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Abstract
The recent outbreak of SARS-CoV-2 infections that causes coronavirus-induced disease of 2019 (COVID-19) is the defining and
unprecedented global health crisis of our time in both the scale and magnitude. Although the respiratory tract is the primary target of
SARS-CoV-2, accumulating evidence suggests that the virus may also invade both the central nervous system (CNS) and the
peripheral nervous system (PNS) leading to numerous neurological issues including some serious complications such as seizures,
encephalitis, and loss of consciousness. Here, we present a comprehensive review of the currently known role of SARS-CoV-2 and
identify all the neurological problems reported among the COVID-19 case reports throughout the world. The virus might gain entry
into the CNS either through the trans-synaptic route via the olfactory neurons or through the damaged endothelium in the brain
microvasculature using the ACE2 receptor potentiated by neuropilin-1 (NRP-1). The most critical of all symptoms appear to be the
spontaneous loss of breathing in some COVID-19 patients. This might be indicative of a dysfunction within the cardiopulmonary
regulatory centers in the brainstem. These pioneering studies, thus, lay a strong foundation for more in-depth basic and clinical research
required to confirm the role of SARS-CoV-2 infection in neurodegeneration of critical brain regulatory centers.
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Abbreviations
ACE2 Angiotensin-converting enzyme 2
ARDS Acute respiratory distress syndrome
BBB Blood-brain barrier
BNB Blood-nerve barrier
BSCB Blood-spinal cord barriers
CMAP Compound muscle action potential
CNS Central nervous system
CTSL Cathepsin L
GBS Guillain-Barré syndrome
HIF-1α Hypoxia-inducible factor 1-alpha
COVID-19 Coronavirus-induced disease of 2019
HCoV Human coronaviruses
IL Interleukin
MAFLD Metabolic-associated fatty liver disease

MERS-CoV Middle East Respiratory
Syndrome Coronavirus

NRP-1 Neuropilin-1
PAR-1 Proteinase-activated receptor -1
PNS Peripheral nervous system
SARS-CoV Severe acute respiratory

syndrome coronavirus
SAP Sensory nerve action potential
SASP Senescence-associated secretory

phenotype
SARS-CoV-2 Severe acute respiratory

syndrome coronavirus 2
+ssRNA Positive single-stranded RNA
STD’s Smell and/or taste disorders
TMPRSS2 Transmembrane protease serine 2

Background

Respiratory infections caused by four human coronaviruses
(HCoV) including HCoV-OC43, HCoV-229E, HCoV-
NL63, and HCoVHKU1 were not fatal, while the infections
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caused by Severe Acute Respiratory Syndrome Coronavirus
(SARS-CoV) and the Middle East Respiratory Syndrome
Coronavirus (MERS-CoV) were fatal. Both SARS-CoV
and MERS-CoV are primarily zoonotic viruses. Till date,
there is no specific treatment for the coronaviruses [1]. The
novel and more contagious strain of current coronavirus
which is highly transmissible in humans as initially reported
from Wuhan, the capital of Hubei, China, during December
2019. China reported this cluster of pneumonia cases in
Wuhan during the last week of December 2019 (31-Dec-
2019 as per the WHO website, https://www.who.int/news-
room/detail/08-04-2020-who-timeline%2D%2D-COVID-
19) and WHO published its first coronavirus outbreak
during the first week of January 2020 with no reported
deaths. Accordingly, the WHO issued guidelines to all
countries. Thailand recorded the first coronavirus case
from outside China during the second week of January
2020. During the early stages, this coronavirus was named
“the new coronavirus, 2019-nCoV” and later on in February
2020, this virus strain’s official taxonomic designation was
replaced with “severe acute respiratory syndrome
coronavirus 2” (SARS-CoV-2). Then, the WHO officially
renamed the disease caused by SARS-CoV-2 as COVID-
19. Due to alarming levels of spread and severity, the
WHO made an assessment and characterized the COVID-
19 as a global pandemic on March 11, 2020, [2] (https://
www.who.int/emergencies/diseases/novel-coronavirus-
2019). COVID-19 has now spread to 235 countries through-
out the world, infecting nearly 57 million people and has
resulted in 1,368,000 confirmed deaths worldwide. In the
USA alone, nearly 11,650,817 people were confirmed to
have COVID-19 and 251,715 people died (as on 11/21/
2020) (Ref: WHO, https://covid19.who.int/table and CDC
website; https://www.cdc.gov/coronavirus/2019-ncov/
cases-updates/cases-in-us.html). Common symptoms
reported in a person infected with COVID-19 include respi-
ratory deficiencies, fever, cough, shortness of breath, and
loss of smell and taste. Severe infection may cause pneumo-
nia, severe acute respiratory syndrome, kidney failure, neu-
rological diseases, and ultimately leading to death [3].

ACE2 Expression Distribution

Structural and functional analysis indicates that the spike pro-
tein of SARS-CoV-2 binds to ACE2 protein [4–6]. Brain cells
were reported to express ACE2 virtually throughout the brain
as a transmembrane protein and specifically in the areas con-
trolling central blood pressure [7, 8]. Data analysis also sug-
gested that there were no significant differences in ACE2 pro-
tein expression levels in males versus females or young versus
old or even among different ethnic groups [9]. However, the
observed higher vulnerability of elderly people especially

males might be due to dysregulated host immune response
to coronavirus infection. The expression pattern of ACE2 in
brain regions is consistent with the reported symptoms such as
confusion, headache, seizures, increased brain volume, diar-
rhea, nausea, and vomiting [10–12]. However, it should be
noted that negative results with no observed ACE2 mRNA
in the human brain have also been reported [12, 13]. There
is also strong evidence to suggest that SARS-CoV-2 corona-
virus may gain entry to the body through the tongue and oral
cavity [14]. To date, the ACE2 distribution is based mostly on
mRNA data, which does not reflect the true functional protein
distribution including any posttranslational modifications, and
therefore, more immunohistochemical characterization stud-
ies especially at cell type level are urgently required.

Neuropilin-1 (NRP-1) and SARS-CoV-2 Entry

While ACE2 is the main receptor to which the SARS-
CoV-2 spike protein binds and enters the cells, the spike
protein is primed by the TMPRSS2 for viral entry. More
recently, it was also discovered that neuropilin-1 (NRP1)
significantly potentiates viral infectivity especially into
olfactory epithelial cells in the nasal cavity, a role validat-
ed using NRP1 antibody [15–17]. It was also found that
NRP1 requires a furin-cleaved substrate to aid in the virus
entry and NRP1 mRNA expression is elevated in SARS-
CoV-2-infected cells from COVID-19 patients [15].
Interestingly, while ACE2 was expressed at low levels
in both human lung tissue and olfactory epithelium, the
expression of NRP1 was found to be abundant in these
tissues [15]. Due to the lack of protein kinase domain,
NRP1 is known to act primarily as a co-receptor for sev-
eral ligands to modulate angiogenesis, cell proliferation,
and axon guidance [18, 19]. Indeed, the further recent
demonstration of NRP1 expression in the olfactory tuber-
cles and paraolfactory gyri of the human brain [20] further
supports the role of NRP1 in SARS-CoV-2 entry into
olfactory epithelial cells. This could clearly explain the
loss of olfactory function in COVID-19 patients.
Further, spike protein has been shown to block vascular
endothelial growth factor-A (VEGF-A)/NRP1 signaling
leading to reduced pain perception [21], which may un-
derlie increased disease transmission in asymptomatic
COVID-19-infected individuals. In silico efforts followed
by validation in cells have already identified several in-
hibitors of the VEGF-A/NRP-1 signaling [22] which can
now be tested in inhibiting SARS-CoV-2 virus entry.
Thus, NRP1 represents a novel ACE2 potentiating factor
to promote interaction of the virus with ACE2 for cellular
entry and provides an additional target to develop
blockers of virus entry.
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Risk Factors for COVID-19 Severity
and Mortality

Aging and Coronavirus

COVID-19 affects a broad age group of subjects ranging from
infants to the elderly population. One of the earliest commu-
nications from Wuhan, China, reported that during early
January 2020, 6 children (< 16 years old) were diagnosed with
COVID-19 [23]. Available data suggest that older individuals,
in particular, are at higher risk for COVID-19, especially peo-
ple with pre-existing multimorbidity [24, 25]. As per recent
reports, it affects community-dwelling elderly including those
residing in the nursing homes and in particular those in
assisted living facilities are at higher risk [26, 27]. The fatality
rate for COVID-19 in the USA increases with age from 3 to
5% between 65 and 74 years, 4 to 11% between 75 and
84 years, and 10 to 27% above 85 years. Among COVID-19
patients over 65 years, there were 45% hospitalizations, 53%
of intensive care unit (ICU) admissions, and 80% of death [28]
(https://www.cdc.gov/mmwr/volumes/69/wr/mm6912e2.
htm). In China, the fatality rate is 0.1% among children and
14.8% in older individuals [29]. One possible reason for the
risk in the old age population could be due to the deteriorating
immune system that mounts a feeble immune response [30].
Children less than 18 years of age are less affected (1.7%)
compared to adults [31] (CDC: https://www.cdc.gov/mmwr/
volumes/69/wr/mm6914e4.htm). More recent reports suggest
that vertical transmission from pregnant mother to infants is
also possible [32] with demonstrated viral load in infant
tissues [33]. Sadly in Texas, USA, a 6-week-old infant was
reported to have died from COVID-19 as per the county pub-
lic health district reports, while another 6-week-old infant re-
covered from COVID-19 at the Downey Medical Center in
California, USA.

Structural studies predict that COVID-19 spike glycopro-
teins also directly interact with host cell CD26, a known sur-
face marker of senescent cells [34]. One of the hypotheses is
that the COVID-19 infection significantly increases the mor-
tality in patients with advanced chronological age because
these patients have a large number of senescent lung cells.
These senescent lung cells may be the target for coronavirus
infection. Senescent cells showed an increased propensity for
enhanced protein synthesis, which is required to produce
senescence-associated secretory phenotype (SASP and
inflammatory cytokines including IL-6) rendering these cells
as an ideal host target for efficient viral replication [35].

Cardiovascular System and Coronavirus Infection

COVID-19 patients with a history of hypertension are more
vulnerable to death with increased troponin levels which is a
standard cardiac injury biomarker [36]. The mortality rate of

COVID-19 patients with cardiac injury is higher (51.2%)
compared to non-cardiac injury patients (4.5%) [37].
Patients with pre-existing cardiovascular disease such as hy-
pertension and related conditions experience disproportionate-
ly worse outcomes with SARS-CoV-2 infection. This can lead
to the development of cardiovascular complications such as
heart failure, myocarditis, pericarditis, vasculitis, and cardiac
arrhythmias. Dynamic increase of highly sensitive troponin
levels and natriuretic peptides increase the arrhythmias and
increase the risk of requiring ventilation and mortality rate
[38, 39]. There is now clear evidence of the presence of
SARS-CoV-2 in the cardiomyocytes as demonstrated recently
in all six patients examined following postmortem in Italy
[40]. The viral particles of 70–100 nm in diameter consistent
with the size and shape of SARS-CoV-2 were also demon-
strated by electron microscopy even in the cardiomyocytes of
a child [41].

Endothelial Cell Damage

SARS-CoV-2 infects the host system using the ACE2 recep-
tor, which is also highly expressed in endothelial cells [42].
SARS-CoV-2 is reported to directly infect engineered human
blood vessel organoids in vitro [43], indicating that endothe-
lial cells can get infected by a coronavirus. Postmortem anal-
ysis of COVID-19 patient of a 71-year male reported with
viral inclusion structures with apoptotic bodies in endothelial
cells by electron microscopy analysis [44]. Results from an-
other autopsy study showed lungwith diffuse alveolar damage
and perivascular T cell infiltration in COVID-19 associated
respiratory failure. These lungs were also reported to have
distinctive vascular features consisting of severe endothelial
injury associated with the presence of the intracellular virus
and disrupted cell membrane and the histology indicated
thrombosis with microangiopathy. Lungs from COVID-19
patients also were reported to show new vessel growth
through the mechanism of intussusceptive angiogenesis [45].
More recent data suggest that micro thrombosis is a major
complication in COVID-19 patients likely due to progressive
endothelial cell damage which might account for multi-organ
failure [46, 47].

Diabetes Mellitus and Obesity

COVID-19 patients with poor outcomes presented with
established and irreversible metabolic dysfunctions. Diabetes
mellitus is a highly prevalent metabolic disorder that is accom-
panied by other comorbid conditions like hypertension, obe-
sity, and low cytosolic pH. Due to low cytosolic pH, the viral
load may increase and exacerbate the infection [48]. Another
report indicated that diabetes mellitus is the second most fre-
quent comorbidity admitted with COVID-19 cases and
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diabetic patients are at higher risk of ICU admission and show
a higher mortality rate [49].

In the case of obesity, the visceral adipose tissue is reported
to secrete IL-6 and these levels were found to be retrospec-
tively increased in COVID-19 non-survivors [50]. Treatment
with Tocilizumab, a monoclonal antibody inhibitor of IL-6
receptor, reported showing improvement in respiratory func-
tion in COVID-19-related acute respiratory distress syndrome
(ARDS) [51]. Another recent study in China reported that
obesity in metabolic-associated fatty liver disease (MAFLD)
has ~ 6-fold increased risk for COVID-19 in the age group of
18 to 75 [52]. These multiple pieces of evidence suggest that
both diabetes and obesity increase the risk of developing se-
vere COVID-19.

Liver and Kidney Injury

Medications prescribed to infected patients may cause liver
damage due to adverse drug reactions and systemic inflamma-
tion, indicating that liver function should be monitored and
evaluated during the treatment period [53]. Other pathological
findings in the liver include sinusoidal lymphocytic infiltra-
tions and sinusoidal dilatations as well as mild steatosis and
multifocal hepatic necrosis [54]. Another group reported mi-
crovascular steatosis, mild lobular, and portal activity in
COVID-19 patients suggesting that the liver injury could have
been caused by a viral infection or drug interactions.
Therefore, patients with pre-existing liver injury should be
monitored during antiviral and anti-inflammatory drug treat-
ment [55]. The development of acute kidney injury is also
high in infected patients and is associated with increased in-
hospital mortality [56]. Mechanisms of kidney injury could be
due to acute tubular necrosis, the direct cytotoxic effect of the
virus itself, or immune-mediated damage [23].

Also, Zhang et al. reported an increased incidence of hepatic
abnormalities after infection with SARS-CoV-2, and during dis-
ease, this could be due to the direct effect of SARS-CoV-2 on the
liver or side effect of the medications used by patients [57]. Liver
biopsy of COVID-19 patients was reported to have steatosis and
liver injury [58]. Acute renal injury is also reported to increase
during coronavirus infection. This could be due to inflammation
induced by disease or infection in the kidneys. Most of the med-
ications aremetabolized by the liver and excreted by the kidney, so
these two vital organs need to be considered before treatment for
coronavirus infection. Patients with acute renal injury are reported
with a higher mortality rate compared to other patients [59].

Central Nervous System and Associated
Comorbidities

In general, viral infections are known to cause severe damage to
the structure and function of the nervous system, resulting in
encephalitis, toxic encephalopathy, and acute demyelinating

lesions [60, 61]. Encephalitis refers to the inflammation of the
brain parenchyma caused by pathogens that may result in neu-
ronal damage and nerve tissue lesions. Encephalitis is character-
ized by acute onset and common symptoms like headache, fever,
vomiting, confusion, convulsions, and consciousness issues [62].
SARS-CoV-2 infection was also reported to cause viral enceph-
alitis and the presence of viral genome was confirmed in the
cerebrospinal fluid (CSF) [63, 64]. Additionally, autopsy reports
indicated edema of the brain tissue and partial neuronal degen-
eration in deceased patients [65]. Acute toxic encephalitis (also
known as infectious toxic encephalopathy), a type of reversible
brain dysfunction syndrome, may be caused by factors such as
systemic toxemia, metabolic disorder, and hypoxia resulting
from viral infections [66–68]. Hypoxic injury may lead to further
damage to the nervous system. Its clinical symptoms are com-
plex and diverse. The mild course of this disease in patients may
show headache, dysphoria, mental disorders, and delirium, while
a serious course of infection may develop disorientation, loss of
consciousness, coma, and paralysis [66, 69]. COVID-19 patients
also suffer from severe hypoxia and viremia [70] and this can
cause toxic encephalopathy. Almost 40% of COVID-19 patients
were reported to develop a headache, disturbed consciousness,
and other brain dysfunction symptoms [71], and isolated cases of
brain tissue edema were also observed during the autopsy. These
findings suggest that COVID-19 could also cause infectious tox-
ic encephalopathy in patients. But, more neurological disorders
in severe COVID-19 patients may go unnoticed since they are
often under sedation. Previous studies indicate that other
coronaviruses might invade the peripheral nerve terminals and
then gain access to the CNS via a trans-synaptic route [72].
Whether such a trans-synaptic transmission occurs for the
SARS-CoV-2 virus is yet to be demonstrated. However, the
CT/MRI scanning of a COVID-19 patient was reported to show
acute necrotizing encephalopathy, a rare encephalopathy typical-
ly associated with a viral infection of the brain tissue [73], indi-
cating a rather direct CNS infection by SARS-CoV-2. Acute
necrotizing encephalopathy is frequently associated with intra-
cranial cytokine storm which may lead to the breakdown of the
blood-brain barrier (BBB) and increase shedding of viruses [74].
Other proposed possible routes for viral infection of CNS could
be hematogenous and lymphatic system. The trans-synaptic
route is frequently suspected for the peripheral neuronal manifes-
tations in COVID-19 patients including the loss of smell and
taste (Fig. 1). It is also not clear whether the SARS-CoV-2 virus
also uses macrophages for a “Trojan horsemechanism” like HIV
and penetrate BBB and infect brain cells [71, 75].

Evidence of Neurodegeneration from Magnetic
Resonance Imaging Studies

SARS-CoV-2 may also attack the CNS in the early stages of
infection. A case report from Italy indicated a sudden neuro-
logical impairment with seizures in COVID-19 patients
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perhaps due to demyelinating lesions in the brain. This spec-
ulation is based on the magnetic resonance imaging (MRI)
report showing newly diagnosed demyelinating lesions from
a COVID-19 patient admitted for interstitial pneumonia and
seizures [76]. Hypoxic/ischemic encephalopathy is also re-
ported in ~ 20% of 113 deceased patients with COVID-19
[77]. Another study from China reported 36% of neurological
manifestations including cerebrovascular disease and im-
paired consciousness out of 214 COVID-19 patients [71]. In
another study, among 13 patients who underwent MRI,
leptomeningeal space enhancement was found in 8 patients,
while 11 patients showed bilateral frontotemporal hypoperfu-
sion [78]. Surprisingly, the neurological problems differed
significantly during patient admission and during sedation
and when neuromuscular blockers were withheld, thus com-
plicating how much is due to SARS-CoV-2 per se or inflam-
mation or drugs [78]. Cortical and olfactory bulb
hyperintensity was also seen in some COVID-19 patients by
3-dimensional and 2-dimensional fluid-attenuated inversion
methods by MRI [79]. Importantly, there is MRI evidence of
early brain stem lesions, also accompanied by lesions and
swellings in other regions such as amygdalae, putamen, and
thalamic nuclei [65]. The possibility of SARS-CoV-2-induced
meningitis was also suggested by the MRI findings of
hyperintensity along the wall of the right lateral ventricle
and in the right mesial temporal lobe and hippocampus [63].
In children also, alterations in splenium signals were noted in
4 children among 27 infected with SARS-CoV-2, which were
accompanied with new-onset neurological symptoms includ-
ing encephalopathy, headaches, and weakness as well as the
brainstem and cerebellar signs, muscle and reduced reflexes

[80]. Other multipleMRI studies have confirmed hemorrhagic
white matter lesions throughout the cerebral hemispheres,
deep venous thrombosis with multiple microhemorrhages,
chronic infarct, acute or subacute ischemic infarct, and acute
hemorrhage, extensive gliosis, and atrophy involving the left
temporoparietal lobe [81–84]. In a 6-week-old infant, al-
though MRI scans did not detect any structural lesions, the
infant exhibited 2 brief 10–15 s episodes of upward gaze and
bilateral leg stiffening together with EEG abnormalities [85].
Despite high infusion rates of sedative treatments and neuro-
leptics, about 84% of COVID-19 patients showed delirium
with a combination of acute attention, awareness, and cogni-
tion disturbances with MRI abnormalities such as enhance-
ment of subarachnoid spaces, white matter abnormalities,
and perfusion abnormalities [86]. Some COVID-19 patients
have also shown a loss of peripheral vision [63], loss of olfac-
tory sensation without any MRI abnormality in the olfactory
bulb [87], and focal hypodensities onMRI scans in the corpus
callosum and the basal ganglia [88].

Previous experimental studies in non-human primates de-
tected CoV RNA or antigen in the brain and postmortem
analysis indicated brain pathology including inflammation
and white matter edema when the virus was introduced via
the intranasal or intraocular route [89]. Studies are urgently
required to test whether the SARS-CoV-2 virus can pass
through the intranasal route and cause anosmia which is de-
scribed as a frequent and early symptom of COVID-19 [90].
In response to viral infections, neurons do not upregulate ma-
jor histocompatibility complex class I and thus may escape
recognition by CD8-positive T cells [91]. However, due to
the presence of strong barriers such as blood-nerve (BNB),

Fig. 1 Potential routes of SARS-CoV-2 entry into the brain. (A) Loss of
smell sensation in many of the COVID-19 patients as one of the initial
sy65mptoms suggests that the most likely route of viral entry to the brain
may be through the olfactory epithelial cells, which abundantly express
ACE2, followed by transmission to the olfactory bulb and higher brain
regions through trans-synaptic transfer. This mechanism bypasses the
BBB. (B) Viral entry through the brain capillary endothelial cells is also

likely as they too express very high levels of ACE2. Once endothelial
cells are damaged by viral overproduction, the virus can sneak through
the underlying smooth muscle cells and finally to astrocytes, microglia,
and neurons which also express ACE2. (C) The identification of viral
particles in the ocular fluid in some COVID-19 patients also indicates
SARS-CoV-2 can infect eyes and through the optic nerve may reach the
occipital cortex and other areas of the brain including the brainstem
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the blood-brain (BBB), and the blood-spinal cord barriers
(BSCB), ensures the protection of the nervous system from
noxious blood-borne or surrounding stimuli [92].

To gain access to CNS, viruses could first get entry through
peripheral neurons using cell machinery of active transport of
essential molecules [93]. Preclinical studies in transgenic mice
indicated SARS-CoV may enter the brain through the olfac-
tory bulb, leading to rapid transneuronal spread [94]. In the
same study, virus antigens were detected abundantly in the
olfactory bulb 60–66 h post-infection. Viral antigen was also
detected in regions of the cortex (piriform and infralimbic
cortices), basal ganglia (ventral pallidum and lateral preoptic
regions), and midbrain (dorsal raphe) indicating the virus
spread throughout the CNS [94]. In the case of COVID-19,
the neuroinvasive potential of SARS-CoV-2 may also play a
major role in the reported respiratory failure in patients.
Therefore, more imaging and neuropathology studies are ex-
pected to play an important role to detect abnormalities in the
olfactory bulb, cranial nerves, and the CNS of COVID-19
patients. Thus, CNS infections by the SARS-CoV-2 virus
may promote the development of neurodegenerative disease
in people already at risk [95]. A list of neurological manifes-
tations of the SARS-CoV-2 virus in COVID-19 patients is
summarized in Table 1.

Viral Infection-Induced Hypoxia and Brain Damage

The primary infection site for coronavirus is the respiratory
tract and cause respiratory depression. Respiratory depression
often leads to brain hypoxia which is perhaps the most serious
acute health problem [96]. The brain is one of the vital organs
which consume a significant amount of energy and oxygen
compared to its size due to the high metabolic activity.
Reduced oxygen supply to any organ than normal level is
referred to as hypoxic condition. In general, reduced levels
of oxygen decrease the energy that can be produced by the
cell and in turn leads to cell death. Brain hypoxia can lead to
brain injury, carbon monoxide poisoning, cardiac arrest or
hypotension, respiratory arrest, and stroke. Hypoxic brain re-
sults in mild symptoms like temporary loss of memory, prob-
lems in coordination of body parts, inattentiveness, and poor
judgment. Severe brain hypoxia may lead to coma, seizure,
and even brain death [97].

In general, hypoxia due to global ischemia leads to infarc-
tion which can damage the pyramidal neurons of the hippo-
campus, cerebral cortex, and necrosis of the basal ganglia
[98]. In experimental models, histologic analysis indicates a
shrunken eosinophilic neuron (anoxic neuron) and a red neu-
ron, a representation of dead neuronal cells due to hypoxia
[99].

Hypoxia-inducible factor 1-alpha (HIF-1α) is considered
as the master transcriptional regulator of cellular and develop-
mental response to hypoxia [100–102]. Many viral infections

including HIV are reported to influence the HIF-1α pathway
and induce different downstream effects such as altering host
cellular metabolism, promoting extracellular vesicle-mediated
inflammation, and facilitating viral replication [103]. The
mechanism of viral activation of HIF-1α by hepatitis B, vac-
cinia, and Epstein-Barr viruses is by stabilizing the HIF-1α by
interfering in the process of HIF-1α posttranslational prolyl
hydroxylation or ubiquitination [104].

COVID-19 patients often suffer from severe hypoxia and
viremia which has the potential to cause toxic encephalopathy.
In some studies, almost 40% of COVID-19 patients are re-
ported to suffer from headaches, disturbed consciousness, and
other brain dysfunction symptoms [71]. Further, brain edema
most likely resulting from hypoxia has been detected in brain
tissues of COVID-19 patients by Xu and co-workers [58].
Rapidly developing deteriorating lung function could cause
deep hypoxemia and oxygenation provided by prone position
has been shown to improve the oxygen supply. The enhanced
oxygenation in the prone position could be due to the higher
expression of nitric oxide in dorsal lung vessels compared to
ventral vessels [105]. These findings imply that hypoxia ob-
served in coronavirus infection may lead to hypoxia-related
brain damages.

Stroke and Seizures During COVID-19

Viral infections also emerged as risk factors for stroke in ad-
dition to the well-established risk factors such as hypertension,
diabetes, and obesity. Previous studies indicate the Varicella
zoster virus, human immunodeficiency virus, and cytomega-
lovirus is associated with stroke. Virus particles were reported
to directly invade into the cerebral arteries corresponding to
the areas of infarction to produce vasculopathy [106, 107].
Herpesviruses accelerate atherosclerosis by induction of cyto-
kines (TNF-α, IL-2) in response to the specific antigenic stim-
ulus [108]. COVID-19 patients having purple rashes and
swollen legs are reported to have blood clots. Another report
from Europe suggests that clots arise in 20–30% of COVID-
19 patients [109–111]. Even small capillaries of COVID-19
patients were found clogged with clots [112, 113]. These clots
in the smaller capillaries may occlude the blood supply to the
brain which can lead to ischemic stroke. A COVID-19 case
report with a history of hypertension, diabetes, and end-stage
kidney disease on dialysis but with no previous history of
seizures developed multiple episodes of seizures and died
shortly after the seizure onset [114]. A CT scan also showed
chronic microvascular ischemic changes but without any in-
farct or hemorrhage, suggesting that even microvascular
changes are fatal in COVID-19 patients. Several other cases
of seizures have been reported in COVID-19 patients with no
history of seizures and some patients achieved resolution of
seizures with levetiracetam [82, 115]. Whether such seizures
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are secondary to multi-system organ failure or brain intravas-
cular coagulopathy-related brain injury is not yet clear.

Peripheral Nervous System-Associated
Comorbidities

Guillain-Barré Syndrome and Coronavirus

Guillain-Barré syndrome (GBS) is a condition in which the
immune systemmistakenly attacks the peripheral nervous sys-
tem and it is the most common cause of acute flaccid paralysis.
The initial symptoms are weakness and tingling in the periph-
ery, but can quickly spread and paralyze the whole body.
About two-thirds of the cases are associated with viral infec-
tions like H1N1, zika, and influenza [116]. The first case of
GBS was reported from China in a 61-year-old woman infect-
ed with the coronavirus [117]. A neurological examination
indicated symmetric weakness and areflexia in both legs and
feet. These symptoms were reported to progress within 3 days
after admission and the sensation to light touch and pinprick
was reported to decrease distally [117]. Another case of GBS
was recently reported from Italy in a 71-year-old male
COVID-19 patient without any previous neurological history
with normal brain CT scan findings [118]. The absence of
both the sural nerve sensory nerve action potential (SAP)
and the tibial nerve compound muscle action potential
(CMAP) by electroneurography measurements indicated pe-
ripheral neuropathy resulting from demyelination, typical of
GBS. To date, 73 other cases of GBS have been confirmed in
COVID-19 patients with male predominance around the

world [119–123]. Fortunately, following immunoglobulin
treatment, GBS symptoms were resolved in more than 70%
of COVID-19 patients [123]. However, whether the SARS-
CoV-2 virus itself can cause GBS or secondary to other infec-
tions in COVID-19 patients such as dengue [124] remains to
be determined.

Loss of Smell and Taste in COVID-19

Several case studies have indicated that the SARS-CoV-2 vi-
rus can cause both smell and/or taste disorders (STDs). Loss
of smell function can arise from various causes like head trau-
ma, toxic substance exposure, diseases like Alzheimer’s,
Parkinson’s, and notably acute viral upper respiratory infec-
tions that damage the olfactory neuroepithelium, called a
postviral olfactory disorder. Many viruses have the tendency
to invade the brain via olfactory fila [125–127]. Viral infec-
tions may lead to transient olfactory dysfunction through an
inflammatory reaction of the nasal mucosa and the develop-
ment of rhinorrhea. It also occurs in some coronavirus infec-
tions [128, 129]. COVID-19 related olfactory dysfunction
may not be associated with rhinorrhea [130]. The most com-
mon complaints in COVID-19 patients with peripheral ner-
vous system-related symptoms are hypogeusia (5.6%) and
hyposmia (5.1%) [71]. One study of the COVID-19 patients
indicated that the prevalence of olfactory and gustatory dys-
function is significantly higher in the European population. It
is also reported that in COVID-19 cases, the olfactory disorder
may appear before the rest of the complaints in 11.8% of cases
suggesting that the olfactory symptom is important for early
detection of the disease [130]. The pathophysiological

Table 1 Nervous system-
associated morbidities in COVID-
19 patients

No Morbidity Affected region Reference

1 Encephalitis CSF 63, 64

2 Brain edema Brainstem 65

3 Ischemic stroke Cortex 71

4 Brain hemorrhage Temporal lobe 73

5 Demyelinating lesion Spinal cord 76

6 Impaired consciousness Whole brain 71

7 Anosmia Olfactory neurons 93

8 Seizures Left temporoparietal lobe 99–101

9 Guillain-Barré Syndrome Peripheral nerve demyelination 102–109

10 Anosmia Olfactory epithelium 115–118

11 Ageusia Tongue nerves 115–118

12 Headache Whole brain 66, 69, 71

13 Myalgia-muscle pain Neuromuscular junction 110, 111

14 delirium Whole brain 112

15 Rhabdomyolysis Muscle 113

16 Dizziness Whole brain 114

17 Confusion Whole brain 11
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mechanisms for the olfactory and gustatory dysfunctions in
the COVID-19 patients are still not clear but anosmia is com-
mon to infections by coronavirus family [128]. Sudden partial
or complete loss of the sense of smell (Anosmia) and loss of
taste (Ageusia) is reported to occur at the early stage of
COVID-19 infections [130, 131]. Previous studies suggested
that some specific viruses including SARS-CoV-2 could
cause postviral olfactory dysfunction through mechanisms
other than nasal obstruction indicating that coronaviruses
can directly affect the olfactory sensory epithelium [131].
Another clinical study conducted with 33 COVID-19 patients
reported chemosensitive dysfunction in 21 patients (63.6%)
and 13 patients out of 33 reported combined gustatory and
olfactory disorders [132]. These studies imply that the
SARS-CoV-2 virus can cause both anosmia and hyposmia,
but many patients recover from these disorders suggesting
reversibility due to repair of the damaged structures.

Somatic Symptom Disorder

Despite being common in COVID-19 patients, somatic symp-
tom disorder (SSD) was ignored for a long period. SSD is
associated with the interaction of biology, cognition, emotion,
behavior, and environment. The five major symptoms include
chest discomfort and palpitation, dyspnea, nausea, headache,
and dizziness. A case of a 16-year-old adolescent with ex-
treme and persisting health preoccupations responded rapidly
to a low dose of antipsychotic and an antidepressant [133]. In
China, ICU nurses were found to be particularly vulnerable to
SSD with varying and overlapping SSD symptoms which
were mostly associated with PPE failure [134]. Similarly,
Italian health care workers exhibited increased irritability, a
change in food habits, difficulty falling asleep, and muscle
tension [135]. Similar cases have been reported from Brazil
[136] and India [137]. Thus, strong support is emerging on the
negative impact of the COVID-19 pandemic on the mental
health issues such as anxiety, depression, anger, somatic
symptoms, and sleep problems, particularly in health care
workers.

Silent Hypoxemia

Silent hypoxemia (SH), also called happy hypoxemia ob-
served in many COVID-19 patients, is baffling many physi-
cians. Silent hypoxemia or apathetic hypoxemia refers to
COVID-19 patients without dyspnea exhibiting very low ox-
ygen levels incompatible with life [138]. A case report of three
COVID-19 patients exhibited no difficulty with breathing
even with low oxygen tension [139]. These patients show so
low blood-oxygen levels that they should be either uncon-
scious or multiple organs should have failed, yet they are
awake and not struggling to breathe, defying all our under-
standing of basic biology [140]. It should be noted that silent

hypoxemia is dangerous because such patients may show
minimal symptoms yet rapidly develop multi-organ failure
leading to death due to low peripheral oxygen levels [138].
The respiratory neural centers are exquisitely sensitive to
PCO2, even a small increase rapidly evoke large increases in
minute ventilation of respiratory discomfort [141]. Several
mechanisms are proposed to account for SH, including direct
action of SARS-CoV-2 on the receptors involved in
chemosensitivity to oxygen, altered responses by the dyspnea
and the respiratory centers to low levels of oxygen, and the
way PCO2 blunts the brain’s response to hypoxia [139].
Another hypothesis suggests that SARS-CoV-2-mediated
neuronal damage in the corticolimbic network may lead to
the altered secretion of endogenous neuropeptides or neuro-
transmitters that are involved in perceptual effects [142].
Future studies are required to confirm or disprove these
hypotheses.

Long-Term Neurological Effects

Surprisingly, some COVID-19 patients who recovered from
non-neurological manifestations of the disease within weeks
start showing many neurological symptoms including brain
fog even after several months. Although systematic studies
of these so-called long-haulers are still lacking, anecdotal case
reports have listed hallucinations, double vision, numbness in
their limbs or face, disorientation, and difficulty in concentrat-
ing even after 5 to 6 months following SARS-CoV-2 infec-
tion. Several patients have complained their most debilitating
and persistent symptom is the inability to remember words or
even keep track ofmedication. Loss of smell and taste can also
linger for many long-haulers. A hospital in Paris reported
having seen as many as 30 long-haulers every week between
mid-May and late July 2020. In one study, 55% of 60 patients
showed neurological symptoms even after 3 months [143],
suggesting possible disruptions to microstructural and func-
tional brain integrity underscoring the long-term conse-
quences of SARS-CoV-2. Since COVID-19 is a new disease,
the exact reason why some of these patients have not yet
recovered is still unknown, but myalgic encephalomyelitis/
chronic fatigue syndrome (ME/CFS) has been suggested to
be the cause of the lingering brain fog. Although the number
of long-haulers reported so far is still small, considering the
scale of the COVID-19 pandemic, thousands of patients may
already be suffering from brain-related symptoms worldwide,
and if the virus has indeed caused irreversible damage to neu-
rons, they may have to suffer life-long.

Mechanism of Neuronal Dysfunction

The number of COVID-19 patients that show neurological
impairment may not reflect the true numbers, as many
patients are sedated and are on ventilators. Among the
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severe cases of COVID-19, neurological manifestations
including the loss of consciousness were found in about
88% of patients in some studies [63]. Loss of taste and
smell being the initial symptom in many patients, a very
likely route of initial viral invasion is through the nose,
then moving upward through the olfactory bulb, and then
finally to higher brain regions including the brainstem, all
by trans-synaptic transfer, a process that bypasses the
BBB (Fig. 1). The trans-synaptic transfer of SARS-CoV-
2 from the periphery to the cortex and the brainstem is a
very likely mechanism because of several reasons. First,
several other viruses including HEV67 [144, 145], avian
bronchitis virus [146, 147], alpha herpesvirus [148], West
Nile virus [149], SARS-CoV [94], and MERS-CoV [150]
are known to utilize this mechanism, at least in experi-
mental models. Second, viral particles such as HSV1
[151, 152], rabies virus [153, 154], SARS-CoV [94,
155], and MERS-CoV [150] are heavily detected in the
brainstem. Third, there are established neuroanatomic
connections between brainstem nuclei such as solitary
tract and the mechanoreceptors and chemoreceptors in
the lung and respiratory tracts [154, 156] as well as be-
tween nucleus ambiguous of the brainstem and the airway
cells [157]. Finally, some mutations may predispose the
brainstem to be vulnerable to viral invasion as has been
demonstrated for HSV1 [158]. Thus, spontaneous loss of
breathing reported in COVID-19 patients [72, 159] may
be due to the dysfunction of the cardiorespiratory center
in the brainstem. Indeed, in a case report, three patients
recovered from pneumonia but failed to wean from inva-
sive mechanical ventilation due to brainstem dysfunction
and central respiratory drive depression [160]. Recent
findings that the SARS-CoV-2 virus is neurotoxic [161,
162] in particular to the brainstem neurons [72, 160] are
consistent with the idea that SARS-CoV-2 mediates respi-
ratory failure through degeneration of brainstem neurons,
most likely by rupture of neurons due to viral budding
[163]. Repeat CT scans also confirm that the damage oc-
curs first in the brainstem then spreads to other brain
regions [65]. Normally, breathing is an involuntary
(autonomous) process regulated by pacemaker cells in
the pre-Bötzinger complex (pre-BÖTC) area of the
brainstem in response to changes in PCO2, PO2, or H+

ion concentration of the arterial blood [164, 165]. But,
both inspiration and expiration are also regulated volun-
tarily through direct input from motor neurons in the cor-
tex to the respiratory muscle [165], thereby bypassing the
brainstem. Thus, we now have clear pieces of evidence
that spontaneous loss of breathing seen in COVID-19 pa-
tients is due to damage to the central respiratory regula-
tory neurons in the brainstem While this evidence is help-
ful, elucidation of the actual molecular mechanism of
SARS-CoV-2-induced neuronal dysfunction that leads to

respiratory failure is crucial to immediately undertake pre-
vention strategies as well as for the initiation of
mechanism-based treatments. Also, more mechanistic in-
sights on pathophysiology by which the SARS-CoV-2
virus affects olfactory and gustatory functions need to be
identified so that prompt treatments can be initiated.

SARS-CoV-2 gains entry into cells by the efficient
binding of the spike viral protein S1 to the ACE2 protein
facilitated by the protease TMPSS2 by clathrin-dependent
endocytosis of the complex [166]. One major role of the
ACE2 enzyme is the conversion of angiotensin II to an-
giotensin I thereby reduce the deleterious effects of angio-
tensin II such as decreased nitric oxide (NO) generation,
oxidation, vasoconstriction, inflammation, and thrombosis
by binding to AT1 receptors (AT1R) [167]. ACE2 also
converts angiotensin II to angiotensin 1-7 which exerts
salutary and opposite effects of angiotensin II including
vasodilation and reduced inflammation through Mas re-
ceptor signaling (MasR) [168] (Fig. 2).

Further, there is now evidence that spike protein inter-
action with the ACE2 downregulates ACE2 expression
[169]. This in turn invariably increases ACE1 signaling
including increased conversion of angiotensin I to angio-
tensin II as a compensatory mechanism thereby decrease
NO production and increase oxidative stress, inflamma-
tion, and neurodegeneration in the CNS. Cytokine storm
representing increased proinflammatory interleukins in
COVI-19 patients is now well established [77, 170].
Several postmortem reports suggest that COVID-19 pa-
tients show severe endothelial damage and COVID-19 is
turning to be a disease of endothelial dysfunction [44].
Such endothelial damage can also occur in the brain cap-
illaries leading to disruption of BBB and budding of the
viral particles from the capillary endothelium to the brain.
Finding of SARS-CoV-2 virions in the CSF of COVID-19
patients [63] supports this interpretation. Endothelial dam-
age in cerebral capillaries can also result in bleeding with
fatal consequences in COVID-19 patients. Indeed, expo-
sure of 3D brain organoids to convalescent plasma from
COVID-19 patients showed SARS-CoV-2 virions in neu-
rons within 2 days. Importantly, the infected neurons
displayed missorted tau protein, hyperphosphorylation of
tau, and neuronal death [171]. The neurodegeneration or
neuronal dysfunction may be responsible for a wide range
of neurological issues reported in COVID-19 patients
(Fig. 2).

Conclusion

Similar to other coronaviruses, the SARS-CoV-2 virus has
been found in the brain parenchyma and CSF of COVID-19
patients, implying the neurotrophic property of this virus and
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its potential to cause neurological disorders. Distribution of
ACE2 receptor in the peripheral and central nervous system
neurons and other cells, though at low expression levels, is
consistent with the neurological manifestation of SARS-CoV-
2. Indeed, similar to intracranial infections by other viruses,
COVID-19 patients show a wide range of CNS symptoms
including headache, confusion, dizziness, seizures, disturbed
consciousness, stroke, intracranial hemorrhage, peripheral
nerve demyelination, and sudden loss of smell and
taste [172–178]. In particular, loss of smell and taste should
be recognized as an important and early nervous system-
related symptom in COVID-19 patients. While some of these
symptoms may be due to direct neural invasion of the virus,
others may result frommetabolic and systemic complications.
Nevertheless, the most important of all symptoms appears to
be loss of ability to breathe on their own requiring ventilators

in some patients. It will be interesting to investigate whether the
dysfunction of cardiopulmonary regulatory centers in the thala-
mus and brainstem is responsible for the loss of spontaneous
breathing. SARS-CoV-2 being a novel virus, more clinical and
basic science studies are required so that appropriate therapy can
be timely initiated based on the identified mechanism.
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Fig. 2 SARS-CoV-2-mediated neurodegeneration may be due to the
downregulation of ACE2-mediated signaling and concomitant increase
in ACE1-mediated neuroinflammation. SARS-CoV-2 binds ACE2
through the receptor-binding domain (RBD) of spike protein S1 facilitat-
ed by protease TMPRSS2, resulting in reduced functional ACE2 expres-
sion which in turn enhances ACE1 signaling including increased conver-
sion of angiotensin I to angiotensin II. ACE2 is responsible for the con-
version of angiotensin I into angiotensin 1-9 which increases nitric oxide
(NO) generation and vasodilation. With reduced ACE2, angiotensin 1-9
levels are reduced and therefore NO generation is also reduced. ACE2 is
also responsible for the conversion of angiotensin II into angiotensin 1-7
which enhances Mas receptor (MasR) signaling to increase vasodilation
and to prevent fibrosis. With the reduction in ACE2, MasR signaling is

also reduced. Increased angiotensin II levels due to decreased ACE2
activity can also enhance signaling through the type-1a (AT1R) or type-
2 (AT2R) angiotensin receptors. Activation of AT2R is normally neuro-
protective. However, increased AT1R signaling leads to reduced NO
generation, and therefore vasoconstriction, AT1R signaling also increases
oxidative stress and neuroinflammation with the overproduction of inter-
leukins such as IL-1, IL-6, IL-8, and IL-29, all of which were confirmed
in COVID-19 patients. Increased neuroinflammation in turn can cause
neurodegeneration, brain dysfunction, and a variety of neurological issues
as seen among COVID-19 patients. A schematic representation of a sig-
nal transduction mechanism is shown for endothelial cells of brain capil-
laries, and a similar mechanism is also expected in neurons and glia which
also has been shown to express ACE2
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