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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly pathogenic virus that causes severe pneu-
monia and acute respiratory distress syndrome. On March 11, 2020, this novel coronavirus was declared a pandemic by
the World Health Organization. To date, millions of patients have been infected. Recent reports indicate that a substantial
proportion of cases present with neurological symptoms. However, it remains to be elucidated whether these manifestations
are secondary to direct nervous system invasion, indirect damage mediated by a systemic inflammatory response, or a
combination of both. In this review, we explore the potential routes for central nervous system involvement, the possible
pathogenic mechanisms in the nervous system and the conceivable neurological long-term sequela of infection by SARS-
CoV-2 infection. Future efforts should concentrate on clarifying the pathophysiology of the neurological component of CO-
VID-19.
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Compromiso del sistema nervioso por COVID-19

Resumen

EI SARS-CoV-2 es un virus altamente patogénico que causa neumonia grave y sindrome de dificultad respiratoria aguda. EI
11 de marzo de 2020, este nuevo coronavirus fue declarado como pandemia por la Organizacion Mundial de la Salud.
Hasta la fecha, millones de pacientes se han infectado. Informes recientes indican que una proporcidn sustancial de casos
presenta sintomas neuroldgicos. Sin embargo, aun no se ha dilucidado si estas manifestaciones son secundarias a una
invasion directa del virus al sistema nervioso, efecto del dafo indirecto mediado por una respuesta inflamatoria sistémica o
el resultado de una combinacion de ambas situaciones. En esta revision se describen las posibles vias para la invasion del
sistema nervioso central por SARS-CoV-2 y sus mecanismos patogénicos en el sistema nervioso y las secuelas neuroldgicas
de infeccion a largo plazo. Se requieren investigaciones adicionales para precisar la fisiopatologia del componente neuro-
légico del COVID-19.
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Introduction

The Coronaviridae family is comprised by enveloped
positive-sense single-stranded RNA viruses, some of
which are capable of causing human infection. These
include  several alpha-coronaviruses (human
coronavirus [HCoV]-NL63 and HCoV-229E) and be-
ta-coronaviruses (HCoV-HKU1, HCoV-OC43, Middle
East respiratory syndrome-CoV [MERS-CoV], and se-
vere acute respiratory syndrome [SARS-CoV])'. In De-
cember 2019, a highly pathogenic coronavirus (CoV)
emerged in Wuhan, China and rapidly spread around
the world?2, Initially, this pathogen was named as 2019
novel CoV (2019-nCoV) by the World Health Organiza-
tion. After a similar viral structure and infection pathway
was discovered between this novel virus and SARS-
CoV, the official name was changed to SARS-CoV-24°.
The diseases caused by this nCoV are mostly related
to the respiratory system and are named CoV disease
2019 (COVID-19)°.

Even though the most widely recognized organ af-
fected by CoVs is the respiratory system, it is important
to note that CoV are not exclusively confined to the
respiratory tracté. In fact, the neuroinvasive ability of
this pathogen has been documented for almost all be-
ta-coronaviruses in animal (mouse hepatitis virus
[MHV] and porcine hemagglutinating encephalitis virus)
and human (HCoV-229E, HCoV-OC43, SARS-CoV,
and MERS-CoV) hosts""8. Because of the high similar-
ity between SARS-CoV and the novel SARS-CoV-2, it
is likely that this new pathogen has analogous neuro-
invasive properties. Moreover, it has been described
that 36-84% of hospitalized patients with COVID-19
manifest neurological symptoms, underscoring the po-
tential nervous system involvement by this disease®.
Thus, it is important to examine the possible routes of
infection by this pathogen and the neurological mani-
festations that patients affected by this disease might
express.

Routes for nervous system involvement
by SARS-CoV-2

The main mode of human-to-human transmission of the
SARS-CoV-2 infection is presumed to be by respiratory
droplets, which allows the virus to come into contact with
mucosal epithelium (e.g., nasal mucosa) and invade sus-
ceptible cells'. Specifically, it has been demonstrated that
this virus exhibits a high affinity to the angiotensin-con-
verting enzyme 2, a cellular receptor that is ubiquitously
expressed by respiratory epithelium, lung parenchyma,
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Figure 1. Potential routes of CNS invasion by SARS-CoV-2
through retrograde axonal transport from the olfactory (1),
trigeminal (V), glossopharyngeal (1X), and vagus (X) cranial
nerves.

vascular endothelium renal tissue, small intestine cells,
neurons and glial cells, among others®®.

Experimental models using transgenic mice have re-
vealed that intranasal CoV inoculation could result in
central nervous system (CNS) infection through retro-
grade axonal transport from olfactory nerves'?'s,
Hence, SARS-CoV-2 present in nasopharyngeal struc-
tures could access the brain similarly by invading local
cranial nerves (i.e., olfactory, trigeminal, glossopharyn-
geal, and vagus nerves) (Fig. 1). Furthermore, it has
been postulated that other potential pathways of inva-
sion in patients with this disease is through the enteric
nervous system or the hematogenous route®'. Specif-
ically, viremia could result in subsequent invasion of the
CNS by infected leukocytes or through the endothelium
of the blood—brain barrier'. In addition, circumventricu-
lar organs as well as dorsal root and autonomic ganglia
which lack a blood-nerve barrier could act as potential
hematogenous routes for pathogen entry into the
CNS'®6, Thus, considering that multiple pathways for
neurological invasion of the CNS exist, neurological
manifestations of COVID-19 could be more frequent
than initially presumed.

Potential mechanisms of neurological
manifestations of SARS-CoV-2

A variety of neurological manifestations have been
attributed to SARS-CoV-2 infection, ranging from head-
ache to acute cerebrovascular events’”. The mecha-
nism of the neurological disease exhibited by COVID-19
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patients might be a consequence of direct viral invasion
of the nervous system, indirect CNS injury by abolition
of systemic homeostasis, or a combination of both*-5.
However, how to differentiate if a manifestation of the
disease is a consequence of direct damage to the ner-
vous system or evidence of systemic derangements is
currently unclear.

Notably, the CoVs have been shown to mediate ner-
vous system damage through virus-mediated injury to
neurons and glial cells, as well as through damage
mediated by the activation of the immune system?®. On
the other hand, indirect neurological manifestations can
occur when there is a widespread dysregulation of ho-
meostasis secondary to multiple organ involvement. It
is now evident that SARS-CoV-2 can precipitate multi-
ple organ failure, shock, heart failure, arrhythmias, and
renal injury in addition to pneumonia and acute respi-
ratory distress syndrome'®. These presentations might
be secondary to hypoxia, hypercoagulability, and re-
lease of excessive pro-inflammatory cytokines, which
have the potential to indirectly cause neurological
symptoms without CNS invasion by the virus'®2°. Fur-
thermore, the release of cytokines caused by viral in-
fection could result in the permeabilization of the
blood-brain barrier, allowing the invasion of the CNS
by T lymphocytes and resulting in neuroinflamma-
tion?"22, Such disruption of the blood—brain barrier
could facilitate the entry of SARS-CoV-2 through the
hematogenous route, thus resulting in concurrent direct
and indirect damage of the CNS mediated by this
pathogen®?.

To elucidate the nervous pathophysiology of
SARS-CoV-2 infection, it has been proposed that direct
invasion of the CNS can be supported by the presence
of viral RNA in cerebrospinal fluid (CSF). Nonetheless,
failure to detect virus in the CSF does not exclude in-
vasion of the CNS as illustrated in a case report by
Paniz-Mondolfi et al.2. Consequently, further research
is needed to determine which markers can be useful to
distinguish between the direct involvement of the ner-
vous system by SARS-CoV-2 and nervous injury sec-
ondary to systemic inflammation.

Reports of neurological manifestations in
COVID-19 patients

Two large retrospective case series have examined
the prevalence of neurological manifestations in
patients hospitalized with COVID-19. Mao et al°. ana-
lyzed data from three centers located in Wuhan, Chi-
na, including a total of 214 hospitalized COVID-19

patients. They found that 36.4% of their cohort
exhibited neurological symptoms: 36 (16.8%) mani-
fested dizziness, 28 (13.1%) headache, 23 (10.7%)
skeletal muscle injury, 16 (7.5%) altered mental status,
12 (5.6%) hypogeusia, 11 (5.1%) hyposmia, 6 (2.8%)
acute cerebrovascular disease, 5 (2.3%) neuralgia, 3
(1.4%) vision impairment, 1 (0.5%) ataxia, and 1 (0.5%)
seizures. On the other hand, Helms et al'®. reported
the findings of 58 COVID-19 patients admitted to two
intensive care units located in Strasbourg, France.
They discovered neurological signs in 49 (84%) of
their cohort: 40/58 (69%) presented agitation, 39/58
(67%) corticospinal tract signs, 26/40 (65%) confusion,
14/39 (36%) dysexecutive syndrome, and 8/49 (16%)
fever > 38.5°C. Of the 13 patients that had a brain MRI
because of unexplained encephalopathic features,
11/11 (100%) presented perfusion abnormalities, 8
(62%) leptomeningeal enhancement, and 3 (23%) ce-
rebral ischemic stroke. CSF samples were analyzed
for seven cases, all of which had a negative reverse
transcription-polymerase chain reaction for SARS-
CoV-2, which suggests that the neurologic clinical
findings could have been secondary to indirect CNS
injury or toxic encephalopathy.

In addition to the aforementioned studies, the study
performed by Li et al**. merits mention as they assessed
the prevalence of cerebrovascular disease in hospital-
ized patients with COVID-19. In 211 consecutive patients
were admitted to a center in Wuhan China, 11 (5%) de-
veloped acute cerebrovascular ischemic stroke, 1 (0.5%)
exhibited cerebral venous sinus thrombosis, and 1
(0.5%) presented with intracerebral hemorrhage.

Several authors have published case-series and
case reports of neurological manifestations of
COVID-19. These reports comprise patients aged from
24 to 79 years presenting with a variety of symptoms
such as headache, altered mental status, seizures,
neck rigidity, muscle weakness, incontinence, and cor-
ticospinal tract signs. The neurological diagnosis
established in such cases include Guillain-Barre syn-
drome?®26, encephalopathy?”28, meningoencephalitis?,
acute myelitis?®, and intracerebral hemorrhage®°.

Noteworthy, another neurological manifestation of
COVID-19 that has been proposed is neurogenic respi-
ratory failure, which together with diffuse alveolar dam-
age, results in difficult to treat hypoxia characteristic of
severe COVID-19 cases. In particular, several authors
have advocated for brain stem dysfunction caused by
direct viral invasion as a possible cause for respiratory
and cardiovascular derangements observed in SARS-
CoV-2 infection*'531,
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In summary, the amount of evidence available
indicates that COVID-19 is irrefutably associated with
neurologic manifestations. However, to what extent
these manifestations are a consequence of direct viral
mediated damage has not been elucidated.

Potential long-term repercussions of
COVID-19 infection

It has been previously described that CoVs have the
potential to produce chronic infections in the CNS”8.
This can have significant clinical implications as the
persistence of the viral infection could be associated
with long-term neurological sequela and predispose to
the development or progression of neurodegenerative
and demyelinating disorders.

To date, there is no definitive evidence that links hu-
man infection by CoV to the development of chronic
neurological diseases. Nonetheless, the presence of
HCoV-229E and HCoV-OC43 RNA has been demon-
strated in the CNS of patients with Parkinson’s disease,
Alzheimer’s disease, multiple sclerosis (MS), and acute
disseminated encephalomyelitis®. Particularly, the pro-
portion of patients with detectable HCoV-OC43 RNA in
brain parenchyma of patients with MS has been shown
to be statistically significantly increased compared to
healthy controls®2. While it remains to be elucidated if
persistent CoV infection plays a role in the pathogene-
sis of MS in humans, murine models have demonstrat-
ed that chronic MHV infection can induce immune-me-
diated demyelination’. Furthermore, persistence of
HCoV-OC43 RNA in CNS of mice was associated with
neuronal degeneration with secondary motor deficits
appearing several months after acute infection by intra-
cerebral inoculation, supporting the pathogenic role of
chronic CoV infection®3,

Of note, even in the absence of chronic presence of
SARS-CoV-2 in the CNS, COVID-19 infection may
have long-term neurologic sequela as a consequence
of microglial priming and astrogliosis. These cells
might become chronically active and release pro-in-
flammatory cytokines even after the initial stimulus for
the inflammatory response has been eliminated, pos-
sibly leading to chronic neuroinflammation even in the
absence of active infection®?31,

Consequently, as no information is currently available
about the ability (of lack thereof) of SARS-CoV-2 infec-
tion to persist in CNS and mediate chronic neuronal
damage, its potential to cause long-term sequela
should not be dismissed.

Conclusion

Infection by SARS-CoV-2 might be associated with
significant nervous involvement. However, the specific
pathways for nervous system invasion and the mecha-
nisms for neurological disease are currently unknown.
As the magnitude of the acute neurological manifesta-
tions and the potential long-term repercussions of this
disease are unclear, future efforts should concentrate
on elucidating the pathophysiology of the neurological
component of COVID-19.
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