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Abstract

Purpose of Review We present biological and psychological factors implicated in psychiatric manifestations of SARS-CoV-2,
as well as its neuroinvasive capability and immune pathophysiology.

Recent Findings Preexisting mental illness leads to worse clinical outcomes in COVID-19. The presence of the virus was
reported in the cerebrospinal fluid (CSF) and brain tissue post-mortem. Most common psychiatric manifestations include
delirium, mood disorders, anxiety disorders, and posttraumatic stress disorder. “Long-COVID” non-syndromal presentations
include “brain-fogginess,” autonomic instability, fatigue, and insomnia.

Summary SARS-CoV-2 infection can trigger prior vulnerabilities based on the priming of microglia and other cells, induced
or perpetuated by aging and mental and physical illnesses. COVID-19 could further induce priming of neuroimmunological
substrates leading to exacerbated immune response and autoimmunity targeting structures in the central nervous system
(CNS), in response to minor immune activating environmental exposures, including stress, minor infections, allergens,
pollutants, and traumatic brain injury.
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Introduction

In 2019, a new virus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), spread across the world and
caused what has become known as coronavirus disease 2019
(COVID-19), a systemic illness with heterogeneous presenta-
tion and potential for pan-organ involvement. The COVID-19
pandemic has led to unprecedented widespread and inter-
twined psychological and social stress secondary to people
fearing for their lives and those of their loved ones, economic
distress, isolation, loneliness, tensions associated with rac-
ism and xenophobia (especially towards people of East Asian
descent), as well as disparities in healthcare. Results from the
Household Pulse Survey, implemented by the National Center
for Health Statistics (NCHS) and the Census Bureau to moni-
tor the impact of the pandemic, suggest substantial increases
of both anxiety and depressive symptoms among US residents
[1]. Moreover, rates of infection and severity of illness are
higher in individuals with a preexisting diagnosis of mental ill-
ness [2]. For example, individuals with preexisting schizophre-
nia spectrum disorders have especially high odds of mortality
from SARS-CoV-2, even after adjusting for demographic and
medical risk factors. Indeed, in a general population risk factor
model, a diagnosis of schizophrenia is second only to age in
strength of association with mortality [3].

In this review, we emphasize the intersection between
biological and psychological mechanisms implicated in
COVID-19-related psychiatric vulnerability. Even as vac-
cines drive down rates of infection and death, our perspec-
tive will remain relevant to both patients with new-onset
mental disorders and those with exacerbation and reactiva-
tion of previous psychiatric illnesses. Moreover, those with
“long-hauling” non-specific symptoms, as well as individu-
als impacted by future pandemics with respiratory infections
affecting brain and behavior, are expected to benefit from
increased understanding and improved readiness.



Current Psychiatry Reports (2021) 23: 68

Page3of25 68

Human Coronaviruses

Currently, there are 7 coronaviruses (CoVs) known to infect
humans. These include the a-CoV genera (HCoV-229E and
NL63) and -CoV genera in the Coronaviridae family (HCo-
VOC43 and HCoV-HKU1), which cause only mild respira-
tory disease and three coronaviruses (severe Middle East
respiratory syndrome (MERS-CoV), severe acute respiratory
syndrome coronavirus 1 (SARS-CoV-1), and SARS-CoV-2)
that cause severe illnesses with respiratory and systemic
symptoms in a significant proportion of patients [4]. Prior
to the SARS-CoV-1 outbreak in 2003, the human coronavi-
ruses were known only to cause symptoms associated with
the common cold.

The coronaviral genome codes for four major structural
proteins: (1) the spike (S) protein, which mediates attach-
ment to the host cell surface receptors and viral penetra-
tion; (2) the membrane (M) protein, which defines the solar
corona-like shape of the viral envelope; (3) the envelope (E)
protein, which participates in viral assembly and release;
and, (4) the nucleocapsid (N) protein, which binds to the
RNA genome and is also involved in viral assembly and
release [4]. Coronaviruses possess the largest genome of
RNA viruses [4]. Notable characteristics of SARS-CoV-2
include its potential use of the CD147 cluster of differentia-
tion (CD) to aid in cell entry [5], the presence of a specific
furin-like cleavage site in its S protein [6ee], and in com-
parison to SARS-CoV-1, its stronger binding affinity to the
human angiotensin I-converting enzyme 2 (ACE2) [6ee].

Immune Response to SARS-CoV-2

The immune response to viral peptide presentation (on the
surface of invaded cells by class I major histocompatibil-
ity complex (MHC) proteins) leads to differentiation and
activation of (CD)8 + cytotoxic T cells, which begin clonal
expansion and differentiation in virus-specific effector and
memory T cells, leading to lysis of virus-infected tissue
cells [7]. This further leads to the virus and its particles
being recognized by antigen-presenting cells (i.e., dendritic
cells and macrophages) and B cells being activated, which
then interact with CD4 + T cells, further enhancing CD8 +T
cell expansion [7]. This is why impaired induction of T cell
proliferation and T cell function in COVID-19 [8, 9ee] con-
tributes to reduced viral clearance and prolonged immune
activation. T cell counts have been noted to be significantly
reduced in COVID-19 patients, especially those hospital-
ized in intensive care units (ICUs), with surviving T cells
appearing functionally exhausted (expressing higher levels
of inhibitive checkpoint markers programmed cell death 1
(PD-1) and hepatitis A virus cellular receptor 2 (TIM-3))

[8, 9ee]. This effect on T cells greatly reduces immune sur-
veillance and allows the virus to hematologically circulate,
especially within monocytes.

Such a reduction in the adaptive immune response
results in a greater dependence on innate immune cells,
such as macrophages, for elimination of SARS-CoV-2.
Angiotensin I-converting enzyme 2 (ACE2) express-
ing CD68 + CD169 + macrophages containing SARS-
CoV-2 have been shown to produce a significant amount
of the cytokine, interleukin (IL)-6, suggesting that they
may contribute to the dysregulated inflammatory response
in COVID-19 [10]. Additionally, macrophage activation
syndrome may further explain the high serum levels of
C-reactive protein (CRP), which are not normally present
among those with viral infections, as well as cytokine storms
observed among those with COVID-19 [11]. Infection with
COVID-19 also induces a population of phenotypically dis-
tinct CD14*/CD16% inflammatory monocytes that secrete
proinflammatory cytokines, including IL-6 and tumor necro-
sis factor alpha (TNFa) [12]. COVID-19 virulence and path-
ogenicity have been associated with activation of an inflam-
masome (i.e., NOD-like receptor pyrin domain containing
3 [NLRP3] inflammasome) in monocytes, macrophages,
and epithelial cells (and maybe even endothelial cells), pos-
sibly contributing through the release of proinflammatory
cytokines, IL-1p and IL-18. Also, toll-like receptor (i.e.,
TLR3, TLR7, TLRS, and TLRY) interactions with SARS-
CoV-2 RNA activate the nuclear factor kappa B (NF-kB)
pathway, which contributes to a release of proinflammatory
cytokines [13]. Some evidence also suggest that SARS-
CoV-2 interacts with CD147, a receptor on host cells that is
the main upstream stimulator of matrix metalloproteinases
(MMPs), with expression levels of CD147 and MMPs often
being increased in inflammatory processes [14].

During an immune response, B cells are stimulated by
CD4 + T helper cells to differentiate and secrete antibodies
(i.e., immunoglobulins (Ig)) with specific antigen-binding
fragments (Fab) and fragment crystallizable (Fc) regions
(i.e., IgM, IgG, IgA, or IgE) [15]. The Fab region of anti-
bodies is involved in neutralizing the antigen by binding to
it, while the Fc regions are involved in the effector functions
through interaction with complement proteins, lectin-like
proteins, and Fc receptors (which are present on all innate
immune cells) [15]. The effector functions include phago-
cytosis (of infected cells and pathogens bound by antibod-
ies) by monocytes, macrophages, neutrophils, and dendritic
cells, as well as the killing of infected cells via cytotoxic
natural killer (NK) cells and complement-mediated lysis
[15]. During viral infection, the majority of neutralizing
antibodies target the viral spike glycoproteins and thus pre-
vent virus entry to the cell. Some antibodies also bind gly-
coproteins to the infected cell’s surface, thus preventing viral
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budding [16]. Evidence shows that individuals develop both
IgM and IgG antibodies to the SARS-CoV-2 spike receptor-
binding domain and nucleoprotein, with higher titers noted
among individuals who experienced a more severe course
of COVID-19 [17-20]. Further, a recent study shows that in
COVID-19 patients with neurological symptoms, intrathecal
immune responses are distinct from peripheral responses,
with CSF antibodies targeting antiviral and antineural anti-
gens [21].

Sex Differences in Imnmune Response
to SARS-CoV-2

Male sex has been associated with a higher rate of infection
with SARS-CoV-2 [22] and negative COVID-19 outcomes,
including death [23-25]. This may be related to biological
differences in the innate and adaptive immune responses to
infection, which are influenced by genes, hormones, and the
microbiome [26]. Males with COVID-19 have higher plasma
levels of innate immune cytokines (e.g., IL-8 and IL-18)
and CD14"°CD16" non-classical monocytes than females
with COVID-19 and healthy controls [27]. Females with
COVID-19 have more CD4 and CD8 T cell activation than
males (with a greater difference in CD8 T cells), and a poor
T cell response was found to be negatively correlated with
age and associated with worse disease outcomes in males
(but not in females) [27]. Additionally, males with COVID-
19 have higher levels of neutralizing IgG antibodies against
the SARS-CoV-2 S protein [28].

Mechanisms of CNS Penetration
by Coronaviruses

The coronaviruses have neuroinvasive potential, being able
to reach the central nervous system (CNS) via neural retro-
grade or hematogenous pathways [29ee]. The exact route of
entry of SARS-CoV-2 into the CNS remains to be identified,
but several pathways have been proposed that are analogous
to mechanisms reported among those with other viral infec-
tions [30, 31].

Neural Pathway of CNS Penetration
by Coronaviruses

The olfactory neuroepithelium located inside the nasal cav-
ity is one of the regions in which CNS neurons are in direct
contact with the external environment. This allows patho-
gens and molecules to access the CNS, while circumventing
the blood-brain barrier (BBB) (whose tight junctions pre-
vent passage of cells and large molecules) and the systemic
circulation (where immune surveillance neutralizes or kills
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foreign antigens) [30]. The intranasal pathway has been pre-
viously shown to be a direct access route to the CNS for sev-
eral neurotropic viruses including arena [32], Borna disease
[33], herpes simplex (HSV) [34], influenza [35] mumps [36],
and measles viruses [37] (Fig. 1).

Recent studies demonstrate that SARS-CoV-2 also
invades the CNS by infecting and bypassing the olfactory
neuroepithelium [38]. In the context of viral rhinitis, corona-
viruses can disrupt the nasal epithelium and reach the CNS
through neural dissemination (e.g., olfactory tract [31]).
Retrograde transport of viral antigens along the axons of
olfactory sensory neurons is suggested by mouse models
transgenic for human ACE2 and intranasally inoculated with
SARS-CoV-1 [9ee]. This is congruent with ACE2 expres-
sion in human olfactory epithelium and SARS-CoV-2 posi-
tive individuals experiencing anosmia [9ee]. Additionally,
neuropilin-1 (NRP1), which is present on olfactory neuronal
cells inside the nasal cavity, provides an additional molecu-
lar receptor for SARS-CoV-2 entry [39ee].

Axonal transport results in neuron-to-neuron propagation
of coronaviruses, as seen in HCoV-OC43 [40]. In experi-
mental murine models, manifestations vary from flaccid
paralysis to encephalitis depending on mutations in the spike
glycoprotein of the virus [41] and involvement of glutamate
excitotoxicity [42]. Notably, in humanized murine models,
the SARS coronaviruses can cause neuronal death in the
absence of encephalitis [43]. Additionally, the S protein of
SARS-CoV-2 has been shown to be able to cross the BBB
in mice [44]. Besides the olfactory “superhighway from the
nose to the brain [30],” the coronaviruses can also use other
cranial nerves as substrates for axonal transport [40].

The presence of SARS-CoV-2 in the cerebrospinal
fluid (CSF) further supports direct invasion of the CNS by
the virus [45]. The presence of SARS-CoV-2 in the CSF
of individuals with neuropsychiatric symptoms has been
noted in case reports from an individual with meningoen-
cephalitis and seizures [46], an individual diagnosed with
viral encephalitis in China [47], and another case with sus-
pected demyelinating disease [48]. A 47-year-old individual
with cerebellar dysfunction was found to have edema of
the cerebellar hemisphere associated with leptomeningeal
enhancement on brain magnetic resonance imaging (MRI),
and subsequently, SARS-CoV-2 RNA was detected in oro-
pharyngeal/nasopharyngeal and CSF specimens [49]. In
another case, an individual with COVID-19 pneumonia,
meningoencephalitis, and nephritis had detectable SARS-
CoV-2 in his CSF, but not in his peripheral blood, further
suggesting that SARS-CoV-2 can invade the CNS without
circulating through the blood [50]. The cell count in the CSF
of this individual was low, which may be due to the lympho-
penia that has been previously described in COVID-19 [50].
In a case of a 55-year-old woman with acute necrotizing
encephalitis, the CSF was initially negative for SARS-CoV-2
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Fig. 1 Historic awareness of the importance of the nasal pathway in
pandemics. Legend: The Plague Doctor is a reproduction of a 1856
engraving by the publishing house of Gerhart Altzenbach, a copper
engraver from Cologne, Germany (approximately 1590-1672) illus-
trating a 1656 outfit of a physician during the medieval outbreaks
of plague that spread throughout Rome and neighboring Naples.
The outfit is representative of what doctors wore during the bubonic
plague in Europe in hopes of protecting themselves from the disease.
Protecting the nostrils and shielding the eyes were believed to be par-
amount. The physicians held wands to better give instructions. The
beak of the mask was often filled with strongly aromatic herbs and
spices with potential disinfectant effects, in hopes of protection from

-

the miasmas or “bad air,” which at the time was thought, mistakenly,
to carry the plague. Nevertheless, the intuition about the importance
of the nasal pathway proved correct for other infectious disease.
Indeed, the nose is a common “superhighway” to the brain for cer-
tain pathogens, including coronaviruses, to enter the central nervous
system [30] (Tonelli, L. H. and Postolache, T. T. 2010), including
for coronaviruses, such as COVID-19. (The picture of this engrav-
ing, The Plague Doctor, is in the public domain and was published in
circa 1656 by Gerhart Altzenbach. REPRODUCED FROM https://
commons.wikimedia.org/wiki/File:Gerhart_Altzenbach,_Kleidung_
widder_den_Todt_Anno_1656.png. ACCESSED ON 12.20.20. Orig-
inal capture: Tizenberg et al.)
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RNA twice but was detected in the CSF 19 days after
symptom onset [51]. Additionally, despite the individual’s
neurological function declining to the point of coma, and
exceptionally elevated concentrations of the neuronal injury
markers (i.e., neurofilament light-chain protein and tau pro-
tein) and astrocytic activation marker (i.e., glial fibrillary
acidic protein) in the CSF, the monocyte and protein levels
in the CSF were only marginally increased, and there was
no evidence of a hyperinflammatory state, further support-
ing the neuroinvasiveness of SARS-CoV-2 [51]. In a case
of a 49-year-old woman with meningitis, SARS-CoV-2 was
detected in the CSF, but chest computed tomography (CT)
revealed a lack of pulmonary involvement, and oropharyn-
geal/nasopharyngeal samples were negative for the presence
of the virus [52]. A 64-year-old woman began to experi-
ence symptoms of acute meningoencephalitis several weeks
after resolution of COVID-19 associated respiratory distress
(her nasopharyngeal swab for SARS-CoV-2 was negative) at
which time her CSF, nasopharyngeal, and tracheal aspiration
specimens tested positive for SARS-CoV-2 [53].

However, in many cases, SARS-CoV-2 was not detected
in the CSF [54-56]. A retrospective analysis of individuals
with COVID-19 found that SARS-CoV-2 RNA was detected
in CSF in 1 out of 28 cases [57] and a review found the
CSF detection of SARS-CoV-2 as 1.28% among 1018 cases
pooled from case reports and case series that obtained CSF
samples [45].

There is also post-mortem data from several studies of
autopsies that looked for neuropathological findings or the
presence of SARS-CoV-2 in the brain. Three of these stud-
ies did not find the presence of SARS-CoV-2 in the CNS
across 12 cases of confirmed COVID-19 [58-60]. However,
nine studies across 58 of 87 cases (67%) found SARS-CoV-2
RNA in the brain [39ee, 56, 61-67]. It is important to note
that, although in one of the studies SARS-CoV-2 RNA was
found in 9 of 11 cerebral samples, autopsy examination did
not show evidence of viral encephalitis nor vasculitis [61],
which could suggest that the polymerase chain reaction
(PCR) result may have been a false positive. Another case
confirmed by reverse transcription polymerase chain reac-
tion (RT-PCR) showed neuronal damage on autopsy, which
was progressively less severe from the olfactory nerve to the
gyrus rectus and to the brainstem, also supporting the theory
of direct invasion of the CNS by SARS-CoV-2 through the
olfactory mucosa [68]. In brain autopsies of three individu-
als who died from COVID-19, there was evidence of the
presence of SARS-CoV-2 in endothelium and cortical neu-
rons, but there was no evidence to suggest lymphocyte or
leukocyte infiltration [69].

Brain MRI of individuals with COVID-19 has also dem-
onstrated structural changes in the olfactory pathway, includ-
ing the olfactory nerve, olfactory bulb, and cortex, further
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supporting the concept of SARS-CoV-2 following this path-
way in a retrograde manner to the CNS [70-72].

Human brain organoid models have shown evidence
for infection of neurons by SARS-CoV-2, with secondary
changes within infected and nearby neurons [69]. The brain
organoid models also showed that ACE2 blocking antibod-
ies can prevent SARS-CoV-2 infection, further supporting
that ACE2 may play a significant role in neuroinvasion [69].

Animal studies with immunostaining for SARS-CoV-2
showed enhancement in brain regions connected to the olfac-
tory bulb [73, 74] and suggest that SARS-CoV-2 can invade
the CNS via retrograde olfactory, gustatory, and trigeminal
pathways [74]. A mouse model found that expressing human
ACE2 receptor in the brain involved weight loss and death
after intranasal or intrathecal introduction of SARS-CoV-2,
while the mice expressing human ACE2 receptor in the
lungs did not experience weight loss or death after inocula-
tion with the virus [69].

SARS-CoV-2 may also enter the CNS through retrograde
transport along the vagus nerve and its branches. Entero-
cytes in the GI tract and inhibitory enteric neurons (which
the vagus nerve synapses on) were found to co-express
ACE2 and proteases associated with SARS-CoV-2 entry
(i.e., transmembrane protease serine 2 (TMPRSS?2) and cath-
epsin L (CTSL)) [75], and SARS-CoV-2 has been shown to
effectively replicate inside enterocytes [76].

Some researchers have expressed doubt that the virus uses
the neural pathway to enter the CNS. For example, a preprint
article documenting 67 autopsies on COVID-19-positive
patients noted that the most striking features in the neuro-
pathological examination were vascular (i.e., presence of
microthrombi and acute infarction), and even though two
cases suggested the beginning of encephalitis (i.e., focal
parenchymal infiltrate of T-lymphocytes), the authors com-
mented that widespread meningoencephalitis, microglial
nodules, and viral inclusions were not a prominent feature
in any of the cases [77]. Moreover, the authors affirm that
the absence of meningoencephalitis, microglial nodules,
and viral inclusions from the olfactory bulbs and brainstem
argues against nasal entry — and there was also no loss
of myelin to suggest demyelination [77]. The authors also
noted elevated inflammatory markers, abnormal coagulation
values, elevated proinflammatory cytokines (IL-6, IL-8, and
TNFa), microthrombi in multiple organ systems including
the brain, the presence of the virus and the ACE2 receptor
in the brain, and a macrophage activation syndrome [77].
Another case report documented difficulty in detecting the
virus in the CSF of two stroke patients positive for SARS-
CoV-2 [54]. This is not surprising as the virus does not need
to be in the CSF or brain parenchyma to cause coagulopa-
thies and stroke, as all these effects could be consequences
of systemic dysregulation.
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Nevertheless, more recent evidence does support the view
that SARS-CoV-2 may enter the CNS through the nasal
epithelium. Single-cell sequencing showed that ACE2 is
expressed in support cells, stem cells, and perivascular cells
in the olfactory epithelium and olfactory bulb, rather than
in neurons, which was confirmed by immunostaining in a
mouse that also showed widespread expression of ACE2 in
dorsally-located olfactory epithelial sustentacular cells and
olfactory bulb pericytes [78]. Additionally, SARS-CoV-2
S protein and RNA presence were the highest in olfactory
mucosa (directly beneath the cribriform plate) as compared
to the olfactory bulb, olfactory tubercle, oral mucosa (i.e.,
uvula), trigeminal ganglion, medulla oblongata, and cerebel-
lum [38]. This, in combination with the presence of SARS-
CoV-2 S protein in cerebral and leptomeningeal endothe-
lial cells, suggests that neuroinvasion may also occur at the
olfactory mucosa and follows regional neuroanatomical
structures [38].

Hematological Pathway of CNS Penetration
by Coronaviruses

Coronaviruses are selective in terms of which immune cells
they exterminate (e.g., dendritic cells) and which cells they
protect (i.e., monocytes [79], and activated type 1 mac-
rophages (M1) after stimulation with lipopolysaccharide
(LPS) [80]). Coronaviruses, especially SARS-CoVs, can
infect immune cells [79, 81-86] and use them as a reser-
voir from which they can hematogenously disseminate to
other tissues and organs, including the CNS [29ee,  87].
Specifically, the monocytes infected by coronaviruses can
bypass the BBB, allowing the virus to enter the CNS and
interact with the resident immune cells [29ee, 88, 89]. BBB
permeability is altered by microglia and invading mac-
rophages (during pathologic conditions) and their release
of cytokines and gliotransmitters [90]. This may increase
BBB permeability in COVID-19 and allow even more
leukocytes to migrate to the CNS. Post-mortem analysis
of patients who died from severe COVID-19 revealed sig-
nificant lymphocytic apoptosis and that ACE2-expressing
CD68 4+ CD169 + macrophages contained SARS-CoV-2
nucleoprotein antigen and showed upregulation of IL-6 [91].
This suggests that CD169 + macrophages could contribute to
viral spread, excessive inflammation, and lymphocytic cell
death during SARS-CoV-2 infection.

Role of ACE2 in COVID-19

The virus spreads throughout the body via the ACE2 recep-
tor expressed broadly in many cells, in particular, pneumo-
cytes and endothelial cells across multiple organs; however,
in the brain, ACE2 is not limited to the vasculature but

includes monocyte-derived macrophages, brain microglia,
and neurons [43, 92]. SARS coronavirus infections involve
a major priming step, which determines tissue tropism and
host compatibility — the S protein cleavage by host pro-
teases. Despite its resemblance to SARS-CoV-1, SARS-
CoV-2 contains in its S protein a specific furin-like cleavage
site [93]. It has been previously shown that host furin-like
cleavage proteases and furin-like cleavage sites determine
disease phenotype and neurotropism [94]. It is possible that
a furin-protease mutation that upregulates function does
not increase invasion of the coronavirus strain 043 (HCoV-
043) but decreases the egress of the virus, resulting in a less
pathogenic but persistent CNS infection. This mechanism
is consistent with a resilient course of the neuropsychiatric
pathology previously seen in CNS infections. Additionally,
the SARS-CoV-2 S protein binds the host receptor up to 10
times more tightly than the S protein of SARS-CoV-1, sug-
gesting a possible explanation for the differences in spread,
morbidity, and mortality from the two viruses [6ee].
However, it is important to note that HCoV’s binding to
ACE2 is not necessary for severe respiratory illness, nor for
development or exacerbation of neurological and psychiatric
disorders. MERS-CoV-1 does not use ACE2 to gain intracel-
lular access and still causes severe respiratory illness and
may lead to neurological and psychiatric outcomes [95ee].
In contrast, despite causing only a benign upper respiratory
illness, HCoV-NL63 binds to ACE2 and HCoV-NL63 sero-
positives are more likely to develop mood disorders [96].

Neuropsychiatric Symptoms in COVID-19:
Acute, Late, and Persistent Manifestations

Acute Manifestations

The presentation of COVID-19 is highly heterogeneous,
including neuropsychiatric symptoms [97]. An increased
incidence of a first psychiatric diagnosis 14 to 90 days after
diagnosis of COVID-19 has been noted, with a higher risk
than for other infections [98ee]. With regard to the CNS,
of 841 patients hospitalized with COVID-19 in the ALBA-
COVID registry of the Spanish population, more than half
developed some kind of neurological symptom, with the
most common and early presentation being non-specific
symptoms (i.e., myalgias, headache, and dizziness). Fur-
thermore, acute neurological complications were the main
cause of death in 4.1% of all deceased study subjects [99].
A study found that over a third of hospitalized patients in
Wuhan, China, experienced neurological involvement (e.g.,
acute cerebrovascular diseases, impaired consciousness, or
skeletal muscle injury), which were more likely in those who
experienced a severe course of COVID-19 [100].
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Acute Peripheral Nervous System
Manifestations

In the peripheral nervous system (PNS), anosmia and ageu-
sia (without congestion) are some of the more common early
symptoms [100], which were more frequent in less severe
cases [99, 101]. A multicenter European study noted that
more than 3% of individuals with confirmed SARS-CoV-2
still experienced hyposmia or anosmia after 15 days [101].

Acute CNS Symptoms in COVID-19

An early case series from a hospital in France noted that
neurologic features (e.g., delirium, corticospinal tract signs,
and acute ischemic stroke) were present in more than half
the patients who tested positive for SARS-CoV-2 [102].
Delirium (i.e., disorders of consciousness or acute enceph-
alopathy) is common, seen mostly in older patients and in
severe cases of COVID-19 and seems to be associated with
systemic inflammation [99]. A meta-analysis of neuropsy-
chiatric presentations associated with coronavirus infections
(including data from SARS-CoV-2) found that delirium was
common in severe cases—confusion was reported in 65%
(of individuals in an intensive care unit), agitation in 69%
(of individuals in an intensive care unit), and altered con-
sciousness in 21% (of individuals who later died) [95ee].
Severe SARS-CoV-2-related delirium often presents as
global brain dysfunction with a reduced level of sensorium,
which may rapidly progress to a persistent comatose state.
Fluctuating alertness and orientation are common, with the
picture occasionally dominated by agitation, irritability, and
delusions that are less responsive to traditional antipsychot-
ics. Onset is frequently concurrent with a rapid increase in
serum levels of acute phase reactants and proinflammatory
cytokines [9ee]. In the ALBACOVID registry, one case of
encephalitis was reported [99], a COVID-19-associated
Acute Necrotizing Encephalopathy (ANE) [103] case was
reported, and a COVID-19-associated viral encephalitis was
reported in a young man [46]. Additionally, there are several
case reports of acute myelitis associated with COVID-19
[104-107]. Seizures have also been reported in COVID-19
patients [99, 100, 108].

Both ischemic and hemorrhagic [109] strokes have been
observed in patients with COVID-19 and are more likely to
be seen in individuals experiencing a more severe course
of disease, with cardiovascular disease (CVD) risk fac-
tors (e.g., hypertension, diabetes, and history of CVD),
increased inflammatory response, and hypercoagulable state
(as reflected in CRP and D-dimer levels) [99, 100, 110]. A
cohort study in the NYU Langone Health system noted a
mean age of 61.6 years for COVID-19-positive patients with
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intracranial hemorrhage [109], and a systematic review found
a mean age of 63.4 for acute ischemic stroke [111]. There
are also several documented cases of SARS-CoV-2-positive
individuals with large vessel stroke who are under 50 years
old [112]. Retrospective studies from Italy and China indicate
that acute cerebrovascular events have been diagnosed in 3%
of individuals with COVID-19 and in 6% of individuals with
severe COVID-19 [113].

Acute Clotting Disorders in COVID-19

The occurrence of ischemic strokes [99, 100, 110] as well as
the predominance of vascular neuropathlogic findings (i.e.,
microthrombi, acute infarction) found in autopsies [77] of
individuals with COVID-19 are significant causes of con-
cern for potential morbidity and mortality. This leads to
the question—are there hemostatic abnormalities induced
in SARS-CoV-2 infection? And indeed, when SARS-CoV-
2-positive individuals were compared to healthy con-
trols, they showed lower anti-thrombin values and lower
prothrombin time activity, much higher D-dimer, fibrin/
fibrinogen degradation products (FDP), and fibrinogen
(FIB) values; D-dimer and FDP values in individuals with
severe SARS-CoV-2 infection were higher than those in
individuals with milder forms, and thrombin time in critical
SARS-CoV-2-positive individuals was also shorter [114].
Non-survivors of COVID-19 had similar observations when
compared to survivors i.e., higher D-dimer and FDP levels,
and longer prothrombin time activity and activated partial
thromboplastin time on admission [115]. Additionally,
almost three out of four non-survivors and less than 1%
of survivors met the criteria of disseminated intravascu-
lar coagulation [115]. Three individuals in one ICU were
noted to have multiple cerebral infarctions, and their serol-
ogy showed the presence of anti-cardiolipin IgA antibodies,
and anti—p2-glycoprotein I IgA and IgG antibodies, which
are major components of antiphospholipid syndrome and
have also been shown to be transiently elevated in some
infections and severe illness [116].

Acute Endotheliitis and Pan-organ
Involvement in COVID-19

The endothelium is not only a barrier, but also a parac-
rine, autocrine, and endocrine organ with functions nec-
essary for adequate vascular flow. Its dysfunction leads
to a procoagulant state and vasoconstriction, which can
cause ischemia and stroke, as well as inflammation, tis-
sue edema, and impaired barrier function. These changes
then allow for translocation of immune cells and molecular
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mediators. There is evidence for direct invasion in COVID-
19 of endothelial cells, with development of local inflam-
mation, apoptosis, and pyroptosis leading to widespread
endotheliitis and microcirculatory dysfunction [117].

Individuals with COVID-19 in the ICU had signifi-
cantly higher circulating endothelial cell (CEC) levels
than those with the disease but not in the ICU, and the
extent of endothelial injury negatively correlated with
platelet and lymphocyte count and positively correlated
with inflammation-induced endothelial adhesive molecules
[e.g., E-selectin and soluble vascular cell adhesion mol-
ecule-1 (sVCAM-1)], which is evidence of the presence
of endothelial injury in COVID-19 [118].

Subacute and Late Manifestations of COVID-19

According to one meta-analysis, in the post-illness stage
of infection with coronaviruses (including data from
SARS-CoV-2), the prevalence of PTSD was 32.2%, that
of depression was 14.9%, and that of anxiety disorders
was 14.8% (11.1-19.4; 42 of 284 cases from three studies)
[95e¢]. Additionally, 76.9% of individuals had returned
to work at a mean follow-up time of 35.3 months [95ee].
There is specific concern for PTSD, as increased risk was
seen in MERS and SARS survivors and PTSD is known
to occur in individuals who experience similar hospital
courses (i.e., admission to ICU, intubation and mechanical
ventilation, or delirium) [119].

A multicenter retrospective cohort study in China found
that almost one-third of individuals who tested positive for
SARS-CoV-2 screened positive for clinical anxiety at dis-
charge from the hospital, with a higher risk for survivors
of severe COVID-19 [120]. In the USA, an association was
found between COVID-19 diagnosis and psychiatric dis-
orders, with the incidence of any psychiatric diagnosis 14
to 90 days after COVID-19 diagnosis seen in almost one
in five individuals and one in 20 receiving their first diag-
nosis [98ee]. The greatest risk was for anxiety disorders,
insomnia, and persistent cognitive deficits [98ee]. Similar
results were found in samples of COVID-19 survivors in
Shenzhen, China [121], and Milan, Italy [122ee].

Psychotic symptoms related to SARS-CoV-2 infection
have also been observed in individuals with no previous
history of neuropsychiatric disorders. Notably, a surveil-
lance study in the UK found that 43% of individuals who
experienced neuropsychiatric symptoms from COVID-19
had new onset psychosis [123]. A 36-year-old woman
with no individual or family history of mental illness
experienced psychotic symptoms 4 days after the onset
of upper respiratory symptoms from confirmed and mild
COVID-19 [124]. Her psychotic symptoms improved
after treatment with antipsychotics and benzodiaz-
epines, and after discharge, the patient discontinued the

medication without return of psychotic symptoms [124].
There are also case reports of individuals for whom psy-
chotic symptoms persisted longer [125]. Although there
have been reports of individuals experiencing new onset
psychotic symptoms after testing positive for SARS-
CoV-2 despite having no upper respiratory symptoms,
these were associated with elevated peripheral inflamma-
tory markers (e.g., CRP) [126]. It is likely that severity
of COVID-19 or possibly the intensity of psychological
trauma linked with severity of illness is associated with
new onset psychosis.

Persistent Symptoms of COVID-19

An outpatient study in the USA reported that among indi-
viduals who tested positive for the virus, 94% reported
experiencing one or more symptoms at the time of testing,
and 35% of these symptomatic patients had not returned
to their baseline state of health two to three weeks later,
with cough, fatigue, or shortness of breath being the most
common lingering symptoms [127]. A 3-month follow-up
study of COVID-19 survivors, who notably did not expe-
rience a severe course of the illness, noted that 39 out of
55 patients had different degrees of pulmonary radiologi-
cal abnormalities [128]. A French study noted that many
patients after experiencing mild symptoms attributable
to COVID-19 have a resurgence of persistent symptoms,
including myalgia, intense fatigue, sensation of fever,
shortness of breath, chest tightness, tachycardia, head-
aches, and anxiety [129]. Consistently, in Italy, 2 months
after initial onset of COVID-19 symptoms, more than half
of the individuals continued to experience fatigue, almost
half still experienced shortness of breath, and almost one-
third still experienced chest pain [130]. A follow-up study
of discharged COVID-19 patients in Italy found that 87.4%
of patients reported persistence of at least one symptom,
32% had one or two symptoms, and 55% had three or
more [131]. The authors found that 44.1% of patients
reported worsened quality of life, and the most common
reported persistent symptoms were fatigue (53.1%), dysp-
nea (43.4%), joint pain, (27.3%), chest pain (21.7%), and
anosmia 17.5% [131]. Another study reported that among
individuals diagnosed with COVID-19 with initial anos-
mia, only 74% reported resolution of anosmia with clinical
resolution of initial illness [132]. The progression from
anosmia/hyposmia to parosmia also impacts COVID-19
survivors’ quality of life [133]. Based on a systematic
review, olfactory training (stimulation, retraining, reha-
bilitation) is the primary recommendation for management
of post-infectious olfactory dysfunction [134ee]. Persistent
PNS manifestations of “long” COVID-19 have also been
reported, including myopathy, dysautonomia, movement
disorders, Guillain-Barré syndrome, and optic neuritis
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[99]. Among survivors assessed 29 to 71 days post-
discharge from a university hospital in the UK, 72% of
individuals hospitalized in an ICU continued to report
fatigue as compared to 60.3% hospitalized in a ward,
65.6% hospitalized in an ICU vs. 42.6% in a ward reported
shortness of breath, and 46.9% hospitalized in an ICU vs.
23.5% in a ward continued experiencing psychological
distress [135]. A 6-month cohort study in China found
that 63% of individuals continued to experience fatigue or
muscle weakness after resolution of the initial symptoms
of confirmed COVID-19 [136ee]. This study also found
that difficulties with sleep were reported by 26% of indi-
viduals, and 23% of people reported experiencing anxiety
or depression [136ee].

Autonomic dysfunction has been posited as a contribu-
tor of morbidity and mortality from COVID-19 via exces-
sive sympathetic activity, the vagal anti-inflammatory
reflex, and psychological stress and may also help explain
persistent symptoms [137e]. A case series describes
females between the ages of 26 and 50 who experienced
orthostatic intolerance (with either resting or postural
hypotension and tachycardia) after resolution of initial
upper respiratory or gastrointestinal symptoms [138e].
Another 26-year-old woman experienced orthostatic intol-
erance and spells of sympathetic hyperactivity for months
after confirmed SARS-CoV-2 infection and was confirmed
to have postural tachycardia syndrome [139]. An addi-
tional case report describes a 20-year-old man who tested
positive for SARS-CoV-2 and presented with mild symp-
toms of COVID-19 and dysautonomia, including orthos-
tatic hypertension, loss of sinus arrhythmia without any
ischemic changes on electrocardiogram, and hypotonia
[140]. The autonomic dysfunction was further confirmed
with Valsalva maneuver and isometric hand grip exer-
cises, and 1 month after intravenous immunoglobulin and
physiotherapy, the patient was able to walk with assistance
[140]. A 72-year-old individual who tested positive for
SARS-CoV-2 experienced fluctuating blood pressures dur-
ing his hospitalization and was noted to have diminished
cough and gag reflexes [141]. It has been proposed that the
persistent autonomic dysfunction is a consequence of the
inflammatory response to the virus, with cytokines acti-
vating autonomic nerves and the hypothalamic—pituitary—
adrenal axis [142].

Some of the persistent symptoms (i.e., fatigue, brain fog)
resemble myalgic encephalomyelitis/chronic fatigue syn-
drome (ME/CFES). ME/CFS has often been documented fol-
lowing an infection, and serological information (e.g., antinu-
clear antibody (ANA), anti-double-stranded deoxyribonucleic
acid (anti-dsDNA), and anti-ganglioside antibodies) from
some patients has suggested an autoimmune pathophysiol-
ogy, at least for a subset of patients with the disease [143].
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Neuropsychiatric Disorders
and Vulnerability to COVID-19

Individuals with a previous history of neuropsychiatric
disorders may be particularly vulnerable to experiencing a
severe course of COVID-19, to be hospitalized and to suf-
fer a COVID-19 associated death. A meta-analysis showed
that for individuals who tested positive for SARS-CoV-2,
a prediagnosis of a mental disorder increased their risk of
COVID-19 mortality and severity, which remained signifi-
cant after adjustment for confounding variables [144]. Spe-
cifically, the meta-analysis found higher mortality for indi-
viduals with schizophrenia and schizotypal and delusional
disorders as compared to mood disorders [144].

In the USA, individuals with a recent (within 1 year)
diagnosis of a mental disorder had a significantly increased
risk for SARS-CoV-2 infection, with an adjusted odds ratio
greater than seven for both depression and schizophrenia [2].
Among individuals with mental disorders, racial and ethnic
disparities continued to play a role, with African Americans
having higher odds of COVID-19 infection than Caucasians
and women having higher odds of COVID-19 infection than
males [2]. In addition, individuals with a recent diagnosis of
a mental disorder and SARS-CoV-2 infection experienced
a death rate of 8.5% and a hospitalization rate of 27.4%, as
compared to 4.7 and 18.6% respectively, among individuals
with SARS-CoV-2 and no mental disorder [2].

Notably, a cross-sectional study found that individuals
with previous psychiatric disorders and those with both psy-
chiatric and physical disorders had lower odds of screen-
ing positive for SARS-CoV-2 than individuals with only
physical disorders [145]. A retrospective analysis of medical
records in Southeast Wisconsin also found that individuals
with mental illness had lower odds of testing positive for
SARS-CoV-2 [146]. This retrospective analysis also found
that individuals with bipolar or substance use disorders that
tested positive had much higher odds of being hospitalized,
and individuals with bipolar disorder had a significantly
higher risk of mortality [146].

A cohort study of a five hospital system in the North-
eastern United States found that risk for COVID-19 related
hospital death was greater for individuals with any prior psy-
chiatric diagnosis, even after adjusting for demographic char-
acteristics, other comorbidities, and hospital location [147].

Individuals in Denmark who tested positive for SARS-
CoV-2 were found to have a much higher chance of dying
and experiencing severe COVID-19 if they were previously
diagnosed with a schizophrenia spectrum, bipolar disorder,
or unipolar depression or filled a prescription for psycho-
tropic drugs than individuals without psychiatric disorders
[148]. Additionally, a study in Sweden found that indi-
viduals with severe mental disorders (e.g., psychotic and
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bipolar disorders) were almost twice as likely to experience
a COVID-19 associated death, and these odds increased
to four fold for individuals with severe mental disorders
between the ages of 60 and 79 years old [149].

It is important to note that neuropsychiatric disorders
could be under or undiagnosed and may significantly con-
tribute to a more severe course of COVID-19, hospitaliza-
tion, and mortality. Analogously, if severe COVID-19 con-
tributes to the development of neuropsychiatric disorders,
as has been observed in a 6-month follow-up study [136ee],
this may lead to a vicious cycle.

The Reciprocal Double-Vulnerability and Sequential
Triggering Model for SARS-CoV-2-Induced
Psychopathology

Understanding interactions between predispositions, trig-
gers, and perpetuators, with interplay between biological
and psychological factors, of a “stress-diathesis” of psy-
chopathology resulting from or worsened by SARS-CoV-2,
leads to an empowered pathophysiological and clinical
approach that is geared towards primary and secondary pre-
vention, as well as acute and long-term treatment. Specifi-
cally, microglia (innate immune cells in the brain) mediate
and regulate the immune responses to pathogens, damage to
CNS tissue, as well as intense stress—biologically signaling
impending damage to CNS) through signaling molecules
(e.g., cytokines, quinolinic acid) that influence neuroplas-
ticity, cognitive function and behavior [150]. Activation of
microglia can lead to exaggerated inflammatory responses
to stimuli in the brain that would not normally induce a
significant inflammatory response, as well as resistance
to negative feedback mechanisms that would reduce and
shorten inflammation, (i.e., “primed microglia”) [150]. This
process, while triggered by endogenous and environmen-
tal factors, is further synergized by reciprocal potentiating
interactions between stress and aging (“inflammaging”)
[151ee, 152]. There is substantial and increasing evidence
linking microglial priming to neuropsychiatric disorders
[150, 153].

Advanced age, history of autoimmune disease, severe
infections, allergy, traumatic brain injury (TBI), severe
mental illness, exposure to severe adversity or deprivation
during critical developmental times, and obesity result in
priming of resident immune cells in the brain and immune
overreaction in the context of novel infections, including
COVID-19 (see Fig. 2).

Furthermore, an infection with a neurotropic virus, such
as SARS-CoV-2, in addition to triggering previous vulner-
abilities, could further result in priming of the microglia
and astrocytes in the CNS. Thus, COVID-19 could both
trigger previously primed substrates and lead to priming
mediated vulnerabilities, leading to overreaction to mild

proinflammatory stimuli, such as psychological stress, minor
pollutants and allergens, and mild infections.

In sum, we have termed the mechanism that we propose
to be at the root of chronic neuropsychiatric conditions asso-
ciated with SARS-CoV-2 as “reciprocal double vulnerability
and sequential triggering,” meaning that there are predispos-
ing proinflammatory conditions that represent vulnerabilities
for the COVID-19 infection to act as a trigger and that the
viral infection creates a secondary persistent vulnerability
for otherwise mild routine stressors (immune, psychologi-
cal, traumatic) to act as secondary persistent triggers and
perpetuators (see Fig. 2) [98ee, 154].

Immunobiological Characteristics of Acute
“Psychological” Stressors

Negative emotions, similar to a repeated physical stressor,
upregulate markers of inflammation (e.g., IL-6, CRP), which
in turn sensitize the immune system to respond in an ampli-
fied way to future stressors [155]. Individuals with chronic
stress (e.g., being a caregiver to a relative with cancer) have
been noted to have increased levels of inflammatory markers
and to have decreased sensitivity of monocytes to gluco-
corticoids and increased sensitivity of monocytes to NF-kB
(a proinflammatory transcription factor) [156]. Repeti-
tive social stressors also result in peripheral inflammatory
myeloid cells that become primed; these peripheral myeloid
cells become resistant to downregulation by glucocorticoids,
mount an amplified inflammatory response, and travel to
organs throughout the body, including the brain [157]. Thus,
it is expected that neuroimmune triggering, as well as pos-
sibly cellular substrate priming, would emerge from the
intense psychological stress during the pandemic. This has
stemmed from several sources, including fears associated
with COVID-19, social isolation, quarantine, widespread
panic, and anxiety [158]. Additionally, outbursts of racism,
stigmatization associated with the disease, and xenopho-
bia have been reported [158], further amplifying societal
and individual distress. Psychosocial concerns for frontline
healthcare workers include burnout, anxiety, fear of trans-
mitting infection, depression, increased substance depend-
ence, and PTSD [158]. Forced disruptions for vulnerable
populations (e.g., children, the elderly, psychiatric patients)
and their caregivers are especially concerning for psycho-
logical consequences [158]. These general stressors of the
pandemic may act on the neuroimmune cellular substrates
primed by SARS-CoV-2 infection or the immune response to
it, resulting in intense and unremitting reactions. Moreover,
unavoidable stressors of everyday living, normally below
the threshold of activating cellular substrates of inflamma-
tion in the brain, succeed doing so with primed substrates,
which have a lower threshold for reaction. Thus, the routine
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Fig.2 Reciprocal double vulnerability and sequential triggering.
Legend: SARS-CoV-2 precipitates neuropsychiatric symptoms
through a reciprocal double vulnerability. The virus can affect the
CNS as part of a pan-organ involvement of endothelia. The virus
can affect brain structure and function through direct invasion or via
the effects of immune activation and inflammation, including in the
choroid plexus [232]. Direct invasion occurs via neural or hemato-
logical pathways. The neural pathway is where the virus travels via
the olfactory (I) and the trigeminal (V) nerves from the nasal cavity
and via the vagus (X) nerves from the lungs to the CNS. From the
nose, in addition to nerves I and V, a transepithelial pathway has also
been described. The hematological pathway involves the virus trave-
ling via monocytes, cells that deliver the virus through the BBB to
the CNS. Both SARS-CoV-2 and inflammatory signals (molecular,
cellular) can influence the resident immune cells (e.g., microglia) by
priming—a process that involves molecular and structural changes

challenges and mild stressors that are part of the noise of
living would succeed to perpetuate mental symptoms in sur-
vivors of SARS-CoV-2 infection.

Infection Leading to Autoimmunity

Infection, directly and through stimulation of the immune
response, is also thought to contribute to dysregulated immu-
nity and to be linked with the development of autoimmune dis-
ease. The etiology of autoimmune diseases (e.g., type 1 diabe-
tes (DM), multiple sclerosis (MS), rheumatoid arthritis (RA),
systemic lupus erythematosus (SLE), inflammatory bowel
disease (IBD)) involves genetic components that are thought
to be triggered by environmental factors such as vitamin D
deficiency, which have also been linked to flares of these dis-
eases [159]. Autoimmune diseases of the CNS are also thought
to be triggered by viruses accessing the brain through direct
penetration across the BBB, hiding inside mobile immune
cells, CSF, and retrograde axonal transport via peripheral
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and leads to over-reactivity to a multitude of stimuli. The reciprocal
double vulnerability and sequential triggering concept postulates that
the SARS-CoV-2 can serve both as a trigger of preexisting vulner-
abilities (predispositions—including genetic factors, past infections,
autoimmune and allergic processes), as well as induce a long-term
secondary predisposition, consisting of a vulnerability to triggers
that induce, under normal conditions, very mild neuroimmune acti-
vation (e.g., routine psychological stressors, mild infections, rou-
tine pollutants or allergens, concussions). This results in exagger-
ated immune, excitotoxic, and apoptotic reactions originating from
primed and overactivated microglia [231]. Considering the ubiquity
of stressors and exposures of daily living, this can lead to perpetua-
tion of psychiatric syndromes as well as “long-hauling” non-specific
symptoms such as headaches, fatigue, sleepiness, sleep abnormali-
ties, and brain-fogginess (original figure and capture, Tizenberg
et al.)

nerves and access via the “leaky” choroid plexus responsible
for CSF production [160]. Direct penetration of the BBB is not
always necessary for development of autoimmunity or immune
dysregulation that can affect the CNS. For example, anti-N-
methyl-D-aspartic acid (NMDA) receptor (NMDAR) encepha-
litis, the most common cause of non-infectious encephalitis,
is associated with development of autoantibodies to ovarian
teratomas and other tumors, immune checkpoint inhibition
for cancer therapy, as well as after viral infection [161-163].
Additionally, CNS inflammation, as seen in acute disseminated
encephalomyelitis (ADEM) and acute hemorrhagic leukoen-
cephalomyelitis (AHLE), has been reported to follow infec-
tions or vaccinations [164]. The possibility of SARS-CoV-2
triggering an autoimmune reaction is suggested by findings
reported in a preprint article, in which the authors noted that
their cohort of patients with severe COVID-19 and no previous
history of autoimmune disease had shown evidence of de novo
autoreactivity (i.e., antinuclear antibodies and rheumatoid fac-
tor) [165]. Additionally, the authors suggested that this might
occur through TLR7 activation by the single stranded RNA
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of SARS-CoV-2, as a similar pathogenic response has been
documented in SLE [165].

Inflammaging, Priming, and COVID-19

Older age is a significant risk factor for COVID-19 mortal-
ity [166]. This may be partially explained by immunosenes-
cence (i.e., reduced production of adaptive immune cells
and impaired function of innate immune cells in the elderly,
which result in poorer viral clearance and increased chances
of immune dysregulation) or’inflammaging” (i.e., chronic
subclinical systemic inflammation seen in the elderly)
[166].

Immune changes with age are significant for neu-
ropsychiatric disorders because the neuroimmune system
becomes primed (i.e., pro-inflammatory). Aged mouse and
rat models have demonstrated increased neuroinflamma-
tion following peripheral infection [167, 168], especially
when compared to younger rodents [168, 169]. Microglial
priming has been implicated in these changes [168, 170,
171], suggesting that aging creates a similar vulnerability
to development or exacerbation of neuropsychiatric symp-
toms post-COVID-19 as infectious, mechanical, as well as
psychological stressors.

Obesity, Priming, and COVID-19

Obesity poses additional risk for those affected by SARS-
CoV-2. A recent meta-analysis showed that severe COVID-
19 individuals had higher BMIs than non-severe ones and
that COVID-19 persons with obesity had higher odds of
experiencing a more severe course than those who were
not obese [172¢]. Obesity may increase the risk for neu-
ropsychiatric symptoms after COVID-19 by contributing to
priming; it elevates proinflammatory cytokines [173] and
inflammation in the CNS [174]. Furthermore, increased
microglial activation has been implicated in the cognitive
decline linked to obesity [175].

The Gastrointestinal System, the Gut Microbiome,
and COVID-19

Gl Symptoms in COVID-19

A review of case reports and retrospective studies showed
that gastrointestinal (GI) symptoms were present in acute
COVID-19, with diarrhea being the most common, and
noted that some patients presented with GI symptoms with-
out respiratory symptoms and that severely ill patients were
more likely to experience GI symptoms [176].

Gut Dysbiosis, Inflammation, and Psychiatric
Disorders in COVID-19

Changes to the gut microbiome after SARS-CoV-2 infection
seem to persist after virus clearance, and changes to the gut
microbiome may play a significant role in chronic sequelae
of COVID-19. Individuals with COVID-19 were found to
have increased proportions of opportunistic fungal patho-
gens (i.e., Candida albicans, Candida auris, and Aspergillus
flavus), at all-time points compared with controls, and two
respiratory-associated fungal pathogens (i.e., A. flavus and
Aspergillus niger) were detected in fecal samples from a
subset of patients with COVID-19, even after clearance of
SARS-CoV-2 from nasopharyngeal samples and resolution
of respiratory symptoms [177]. Significant changes in fecal
microbiomes of individuals with COVID-19, as compared
to controls, have been noted, including more opportunistic
pathogens and less beneficial commensals, both at the time
of hospitalization and during hospitalization [177, 178e].
Depleted symbionts and gut dysbiosis persisted even after
clearance of SARS-CoV-2 (determined from throat swabs)
and resolution of respiratory symptoms [178e]. Abundance
of Coprobacillus, Clostridium ramosum, and Clostridium
hathewayi correlated with COVID-19 severity [178e]. In
addition, an inverse correlation between abundance of Fae-
calibacterium prausnitzii (an anti-inflammatory bacterium)
and disease severity was observed [178e]. Bacteroides doreli,
Bacteroides thetaiotaomicron, Bacteroides massiliensis, and
Bacteroides ovatus, which have been shown to downregulate
expression of ACE2 in the murine gut, correlated inversely
with the amount of SARS-CoV-2 in fecal samples of hospi-
talized individuals [178e]. Dysbiosis may also play a role in
the severity of COVID-19, analogously to sepsis, through a
disruption of the gut barrier integrity, which would lead to
increased systemic inflammation and would allow SARS-
CoV-2 to translocate more easily [179].

SARS-CoV-2’s effects on the microbiome may help better
understand its neuroimmune effects and the pathophysiology
of its neuropsychopathology, since the microbiome is able to
contribute to the regulation of the immune system and inter-
acts with the brain (“gut-brain axis”). Animal models have
shown that during times of stress, the intestinal wall loses
impermeability and bacteria can translocate from the gut to
lymphoid organs [180]. Certain bacterial populations in the
microbiome have been noted to affect the concentrations of
regulatory T cells (Tregs) and Th17 cells [181], and thus
potentially influence the balance of inflammation in the body.
Treating mice with antibiotics has been shown to reduce the
amount of proinflammatory cytokines that are produced (i.e.,
IL-6) in response to a stressor [182], thus potentially reduc-
ing cytokine storms in response to the SARS-CoV-2 virus.
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There is a link between the microbiome, inflammation,
and psychiatric disorders [183—185]. Individuals with MDD
were noted to have increased antibody titers against LPS
derived from gram-negative enterobacteria compared to con-
trols [186]. In maternally separated rats, administration of
a probiotic reversed depressive-like behavior in the forced
swim test (a model of depressive-like behavior) and reduced
IL-6 concentrations (a proinflammatory marker) [187]. Like-
wise, experimental and clinical data suggest that an imbal-
anced gut microbiome in early life may create long-lasting
effects (including long-lasting effects on immune signaling)
that make individuals more susceptible to developing PTSD
after a traumatic event [188] and thus, possibly, SARS-
CoV-2 PTSD triggering.

Other CoVs and Neuropsychiatric Symptoms

SARS-CoV-1 and MERS-CoV, similar to SARS-CoV-2,
originated in bats and spread from human to human mainly
through close contact with respiratory droplets [4]. SARS-
CoV-2 belongs to the same clade as MERS-CoV and
SARS-CoV-1, possesses closely homologous sequences
with SARS-CoV-1 [189], a similar lower airway-based
pathogenesis with MERS-CoV and SARS-CoV-1 [190], and
penetrates human cells using the same receptor as SARS-
CoV-1 [191].

MERS-CoV [192] and SARS-CoV-1 [193] have been
associated with acute neuropsychiatric manifestations in
both the PNS and CNS, similar to those that have been noted
in SARS-CoV-2. Specifically, several SARS-CoV-1 patients
developed large artery ischemic strokes [194]; about one-
third of critically ill SARS-CoV-1 patients experienced deep
vein thromboses (DVTs) or pulmonary embolisms (PEs),
and an autopsy study revealed infarctions in multiple organs
and microthrombi in the pulmonary and cardiac vessels, as
well as widespread intravascular thrombi [193].

With much similarity between MERS-CoV and SARS-
CoV-1 with SARS-CoV-2, it is useful to consider long-term
outcomes of human infection with the former two, to better
understand potential long-term neuropsychiatric sequelae of
COVID-19.

Chronic Psychiatric Conditions After SARS-CoV-1
and MERS-CoV Infection

A cohort study of SARS-CoV-1 survivors noted that more
than half met criteria for at least one Diagnostic and Statisti-
cal Manual of Mental Disorders, fourth edition (DSM-IV)
psychiatric disorder, and 30 months post-infection, one-
third of patients were still experiencing psychiatric disease
(25% PTSD and 15% a depressive disorder) [195]. A four-
year follow-up study of SARS-CoV-1 patients showed that
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40% of the respondents had active psychiatric illnesses,
and 40.3% reported a chronic fatigue problem, with logistic
regression analysis associating several social stressors (i.e.,
being a health care worker at the time of infection, being
unemployed at follow-up, having a perception of social stig-
matization, and having applied to the SARS survivors' fund)
with an increased risk of psychiatric morbidities at the 4-year
follow-up [196]. Some SARS-CoV-1 patients were noted to
continue to experience fatigue, myalgia, weakness, depres-
sion, and non-restorative sleep with associated rapid eye
movement (REM)-related apneas and hypopneas as well as
electroencephalogram (EEG) abnormalities more than a year
after the acute infection [197]. A meta-analysis noted that
up to 6 months after discharge from the hospital survivors
of SARS-CoV-1 and MERS most commonly experienced
impaired DCLO and reduced exercise capacity (measured by
the average distance walked in 6 min), and about one-third
of survivors were continuing to experience PTSD, anxiety,
or depression 6 months after discharge [198]. Additionally,
seropositivity for HCoV-NL63, a coronavirus causing mild
upper respiratory infections, has been associated with a his-
tory of mood disorders [96], demonstrating that potential
severity of coronavirus infection is not necessary for neu-
ropsychological symptomatology or sequelae.

Considerations for Treatment

We realized that detailing a comprehensive approach to
treatment of neuropsychiatric conditions in SARS-CoV-2
infection would be beyond the scope of the current review,
and would have a short shelf life, because new approaches
and treatments in COVID-19 are underway at a fast pace and
would make our review obsolete. We would like to discuss
elements in principle, which would be valid for the long run.

The first clinical step is to evaluate if the presentation is a
component of sickness behavior or a psychiatric symptom.
For instance, in the case of depression, while both condi-
tions have similar behavioral and neurovegetative presen-
tations, sickness without depression is characterized by a
relatively intact sense of self: the past, the present, and the
future. Another common aim is to rule out that psychiatric
symptoms are actually side effects of medications used in
treating COVID-19 and its associated complications. Then,
it is very informative, when possible, to determine which
acute and chronic symptoms of COVID-19 are due to the
virus and which are due to the immune system’s response
to the virus. The implications for treatment are obvious, as
immunomodulatory drugs and anti-viral approaches can help
in one but may harm in others and may help at a particular
time relative to infection and be detrimental at others. In par-
allel, CNS autoimmune targeting has to be investigated sero-
logically in serum and CSF, and specifically treated, when
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present. Additionally, there are multiple targets to consider
that may be helpful in increasing resilience to developing
neuropsychiatric manifestations of COVID-19.

Therapeutic control and secondary prevention in condi-
tions that lead to increased vulnerability to the virus (such
as autoimmune disease, allergy, chronic infections and pre-
vention of their exacerbations (e.g., herpes zoster) and dia-
betes), minimizing exposure to allergens, other pathogens
(flu vaccination in time), pollutants, and traumatic brain
injury, would be intended to reduce the priming of brain
substrates. It is possible, before infections, that adherence
to prescribed medications that are broadly used and have
collateral immune modulatory effects, such as statins, will
play a favorable role. Similarly, far from being demonstrated
for COVID-19, treating severe vitamin D deficiency, known
to result in immune dysregulation and impaired resistance to
certain infections, may prove, through randomized clinical
trials, to have favorable effects. Development of effective
therapeutics against SARS-CoV-2 that can be administered
intranasally may also come to be particularly important. A
mouse model showed that a single-dose intranasal admin-
istration of an engineered IgM neutralizing antibody had
prophylactic and therapeutic efficacy against SARS-CoV-2,
including to several variants [199]. Intranasally adminis-
tered therapeutics may prevent viral utilization of the neural
pathway to the CNS, subsequent priming, or exploitation of
vulnerabilities and may ultimately limit the development or
exacerbation of neuropsychiatric disorders.

After infection, long-term treatment aims include con-
trolled physical exercise, maintaining adequate sleep; pre-
venting exacerbation of chronic infections, allergies, and
autoimmune disease; and, reducing risk of concussions (e.g.,
falls); and, overreacting to stressors of everyday living (a
target for counseling and psychotherapy). This may reduce
the precipitation and perpetuation by these physical, bio-
logical, and psychological factors of low-grade immune acti-
vation and, thus, reduce the triggering of disproportionate
responses from COVID-19-primed immune substrates, such
as microglia. Psychotherapy’s ability to influence inflam-
mation has been well demonstrated. For instance, women
treated with cognitive behavioral therapy (CBT) after expe-
riencing their first episode of major depression showed a
significant correlation between the decrease in IL-6 levels
after treatment and remission rate [200].

As the microbiome has been shown to play a role in
inflammation and mood disorders, and since the treatments
affecting it are low risk, this is another treatment modality
worth consideration. Ingestion of probiotic supplements has
been shown to be a safe medical intervention, including for
the young and elderly subjects, in an analysis of six ran-
domized studies [201]. Probiotics, through modulation of
both the innate and acquired immune systems, have shown
efficacy in decreasing the severity of gastrointestinal and

upper respiratory infections, including in healthy adults with
high psychological stress and in the elderly [202]. Many of
the positive effects from probiotic use are mediated through
immune regulation, specifically influences on proinflam-
matory and anti-inflammatory cytokines [203]. A trial of
an anti-inflammatory/immunoregulatory probiotic in Vet-
erans with mild traumatic brain injury and PTSD showed
a decrease in stress reactivity, as assessed by measurement
of heart rate in response to the Trier Social Stress Test, and
showed a decrease in CRP following 8 weeks of probiotic
use, relative to baseline, that approached statistical signifi-
cance [204]. This creates potential for probiotics to mitigate
the effects of SARS-CoV-2 infection on priming the immune
system or exacerbating preexisting vulnerabilities.

The term “psychobiotic” refers to a live organism that,
when given in sufficient amounts, improves symptoms of
psychiatric illness, and evidence suggests that psychobiotics
can improve depression, anxiety, and chronic fatigue symp-
toms [184, 205]. The mechanism by which they impact the
CNS involves the microbiome-gut-brain axis and signaling
through the vagus nerve, spinal cord, endocrine, and immune
systems [184, 205]. Some probiotics have anti-inflammatory
properties that may work to counteract some of the priming
of neuroinflammation [204]. Nonetheless, studies are still
necessary to observe probiotic effectiveness in mitigating
COVID-19 proximal (e.g., systemic inflammation) and distal
outcomes (e.g., depressive symptoms).

Future Research and Clinical Considerations

Important future research considerations include understand-
ing the modifiable neuroinvasive pathways, the role of the
immune response in neuropsychiatric outcomes of COVID-
19, heterogeneity of outcome, effects of specific psychiatric
medications in post-COVID-19 syndromes, and biological
mechanisms involved in age-related and racial disparities
associated with COVID-19.

A better understanding of the role of inflammation in
COVID-19 will be critical in mitigating morbidity and mor-
tality in the short run, as well as improving our understand-
ing of how viral pathogens contribute to neuropsychiatric
disease. Understanding the biological basis of heterogeneity
of outcome will also help us in this understanding and help
identify vulnerable groups who stand to benefit even more
from intervention. The role of commonly prescribed medica-
tions that have parallel SARS-CoV-2 access blocking or anti-
inflammatory effects will also be important. For example, a
meta-analysis concluded that individuals taking angiotensin-
converting enzyme inhibitors (ACEI) or angiotensin receptor
blockers (ARBs) did not experience a worse outcome from
COVID-19 and that these medications may play a protective
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role against the hyperinflammatory response associated with
COVID-19, as noted in some studies by lower inflamma-
tory markers in individuals with COVID-19 who were tak-
ing ACEI or ARBs [206]. Lastly, residual symptoms from
SARS-CoV-2 infection, observed both in severe and non-
severe disease, are concerning. A better understanding of
how immune interventions, exercise, neuromodulation, psy-
chotherapy/counseling, and psychiatric medications can help
alleviate these “long” COVID-19 symptoms will be vital to
decreasing disability and returning individuals to full physi-
cal and mental health, as well as occupational, academic,
and family functioning. Counseling will also be charged
with a long shelf-life improvement by attending to reduced
physical, cognitive, and interpersonal abilities imposed by
SARS-CoV-2 infection and increasing the resilience as well
as reducing overreacting to routine, day-to-day aggravations.
This might help prevent psychological reactivity to inevita-
ble hassles (i.e., triggers) of neuroimmunological substrates,
which have been primed by infection, and are thus prone to
immune overreaction, symptomatic exacerbation, and per-
petuation of functional decline.

Brain imaging using PET tracers are necessary to identify
activated microglia and astrocytes via the brain translocator
protein (TSPO) binding [207] — with the goal of linking
activation of microglia and astrocytes to demonstrated SARS-
CoV-2 infection (via RNA or molecular tests, or via CoV-2
serology) with vs. without new or exacerbated psychiatric
symptoms. Brain TSPO binding previously has been found
to be elevated in major depression episodes [208], although
its link appears to be not exclusive with neuroinflammation,
also including metabolic, oxidative stress, and energy pro-
duction components [209]. Correlational analysis could relate
the severity of new-onset psychiatric symptoms (e.g., depres-
sion, anxiety) to quantitative TSPO binding in regions of the
brain relevant to SARS-CoV-2 penetration (e.g., olfactory
bulbs), memory deficits (hippocampus), production of mood
and anxiety symptoms (amygdala), and modulation of those
symptoms (cingulate and prefrontal cortex) differentially in
patients with vs. without history of SARS-CoV-2 positivity.
A next step would be to test the central hypothesis that sur-
vivors of SARS-CoV-2 infection—those with higher TSPO
binding—will show a higher mood, cognitive, and anxiety
sensitivity to stress—by self-report and by specific experi-
mental testing—than those with a lower TSPO binding. A
following step would be to test if anti-inflammatory interven-
tions, in particular those that cross the blood—brain barrier
(BBB) vs. those that do not cross the BBB, will normalize
the effect of the hypersensitivity to stressors, in parallel with
TSPO binding. Broadly prescribed treatments that have an
immunomodulatory effect, such as statins, could be used,
as they have been shown to have major benefits in reducing
severe outcomes in severe infections [210-217] with advan-
tageous effects of statins emerging from both pretreatment
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[210, 211, 213, 214, 216, 217] as well as continuation
[211-213, 217] paradigms. Experimentally, statins have been
shown to reduce microglia and astrocyte activation after con-
trolled cortical impact injury [218]. Statins have also dem-
onstrated benefit in autoimmune conditions, specifically in
patients with MS, where simvastatin was shown to decrease
the number and volume of Gd-enhancing lesions by 44% and
41%, respectively [219].

Big data, and in particular machine learning applications,
could also help with identifying the configuration of demo-
graphic, clinical (immune conditions, preexistent mental
health conditions), laboratory, and pharmacological constel-
lations that would lead to the strongest prediction of mental
health symptoms occurrence, severity, and length, addition-
ally identifying the characteristic individuals that are more
likely to respond to preventative large-scale immune modify-
ing interventions, such as the mentioned statin treatment, or
perhaps the adequate treatment of vitamin D deficiency that
has been associated with immune dysregulation [220, 221]
and higher incidence of COVID-19 infection rate [222-225]
and possibly severity [226-230] (although a causal link has
not yet been proven).

Conclusion

Ongoing research is necessary to identify local and systemic
interventions that may reduce the CNS invasive capability of
SARS-CoV-2 and other coronaviruses [231], their immune
activating and priming effects, and their induced predispo-
sitions to increased vulnerability to stress. As these effects
are unlikely to be specific to SARS-CoV-2, this will deepen
our understanding of the interactions between neurotropic
microbes, the immune system, and the psychological stress in
the pathophysiology of neuropsychiatric disorders. This may
be a necessary step towards preventative efforts to reduce new
onset, exacerbation, reactivation, and perpetuation of mental
health conditions during pandemics with pan-organ microbial
agents.
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