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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread around
the globe causing coronavirus disease 2019 (COVID-19). Because it affects the
respiratory system, common symptoms are cough and breathing difficulties with fever
and fatigue. Also, some cases progress to acute respiratory distress syndrome (ARDS).
The acute phase of COVID-19 has been also related to nervous system symptoms,
including loss of taste and smell as well as encephalitis and cerebrovascular disorders.
However, it remains unclear if neurological complications are due to the direct viral
infection of the nervous system, or they appear as a consequence of the immune
reaction against the virus in patients who presented pre-existing deficits or had a certain
detrimental immune response. Importantly, the medium and long-term consequences of
the infection by SARS-CoV-2 in the nervous system remain at present unknown. This
review article aims to give an overview of the current neurological symptoms associated
with COVID-19, as well as attempting to provide an insight beyond the acute affectation.
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INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has rapidly caused a
pandemic, only a few months after the first cases reported in December 2019. Although some
infected individuals are asymptomatic, manifestations of the SARS-CoV-2 disease (coronavirus
disease 2019, COVID-19) are cough, breathing difficulty (dyspnea) with fever, and fatigue
(asthenia). However, some cases show severe bilateral pneumonia and progress to acute respiratory
distress syndrome (ARDS) and multiorgan failure (Chen et al., 2020; Dhama et al., 2020; Huang
et al., 2020; Zhang J. J. Y. et al., 2020).

Recent works have described neurological manifestations that ranged from mild to fatal
in both asymptomatic and symptomatic patients infected by SARS-CoV-2 (Helms et al., 2020;
Kremer et al., 2020; Mao et al., 2020; Oxley et al., 2020). Some frequently reported symptoms are not
severe (such as headache, malaise, dizziness, loss of taste and smell; Mao et al., 2020), but other most
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severe brain conditions such as stroke and encephalitis are also
common (Paterson et al., 2020; Varatharaj et al., 2020). These
observations have highlighted the need to deeply describe the
clinical and epidemiological characteristics of these conditions
including their long-term consequences in infected individuals
as well as the possible mechanisms involved.

This review article aims to give an overview of those
neurological symptoms associated with COVID-19 (Figure 1),
attempting to provide an insight beyond the acute affectation.

NERVOUS SYSTEM DISEASES RELATED
TO SARS-CoV-2 INFECTION

Viral Encephalitis (VE)
Viral encephalitis (VE) is a syndrome caused by neurotropic
viruses (Tyler, 2018) characterized by altered mental status.
The symptoms consist of a combination of acute fever, seizures,
neurologic deficits, cerebrospinal fluid (CSF) pleocytosis,
and neuroimaging and electroencephalographic (EEG)
abnormalities. Clinical cases of VE in COVID-19 patients
have been reported (Etemadifar et al., 2020; Moriguchi et al.,
2020; Paniz-Mondolfi et al., 2020; Ye et al., 2020; Zhou F. et al.,
2020), suggesting a potential invasion capacity of this virus into
the Central Nervous System (CNS), as shown by other members
of the Coronaviridae family (Xu et al., 2005; Morfopoulou et al.,

2016; Nilsson et al., 2020). Neurological complications induced
by respiratory viruses from the Coronaviridae family, such as
HCoV-OC43, HCoV-229E, and SARS-CoV-1, have been already
reported (Sharifian-Dorche et al., 2020).

The mechanisms by which SARS-CoV-2 causes encephalitis
are poorly understood due to the low number of reported
cases. It is speculated that the infection might occur after
an inflammatory injury, rather than direct viral infection
(Zhou Z. et al., 2020). However, given the high homology of
SARS-CoV-2 with SARS-CoV-1, direct damage to the CNS
cannot be ruled out. Similarly, the infection with HCoV-
OC43, a coronavirus that presented a particular tropism
for neurons and can produce direct neuronal death, also
causes encephalitis that can be enhanced by the host immune
responses (Butler et al., 2006). Intranasal administration of
SARS-CoV-2 plaque-forming units in K18-hACE2 mice have
demonstrated the capacity of neuroinvasion of SARS-CoV-
2 causing encephalitis symptoms, including cytokine and
chemokine production, leukocyte infiltration, hemorrhage, and
neuronal cell death (Kumari et al., 2021). Moreover, in this
mouse model, the onset of the severe disease was correlated
with the maximal viral levels in the brain (Kumari et al.,
2021). Also, findings in mice show that those that survived
acute encephalitis induced by HCoV-OC43 infection, developed
long-term sequelae, such as hypo-activity in the open field test

FIGURE 1 | Neurological sequelae after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Proposed pathways for SARS-CoV-2
neuroinvasion and neurological manifestations in coronavirus disease 2019 (COVID-19) patients.
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and decreased hippocampal excitability with concomitant neural
loss in CA1 and CA3 hippocampal regions (Divani et al., 2020).
However, most of the reported cases of COVID-19 patients
with the manifestation of encephalitis do not have detectable
SARS-CoV-2 RNA in CSF samples, which does not necessarily
exclude direct CNS infection (Divani et al., 2020). In fact,
experience with other infections, such as tick-borne encephalitis,
suggests that there is no correlation between viral load, the
timing of viremia, and clinical severity (Umapathi et al., 2020).
Not surprisingly, diagnostic criteria for viral encephalitis do
not require demonstration of viral particles in CSF or blood
(Umapathi et al., 2020). Nevertheless, diagnosis currently relies
heavily on virus isolation in the CSF. Diagnosis of COVID-
19-related encephalitis can be extremely challenging, as the
definitive diagnosis is highly dependent on CSF virus isolation.
This trouble becomes difficult in COVID-19 patients because
the dissemination of SARS-CoV-2 is transient and its titer in
CSF can be extremely low (Haider et al., 2020). Further studies,
both, in patients and animal models, are required to precisely
determine the extent of neurological sequelae of SARS-CoV-2-
related encephalitis.

To summarize, the lack of continuity and consistency in
encephalopathies in COVID-19 patients leaves us without a clear
picture of where the neurological abnormalities may come from.
Therefore, more in deep studies are necessary to clarify the exact
role of SARS-CoV-2 in this disease.

Peripheral Nervous System Disease
Coronavirus family also affects the peripheral nervous system
(PNS) which could be caused directly by the virus or by the
body’s innate and adaptive immune responses to infection. The
Guillain-Barré syndrome (GBS) is an autoimmune neurologic
disease of PNS caused by an infection leading to an autoimmune
response, which produces demyelination and injury of axons.
The disease symptoms begin with weakness and tingling in
the extremities leading to rapidly progressive, symmetrical limb
weakness, areflexia on examination, sensory symptoms, and,
in some patients, facial weakness, although several variants
exist (Willison et al., 2016). The first case of COVID-19
initially associated with acute GBS was reported by Zhao
et al. (2020). To date, 50 GBS patients, or its variants, and
COVID-19 have been reported (for review, see Katyal et al.,
2020; Satarker and Nampoothiri, 2020; Sriwastava et al., 2020).
The mean latency between infection and GBS symptoms ranged
between 11 and 13 days (Sriwastava et al., 2020). It has been
hypothesized that the various mechanisms by mean of SARS-
CoV-2 trigger GBS: (i) cross-reactivity between the viral protein
(viral spike (S) protein)—associated gangliosides containing
sialic acid residues, including the GalNAc residue of GM1
(Ahmed et al., 2020; Baig et al., 2020; Caress et al., 2020;
Dalakas, 2020; Sriwastava et al., 2020; Zhou Z. et al., 2020)
and peripheral nerve gangliosides as the result of molecular
mimicry. Serum ganglioside antibodies were found in 7% of
described COVID-19-GBS patients (for review, see Sriwastava
et al., 2020). (ii) T-cell activation and release of inflammatory
mediators as cytokine storms induce nerve damage and,
therefore trigger GBS in COVID-19 patients. Interestingly, none

of the reported patients had positive PCR for SARS-CoV-2 in
the CSF (Sriwastava et al., 2020) but the damage could be
produced by the breakdown of the blood-brain barrier rather
than direct intracranial viral invasion (Ahmed et al., 2020;
Zhou F. et al., 2020). Although a direct effect of the virus on
the PNS could not be ruled out, probably, the cytokine storm
described in a proportion of the most severe COVID-19 patients
triggers the neurological symptoms, including GBS, as has been
proposed for some other viral infectious diseases (Chousterman
et al., 2017). However, a more in-depth study would need to
unequivocally demonstrate the relationship of GSB with SARS-
CoV-2 infection, despite the low proportion of COVID-19
patients presenting GBS.

Acute Cerebrovascular Disease
Acute cerebrovascular disease is caused by the blood supply
disruption in the brain under ischemic or hemorrhagic
conditions, such as thrombotic or embolic occlusion. The brain
responds to this blood disruption altering the metabolism,
the microvascular hemodynamics, and the collateral flow
interactions. These responses may result in brain damage and
even death (Gaddi et al., 2003; Donahue and Hendrikse, 2018).
Beyond the motor impairment observed in stroke patients, the
long-term neurological manifestations include depression and
cognitive impairment followed by dementia, recurrent strokes,
epilepsy, bleeding and also, death (Singh et al., 2018).

It is known that between 0.2 and 1% of COVID-19 patients
undergo ischemic strokes (Altable and De La Serna, 2020),
and it is thought to be caused by the prothrombotic effect as
a consequence of the inflammatory response (for review, see
Abou-Ismail et al., 2020). COVID-19 patients with a historical
cerebrovascular disease (CVD), may present increased severity.
Besides, patients with severe infection are more prone to display
a CVD rather than the ones with less severe infection (Li et al.,
2020). Moreover, other comorbidities, such as diabetes mellitus,
high coagulation and hypertension, and aging enhance the CVD
in COVID-19 patients (Goldberg et al., 2020; Larson et al., 2020).

There are several mechanisms by which the SARS-CoV-
2 virus might cause brain stroke (Trejo-Gabriel-Galan, 2020),
including: (i) invasion of vascular walls by directly joining
angiotensin-converting enzyme 2 (ACE2) receptors located
on the surfaces of the endothelial cells; (ii) coagulopathy
associated with COVID-19: produced by the cytokine storm that
increases the D-dimers levels [the fibrin degradation products
found in the blood after blood clots degradation which is
associated to high mortality in COVID-19 patients (Rostami
and Mansouritorghabeh, 2020)]; (iii) myocardial damage with
cerebral embolism: SARS-CoV-2 could damage the heart, which
in turn causes a cardioembolic stroke, measured by increased
troponin levels (Huang et al., 2020; Zhou F. et al., 2020); and,
(iv) destabilization of a pre-existing atheroma plaque: systemic
inflammation might break the fibrous cap of the atheroma and
the thrombogenic material can be released to the blood, leading
to a coagulation cascade and recruitment of inflammatory cells
and circulating platelets (Badimon and Vilahur, 2014). However,
the exact mechanism by which SARS-CoV-2 could be involved
in the CVD needs further investigation.
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Cognitive Decline After Overcoming Acute
SARS-CoV-2 Infection in COVID-19
Neurological effects have been associated with COVID-19
including confusion, disorientation, agitation, and drowsiness
(Helms et al., 2020; Heneka et al., 2020). In fact, a total of
33% of the discharged patients presented mental alterations and
motor deficiencies (Helms et al., 2020). These symptoms could
be caused by the dysfunction of peripheral organs, encephalitis,
systemic inflammation, and cerebrovascular alterations. These
conditions would expose COVID-19 survivors at risk of
long-term neurological consequences, either by aggravating a
pre-existing disorder or by initiating them (Heneka et al.,
2020). Therefore, it has been suggested that individuals who
survive the most severe COVID-19 are at high risk to develop
neurological diseases, and in particular, Alzheimer’s disease
(Tejera et al., 2019). So far, it seems unlikely that the virus has
a role in causing or exacerbating Parkinson’s disease, but the
aggravation of specific motor and non-motor symptoms has been
recently discussed (Sulzer et al., 2020). Whether or not, these
complications are directly produced by the virus or indirectly
enhanced by the cytokine storm displayed by the immune system
or both remains unknown due to the scarcity of histopathological
evidence available. Thus, it has been reported that strokes appear
to be more related to hypercoagulability and endothelial injury
than to the direct SARS-CoV-2 vasculitis affecting the brain
(Iadecola et al., 2020). However, there is evidence of brain
infection by SARS-CoV-2 (Deigendesch et al., 2020; Moriguchi
et al., 2020; Paniz-Mondolfi et al., 2020) that deserves special
attention in this review article.

POTENTIAL NEURO-INVASIVE
MECHANISMS OF SARS-CoV-2

Experimental and clinical studies have demonstrated a neuro-
invasive potential of human and animal coronaviruses (Pennisi
et al., 2020). A recent report by Mao et al. (2020) described
that 36.4% of the 214 total patients with SARS-CoV-2 infection
exhibited neurological symptoms, suggesting its neuro-invasive
potential, especially in the most severe cases (Helms et al., 2020;
Paterson et al., 2020; Varatharaj et al., 2020). Moreover, there are
reports of the presence of SARS-CoV-2 in brains or CSF from
COVID-19 patients (Deigendesch et al., 2020; Moriguchi et al.,
2020; Paniz-Mondolfi et al., 2020).

Although the precise mechanism by which SARS-CoV-
2 can reach the CNS has not yet elucidated, based on
previous knowledge about the infection mechanisms of other
coronaviruses, two hypotheses emerge as the potential routes of
how SARS-CoV-2 enters into the brain: (i) through retrograde
axonal transport; and/ or (ii) hematogenous spread from
systemic to the cerebral circulation.

Within the first alternative, SARS-CoV-2 could infect the
peripheral neurons in the olfactory tract and might reach the
brain through retrograde axonal dissemination. The olfactory
bulb is connected through the cribriform plate with the olfactory
receptor neurons (van Riel et al., 2015). It is well known that
ACE2 receptors are the key molecules to allow the entry of

the virus into cells. These receptors are expressed not only
on the epithelial cells of the mucosa (Xu et al., 2020) but
also in glial cells, neurons, and in endothelial and arterial
smooth muscle cells (Baig et al., 2020; Deigendesch et al.,
2020; Xu and Lazartigues, 2020). This fact could enhance
viral dissemination. This hypothesis was previously tested for
SARS-CoV infection using a human transgenic mouse model
for ACE2 receptors (Netland et al., 2008). The authors showed
that the virus infected the olfactory bulb and spread reaching
the brain and causing neuronal death, especially affecting those
neurons located in the cardiorespiratory centers. Although
this mechanism could explain the loss of smell and taste in
COVID-19 patients (Giacomelli et al., 2020), the retrograde
axonal transport hypothesis needs to be investigated for
SARS-CoV-2.

Additionally, COVID-19 patients also present gastrointestinal
alterations (Silva et al., 2020). As already described inMERS-CoV
infection (Zhou et al., 2017), a new potential route for viral
neuroinvasion has been proposed for SARS-CoV-2 (Esposito
et al., 2020). In vitro experiments, using human small intestine
and brain organoids, and histological characterizations for
human intestine samples, have demonstrated the capacity of
SARS-CoV-2 to infect the gastrointestinal tract (Lamers et al.,
2020; Zhang H. et al., 2020; Silva et al., 2020; Kumari et al.,
2021). This invasion may activate the enteric glial cells inducing
the cytokine storm observed in COVID-19 patients (Esposito
et al., 2020). Moreover, enteric glial cells are crucial regulators
of gut-brain signaling and their activation has been related to
the viral infection by HIV-1 Tat-associated gastrointestinal and
neurological impairments (Esposito et al., 2017).

The second hypothesis is based on the hematogenous
dissemination of the virus from the systemic to the cerebral
circulation. In this route, the virus might extend to the brain
by binding to ACE2 receptors present on the endothelial
cells and smooth muscles in the cerebral microvasculature,
inducing BBB disruption. This possible way is supported
by the high expression of ACE2 receptors and associated
proteases in the vascular endothelium, suggesting that these
cells could be also targeted by the SARS-CoV-2 (Monteil
et al., 2020). Besides, and based on other coronavirus
studies, cytokines might be playing a fundamental role
inducing neuroinflammation. In fact, one of the major
manifestations in COVID-19 severe patients is the cytokine
storm (Qin et al., 2020; Wang et al., 2020). It could also
alter the BBB, enabling the viral entry into the brain
through the hematogenous way (Pellegrini et al., 2020).
Furthermore, cytokine storm in response to viral infections
induces clotting in the cerebral vasculature (Mizuguchi
et al., 2007) also recently described in a clinical case of
a severe COVID-19 patient (Muhammad et al., 2020).
For this reason, the anticoagulant medication appears as a
promising treatment in severe COVID-19 patients associated
with coagulopathy (Tang et al., 2020). Interestingly, SARS-
CoV-2 particles have been found in brain microvascular
endothelial cells in the neural niche (Paniz-Mondolfi et al.,
2020). Nevertheless, the hematogenous alternative needs to
be demonstrated.
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Nonetheless, the exact mechanism by which SARS-CoV-
2 leads to neurological symptoms is still undetermined and
requires further investigations.

CONCLUSION

The clinical manifestations of SARS-CoV-2 infection are in
the early phase prominent in the lungs where ACE2 is highly
expressed. However, apart from the lungs and intestines, ACE2 is
expressed in venous and arterial endothelial cells and arterial
smooth muscle cells in most of the organs (Hamming et al.,
2004), which could open up for COVID-19 to become a
systemic disease. The nervous system is not unfamiliar with
the influence of the virus and two non-exclusive pathways of
viral neuroinvasion have been postulated: (i) through retrograde
axonal transport, and/or (ii) hematogenous spread from systemic
to the cerebral circulation. Data on the infection of the olfactory
bulb enabling access to the brain through retrograde axonal
dissemination in SARS-CoV infection (Netland et al., 2008)
and experiments showing the infection of choroid plexus cells
in human brain organoids (Pellegrini et al., 2020) strongly
suggest the existence of these two pathways. Independently
of the pathways that SARS-CoV-2 uses to reach the CNS if
the immune response against the virus is not contained and
feedback loop mechanisms non-functional, which are otherwise
exquisitely regulated under physiologic conditions, detrimental
hyperinflammation/SIRS can occur. This affectation allows an

aberrant deleterious response, causing a cytokine storm with
severe multiorgan manifestations including those of the CNS,
favoring the disruption of the BBB and the infiltration of
different immune cells, such as cytotoxic T lymphocytes and
monocytes with profound proinflammatory potential. This
scenario is the ground to pro-atherogenic manifestations, such
as CVD including stroke, but also encephalitis, affectations
of the peripheral nervous system or different grades of
cognitive decline after overcoming the primary SARS-CoV-
2 infection. In the absence of effective antivirals, therapeutic
efforts have to be paid to decrease this aberrant immune
response, trying to apply immunomodulators that balance the
antiviral effect of the immune system without producing and
aberrant autoimmune hyper-inflammatory response, in order
to decrease neurological sequelae associated to COVID-19.
However, if the infection of the nervous system by SARS-CoV-
2 is confirmed, a new challenge would appear in the battle against
the COVID-19 disease.

AUTHOR CONTRIBUTIONS

RR and LR conceptualized, designed, and drafted themanuscript.
IA-B, SB, GV, LC-H, EM, and ER-M were involved in
the literature search and drafted the manuscript. The image
was made by IA-B, following the guidelines of SB. TD and
JLV critically revised and edited the manuscript. All authors
contributed to the article and approved the submitted version.

REFERENCES

Abou-Ismail, M. Y., Diamond, A., Kapoor, S., Arafah, Y., and Nayak, L.
(2020). The hypercoagulable state in COVID-19: incidence, pathophysiology
and management. Thromb. Res. 194, 101–115. doi: 10.1016/j.thromres.2020.
06.029

Ahmed, M. U., Hanif, M., Ali, M. J., Haider, M. A., Kherani, D., Memon, G. M.,
et al. (2020). Neurological manifestations of COVID-19 (SARS-CoV-2): a
review. Front. Neurol. 11:518. doi: 10.3389/fneur.2020.00518

Altable, M., and De La Serna, J. M. (2020). Cerebrovascular disease in COVID-
19: is there a higher risk of stroke. Brain Behav. Immun. Health 6:100092.
doi: 10.1016/j.bbih.2020.100092

Badimon, L., and Vilahur, G. (2014). Thrombosis formation on atherosclerotic
lesions and plaque rupture. J. Intern. Med. 276, 618–632. doi: 10.1111/joim.
12296

Baig, A. M., Khaleeq, A., Ali, U., and Syeda, H. (2020). Evidence of the
COVID-19 virus targeting the CNS: tissue distribution, host-virus interaction
and proposed neurotropic mechanisms. ACS Chem. Neurosci. 11, 995–998.
doi: 10.1021/acschemneuro.0c00122

Butler, N., Pewe, L., Trandem, K., and Perlman, S. (2006). Murine encephalitis
caused by HCoV-OC43, a human coronavirus with broad species specificity,
is partly immune-mediated. Virology 347, 410–421. doi: 10.1016/j.virol.2005.
11.044

Caress, J. B., Castoro, R. J., Simmons, Z., Scelsa, S. N., Lewis, R. A.,
Ahlawat, A., et al. (2020). COVID-19-associated guillain-barre syndrome: the
early pandemic experience.Muscle Nerve. 62, 485–491. doi: 10.1002/mus.27024

Chen, N., Zhou, M., Dong, X., Qu, J., Gong, F., Han, Y., et al. (2020).
Epidemiological and clinical characteristics of 99 cases of 2019 novel
coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet 395,
507–513. doi: 10.1016/S0140-6736(20)30211-7

Chousterman, B. G., Swirski, F. K., and Weber, G. F. (2017). Cytokine
storm and sepsis disease pathogenesis. Semin. Immunopathol. 39, 517–528.
doi: 10.1007/s00281-017-0639-8

Dalakas, M. C. (2020). Guillain-Barre syndrome: The first documented
COVID-19-triggered autoimmune neurologic disease: more to come with
myositis in the offing. Neurol. Neuroimmunol. Neuroinflammation 7:e781.
doi: 10.1212/NXI.0000000000000781

Deigendesch, N., Sironi, L., Kutza, M., Wischnewski, S., Fuchs, V., Hench, J.,
et al. (2020). Correlates of critical illness-related encephalopathy predominate
postmortem COVID-19 neuropathology. Acta Neuropathol 140, 583–586.
doi: 10.1007/s00401-020-02213-y

Dhama, K., Khan, S., Tiwari, R., Sircar, S., Bhat, S., Malik, Y. S., et al. (2020).
Coronavirus disease 2019-COVID-19. Clin. Microbiol. Rev. 33:e00028-20.
doi: 10.1128/CMR.00028-20

Divani, A. A., Andalib, S., Biller, J., Di Napoli, M., Moghimi, N., Rubinos, C. A.,
et al. (2020). Central nervous system manifestations associated with
COVID-19. Curr. Neurol. Neurosci. Rep. 20:60. doi: 10.1007/s11910-020-
01079-7

Donahue, M. J., and Hendrikse, J. (2018). Improved detection of
cerebrovascular disease processes: introduction to the journal of cerebral
blood flow and metabolism special issue on cerebrovascular disease.
J. Cereb. Blood Flow. Metab. 38, 1387–1390. doi: 10.1177/0271678X1
7739802

Esposito, G., Capoccia, E., Gigli, S., Pesce, M., Bruzzese, E., D’Alessandro, A.,
et al. (2017). HIV-1 Tat-induced diarrhea evokes an enteric glia-dependent
neuroinflammatory response in the central nervous system. Sci. Rep. 7:7735.
doi: 10.1038/s41598-017-05245-9

Esposito, G., Pesce, M., Seguella, L., Sanseverino, W., Lu, J., Sarnelli, G., et al.
(2020). Can the enteric nervous system be an alternative entrance door in
SARS-CoV2 neuroinvasion. Brain Behav. Immun. 87, 93–94. doi: 10.1016/j.bbi.
2020.04.060

Etemadifar, M., Salari, M., Murgai, A. A., and Hajiahmadi, S. (2020). Fulminant
encephalitis as a sole manifestation of COVID-19. Neurol. Sci. 41, 3027–3029.
doi: 10.1007/s10072-020-04712-y

Gaddi, A., Cicero, A., Nascetti, S., Poli, A., and Inzitari, D. (2003). Italian
study group for the study of dysmetabolic and atherosclerosis, cerebrovascular

Frontiers in Aging Neuroscience | www.frontiersin.org 5 April 2021 | Volume 13 | Article 632673

https://doi.org/10.1016/j.thromres.2020.06.029
https://doi.org/10.1016/j.thromres.2020.06.029
https://doi.org/10.3389/fneur.2020.00518
https://doi.org/10.1016/j.bbih.2020.100092
https://doi.org/10.1111/joim.12296
https://doi.org/10.1111/joim.12296
https://doi.org/10.1021/acschemneuro.0c00122
https://doi.org/10.1016/j.virol.2005.11.044
https://doi.org/10.1016/j.virol.2005.11.044
https://doi.org/10.1002/mus.27024
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1007/s00281-017-0639-8
https://doi.org/10.1212/NXI.0000000000000781
https://doi.org/10.1007/s00401-020-02213-y
https://doi.org/10.1128/CMR.00028-20
https://doi.org/10.1007/s11910-020-01079-7
https://doi.org/10.1007/s11910-020-01079-7
https://doi.org/10.1177/0271678X17739802
https://doi.org/10.1177/0271678X17739802
https://doi.org/10.1038/s41598-017-05245-9
https://doi.org/10.1016/j.bbi.2020.04.060
https://doi.org/10.1016/j.bbi.2020.04.060
https://doi.org/10.1007/s10072-020-04712-y
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Alonso-Bellido et al. Neurological Sequelae in COVID-19 Patients

disease in italy and europe: it is necessary to prevent a ‘pandemia’. Gerontology
49, 69–79. doi: 10.1159/000067950

Giacomelli, A., Pezzati, L., Conti, F., Bernacchia, D., Siano, M., Oreni, L., et al.
(2020). Self-reported olfactory and taste disorders in patients with severe acute
respiratory coronavirus 2 infection: a cross sectional study. Clin. Infect. Dis. 71,
889–890. doi: 10.1093/cid/ciaa330

Goldberg, M. F., Goldberg, M. F., Cerejo, R., and Tayal, A. H. (2020).
Cerebrovascular disease in COVID 19. Am. J. Neuroradiol. 41, 1170–1172.
doi: 10.3174/ajnr.A6588

Haider, A., Siddiqa, A., Ali, N., and Dhallu, M. (2020). COVID-19 and
the brain: acute encephalitis as a clinical manifestation. Cureus 12:e10784.
doi: 10.7759/cureus.10784

Hamming, I., Timens, W., Bulthuis, M. L., Lely, A. T., Navis, G., and van Goor, H.
(2004). Tissue distribution of ACE2 protein, the functional receptor for SARS
coronavirus. A first step in understanding SARS pathogenesis. J. Pathol. 203,
631–637. doi: 10.1002/path.1570

Helms, J., Kremer, S., Merdji, H., Clere-Jehl, R., Schenck, M., Kummerlen, C., et al.
(2020). Neurologic features in severe SARS-CoV-2 infection. N. Engl. J. Med.
382, 2268–2270. doi: 10.1056/NEJMc2008597

Heneka, M. T., Golenbock, D., Latz, E., Morgan, D., and Brown, R.
(2020). Immediate and long-term consequences of COVID-19 infections
for the development of neurological disease. Alzheimers Res. Ther. 12:69.
doi: 10.1186/s13195-020-00640-3

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical features
of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395,
497–506. doi: 10.1016/S0140-6736(20)30183-5

Iadecola, C., Anrather, J., and Kamel, H. (2020). Effects of COVID-19 on the
nervous system. Cell 183, e1.16–e1.27. doi: 10.1016/j.cell.2020.08.028

Katyal, N., Narula, N., Acharya, S., and Govindarajan, R. (2020). Neuromuscular
complications with SARS-COV-2 infection: a review. Front. Neurol. 11:1052.
doi: 10.3389/fneur.2020.01052

Kremer, S., Lersy, F., Anheim, M., Merdji, H., Schenck, M., Oesterle, H.,
et al. (2020). Neurologic and neuroimaging findings in patients with
COVID-19: A retrospective multicenter study. Neurology 95, e1868–e1882.
doi: 10.1212/WNL.0000000000010112

Kumari, P., Rothan, H. A., Natekar, J. P., Stone, S., Pathak, H., Strate, P. G.,
et al. (2021). Neuroinvasion and encephalitis following intranasal inoculation
of SARS CoV-2 in K18-hACE2 mice. Viruses 13:132. doi: 10.3390/v13010132

Lamers, M. M., Beumer, J., van der Vaart, J., Knoops, K., Puschhof, J.,
Breugem, T. I., et al. (2020). SARS-CoV-2 productively infects human gut
enterocytes. Science 369, 50–54. doi: 10.1126/science.abc1669

Larson, A. S., Savastano, L., Kadirvel, R., Kallmes, D. F., Hassan, A. E.,
Brinjikji, W., et al. (2020). Coronavirus disease 2019 and the cerebrovascular-
cardiovascular systems: what do we know so far. J. Am. Heart Assoc. 9:e016793.
doi: 10.1161/JAHA.120.016793

Li, Y., Li, M., Wang, M., Zhou, Y., Chang, J., Xian, Y., et al. (2020). Acute
cerebrovascular disease following COVID-19: a single center, retrospective,
observational study. Stroke Vasc. Neurol. 5, 279–284. doi: 10.1136/svn-2020-
000431

Mao, L., Jin, H., Wang, M., Hu, Y., Chen, S., He, Q., et al. (2020). Neurologic
manifestations of hospitalized patients with coronavirus disease 2019 in
Wuhan, China. JAMANeurol. 77, 683–690. doi: 10.1001/jamaneurol.2020.1127

Mizuguchi, M., Yamanouchi, H., Ichiyama, T., and Shiomi, M. (2007).
Acute encephalopathy associated with influenza and other viral infections.
Acta Neurol. Scand. Suppl. 186, 45–56. doi: 10.1111/j.1600-0404.2007.
00809.x

Monteil, V., Kwon, H., Prado, P., Hagelkruys, A., Wimmer, R. A., Stahl, M., et al.
(2020). Inhibition of SARS CoV-2 infections in engineered human tissues using
clinical-grade soluble human ACE2.Cell 181, e7.905–e7.913. doi: 10.1016/j.cell.
2020.04.004

Morfopoulou, S., Brown, J. R., Davies, E. G., Anderson, G., Virasami, A.,
Qasim, W., et al. (2016). Human coronavirus OC43 associated with fatal
encephalitis. N. Engl. J. Med. 375, 497–498. doi: 10.1056/NEJMc1509458

Moriguchi, T., Harii, N., Goto, J., Harada, D., Sugawara, H., Takamino, J.,
et al. (2020). A first case of meningitis/encephalitis associated with SARS-
Coronavirus-2. Int. J. Infect. Dis. 94, 55–58. doi: 10.1016/j.ijid.2020.03.062

Muhammad, S., Petridis, A., Cornelius, J. F., and Hanggi, D. (2020). Letter to
editor: severe brain hemorrhage and concomitant COVID-19 infection: a

neurovascular complication of COVID-19. Brain Behav. Immun. 87, 150–151.
doi: 10.1016/j.bbi.2020.05.015

Netland, J., Meyerholz, D. K., Moore, S., Cassell, M., and 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. doi: 10.1128/JVI.00737-08

Nilsson, A., Edner, N., Albert, J., and Ternhag, A. (2020). Fatal encephalitis
associated with coronavirus OC43 in an immunocompromised child. Infect.
Dis. 52, 419–422. doi: 10.1080/23744235.2020.1729403

Oxley, T. J., Mocco, J., Majidi, S., Kellner, C. P., Shoirah, H., Singh, I. P., et al.
(2020). Large-vessel stroke as a presenting feature of covid-19 in the young. N.
Engl. J. Med. 382:e60. doi: 10.1056/NEJMc2009787

Paniz-Mondolfi, A., Bryce, C., Grimes, Z., Gordon, R. E., Reidy, J., Lednicky, J.,
et al. (2020). Central nervous system involvement by severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2). J. Med. Virol. 92,
699–702.

Paterson, R. W., Brown, R. L., Benjamin, L., Nortley, R., Wiethoff, S.,
Bharucha, T., et al. (2020). The emerging spectrum of COVID-19 neurology:
clinical, radiological and laboratory findings. Brain 143, 3104–3120.
doi: 10.1093/brain/awaa240

Pellegrini, L., Albecka, A., Mallery, D. L., Kellner, M. J., Paul, D., Carter, A. P., et al.
(2020). SARS-CoV-2 infects the brain choroid plexus and disrupts the blood-csf
barrier in human brain organoids. Cell Stem Cell 27, 951–961. doi: 10.1016/j.
stem.2020.10.001

Pennisi, M., Lanza, G., Falzone, L., Fisicaro, F., Ferri, R., Bella, R., et al.
(2020). SARS-CoV-2 and the nervous system: from clinical features to
molecular mechanisms. Int. J. Mol. Sci. 21:5475. doi: 10.3390/ijms211
55475

Qin, C., Zhou, L., Hu, Z., Zhang, S., Yang, S., Tao, Y., et al. (2020). Dysregulation
of immune response in patients with Coronavirus 2019 (COVID 19) inWuhan,
China. Clin. Infect. Dis. 71, 762–768. doi: 10.1093/cid/ciaa248

Rostami, M., and Mansouritorghabeh, H. (2020). D-dimer level in COVID-19
infection: a systematic review. Expert Rev. Hematol. 13, 1265–1275.
doi: 10.1080/17474086.2020.1831383

Satarker, S., and Nampoothiri, M. (2020). Involvement of the nervous system in
COVID-19: The bell should toll in the brain. Life Sci. 262:118568. doi: 10.1016/j.
lfs.2020.118568

Sharifian-Dorche, M., Huot, P., Osherov, M., Wen, D., Saveriano, A.,
Giacomini, P. S., et al. (2020). Neurological complications of coronavirus
infection; a comparative review and lessons learned during the COVID-19
pandemic. J. Neurol. Sci. 417:117085. doi: 10.1016/j.jns.2020.117085

Silva, F., Brito, B. B., M.Santos, L. C., Marques, H. S., Silva Junior, R.T.D.,
Carvalho, L. S., et al. (2020). COVID-19 gastrointestinal manifestations: a
systematic review. Rev. Soc. Bras. Med. Trop. 53:e20200714. doi: 10.1590/0037-
8682-0714-2020

Singh, R. J., Chen, S., Ganesh, A., and Hill, M. D. (2018). Long-term neurological,
vascular and mortality outcomes after stroke. Int. J. Stroke 13, 787–796.
doi: 10.1177/1747493018798526

Sriwastava, S., Kataria, S., Tandon, M., Patel, J., Patel, R., Jowkar, A., et al. (2020).
Guillain barre syndrome and its variants as a manifestation of COVID-19: a
systematic review of case reports and case series. J. Neurol. Sci. 420:117263.
doi: 10.1016/j.jns.2020.117263

Sulzer, D., Antonini, A., Leta, V., Nordvig, A., Smeyne, R. J., Goldman, J. E.,
et al. (2020). COVID-19 and possible links with Parkinson’s disease
and parkinsonism: from bench to bedside. NPJ Parkinsons Dis. 6:18.
doi: 10.1038/s41531-020-00123-0

Tang, N., Bai, H., Chen, X., Gong, J., Li, D., and Sun, Z. (2020). Anticoagulant
treatment is associated with decreased mortality in severe coronavirus
disease 2019 patients with coagulopathy. J. Thromb. Haemost. 18, 1094–1099.
doi: 10.1111/jth.14817

Tejera, D., Mercan, D., Sanchez-Caro, J. M., Hanan, M., Greenberg, D., Soreq, H.,
et al. (2019). Systemic inflammation impairs microglial Abeta clearance
through NLRP3 inflammasome. EMBO J. 38:e101064. doi: 10.15252/embj.
2018101064

Trejo-Gabriel-Galan, J. M. (2020). Stroke as a complication and prognostic factor
of COVID-19. Neurologia 35, 318–322. doi: 10.1016/j.nrl.2020.04.015

Tyler, K. L. (2018). Acute viral encephalitis. N. Engl. J. Med. 379, 557–566.
doi: 10.1056/NEJMra1708714

Frontiers in Aging Neuroscience | www.frontiersin.org 6 April 2021 | Volume 13 | Article 632673

https://doi.org/10.1159/000067950
https://doi.org/10.1093/cid/ciaa330
https://doi.org/10.3174/ajnr.A6588
https://doi.org/10.7759/cureus.10784
https://doi.org/10.1002/path.1570
https://doi.org/10.1056/NEJMc2008597
https://doi.org/10.1186/s13195-020-00640-3
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/j.cell.2020.08.028
https://doi.org/10.3389/fneur.2020.01052
https://doi.org/10.1212/WNL.0000000000010112
https://doi.org/10.3390/v13010132
https://doi.org/10.1126/science.abc1669
https://doi.org/10.1161/JAHA.120.016793
https://doi.org/10.1136/svn-2020-000431
https://doi.org/10.1136/svn-2020-000431
https://doi.org/10.1001/jamaneurol.2020.1127
https://doi.org/10.1111/j.1600-0404.2007.00809.x
https://doi.org/10.1111/j.1600-0404.2007.00809.x
https://doi.org/10.1016/j.cell.2020.04.004
https://doi.org/10.1016/j.cell.2020.04.004
https://doi.org/10.1056/NEJMc1509458
https://doi.org/10.1016/j.ijid.2020.03.062
https://doi.org/10.1016/j.bbi.2020.05.015
https://doi.org/10.1128/JVI.00737-08
https://doi.org/10.1080/23744235.2020.1729403
https://doi.org/10.1056/NEJMc2009787
https://doi.org/10.1093/brain/awaa240
https://doi.org/10.1016/j.stem.2020.10.001
https://doi.org/10.1016/j.stem.2020.10.001
https://doi.org/10.3390/ijms21155475
https://doi.org/10.3390/ijms21155475
https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.1080/17474086.2020.1831383
https://doi.org/10.1016/j.lfs.2020.118568
https://doi.org/10.1016/j.lfs.2020.118568
https://doi.org/10.1016/j.jns.2020.117085
https://doi.org/10.1590/0037-8682-0714-2020
https://doi.org/10.1590/0037-8682-0714-2020
https://doi.org/10.1177/1747493018798526
https://doi.org/10.1016/j.jns.2020.117263
https://doi.org/10.1038/s41531-020-00123-0
https://doi.org/10.1111/jth.14817
https://doi.org/10.15252/embj.2018101064
https://doi.org/10.15252/embj.2018101064
https://doi.org/10.1016/j.nrl.2020.04.015
https://doi.org/10.1056/NEJMra1708714
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Alonso-Bellido et al. Neurological Sequelae in COVID-19 Patients

Umapathi, T., W.Quek, M. J., Yen, J. M., H.Khin, S. W., Mah, Y. Y., C.Chan, Y. J.,
et al. (2020). Encephalopathy in COVID-19 patients; viral, parainfectious, or
both. eNeurologicalSci 21:100275. doi: 10.1016/j.ensci.2020.100275

van Riel, D., Verdijk, R., and Kuiken, T. (2015). The olfactory nerve: a shortcut
for influenza and other viral diseases into the central nervous system. J. Pathol.
235, 277–287. doi: 10.1002/path.4461

Varatharaj, A., Thomas, N., Ellul, M. A., N.Davies, W. S., Pollak, T. A.,
Tenorio, E. L., et al. (2020). Nerve study, neurological and neuropsychiatric
complications of COVID-19 in 153 patients: a UK-wide surveillance study.
Lancet Psychiatry 7, 875–882. doi: 10.1016/S2215-0366(20)30287-X

Wang, D., Hu, B., Hu, C., Zhu, F., Liu, X., Zhang, J., et al. (2020).
Clinical characteristics of 138 hospitalized patients with 2019 novel
coronavirus-infected pneumonia in wuhan, china. JAMA 323, 1061–1069.
doi: 10.1001/jama.2020.1585

Willison, H. J., Jacobs, B. C., and van Doorn, P. A. (2016). Guillain-barre
syndrome. Lancet 388, 717–727. doi: 10.1016/S0140-6736(16)00339-1

Xu, H., Zhong, L., Deng, J., Peng, J., Dan, H., Zeng, X., et al. (2020). High
expression of ACE2 receptor of 2019-nCoV on the epithelial cells of oral
mucosa. Int. J. Oral. Sci. 12:8. doi: 10.1038/s41368-020-0074-x

Xu, J., and Lazartigues, E. (2020). Expression of ACE2 in human neurons supports
the neuro-invasive potential of COVID-19 virus. Cell Mol. Neurobiol. 1–5.
doi: 10.1007/s10571-020-00915-1. [Online ahead of print].

Xu, J., Zhong, S., Liu, J., Li, L., Li, Y., Wu, X., et al. (2005). Detection of severe
acute respiratory syndrome coronavirus in the brain: potential role of the
chemokine mig in pathogenesis. Clin. Infect. Dis. 41, 1089–1096. doi: 10.1086/
444461

Ye, M., Ren, Y., and Lv, T. (2020). Encephalitis as a clinical manifestation of
COVID-19. Brain Behav. Immun. 88, 945–946. doi: 10.1016/j.bbi.2020.04.017

Zhang, J. J. Y., Lee, K. S., Ang, L.W., Leo, Y. S., and Young, B. E. (2020). Risk factors
of severe disease and efficacy of treatment in patients infected with COVID-19:
a systematic review, meta analysis and meta-regression analysis. Clin. Infect.
Dis. 71, 2199–2206. doi: 10.1093/cid/ciaa576

Zhang, H., Li, H. B., Lyu, J. R., Lei, X. M., Li, W., Wu, G., et al. (2020). Specific
ACE2 expression in small intestinal enterocytes may cause gastrointestinal
symptoms and injury after 2019-nCoV infection. Int. J. Infect. Dis. 96, 19–24.
doi: 10.1016/j.ijid.2020.04.027

Zhao, H., Shen, D., Zhou, H., Liu, J., and Chen, S. (2020). Guillain-Barre syndrome
associated with SARS-CoV-2 infection: causality or coincidence. Lancet Neurol.
19, 383–384. doi: 10.1016/S1474-4422(20)30109-5

Zhou, Z., Kang, H., Li, S., and Zhao, X. (2020). Understanding the
neurotropic characteristics of CoV-2: from neurological manifestations of
COVID-19 to potential neurotropic mechanisms. J. Neurol. 267, 2179–2184.
doi: 10.1007/s00415-020-09929-7

Zhou, J., Li, C., Zhao, G., Chu, H., Wang, D., Yan, H. H.-N., et al. (2017).
Human intestinal tract serves as an alternative infection route for Middle East
respiratory syndrome coronavirus. Sci. Adv. 3:eaao4966. doi: 10.1126/sciadv.
aao4966

Zhou, F., Yu, T., Du, R., Fan, G., Liu, Y., Liu, Z., et al. (2020). Clinical course and
risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China:
a retrospective cohort study. Lancet 395, 1054–1062. doi: 10.1016/S0140-
6736(20)30566-3

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Alonso-Bellido, Bachiller, Vázquez, Cruz-Hernández, Martínez,
Ruiz-Mateos, Deierborg, Venero, Real and Ruiz. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 7 April 2021 | Volume 13 | Article 632673

https://doi.org/10.1016/j.ensci.2020.100275
https://doi.org/10.1002/path.4461
https://doi.org/10.1016/S2215-0366(20)30287-X
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1016/S0140-6736(16)00339-1
https://doi.org/10.1038/s41368-020-0074-x
https://doi.org/10.1007/s10571-020-00915-1
https://doi.org/10.1086/444461
https://doi.org/10.1086/444461
https://doi.org/10.1016/j.bbi.2020.04.017
https://doi.org/10.1093/cid/ciaa576
https://doi.org/10.1016/j.ijid.2020.04.027
https://doi.org/10.1016/S1474-4422(20)30109-5
https://doi.org/10.1007/s00415-020-09929-7
https://doi.org/10.1126/sciadv.aao4966
https://doi.org/10.1126/sciadv.aao4966
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1016/S0140-6736(20)30566-3
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	The Other Side of SARS-CoV-2 Infection: Neurological Sequelae in Patients
	INTRODUCTION
	NERVOUS SYSTEM DISEASES RELATED TO SARS-CoV-2 INFECTION
	Viral Encephalitis (VE)
	Peripheral Nervous System Disease
	Acute Cerebrovascular Disease
	Cognitive Decline After Overcoming Acute SARS-CoV-2 Infection in COVID-19

	POTENTIAL NEURO-INVASIVE MECHANISMS OF SARS-CoV-2
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	REFERENCES


