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Neuropsychiatric sequelac of COVID-19

Abstract

The coronavirus disease 19 (COVID-19) pandemic is a significant psychological stressor
in addition to its tremendous impact on every facet of individuals’ lives and organizations in
virtually all social and economic sectors worldwide. Fear of illness and uncertainty about the future
precipitate anxiety- and stress-related disorders, and several groups have rightfully called for the
creation and dissemination of robust mental health screening and treatment programs for the
general public and front-line healthcare workers. However, in addition to pandemic-associated
psychological distress, the direct effects of the virus itself (several acute respiratory syndrome
coronavirus; SARS-CoV-2), and the subsequent host immunologic response, on the human central
nervous system (CNS) and related outcomes are unknown. We discuss currently available
evidence of COVID-19 related neuropsychiatric sequelae while drawing parallels to past viral
pandemic-related outcomes. Past pandemics have demonstrated that diverse types of
neuropsychiatric symptoms, such as encephalopathy, mood changes, psychosis, neuromuscular
dysfunction, or demyelinating processes, may accompany acute viral infection, or may follow
infection by weeks, months, or longer in recovered patients. The potential mechanisms are also
discussed, including viral and immunological underpinnings. Therefore, prospective
neuropsychiatric monitoring of individuals exposed to SARS-CoV-2 at various points in the life
course, as well as their neuroimmune status, are needed to fully understand the long-term impact
of COVID-19, and to establish a framework for integrating psychoneuroimmunology into

epidemiologic studies of pandemics.
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1. Introduction

The coronavirus disease 19 (COVID-19) pandemic continues to grow, and as of April 9, 2020,
more than 1.5 million cases have emerged globally. The United States is now the most affected
country, surpassing 450,000 cases according to the Johns Hopkins University & Medicine

Coronavirus Resource Center (https://coronavirus.jhu.edu/map.html). Fears of illness, death, and

uncertainty of the future are significant psychological stressors for the population, and social
isolation resulting from loss of structured educational and work activities also threatens to worsen
public mental health (Carvalho et al., 2020). For front-line healthcare workers, regular exposure
to the illness, protective equipment shortages, and adaptation to rapidly evolving and high-stress
work environments are further sources of distress (Joob and Wiwanitkit, 2020; Kang et al., 2020a).
This pandemic is a potential source of direct and vicarious traumatization for everyone (Z. Li et
al., 2020), which is only further emphasized by unsettling case reports of suicide deaths related to
fears of contracting or spreading COVID-19 (Goyal et al., 2020; Montemurro, 2020). Therefore,
several groups have rightfully called for the development and implementation of mental health
screening and intervention programs for both the public and for healthcare workers (Bao et al.,
2020; Xiang et al., 2020).

However, less attention has been given to the role of the virus itself (several acute respiratory
syndrome coronavirus; SARS-CoV-2), and the host immunologic response to infection, on the
human central nervous system (CNS) and related neuropsychiatric outcomes. Studies of past
respiratory viral pandemics suggest that diverse types of neuropsychiatric symptoms can arise in
the context of acute viral infection, or after variable periods of time post-infection. Reports from
the 18™ and 19 centuries suggest that influenza pandemics in particular have been marked by

increased incidences of various neuropsychiatric symptoms, such as insomnia, anxiety, depression,
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mania, psychosis, suicidality, and delirium (Honigsbaum, 2013; Menninger, 1926). For instance,
encephalitis lethargica (EL) is an inflammatory disorder of the CNS marked by hypersomnolence,
psychosis, catatonia, and Parkinsonism, the incidence of which increased around the time of the
“Spanish” influenza pandemic of the early 20t century (Von Economo, 1932). During the more
recent 2009 influenza (HIN1) pandemic and other coronavirus infections (SARS-CoV-1 epidemic
in 2003, and the Middle East respiratory syndrome coronavirus (MERS-CoV) outbreak in 2012),
several neuropsychiatric sequelae were reported, including narcolepsy, seizures, encephalitis,
encephalopathy, Guillain-Barre syndrome (GBS), and other neuromuscular and demyelinating
processes (Kim et al., 2017; Manjunatha et al., 2011; Tsai et al., 2004; Wu et al., 2014).

Reports are already surfacing of acute CNS-associated symptoms in individuals affected by
COVID-19 (Mao et al., 2020), the neurologic manifestations and mechanisms of which were
recently discussed in Brain, Behavior, Immunity (Y eshun Wu et al., 2020). However, beyond acute
infection, the delayed or chronic effects of this pandemic, particularly on public mental health, will
not be fully appreciated for several years. Thus, timely and longitudinal investigations of potential
COVID-19 associated neuropsychiatric outcomes are critical in disease surveillance and evidence-
based therapeutic strategies. Here we review the available studies of acute neuropsychiatric
symptoms in the context of COVID-19 for timely evaluation of the evidence. Furthermore, we
postulate possible delayed post-viral sequelaec of COVID-19 based on findings from other
coronavirus or past viral pandemics. Lastly, potential mechanisms by which neuropsychiatric
symptoms could develop, especially, in the context of immune reactions to viral illness are
discussed, as are future directions.

2. Acute neuropsychiatric symptoms associated with SARS-CoV-2 infection
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The evidence of acute neuropsychiatric symptoms in COVID-19 cases is emerging. An
initial report of 217 hospitalized patients in Wuhan, China, described neurologic manifestations in
nearly half of those with severe infection (40 of 88), including cerebrovascular complications (e.g.,
stroke), encephalopathies, and muscle injuries (Mao et al., 2020). Interestingly, total blood
lymphocyte counts were significantly lower in patients with CNS-associated (e.g. headache,
dizziness, ataxia) or muscular (e.g., myalgia) symptoms, and the latter group also exhibited
elevated plasma C-reactive protein (CRP) relative to patients without muscular involvement.
Immunologic findings in COVID-19 patients with neurologic symptoms are in line with prior
CoV-related findings, describing significantly reduced blood lymphocyte counts in CoV-positive
children with encephalitis (CoV-CNS) compared to those with acute respiratory CoV-associated
infection (Li et al., 2017), and when considered in conjunction with circulating CRP levels or
neutrophil counts may be prognostic of poorer COVID-19 outcomes (Lagunas-Rangel, 2020). It
is unknown if reduced lymphocytes in circulation reflect margination or target tissue migration,
although probable. Plasma granulocyte macrophage colony-stimulating factor (GM-CSF) levels
were significantly higher in CoV-CNS patients (Li et al., 2017), which may drive the expansion
of CNS-invading phagocytes (e.g., inflammatory monocyte-derived cells; MdC such as dendritic
cells) (Zhao et al., 2017). In fact, GM-CSF has emerged as a potential biological target in treating
severe COVID-19 (Zhou et al., 2020); this may mitigate neuropsychiatric sequelae by limiting
MdC neuroinvasion.

2.1. Encephalopathies

A retrospective report of COVID-19 patients from Wuhan described encephalopathy, or

persistent (>24 hr) alterations in consciousness, in roughly one-fifth of individuals succumbing to

the disease (Chen et al., 2020). Notably, blood plasma levels of pro-inflammatory cytokines (e.g.,
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interleukin (IL)-6, tumor necrosis factor (TNF)-alpha, IL-8, IL-10, IL-2R) were significantly
higher among fatal COVID-19 cases, indicative of hypercytokinemia, or ‘“cytokine storm
syndrome,” which was also reported in SARS-CoV-1 (Huang et al., 2005), and may underlie
encephalopathy. Beyond the acute effects of cytokine storm, a recent meta-analysis of delirium
among intensive care patients of mixed conditions reported evidence of persistent neurocognitive
deficits up to 18 months post-discharge (Salluh et al., 2015), including mild cognitive impairment
(Chung et al., 2020). Given other emerging evidence of hypercytokinemia in hospitalized COVID-
19 patients (Yang et al., 2020), the burden of long-term post-SARS-CoV-2 delirium may be
significant, particularly for elderly patients who are more susceptible to post-infectious
neurocognitive complications.
2.2. Anosmia and Ageusia

Newly emerging reports indicate that SARS-CoV-2 infection is associated with
dysfunction of olfaction and taste perception, which may be among the earliest symptoms in an
unknown proportion of confirmed cases. Prior experimental studies of coronavirus have
demonstrated that infection with human alphacoronavirus (HCoV-229E) disrupts ciliary nasal
epithelium (Chilvers et al., 2001), a possible mechanism of olfactory dysfunction. Indeed,
olfactory epithelial cells express the CoV-2 receptor, angiotensin-converting enzyme 2 (ACE2),
yet the precise cellular subtype that may mediate anosmia in COVID-19 remains unclear (Brann
et al., 2020). For both olfactory and gustatory perception, CoV-2 infiltration of higher-order
structures within the CNS, or cranial nerves such as the vagus nerve, involved in signal
transduction and chemosensory processing, may underlie their dysfunction (Bromley, 2019).
Although studies on post-viral olfactory disorders (PVOD) exist for influenza and other viruses,

only a single case report describes persistent coronavirus-associated (SARS-CoV-1) anosmia
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(Hwang, 2006). Formal studies have yet to be published for CoV-2-related anosmia in spite of a
growing number of clinical cases (Vaira et al., 2020); however, it has emerged as a screening
criterion for COVID-19 at a growing number of clinics. Whether acute anosmia during the initial
phase of infection, as reported in COVID-19, will also be associated with PVOD is currently
unknown.
3. Sub-acute to chronic neuropsychiatric sequelae of SARS-CoV-2 infection

Long-term neuropsychiatric complications following SARS-CoV-2 infection are currently
unknown and remain to be seen over the next several months to years. Following past influenza
pandemics and CoV outbreaks, such complications have been described over highly variable
periods of time, from weeks following acute respiratory symptoms in the case of neuromuscular
and demyelinating processes, to decades after in-utero exposure to viral infection in the case of
schizophrenia onset (Kepinska et al., 2020; Kim et al., 2017; Tsai et al., 2004). Given the global
burden of COVID-19 infection, even if delayed neuropsychiatric sequelae are associated with a
fraction of cases, the public health implications of such complications will be significant. Thus,
understanding the trajectory and characteristics of neuropsychiatric outcomes stemming from
CoV-2 infection and uncovering pathogenic mechanisms that can inform targeted interventions
will be critical.
3.1. Depression, anxiety, and trauma-related disorders

Depression, anxiety, and trauma-related symptoms have been associated with CoV
outbreaks, but it remains unclear whether the risks are attributable to viral infections per se or the
host immune response. Studies of healthcare workers during the SARS-CoV-1 epidemic, MERS-
CoV outbreak, and the current SARS-CoV-2 pandemic suggest that the frequency and severity of

psychiatric symptoms are associated with proximity to CoV-infected patients (Kang et al., 2020b;
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Lai et al., 2020; Lee et al., 2018; Lin et al., 2007). However, these studies did not test serology or
immune markers in healthcare workers, and no studies have been performed comparing psychiatric
outcomes in healthcare workers who contracted CoV during pandemics versus those who did not.
Separately, seropositivity for a human CoV strain (HCoV-NL63) has been associated with history
of mood disorder, although not with its polarity (i.e. unipolar versus bipolar depression) or with
history of suicide attempts (Okusaga et al., 2011). Although there are very limited data available
for COVID-19-related psychiatric symptoms currently, survivors of SARS-CoV-1 were clinically
diagnosed with PTSD (54.5%), depression (39%), pain disorder (36.4%), panic disorder (32.5%),
and obsessive compulsive disorder (15.6%) at 31 to 50 months post-infection, a dramatic increase
from their pre-infection prevalence of any psychiatric diagnoses of 3% (Lam, 2009). The need for
sustained follow-up of such symptoms related to SARS-CoV-2 infection, beyond documenting
acute stress levels, is therefore paramount and urgent.
3.2. Psychotic disorders

Exposure to viral infections in utero, during childhood development, and in adulthood have
each been associated with increased risk of developing schizophrenia (Brown and Derkits, 2010;
Khandaker et al., 2012; Menninger, 1926). While most studies have focused on history of influenza
infection and psychosis risk, two studies have evaluated presence of antibodies against several
strains of coronavirus in individuals with psychosis. No association was reported between
seropositivity for HCoV-NL63 and history of psychotic symptoms in mood disorder patients in
one study (Okusaga et al., 2011). However, Severance and colleagues (2011) found increased
prevalence of antibodies against four HCoV strains in patients with a recent psychotic episode
compared to non-psychiatric controls (Severance et al., 2011), suggesting a possible relationship

between CoV infections and psychosis, which may also occur in SARS-CoV-2.
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3.3. Demyelinating and neuromuscular complications

Delayed neurologic sequelae have been described following both SARS-CoV-1 and
MERS-CoV infection, such as peripheral neuropathy, myopathy, Bickerstaff brainstem
encephalitis (BBE), and Guillain-Barre syndrome (GBS), and these symptoms were reported to
occur two to three weeks after respiratory symptoms (Kim et al., 2017; Tsai et al., 2004). These
post-CoV complications were described in small case series, and causality therefore, cannot be
definitively established. Separately, murine CoVs are neuroinvasive and precipitate demyelination
(Lane and Hosking, 2010). In humans, postmortem analysis of brain tissue from multiple sclerosis
(MS) patients and controls indicated that HCoV RNA was present in 48% of all donors, with a
greater incidence of OC43, but not 229E strain, in MS patients (Arbour et al., 2000). These findings
suggest that although HCoV infiltration into the CNS is prevalent, its association with
demyelinating disorders such as MS may be strain-specific. Whether recovered SARS-CoV-2
patients will exhibit an increased incidence of MS symptomatology or other delayed neurologic
sequelae, is an important, yet unanswered, question that necessitates surveillance.
3.4. Neurodegenerative disorders

Parkinsonism is a late feature of encephalitis lethargica, which was first described
following the influenza pandemic of 1918 (Cheyette and Cummings, 1995). While features of
Parkinsonism and Parkinson’s disease (PD) have not been described in association with CoV
pandemics or outbreaks, anti-CoV antibodies have been identified in cerebrospinal fluid (CSF) of
individuals with Parkinson’s disease (Fazzini et al., 1992). Given that neural and immune cells can
serve as reservoirs of latent CoV, it is plausible that this could contribute to delayed
neurodegenerative processes (Desforges et al., 2019), but this also, remains to be seen in COVID-

19.
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4. Potential mechanisms of neuropsychiatric manifestations in COVID-19
4.1. Viral infiltration into the central nervous system

The neuroinvasive potential of CoV has been reported in SARS-CoV-1 patients and
experimental animals, and spread from the respiratory tract to the CNS could occur via retrograde
axonal transport from peripheral nerves such as the olfactory nerve, or via hematogenous spread
(Desforges et al., 2019). After entering the CNS, CoV has been shown to induce neuronal cell
death in mice (Netland et al., 2008). Further, mice infected with HCoV-OC43 develop chronic
encephalitis, marked by viral persistence in neurons and behavioral abnormalities (Jacomy et al.,
2006). It has been speculated that the neuroinvasive potential of SARS-CoV-2, particularly of
medullary structures involved in respiration (e.g., solitary tract nucleus, nucleus ambiguus), may
partially mediate the high incidence of respiratory failure currently seen in COVID-19 (Y. C. Li
et al., 2020), which requires further investigation. Recent articles also, discuss routes and
mechanisms of CoV neurotropism (Vavougios, 2020; Yeshun Wu et al., 2020).
4.2. Cytokine network dysregulation

One challenge to elucidating the mechanisms of COVID-19-associated neuropsychiatric
complications is that SARS-CoV-2 encephalitis, or CNS inflammation as evidenced by fever, focal
neurologic signs, cerebrospinal fluid (CSF) pleocytosis, neuroimaging, and electroencephalogram
(EEG) findings, may be difficult to distinguish from encephalopathy arising from systemic (but
not CNS) infection. At present, only one study to our knowledge has identified SARS-CoV-2 RNA
in CSF of a COVID-19 patient with acute neurologic symptoms, including seizures (Moriguchi et
al., 2020), although case reports of CoV detection in CSF among patients during the previous
SARS-CoV-1 epidemic do exist (Lau et al., 2004). Two recent case reports of severe COVID-19

indicate meningitic and/or encephalitic pathology in the absence of viral RNA detection in CSF,
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which the authors suggest could be associated with transient or low viral load in the CNS, or due
to lack of availability of testing (Duong et al., 2020; Ye et al., 2020). Notably, the key receptor
that SARS-CoV hijacks for host intracellular invasion (ACE2) is expressed in both neurons and
glia, and experimental studies of intranasally-inoculated SARS-CoV-1 infection in ACE2
transgenic mice demonstrated neuronal death and upregulation of proinflammatory cytokine
secretion (e.g., TNF-alpha, IL-1-beta, IL-6) by neurons and astrocytes (Netland et al., 2008). Even
in the absence of CoV-2 infiltration into the CNS, peripheral cytokines involved in the host anti-
viral response (see Section 2.1) may elicit neuropsychiatric symptoms by precipitating
neuroinflammatory responses and/or compromised blood-brain-interface (BBI) integrity, leading
to peripheral immune cell transmigration into the CNS, and disruption of neurotransmission
(Dantzer, 2018).
4.3. Peripheral immune cell transmigration

Peripheral myeloid cells are infected by CoV (Desforges et al., 2019), and can subsequently
be recruited or transmigrate to the CNS under conditions which increase blood brain barrier (BBB)
permeability, such as inflammation or psychological stress. In the CNS, virus-infected monocytes
can propagate neuroinflammation, and therefore neuropsychiatric symptoms, by releasing
inflammatory cytokines, and by promoting microglial activation (Hong and Banks, 2015; Wohleb
et al., 2015). There is also evidence suggesting that leukocytes can remain persistently infected by
CoV (Arbour et al., 2000; Desforges et al., 2007). Therefore, it can be speculated that the time-
course over which CoV-infected immune cells could serve as a potential source of
neuroinflammation could be significantly longer than the initial infection and acute symptom
presentation.

4.4. Post-infectious autoimmunity
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Autoimmune disorders of the nervous system, such as BBE and GBS, have been described
following SARS-CoV-1 and MERS-CoV (Kim et al., 2017; Tsai et al., 2004). Viral infections may
precede development of autoimmunity in vulnerable individuals. The underlying mechanisms may
include viral infection creating an inflammatory milieu which favors aberrant immune responses
and promoting expansion of host antibodies or lymphocytes, which are cross-reactive both with
viral antigen and self-antigen (i.e. “molecular mimicry”) (Fairweather et al., 2005; Rose, 2017). In
animal models of MS, auto-reactive lymphocytes have been identified which cross-react with both
CoV epitopes and human myelin (Desforges et al., 2019), suggesting that molecular mimicry
might be a potential mechanism by which CoV infection could potentiate development of
autoimmune neuropsychiatric sequelae.

4.5. Immunomodulatory treatments

A subset of COVID-19 cases are associated with a hyperinflammatory response, and
immunomodulatory therapies have therefore been proposed in the treatment of severe cases
(Mehta et al., 2020). The clinical efficacy of corticosteroids in treating COVID-19 is currently
unclear, with some groups advising against their use (Russell et al., 2020). However, retrospective
studies suggest corticosteroids are not uncommonly used to treat hospitalized COVID-19 patients
(Liu et al., 2020; Mo et al., 2020; Wan et al., 2020). Similarly, high doses of corticosteroids were
administered to treat SARS CoV-1 infection symptoms during the acute phase (Lee et al., 2003),
but were associated with organic hallucinations and manic symptoms, which were treated with
haloperidol (Cheng et al., 2004). There is ample evidence of adverse neuropsychiatric effects
following corticosteroid therapy, impacting about 35% of treated patients, including cognitive and
sleep disturbances, delirium, hypomania, mania, depression, and psychosis (Brown and Chandler,

2001; Warrington and Bostwick, 2006). The neuropsychiatric effects of corticosteroid treatments
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are typically acute and resolve upon termination of treatment, suggesting that steroid-mediated
neuropsychiatric symptoms among COVID-19 cases will likely be acute, but necessitate close
monitoring and intervention as needed, nonetheless. Further, other immunomodulatory treatments
have been proposed for treating severe COVID-19, including intravenous immunoglobulin (IVIG),
cytokine blocking medications, and Janus kinase (JAK) inhibitors (Mehta et al., 2020). However,
the degree to which these agents have been used clinically, and the neuropsychiatric outcomes in
infected individuals who have been exposed versus not exposed to such treatments, are unknown,
highlighting the need for further investigation going forward.
4.6 Gut microbial translocation

Viral shedding in feces of COVID-19 patients is known to occur for at least five weeks
post-infection (Yongjian Wu et al., 2020). Although the extent and mechanisms of viral infiltration
of gut epithelium by SARS-CoV-2 are currently unknown, ACE2 is expressed by gut epithelial
cells, and almost 40% of COVID-19 patients present with gastrointestinal (GI) symptoms (Zhang
et al., 2020). As such, gastroenterologists performing fecal microbiota transplantation (FMT) to
treat C. difficile have identified the need to screen donors for potential GI infiltration by SARS-
CoV-2 (Ianiro et al., 2020). It may be the case that SARS-CoV-2 infection precipitates changes in
gut microbial composition, which could be involved in the pathogenesis of neuropsychiatric
symptoms via the gut-brain axis; this remains largely speculative, but is mechanistically feasible
(Lietal., 2019).
5. Conclusions

COVID-19 is projected to affect a remarkably high proportion of the global population,
which is unprecedented for a virus with such case fatality and infection rates in modern medicine.

Nevertheless, the neuropsychiatric burden of this pandemic is currently unknown, but likely to be
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significant. Past pandemics of this magnitude occurred tens to hundreds of years ago; therefore,
epidemiologic associations between viral infection and neuropsychiatric symptoms were noted,
but causality and etiopathogenic mechanisms were not well elucidated. In more recent CoV
outbreaks, neuropsychiatric symptoms have generally been underexplored relative to respiratory
and other symptoms. The breadth of the current SARS-CoV-2 pandemic will likely require closer
examination of the mechanisms underlying, and the interventions for, post-viral neuropsychiatric
sequelae, which will likely be heterogeneous and extensive.

We urge the biomedical community’s attention to the needs of longitudinal monitoring of
neuropsychiatric symptoms and neuroimmune status in individuals exposed to SARS-CoV-2 at
different time points across the life course, including in utero, throughout childhood development,
in adulthood, and in advanced age, to fully appreciate and mitigate the long-term deleterious
impacts of COVID-19 on brain and behavior. Thus, a psychoneuroimmunology perspective will

be invaluable in tackling this rapidly developing public health crisis.

Acknowledgements

Funding: Dr. Troyer receives support from the National Institute of Mental Health
(T32MHO018399), Dr. Kohn from the National Center for Advancing Translational Studies
(TL1TRO01443), and Dr. Hong from the National Heart, Lung, and Blood Institute

(ROTHL126056) and the National Institute on Aging (R03AG063328).

References
Arbour, N., Day, R., Newcombe, J., Talbot, P.J., 2000. Neuroinvasion by Human Respiratory

Coronaviruses. J. Virol. 74, 8913—-8921. https://doi.org/10.1128/jv1.74.19.8913-8921.2000



Neuropsychiatric sequelae of COVID-]19

Bao, Y., Sun, Y., Meng, S., Shi, J., Lu, L., 2020. 2019-nCoV epidemic: address mental health
care to empower society. Lancet 395, e37—e38. https://doi.org/10.1016/S0140-
6736(20)30309-3

Brann, D., Tsukahara, T., Weinreb, C., Logan, D.W., Sandeep, R.D., 2020. Non-neural
expression of SARS-CoV-2 entry genes in the olfactory epithelium suggests mechanisms
underlying anosmia in COVID-19 patients. bioRxiv.
https://doi.org/https://doi.org/10.1101/2020.03.25.009084

Bromley, S.M., 2019. Neurolocalization of taste disorders, 1st ed, Handbook of Clinical
Neurology. Elsevier B.V. https://doi.org/10.1016/B978-0-444-63855-7.00019-8

Brown, A.S., Derkits, E.J., 2010. Prenatal Infection and Schizophrenia: A Review of
Epidemiologic and Translational Studies. Am. J. Psychiatry 167, 261-280.
https://doi.org/10.1176/appi.ajp.2009.09030361

Brown, E.S., Chandler, P.A., 2001. Mood and cognitive changes during systemic corticosteroid
therapy. Prim. Care Companion J. Clin. Psychiatry. https://doi.org/10.4088/PCC.v03n0104

Carvalho, P.M. de M., Moreira, M.M., de Oliveira, M.N.A., Landim, J. M.M., Neto, M.L.R.,
2020. The psychiatric impact of the novel coronavirus outbreak. Psychiatry Res. 286,
112902. https://doi.org/10.1016/j.psychres.2020.112902

Chen, T., Wu, D., Chen, H., Yan, W., Yang, D., Chen, G., Ma, K., Xu, D., Yu, H., Wang, H.,
Wang, T., Guo, W., Chen, J., Ding, C., Zhang, X., Huang, J., Han, M., Li, S., Luo, X.,
Zhao, J., Ning, Q., 2020. Clinical characteristics of 113 deceased patients with coronavirus
disease 2019: retrospective study. BMJ 368, m1091. https://doi.org/10.1136/bmj.m1091

Cheng, S.K.-W., Tsang, J.S.-K., Ku, K.-H., Wong, C.-W., Ng, Y.-K., 2004. Psychiatric

complications in patients with severe acute respiratory syndrome (SARS) during the acute



Neuropsychiatric sequelae of COVID-]1§

treatment phase: a series of 10 cases. Br. J. Psychiatry 184, 359-360.
https://doi.org/10.1192/bjp.184.4.359

Cheyette, S.R., Cummings, J.L., 1995. Encephalitis lethargica: Lessons for contemporary
neuropsychiatry. J. Neuropsychiatry Clin. Neurosci. 7, 125-134.
https://doi.org/10.1176/jnp.7.2.125

Chilvers, M.A., McKean, M., Rutman, A., Myint, B.S., Silverman, M., O’Callaghan, C., 2001.
The effects of coronavirus on human nasal ciliated respiratory epithelium. Eur. Respir. J.
18, 965-970. https://doi.org/10.1183/09031936.01.00093001

Chung, H.-Y., Wickel, J., Brunkhorst, F.M., Geis, C., 2020. Sepsis-Associated Encephalopathy:
From Delirium to Dementia? J. Clin. Med. 9, 703. https://doi.org/10.3390/;cm9030703

Dantzer, R., 2018. Neuroimmune interactions: From the brain to the immune system and vice
versa. Physiol. Rev. 98, 477-504. https://doi.org/10.1152/physrev.00039.2016

Desforges, M., Le Coupanec, A., Dubeau, P., Bourgouin, A., Lajoie, L., Dubé, M., Talbot, P.J.,
2019. Human coronaviruses and other respiratory viruses: Underestimated opportunistic
pathogens of the central nervous system? Viruses 12, 1-28.
https://doi.org/10.3390/v12010014

Desforges, M., Miletti, T.C., Gagnon, M., Talbot, P.J., 2007. Activation of human monocytes
after infection by human coronavirus 229E. Virus Res. 130, 228-240.
https://doi.org/10.1016/j.virusres.2007.06.016

Duong, L., Xu, P., Lu, A., 2020. Meningoencephalitis without Respiratory Failure in a Young
Female Patient with COVID-19 Infection in Downtown Los Angeles, Early April 2020.
Brain Behav. Immun.

Fairweather, D., Frisancho-Kiss, S., Rose, N.R., 2005. Viruses as adjuvants for autoimmunity:



Neuropsychiatric sequelae of COVID-]19

evidence from Coxsackievirus-induced myocarditis. Rev. Med. Virol. 15, 17-27.
https://doi.org/10.1002/rmv.445

Fazzini, E., Fleming, J., Fahn, S., 1992. Cerebrospinal fluid antibodies to coronavirus in patients
with Parkinson’s disease. Mov. Disord. 7, 153—158. https://doi.org/10.1002/mds.870070210

Goyal, K., Chauhan, P., Chhikara, K., Gupta, P., Singh, M.P., 2020. Fear of COVID 2019: First
suicidal case in India ! Asian J. Psychiatr. 49, 101989.
https://doi.org/10.1016/;.ajp.2020.101989

Hong, S., Banks, W.A., 2015. Role of the immune system in HIV-associated neuroinflammation
and neurocognitive implications. Brain. Behav. Immun.
https://doi.org/10.1016/;.bbi.2014.10.008

Honigsbaum, M., 2013. The art of medicine: “an inexpressible dread”: Psychoses of influenza at
fin-de-siecle. Lancet 381, 988-989. https://doi.org/10.1016/S0140-6736(13)60701-1

Huang, K.J., Su, L.J., Theron, M., Wu, Y.C., Lai, S.K., Liu, C.C., Lei, H.Y., 2005. An interferon-
y-related cytokine storm in SARS patients. J. Med. Virol. 75, 185-194.
https://doi.org/10.1002/jmv.20255

Hwang, C.S., 2006. Olfactory neuropathy in severe acute respiratory syndrome: Report of a case.
Acta Neurol. Taiwan. 15, 26-28.

laniro, G., Mullish, B.H., Kelly, C.R., Sokol, H., Kassam, Z., Ng, S., Fischer, M., Allegretti, J.R.,
Masucci, L., Zhang, F., Keller, J., Sanguinetti, M., Costello, S.P., Tilg, H., Gasbarrini, A.,
Cammarota, G., 2020. Screening of faecal microbiota transplant donors during the COVID-
19 outbreak: suggestions for urgent updates from an international expert panel. Lancet
Gastroenterol. Hepatol. 1253, 2019-2020. https://doi.org/10.1016/S2468-1253(20)30082-0

Jacomy, H., Fragoso, G., Almazan, G., Mushynski, W.E., Talbot, P.J., 2006. Human coronavirus



Neuropsychiatric sequelae of COVID-]1§

0OC43 infection induces chronic encephalitis leading to disabilities in BALB/C mice.
Virology 349, 335-346. https://doi.org/10.1016/j.virol.2006.01.049

Joob, B., Wiwanitkit, V., 2020. Traumatization in medical staff helping with COVID-19 control.
Brain. Behav. Immun. 1. https://doi.org/10.1016/j.bbi.2020.03.020

Kang, L., Li, Y., Hu, S., Chen, M., Yang, C., Yang, B.X., Wang, Y., Hu, J., Lai, J., Ma, X.,
Chen, J., Guan, L., Wang, G., Ma, H., Liu, Z., 2020a. The mental health of medical workers
in Wuhan, China dealing with the 2019 novel coronavirus. The Lancet Psychiatry 7, e14.
https://doi.org/10.1016/S2215-0366(20)30047-X

Kang, L., Ma, S., Chen, M., Yang, J., Wang, Y., Li, R., Yao, L., Bai, H., Cai, Z., Xiang Yang,
B., Hu, S., Zhang, K., Wang, G., Ma, C., Liu, Z., 2020b. Impact on Mental Health and
Perceptions of Psychological Care among Medical and Nursing Staff in Wuhan during the
2019 Novel Coronavirus Disease Outbreak: a Cross-sectional Study. Brain. Behav. Immun.
1-7. https://doi.org/https://doi.org/10.1016/1.bbi1.2020.03.028

Kepinska, A.P., Iyegbe, C.O., Vernon, A.C., Yolken, R., Murray, R.M., Pollak, T.A., 2020.
Schizophrenia and Influenza at the Centenary of the 1918-1919 Spanish Influenza
Pandemic: Mechanisms of Psychosis Risk. Front. Psychiatry 11, 1-19.
https://doi.org/10.3389/fpsyt.2020.00072

Khandaker, G.M., Zimbron, J., Dalman, C., Lewis, G., Jones, P.B., 2012. Childhood infection
and adult schizophrenia: A meta-analysis of population-based studies. Schizophr. Res. 139,
161-168. https://doi.org/10.1016/j.schres.2012.05.023

Kim, J.E., Heo, J.H., Kim, H.O., Song, S.H., Park, S.S., Park, T.H., Ahn, J.Y., Kim, M.K., Choi,
J.P., 2017. Neurological complications during treatment of middle east respiratory

syndrome. J. Clin. Neurol. 13, 227-233. https://doi.org/10.3988/jcn.2017.13.3.227



Neuropsychiatric sequelae of COVID-]19

Lagunas-Rangel, F.A., 2020. Neutrophil-to-Lymphocyte ratio and Lymphocyte-to-C-reactive
protein ratio in patients with severe coronavirus disease 2019 (COVID-19): A meta-
analysis. J. Med. Virol. 2019, 2019-2020. https://doi.org/10.1002/jmv.25819

Lai, J., Ma, S., Wang, Y., Cai, Z., Hu, J., Wei, N., Wu, J., Du, H., Chen, T., Li, R., Tan, H.,
Kang, L., Yao, L., Huang, M., Wang, H., Wang, G., Liu, Z., Hu, S., 2020. Factors
Associated With Mental Health Outcomes Among Health Care Workers Exposed to
Coronavirus Disease 2019. JAMA Netw. open 3, €203976.
https://doi.org/10.1001/jamanetworkopen.2020.3976

Lam, M.H.-B., 2009. Mental Morbidities and Chronic Fatigue in Severe Acute Respiratory
Syndrome Survivors. Arch. Intern. Med. 169, 2142.
https://doi.org/10.1001/archinternmed.2009.384

Lane, T.E., Hosking, M.P., 2010. The pathogenesis of murine coronavirus infection of the central
nervous system. Crit. Rev. Immunol. 30, 119-30.
https://doi.org/10.1615/critrevimmunol.v30.i12.20

Lau, K.-K., Yu, W., Chu, C., Lau, S., Sheng, B., Yuen, K.-Y., 2004. Possible Central Nervous
System Infection by SARS Coronavirus. Emerg. Infect. Dis. 10, 342-344.
https://doi.org/10.3201/e1d1002.030638

Lee, N., Hui, D., Wu, A., Chan, P., Cameron, P., Joynt, G.M., Ahuja, A., Yung, M.Y., Leung,
C.B., To, K.F., Lui, S.F., Szeto, C.C., Chung, S., Sung, J.J.Y., 2003. A Major Outbreak of
Severe Acute Respiratory Syndrome in Hong Kong. N. Engl. J. Med. 348, 1986—1994.
https://doi.org/10.1056/NEJMo0a030685

Lee, S.M., Kang, W.S., Cho, A.-R., Kim, T., Park, J.K., 2018. Psychological impact of the 2015

MERS outbreak on hospital workers and quarantined hemodialysis patients. Compr.



Neuropsychiatric sequelac of COVIDA0

Psychiatry 87, 123—127. https://doi.org/10.1016/j.comppsych.2018.10.003

Li, N., Ma, W.T., Pang, M., Fan, Q.L., Hua, J.L., 2019. The commensal microbiota and viral
infection: A comprehensive review. Front. Immunol. 10, 1-16.
https://doi.org/10.3389/fimmu.2019.01551

Li, Y., Li, H., Fan, R., Wen, B., Zhang, J., Cao, X., Wang, C., Song, Z., Li, S., Li, X., Lv, X.,
Qu, X., Huang, R., Liu, W., 2017. Coronavirus Infections in the Central Nervous System
and Respiratory Tract Show Distinct Features in Hospitalized Children. Intervirology 59,
163-169. https://doi.org/10.1159/000453066

Li, Y.C., Bai, W.Z., Hashikawa, T., 2020. The neuroinvasive potential of SARS-CoV2 may be at
least partially responsible for the respiratory failure of COVID-19 patients. J. Med. Virol.
24-27. https://doi.org/10.1002/jmv.25728

Li, Z., Ge, J., Yang, M., Feng, J., Qiao, M., Jiang, R., Bi, J., Zhan, G., Xu, X., Wang, L., Zhou,
Q., Zhou, C., Pan, Y., Liu, S., Zhang, H., Yang, J., Zhu, B., Hu, Y., Hashimoto, K., Jia, Y.,
Wang, H., Wang, R., Liu, C., Yang, C., 2020. Vicarious traumatization in the general
public, members, and non-members of medical teams aiding in COVID-19 control. Brain.
Behav. Immun. 0—1. https://doi.org/10.1016/j.bbi.2020.03.007

Lin, C.Y., Peng, Y.C., Wu, Y.H., Chang, J., Chan, C.H., Yang, D.Y., 2007. The psychological
effect of severe acute respiratory syndrome on emergency department staff. Emerg. Med. J.
24, 12—17. https://doi.org/10.1136/em;j.2006.035089

Liu, K., Fang, Y.-Y., Deng, Y., Liu, W., Wang, M.-F., Ma, J.-P., Xiao, W., Wang, Y.-N., Zhong,
M.-H., Li, C.-H., Li, G.-C., Liu, H.-G., 2020. Clinical characteristics of novel coronavirus
cases in tertiary hospitals in Hubei Province. Chin. Med. J. (Engl).

https://doi.org/10.1097/CM9.0000000000000744



Neuropsychiatric sequelac of COVIDQ 9

Manjunatha, N., Math, S.B., Kulkarni, G.B., Chaturvedi, S.K., 2011. The neuropsychiatric
aspects of influenza/swine flu: A selective review. Ind. Psychiatry J. 20, 83-90.
https://doi.org/10.4103/0972-6748.102479

Mao, L., Wang, M., Chen, S., He, Q., Chang, J., Hong, C., Zhou, Y., Wang, D., Li, Y., Jin, H.,
Hu, B., 2020. Neurological Manifestations of Hospitalized Patients with COVID-19 in
Wuhan, China: a retrospective case series study. medRxiv.
https://doi.org/10.1101/2020.02.22.20026500

Mehta, P., Mcauley, D.F., Brown, M., Sanchez, E., Tattersall, R.S., Manson, J.J., Across,
H.L.H., Collaboration, S., 2020. Correspondence COVID-19 : consider cytokine storm
syndromes and. Lancet 6736, 19-20. https://doi.org/10.1016/S0140-6736(20)30628-0

Menninger, K.A., 1926. INFLUENZA AND SCHIZOPHRENIA. Am. J. Psychiatry 82, 469—
529. https://doi.org/10.1176/ajp.82.4.469

Mo, P., Xing, Y., Xiao, Y., Deng, L., Zhao, Q., Wang, H., Xiong, Y., Cheng, Z., Gao, S., Liang,
K., Luo, M., Chen, T., Song, S., Ma, Z., Chen, X., Zheng, R., Cao, Q., Wang, F., Zhang, Y.,
2020. Clinical characteristics of refractory COVID-19 pneumonia in Wuhan, China. Clin.
Infect. Dis. https://doi.org/10.1093/cid/ciaa270

Montemurro, N., 2020. The emotional impact of COVID-19: from medical staff to common
people. Brain. Behav. Immun. 1591, 1-2. https://doi.org/10.1016/5.bbi.2020.03.032

Moriguchi, T., Harii, N., Goto, J., Harada, D., Sugawara, H., Takamino, J., Ueno, M., Sakata, H.,
Kondo, K., Myose, N., Nakao, A., Takeda, M., Haro, H., Inoue, O., Suzuki-Inoue, K.,
Kubokawa, K., Ogihara, S., Sasaki, T., Kinouchi, H., Kojin, H., Ito, M., Onishi, H.,
Shimizu, T., Sasaki, Y., Enomoto, N., Ishihara, H., Furuya, S., Yamamoto, T., Shimada, S.,

2020. A first Case of Meningitis/Encephalitis associated with SARS-Coronavirus-2. Int. J.



Neuropsychiatric sequelac of COVIDA9

Infect. Dis. https://doi.org/10.1016/].1jid.2020.03.062

Netland, J., Meyerholz, D.K., Moore, S., Cassell, M., Perlman, S., 2008. Severe Acute
Respiratory Syndrome Coronavirus Infection Causes Neuronal Death in the Absence of
Encephalitis in Mice Transgenic for Human ACE2. J. Virol. 82, 7264—7275.
https://doi.org/10.1128/jvi.00737-08

Okusaga, O., Yolken, R.H., Langenberg, P., Lapidus, M., Arling, T.A., Dickerson, F.B.,
Scrandis, D.A., Severance, E., Cabassa, J.A., Balis, T., Postolache, T.T., 2011. Association
of seropositivity for influenza and coronaviruses with history of mood disorders and suicide
attempts. J. Affect. Disord. 130, 220-225. https://doi.org/10.1016/j.jad.2010.09.029

Rose, N.R., 2017. Negative selection, epitope mimicry and autoimmunity. Curr. Opin. Immunol.
49, 51-55. https://doi.org/10.1016/.c01.2017.08.014

Russell, C.D., Millar, J.E., Baillie, J.K., 2020. Clinical evidence does not support corticosteroid
treatment for 2019-nCoV lung injury. Lancet 395, 473—475. https://doi.org/10.1016/S0140-
6736(20)30317-2

Salluh, J.I.F., Wang, H., Schneider, E.B., Nagaraja, N., Yenokyan, G., Damluji, A., Serafim,
R.B., Stevens, R.D., 2015. Outcome of delirium in critically ill patients: Systematic review
and meta-analysis. BMJ 350, 1-10. https://doi.org/10.1136/bm;j.h2538

Severance, E.G., Dickerson, F.B., Viscidi, R.P., Bossis, 1., Stallings, C.R., Origoni, A.E.,
Sullens, A., Yolken, R.H., 2011. Coronavirus immunoreactivity in individuals with a recent
onset of psychotic symptoms. Schizophr. Bull. 37, 101-107.
https://doi.org/10.1093/schbul/sbp052

Tsai, L.K., Hsieh, S.T., Chao, C.C., Chen, Y.C., Lin, Y.H., Chang, S.C., Chang, Y.C., 2004.

Neuromuscular disorders in severe acute respiratory syndrome. Arch. Neurol. 61, 1669—



Neuropsychiatric sequelac of COVIDA93

1673. https://doi.org/10.1001/archneur.61.11.1669

Vaira, L.A., Salzano, G., Deiana, G., De Riu, G., 2020. Anosmia and ageusia: common findings
in COVID-19 patients. Laryngoscope 1-4. https://doi.org/10.1002/lary.28692

Vavougios, G.D., 2020. Letter to the Editor: Host proteases as determinants of Coronaviral
neurotropism and virulence. Brain Behav. Immun. https://doi.org/10.1016/j.bbi.2020.04.010

Von Economo, C., 1932. Encephalitis Lethargica, Its Sequelae and Treatment. J. Am. Med.
Assoc. 98, 255. https://doi.org/10.1001/jama.1932.02730290071039

Wan, S., Xiang, Y., Fang, W., Zheng, Y., Li, B., Hu, Y., Lang, C., Huang, D., Sun, Q., Xiong,
Y., Huang, X., Lv, J., Luo, Y., Shen, L., Yang, H., Huang, G., Yang, R., 2020. Clinical
Features and Treatment of COVID-19 Patients in Northeast Chongqing. J. Med. Virol.
https://doi.org/10.1002/jmv.25783

Warrington, T.P., Bostwick, J.M., 2006. Psychiatric adverse effects of corticosteroids. Mayo
Clin. Proc. 81, 1361-1367. https://doi.org/10.4065/81.10.1361

Wohleb, E.S., McKim, D.B., Sheridan, J.F., Godbout, J.P., 2015. Monocyte trafficking to the
brain with stress and inflammation: A novel axis of immune-to-brain communication that
influences mood and behavior. Front. Neurosci. 9, 1-17.
https://doi.org/10.3389/fnins.2014.00447

Wu, H., Zhuang, J., Stone, W.S., Zhang, L., Zhao, Zhengqing, Wang, Z., Yang, Y., Li, X., Zhao,
X., Zhao, Zhongxin, 2014. Symptoms and occurrences of narcolepsy: A retrospective study
of 162 patients during a 10-year period in Eastern China. Sleep Med. 15, 607-613.
https://doi.org/10.1016/j.sleep.2013.12.012

Wu, Yongjian, Guo, C., Tang, L., Hong, Z., Zhou, J., Dong, X., Yin, H., Xiao, Q., Tang, Y., Qu,

X., Kuang, L., Fang, X., Mishra, N., Lu, J., Shan, H., Jiang, G., Huang, X., 2020. Prolonged



Neuropsychiatric sequelac of COVIDI4

presence of SARS-CoV-2 viral RNA in faecal samples. Lancet Gastroenterol. Hepatol.
1253, 20-21. https://doi.org/10.1016/S2468-1253(20)30083-2

Wu, Yeshun, Xu, X., Chen, Z., Duan, J., Hashimoto, K., Yang, L., Liu, C., Yang, C., 2020.
Nervous system involvement after infection with COVID-19 and other coronaviruses.
Brain. Behav. Immun. https://doi.org/10.1016/1.bbi1.2020.03.031

Xiang, Y.-T., Zhao, Y.-J., Liu, Z.-H., Li, X.-H., Zhao, N., Cheung, T., Ng, C.H., 2020. The
COVID-19 outbreak and psychiatric hospitals in China: managing challenges through
mental health service reform. Int. J. Biol. Sci. 2020, 1741-1744.
https://doi.org/10.7150/ijbs.45072

Yang, Y., Shen, C., Li, J., Yuan, J., Yang, M., Wang, F., Li, G., Li, Y., Xing, L., Peng, L., Wei,
J., Cao, M., Zheng, H., Wu, W., Zou, R., Li, D., Xu, Z., Wang, H., Zhang, M., Zhang, Z.,
Liu, L., Liu, Y., 2020. Exuberant elevation of IP-10, MCP-3 and IL-1ra during SARS-CoV-
2 infection is associated with disease severity and fatal outcome. medRxiv 2019,
2020.03.02.20029975. https://doi.org/10.1101/2020.03.02.20029975

Ye, M., Ren, Y., Lv, T., 2020. Encephalitis as a clinical manifestation of COVID-19. Brain
Behav. Immun.

Zhang, J. jin, Dong, X., Cao, Y. yuan, Yuan, Y. dong, Yang, Y. bin, Yan, Y. qin, Akdis, C.A.,
Gao, Y. dong, 2020. Clinical characteristics of 140 patients infected with SARS-CoV-2 in
Wuhan, China. Allergy Eur. J. Allergy Clin. Immunol. 1-12.
https://doi.org/10.1111/all.14238

Zhao, J., Sun, L., Li, X., 2017. Commanding CNS Invasion: GM-CSF. Immunity 46, 165-167.
https://doi.org/10.1016/;.immuni.2017.02.003

Zhou, Y., Fu, B., Zheng, X., Wang, D., Zhao, C., 2020. Aberrant pathogenic GM-CSF+ T cells



Neuropsychiatric sequelae of COVIDA9

and inflammatory CD14+CD16+ monocytes in Severe Pulmonary Syndrome Patients of a

New Coronavirus. bioRxiv. https://doi.org/https://doi.org/10.1101/2020.02.12.945576

Highlights

- The COVID-19 pandemic is a significant source of psychological distress globally.

- The novel coronavirus and host immunologic response may also directly affect brain and
behavior.

- Acute and delayed neuropsychiatric sequelae have been associated with past viral
pandemics.

- Prospective monitoring of COVID-19 patients is needed to determine neuropsychiatric
outcomes.

- A psychoneuroimmunology perspective will aid in promoting post-pandemic public

mental health.



