses persistent neurological symptoms,
including olfactory and autonomic dysfunction. Here, we report chronic neurological dysfunction
in mice infected with a virulent mouse-adapted SARS-CoV-2 that does not infect the brain. Long
after recovery from nasal infection, we observed loss of tyrosine hydroxylase (TH) expression in
olfactory bulb glomeruli and neurotransmitter levels in the substantia nigra (SN) persisted.
Vulnerability of dopaminergic neurons in these brain areas was accompanied by increased levels
of proinflammatory cytokines and neurobehavioral changes. RNAseq analysis unveiled persistent
microglia activation, as found in human neurodegenerative diseases. Early treatment with
antivirals (nirmatrelvir and molnupiravir) reduced virus titers and lung inflammation but failed to
prevent neurological abnormalities, as observed in patients. Together these results show that
chronic deficiencies in neuronal function in SARS-CoV-2-infected mice are not directly linked to
ongoing olfactory epithelium dysfunction. Rather, they bear similarity with neurodegenerative

disease, the vulnerability of which is exacerbated by chronic inflammation.
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Introduction

The global outbreak of COVID-19, caused by the severe acute respiratory syndrome-coronavirus-
2 (SARS-CoV-2), has resulted in infection of over 773 million people and 7 million deaths
worldwide reported to the World Health Organization (https://covid19.who.int/), as of January 4,
2024. While COVID-19 primarily involves the respiratory system'?, several studies indicate that
the central nervous system (CNS) is affected during acute and chronic SARS-CoV-2 infection,
with consequent neurological and psychiatric complications®*®.  Commonly reported
manifestations include cognitive dysfunction, headache, loss and/or distortion of smell and taste,

7-14

encephalopathy, delirium, strokes, seizures, neuropathy, and myopathy’~'*. Less frequent

problems include abnormal movements, psychomotor agitation, syncope, and autonomic

dysfunction'"".

Many of these symptoms/signs resolve during convalescence, but some
symptoms persist for extended periods of time, such as cognitive disturbances, neuropsychiatric
symptoms, fatigue, insomnia, headache, loss of memory and anosmia/ageusia'®?'. Importantly,

the underlying biological mechanisms responsible for these persistent abnormalities remain

unknown.

Systemic or localized inflammation has been implicated in SARS-CoV-2 neurological disease. For
example, analysis of cerebrospinal fluid from acutely infected patients with neurological symptoms
revealed increased levels of various cytokines?%*. SARS-CoV-2-induced neurological disorders
does not seem to be a direct encephalitis since most reports demonstrate that the virus does not
directly invade the central nervous system (CNS). It is possible that elevated levels of
proinflammatory mediators in the blood can signal to the brain via hematogenous and neural
pathways, i.e., peripheral inflammation may initiate neuroinflammatory events to affect brain
function and contribute to SARS-CoV-2-associated neurological changes®. This possibility has
not been thoroughly tested. Patients with Parkinson's disease experience worsening of symptoms

after SARS-CoV-2 infection?2°,
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In patients and experimental animals, SARS-CoV-2 infect sustentacular cells in the olfactory
epithelium (OE), which provide support for olfactory sensory neurons (OSN)*32. Their
dysfunction may cause anosmia through inflammatory responses®***. Additionally, patients with
previous SARS-CoV-2 infections manifest decreased global brain size and grey matter thickness,
particularly in areas connected to the primary olfactory cortex on MRI scans after the acute phase
of the infection®**%*. SARS-CoV-2 infection may impact OB function through damage to the OE,

but this link has not been clearly established.

Indeed, questions remain as to whether peripheral dysfunction can directly cause decreased
central CNS function. In patients and experimentally infected animals, brain areas not considered
directly connected to the olfactory system are affected®"28, Some of these sites, including the
substantia nigra (SN), are affected in neurodegenerative disease, such as Parkinson’s Disease
(PD)***°, These observations raise the possibility that these brain areas may be vulnerable to
pathogenesis independent of virus infection. That is, viral infection impinges on pre-existing
vulnerability to exacerbate disease progress. It is plausible that certain cell types, e.g.,
dopaminergic neurons, are more susceptible to inflammatory responses. Consistent with this
notion, the OB, which is rich in resident dopaminergic neurons, is affected in PD*'*2. Chronic
inflammation in the OB of PD patients can lead to olfactory dysfunction prior to the development
of other symptoms*'***. A role for entry of environmental toxins or pathogens via the olfactory
mucosa has been proposed as a contributory factor to both PD and Alzheimer’s Disease (AD)*.
Similarly, there was an increased risk of PD after infection with another virus, the influenza virus
that caused the 1918 pandemic*®“®. In these cases, virus infection may cause brain dysfunction

independent of anosmia. However, little is known about whether neurological dysfunction occurs

and persists if the initial insult in the olfactory mucosa resolves. Thus, it is critical to understand
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94  whether there is an increased risk of neurodegenerative disease in COVID-19 survivors and

95 whether it is related to persistent anosmia.

96 Here, we infected mice with a well-characterized mouse-adapted SARS-CoV-2 (SARS2-
97  N501Ywmaso, referred to as SARS-CoV-2 herein) that infects the respiratory tract but not the CNS*°,
98  We focused on neurotransmitter and inflammatory molecule expression in the OB and SN since
99 these sites are commonly involved in neurodegenerative disease and correlated these changes
100  with behavioral changes and microglia gene expression. The results indicate that SARS-CoV-2
101 infection results in long term effects that are analogous to changes observed in patients with
102  neurodegenerative disease and that these changes occur in the presence of treatment with anti-
103  viral agents. We also show that changes in neurotransmitter expression in infected mice were

104  present in the brains of deceased COVID-19 patients.
105 Results

106  Alterations in OB gene expression at late times after infection. We previously showed that
107  OSN function in mice was impaired after acute SARS-CoV-2 infection®. OSN activity is correlated
108  with the expression of tyrosine hydroxylase in the OB®*°'. As a consequence of OE infection, we
109 found that tyrosine hydroxylase (TH) expression was decreased in the OB during the acute
110 phase®. To assess whether TH levels in the OB were chronically diminished by SARS-CoV-2
111  infection, we infected 14—-18-week-old C57BL/6 mice with a sublethal dose of SARS-CoV-2 or
112 PBS. Infected mice developed mild disease with 10-15% weight loss and 90% survival (Extended
113  data Figure 1a). Brains were harvested at 120 days post-infection (dpi) and numbers of TH+ cells
114  in the OB of mice were determined by immunostaining (Figure 1a). We observed a significant
115 decrease in the total numbers of TH-positive cells in the glomeruli of the OB compared to mock-
116  infected mice (Figure 1a). The decrease in TH was further confirmed by quantitative PCR analysis
117  of whole OB for TH gene expression at 30 dpi and 120 dpi (Extended data Figure 1c, Figure 1b).
118  Since inflammation has been implicated in diminished TH expression in other conditions, we next

5
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119 analyzed OB for the expression of proinflammatory cytokines. The data showed significant
120  upregulation of IFN-B, IL-6 and TNF at 30 dpi whereas IFN-B, MDA-5, and NLRP3, were
121  upregulated at 120 dpi. We also confirmed the complete absence of SARS-CoV-2 RNA by
122 measuring N-gene expression in the OB (Extended data Figure 1b). Furthermore, as inflammation
123 in the brain is associated with microglia activation, we investigated the activation of microglia
124  through Iba-1 staining. We observed increased microglia/macrophage numbers in the OB at 120
125  dpi compared to mock-infected mice (Figure 1d) and a trend towards increased numbers of
126  activated microglia (Extended data Figure 1d). Subsequently, we examined the numbers of
127  microglia branches and junctions in mock and 120 dpi samples using skeletonize plugins in
128 Imaged and found an increased number of microglia with at least three junctions at 120 dpi
129  (Extended data Figure 1e). However, there was no discernible change in the overall count of
130  branches between the two sets of samples (Extended data Figure 1f). Further investigation found
131  areduction in branch length in the infected samples, providing additional evidence for microglial
132 activation. Together, these data demonstrate that SARS-CoV-2 infection induces persistent OB
133  alterations, including decreased TH expression, elevated cytokine levels, and increased numbers
134  and activation of microglia, suggesting long-term consequences on olfactory function and neural
135 inflammation. Changes in olfaction are often an early sign of neurodegenerative diseases such
136 as Parkinson’s disease (PD) and Alzheimer’s disease (AD)*'“#** so we next probed gene

D52-56

137  expression in the substantia nigra (SN), a major site impacted by P using the same approach

138  as described for the OB. SN is rich in dopaminergic neurons, which are decreased in PD.

139  Alteration in gene profile in substantia nigra. We first confirmed the absence of SARS-CoV-
140  2in the SN by RT-PCR (Extended data Figure 1f). We then assessed the number of TH+ cells at
141  this site and observed a significant decrease in the number of TH+ cells in infected compared to

142 control SN (Figure 2a). The decrease in TH was confirmed using quantitative PCR analysis, which
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143  showed a decrease in TH mRNA in the SN at 120 dpi compared to mock-infected mice (Figure

144  2b).

145  Second, imbalances in acetylcholine levels are known to play a critical role in neurodegenerative
146  diseases, with AD or PD patients having low levels of acetylcholine in the brain®”*®, To determine
147  whether cholinergic neurons were also affected in the SN, we performed qPCR for
148  acetylcholinesterase (AChE) gene expression and found significantly lower levels in infected

149  compared to control mice (Figure 2c).

150 To determine whether these effects on neurotransmitter expression were specific to the SN or
151  were generalized, mRNA levels of TH and choline acetyltransferase (ChAT) were assessed in the
152  brain after the OB, SN, and cerebellum were removed. We detected no significant differences in
153  TH, AChE and ChAT mRNA levels in these samples when brains harvested at 120 dpi or from
154  mock-infected mice were compared (Extended data Figure 1g and 1h). Since these results
155 indicated that neurotransmitter expression in the SN was specifically affected by SARS-CoV-2
156 infection, we next measured levels of several mMRNAs associated with dopamine expression,
157  including dopamine transporter (DAT) and vesicular monoamine transporter 2 (VMAT2), as these
158  proteins are decreased in PD. The results showed diminished DAT and VMAT2 mRNA expression

159 ininfected compared to control samples (Figure 2d).

160  Dopaminergic neurons of the substantia nigra are particularly vulnerable to neuroinflammation®"
161 %%, As neurotransmitter changes were observed in the SN, we next investigated inflammatory gene
162  expression in the SN obtained from control and infected mice at 30 dpi and 120 dpi. Significant
163  increases in IL-6 and MDA 5 mRNA were observed at 30 dpi whereas significant increases were
164  observedin IFN-p and MDADS levels at 120 dpi (Figure 3a). Given that a decrease in TH expression
165 in the substantia nigra has been linked to dysregulation of several functional groups of genes
166 involved in the PD*°, we assessed expression of genes such as PTEN induced putative kinase 1

167  (PINK), Parkinson disease protein 7 (PARK7), ubiquitin C-terminal hydrolase L1 (UCHL), Leucine-
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168  rich repeat kinase 2 (LRRK2) and synuclein alpha (SNCA), which are associated with PD
169 development. We found a significant decrease in PINK, PARK7, UCHL, and SNCA, but not in

170 LRRK2 mRNA at 30 dpi and 120 dpi (Figure 3b).

171 RNAseq analyses of myeloid cells. These targeted approaches of gene expression indicate
172 that, despite the absence of infectious virus in the brain, SARS-CoV-2 infection has long term
173  effects on gene expression in the brain. To obtain a broader view of alterations in expression, we
174  next focused on total brain CD11b+ myeloid cells which are implicated in abnormal responses in
175  the SARS-CoV-2 infected CNS in patients??%°. At 100 dpi, notable changes in gene expression in
176  CD11b+ cells were observed. Expression of 99 genes was upregulated and of 147 genes was
177  downregulated compared to mock-infected samples (Figure 4a). Figure 4b displays a heatmap
178  depicting differentially expressed genes associated with inflammation. The upregulation of
179  proinflammatory molecules such as TNF, CCL2, and CXCL10 was consistent with a persistent
180 inflammatory state in the brain, present even three months post-infection. Next, we performed
181  canonical pathway analysis using Ingenuity Pathway Analysis (IPA) at —2.5 to +2.5-fold change.
182  Our data showed that the most highly activated pathway was the “Pathogen-induced cytokine
183  storm signaling pathway”, suggesting a robust inflammatory response driven by CD11b cells
184  (Figure 4c). Furthermore, disease and function analysis revealed the activation of inflammatory
185  response and demyelinating pathways (Extended data Figure 2a), which is unexpected given that
186  the brain was not directly infected with SARS-CoV-2. Kyoto Encyclopedia of Genes and Genomes
187 (KEGG) pathway enrichment analysis identified the upregulation of genes associated with
188  coronavirus disease. Together, these analyses point to an impact of systemic inflammation on

189 brain function.

190 In addition, RNAseq analysis revealed upregulation of antigen processing and presentation
191  pathways in CD11b cells, accompanied by significantly increased MHC-II expression (Figure 4d,

192  right panel). Molecular function analysis identified upregulation of CCR2 receptor binding and
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193  chemokine receptor activation pathways, suggestive of enhanced immune cell migration and
194  sustained inflammation in the brain (Figure 4d, left panel). We validated these results by RT-gPCR
195 using CD11b+ cell RNA isolated from mouse brains at 100 dpi. These analyses confirmed

196 increased expression of CCL2, CXCL10, TNF, and IFN-B ( Extended data Figure 2b) and are

197  consistent with results from the RNAseq analyses.

198 SARS-CoV-2 induces behavioral alterations in mice at 120 dpi. To determine whether the
199  observed changes in gene expression in the SN effected changes in mouse motor function, we
200 performed behavioral testing. Mice were subjected to rotarod testing, in which they were placed
201 on a rod that was rotated at increasing speeds. The maximum speed prior to falling off the rod
202  was recorded. We found a significant decrease in the speed achieved by infected mice before
203  falling, as compared to mock-infected mice (Figure 5a). As another approach to assessing motor
204  behavior, we performed open field testing (OFT) using control mice and mice at 40 and 100 dpi.
205 The OFT provides qualitative and quantitative measurements of exploratory and locomotor
206  activity in rodents®’. Our results showed a decrease in the total distance covered by the mice at
207  both 40 dpi and 100 dpi, indicating altered motor function (Figure 5b). We also observed that
208 infected mice avoided the center part of the apparatus at 40 dpi but not 100 dpi, suggestive of
209 some degree of increased anxiety (Figure 5b). These findings suggest that SARS-CoV-2
210 infection leads to alterations in the SN that affect normal mouse behavior, including motor and

211 affective function.

212  Efficacy of nirmatrelvir and molnupiravir in combination in mitigating SARS-CoV-2-
213  mediated disease in mice. While these data suggest that pathogenesis of neurological PASC is
214  mediated at least in part by the host immune response, the precise role of SARS-CoV-2 is less
215  clear. One possibility is that long term complications are dependent on the amount of the initial
216  virus load, with the prediction that treatment with antiviral therapy would prevent or decrease

217  disease. Nirmatrelvir and molnupiravir are FDA-approved for the treatment of SARS-CoV-2 at
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218  early times after infection. To examine whether antiviral drug treatment alleviated long-term term
219  effects, we treated infected mice with nirmatrelvir (20mg/kg) and molnupiravir (20mg/kg) on a
220  daily basis for 5 days beginning at day 0 of infection (Figure 6a). Drug treatment reduced SARS-
221  CoV-2-induced weight loss and virus titers in the lungs at 2 dpi (Figure 6b-c). Levels of several
222 pro-inflammatory cytokines and chemokines were also reduced by antiviral drug therapy in lungs
223  (Extended data Figure 3). To assess if the observed reductions in virus titer and inflammation
224  reversed behavioral changes in SARS-CoV-2-infected mice, we conducted open field testing on
225  groups receiving either nirmatrelvir and molnupiravir or vehicle. We detected no significant
226 improvement between the drug and vehicle-treated groups in the total distance traveled or the
227  time spent in the center of the arena (Figure 6¢). Additionally, we investigated TH expression in
228  the mouse OB. Vehicle-treated mice exhibited reduced TH expression compared to mock-infected
229  mice (Figure 6e). Mice treated with nirmatrelvir and molnupiravir showed no increase in TH

230  expression compared to the vehicle-treated mice at 30 dpi (Figure 6e).

231  Substantia nigra from patients shows decreased TH+ cells. To determine the clinical
232 relevance of our results showing decreased neurotransmitter expression in the murine SN, we
233 obtained brain sections containing SN from deceased COVID-19 and uninfected control patients
234 upon autopsy at times ranging from 4 to 56 days after SARS-CoV-2 infection. Demographics are
235  provided in Table 1. There were no differences in the age or sex of COVID-19 versus uninfected
236 control patients. Samples were stained for TH expression and numbers of TH+ cells were
237  quantified. The data showed reduced numbers of TH+ cells in the SN of COVID-19 patients
238  compared to non-infected control samples. In addition, in one patient analyzed at 12 day after
239  diagnosis (patient #10), decreased pigmentation in the SN was noted, suggesting the loss of
240  neuromelanin-positive neurons (Figure 7c). Next, we explored whether the reduced TH-staining
241  resulted from preclinical Parkinson's disease prior to infection. Given the gradual buildup of alpha-

242 synuclein, we hypothesized that acute infection would unlikely cause its accumulation. To

10
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243  investigate this, we stained SN sections for alpha-synuclein. Most samples showed no staining,
244 except for two with trace positive staining (Table 1). These data strongly suggest that SARS-CoV-

245 2 infection was the cause of decreased TH-expression (Figure 7).
246 Discussion

247  The long-term consequences of COVID-19, PASC, continue to present significant challenges and
248  are poorly understood''9%2 Here we show that biochemical and behavioral changes persist in
249  the mouse brain for several months after infection in the absence of infectious virus or viral RNA
250  or protein. mMRNA expression analyses of brain CD11b cells demonstrate evidence of prolonged
251 inflammation, which coupled with changes in dopamine neuron levels, supports the hypothesis
252  that the host immune response is a major if not the primary cause of the observed changes and
253 by extension, PASC. We found vulnerability of dopaminergic cells in the OB and SN, two areas in
254  the brain that are prominently affected in human neurodegenerative disease. Although changes
255 in the OB during early stages of infection are not surprising as SARS-CoV-2 infects sustentacular
256  cells in patients and experimentally infected animals®®32%® the persistence of inflammatory
257  responses in the OB, even after the clearance of virus, underscores the complex and enduring
258 nature of PASC. Notably, the decrease in TH expression, indicative of diminished dopaminergic
259  activity, and in hypopigmentation in the SN, observed in 1/11 patients, suggests a potential link to
260 neurodegenerative processes®%%* Clinical studies support a role for the inflamed OB as a
261  primary region associated with the development of neurodegenerative pathology*'.
262  Furthermore, quantitative analysis of the OB from COVID-19 patients revealed significantly

263  decreased size, consistent with atrophy®>®’.

Additionally, infectious virus and viral RNA and
264  protein cannot be detected in the olfactory mucosa at later times after infection®®. A fraction of
265 SARS-CoV-2-infected cells survive the acute infection in mice, but very few of these cells can be

266  detected in the olfactory epithelium by 20 dpi®®. Collectively, these results indicate that, whether

11
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267  ornot neurological disease is triggered by sustentacular cell infection, continued infection or other

268  abnormalities in the OE are not required for persisting dysfunction.

269 Activated microglia and neuroinflammation has been previously reported in SARS-CoV-2-
270  infected patients and experimental animals including hamsters and macaques*%%%%72_ We show
271  that microglial activation, a known marker of neuroinflammation, is observed in the OB and
272  elsewhere in the SARS-CoV-2-infected brain. Consistent with our study, microglial activation was
273  observed in infected hamsters in the olfactory nerve layer (ONL), glomerular and external
274  plexiform layers (EPL) of the OB and persisted for as long as two weeks following infection”. We
275 did not observe astrocytic hypertrophy, which was heightened in the SARS-CoV-2 infected
276  hamster OB™, indicating that sustained microglial activation is sufficient to induce a protracted

277  immune response and may play a role in the observed behavioral and biochemical alterations.

278  While diminished numbers of TH-immunoreactive neurons and increased pro-inflammatory
279  molecule expression in the mouse OB at several months after infection was not expected, even
280  more striking, were changes in the SN, a target region in human neurodegenerative disease. We
281  detected heightened inflammation and a significant reduction in TH-positive neurons in
282  conjunction with behavioral changes referable to the SN in the absence of viral infection.
283  Decreases in TH-immunoreactive neurons in the SN signified loss of dopaminergic neurons, a
284  hallmark of PD**®®. These findings, suggesting a link between the neuroinflammatory
285  microenvironment and dopaminergic neuron loss, further support the notion that the host immune

286  response following SARS-CoV-2 infection contributes to PD-like alterations.

287  Analyses of human bain samples also revealed decreased TH expression in the SN of deceased
288  patients compared to controls indicating similar findings to those observed in mice (Figure 7). Our
289  results are also in agreement with a recent report showing a reduction in neuromelanin-positive
290  and TH-positive neurons in the SN in a cohort of deceased COVID-19 patients’. Previous studies
291  highlighted the presence of neuroinflammation in the brains of COVID-19 patients, with CCL11

12
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292  postulated to have a prominent negative effect on cognitive function?. In addition, elevated levels
293  of IL-1B and IL-6 were detected in the brains of SARS-CoV-2-infected patients and hamsters and
294  in hamsters were shown to contribute to impaired neurogenesis in the hippocampus®’. In other
295  studies, SARS-CoV-2 infection resulted in demyelination, disruptions in neurotransmitter

296  synthesis, microgliosis, and an increase in alpha-synuclein levelg?2386070-7275

A separate
297  investigation into long COVID reported a decrease in cortical thickness in survivors of COVID-19,

298  supporting a role for SARS-CoV-2 infection on the brain®.

299 The 1918 influenza pandemic led to a significant increase in cases of postencephalitic
300 parkinsonism. This observation is consistent with our findings and suggest that basal ganglia
301 dopaminergic (DA) neurons are especially susceptible to damage caused by influenza A virus or
302 SARS-CoV-2 or associated immune responses*®8%47  Collectively, these results raise concerns
303 that a long-term consequence of COVID-19 will be an increase in numbers of patients with
304 neurodegenerative diseases. Notably, there are already several case reports of Parkinsonism

305 following COVID-19, even though the pandemic began only 4 years ago’®"’.

306 A key question is whether anti-viral treatment early in infection would decrease the amount of
307 damage that is observed in the brain. While treatment with nirmatrelvir and molnupiravir in mice
308 decreased virus titers and associated inflammatory responses (Figure 6), it was ineffective in
309 alleviating neurological disease. Similarly, treatment with Paxlovid (nirmatrelvir/ritonavir) did not

310 decrease the incidence of PASC in patients’®"®

, raising questions about the precise role of SARS-
311  CoV-2 in the development of neurological sequelae. One possibility is that infection, even if
312  transient, exacerbates sensitivity to environmental factors and accelerates neurodegeneration.

313  Alternatively, it is also possible that the OB and SN are especially prone to persistent inflammation

314  and therefore to higher levels of tissue damage and neurological disease.

315 In conclusion, our observations emphasize the intricate relationship between the role of virus

316 infection, persistent inflammation, neurotransmitter dysregulation, and behavioral changes, in the
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317 development of neurological PASC. Furthermore, antiviral treatment reduced viral load and
318 inflammation yet failed to prevent neurological dysfunction further pointing out the complex nature
319  of the role of the virus. Minimizing the neuroinflammatory response, especially at early times after

320 infection, may be critical for ameliorating neurological PASC.
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527 https://doi.org/10.1002/jmv.29333

528

529 Figure Legends

530

531  Figure 1. Loss of TH-positive cells and increased neuroinflammation in the OB at 120 dpi.
532  (a) 4-5-month-old C57BL/6N mice were infected intranasally with 1000pfu SARS-COV-2. (left)
533  Comparatively localized medial OB sections from infected and mock-infected animals were
534  stained for TH. (right) Summary data of numbers of TH+ cells in periglomerular cells. Data

535  represent mean + SEM of results pooled from 3 independent experiments: mock (15 mice) and
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536 120 dpi (14 mice). Data were analyzed using a Mann-Whitney U-test, **P < 0.01. Scale bar: 50
537 um (b) OB mRNA was analyzed for TH expression by qPCR. Data represent mean + SEM of
538  results pooled from 3 independent experiments: mock (12 mice) and 120 dpi (16 mice). Data were
539 analyzed using a Mann-Whitney U-test, *P < 0.05. (c) Proinflammatory cytokine mRNA
540 expression was analyzed using qPCR. Data represent mean + SEM of results pooled from 2
541 independent experiments. mock (10-12 mice) and 120 dpi (15 mice). Data were analyzed using
542  a Mann-Whitney U-test. *P < 0.05, **P < 0.01, ****P < 0.0001. (d) Myeloid cells were stained for
543  |ba1 (red). Three to six fields from mock (8 mice) and 120 dpi (7 mice) were analyzed. Left.
544  Representative sections from control and infected mice at 120 dpi are shown. Right. Summary
545 data show numbers of Iba1” cell in the OB. Data are mean + SEM of results pooled from 2
546  independent experiments with 3 mice per group. Data were analyzed using a Mann-Whitney U-

547  test. **P < 0.01. Scale bar: 50 ym.

548 Figure 2. Loss of TH+ cells and changes of associated genes in substantia nigra. (a)
549  Sections from control and infected brains were prepared at 120 dpi and control mice and stained
550  for TH expression. Numbers of TH+ cells in SN of mice were quantified as described in Materials
551  and Methods. Summary data show numbers of TH+ cells in the SN. Data represent mean + SEM
552  of results pooled from 2 independent experiments: mock (9 mice) and 120 dpi (9 mice). Data were
553  analyzed using a Mann-Whitney U-test, *P < 0.05. Scale bar represents 490um (b) TH mRNA
554  expression in the SN was analyzed using qPCR. Data show mean + SEM of results pooled from
555 3 independent experiments: mock (12 mice) and 120 dpi (15 mice). Data were analyzed using a
556  Mann-Whitney U-test, *P < 0.05. (c) RNA was prepared from the SN of infected and uninfected
557  mice as described in Materials and Methods. AchE mRNA expression was analyzed using gPCR.
558  Data represent mean + SEM of results pooled from 3 independent experiments: mock (12 mice)
559  and 120 dpi (13 mice). Data were analyzed using a Mann-Whitney U-test, *P < 0.05. (d) DAT2

560 and VMAT mRNA expression in the SN was analyzed by gPCR. Data represent mean + SEM of
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561  results pooled from 2 independent experiments: mock (11 mice) and 120 dpi (9 mice). Data were

562  analyzed using a Mann-Whitney U-test, *P < 0.05.

563  Figure 3. Neuroinflammation in the SN. (a) RNA was prepared from SN isolated from infected
564  (30dpi and 120 dpi) and uninfected mice as described in Materials and Methods and analyzed for
565  proinflammatory cytokine mRNA expression by qPCR. Data represent mean + SEM pooled from
566 2 independent experiments: mock (10-12 mice), 30 dpi (8 mice) and 120 dpi (14 mice). Data were
567 analyzed using a Mann-Whitney U-tests. *P < 0.05, **P < 0.01. (b) mRNA expression for genes
568  associated with Parkinson’s Disease was analyzed using gPCR. Data represent mean + SEM of
569  results pooled from 2 independent experiments. mock (10-12 mice), 30 dpi (8 mice) and 120 dpi
570 (14 mice). Data were analyzed using a Mann-Whitney U-test. *P < 0.05, **P < 0.01 ****P <

571  0.0001.

572  Figure 4. Differential gene expression in CD11b+ cells from SARS-COV-2 and mock-infected
573  brains. CD11b+ cells were prepared from the brains of uninfected and infected mice at 100 dpi.
574 RNAwas prepared and analyzed by RNAseq as described in Materials and Methods. (a) Volcano
575  plot depicting 246 differentially expressed genes in the CD11b+ cells of SARS-COV-2 infected
576  mice in comparison with mock mice. Adjusted p-value < .05, |fold-change| = 2. (b) Heat map of
577  differentially expressed inflammation-associated genes in SARS-COV-2-infected versus mock-
578 infected CD11b+ samples. The scaled expression value (row Z score) is shown in a blue-red color
579  scheme with red indicating higher expression, and blue lower expression. (c) Genes expressed
580  atsignificantly higher levels in the CD11b+ cells were significantly enriched in Canonical Pathway
581  Gene sets. X-axis denotes statistical significance as measured by negative logarithm of p-value.
582 The ratio of differentially expressed genes was analyzed for statistical significance using
583  Benjamini-Hochberg-corrected p-values < 0.05, [fold-change| = 2.5. The red and blue bars
584  represent categories for which specific functions are activated or repressed, respectively. (d-e)

585  Gene ontology enrichment analysis for “Cellular Components” and “Molecular Functions pathway
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586 in CD11b+ cells are shown. Enrichment p values (corrected using the weighted Fisher's method)
587  <.05 are shown. The size and the color of each dot are proportional to the number of differentially

588 expressed genes and the p-value respectively.

589  Figure 5. Behavioral manifestations. (a) Rotarod testing was performed in mock-infected and
590 infected mice at 100 dpi. Mice were infected with 1000pfu SARS-COV-2. The highest speed
591 sustained by mice without falling was recorded. Data represent mean + SEM of results pooled
592  from 2 independent experiments: mock (10 mice) and 90-110 dpi (12 mice). Data were analyzed
593 using a Mann-Whitney U-test. **P< 0.01. (b) Open field testing of SARS-COV-2-mice was
594  performed using mock-infected, 40dpi and 100 dpi mice. Data represent mean + SEM of results
595  pooled from 2 independent experiments: mock (10 mice), 40dpi (12 mice) and 120 dpi (16 mice).

596  Data were analyzed using a Mann-Whitney U-test. **P < 0.01.

597  Figure 6. Nimratrelvir and molnupiravir reduce clinical manifestations and virus loads but
598 do not reverse behavioral abnormalities. (a) Mice were infected with 1000pfu SARS-COV-2
599  and treated with nimratrelvir and molnupiravir (N+M) at the indicated times post infection. (b, c)
600 Drug treatment reduced lung virus titers (b) and diminished weight loss (c). Data represent mean
601 + SEM of results pooled from 2 independent experiments. DMSO (n=9 mice), N+M (n=10 mice).
602 (d) Open field testing was performed as described in Materials and Methods. Treatment with
603  nimratrelvir and molnupiravir resulted in no improvement. Data represent mean + SEM of results
604  pooled from 2 independent experiments: mock (5 mice), DMSO (8 mice) and N+M (10 mice) (e)
605 gPCR analysis shows TH mRNA levels in OB isolated from vehicle and drug-treated mice. Data
606  represent mean + SEM of results pooled from 2 independent experiments: mock (5 mice), DMSO
607 (8 mice), and drug-treated (10 mice). Data were analyzed using a Mann-Whitney U-test. **P <

608  0.01.

609 Figure 7. TH quantification in patients with COVID-19. (a) Immunostaining for TH was
610 performed on the SN of autopsy samples from uninfected controls and patients with COVID-19
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611  as described in Table 1 (b) Data show mean + SEM. Uninfected control (n=15) and COVID- 19
612  (n=14). Data were analyzed using a Mann-Whitney U-test. **P < 0.01. (c) H&E stained sections
613  of the SN from COVID-19 patients were analyzed for changes in pigmentation. One COVID-19
614  patient had evident hypopigmentation (left), while pigmentation was normal in a second patient

615 (middle) and an uninfected control (right). Boxed areas indicate sites of pigmentation.

616
617

618 Material and Methods

619  Animals and viruses. 4-5 months old C57BL/6N mice (Charles River Laboratories) were used in
620 all studies. Mice were infected intranasally with SARS-COV-2 (1 x 10° pfu) as previously

621  described®.

622  Study approval. All animal studies were approved by the University of lowa IACUC and met the
623  stipulations of the Guide for the Care and Use of Laboratory Animals (National Academies Press,
624  2011). All human autopsy samples were obtained under an IRB-approved protocol (#202011287

625  (postmortem)) and after obtaining written informed consent from the participant or the family.

626  Confocal imaging. For immunofluorescence assays, OB were fixed in zinc formalin and
627 embedded in paraffin. Sections were deparaffinized and processed for citrate-based antigen
628  retrieval (Vector Laboratories) according to the manufacturer’s protocol. Sections were washed 3
629 times for 5 minutes in PBS before treatment with 0.1% Triton X-100 in PBS for 20 minutes.
630  Sections were then rinsed in PBS followed by incubation with CAS block (Invitrogen, Thermo
631  Fisher Scientific) for 60 minutes. Primary antibodies against Iba1 (Wako, 1:1,000), and TH
632  (Novus, 1:1,000) were used. Sections were rinsed before incubation with a 1:1,000 dilution of an
633  appropriate Alexa Fluor 546—conjugated (catalog A11018) or A488-conjugated (catalog A11070)

634  goat anti-mouse or anti-rabbit antibody (Thermo Fisher Scientific). After a final wash with PBS,
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635  slides were mounted with Vectashield antifade reagent containing DAPI (Vector Laboratories).
636  Images were obtained using a Leica DM 4B fluorescence microscope. Three different areas were
637 imaged from every brain section for cell counting. ImageJ (NIH) was used for image processing

638 and cell enumeration.

639  Alpha-synuclein staining was done using clone EP1536Y (Abcam) at 1:100 using high pH antigen
640 retrieval, with a 15-minute primary and polymer incubations on a Ventana auto-stainer instrument
641 in the College of American Pathologists (CAP)-certified University of lowa Diagnostic

642  Histopathology Laboratory.

643

644 RT-QPCR. Mice were deeply anesthetized with ketamine/xylazine and perfused transcardially
645  with PBS. OB and SN were isolated and collected in Trizol (Thermo Fisher Scientific). mRNA
646  expression levels were analyzed by quantitative PCR (QPCR). The primer sets used for PCR are
647 listed in Table 2. SARS-CoV-2 N primers were purchased from IDT (catalog 10007032).
648  Expression levels were normalized to GAPDH by the following CT equation: ACT = CT of the

649  gene of interest — CT of GAPDH. All results are shown as a ratio to GAPDH calculated as 2.

650  Gene expression profiling. CD11b+ cells from brains were sorted using magnetic beads (Miltenyi
651  Biotech) and RNA was extracted using an RNeasy micro kit (Qiagen) per the manufacturer’s
652  instructions. Four samples per group were analyzed. Subsequent library preparation and
653  sequencing were performed at the University of Minnesota Genomics Center. RNA isolates were
654  quantified using a fluorimetric RiboGreen assay, and RNA integrity was assessed using capillary
655  electrophoresis (Agilent 2100 Bioanalyzer) to generate an RNA integrity number. Samples with
656  RNA integrity number values >5.5 and at least 250 pg of total RNA were then used to generate
657 12 unique dual-indexed libraries using Takara/Clontech Stranded Total RNA-Seq Kit v2 - Pico

658  Input Mammalian reagents. Briefly, between 250 pg and 10 ng of total RNA was fragmented and
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659 then reverse transcribed into cDNA using random primers, with a template-switching
660  oligonucleotide incorporated during cDNA synthesis to allow for full-length cDNA synthesis and
661  for retention of strand specificity. lllumina sequencing adapters and barcodes were then added to
662 the cDNA by PCR, followed by cleavage of ribosomal cDNA. Uncleaved fragments were then
663  enriched by PCR for 12—-16 cycles. The final library size distribution was again validated using
664  capillary electrophoresis and quantified using fluorimetry (PicoGreen). Indexed libraries were then

665 normalized and pooled for sequencing sequencing on a NextSeq 2000.

666 2 x 50bp FastQ paired end reads for 8 samples (n=39.6 Million average reads per sample) were
667  trimmed using Trimmomatic (v 0.33) enabled with the optional “-q” option; 3bp sliding-window
668  trimming from 3’ end requiring minimum Q3Quality control on raw sequence data for each sample
669  were performed with FastQC. Read mapping was performed via Hisat2 (v2.1.0) using the mouse
670 genome (GRCm39 v109) as reference. Gene quantification was done via Feature Counts for raw
671  read counts. Differentially expressed genes were identified using the edgeR (negative binomial)
672  feature in CLCGWB (Qiagen, Redwood City, CA) using raw read counts. The list of Differentially
673  Expressed Genes (DEGs) was generated based on a minimum 2x Absolute Fold Change and
674  FDR corrected p < 0.05. Differentially expressed genes were identified using the edgeR (negative

675  binomial) feature in CLCGWB (Qiagen) using raw read counts. Heatmaps using designated sets
676  of differentially expressed genes were generated using pheatmap (R). Ingenuity Pathway

677  Analysis software (Qiagen) was used to analyze biological pathways.

678  Mouse behavior. For rotarod testing, mice were habituated with at 8rpm for several trials until they
679  adapted to the rod for two consecutive days. After habituation, mice were analyzed at accelerating
680  speed for three trials per mouse. The highest speed reached by mice before falling was recorded.
681  For open field testing, the open field arena (40 cm X 40cm X 20 cm height, white background)
682  was placed in a room with an indirect artificial light source. The arena was cleaned thoroughly

683  with a 5% alcohol/water solution between each mouse to minimize odor cues. Mice from different
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684  groups were tested randomly throughout the trials so that mice from a single group were not
685  tested consecutively. One mouse at a time was placed in the center of the arena and spontaneous
686  behavior was recorded for 10 min. Videos were evaluated using an Ethovision XT video tracking
687  system (Noldus Information Technology, the Netherlands) to measure the distance moved (cm),

688  average speed (cm/s), time moving (s), and time spent in the periphery/center of the arena (s)

689 Treatment with antiviral therapy. Nirmatrelvir and molnupiravir were purchased from
690 MedChemExpress (Monmouth Junction, New Jersey, USA). Stock solutions were prepared in
691 DMSO. 20mg/kg of each compound was injected intraperitoneally into the mice once daily for five

692  days starting at O dpi.

693  Statistical analysis. Data were analyzed using a Mann-Whitney U-test. P < 0.05 was considered

694  significant. Data in graphs are presented as mean + SEM.

695 Data availability. Complete RNA-seq data were deposited in the National Center for
696  Biotechnology Information’s Gene Expression Omnibus database under number GSE254984

697 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE254984

698 Author’s contributions

699 The study was designed by SP and AKV. Experiments were conducted by AKV, SL, ED, LCL.
700 AKV, MH, QQ, CRY, MWA and SP acquired and analyzed data. JE helped with RNAseq data
701  analysis. LCL, MH provided reagents. Manuscript was initially prepared by AKV and SP. All of the

702  authors revised and approved the final manuscript.

703 Conflict of Interest

704  The authors declare no conflict of interest directly related to this study. MWA is a cofounder and

705 owns shares in Aromha, Inc. He has received in kind contributions from Eli Lilly and research

25


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE254984
https://doi.org/10.1101/2024.06.02.596989
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.02.596989; this version posted June 3, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

706  support from TLL Pharma. He is an SAB member of Sudo Therapeutics, and consults for BMS

707  and Transposon.

708 Acknowledgments

709  We thank Mariah R Leidinger (Comparative Pathology Laboratory, University of lowa), Shane
710  Heiney (Neural Circuit Behavior Core, University of lowa) and Kurt Bedell for technical support.
711 Supported in part by grants from the NIH (RO1 NS36592, P01 Al060699, RO1 Al129269 awarded
712  to SP; RF1AG078297, awarded to MWA). Biobanking in the lowa NeuroBank Core is supported
713  in the lowa Neuroscience Institute at the University of lowa Roy J. and Lucille A Carver College

714  of Medicine by the Roy J. Carver Charitable Trust.

715

716

717

718

719

720
721
722
723
724
725
726
727
728
729
730

26


https://doi.org/10.1101/2024.06.02.596989
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.02.596989; this version posted June 3, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

731 Table 1. Patient Information
# Age Sex 1PMI (days) No. of TH+ cells Pigmentation a-syn staining
1 64 M COVID-19 7 444 Normal Not Available
2 73 F COVID-19 11 699 Normal Not Available
3 61 M COVID-19 18 709 Normal Not Available
4 65 F COVID-19 19 786 Normal Trace Positive
5 80 F COVID-19 11 995 Normal Negative
6 64 M COVID-19 4 188 Normal Negative
7 67 M COVID-19 33 631 Normal Negative
8 72 M COVID-19 30 351 Normal Trace positive 2DRN
9 53 M COVID-19 56 767 Normal Negative
10 59 M COVID-19 12 379 Reduced Negative
COVID-19 Not Available Not Available
11. 72 M 10 675
12 73 M COVID-19 15 180 Normal Negative
13. 64 F COVID-19 23 120 Not Available Not Available
14 26 M COVID-19 6 608 Not Available Not Available
15 60 F Uninfected 214
16 73 F Uninfected 1053
17 62 M Uninfected 1026
18 20 F Uninfected 615
19 74 M Uninfected 038
20 30 F Uninfected 766
271 72 M Uninfected 704
22 54 M Uninfected 514
Uninfected
23 61 F 708
Uninfected 1517
24 61 M
25 69 M Uninfected 821
2 67 F Uninfected 771
27 76 M Uninfected 378
28 75 F Uninfected 1124

732 'Post mortem interval (interval between first positive PCR test and autopsy)

733 2Dorsal raphe nucleus

27


https://doi.org/10.1101/2024.06.02.596989
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.02.596989; this version posted June 3, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

734 Table 2. List of Primers

TH 5- TGC ACA CAG TAC ATC CGT CAT GC-3'
5- GCAAAT GTGCGG TCAGCC AAC A-3

IL-6 5-GAG GAT ACC ACT CCCAACAGACC-3
5’-AAG TGC ATC ATC GTT GTT ACA-3’

IFN-B 5-TCAGAATGAGTG GTG GTT GC-3
5-GAC CTT TCAAAT GCA GTA GAT TCA-3’

CCL5 5-AGATCT CTG CAG CTG CCC TCA-3’
5-GGA GCACTT GCT GCT GGT GTA-3’

CCL2 5-CTTCTG GGC CTG CTGTTCA-3
5CCAGCCTACTCATTG GGATCA-3

MDA 5 5- CGATCC GAATGATTG ATG CA-3
5-AGT TGG TCATTG CAACTG CT-3’

NLRP3 5- CCT GAC CCAAAC CCACCAGT-3
5-TTCTTT CGGATGAGG CTG CTT -3’

CXCL10 5-GCC GTCATTTTC TGC CTCAT -3
5-GCTTCC CTATGG CCC TCATT -3’

CHAT 5- GCT TGAATG GAG CGAATC GTT GG-3
5- CACCAGGACGATGCCATCAAAAG -3

UCHL 1 5-GAA GCA GAC CAT CGGAAACTCC-3
5-GGACAG CTT CTC CGTTTCAGAC-3

PARK 7 5-ACGATG TGG TGG TTC TTC CAG G-3
5-CTG CACAGATGG CAG CTATGAG -3’

GAPDH 5- AAG GTC ATC CCA GAG CTG AAC-3’
5-CTG CTT CAC CAC CTT CTT GA-3

LLRK 2 5-AGT CAG ATG CGC TGG CAAAGC T-3'
5-AAC TCAGTC GGCACAGCTTTC C-3

SNCA 5-CAC TGG CTT TGT CAA GAA GGA CC3’
5-CAT AAG CCT CACTGC CAG GATC -3’

PARKIN 5-CCA GAG GAAAGT CAC CTG CGAA-3’
5-GTT CGA GCAGTGAGT CGC AAT C -3’

DAT 5’-GGT GCT GAT TGC CTT CTC CAG-3’
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5-GAC AAC GAA GCC AGA GGAGAAG-3

VMAT 2 5-CCT CTTACGACC TTG CTG AAG G-3
5-GCT GCCACTTTC GGGAACACAT-3

735

736 Extended Data Figure legend

737 Extended data Figure 1. Clinical manifestations, microglia activation and neurotransmitter
738  expression in SARS-CoV-2 infected mice. (a) Weight loss and survival in mice infected with
739  1000pfu of SARS-COV-2. (b) N and GAPDH mRNA levels in the OB were determined by gqPCR
740  at 120 dpi. Data represent mean + SEM of results pooled from 2 independent experiments; mock
741 (9 mice) and 120 dpi (9 mice) and were analyzed using a Mann-Whitney U-test. (c) OB mRNA
742  was analyzed for TH expression by qPCR. Data represent mean + SEM of results pooled from 2
743  independent experiments: mock (8-9 mice) and 30 dpi (9-11 mice). Data were analyzed using a
744  Mann-Whitney U-test, *P < 0.05. (d) Microglia were quantified and analyzed for phenotypic
745  changes consistent with activation as described in Materials and Methods. Data were analyzed
746  using a Mann-Whitney U-test. *P < 0.05. (e) Summary data of microglia skeleton changes. Data
747  were analyzed using a Mann-Whitney U-test. *P < 0.05. (f) N and GAPDH mRNA levels in the SN
748  were determined by qPCR at 120 dpi. Data represent mean + SEM of results pooled from 2
749  independent experiments; mock (9 mice) and 120 dpi (9 mice) and were analyzed using a Mann-
750  Whitney U-test. (g-h) TH, ChAT and AChE mRNA expression in brains from which the OB,
751  substantia nigra and cerebellum were removed. Data represent mean + SEM of results pooled
752  from 2 independent experiments: mock, 120 dpi (5 mice). Data were analyzed using a Mann-
753  Whitney U-test.

754  Extended Data Figure 2. Differential gene expression in CD11b+ cells from SARS-COV-2 and
755  mock-infected brains. CD11b+ cells were prepared from the brains of uninfected and infected
756  mice at 100 dpi. RNA was prepared and analyzed by RNAseq as described in Materials and
757  Methods. (a) Disease-specific canonical pathways upregulated in CD11b+ cells isolated from
758 infected mouse brains were identified by IPA. Upregulation and downregulation of disease and
759  functions are represented by blue and red color respectively. Inflammatory pathways and cellular
760 trafficking pathways were upregulated. The ratio of differentially expressed genes for disease and
761  functions is shown with Benjamini-Hochberg corrected p-values < 0.05, |fold-change| = 2.5. (b)
762  mRNA levels of specific pro-inflammatory genes are shown. Data represent mean + SEM of
763  results pooled from 2 independent experiments: mock (8 mice), 100 dpi (8 mice). Data were
764  analyzed using a Mann-Whitney U-test. **P < 0.01, ***P < 0.001

765  Extended Data Figure 3. Nimratrelvir and molnupiravir treatment reduces mRNA levels of pro-
766  inflammatory genes and N gene. Levels of mMRNA were analyzed using qPCR at day 2 dpi. Data
767  represent mean + SEM of results pooled from 5 mice and were analyzed using a Mann-Whitney
768  U-test. **P < 0.01
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Extended Data Figure 1
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Extended Data Figure 2
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