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SARS-CoV-2 S1 protein causes brain inflammation
by reducing intracerebral acetylcholine production

Naomi Oka,1 Kazuya Shimada,1 Azusa Ishii,1 Nobuyuki Kobayashi,1 and Kazuhiro Kondo1,2,*

SUMMARY

Neurological complications that occur in SARS-CoV-2 infection, such as olfactory
dysfunction, brain inflammation, malaise, and depressive symptoms, are thought
to contribute to long COVID. However, in autopsies of patients who have died
from COVID-19, there is normally no direct evidence that central nervous system
damage is due to proliferation of SARS-CoV-2. For this reason, many aspects of
the pathogenesis mechanisms of such symptoms remain unknown. Expressing
SARS-CoV-2 S1 protein in the nasal cavity of mice was associated with increased
apoptosis of the olfactory system and decreased intracerebral acetylcholine pro-
duction. The decrease in acetylcholine production was associated with brain
inflammation, malaise, depressive clinical signs, and decreased expression of
the cytokine degrading factor ZFP36. Administering the cholinesterase inhibitor
donepezil to the mice improved brain inflammation, malaise and depressive clin-
ical signs. These findings could contribute to the elucidation of the pathogenesis
mechanisms of neurological complications associated with COVID-19 and long
COVID.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative virus of coronavirus disease

2019 (COVID-19). Mainly affecting the lungs, it causes pneumonia and acute respiratory distress syndrome

(ARDS). Also affecting the kidneys, brain, heart, liver, and other organs, it can cause multi-organ failure.1

Research on the etiology of SARS-CoV-2 has uncovered many neurological complications but many as-

pects of their pathogenesis mechanisms remain unknown.2,3 Highly prevalent neurological complications

are those due to olfactory system damage and brain inflammation, such as olfactory dysfunction, fatigue,

and depressive symptoms.4,5 If they persist, long COVID6–8 may develop. Recently, long COVID has been

listed in the ICD-10 classification as post-COVID-19 condition. TheWHO defines post-COVID-19 condition

‘‘as the continuation or development of new symptoms 3months after the initial SARS-CoV-2 infection, with

these symptoms lasting for at least 2 months with no other explanation’’. Regarding symptoms, the WHO

adds: ‘‘While common symptoms of long COVID can include fatigue, shortness of breath, and cognitive

dysfunction over 200 different symptoms have been reported that can have an impact on everyday func-

tioning’’.9 Although several treatments have been established for COVID-19 and more are under develop-

ment,10–16 there is still no treatment for long COVID.9,16–18

Tissue damage in virus infection is normally due to proliferation of the virus in the tissue. In the autopsy

results for patients who died from COVID-19, however, despite the presence of tissue degeneration in

the brain, there was no evidence of CNS damage directly due to SARS-CoV-2 proliferation.3,19–22

Also, since it has recently been reported that SARS-CoV-2 infection is not required for the onset of cogni-

tive impairment in long COVID23 and that there are few histopathologic changes24 in patients

with COVID-19 brain-related symptoms despite a substantial viral burden in their brains, many aspects

of how SARS-CoV-2 causes such symptoms remain unknown. However, the point in common of

these studies is that they suggest that factors other than the proliferation of the virus in the brain is

at work.

Olfactory system cells are the first point of attack of SARS-CoV-2 and the plentiful expression of ACE2 and

TMPRSS2, which is required for invasion of the virus,25,26 makes it possible for SARS-CoV-2 to invade them.

Olfactory bulb damage has indeed been reported in COVID-19 patients.27–29
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Figure 1. Analysis of spike protein function and creation of COVID-19 encephalopathy model using S1 protein

(A) Structures of genes used in expression experiments. SS, signal sequence; S1/S2, S1/S2 protease cleavage site; FP, fusion peptide; HR1, heptad repeat 1;

R2, heptad repeat 2; TM, transmembrane domain; CT, cytoplasmic tail.

(B) Comparison of intracellular calcium concentration elevation among vector control, spike protein, S1 protein and NTD in mouse 3T3 cells. Calcium

concentration was measured by fluorescence of Fluo-4. Vector control, n = 750; spike protein, n = 750; S1 protein, n = 746; NTD, n = 740; Kruskal-Wallis test

followed by Dunn’s post hoc test; median values; ****, p < 0.0001.

(C) Measurement of intracellular calcium concentration in human A549 cells. Calcium concentration was measured by fluorescence of Fluo-4. Vector control,

n = 444; S1 Adv, n = 477; Mann-Whitney U-test; median values; ****, p < 0.0001.

(D) S1 mouse creation and evaluation.
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Furthermore, since it was reported that surgically induced disruption of olfactory bulb function by olfactory

bulbectomy (OBX) resulted in brain inflammation,30–32 we considered that olfactory bulb damage due to

SARS-CoV-2 was related in some way to the onset of brain inflammation.

It has been reported that the olfactory system cell damage, in particular that in the olfactory bulb, results

from an increase in intracellular calcium in olfactory epithelial cells.33 In previous research, we demon-

strated that production of the human herpesvirus-6 (HHV-6) protein SITH-1, which has calcium elevating

activity in olfactory cells, induced apoptosis in the olfactory bulb and caused depression.34 Since, SARS-

CoV-2 spike protein is also known to elevate calcium in cells,35 we created a mouse model expressing spike

protein in the nasal cavity.

RESULTS

Intracellular calcium elevating activity of S1 protein

When spike protein invades cells, it is cleaved into S1 and S2 subunits. Using mouse cells (3T3), we found

that the N-terminal domain (NTD) was responsible for calcium elevating activity on S1 protein (Figures 1A

and 1B). S1 protein also elevated intracellular calcium in human cells (A549) (Figure 1C).

Therefore, in order to investigate the effect of S1 protein’s intracellular calcium elevating activity on the ol-

factory bulb in vivo, we induced expression of S1 protein in themouse olfactory cavity. In brief, we prepared

a non-proliferative adenovirus vector (S1 Adv) expressing the S1 protein of the original Wuhan strain (Wu

strain) and then created the S1 mouse through inoculation of S1 Adv into the nasal cavity. One week after

inoculation, we conducted behavioral experiments and observed gene expression (Figure 1D).

S1 expressing mouse manifests olfactory bulb damage, malaise, depression, and brain

inflammation

Apoptosis of the olfactory bulb was enhanced in the model mouse expressing S1 protein in the nasal cavity

(S1 mouse) as expected (Figure 1E). Since it was reported that surgically induced disruption of olfactory

bulb function by olfactory bulbectomy (OBX) resulted in depressive-like clinical signs36 and brain inflamma-

tion,31 we conducted depression- and malaise-related behavioral tests, and brain inflammation-related in-

vestigations. Owing to a decrease in swimming time in the weight-loaded forced swim test (WFST),37 we

determined that fatigue had increased in the S1 mouse (Figure 1F). In addition, there was an increase in

immobility time for the S1 mouse in the tail suspension test (TST)38 (Figure 1G), which we interpreted as

presence of depressive clinical signs.

In addition, using histologic samples of the whole brain without the olfactory bulb, we observed enhanced

expression of inflammatory cytokines (IL-6, TNFa) and a chemokine (CCL-2) with an inflammation promot-

ing function (Figures 1H, S1A, and S1B) suggesting that inflammation had occurred in the brain.

We also observed enhanced expression of IL-6 in the lungs (Figure 1I). In the lungs, a correlation of inflam-

matory cytokine production with S1 mRNA expression (Figures S1C and S1D) suggested that inflammation

in the lungs was due to the inflammation-inducing action of S1 protein.39 In contrast, since S1 mRNA

expression was not detected in the brain, this suggested that inflammation in the brain was due to an in-

direct effect (Figure 1J).

Figure 1. Continued

(E) Measurement of apoptosis induction in S1 mouse olfactory bulb tissue based on caspase 3 positive cell count (vector control, n = 5; S1 mouse, n = 5;

Mann-Whitney U-test; median values; **, p < 0.01).

(F) Reduced swimming time in S1 mouse WFST; i.e., increase in fatigue (vector control, n = 20; S1 mouse, n = 20; Mann-Whitney U-test; median values; ****,

p < 0.0001).

(G) Prolonged immobility time in S1 mouse TST, i.e., increase in depressive clinical signs (vector control, n = 11; S1 mouse, n = 12; Mann-Whitney U-test;

median values; *, p < 0.05).

(H) Enhanced IL-6 expression in S1 mouse brain tissue (vector control, n = 5; S1 mouse, n = 5; Mann-Whitney U-test; median values; *, p < 0.05).

(I) Enhanced IL-6 expression in S1 mouse lung tissue (vector control, n = 10; S1 mouse, n = 10; Mann-Whitney U-test; median values; **, p < 0.01).

(J) S1 mRNA expression in lung, olfactory bulb and brain tissue (Ratios of S1 to 18s ribosomal RNA are shown.) (vector control, n = 4 each; S1 mouse, n = 4

each median values).

(K) Comparison of intracellular calcium concentration elevation among Wu strain, a strain, and d strain in mouse 3T3 cells. Calcium concentration was

measured by fluorescence of Fluo-4. Vector control, n = 3562; Wu strain, n = 2711; a strain, n = 2837; d strain, n = 2339; Kruskal-Wallis test followed by Dunn’s

post hoc test; median values; ****, p < 0.0001.
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Since the results up to this point had suggested an association of S1 protein’s calcium increasing activity and

pathogenicity, we measured this for S1 protein from the Wu strain, a strain, and d strain. The strength of intra-

cellular calcium concentration elevation activity in cells expressing the different strains was in the order:

Wu < a < d (Figure 1K). This was consistent with the order for the severity and mortality rates of these strains:

Wu < a < d.40,41

Impairment of acetylcholine’s anti-inflammatory effect was associated with brain

inflammation in S1 mouse

To elucidate a mechanism for the effect of olfactory bulb damage on the brain and the body overall, we

focused on neurotransmitters in neurons connecting to the olfactory bulb. There was a decrease in cells pos-

itive for the acetylcholine synthesizing enzyme choline acetyltransferase (ChAT) in the medial septal (MS) and

diagonal band of Broca (DBB) (Figures 2A and 2B) and the acetylcholine level in the brain overall was also

decreased (Figure 2C). We therefore examined a relationship between brain inflammation in the S1 mouse

and the anti-inflammatory response in which acetylcholine plays a role called cholinergic anti-inflammatory

pathway (CAP).42 CAP was discovered as a mechanism for suppressing inflammation in peripheral tissues

via autonomic nerve fibers. It is also known to have a function for suppressing inflammation in the brain.43,44

Since an a7 nicotinic acetylcholine receptor (a7nAchR) agonist was found to activate CAP,44 one week after

inoculation with S1 Adv, we administered the a7nAchR agonist PNU282987 intracerebroventricularly (i.c.v.)

and after an hour, measured inflammatory cytokine expression levels in the brain (Figure 2D). This resulted

in normalizing the enhanced inflammatory cytokine expression in the S1 mouse (Figure 2E). These observa-

tions suggest that brain inflammation in the S1 mouse resulted from CAP disruption.

It has been known for some time that nerves in the CAP suppress inflammation,42,45 but inflammation sup-

pressing factors were unknown. In the S1 mouse, the expression of the mRNA binding protein ZFP36,46

which has an inflammatory cytokine mRNA degrading function, was reduced when inflammation was pre-

sent in the brain and was increased by PNU282987 (Figure 2F). In contrast, with another RNA binding pro-

tein having an inflammatory cytokinemRNAdegrading function similar to that of ZFP36, expression was not

decreased, and not induced by PNU282987 in the S1 mouse brain (Figure S2). Also, administering

PNU282987 to the human astrocyte cell line U37347 expressing a7nAchR enhanced ZFP36 expression

and suppressed TNFa expression (Figures 2G and 2H). These findings suggest that ZFP36 functions as

an inflammation-suppressing factor in the CAP.

In order to investigate the influence of systemic inflammation in brain inflammation, we administered lipo-

polysaccharide (LPS) intraperitoneally to the S1 mouse to enhance systemic inflammation and investigated

expression of neural differentiation markers in the olfactory bulb and brain. As a result, the expression of

calbindin,48,49 a GABAergic neuron marker, was markedly decreased. (Figures 2I and 2J). As no changes

were observed in other neuron differentiation markers (Figures S3A and S3B), this observation was consid-

ered specific to GABAergic neurons.

Acetylcholine esterase inhibitor donepezil improves brain symptoms

The acetylcholine esterase inhibitor donepezil is a central cholinergic agent used clinically for the treat-

ment of dementia.50 To investigate the possibility of its repurposing for the treatment of neurological com-

plications in COVID-19, we investigated symptom improvement due to donepezil in the S1 mouse.

We administered donepezil at the usual dose for animal experiments (4 mg/kg/day) from the day of S1 Adv

inoculation daily in drinking water (Figure 3A). Administration of donepezil resulted in normalizing inflam-

matory cytokines (IL-6, TNFa) that had been enhanced by S1 protein (Figures 3B and S4A). Since IL-6 and

TNFa genes are targets of ZFP36,46,51 this finding suggests that donepezil brought about a recovery in

CAP. However, administration of donepezil did not mitigate the enhanced inflammatory cytokine produc-

tion in the lungs (Figures S4B–S4D).

Regarding pathological changes in the brain, donepezil mitigated the enhanced apoptosis in the olfactory

bulb of the S1 mouse (Figures 3C and 3D). There was also improvement due to donepezil with regard to dou-

blecortin (DCX) positive cells, which indicate hippocampal neurogenesis and had been decreased in the S1

mouse (Figures 3E and 3F). A decrease in hippocampal neurogenesis has been reported to be associated

with depressive symptoms52 and memory impairment,53 so we considered it likely that donepezil would
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Figure 2. Disruption of cholinergic anti-inflammatory pathway (CAP) in S1 mouse brain

(A) Decreased ChAT positive cells in S1 mouse MS and DBB (green, ChAT; blue, DAPI; scale bar, 200 mm).

(B) Decreased ChAT positive cells in S1 mouse MS and DBB (vector control, n = 5 S1 mouse, n = 5; Mann-Whitney U-test; median values; *, p < 0.05).

(C) Intracerebral acetylcholine (vector control, n = 8; S1 mouse, n = 9; Mann-Whitney U-test; median values; *, p < 0.05).

(D) Adv inoculation, PNU282987 administration, brain harvest schedule.

(E) Enhanced IL-6 expression in S1 mouse brain tissue and effect of PNU282987 (no treatment; vector control, n = 4 S1 mouse, n = 5; Mann-Whitney U-test;

median values; *, p < 0.05. PNU282987; vector control, n = 5 S1 mouse, n = 5; Mann-Whitney U-test; median values; ns, not significant.).

(F) Decreased ZFP36 expression in S1 mouse brain tissue and effect of PNU282987 (no treatment; vector control, n = 4 S1mouse, n = 5; Mann-Whitney U-test;

median values; *, p < 0.05. PNU282987; vector control, n = 5 S1 mouse, n = 5; Mann-Whitney U-test; median values; ns, not significant.).

(G) ZFP36 mRNA expression in U373 cells (LPS stimulation, n = 5; LPS stimulation+PNU282987 treatment, n = 5; Mann-Whitney U-test; median values; *,

p < 0.05).

(H) TNFa mRNA expression in U373 cells (LPS Stimulation, n = 5; LPS stimulation+PNU282987 treatment, n = 5; Mann-Whitney U-test; median values; *,

p < 0.05).

(I) Expression of calbindin in olfactory bulb tissue of S1 mice additionally administered LPS (vector control, n = 5 S1 mouse, n = 5; Mann-Whitney U-test;

median values; **, p < 0.01).

(J) Expression of calbindin in brain tissue of S1 mouse additionally administered LPS (vector control, n = 4 S1 mouse, n = 5; Mann-Whitney U-test; median

values).
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improve depressive symptoms and memory impairment in COVID-19. However, donepezil did not reverse a

decrease in ChAT positive cells in the MS and DBB (Figures S4E and S4F).

Using anti-ZFP 36 antibody and anti-IL-1b antibody available for use in immunohistochemistry, we per-

formed histologic staining of sections of brain tissue sections innervated with cholinergic nerves from

the MS and DBB. For the amygdala, we obtained distinct staining images of decreased ZFP36 production

and enhanced IL-1b production due to administration of S1. These phenomena were canceled by admin-

istering donepezil (Figures 3G–3I).

Treatment of neurological complications in COVID-19 with donepezil

With the objective of using donepezil clinically to treat neurological complications in COVID-19 in mind, we

examined the drug’s effects on clinical signs, as well as the dose that would be effective.

We administered donepezil at the usual dose for animal experiments (4 mg/kg/day) daily in drinking water

from the day of S1 Adv inoculation (Figure 4A). The administration of donepezil mitigated the increased

fatigue determined in the weigh-loaded swimming test and depressive clinical signs determined from

the TST (Figures 4B and 4C).

Next, we investigated whether the normal dose of donepezil used for dementia would be effective. We con-

verted the normally administered dose for dementia patients (5 mg/day) for mice (1 mg/kg/day) and adminis-

tered a single dose orally. Administration was one week after inoculation of S1 Adv and measurements were

made 2 h later (Figure 4D). A tendency towardmitigation of the enhancedexpression of inflammatory cytokines

(IL-6, TNFa) and a chemokine (CCL-2) was observed in the S1mouse brain (Figures 4E–4G). This result indicates

the possibility of donepezil being effective against brain inflammation in COVID-19 at the normal dose.

DISCUSSION

SARS-CoV-2 S1 protein has calcium elevating activity. By inducing its expression in the mouse nasal cav-

ity, we created an S1 mouse exhibiting neurological complications, such as olfactory bulb damage, brain

inflammation, fatigue, and depressive clinical signs. This was consistent with brain inflammation induced

by olfactory bulb damage that was reported for OBX, as well as induction of depressive clinical signs due

to expression in olfactory epithelium of HHV-6 SITH-1 protein, which also has calcium elevating activity.

In addition, it has been reported that olfactory system cell damage due to calcium elevation is due to

microangiopathy33 and this is consistent with autopsy results for COVID-19 patients.54

In addition, a lack of S1 mRNA expression in the brain led us to conclude that we had reproduced a state of

encephalopathy similar to that reported for COVID-19, where the inflammation is not due to viral prolifer-

ation in the brain but caused indirectly.

The finding that strength of calcium elevating activity for different strains was in the order Wu < a < d is of

great interest because this is consistent with the order of their severity and mortality rates.40,41 Regarding

Figure 3. Mitigation of olfactory and brain dysfunction in S1 mouse due to donepezil

(A) Adv inoculation, donepezil administration, brain harvest schedules.

(B) Enhanced IL-6 expression in S1 mouse brain tissue and improvement due to donepezil (no treatment; vector control, n = 4, S1 mouse, n = 5; Mann-

Whitney U-test; median values; *, p < 0.05. Donepezil; vector control, n = 5, S1 mouse, n = 5; Mann-Whitney U-test; median values; ns, not significant).

(C) Increased apoptosis cells in olfactory bulb tissue of S1 mouse and improvement due to donepezil (green, Active caspase 3; blue, DAPI; scale bar, 100 mm).

(D) Increased caspase 3 positive apoptotic cells in S1 mouse olfactory bulb tissue and improvement due to donepezil (no treatment; vector control, n = 5, S1

mouse, n = 5; Mann-Whitney U-test; median values; **, p < 0.01. Donepezil; vector control, n = 5 S1 mouse, n = 5; Mann-Whitney U-test; median values; ns,

not significant).

(E) Decreased DCX positive cells in S1 mouse hippocampus tissue and improvement due to donepezil (green, DCX; blue, DAPI; scale bar, 200 mm).

(F) Decreased DCX positive cells in S1 mouse hippocampus tissue and improvement due to donepezil (no treatment; vector control, n = 5, S1 mouse, n = 5;

Mann-Whitney U-test; median values; *, p < 0.05. Donepezil; vector control, n = 5 S1 mouse, n = 5; Mann-Whitney U-test; median values; ns, not significant.).

(G) Increased IL-1b positive cells in S1 mouse amygdala tissue and improvement due to donepezil (green, IL-1b; red, ZFP36; blue, DAPI; scale bar, 200 mm).

(H) Decreased ZFP36 positive cells in S1mouse amygdala tissue and improvement due to donepezil (no treatment; vector control, n = 14, S1mouse, n = 18;Mann-

Whitney U-test; median values; *, p < 0.05. Donepezil; vector control, n = 18 S1 mouse, n = 19; Mann-Whitney U-test; median values; ns, not significant.).

(I) Increased IL-1b positive cells in S1 mouse amygdala tissue and improvement due to donepezil (no treatment; vector control, n = 16, S1 mouse, n = 18;

Mann-Whitney U-test; median values; ****, p < 0.0001. Donepezil; vector control, n = 18 S1 mouse, n = 17; Mann-Whitney U-test; median values; ns, not

significant.).
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the calcium-related pathogenicity of spike protein and SARS-CoV-2, an association with syncytia formation

has been found.35 The mechanism indicated in the present study may also make consistency between

strength of calcium enhancing activity and pathogenicity easier to explain.

In the brain of the S1mouse, we observed a decrease in cells positive for ChAT in theMS andDBB, as well as

a decrease in the amount of acetylcholine in the brain and CAP disruption.42,45 We considered neurological

complications had developed in the S1 mouse because inflammation in the brain caused by inflammatory

cytokines produced in the lungs could not be suppressed due to CAP disruption. Since it was reported that

Figure 4. Therapeutic effects of donepezil with respect to COVID-19

(A) Adv inoculation, donepezil administration, behavior experiment schedules.

(B) Decreased S1 mouse swimming time in WFST, i.e., increase in fatigue, and therapeutic effect of donepezil (no

treatment; vector control, n = 10, S1 mouse, n = 10; Mann-Whitney U-test; median values; ***, p < 0.001. Donepezil; vector

control, n = 10 S1 mouse, n = 10; Mann-Whitney U-test; median values; ns, not significant).

(C) Increased immobility time in S1 mouse TST and therapeutic effect of donepezil (no treatment; vector control, n = 7, S1

mouse, n = 8; Mann-Whitney U-test; median values; *, p < 0.05. Donepezil; vector control, n = 10 S1 mouse, n = 10; Mann-

Whitney U-test; median values; ns, not significant).

(D) Adv inoculation, donepezil administration, organ harvest schedules.

(E) Inhibitory effect of donepezil on TNFa expression in S1 mouse brain tissue (0 mg/kg, n = 5; 1 mg/kg, n = 5; Mann-

Whitney U-test; median values).

(F) Inhibitory effect of donepezil on IL-6 expression in S1mouse brain tissue (0mg/kg, n = 5; 1 mg/kg, n = 5; Mann-Whitney

U-test; median values).

(G) Inhibitory effect of donepezil on CCL2 expression in S1 mouse brain tissue (0 mg/kg, n = 5; 1 mg/kg, n = 5; Mann-

Whitney U-test; median values).
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COVID-19 symptoms were mitigated by nicotine administered through smoking, much attention has been

given to a relationship between COVID-19 and CAP.55,56 Decreased expression of acetylcholine receptors

in the peripheral blood of COVID-19 patients has also been reported.57

Since it was reported that surgically induced disruption of olfactory bulb function by OBX resulted in a

decrease in ChAT positive cells in the MS,58 the decrease in ChAT positive cells and disruption of the

CAP in the S1 mouse could be due to olfactory bulb dysfunction. Thus, severe damage to the olfactory

bulb due to SARS-CoV-2 infecting the olfactory system27,54 could be the main cause of CAP disruption

in COVID-19. However, the olfactory bulb damage in the S1 mouse was thought to be due to the calcium

elevating activity of S1 protein.

Our results thus far suggest that, in the S1 mouse, inflammatory cytokines produced in the lungs due to S1

protein expression induce inflammation in the brain because anti-inflammatory effects are diminished due

to CAP impairment. Systemic inflammation due to proliferation of the virus throughout the body in COVID-

19 could be stronger than that in observed in the S1mouse. Therefore, we enhanced systemic inflammation

through intraperitoneal administration of lipopolysaccharide (LPS), which resulted in markedly reduced

expression of the GABAergic marker calbindin59 in the olfactory bulb and the brain. The olfactory bulb

has many GABAergic neurons,60 and it has been reported that GABAergic dysfunction is the cause of

cognitive difficulties in long COVID.61,62 Thus, our finding may help explain the pathogenesis mechanism

of olfactory disturbance and brain fog in long COVID.

To mitigate the pathological state in the S1 mouse, we administered donepezil for inhibition of choline

esterase, the enzyme that breaks down acetylcholine. This resulted in reversing the inflammation, reduced

hippocampal neurogenesis and apoptosis in the olfactory bulb, and the fatigue and depressive clinical

signs associated with them also disappeared.

In the histologic examination of the S1 mouse brain, decreased ZFP36 production, enhanced inflammatory

cytokine (IL-1b) production as well as their mitigation by donepezil was more distinct in the amygdala than

other parts. This suggests that the amygdala was the most strongly affected by enhancement of inflamma-

tion due to CAP disruption in the S1 mouse. It has been reported that the changes in gene expression,63

metabolic function, and64 vol65 indeed occur in the amygdala of COVID-19 patients. In addition, damage to

the amygdala has been found to be associated with long COVID64,66,67 Therefore, the information that we

obtained regarding inflammation in the amygdala of the S1 mouse and its mitigation by donepezil may be

useful in research on long COVID.

As donepezil readily passes through the blood-brain barrier (BBB) and has a brain to blood drug concen-

tration ratio of 4 or above,68 we considered that these improvements were due to the action of donepezil

acting in the brain.

On the other hand, the decrease in ChAT positive cells in the MS and DBB was not reversed by donepezil.

This finding again suggests that a decrease in ChAT positive cells is positioned upstream of a series of path-

ological states and is considered to provide a basis for an increase in acetylcholine due to donepezil having

a therapeutic effect on the overall clinical signs in the S1 mouse.

Our findings indicate that administering donepezil according to the same administration and dosage di-

rections as for the treatment of dementia would suppress brain inflammation. This suggests that within

the guaranteed safety range, donepezil could be applied for the treatment of brain inflammation and

neurological complications in COVID-19 and that drug repositioning would allow it to be used in clinical

practice at an early date. Therefore, its usefulness needs to be confirmed in clinical trials. As many aspects

of their pathogenesis mechanisms are unknown and effective treatments have yet to be established, the

results of the present study should not only contribute to the elucidation of pathologies, but also have

high clinical value.

The present study also suggests the importance of promoting ZFP36 production via a7nAchRs in suppress-

ing brain inflammation due to COVID-19. With this in mind, through the development of a7nAchR agonists,

it may be possible to create more effective drugs for the treatment of brain inflammation in COVID-19 and

prevention of long COVID. Also, by discovering an association of CAP and ZFP36 in the brain, we partly
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elucidated the molecular mechanism of CAP and can expect this to provide clues for elucidating the mech-

anism of encephalopathy onset due to various causes including viruses and autoimmunity, as well as the

development of treatments for them.

Limitations of the study

The effects of donepezil in the present research were obtained in an animal study. Therefore, in order to use

it in the treatment of COVID-19 sequelae, its effects on patients will need to be confirmed through clinical

trials or other methods.
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Guillen, N., Botı́, M.Á., Sala-Llonch, R.,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-active Caspase 3 Abcam Cat# ab13847; RRID: AB_443014

Rabbit polyclonal anti-Doublecortin Abcam Cat# ab18723; RRID: AB_732011

Rabbit polyclonal anti- Choline Acetyltransferase Abcam Cat# ab178850; RRID: AB_2721842

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor 488

ThermoFisher Cat# A-11034; RRID: AB_2576217

Bacterial and virus strains

Vector-Ad TaKaRa Bio Cat# 6170

S1-Ad This paper N/A

Chemicals, peptides, and recombinant proteins

Donepezil Hydrochloride FUJIFILM Wako Chemicals Cat# 041-32323

PNU 282987 FUJIFILM Wako Chemicals Cat# 167-26363

Lipopolysaccharides from Escherichia coli O111:B4 Merk Cat# L2630-100 MG

Image-iT FX Signal Enhancer Invitrogen Cat# I36933

Can Get Signal Immunostain Solution A TOYOBO Cat# NKB-501

ProLong Diamond Antifade Mountant with DAPI ThermoFisher Cat# P36962

Premix Ex Taq (Perfect Real Time) TaKaRa Bio Cat# RR039A

Critical commercial assays

Adenovirus Dual Expression Kit TaKaRa Bio Cat# 6170

ProFection Mammalian Transfection System Promega Cat# E1200

Calcium Kit II – Fluo 4 Dojindo Cat# CS32

Adeno-X Virus Purification kit Takara Bio Cat# 631532

Adeno-X Rapid Titer kit Takara Bio Cat# 632250

RNeasy Mini QIAcube Kit QIAGEN Cat# 74116

PrimeScript RT Reagent Kit Takara Bio Cat# RR037A

Choline/Acetylcholine Assay Kit Abcam Cat# ab65345

Deposited data

Original Data Mendeley Data https://doi.org/10.17632/ch52rydwjh.1

Experimental models: Cell lines

Mouse: 3T3 (NIH/3T3) RIKEN BRC RCB2767

Human: A549 RIKEN BRC RCB0098

Human: U373 (U-373 MG) ATCC HBT-17

Experimental models: Organisms/strains

C57BL/6NCrSlc Japan SLC,Inc. N/A

Oligonucleotides

SARS-CoV-2_S1 qPCR

F: CTGACGGAGAGCAATAAGAAGTTTC

R: CCAGGATTTCCAGTGTCTGAGG

P: FAM- CCATTCCAGCAGTTCGGCAG

AGACATTG -TAMRA

This paper N/A

Mm_IL-6 qPCR ThermoFisher Mm00446190_m1

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Kazuhiro Kondo (kkondo@jikei.ac.jp).

Materials availability

All unique reagents generated in this study are available from the lead contact with a completed Materials

Transfer Agreement.

Data and code availability

d The data included in this manuscript have been deposited at Mendeley Data and publicly available as of

the date of publication. The DOI is listed in the key resources table.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mm_IL-1b qPCR ThermoFisher Mm00434228_m1

Mm_TNFa qPCR ThermoFisher Mm00443258_m1

Mm_CCL2 qPCR ThermoFisher Mm00441242_m1

Mm_Zfp36 qPCR ThermoFisher Mm00457144_m1

Mm_Calbindin qPCR ThermoFisher Mm00486647_m1

Mm_GFAP qPCR ThermoFisher Mm01253033_m1

Mm_Nestin qPCR ThermoFisher Mm00450205_m1

Mm_IL-17a qPCR ThermoFisher Mm00439618_m1

Mm_Sox2 qPCR ThermoFisher Mm03053810_s1

Mm_Mcm2 qPCR ThermoFisher Mm00484815_m1

Mm_DCX qPCR ThermoFisher Mm00438400_m1

Mm_Calretinin qPCR ThermoFisher Mm00801461_m1

Mm_HuR qPCR ThermoFisher Mm00516011_m1

Mm_Roquin qPCR ThermoFisher Mm01284492_m1

Mm_KHSRP qPCR ThermoFisher Mm01232838_g1

Mm_Regnase-1 qPCR ThermoFisher Mm00462535_g1

Mm_AUF1 qPCR ThermoFisher Mm01201314_m1

18s rRNA ThermoFisher Hs99999901_s1

Recombinant DNA

pFlag-CMV-5b Sigma Aldrich Cat# E3762

SARS-CoV-2 S1 (Wu)/pFlag-CMV-5b This paper N/A

SARS-CoV-2 S1 (a)/pFlag-CMV-5b This paper N/A

SARS-CoV-2 S1 (d)/pFlag-CMV-5b This paper N/A

SARS-CoV-2 NTD/pFlag-CMV-5b This paper N/A

SARS-CoV-2 Spike/pFlag-CMV-5b This paper N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Sequence Detection Software version 1.4 Thermo Fisher N/A

Prism 8 GraphPad N/A

BellCurve for Excel Social Survey Research

Information Co., Ltd

https://bellcurve.jp/ex/

TailSuspScan CleverSys Inc N/A

TopScan CleverSys Inc N/A

ArrayScan XTI instrument Thermo Fisher N/A
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d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Male 8-week-old C57BL/6NCrSlc mice obtained from Sankyo laboratories were used for all experiments.

All mice were housed under standard conditions (12-h light–dark cycle [lights-on at 8:00 a.m.] at 24 G

1�C) with food and water provided ad libitum. All animal experiments were performed in accordance

with animal experiment regulations and approved by the Animal Care and Use Committee of the Jikei Uni-

versity School of Medicine.

Cell lines

The mouse fibroblast-like cell line 3T3, human lung epithelial cell line A549, human astrocytoma cell lines

U373 and human embryonic kidney cell line HEK293A were cultured in Dulbecco’s modified Eagle’s me-

dium (DMEM) containing 10% FBS. These cells were incubated at 37�C in a humidified 5% CO2 atmo-

sphere. Sex and age at sampling for the cells were as follows: 3T3, male embryo; A549, male 58Y; U373,

male 75Y; HEK293A, female fetus.

METHOD DETAILS

Production of recombinant adenovirus vectors

The recombinant adenovirus was produced using an Adenovirus Dual Expression Kit (Takara Bio) in accor-

dance with the manufacturer’s protocol. The SARS-CoV-2 genes were cloned into an adenovirus cosmid

vector (pAxCAwtit2) using standard methods (SARS-CoV-2 genes/pAxCAwtit2). HEK293A cells were trans-

fected with the SARS-CoV-2 genes/pAxCAwtit2 cosmid and a cosmid that did not contain the target gene

(pAxcwit2). The recombinant adenovirus was prepared in HEK293A cells and purified with an Adeno-X Virus

Purification kit (Takara Bio). The purified virus titer was determined using an Adeno-X Rapid Titer kit (Ta-

kara Bio).

Intracellular calcium assay

3T3 cells or A549 cells were cultured on a 96-well plate and transient overexpression of each protein - S1

(Wu, a and d) - was achieved for 24 h using ProFection Mammalian Transfection System (Promega) or

adenovirus infection. Subsequently, cells were induced to take up Fluo 4-AM using Calcium Kit II-Fluo 4

(Dojindo) and then the fluorescence intensity in individual cells was measured using an ArrayScan XTI in-

strument (Thermo Fisher).

Nasal inoculation of adenovirus vectors

For the nasal inoculation of adenovirus vectors, 8-week-old male C57BL/6 mice were anesthetized with iso-

flurane. Recombinant adenoviruses were diluted in sterile water (not in isotonic buffer). A drop (25 mL) of S1-

Ad or Vector-Ad solution containing the virus at a titer of 1 3 109 infectious units (ifu)/mL was placed at the

entrance of the nasal cavity of the mouse. The solution entered the cavity through spontaneous respiration.

Drugs

The cholinesterase inhibitor donepezil (FUJIFILMWako) was administered via the drinking water (40 mg/L,

4 mg/kg/day) from the day of intranasal inoculation. For oral administration, donepezil was diluted in saline

and administered to mice by feeding tube at 0, 1 and 2 mg/kg. The a7nAChR agonist PNU282987

(FUJIFILM Wako) was diluted in saline and administered intracerebroventricularly at 400 nmol/mouse.

Lipopolysaccharide (LPS) from Escherichia coli O111:B4 (Merck) was diluted in saline and administered

intraperitoneally to S1 mice at 5 mg/kg. The brain and olfactory bulb were removed 15 and 30 min after

administration, respectively, and used for gene expression analysis. For all oral, intracerebroventricular

and intraperitoneal administrations, control mice received the solvent saline.
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Animal behavior tests

Seven days after the inoculation of S1-Ad or Vector-Ad, a tail suspension test (TST) and a weight-loaded

forced swim test (WFST) were performed to assess depression- and fatigue-like behavior. In the TST, the

period of immobility during 10 min was analyzed by TailSuspScan software (CleverSys Inc). In the WFST,

a weight equivalent to 10% of body weight was attached to the root of the mouse tail, the time taken for

the mouse’s nose to be below the surface of the water for 10 s was measured by TopScan software

(CleverSys Inc). At 24 h, after these behavior tests, the mice were euthanized for real-time PCR and immu-

nohistochemical staining.

Real-time PCR

Total RNA was purified from animal tissues using the RNeasy Mini QIAcube Kit (Qiagen). cDNA was synthe-

sized from total RNA with a PrimeScript RT Reagent Kit (Takara Bio). mRNA amounts were quantified with

Premix Ex Taq (Perfect Real Time) (Takara Bio), and the Applied Biosystems 7300 Real-Time PCR system

(Thermo Fisher). The thermal profile was 95�C for 30 s, followed by 45 cycles of 95�C for 5 s and 60�C for

31 s. Data analysis was performed with Sequence Detection Software version 1.4 (Thermo Fisher). Mouse

IL-6, mouse IL-1b, mouse TNFa, mouse CCL-2, mouse ZFP36, mouse Calbindin, mouse GFAP, mouse Nes-

tin, mouse Sox2, mouse Mcm2, mouse DCX, mouse Calretinin, mouse HuR, mouse Roquin, mouse KHSRP,

mouse Regnase-1, mouse AUF1, human 18S and SARS-CoV-2 S1 were measured using the primers and

probes described in the key resources table.

Immunohistochemistry

For the staining of tissues, mice were sacrificed and transcardially perfused with saline, followed by 10%

neutral buffered formalin (pH 7.4). Formalin-fixed tissues were then embedded in paraffin and sectioned.

For immunofluorescence staining, paraffin-embedded sections were deparaffinized, and blocking was per-

formed in Image-iT FX Signal Enhancer (Life Technologies) for 30 min. Primary antibodies were obtained

from Abcam (active caspase-3, doublecortin and Choline Acetyltransferase). Secondary antibodies were

obtained from Thermo (Alexa Fluor 488 Goat Anti-rabbit IgG (H + L)). The antibodies were diluted with

Can Get Signal Immunostain Solution A (TOYOBO). After the samples had been mounted on a slide

with a cover glass, they were observed under a Keyence BZ-9000 fluorescence microscope.

Measurement of brain acetylcholine levels

Seven days after the inoculation of S1-Ad or Vector-Ad, mice were sacrificed and their brains immediately

harvested. The amount of acetylcholine in the brain was measured by the Choline/Acetylcholine Assay Kit

(abcam). Fluorescence was measured by TriStar LB941 (Berthold).

Induction of ZFP36 in cultured cells

U373 cells were cultured on a 6-well plate and stimulated with 10 mMPNU282987. After culturing U373 cells

in the presence of 10 mg/mL LPS (Merck) for 48 h, they were stimulated with 10 mM PNU282987.Cells were

recovered 2h after stimulation followed by RNA purification and cDNA synthesis by the methods

mentioned above and then expression of anti-inflammatory factors was analyzed by RT-qPCR. Human

TNFa, Human ZFP36 and human 18S were measured using the primers and probes described in the key

resources table.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Shapiro-Wilk normality test was performed to assess the normality of distributions. To compare two

different groups, the Mann-Whitney U-test was used as the nonparametric test. To compare multiple

groups, the Kruskal-Wallis test, and then Dunn’s post hoc test, were used as nonparametric tests. Red hor-

izontal lines are medians. p < 0.05 was considered significant. Spearman’s rank correlation coefficients

were used to determine correlations between variables. Statistical analyses were performed with Prism 8

(GraphPad) and BellCurve for Excel (Social Survey Research Information Co., Ltd.).
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