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Abstract: The COVID-19 pandemic has affectedmillions of
people worldwide. While coronaviruses typically have low
rates of neurotropic effects, the massive transmission of
SARS-CoV-2 suggests that a substantial population will
suffer from potential SARS-CoV-2-related neurological
disorders. The rapid and recent emergence of SARS-CoV-2
means little research exists on its potential neurological
effects. Here we analyze the effects of similar viruses to
provide insight into the potential effects of SARS-CoV-2 on
the nervous system and beyond. Seven coronavirus strains
(HCoV-OC43, HCoV-HKU1, HCoV-229E, HCoV-NL63,
SARS-CoV, MERS-CoV, SARS-CoV-2) can infect humans.
Many of these strains cause neurological effects, such as
headaches, dizziness, strokes, seizures, and critical illness
polyneuropathy/myopathy. Certain studies have also
linked coronaviruses with multiple sclerosis and extensive
central nervous system injuries. Reviewing these studies
provides insight into the anticipated effects for patients

with SARS-CoV-2. This review will first describe the effects
of other coronaviruses that have caused severe disease
(SARS-CoV, MERS-CoV) on the nervous system, as well as
their proposed origins, non-neurological effects, and
neurological infection mechanisms. It will then discuss
what is known about SARS-CoV-2 in these areas with
reference to the aforementioned viruses, with the goal of
providing a holistic picture of SARS-CoV-2.
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Introduction

The SARS-CoV-2 pandemic has affected millions of people
globally since it appeared in December 2019 whenmultiple
citizens in Wuhan, China developed pneumonia of un-
known origins (WHO 2020a, 2020f). The virus then quickly
began spreading throughout China and into other coun-
tries, including Thailand, Japan, and South Korea. This
spread resulted in Asia being the epicenter of the outbreak
(Khachfe et al. 2020, WHO 2020f). Next, it was transmitted
to North America and Europe, where it initially reached
France and Germany before quickly spreading throughout
the other European countries (WHO 2020d, 2020e). It was
around this time that The World Health Organization
(WHO) declared SARS-CoV-2 a public health emergency on
January 30th, 2020 (Rafiq et al. 2020). The WHO termed
COVID-19 (the respiratory illness caused by SARS-CoV-2) a
pandemic onMarch 11th, 2020 (Rafiq et al. 2020). It was the
first time they had declared a pandemic since 2009s H1N1
outbreak. As of December 27, 2020, there are over
72,000,000 confirmed cases and over 1,700,000 deaths
due to SARS-CoV-2 (WHO 2020b).

Viruses canbe classified according to theirmorphology,
chemical composition, or mode of replication. Coronavi-
ruses, in the family Coronaviridae, are enveloped, single-
stranded, positive-sense RNA viruseswith seven strains that
can infect humans (Fung et al. 2020; Huang et al. 2020;
Zimmermann and Curtis 2020). Their morphology consists
of a sphere with spike proteins protruding from their surface
that attack the host cells to cause infection, shown in
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Figure 1 (Abdulamir et al. 2020; Alsaadi and Jones 2019;
Rafiq et al., 2020). Four coronavirus strains cause common
cold-like symptoms (HCoV-OC43, HCoV-HKU1, HCoV-229E,
HCoV-NL63) whereas there are three coronaviruses
(SARS-CoV,MERS-CoV, SARS-CoV-2) that havemore serious
effects (Fung et al. 2020). Reported symptoms for COVID-19
vary between studies and patients, but the most common
clinical symptoms are fever, cough and dyspnea (Francone
et al. 2020; Wang et al. 2020). Other symptoms seen in pa-
tients include chills, sputum production, coughing blood,
muscle aches, headache, diarrhea, sore throat, nasal
congestion, vomiting, runny nose, and abdominal pain
(Huang et al. 2020; Wang et al. 2020). The most severe
complication of COVID-19 is respiratory failure.While many
deaths caused by COVID-19 are related to type 1 respiratory
failure (impaired gas exchange resulting in inadequate ox-
ygen without the buildup of carbon dioxide), some authors
suggest that other variations of respiratory failure bear
partial responsibility for the death toll. A study completed in
Wuhan, China, found that 12.6% of patients displayed
symptoms of severe respiratory disease (n = 214) (Mao et al.
2020). SARS-CoV-2 has a median incubation period of
approximately 5.5 days, ranging from 0 to 14 days (Repici
et al. 2020). This median incubation period is similar to
those of SARS-CoV andMERS-CoV, which are 4 and 5.2 days
respectively (Zhu et al. 2020).

Coronaviruses show some unique and puzzling char-
acteristics in comparison to other well-known viruses such

as influenza. First, SARS-CoV-2 has a lower rate of infection
in children compared to adults – potentially due to a lower
rate of diagnosis as children are more likely to be asymp-
tomatic (Huang et al. 2020; Zimmermann and Curtis 2020).
This property is unique to coronaviruses since children are
typically found to have more severe infections and effects
from most respiratory viruses than the adult population
(Abdulamir et al. 2020). Additionally, while most common
human coronaviruses typically affect the upper respiratory
tract (Abdulamir et al. 2020), SARS-CoV-2 differs as it at-
tacks the lower parts of the human respiratory system
(bronchioles and alveoli) which results in severe pneu-
monia in 15–20% of cases (Abdulamir et al. 2020). An
increased effect on the lower respiratory system is also seen
with SARS-CoV and MERS-CoV (Memish et al. 2014).

Studies have also linked coronaviruses to neurological
effects, ranging from mild to serious. The most common
mild effects seen are headaches and dizziness (Whittaker
et al. 2020). Other more severe, but less common, neural
manifestations caused by coronaviruses include stroke,
seizure, Guillain–Barré syndrome (GBS) and critical illness
polyneuropathy/myopathy (Whittaker et al. 2020). Some
studies have linked coronaviruses with the possibility of
neural effects such asmultiple sclerosis (MS) and extensive
central nervous system (CNS) injury (Arbour et al. 2000;
Whittaker et al. 2020). As the neurotropism of SARS-CoV-2
is currently being studied, it cannot be said for certain that
brain tissue is susceptible to infection and ultimately

Figure 1: A graphic of the SARS CoV-2 particle.
The outside is coveredwith themembranebinding spike proteinswhich give the family their distinctivemorphology (Elfiky 2020). Thisfigure is
reprinted under the terms of the Creative Commons Attribution license.
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destruction. Previous research into other coronavirus var-
iants has revealed that they are capable of infecting neural
tissues, particularly the brainstem (Li et al. 2020). Some
authors suggest that infection of the brainstem results in
respiratory failure and can partially explain the dispro-
portionate number of patients classified as having severe
infections exhibiting neurological symptoms (Hartung and
Aktas 2020; Li et al. 2020; Mannan Baig 2020).

While coronaviruses have low rates of neurotropic ef-
fects, the high transmission rate and number of infections
caused by the SARS-CoV-2 pandemic means there will be a
substantial population that will suffer from SARS-CoV-
2-related neurological disorders; as high as 33% of patients
hospitalized for COVID-19 reported a loss of smell (Jarrahi
et al. 2020). Due to the sudden emergence and spread of
SARS-CoV-2, as well as the lack of data associated with its
effects on brain tissue, the effects of other similar viruses
must be analyzed to understand the potential effects that
SARS-CoV-2 could have on the nervous system. The aim of
this paper is to provide a holistic review on the neurological
effects of similar coronaviruses that have caused substantial
disease in the past. This review will first describe the effects
of SARS-CoV and MERS-CoV on the nervous system and
then examinewhat is known about the effects of SARS-CoV-
2. We also provide information about each virus’ origin,
typical non-neurological symptoms, and mechanism of
neurological infection to give additional context and high-
light their similarities. This information will help re-
searchers and clinicians make inferences regarding
treatments applicable to symptoms seen in previous in-
stances, and inform the direction of research to uncover
what remains unknown about SARS-CoV-2 and COVID-19.

Previously characterized
coronaviruses

Some coronaviruses, such as HCoV-229E and HCoV-OC43,
are typically less dangerous and are associated with the
common cold; other coronavirus variants such as
SARS-CoV and MERS-CoV typically cause more serious
effects. SARS-CoV causes the respiratory illness Severe
Acute Respiratory Syndrome (SARS) andMERS-CoV causes
Middle Eastern Respiratory Syndrome (MERS). The novel
coronavirus SARS-CoV-2 interacts with the cellular recep-
tor angiotensin-converting-enzyme 2 (ACE2) like
SARS-CoV, and both typically cause severe respiratory
disease in humans (Wu et al. 2020). As such, SARS-CoV
presents an important research opportunity for under-
standing the novel virus causing the current global

pandemic. Furthermore, MERS-CoV is a coronavirus that
has also caused significant outbreaks and is thus a useful
tool to study SARS-CoV-2. Further research into the
mechanisms by which SARS-CoV and MERS-CoV enter the
nervous system may provide key insights into similar
functions in SARS-CoV-2. A high-level overview of the
neurological symptoms of each coronavirus discussed in
this paper and their overlap can be seen in Figure 2.

Severe acute respiratory syndrome
(SARS-CoV)

The following subsections discuss SARS-CoV’s origins,
non-neurological symptoms, proposed mechanisms of
neurological invasion, and neurological manifestations.

Virus origins

In 2005, SARS-CoV found within Chinese horseshoe bats
had a high degree of nucleotide similarity to that of the
SARS-CoV in infected humans, suggesting that Chinese
horseshoe bats could have been the primary mammalian
host of SARS-CoV:palmcivets are suspected tohavebeenan
intermediate host (Lau et al. 2005; Zhu et al. 2020).However,
it remains uncertain as to whether another mammalian host
was involved before human transmission. Globally, 774
peopledied from thedisease as it spreadduring the spring of
2003 (Antonio et al. 2003; CDC 2004).

Non-neurological effects

SARS most commonly presents with a fever and non-
productive cough, and primarily affects the lungs (Booth
et al. 2003; Lau et al. 2004). Most infected patients pre-
sented an influenza-like prodrome stage, with symptoms
such as fever, myalgias, headache, and diarrhea. Fevers
were found to vary from low to high grade (CDC 2003b).
After the prodrome stage, the respiratory stage begins and
is associated with a dry cough, rigor, shortness of breath,
and hypoxemia (Antonio et al. 2003; CDC 2003a). However,
non-respiratory symptoms such as diarrhea, impaired liver
function, and acute kidney injury suggest that SARS can
also affect multiple organ systems, as described in a case
report (Lau et al. 2004; Xu et al. 2005).

Proposed mechanisms of neurological infection

In mice transgenic for the human ACE2 receptor, the virus
spread through neural tissue primarily through the olfac-
tory bulb when infected intranasally, and then spread
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transneuronally to other brain regions (Netland et al. 2008).
Past research into another coronavirus, mouse hepatitis vi-
rus, indicated that ablation of the olfactory bulb prevented
viral transmission beyond the lesion site (Perlman et al.
1990). SARS-CoV was found to infect neural cell lines in
vitro, specifically cancer cell lines; the human-
oligodendroglioma-derived cell line (OL) and a rat-glioma-
derived cell line (C6). It was found that both cell lines
expressed undetectable levels of ACE2 and further proved
the replication of the virus (Yamashita et al. 2005).
Furthermore, elevated levels of monokines induced by
interferon-γ (Mig) in the blood of diseased patients suggest
thatmonokinesmaybe involved in the immunopathologyof
SARS in the brain (Xu et al. 2005). This varies from infection
in lung tissue, where interferon-inducible protein-10 (IP-10)
was highly elevated. Mig and IP-10 both act as chemo-
attractant factors in the immunopathological process and it
is hypothesized that the SARS-CoV infection of brain tissue

uses a similar mechanism to that of the elevated IP-10,
involved in its infection of lung tissue (Jiang et al. 2005; Xu
et al. 2005). The results of these studies can be taken to
indicate that SARS-CoV, and likely other coronaviruses, are
capable of infecting the CNS through infection of the olfac-
tory bulb and subsequent transmission through other parts
of the brain anatomically connected to it.

Neurological effects

While SARS was primarily isolated as a respiratory virus,
some patients experienced neurological symptoms such as
dysphoria, deliria, tonic-clonic seizures, and loss of con-
sciousness (Lau et al. 2004; Xu et al. 2005). In one such
patient, the brain tissue obtained during autopsy was
found to be infected by SARS-CoV, as neurocytes and
gliocytes stained positive for the viral antigen (Xu et al.
2005). Accordingly, certain neurotropic coronaviruses,

Figure 2: Venn diagram showing intersection of neurological symptoms for SARS-CoV, MERS-CoV, and SARS-CoV-2.
1(Antonio et al. 2003), 2(Whittaker et al. 2020), 3(Xu et al. 2020), 4(Leunget al. 2005), 5(Stainsby et al. 2011), 6(Kimet al. 2017), 7(Zegarra-Valdiria
et al. 2020), 8(Arabi et al. 2015), 9(Esposito et al. 2017), 10(Yuki et al. 2012), 11(Mao et al. 2020), 12(Umapathi et al. 2004), 13(Nouchi et al. 2020),
14(Benezit et al. 2020), 15(Goldberg et al. 2020), 16(Saad et al. 2014), 17(Poyiadji et al. 2020), 18(Varatharaj et al. 2020), 19(Chen et al. 2020), 20(Ye
et al. 2020), 21(Ellul et al. 2020), 22(Al-Hameed et al. 2017), 23(Wu et al. 2020), 24(Koralnik et al. 2020), 25(Li et al. 2017), 26(Sood et al. 2015),
27(Gutierrez-Ortiz et al. 2020), 28(Lau et al. 2004), 29(Emami et al. 2020), 30(Lu et al. 2020), 31(Anand et al. 2020), 32(Hung et al. 2003),
33(Giacomelli et al. 2020), 34(Nauen et al. 2021), 35(Solomon et al. 2020), 36(Helms et al. 2020), 37(Mannan Baig 2020), 38(Singh et al. 2020).
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including SARS-CoV, can enter through neural cells, and
spread to the cortex, basal ganglia, and midbrain, causing
neuronal death (Netland et al. 2008; Perlman et al. 1990).
Additionally, this phenomenon was found in numerous
mouse models (Netland et al. 2008; Perlman et al. 1990).

In one study consisting of 183 children diagnosed with
encephalitis, SARS-CoVwas detected in 22 of the patients via
testing for anti-CoV IgM antibodies (Li et al. 2017). While not
definitive proof of the neuroinvasive potential of SARS-CoV
and coronaviruses more generally, it certainly provides evi-
dence for the case that these viruses may have associated
neurological effects. Additionally, a study foundfive cases of
acute cerebrovascular disease within 206 SARS patients
(Umapathi et al. 2004). These patients were described to
have low prior risk factors, but suffered from strokes. While
the authors acknowledge the element of coincidence and
other factors in this outcome, they also hypothesize that
hypercoagulability may be associated with SARS due to
additional thrombotic complications in other severely ill
patients managed in the same center (Umapathi et al. 2004).
Though seizure is not described as a common clinical
symptom by many, some case studies indicate a concerning
link between SARS and seizures. One case in particular
described persistent seizures in a SARS patient despite no
sign of relevant comorbidities (stroke, intracranial lesions, or
cerebral edema). A lumbar puncture performedwithin a day
of theirfirst seizure showed that their cerebrospinalfluidand
serum contained SARS-CoV RNA (Hung et al. 2003).

Furthermore, SARS causes significant effects in the pe-
ripheral nervous system (PNS), specifically in the neuro-
musculoskeletal junctions. Over 30% of patients presented
with elevated levels of creatine kinase, an indicator of muscle
damage or decay (Lee et al. 2003). Post-mortem studies show
that even patients whose creatine kinase levels never excee-
ded the typical range had myofiber necrosis and/or myofiber
atrophy (Leung et al. 2005). These acute effects on the
musculoskeletal system could limit the ability of researchers
to use muscular testing as a metric for long-term nerve
dysfunction in SARS patients. Within the scope of this review
paper, no studies on the effects in vitroof SARS-CoVonmuscle
fibers were found; research into this effect might provide key
insight into the neuromuscular effects of SARS-CoV.

Middle East respiratory syndrome
(MERS-CoV)

Virus origins

The Middle East respiratory syndrome coronavirus
(MERS-CoV), of the genus betacoronavirus, was first spread

to humans fromothermammals (Mohd et al. 2016). The virus
was initially isolated in June 2012 in Jeddah, Saudi Arabia,
from a patient who presented with acute pneumonia but
later succumbed to renal failure and death (Zaki et al. 2012).
Since that incident, there have been outbreaks in various
regions of Saudi Arabia, bringing the total number of
confirmed cases globally to 2519 (fatality rate: 34.3%) by the
end of January 2020 (WHO 2020c).

Non-neurological effects

Symptoms of MERS-CoV infection range from mild to se-
vere pneumonia leading to respiratory failure, multiorgan
failure, and often death. Previous studies indicated that
approximately 98% of patients present with fever, 83%
with fever and a cough, and 72% with difficulty breathing
(Al-Hameed 2017). Based on the results of a 70-patient
study, MERS-CoV mostly affects older adults (median 62
years) with comorbidities (Saad et al. 2014). It mainly af-
fects the lower and upper respiratory tract, where it can
progress to acute respiratory distress syndrome (ARDS) in
which fluid builds up in the alveoli of the lungs (Algahtani
et al. 2016). Treatment often requires patients to be intu-
bated and placed on a ventilator for assistance in breathing
(Algahtani et al. 2016; Teman et al. 2015).

Proposed mechanisms of neurological infection

Several paths for MERS-CoV neural infiltration have been
theorized based on research done on similar coronaviruses
(Dubé et al. 2018; Hosking and Lane 2010). Theories suggest
that as MERS-CoV infects vascular and lymphatic endothe-
lial cells, it enters the bloodstreamand spreads to the CNS. It
crosses the blood-brain barrier and infects glial cells and
neurons, causing degeneration and loss of function of
neural cells (Zegarra-Valdivia and Chino-Vilca 2020).
Another possible mechanism for CNS infection is by retro-
gradeaxonal transport from the respiratory organsor enteric
nervous system, directly infecting neurons, impairing their
maintenance and function, and causing neurodegeneration
(Zegarra-Valdivia and Chino-Vilca 2020).

Neurological effects

CNS infections resulting from MERS-CoV have shown
neurological manifestations, both severe and facile.
Neurological symptoms include ataxia, lack of voluntary
muscle movement, and altered consciousness (Zegarra-
Valdivia and Chino-Vilca 2020). Neurological issues similar
to those seen in COVID-19 patients have also been reported
during past MERS outbreaks, including coagulopathy and
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neuropathy (Algahtani et al. 2016; Kim et al. 2017; Kwong
et al. 2020). A case with a 42-year old female showed a
complete loss of gray and white matter differentiation of
both cerebral hemispheres (Al-Hameed 2017). She was
found to have a large frontal hematoma, complete brain
anoxia, and lackof intracranialflow. Similarly, some studies
have found patients displaying a disturbance of con-
sciousness, paralysis, and GBS (Kim et al. 2017; Wu et al.
2020). GBS, a neurological autoimmune disorder, occurs
when the immune systemattacks the PNS, resulting in acute
flaccid paralysis. GBS was also accompanied by Bickerstaff
encephalitis, yet these neurological conditions did not
appear until some time after the patients first exhibited
symptoms (Kim et al. 2017;Wu et al. 2020). A previous study
indicates that 25.7% of the infected population experienced
confusion and 8.6% experienced seizures – most likely
caused by encephalitis (Saad et al. 2014). Several MRI scans
of three MERS infected patients exhibiting neurological
symptoms revealed bilateral hyperintense lesions on scans
of subcortical areas of the frontal, temporal, and parietal
lobes, aswell as other areas (Arabi et al. 2015). Specifically, a
57-year old male’s MRI showed signal abnormality in those
regions, revealing an acute infarction demonstrated (Arabi
et al. 2015). Furthermore, a 45-year-old male had compli-
cations of severe shock, acute kidney injury (AKI), and se-
vere acute respiratory distress syndrome (ARDS). The
patient subsequently developed encephalitis (Arabi et al.
2015). Within the same study, a 74-year-old male with
multiple comorbidities presented with a three-day history of
ataxia and confusion. The physical examination revealed
dysmetria, decreased motor power on the left side, and his
imaging was consistent with acute disseminated encepha-
lomyelitis (ADEM). All of this information taken together
appears to indicate the MERS-CoV can manifest with severe
neurological symptoms. Knowledge obtained from these
studies can be used to inform treatment of the neurological
effects brought onbyCOVID-19, andpredictways inwhich it
may manifest as the pandemic continues. The following
diagram summarizes the various neurological effects that
SARS-CoV, MERS-CoV, and SARS-CoV-2 can have on
humans, as well as their overlap.

SARS-CoV-2

Virus origins

SARS-CoV-2 originated in Wuhan, China in late 2019 and
quickly spread to neighboring countries, including Japan,
China, Thailand and the Republic of Korea (WHO 2020a,
2020f). TheWHO reported that one of the earliest SARS-CoV-

2 outbreaks occurred at a seafood market in Wuhan, China
(WHO 2020a, 2020f). The most probable origin of the virus
itself is from an animal host, though it is unknown if it
evolved into its current state in animal hosts prior to human
infection, or if it covertly passed to humans hosts before
assuming its current form (Andersen et al. 2020).

Non-neurological effects

As mentioned previously, SARS-CoV-2 causes the respira-
tory illness COVID-19, aswell as an abundance of coinciding
symptoms. These commonly include fever, coughing, diffi-
culty breathing, myalgia, and fatigue, and less commonly
diarrhea, headache, andmore (Huang et al. 2020). COVID-19
has been found to target andhave thehighestmortality rates
in older populations (>65). Aside from these symptoms there
is also evidence of neurological effects (Mueller et al. 2020).

Proposed mechanisms of neurological infection

The neurotropism of SARS-CoV-2 has been tentatively
demonstrated experimentally using brain organoids, mouse
models, and human pathology results (Song et al. 2021).
Clinical evidence relating to SARS-CoV-2, and experimental
data described in previous sections on other coronaviruses,
strengthen these findings (Baig et al. 2020; Chen et al. 2020;
Mao et al. 2020; Whittaker et al. 2020). There are several
mechanisms of neural invasion through the blood brain bar-
rier currently proposed in the literature, similar to those dis-
cussed in sections on MERS and SARS-CoV. The ACE2
receptor, present in the cells of multiple organ systems
including the lungs, vascular endothelium, kidneys, and in-
testines, is the main mechanism of infection (Li et al. 2020).
First, the virus infects the cells through ACE2 receptors in the
nasal mucosa, after which point the virus passes into the ol-
factory bulb across the cribriform plate (Whittaker et al. 2020).
In addition, capillary endothelium ACE2 receptors play a part
in neuronal transmission by binding to the virus following
invasion of the systemic circulation (Whittaker et al. 2020).
Other suggested pathways are hematogenous, and neuronal
retrograde transport, potentially through trans-synaptic
transmission occurring in the peripheral nerves (Mannan
Baig 2020; Sepehrinezhad et al. 2020). Further research is
necessary to confirm the mechanisms of invasion, though
there are undeniably neurological symptoms associated with
SARS-CoV-2, supporting the hypothesis that it is neurotropic.

Neurological effects

Anosmia and dysgeusia, loss or decrease in the sense of
taste or smell respectively, are seemingly innocuous
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symptoms of COVID-19 that have been reported in several
studies (Giacomelli et al. 2020; Mao et al. 2020). The per-
centage of patients suffering from these symptoms is esti-
mated to range from 8.9% up to 33.9% (Giacomelli et al.
2020;Maoet al. 2020). Similar to SARS-CoVandHCoV-NL63,
SARS-CoV-2 primarily targets ACE2 receptors, which are
reported to exist in high density in epithelial cells of the oral
mucosa, among other organ systems (Xu et al. 2020). The
proximity of these mucosa to the cribriform plate and thus
the olfactory bulb may indicate why neurologic manifesta-
tions of the virus can begin with these symptoms, which
affect the regional senses (Baig et al. 2020). While these
symptoms are seemingly benign, they may be the initial
signs of neural infection; from these neural structures, the
virus may be capable of spreading. A cross-sectional study
was conducted in three adult COVID-19 patient groups,
within the La Pitié-Salpêtrière Hospital, Paris, France. It
found one-third of its patients were diagnosed with hypo-
smia and/or hypogeusia, occurring more frequently in non-
severe outpatients (Nouchi et al. 2021). Furthermore, in
another study on 252 patients positive for SARS-CoV-2, a
combination of hypogeusia and hyposmia was found in
patients. Even though other respiratory viruses are known to
cause post-viral olfactory dysfunction, the sudden onset of
hyposmia and hypogeusia seems therefore quite specific to
COVID-19 in the current context (Bénézit et al. 2020).

It has been theorized that the introduction of
SARS-CoV-2 into the CNSmay lead to chronic inflammation
due to both the activation of immune cells in the brain, and
inflammatory factors discharged by the glial cells (Wu et al.
2020). Chronic inflammation has also been determined to
be a result of continuous synthesis of serum IL-6, which
was negatively correlated to the number of decreased
T-cells among 522 patients infected with SARS-CoV-2
(Koralnik and Tyler 2020). This kind of chronic inflamma-
tion can lead to permanent brain damage, as well as multi-
organ dysfunction,when the inflammation is pulmonary or
systemic in nature (Wu et al. 2020). Further, cerebrovas-
cular disorders such as stroke can be a result of proin-
flammatory cytokines which can be the cause of a
hypercoagulative state or the destruction of endothelial
cells (Hartung and Aktas 2020). Acute cerebrovascular
disease was noted to occur in 3% of patients with neuro-
logical manifestations in a study from Wuhan, China.
These 3%of patients were part of the larger group of 36%of
patients who experienced neurological symptoms: it is
noteworthy that acute cerebrovascular disease was
significantly more prevalent in severe COVID-19 cases than
in non-severe (6 vs. 1%) (Goldberg et al. 2020; Mao et al.
2020). While the mechanism behind this is not completely
understood, authors suggest that COVID-19 may result in a

hypercoagulable state due to the presence of ACE2 re-
ceptors in the vascular endothelium (Goldberg et al. 2020).
A recent study (n = 5) also found megakaryocytes in brain
vessels from COVID positive patients not present in the
brains of deceased individuals with hypoxic brain injuries,
which the authors suspect may be another cerebrovascular
factor in the development of neurological symptoms
(Nauen et al. 2021). Acute cerebrovascular disease also
affected some of those with MERS-CoV and SARS-CoV, as
mentioned in previous sections.

As with the coronaviruses mentioned in the previous
sections, seizure has been documented as a rare symptom
of COVID-19. In a study of 6,147 COVID-19 patients, only
five (0.08%) had seizures. In the majority of them, seizures
were a presenting symptom (Emami et al. 2020). While
infection by SARS-CoV-2 could trigger seizures in patients
with a history of epilepsy, some COVID-19 patients pre-
sented with seizure-like symptoms suggesting acute stress
reaction andhypocalcaemiamaybe the cause (Anand et al.
2020; Lu et al. 2020).

An early clinical study fromWuhan, China studied 113
patients who died as a direct result of SARS-CoV-2 and 161
who recovered, out of a cohort of 799 patients. The
remaining patients in the cohort were still displaying
symptoms of the virus. Of thosewho died, 22% experienced
disorders of consciousness, where either awareness or
wakefulness is affected, such as confusion, whereas only
1% of those who went on to recover had this symptom
(Chen et al. 2020). Altered mental states were also seen in
patients with MERS-CoV and SARS-CoV infections as re-
ported in previous sections. It is unclear whether these
effects are the result of direct viral infection of neural tissue
or a consequence of the other processes occurring in crit-
ically ill patients who fail to recover. However, evidence
has been published that lends credence to the latter hy-
pothesis (Ye et al. 2020). A male patient testing positive for
SARS-CoV-2 presented to a Wuhan hospital with shortness
of breath and myalgia, which progressed to confusion and
disordered consciousness (Ye et al. 2020). A lumbar
puncture that was assessed for presence of the virus was
negative despite diagnosis of encephalitis after CT imag-
ing. The authors suspect that the cause of encephalitis was
the SARS-CoV-2 immune response leading to significant
swelling and edema which affected the patient’s con-
sciousness. As described in previous sections, encephalitis
was also reported for some individuals infected with the
previous coronaviruses, MERS-CoV and SARS-CoV.

A study conducted included 114 patients with neuro-
logical complications of COVID-19, of whom 16 (41%) re-
ported to have encephalopathy (Varatharaj et al. 2020).
Furthermore, Chen et al.’s retrospective case series on 113
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COVID-19 patients reported that 24 of them developed
hypoxic encephalopathy: 23 died, while one recovered
(Chen et al. 2020). Other studies have suggested similar
onsets of encephalopathy due to SARS-CoV-2 infection
(Ellul et al. 2020; Poyiadji et al. 2020). A one-month long
study was conducted in March 2020; results state that 69%
of patients showed signs of encephalopathy, specifically
agitation (n = 58) (Ellul et al. 2020; Helms et al. 2020). In an
additional case study, a SARS-CoV-2 positive woman in her
late 50s presented with a three-day history of fever, cough,
and altered consciousness (Poyiadji et al. 2020). While a
lumbar puncture was performed, it was not analyzed for
the presence of SARS-CoV-2. Imaging revealed acute
necrotizing hemorrhagic encephalopathy, which the au-
thors suspect is not due to direct viral invasion, but instead
to intercranial cytokine storms or other immune responses.

As of writing this review, there is limited evidence that
SARS-CoV-2 infection can lead to ataxia, as in a sample size
of 214 patients in one study, only a single individual
expressed this symptom (Mao et al. 2020). A case study of
an individual who presented with gait ataxia and a
concomitant COVID-19 infection, where the gait ataxia
spontaneously resolved after a period of 18 days, has been
reported, though a causal link has yet to be established
(Abdelnour et al. 2020).

A clinical study completed in a two-week span in April
2020 studied the autopsy reports of 18 deceased patients
who had contracted SARS-CoV-2. The study concluded that
evidence of acute hypoxic injury was found in both the ce-
rebrumand cerebellumof all patients in the study. Neuronal
degeneration was observed in the cerebral cortex, hippo-
campus, and cerebellar purkinje cell layer. Although hyp-
oxic injury was prevalent, the virus was detected at low
levels in regions of the brain in only five of the patients; the
remaining patients did not exhibit neuroinvasion of
SARS-CoV-2 in the tested regions of the brain (Solomon et al.
2020). The authors do not conclude any direct link between
the presence of the virus in the brain and the brain damage
present. Additional research also detected viral presence at
low levels in the brain tissue of eight of the 22 patient ca-
davers studied (Puelles et al. 2020). This lack of correlation
between viral presence in brain tissue and severity of
neurological symptoms has been demonstrated in an early
study, which discovered that neuropathology findings were
relatively consistent across the studied patient population
(n = 23), and independent of the severity of COVID symp-
toms (Matschke et al. 2020).

Since the spread of SARS-CoV-2 began, there have been
an increased number of cases of GBS with a possible
connection to the virus recorded by various studies con-
ducted in 2020 (Ellul et al. 2020; Mannan Baig 2020; Singh

et al. 2020; Whittaker et al. 2020). A study published in July
2020 stated that 19 cases of GBS and its variants to date have
been reported (Ellul et al. 2020). Most patients recover from
GBS, but the potential exists for chronic effects (Yuki and
Hartung 2012). As the cause of GBS is unknown, it remains
difficult to speculate on the pathogenic mechanism that
contributes to themanifestation of GBS in COVID-19 patients.
Potentially due to the autoimmune nature of the disorder,
GBS is known to manifest in patients that have suffered res-
piratory or gastrointestinal infections which have caused the
immune system to target the PNS (Esposito and Longo 2017;
Yuki and Hartung 2012). As mentioned in a previous section,
GBS cases have been associated with MERS-CoV as well.

A variant of GBS – Miller–Fisher Syndrome – is char-
acterized by ophthalmoplegia, ataxia, and areflexia, and is
found to strongly affect only the cranial nerves (Esposito and
Longo 2017; Yuki and Hartung 2012). In association with
SARS-CoV-2, there have been two recorded cases of the
Miller–Fisher Syndrome to date, as well as one case of
another variant of GBS, polyneuritis cranialis (Ellul et al.
2020; Gutiérrez-Ortiz et al. 2020; Sood et al. 2015). The onset
of these syndromesmaybe attributed to an aberrant immune
response causedby SARS-CoV-2,whichmay involve damage
caused by high levels of proinflammatory cytokines in
plasma (Soodet al. 2015).Of the two recordedcases ofMiller–
Fisher Syndrome, one patient recovered from neurological
deficits entirely,whereas theother hadongoinganosmiaand
ageusia (Gutiérrez-Ortiz et al. 2020). As with GBS, it remains
unclear whether there exists a connection between other
types of dysimmune neuropathies and SARS-CoV-2 (Hartung
and Aktas 2020).

Multiple neurodegenerative disorders have been dis-
cussed in connection toSARS-CoV-2 entering theCNS.Lossof
neurons, likely attributable to neuronal degeneration and
hypoxic injury previously discussed, were observed in all
patients of a pathology study conducted on deceased pa-
tients who had contracted SARS-CoV-2 (n = 18) (Solomon
et al. 2020). A study using 47 patients exhibiting varying
severities of SARS-CoV-2 infections measured the neurofila-
ment light chain protein and flail fibrillary acidic protein by
single molecule array and found evidence of astrocytic acti-
vation and injury in patients exhibiting moderate and severe
cases of SARS-CoV-2. Neuronal injury was found in only the
most severe cases of the virus (Kanberg et al. 2020). Coro-
naviruses other than SARS-CoV,MERS-CoV, and SARS-CoV-2
have suspected neuroinvasive behavior as well: neuronal
degeneration, as well as decreased locomotor activity, was
found in mice infected with HCoV-OC43. A post-mortem
study on human brain tissue concluded that HCoV-OC43was
found more prominently in the brain tissue and cerebrospi-
nal fluid of MS patients (De Felice et al. 2020; Sepehrinezhad
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et al. 2020). Similar to SARS-CoV-2, HCoV-OC43 is classified
as a betacoronavirus (Lau et al. 2011; Singh et al. 2020).
Furthermore, HCoV-OC43 was found in the cerebrospinal
fluid of patients with Parkinson’s disease (De Felice et al.
2020).More researchmust bedonebeforeweare able to draw
conclusive findings on the connections between SARS-CoV-2
and HCoV-OC43 and whether similar neurodegenerative oc-
currences will be observed in patients infected with
SARS-CoV-2.

Conclusion

Overall, the current literature reflects the potential for
SARS-CoV-2 to have acute and long-term effects on the
nervous system. SARS-CoV and MERS-CoV can be used as
models to determine the neurological effects of SARS-CoV-
2 due to their similarities to this novel virus, as demon-
strated in this review. Additional case studies and research
on the neurological effects of SARS-CoV-2 are needed in
order confirmwhich acute and chronic neurological effects
are directly related to SARS-CoV-2. A greater understand-
ing of the effects of the virus on the nervous system,
developed by research on previous coronavirus outbreaks
and the current pandemic, may help inform treatment of
those suffering from neurological symptoms associated
with COVID-19, and provide direction for the research
necessary to comprehend what lies ahead.
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