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Abstract

Introduction: The mechanisms that lead to cognitive impairment associated with

COVID-19 are not well understood.

Methods: Brain lysates from control and COVID-19 patients were analyzed for

oxidative stress and inflammatory signaling pathway markers, and measurements

of Alzheimer’s disease (AD)-linked signaling biochemistry. Post-translational modi-

fications of the ryanodine receptor/calcium (Ca2+) release channels (RyR) on the

endoplasmic reticuli (ER), known to be linked to AD, were also measured by co-

immunoprecipitation/immunoblotting of the brain lysates.

Results:Weprovide evidence linking SARS-CoV-2 infection to activation of TGF-β sig-
naling andoxidativeoverload. Theneuropathological pathways causing tauhyperphos-

phorylation typically associatedwithADwere also shown to be activated inCOVID-19

patients. RyR2 in COVID-19 brains demonstrated a “leaky” phenotype, which can pro-

mote cognitive and behavioral defects.

Discussion: COVID-19 neuropathology includes AD-like features and leaky RyR2

channels could be a therapeutic target for amelioration of some cognitive defects asso-

ciated with SARS-CoV-2 infection and long COVID.
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1 NARRATIVE

1.1 Contextual background

Patients suffering from COVID-19 exhibit multi-system organ failure

involving not only pulmonary1 but also cardiovascular,2 neural,3 and

other systems. The pleiotropy and complexity of the organ system fail-

ures both complicate the care of COVID-19 patients and contribute,

to a great extent, to the morbidity and mortality of the pandemic.4

Severe COVID-19 most commonly manifests as viral pneumonia-

induced acute respiratory distress syndrome (ARDS).5 Respiratory fail-

ure results from severe inflammation in the lungs, which arises when

SARS-CoV-2 infects lung cells. Cardiac manifestations are multifac-
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torial and include hypoxia, hypotension, enhanced inflammatory sta-

tus, angiotensin-converting enzyme 2 (ACE2) receptor downregula-

tion, endogenous catecholamineadrenergic activation, anddirect viral-

induced myocardial damage.6,7 Moreover, patients with underlying

cardiovascular disease or comorbidities, including congestive heart

failure, hypertension, diabetes, and pulmonary diseases, are more sus-

ceptible to infection by SARS-CoV-2, with higher mortality.6,7

In addition to respiratory and cardiac manifestations, it has been

reported that approximately one-third of patients with COVID-19

develop neurological symptoms, including headache, disturbed con-

sciousness, and paresthesias.8 Brain tissue edema, stroke, neuronal

degeneration, and neuronal encephalitis have also been reported.2,8–10

In a recent study, diffuse neural inflammatory markers were found in
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>80% of COVID-19 patient brains, processes which could contribute

to the observed neurological symptoms.11 Furthermore, another pair

of frequent symptoms of infection by SARS-CoV-2 are hyposmia and

hypogeusia, the loss of the ability to smell and taste, respectively.3

Interestingly, hyposmia has been reported in early-stage Alzheimer’s

disease (AD),3 and AD type II astrocytosis has been observed in neu-

ropathology studies of COVID-19 patients.10

Systemic failure in COVID-19 patients is likely due to SARS-CoV-2

invasion via the ACE2 receptor,9 which is highly expressed in pericytes

of human heart8 and epithelial cells of the respiratory tract,12 kidney,

intestine, and blood vessels. ACE2 is also expressed in the brain, espe-

cially in the respiratory center and hypothalamus in the brain stem, the

thermal center, and cortex,13 which renders these tissues more vul-

nerable to viral invasion, although it remains uncertain whether SARS-

CoV-2 virus directly infects neurons in the brain.14 The primary con-

sequences of SARS-CoV-2 infection are inflammatory responses and

oxidative stress in multiple organs and tissues.15–17 Recently it has

been shown that the high neutrophil-to-lymphocyte ratio observed in

critically ill patients with COVID-19 is associated with excessive levels

of reactive oxygen species (ROS) and ROS-induced tissue damage, con-

tributing to COVID-19 disease severity.15

Recent studies have reportedan inverse relationshipbetweenACE2

and transforming growth factor-β (TGF-β). In cancermodels, decreased

levels of ACE2 correlated with increased levels of TGF-β.18 In the

context of SARS-CoV-2 infection, downregulation of ACE2 has been

observed, leading to increased fibrosis formation, as well as upregula-

tion of TGF-β and other inflammatory pathways.19 Moreover, patients

with severe COVID-19 symptoms had higher blood serum TGF-β con-
centrations than those with mild symptoms,20 thus further implicating

the role of TGF-β andwarranting further investigation.
Interestingly, reduced angiotensin/ACE2 activity has been associ-

ated with tau hyperphosphorylation and increased amyloid beta (Aβ)
pathology in animalmodels ofAD.21,22 The linkbetween reducedACE2

activity and increased TGF-β and tau signaling in the context of SARS-
CoV-2 infection needs further exploration.

Our laboratory has shown that stress-induced ryanodine receptor

(RyR)/intracellular calcium release channel post-translational modifi-

cations, including oxidation and protein kinase A (PKA) hyperphos-

phorylation related to activation of the sympathetic nervous system

and the resulting hyper-adrenergic state, deplete the channel stabi-

lizing protein (calstabin) from the channel complex, destabilizing the

closed state of the channel and causing RyR channels to leak Ca2+

out of the endoplasmic/sarcoplasmic reticulum (ER/SR) in multiple

diseases.23–29 Increased TGF-β activity can lead to RyR modification

and leaky channels,30 and SR Ca2+ leak can cause mitochondrial Ca2+

overload and dysfunction.29 Increased TGF-β activity31 andmitochon-

drial dysfunction32 are also associated with SARS-CoV-2 infection.

Here we show that SARS-CoV-2 infection is associated with adren-

ergic and oxidative stress and activation of the TGF-β signaling path-
way in the brains of patients who have succumbed to COVID-19. One

consequence of this hyper-adrenergic and oxidative state is the devel-

opment of tau pathology normally associated with AD. In this article,

we investigate potential biochemical pathways linked to tau hyper-

phosphorylation. Based on recent evidence that has linked tau pathol-

RESEARCH-IN-CONTEXT

1. Systematic review: The authors reviewed the literature

using PubMed. While the mechanisms that lead to cogni-

tive impairment associated with COVID-19 are not well

understood, there have been recent reports studying

SARS-CoV-2 infection and brain biochemistry and neu-

ropathology. These relevant citations are appropriately

cited.

2. Interpretation: Our findings link the inflammatory

response to SARS-CoV-2 infection with the neuropatho-

logical pathways causing tau hyperphosphorylation

typically associated with Alzheimer’s disease (AD). Fur-

thermore, our data indicate a role for leaky ryanodine

receptor 2 (RyR2) in the pathophysiology of SARS-CoV-2

infection.

3. Future directions: The article proposes that the alteration

of cellular calciumdynamics due to leaky RyR2 inCOVID-

19 brains is associatedwith the activation of neuropatho-

logical pathways that are also found in the brains of AD

patients. Both the cortex and cerebellum of SARS-CoV-

2–infected patients exhibited a reduced expression of

theCa2+ buffering protein calbindin.Decreased calbindin

could render these tissues more vulnerable to cytosolic

Ca2+ overload. Ex vivo treatment of the COVID-19 brain

using a Rycal drug (ARM210) that targets RyR2 chan-

nels prevented intracellular Ca2+ leak in patient samples.

Future experiments will explore calcium channels as a

potential therapeutic target for the neurological compli-

cations associated with COVID-19.

ogy to Ca2+ dysregulation associated with leaky RyR channels in the

brain,3,33 we investigated RyR2 biochemistry and function in COVID-

19 patient brains.

1.2 Study conclusions and disease implications

Our results indicate that SARS-CoV-2 infection activates inflammatory

signaling and oxidative stress pathways resulting in hyperphosphory-

lation of tau, but normal amyloid precursor protein (APP) processing

in COVID-19 patient cortex and cerebellum. There was reduced

calbindin expression in both cortex and cerebellum rendering both

tissues vulnerable to Ca2+-mediated pathology. Moreover, COVID-

19 cortex and cerebellum exhibited RyR Ca2+ release channels

with the biochemical signature of ‘‘leaky’’ channels and increased

activity consistent with pathological intracellular Ca2+ leak. RyR2

were oxidized, associated with increased NADPH oxidase 2 (NOX2),

and were PKA hyperphosphorylated on serine 2808, both of which

cause loss of the stabilizing subunit calstabin2 from the channel

complex promoting leaky RyR2 channels in COVID-19 patient brains.
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Furthermore, ex vivo treatment of COVID-19 patient brain samples

with the Rycal drug ARM210, which is currently undergoing clinical

testing at the National Institutes of Health for RyR1-myopathy (Clin-

icalTrials.gov Identifier: NCT04141670), fixed the channel leak. Thus,

our experiments demonstrate that SARS-CoV-2 infection activates

biochemical pathways linked to the tau pathology associated with

AD and that leaky RyR Ca2+ channels may be a potential therapeutic

target for the neurological complications associated with COVID-19.

The molecular basis of how SARS-CoV-2 infection results in ‘‘long

COVID’’ is not well understood, and questions regarding the role of

defective Ca2+ signaling in the brain in COVID-19 remain unanswered.

A recent comprehensive molecular investigation revealed extensive

inflammation and degeneration in the brains of patients that died

from COVID-19,34 including in patients with no reported neurologi-

cal symptoms. These authors also reported overlap between marker

genes of AD and genes that are upregulated in COVID-19 infection,

consistentwith the findings of increased tau pathophysiology reported

in the present study. We propose a potential mechanism that may

contribute to the neurological complications caused by SARS-CoV-

2: defective intracellular Ca2+ regulation and activation of AD-like

neuropathology.

TGF-β belongs to a family of cytokines involved in the formation

of cellular fibrosis by promoting epithelial-to-mesenchymal transition,

fibroblast proliferation, and differentiation.35 TGF-β activation has

been shown to induce fibrosis in the lungs and other organs by activa-

tion of the SMAD-dependent pathway. We have previously reported

that TGF-β/SMAD3 activation leads to NOX2/4 translocation to the

cytosol and its association with RyR channels, promoting oxidization

of the channels and depletion of the stabilizing subunit calstabin in

skeletal muscle and in heart.28,30 Alteration of Ca2+ signaling may

be particularly crucial in COVID-19-infected patients with cardiovas-

cular/neurological diseases due, in part, to the multifactorial RyR2

remodeling after the cytokine storm, increased TGF-β activation, and
increased oxidative stress. Moreover, SARS-CoV-2–infected patients

exhibited a hyperadrenergic state. The elevated expression of gluta-

mate carboxypeptidase 2 (GCPII) in COVID-19 brains reported in the

present study could also contribute directly to increased PKA signal-

ing of RyR2 by reducing PKA inhibition via metabotropic glutamate

receptor 3 (mGluR3).36 Hyperphosphorylation of RyR2 channels can

promote pathological remodeling of the channel and exacerbate defec-

tive Ca2+ regulation in these tissues. The increased Ca2+/cAMP/PKA

signaling could also open nearby K+ channels which could potentially

weaken synaptic connectivity, reduce neuronal firing,36 and could acti-

vate Ca2+ dependent enzymes.

Interestingly, both the cortex and cerebellum of SARS-CoV–2-

infected patients exhibited a reduced expression of the Ca2+ buffering

protein calbindin.Decreased calbindin could render these tissuesmore

vulnerable to the cytosolic Ca2+ overload. This finding is in accordance

with previous studies showing reduced calbindin expression levels in

Purkinje cells and theCA2hippocampal region of ADpatients37–39 and

in cortical pyramidal cells of aged individuals with tau pathology.33,40

In contrast to the findings in the brains of COVID-19 patients in the

present study, calbindin was not reduced in the cerebellum of AD

patients, possibly protecting these cells fromAD pathology.39,41

Leaky RyR channels, leading to increased mitochondrial Ca2+ over-

load and ROS production and oxidative stress, have been shown

to contribute to the development of tau pathology associated with

AD.3,23–29,33 Recent studies of the effects of COVID-19 on the cen-

tral nervous system have found memory deficits and biological mark-

ers similar to those seen in AD patients.42,43 Our data demonstrate

increased activity of enzymes responsible for phosphorylating tau

(pAMPK, pGSK3β), as well as increased phosphorylation at multiple

sites on tau in COVID-19 patient brains. The tau phosphorylation

observed in these samples exhibited somedifferences fromwhat is typ-

ically observed in AD, occurring in younger patients and in areas of the

brain, specifically the cerebellum, that usually do not demonstrate tau

pathology in AD patients. Taken together, these data suggest a poten-

tial contributing mechanism to the development of tau pathology in

COVID-19 patients involving oxidative overload-driven RyR2 channel

dysfunction. Furthermore, we propose that these pathological changes

could be a significant contributing factor to the neurologicalmanifesta-

tionsofCOVID-19and inparticular the “brain fog” associatedwith long

COVID, and represent a potential therapeutic target for ameliorating

these symptoms. For example, tau pathology in the cerebellum could

explain the recent finding that 74% of hospitalized COVID-19 patients

experienced coordination deficits.44 The data presented also raise the

possibility that prior COVID-19 infection could be a potential risk fac-

tor for developing AD in the future.

The present study was limited to the use of existing autopsy

brain tissues at the Columbia University Biobank from SARS-CoV-2–

infected patients. The number of subjects is small and information on

their cognitive function as well as their brain histopathology and levels

of Aβ in cerebrospinal fluid and plasma are lacking. Furthermore, we

did not have access to a suitable animalmodel of SARS-CoV-2 infection

in which to test whether the observed biochemical changes in COVID-

19 brains and potential cognitive and behavioral deficits associated

with the brain fog of long COVID could be reversed or attenuated by

therapeutic interventions. The design of future studies should include

larger numbers of subjects that are age- and sex-matched. The cogni-

tive function of SARS-CoV-2–infected patients who presented cogni-

tive symptoms should be assessed and regularly monitored. Moreover,

it is important to know whether the observed neuropathological sig-

naling is unique to SARS-CoV-2 infection or are common to all other

viral infections. Previous studies have reported cognitive impairment

in Middle East respiratory syndrome45 as well as Ebola46,47 patients.

Retrospective studies comparing the incidence and the magnitude of

cognitive impairments caused by these different viral infections would

improve our understanding of these neurological complications of viral

infections.

2 CONSOLIDATED RESULTS AND STUDY
DESIGN

There were increased markers of oxidative stress (glutathione disul-

fide [GSSG]/ glutathione [GSH]) in the cortex (mesial temporal lobe)

and cerebellum (cerebellar cortex, lateral hemisphere) of COVID-19

tissue. Kynurenic acid, a marker of inflammation, was increased in
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COVID-19 cortex and cerebellum brain lysates compared to controls,

is in accordance with recent studies showing a positive correlation

betweenkynurenic acid and cytokines and chemokine levels inCOVID-

19 patients.48–50

To determine whether SARS-CoV-2 infection also increases tissue

TGF-β activity, we measured SMAD3 phosphorylation, a downstream

signal of TGF-β, in control and COVID-19 tissue lysates. Phosphory-

lated SMAD3 (pSMAD3) levels were increased in COVID-19 cortex

and cerebellum brain lysates compared to controls, indicating that

SARS-CoV-2 infection increasedTGF-β signaling in these tissues. Inter-
estingly, brain tissues from COVID-19 patients exhibited activation of

the TGF-β pathway, despite the absence of the detectable (by immuno-

histochemistry and polymerase chain reaction, data not shown) virus

in these tissues. These results suggest that the TGF-β pathway is acti-
vated systemically by SARS-CoV-2, resulting in its upregulation in the

brain, as well as other organs. In addition to oxidative stress, COVID-

19 brain tissues also demonstrated increased PKA and calmodulin-

dependent protein kinase II association domain (CaMKII) activity, most

likely associated with increased adrenergic stimulation. Both PKA and

CaMKII phosphorylationof tauhavebeen reported in tauopathies.51,52

The hallmarks of AD brain neuropathology are the formation of

Aβ plaques from abnormal APP processing by BACE1, as well as tau

‘‘tangles’’ caused by tau hyperphosphorylation.53 Brain lysates from

COVID-19 patients’ autopsies demonstrated normal BACE1 and APP

levels compared to controls. The patients analyzed in the present study

were grouped by age (young ≤ 58 years old, old ≥ 66 years old) to

account for normal, age-dependent changes in APP and tau pathol-

ogy. Abnormal APP processing was only observed in brain lysates from

patients diagnosed with AD. However, AMPK and GSK3β phosphory-
lation were increased in both the cortex and cerebellum in COVID-

19 brains. Activation of these kinases in SARS-CoV-2–infected brains

leads to a hyperphosphorylation of tau consistent with AD tau pathol-

ogy in the cortex. COVID-19 brain lysates from older patients showed

increased tau phosphorylation at S199, S202, S214, S262, and S356.

Lysates from younger COVID-19 patients showed increased tau phos-

phorylation at S214, S262, andS356, but not at S199andS202, demon-

strating increased tau phosphorylation in both young and old individu-

als and suggesting a tau pathology similar toAD inCOVID-19–affected

patients. Interestingly, both youngandoldpatient brains demonstrated

increased tau phosphorylation in the cerebellum,which is not typical of

AD.

RyR channelsmay be oxidized due to the activation of the TGF-β sig-
naling pathway.30 NOX2 binding to RyR2 causes oxidation of the chan-

nel,which activates the channel,manifested as an increasedopenprob-

ability that can be assayed using 3[H]ryanodine binding.54 When the

oxidization of the channel is at pathological levels, there is destabiliza-

tion of the closed state of the channel, resulting in spontaneous Ca2+

release or leak.27,30 To determine the effect of the increased TGF-β sig-
naling associated with SARS-CoV-2 infection on NOX2/RyR2 interac-

tion, RyR2 and NOX2 were co-immunoprecipitated from brain lysates

of COVID-19 patients and controls. NOX2 associated with RyR2 in

brain tissues from SARS-CoV-2–infected individuals were increased

compared to controls.

Given the increased oxidative stress and increased NOX2 binding

to RyR2 seen in COVID-19 brains, RyR2 post-translational modifica-

tions were investigated. Immunoprecipitated RyR2 from brain lysates

demonstrated increased oxidation, PKA phosphorylation on serine

2808, and depletion of the stabilizing protein subunit calstabin2 in

SARS-CoV-2–infected tissues compared to controls. This biochemi-

cal remodeling of the channel is known as the ‘‘biochemical signa-

ture’’ of leaky RyR223,55,56 that is associated with destabilization of

the closed state of the channel. This leads to SR/ER Ca2+ leak, which

contributes to the pathophysiology of a number of diseases includ-

ing AD.23,24,26,30,55–57 RyR channel activity was determined by bind-

ing of 3[H]ryanodine, which binds only to the open state of the channel.

RyR2was immunoprecipitated from tissue lysates and ryanodine bind-

ing was measured at both 150 nM and 20 μM free Ca2+. RyR2 chan-

nels from SARS-CoV-2–infected brain tissue demonstrated abnor-

mally high activity (increased ryanodine binding) compared to chan-

nels from control tissues at physiologically resting conditions (150 nM

free Ca2+), when channels should be closed. Interestingly, cortex and

cerebellum of SARS-CoV-2–infected patients also exhibited a reduced

expression of the Ca2+ binding protein calbindin. Calbindin is typi-

cally not reduced in the cerebellum of AD patients, possibly provid-

ing some protection against AD pathology. The low calbindin levels in

the cerebellum of COVID-19 brains could contribute to the observed

tau pathology in this brain region. An additional atypical finding in the

COVID-19 brains studied in this investigation is an increased level of

GCPII. This could contribute to theobservedRyRPKAphosphorylation

by increasing cAMP and inhibiting the metabotropic glutamate recep-

tor type 3.36

3 DETAILED METHODS AND RESULTS

3.1 Methods

3.1.1 Human samples

De-identified human heart, lung, and brain tissue were obtained from

the COVID BioBank at Columbia University. The cortex samples were

from the mesial temporal lobe and the cerebellum samples were from

the cerebellar cortex, lateral hemisphere. The Columbia University

BioBank functionsunder standardoperatingprocedures, quality assur-

ance, and quality control for sample collection and maintenance. Age-

and sex-matched controls exhibited absence of neurological disorders

and cardiovascular or pulmonary diseases. Sex, age, and pathology of

patients are listed in Table 1.

Lysate preparation andWestern blots

Tissues (50mg) were isotonically lysed using a Dounce homogenizer in

0.25 ml of 10 mM Tris maleate (pH 7.0) buffer with protease inhibitors

(Complete inhibitors from Roche). Samples were centrifuged at

8000 × g for 20 minutes and the protein concentrations of the super-

natants were determined by Bradford assay. To determine protein

levels in tissue lysates, tissue proteins (20 μg) were separated by 4%
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TABLE 1 Sex, age, and pathology of COVID-19 patients

Patient

Number Sex Age Pathology

1 Male 57 Acute hypoxic-ischemic injury in the hippocampus, pons, and cerebellum.

2 Female 38 Hypoxic ischemic encephalopathy, severe, global.

3 Male 58 Hypoxic/ischemic injury, global, widespread astrogliosis/microgliosis.

4 Male 84 Dementia. Beta-amyloid plaques are noted in cortex and cerebellum.

5 Female 80 Severe hypoxic ischemic encephalopathy, severe. Global astrogliosis andmicrogliosis. Mild

Alzheimer-type pathology.

6 Female 74 Acute hypoxic-ischemic encephalopathy, global, moderate to severe. Arteriolosclerosis, mild.

Metabolic gliosis, moderate

7 Male 66 Left frontal subacute hemorrhagic infarct. Multifocal subacute infarcts in pons and left cerebral

peduncle. Global astrogliosis andmicrogliosis (seemicroscopic description). Alzheimer’s pathology.

8 Female 76 Hypoxic ischemic encephalopathy, moderate. Alzheimer’s pathology. Atherosclerosis, moderate.

Arteriolosclerosis, moderate

9 Male 72 Hypoxic/ischemic injury, acute to subacute, involving hippocampus, medulla and cerebellum.Mild

atherosclerosis. Mild arteriolosclerosis

10 Male 71 Hypoxic-ischemic encephalopathy, acute, global, mild tomoderate. Diffuse Lewy body disease,

neocortical type, consistent with Parkinson disease dementia. Atherosclerosis, severe.

Arteriolosclerosis, mild.

to 20% sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) and immunoblots were developed using the following

antibodies: pSMAD3 (Abcam, 1:1000), SMAD3 (Abcam, 1:1000),

AMPK (Abcam, 1:1000), tau (Thermo Fisher, 1:1000), pTauS199

(Thermo Fisher, 1:1000), pTauS202/T205 (Abcam, 1:1000), pTauS262

(Abcam, 1:1000),GSK3β (Abcam, 1:1000), pGSK3βS9 (Abcam, 1:1000),

pGSK3βT216 (Abcam, 1:1000), APP (Abcam, 1:1000), BACE1 (Abcam,

1:1000), GAPDH (Santa Cruz Biotech, 1:1000), CTF-β (Santa Cruz

Biotechnology, Inc., 1:1000), Calbindin (Abcam, 1:1000), and GCPII

(Thermo Fisher, 1:4000).

Analyses of ryanodine receptor complex

Tissue lysates (0.1 mg) were treated with buffer or 10 μM Rycal

(ARM210) at 4◦C. RyR2 was immunoprecipitated from 0.1 mg lung,

heart, and brain using an anti-RyR2 specific antibody (2 μg) in 0.5 ml

of a modified radioimmune precipitation assay buffer (50 mm Tris-

HCl, pH 7.2, 0.9% NaCl, 5.0 mm NaF, 1.0 mm Na3VO4, 1% Triton X-

100, and protease inhibitors; RIPA) overnight at 4◦C. RyR2-specific

antibody was an affinity-purified polyclonal rabbit antibody using the

peptide CKPEFNNHKDYAQEK corresponding to amino acids 1367–

1380 of mouse RyR2 with a cysteine residue added to the amino

terminus. The immune complexes were incubated with protein A-

Sepharose beads (Sigma) at 4◦C for 1 hour, and the beadswerewashed

three timeswith RIPA. The immunoprecipitateswere size-fractionated

on SDS-PAGE gels (4%–20% for RyR2, calstabin2, and NOX2) and

transferred onto nitrocellulose membranes for 1 hour at 200 mA.

Immunoblots were developed using the following primary antibodies:

anti-RyR2 (Affinity BioReagents, 1:2500), anti-phospho-RyR-Ser(pS)-

2808 (Affinity BioReagents 1:1000), anti- calstabin2 (FKBP12 C-

19, Santa Cruz Biotechnology, Inc., 1:2500), and anti-NOX2 (Abcam,

1:1000). To determine channel oxidation, the carbonyl groups in the

protein side chains were derivatized to DNP by reaction with 2,4-

dinitrophenylhydrazine. The DNP signal associated with RyR2 was

determined using a specific anti-DNP antibody according to themanu-

facturer using an Odyssey system (LI-COR Biosciences) with infrared-

labeled anti-mouse and anti-rabbit immunoglobulin G (IgG; 1:5000)

secondary antibodies.

Ryanodine binding

RyR2 was immunoprecipitated from 1.5 mg of tissue lysate using an

anti-RyR2 specific antibody (25 μg) in 1.0 ml of a modified RIPA buffer

overnight at 4◦C. The immune complexes were incubated with pro-

tein A-Sepharose beads (Sigma) at 4◦C for 1 hour, and the beads

were washed three times with RIPA buffer, followed by two washes

with ryanodine binding buffer (10 mM Tris-HCl, pH 6.8, 1 M NaCl,

1% CHAPS, 5 mg/ml phosphatidylcholine, and protease inhibitors).

Immunoprecipitates were incubated in 0.2 ml of binding buffer con-

taining 20 nM [3H] ryanodine and either of 150 nM and 20 μm free

Ca2+ for 1 hour at 37◦C. Samples were diluted with 1 ml of ice-

cold washing buffer (25 mm Hepes, pH 7.1, 0.25 m KCl) and fil-

tered through Whatman GF/B membrane filters pre-soaked with 1%

polyethyleneimine in washing buffer. Filters were washed three times

with 5ml ofwashing buffer. The radioactivity remaining on the filters is

determined by liquid scintillation counting to obtain bound [3H] ryan-

odine. Nonspecific binding was determined in the presence of 1000-

fold excess of non-labeled ryanodine.

GSSG/GSH ratio measurement and SMAD3 phosphorylation

Approximately 20 mg of tissue suspended in 200 μL of ice-cold

phosphate-buffered saline/0.5% NP-40, pH6.0 was used for lysis.

Tissue was homogenized with a Dounce homogenizer with 10 to 15

passes. Samples were centrifuged at 8000 × g for 15 minutes at 4◦C

to remove any insoluble material. Supernatant was transferred to a

clean tube. Deproteinizing of the samples was accomplished by adding



6 REIKEN ET AL.

F IGURE 1 Increased oxidative stress, inflammatory and adrenergic signaling in brains of COVID-19 patients. A, Bar graph depicting the
glutathione disulfide (GSSG)/ glutathione (GSH) ratio and kynurenic acid (KYNA) enzyme-linked immunsorbent assay signal from control (n= 6)
and COVID-19 (n= 6) tissue lysates. CB, cerebellum; Ctx, cortex. Data aremean± standard deviation (SD). *P< .05 control versus COVID-19. B,
Western blots showing phospho-SMAD3 and total SMAD3 from control (n= 4) and COVID-19 (n= 7) brain lysates. C, Bar graphs depicting
quantification of pSMAD3/SMAD3 fromWestern blot signals in B. D, Calmodulin-dependent protein kinase II association domain (CaMKII) and
protein kinase A (PKA) activity of brain tissue lysates. Data aremean± SD. *P< .05 control versus COVID-19

1 volume ice-cold 100% (w/v) trichloroacetic acid (TCA) into five

volumes of sample and vortexing briefly to mix well. After incubating

for 5minutes on ice, samples were centrifuged at 12,000× g for 5min-

utes at 4◦C and the supernatant was transferred to a fresh tube. The

samples were neutralized by adding NaHCO3 to the supernatant and

vortexing briefly. Samples were centrifuged at 13,000 × g for 15 min-

utes at 4◦C and supernatant was collected. Samples were then depro-

teinized, neutralized, TCA was removed, and they were ready to use in

the assay. TheGSSG/GSHwas determined using a ratio detection assay

kit (Abcam, ab138881). Briefly, in two separate assay reactions, GSH

(reduced) was measured directly with a GSH standard and Total GSH

(GSH+GSSG)wasmeasuredbyusing aGSSGstandard.A96-well plate

was setupwith50μLduplicate samples and standardswithknowncon-

centrations of GSH and GSSG. A Thiol green indicator was added, and

the plate was incubated for 60minutes at room temperature (RT). Flu-

orescence at Ex/Em = 490/520 nm was measured with a fluorescence

microplate reader and the GSSG/GSH for samples were determined

comparing fluorescence signal of samples with known standards.

Kynurenic acid assay

Kynurenic acid (KYNA) concentration in brain lysates was determined

using an enzyme-linked immunosorbent assay (ELISA) kit for KYNA

(ImmuSmol). Briefly, samples (50 μl) were added to a microtiter plate

designed to extract the KCNA from the samples. An acylation reagent

was added for 90 minutes at 37◦C to derivatize the samples. After

derivatization, 50 μl of the prepared standards and 100 μl samples

were pipetted into the appropriate wells of the KYNAmicrotiter plate.

KYNA Antiserum was added to all wells and the plate was incubated

overnight at 4◦C. After washing the plate four times, the enzyme con-

jugate was added to each well. The plate was incubated for 30 min-

utes at RT on a shaker at 500 rpm. The enzyme substrate was added

to all wells and the platewas incubated for 20minutes at RT. Stop solu-

tion was added to each well. A plate reader was used to determine the

absorbance at 450 nm. The sample signals were compared to a stan-

dard curve.

PKA activity assay

PKA activity in brain lysates was determined using a PKA activity kit

(Thermo Fisher, EIAPKA). Briefly, samples were added to a microtiter

plate containing an immobilized PKA substrate that is phosphorylated

by PKA in the presence of ATP. After incubating the samples with ATP

at RT for 2 hours, the plate was incubated with the phospho-PKA sub-

strate antibody for 60 minutes. After washing the plate with wash

buffer, goat anti-rabbit IgG horseradish peroxidase (HRP) conjugate

was added to eachwell. The platewas aspirated,washed, andTMBsub-

stratewasadded toeachwell,whichwas then incubated for30minutes
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F IGURE 2 Hyperphosphorylation of tau but normal amyloid precursor protein (APP) processing in COVID-19 brains. A, Brain (CB, cerebellum;
Ctx, cortex) lysates were separated by 4% to 20% polyacrylamide gel electrophoresis. Immunoblots were developed for pAMPK, AMPK, GSK3β,
pGSK3β (T216), APP, BACE1, and GAPDH loading control. The numbers (1–10) above immunoblots refer to patient numbers listed in Table 1. B,
Bar graphs showing quantification of pAMPK, pGSK3β, APP/GAPDH, and BACE1/GAPDH fromWestern blots in (A). Data aremean± standard
deviation (SD). *P< .05 control versus COVID-19; **P< .05 CB versus Ctx; #P< .05 COVID (Young) versus COVID (Old). C, Immunoblots of brain
lysates showing total tau and tau phosphorylation on residues S199, S202/T205, S214, S262, and S356. D, Bar graphs showing quantification
phosphorylated tau at the residues shown onWestern blots in (C). Data aremean± SD. *P< .05 control versus COVID-19; **P< .05 CB versus Ctx;
#P< .05 COVID (Young) versus COVID (Old)

at RT. A plate reader was used to determine the absorbance at 450 nm.

The sample signals were compared to a standard curve.

CaMKII activity assay

CaMKII activity in brain lysates was determined using the CycLex CaM

kinase II Assay Kit (MBL International). Briefly, samples were added

to a microtiter plate containing an immobilized CaMKII substrate that

is phosphorylated by CaMKII in the presence of Mg2+ and ATP. After

incubating the samples in kinase buffer containing Mg2+ and ATP at

RT for 1 hour, the plate was washed and incubated with the HRP con-

jugated anti-phospho-CaMKII substrate antibody for 60 minutes. The

plate was aspirated, washed, and TMB substrate was added to each

well, whichwas then incubated for 30minutes atRT.Aplate readerwas

used to determine the absorbance at 450 nm. The sample signals were

compared to a standard curve.

Statistics

Group data are presented as mean ± standard deviation. Statisti-

cal comparisons between the two groups were determined using an

unpaired t-test. Values of P < .05 were considered statistically signifi-

cant. All statistical analyses were performedwith GraphPad Prism 8.0.

3.2 Results

3.2.1 Oxidative stress and TGF-β, PKA, and
CaMKII activation

Oxidative stress levels were determined in brain tissues (cortex, cere-

bellum) from COVID-19 patient autopsy tissues and controls by mea-

suring the ratio of GSSG to GSH by an ELISA kit. COVID-19 patients
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F IGURE 3 Dysregulation of calcium-handling proteins in COVID-19 brains. A,Western blots depicting ryanodine receptor 2 (RyR2) oxidation,
protein kinase A (PKA) phosphorylation, and calstabin2 or NADPH oxidase 2 (NOX2) bound to the channel from brain (CB, cerebellum; Ctx,
cortex) lysates. B, Bar graphs quantifying DNP/RyR2, pS2808/RyR2, and calstabin2 andNOX2 bound to the channel from theWestern blots. Data
aremean± standard deviation (SD). *P< .05 control versus COVID-19; # P< .05 COVID-19 versus COVID-19+ARM210. C, 3[H]ryanodine
binding from immunoprecipitated RyR2. Bar graphs show ryanodine binding at 150 nMCa2+ as a percent of maximum binding (Ca2+= 20 μM).
Data aremean± SD. *P< .05 control versus COVID-19; #P< .05 COVID-19 versus COVID-19+ARM210. D,Western blots showing the levels of
glutamate carboxypeptidase 2 (GCPII), calbindin, and GAPDH loading control in brain (Ctx, CB). E, Bar graphs quantifying GCPII/GAPDH and
calbindin/GAPDH from thewestern blots. Data aremean± SD. *P< .05 control versus COVID-19

exhibited significant oxidative stress with a 3.8- and 3.2-fold increase

in GSSG/GSH ratios in cortex (Ctx) and cerebellum (CB) compared to

controls, respectively (Figure 1A). High circulating levels of kynure-

nine have been reported in COVID-19.48–50 However, the expression

of KYNA in COVID-19 brain tissue has not been examined. Levels in

the Ctx and CB were measured using an ELISA kit. COVID-19 brains

had a significant increase in the Ctx and CB compared to controls

(Figure 1A). An additional marker of tissue inflammation is increased

cytokine expression. SMAD3 phosphorylation, a downstream signal of

TGF-β, was increased inCOVID-19Ctx andCB tissue lysates compared

to controls (Figure 1B and 1C). Increased adrenergic activation in the

brain of patients infected with SARS-CoV-2 was also demonstrated by

measuring PKA activity in the Ctx and CB and CaMKII activity was

increased as well (Figure 1D).

Activation of AD-linked signaling

Both PKA and CaMKII have been directly implicated in the increased

phosphorylation of tau associated with AD.51,52 Because COVID-19

brain lysates had increased PKA and CaMKII activity, AD-linked bio-

chemistry was evaluated in the COVID-19 brain lysates. Normal APP

processing was observed in COVID-19 brain lysates as demonstrated

by normal BACE1 and APP levels compared to controls (Figure 2A

and B). Abnormal APP processing was only observed in brain lysates

from patients diagnosedwith AD (see Table 1 for patient details). How-

ever, phosphorylation/activation of AMPK andGSK3βwas observed in
SARS-CoV-2–infectedpatient brain lysates.Activationof thesekinases

along with the activation of PKA and CaMKII (Figure 1) leads to a

hyperphosphorylation of tau at multiple residues (Figure 2C and D).

Tauhyperphosphorylation in the cerebellum is not typical ofADpathol-

ogy. The CB tau pathology demonstrated in COVID-19 warrants fur-

ther investigation.

RyR2 channel oxidation and leak

RyR2 biochemistry was investigated to determine whether RyR2

in COVID-19 brain tissues demonstrated a “leaky” phenotype.

Increased NOX2/RyR2 binding was shown in Ctx and CB lysates

from SARS-CoV-2–infected individuals compared to controls using

co-immunoprecipitation (Figure 3A and B). In addition, RyR2 from

SARS-CoV-2–infected brains had increased oxidation, increased serine

2808 PKA phosphorylation, and depletion of the stabilizing protein

subunit calstabin2 compared to controls (Figure 3A and B). RyR chan-

nels exhibiting these characteristics can be inappropriately activated

at low cytosolic Ca2+ concentrations resulting in a pathological ER/SR

Ca2+ leak. 3[H]Ryanodine binding to immunoprecipitated RyR2 was

measured at both 150 nM and 20 μM free Ca2+. Because ryanodine

binds only to the open state of the channel under these conditions,
3[H]Ryanodine bindingmay be used as a surrogatemeasure of channel

openprobability. The total amount of RyR immunoprecipitatedwas the



REIKEN ET AL. 9

F IGURE 4 SARS-CoV-2 infection results in leaky ryanodine
receptor 2 (RyR2) that may contribute to cardiac, pulmonary, and
cognitive dysfunction. SARS-CoV-2 infection targets cells via the
angiotensin-converting enzyme 2 (ACE2) receptor, inducing
inflammasome stress response/activation of stress signaling
pathways. This results in increased transforming growth factor-β
(TGF-β) signaling, which activates SMAD3 (pSMAD) and increases
NADPH oxidase 2 (NOX2) expression and the amount of NOX2
associated with RyR2. Increased NOX2 activity at RyR2 oxidizes the
channel, causing calstabin2 depletion from the channel
macromolecular complex, destabilization of the closed state, and
ER/SR calcium leak that is known to contribute to cardiac
dysfunction,55 arrhythmias,61 pulmonary insufficiency,23,25 and
cognitive and behavioral abnormalities associated with
neurodegenreation.24,26 Decreased calbindin in COVID-19may
render brain more susceptible to tau pathology. Rycal drugs fix the
RyR2 channel leak by restoring calstabin2 binding and stabilizing the
channel closed state. Fixing leaky RyR2may improve cardiac,
pulmonary, and cognitive function in COVID-19.

same for control and COVID-19 samples (data not shown). Increased

RyR2 channel activity at resting conditions (150 nM free Ca2+) was

observed in COVID-19 channels compared to controls (Figure 3C).

Under these conditions, RyR channels should be closed. Rebinding of

calstabin2 to RyR2, using a Rycal, has been shown to reduce SR/ER

Ca2+ leak, despite the persistence of the channel remodeling. Indeed,

calstabin2 binding to RyR2 was increased when COVID-19 patient

brain tissue lysates were treated ex vivo with the Rycal drug ARM210

(Figure 3A and B). Abnormal RyR2 activity observed at resting Ca2+

concentration was also decreased by Rycal treatment (Figure 3C).

An interesting finding concerning the tau phosphorylation in brain

lysates fromSARS-CoV-2 patientswas the increase of phosphorylation

at multiple sites in the cerebellum. This is atypical of AD. One potential

mechanism to explain this finding is the significantly decreased levels

of calbindin expressed in COVID-19 cerebellum (Figure 3D, 3E). The

decreased cerebellar calbindin levels could make this area of the brain

more susceptible to Ca2+-induced activation of enzymes upstream

of tau phosphorylation. Moreover, increased GCPII expression was

observed in COVID-19 cortex and cerebellar lysates (Figure 3D, 3E),

whichwould reducemGluR3 inhibition of PKA signaling and could con-

tribute to the PKA hyperphosphorylation of RyR2.

Model for the role for leaky RyR2 in the pathophysiology of

SARS-CoV-2 infection

Our data indicate a role for leaky RyR2 in the pathophysiology of

SARS-CoV-2 infection (Figure 4). In addition to the brain of COVID-

19 patients, we observed increased systemic oxidative stress and acti-

vation of the TGF-β signaling pathway in lung, and heart, which cor-

relates with oxidation-driven biochemical remodeling of RyR2 (Fig-

ure 3 and S1 in supporting inormation). This RyR2 remodeling results

in intracellular Ca2+ leak, which can play a role in heart failure progres-

sion, pulmonary insufficiency, as well as cognitive dysfunction.23–26,28

The alteration of cellular Ca2+ dynamics has also been implicated in

COVID-19 pathology.58,59 Taken together, the present data suggest

that leakyRyR2mayplaya role in the long-termsequelaeofCOVID-19,

including the “brain fog” associated with SARS-CoV-2 infection which

could be a forme fruste of AD,60 and could predispose long COVID

patients to developing AD later in life. Leaky RyR2 channels may be a

therapeutic target for amelioration of some of the persistent cognitive

deficits associated with long COVID.
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