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ABSTRACT

Introduction. The punishing effect of the pandemic outbreak of the disease termed COVID-19 (coronavirus disease-19) caused
by severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) impelled the author to gather the facts about the nature
of this new pathogen. The aim of this paper was to discuss the mechanisms involved in the pathogenesis of neurological com-
plications during the course of COVID-19.

State of the art. Neurological symptoms, such as impairment of taste or smell, headache, nausea and/or altered conscious-
ness, are commonly described in COVID-19 patients, although there are emerging clinical reports of more serious conditions
such as acute cerebrovascular accidents, encephalitis and demyelinating disease. Whether these manifestations are the direct
consequence of viral invasion of the central nervous system, or are caused by indirect mechanisms, is yet to be established.
Studies to date have indicated that neurological lesions found in the brains of COVID-19 patients are a combination of direct
cytopathic effects caused by SARS-CoV-2 replication and indirect effects due to hypoxia, excessive cytokine reaction, impaired
immune response, and cerebrovascular injury induced by viral infection. Studies are still pending into possible routes of SARS-
-CoV-2 neuroinvasion encompassing the haematopoietic pathway via the blood-brain barrier and retrograde axonal transport
through the cranial nerves.

Clinical implications. A thorough understanding of SARS-CoV-2 involvement in neurological complications is still lacking.
However, our knowledge about SARS-CoV-2 virulence is rapidly expanding, and that has inclined the author to prepare this
comprehensive review in the hope that it willimprove understanding about the molecular mechanisms underlying neurological
abnormalities associated with COVID-19.

Future directions. A future detailed study should explore the diagnostics and disease mechanisms so as to enable the deve-
lopment of better therapeutic strategies to reduce the severity of COVID-19 neurological complications.
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Introduction

The global pandemic of coronavirus disease 2019 (COV-
ID-19) caused by severe acute respiratory syndrome coronavi-
rus type 2 (SARS-CoV-2) began at the end of 2019 in Wuhan,
China [1]. Because of the rapid and global spread of the virus
in humans, on 11 March, 2020, the World Health Organisation
decided that COVID-19 should be categorised as a pandemic
[2]. At the time of writing, 200,840,180 laboratory-confirmed
cases of COVID-19 have been reported, with 4,265,903 deaths
worldwide [3].

Comparison of the full-length genome sequence of SARS-
CoV-2 and other available genomes of coronaviruses indicates
that the closest relationship of SARS-CoV-2 is with bat SARS-
like coronavirus strain BatCov RaTG13, being 96% identical,
which suggests that SARS-CoV-2 might have naturally evolved
from bat coronavirus RaTG13 [4].

The clinical course of the SARS-CoV-2 infection is very
diverse, ranging from asymptomatic to severe pneumonia,
septic shock, pulmonary oedema, acute respiratory distress
symptom, and multiorgan dysfunction, with an estimated case
fatality rate of about 2.3% [5, 6]. The most common symptoms
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of COVID-19 comprise fever, chills, myalgia, fatigue, dry
cough, dizziness, headache, diarrhoea, nausea, and vomiting,
and seem to be strain dependent [7]. Furthermore, anosmia
and ageusia have been qualified as COVID-19 distinguishing
symptoms [8]. Patients with underlying comorbidities such
as hypertension, diabetes, cardiovascular disorders and cer-
ebrovascular diseases are more vulnerable to a severe course
of COVID-19, with higher mortality rates [9, 10]. Currently,
there are an increasing number of clinical observations in
individuals infected with SARS-CoV-2 denoting its capacity
to invade the central nervous system (CNS) and peripheral
nervous system (PNS). Analysis of COVID-19’s neurolog-
ical manifestations, as well as better understanding of the
mechanisms of the nervous system invasion and destruction
caused by SARS-CoV-2, could help to reduce the severity of
the neurological complications.

To prepare this review article, a comprehensive litera-
ture search was performed using the PubMed and Google
Scholar databases to identify relevant papers, published only
in English and with no time limit. The following terms were
searched: ‘COVID-19) ‘coronavirus, ‘SARS, ‘MERS, ‘severe
acute respiratory syndrome coronavirus, and ‘SARS-CoV-2,
with combinations including ‘neurotropism, ‘neurology, ‘neu-
rological manifestation, ‘neuroinvasion;, and ‘nervous system’.

Moreover, the bibliographies of located papers were screened
and cross-referenced to further identify relevant literature. The
aim of the search was to find original research studies, case
reports, retrospective studies, and review articles enabling the
presentation of the pathogenesis of neurological complications
during the course of COVID-19.

SARS-CoV-2 characteristics

SARS-CoV-2 is a positive-sense single strand RNA virus
belonging to the Betacoronavirus genus of the Nidovirales
order [11]. SARS-CoV-2 genome encodes 15 or 16 nonstruc-
tural proteins that form a replicase-transcriptase complex,
four structural proteins in the gene order of spike (S), enve-
lope (E), membrane (M), and nucleocapsid (N), as well as
nine accessory proteins (Fig. 1) [12-14]. The genomic RNA
is encapsidated by the nucleocapsid protein which is crucial
for enhancing the efficiency of virus transcription and as-
sembly and for the host cellular response to viral infection.
The nucleocapsid is enveloped by a phospholipid membrane,
which comprises membrane, envelope, and spike proteins
[15]. Because of the genome similarity between SARS-
CoV-2 and SARS-CoV, some parallels may be justified in terms
of the mechanisms of infection, replication, and pathology

Open reading frames:

Expressed by
genome translation

SARS-Cov replicase polyproteins

PL proteinase

C3L protease

Expressed by genome translation ORF8
and ribosomal frameshifting ORF3a ORF7B
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Expressed from
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Figure 1. Coronaviruses genome organisation. Localised from 5’ end there are two open reading frames (ORF) ORF1a, ORF1b, which encode
polyproteins ppla and pplab that are sequentially cleaved to release 16 or sometimes 15 functional nonstructural proteins constituting
replication-transcription complex (RTC). ORFs localised at 3’ end encode structural and regulatory proteins: spike (S), ORF3A, envelope (E),
membrane (M), ORF5, ORF6, ORF7A, ORF7B, ORFS8, and nucleocapsid (N). Bottom panel shows proteolytic processing of ppla and pplab
polyproteins. Numbers of polyprotein ppla and pplab segments correspond to nonstructural proteins: 3 - PLpro, papain-like proteinase;
5 - 3CLpro, 3C-like protease; 12 - RdRp, RNA-dependent RNA polymerase; 13 - HEL1, superfamily 1 helicase; 14 - ExoN, exoribonuclease,
N7-MT, N7-methyl transferase; 15 - endoU, uridylate-specific endoribonuclease; 16 - 2"-0-MT, 2"-O-methyl transferase [12]
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between SARS-CoV-2 and SARS-CoV. Replication of SARS-
CoV-2 starts from recognition of its receptors on the surface
of host cells. This step is mediated by SARS-CoV-2 S protein
which binds to the cellular angiotensin-converting enzyme
2 (ACE2) via its receptor-binding domain (RBD) [4] and
is followed by fusion between viral and cellular membrane
releasing the viral genome into the cytoplasm. The activity
of the spike protein is assured by its proteolytic processing at
two sites: the first cleavage releasing the S1 and S2 subunits
is caused by furin and enables interaction between RBD and
ACE2, whereas the second cleavage at the S2’ site is performed
by transmembrane serine protease 2 (TMPRSS2) or cathepsin
L and facilitates the virus-cell membrane fusion [16, 17]. After
uncoating, the virus genome is used as a template to produce
the non-structural proteins forming replicase-transcriptase
complex (RTC) which in turn synthesises subgenomic RNAs
for structural proteins (N, S, E, and M). N protein encap-
sidates viral genome forming nucleocapsid, and finally the
virus particle comes out of the endoplasmic reticulum-Golgi
intermediate compartment, where the new virion gains its en-
velope with incorporated proteins M, E, and S and is released
by exocytosis [18, 19].

Host factors enabling entry of SARS-CoV-2
into cell

Recognition of the cellular receptor and virus binding with
the structures on the cell surface is the critical step during the
viral replication cycle: these interactions determine its cellular
tissue, and species tropism, as well as the efficiency of the
replication. This step is mediated by the viral spike protein,
which recognises cellular receptor angiotensin-converting
enzyme 2 [20]. The ability of the spike protein to bind the
receptor is ensured by its proteolytic processing known as
‘priming’ — unleashing the S1 subunit and causing change of
the RBD conformation that displays amino acids interacting
with ACE2. This initial cleavage is followed by proteolysis at
the S2’ site, a process known as ‘triggering), which exposes the
fusion peptide and elicits the major, irreversible, conforma-
tional changes of the S protein essential for membrane fusion
and infection [21].

There is a variety of proteases capable of priming and
triggering coronavirus (CoV) S proteins. Prediction studies
suggest that the efficient priming of the SARS-CoV-2 S protein
is made by furin. However, it has been suggested that non-furin
proteases can process the SARS-CoV-2 ‘furin-like’ S1/S2 site
depending on the cell type [22]. Compared to priming, trig-
gering seems to be more complicated; it has been observed
that the CoV S protein can be triggered by proteases at the
plasma membrane or endosomal membrane, enabling entry
by so called ‘early’ and ‘late’ pathways, respectively [23]. SARS-
CoV-2 has been found to utilise the transmembrane bound
protease TMPRSS2, or endosomal cathepsin L, for cell entry
via the early and late pathways, respectively [16, 17].

To date, studies on SARS-CoV-2 entry have focused almost
entirely on binding with ACE2, expressed at very low levels
in respiratory and olfactory epithelial cells which were found
infected in the majority of COVID-19 patients. This indicates
that some cofactors are required to facilitate virus-host cell
interactions in cells with low ACE2 expression. Neuropilin
1 (NRP1) has been proposed as such an ACE2 potentiating
factor by promoting the interaction of the virus with ACE2.

Thus, research has focused on identifying additional
factors which may increase SARS-CoV-2 infectivity and influ-
ence its tissue tropism, and, in consequence, elucidate COV-
ID-19 pathophysiology, especially the existence of extra-pul-
monary manifestations e.g. neurological and gastrointestinal
symptoms. Daly et al. and Cantuti-Castelvetri et al. showed
that furin cleavage of S1/S2 motif generated Arg-Arg-Ala-Arg
(RRAR) sequence fitting into a pocket on the bl domain of
the neuropilins. They showed that NRP1 promoted infection
of human cell lines by SARS-CoV-2 and by lentivirus pseu-
dotypes that contained the SARS-CoV-2 S protein on their
surface. This reinforcement of SARS-CoV-2 infectivity was
blocked by a monoclonal blocking antibody against NRP1 [24].
An examination of NRPI expression using single cell RNA
sequencing performed by Davies et al. demonstrated that the
NRP1I is expressed in the CNS, including olfactory-related
regions such as the olfactory tubercle and paraolfactory gyri.
It has been shown that in the human brain, mature astrocytes
express NRP1 at the highest levels, endothelial and micro-
glia/macrophage express NRP1 at moderate levels, whereas
oligodendrocytes express NRP1 at the lowest levels [25].
Interestingly, in vivo studies have shown the uptake of nan-
oparticles coated with SARS-CoV-2-derived NRP-1 binding
peptides into the olfactory epithelium and into neurons and
blood vessels of the cortex [24].

In addition to ACE2, Wang et al. demonstrated that SARS-
CoV-2 spike protein binds to CD147, also known as Basigin
(BSG) or extracellular matrix metalloproteinase inducer (EM-
MPRIN). Previously, CD147 was shown to play a functional
role in facilitating SARS-CoV invasion of the host cells [26].
Interestingly, expression of ACE2 is lower, but expression of
CD147 is higher, in most human and mouse brain cell lines,
and mouse brain tissues, compared to lung cell lines. This
indicates that SARS-CoV-2 might use different pathways for
cell entry into the cerebral nervous system [27].

Neurological symptoms of COVID-19

The main symptoms of SARS-CoV-2 infection, such as
fever, dry cough, and dyspnoea, are accompanied by signs of
invasion of extrapulmonary organs and, in severe cases, this
infection can progress to multiorgan failure and death. Since
the beginning of the COVID-19 pandemic, growing evidence
has indicated that patients with SARS-CoV-2 may develop
neurological symptoms (Tab. 1) [7, 28]. It has been estab-
lished that the major factors associated with the neurological
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Table 1. Neurological manifestations of COVID-19

Central nervous system:

Dizziness

Headache

Impaired consciousness
Acute cerebrovascular disease
Ataxia

Seizures

Peripheral nervous system:

Anosmia

Ageusia

Vision impairment
Neuralgia

Skeletal muscle:

Myalgia

Rhabdomyolysis

complications of SARS-CoV-2 infection were firstly age over
60, and secondly a history of neurological conditions. Ad-
ditionally, in subjects with COVID-19 at the same level of
severity, the new-onset of neurological critical events increased
the risk of death six-fold [29]. The earliest report on detailed
neurological manifestations of hospitalised patients with
COVID-19 in Wuhan, China, revealed that more than one in
three of them had some neurological manifestations. The types
of neurological symptoms were classified into three categories:
central, peripheral, and musculoskeletal. Central symptoms
comprise impaired consciousness, acute cerebrovascular
disease, (both of which are found more frequently among
patients with severe disease outcome), in addition to ataxia,
seizure, dizziness and headache. The commonest peripheral
symptoms were impairment of taste or smell, whereas vision
impairment and nerve pain were observed less often. Skele-
tal muscle injury is related to the severity of disease (19.3%
in severe vs. 4.8% in nonsevere infection) [30]. A different
stratification of neurological symptoms was performed in
a retrospective multicentre cohort study of 917 patients with
COVID-19 treated in COVID-19 treatment centres from Hu-
bei and Sichuan provinces as well as Chongqing municipality
in China. Here, specific new-onsets of neurological events
were grouped into ‘critical’ and ‘noncritical’ new neurological
events. This report revealed that the frequency of new-onset
critical neurological events, including impaired consciousness
or stroke, was 3.5% overall and 9.4% among those with severe
or critical COVID-19. Noncritical events, including muscle
cramp, unexplained headache, occipital neuralgia, tic, and
tremor, were seen in less than 1% of cases [30]. Another study

in France noted neurological symptoms in 49/58 patients.
These included agitation, confusion, diffuse corticospinal tract
signs, and dysexecutive syndrome [31]. Brain MRI performed
in ICU (intensive care unit) patients with neurological symp-
toms revealed abnormalities in 44% of them [32].

A growing number of reports indicate that neurological
conditions and post-viral triggered autoimmune complica-
tions such as Guillain-Barre syndromes (GBSs), myopathy
and rhabdomyolysis, encephalopathy, meningoencephalitis,
encephalomyelitis, and myelitis, occur in association with the
SARS-CoV-2 infection [33].

Several clinical studies in Poland have reported neu-
rological abnormalities in most hospitalised patients with
COVID-19. An evaluation of the frequency and spectrum
of neurological symptoms in COVID-19 patients performed
in the University Hospital in Krakoéw showed that the com-
monest neurological symptoms were: fatigue (62.5%), worse
mood (45.5%), myalgia (43.5%), muscle weakness (42.5%)
and headache (37.0%). Anosmia and ageusia were reported in
21.5% and 27% of patients, respectively. Moreover, analysis of
a possible association of neurological symptoms with in-hos-
pital mortality revealed that a decreased level of consciousness
and delirium were linked to a higher risk of death during
hospitalisation [34].

In another clinical study of 100 patients with COV-
ID-19 hospitalised in the University Hospital in Krakow,
neurological manifestations including myalgia (27%) and
dysgeusia or dysosmia (15%) were observed [35]. Neurolog-
ical symptoms were also observed in children infected with
SARS-CoV-2 tested by the Regional Sanitary-Epidemiological
Station in Poznan. The commonest clinical symptoms in the
group of 94 children were dysgeusia and anosmia, which were
present in 75.5%, and headaches, observed in 49% of patients
[36]. Moreover, two uncommon neurological manifestations
associated with COVID-19 have been documented in Poland.
Przytula et al. reported ataxia-myoclonus syndrome, isolated
myoclonus, and opsoclonus-myoclonus syndrome in two
COVID-19 patients and postulated the autoimmune symp-
toms” background [37]. Cutaneous hyperaesthesia, lasting
from one day to several months, was described by Krajewski
et al. in nine COVID-19 patients [38].

COVID-19-related pathophysiology in CNS

Direct invasion

Neuroinvasive propensity has been demonstrated as
a common feature of CoVs. In light of the high genetic and
behavioural similarity between SARS-CoV and SARS-CoV-2,
it is clear that SARS-CoV-2 also possesses similar potential.
The foremost factor enabling viral infectivity is the receptor
recognition by virus surface protein, which in turn should have
a specific arrangement of amino acids for effective binding with
the host cell. SARS-CoV-2 has been shown to have a strong
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Figure 2. Possible mechanisms of neurological manifestations of SARS-CoV-2 infection. A. Caused by cytokine storm (B) endotheliopathy
and BBB dysfunction, leads to inflow of lymphocytes and monocytes which contribute to demyelination, neuroinflammation, and neurode-
generation. On other hand, disruption of BBB results in cytokine inflow and microglial activation; C. Infection of endothelial cells makes it
possible for SARS-CoV-2 to invade brain and infect both neurons and microglial cells; D. Respiratory depression triggers brain hypoxia lead-
ing to accumulation of anaerobic metabolism products, inflammation, and ultimately cell death; E. Thrombosis of brain blood vessels and
blood hyper-viscosity induced by proinflammatory cytokines lead to ischaemic stroke; F. Coagulopathy in combination with endotheliopathy

causes haemorrhagic stroke

affinity towards the human ACE2 receptor [16]. ACE2 is
expressed in multiple tissues in the human body, including
non-neuronal cells of the olfactory epithelium and olfactory
bulb [39], as well as glial cells and neurons in the CNS [40].
Thus, if the virus gets into the nervous system, neurons and
glial cells would serve as SARS-CoV-2 replication sites (Fig.
2). The exact way of reaching the nervous system is one the
great unknowns of neuropathogenesis of SARS-CoV-2 infec-
tion. One possibility is viral transport from the endothelium
to olfactory nerves and bulb and finally to the brain, although
a haematopoietic pathway is possible as well [41].

Increasing evidence of SARS-CoV-2 neuroinvasion has
been obtained from cerebrospinal fluid tests, postmortems,
and experimental studies. The detection of SARS-CoV-2 RNA
in CSF was reported for the first time by Moriguchi et al. in
Japan on 8 March, 2020 [42]. However, since then, only a few
cases of SARS-CoV-2 in CSF of COVID-19 patients have been
reported, as reviewed by Liu et al. [43]. To date, autopsy studies
performed on the brains of COVID-19 patients have revealed
SARS-CoV-2 in different parts of the brain, including frontal
lobes, olfactory nerve, olfactory bulb, trigeminal ganglion,
medulla oblongata, cerebellum, and frontal cortex [44-46].
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Using transmission electron microscopy, Paniz-Mondolfi et
al. observed pleomorphic spherical viral-like particles indi-
vidually and in small vesicles of endothelial cells, as well as
cytoplasmic vacuoles containing enveloped viral particles in
neural cell bodies [44]. Coronavirus infection of endothelial
cells and neurons has been proved to cause their damage and
apoptosis [47, 48]. Moreover, SARS-CoV-2 infection has been
found within the regions of micro-ischaemic infarcts, suggest-
ing the possibility of neuroinvasion-associated ischaemia and
vascular anomalies [49].

Evidence provided by studies performed using a 3D
microfluidic model of the human blood-brain barrier (BBB)
demonstrated that the SARS-CoV-2 spike protein promoted
loss of barrier integrity, which suggests that the S protein
triggers a pro-inflammatory response of brain endothelial
cells that may contribute to an altered state of BBB function
[50]. In experimental studies, SARS-CoV-2, but not SARS-
CoV, was shown to replicate in U251 (neuronal) cells, but at
a relatively low level [51]. SARS-CoV-2 neurotropism was
also supported by its presence in neurons and other neuronal
cells of human brain organoids exposed to the virus [49, 52].
Moreover, brain organoids could model CNS pathologies
of COVID-19 since imaging neurons of organoids exposed
to SARS-CoV-2 revealed altered distribution of Tau from
axons to soma, hyperphosphorylation, and apparent neu-
ronal death [52].

To demonstrate SARS-CoV-2 neuroinvasive potential,
and to clarify the pathophysiology of COVID-19, several
animal models for SARS-CoV-2 infection have been devel-
oped. A gradual increase of SARS-CoV-2 titres in the brain
tissue from day 2 to days 5 and 6 postinfection was reported
by Rathnasinghe et al. and Zheng et al. in K18-hACE2 mice
[53, 54]. Using the same strain of transgenic mice, Yinda et
al. revealed that SARS-CoV-2 could enter the cerebral cortex
and hippocampus after intranasal inoculation. In these regions,
SARS-CoV-2 antigen was present in neurons and glial cells
along the soma and axons of infected neurons [55].

ACE2

SARS-CoV-2 uses ACE2 to bind to the host cells with
high affinity, and this very specific interaction may contribute
to the ease with which SARS-CoV-2 spreads from human to
human [27]. It has been proved that ACE2 and TMPRSS2 are
expressed not only in the cells and tissues of lungs, but also
in extrapulmonary organs including the heart, kidneys, liver,
digestive tract, and brain [56]. ACE2 is widely distributed
throughout the brain, and nuclear expression of ACE2 using
a single-nucleus RNA-seq method has been found in many
neurons and some non-neuron cells, mainly astrocytes,
oligodendrocytes, and endothelial cells [57]. The highest
ACE2 expression level was found in the pons and medulla
oblongata of the human brainstem, where the medullary res-
piratory centres of the brain are localised. This may, at least
in part, explain the susceptibility of many COVID-19 patients

to severe respiratory distress [58]. It is worth noting that the
ACE2 protein plays a dual role in COVID-19 pathology: it
enables SARS-CoV-2 to enter host cells; and, on the other
hand, the infection induces disturbances of its turnover and
deprives organs of its protective function. In several studies,
ACE2 has emerged as a potent negative regulator of the
renin-angiotensin system (RAS), playing an opposing role
to ACE in diverse organ systems including the brain [59].
Downregulation of ACE2 expression in the lungs was revealed
by Kuba et al. in 2005, who proved that SARS-CoV infection,
as well as a recombinant spike protein of SARS-CoV, reduced
ACE?2 expression [60]. This phenomenon leads to imbalance
in the renin-angiotensin system and vasoconstriction, sodium
and water retention, elevated blood pressure, and proinflam-
matory and procoagulation effects [61]. The protective role
of ACE2 in the brain was demonstrated in a mouse model
by Chen et al., who showed that neuronal overexpression
of ACE2 protected the brain from ischaemic injury via the
dysregulation of NADPH oxidase/eNOS (endothelial nitric
oxide synthase) pathways caused by changing Ang (1-7)/Ang
II ratio [62]. Moreover, a decreased amount of ACE2 and Ang
(1-7) damaged cells in the cerebral arteries and enhanced the
level of oxidative stress [63].

Hypoxic injury

Patients with a severe course of COVID-19 develop pneu-
monia, which causes respiratory depression leading to brain
hypoxia. Reduction of oxygen delivery to the brain decreases
production of the energy and leads to the accumulation of
anaerobic metabolism products (e.g. lactic acid) in the CNS,
oxidative stress, dysfunction of the blood brain barrier (BBB),
cerebral vasodilation, swelling of neurons, obstruction of
blood flow, inflammation, and ultimately cell death [64]. Brain
post mortems of COVID-19 patients have revealed neuronal
damage in the areas highly vulnerable to hypoxia such as the
cerebral cortex, hippocampus, and cerebellum [46, 65, 66]. If
the hypoxia continues, brain function gradually deteriorates
and may elicit symptoms ranging from headache and tempo-
rary loss of memory to drowsiness, seizure, coma, and brain
death [30, 67].

Stroke and coagulopathy

COVID-19-associated coagulopathy (CAC), thrombo-
sis, and disseminated intravascular coagulation (DIC) have
emerged as crucial complications during a severe course of
COVID-19, and are associated with a high mortality rate [68,
69]. Characteristic changes of coagulation parameters such
as elevated levels of D-dimer and fibrinogen degradation
products (FDPs), increased fibrinogen, and prolonged pro-
thrombin time (PT), as well as alterations in platelet count,
have been reported in patients with COVID-19 [69, 70]. The
clinical presentation of COVID-19-associated coagulopathy is
multi-organ failure, whereas haemorrhagic events are less fre-
quent. Moreover, an increased incidence of arterial thromboses
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such as stroke and acute coronary syndromes has also been
reported in COVID-19 patients [71]. Therefore, as expected,
stroke-related imaging findings are among the most frequent
abnormalities seen in patients with severe COVID-19. Among
patients who displayed abnormal neuroimaging findings,
territorial acute/subacute infarction, multiple ischaemic foci,
evidence of thrombus in large intra- and extra-cranial vessels,
cerebral venous thrombus complicated by haemorrhagic in-
farcts, and cortical/subcortical microhaemorrhages have been
reported frequently in various observational studies [72, 73].

The pathophysiology of CAC is complex and differs in
important ways from the standard mechanisms of thrombo-
sis reported in critically ill patients. Several feasible mech-
anisms have been proposed as participating in stroke and
CAC pathogenesis. Reported mechanisms of CAC include
activated coagulation, endotheliopathy, up-regulated innate
and adaptive immunity, and activated complement system
[74]. ACE2 is heavily expressed in the myocardium, vascular
endothelium, and arterial smooth muscle cells [75], making
them susceptible to SARS-CoV-2 infection and endothelial in-
jury and predisposing to thrombogenesis and stroke. Besides,
SARS-CoV-2 induces a hyperinflammatory state, mediated
by increased secretion of proinflammatory cytokines such as
IL-1 and IL-6 responsible for supporting blood hyper-viscosity
[76,77]. Activated by infection and injury, monocytes and en-
dothelial cells release cytokines contributing to disseminated
intravascular coagulation (DIC) along with the expression of
tissue factor and secretion of von Willebrand factor [69]. Zuo
et al. found elevated levels of serum neutrophil extracellular
traps (NETs) markers such as cell-free DNA, MPO-DNA, and
Cit-H3 in patients with COVID-19 [78]. Intravascular NETosis
is responsible for the initiation and accretion of thrombotic
events in arteries, veins, and the microvasculature where
thrombotic disease can drive end organ damage in lungs, heart,
kidneys, and other organs. In the brain, microvessel occlusion
formed by intravascular thrombi can cause ischaemia and thus
result in a partial or complete inhibition of organ function
[79]. Furthermore, SARS-CoV-2 induces downregulation of
ACE?2 expression, which reduces its availability to convert Ang
ITinto Ang (1-7) and leads to hyperactivation of classic RAS
axis and vasoconstriction [80].

Inflammatory response and immune
dysfunction

The activation of the immune system and consequent pro-
duction of pro-inflammatory cytokines are crucial for natural
immune responses. However, hyperactivation of the immune
system, sometimes referred to as a ‘cytokine storm, results in
an excessive increase of levels of pro-inflammatory cytokines
[81]. Acute respiratory distress syndrome (ARDS) is the re-
sult of a fatal, uncontrolled systemic inflammatory response,
which is the consequence of the release of large amounts of
pro-inflammatory cytokines and chemokines by immune
effector cells in SARS-CoV-2 infection [7]. Interestingly, the

level of neurovirulence of coronaviruses correlates with their
differential ability to induce proinflammatory factors such as
IL-6,IL-15,1L-1B, and TNF-a in astrocytes and microglia, and
brain immune cells responding to viral infection.

The release of a large amount of inflammatory factors
induced by coronaviruses has been proposed as one of the
pathophysiological processes responsible for CNS damage
[82]. Comparisons between ICU (intensive care unit) and
non-ICU patients showed that plasma concentrations of IL-2,
IL-7, IL-10, GCSE, IP-10, MCP-1, MIP-1-a, and TNF-a were
higher in ICU patients than in non-ICU patients [7]. Thus,
cytokines like IL-1, IL-6, TNF-a, IFN-y, chemokines like
CCL2, and the acute phase protein CRP, that are either pro-
duced in the brain tissue or cross the blood-brain barrier, can
disrupt the integrity of the BBB and modulate the functions
of BBB transporters such as P-glycoprotein [83, 84]. Cytokine
storm leads to microglial activation and proliferation (MAP),
neuronal death, disruption of synaptic plasticity, impairment
of neurotransmitter metabolism, and predicts the subsequent
occurrence of hippocampal atrophy [85, 86]. Animal studies
have shown that MAP releases pro-inflammatory cytokines
and chemokines, upregulates inducible proinflammatory mol-
ecules, and promotes oxidative stress leading to breakage of
endothelial tight junctions, which, in turn, allows the creation
of feedback between the brain’s innate and peripheral adap-
tive immunity [87, 88]. Increased cytokine production (IL-6,
TNEF-a, and IL-10) correlates with the reduction of peripheral
CD4+and CD8+ T cells counts and with their hyperactivation
expressed as coexpression of HLA-DR, CD38, and CD45RO
activation markers [89, 90]. T-cell activation has been found
to correlate with disease severity in COVID-19 patients as
a higher frequency of activated CD8+ T cells (defined by
CD38+ and HLA-DR+) occurred in severe patients a longer
time after disease onset [91].

It also has been found that hyperactivation of T cells
results in the upregulation of exhaustion markers such as
TIM-3 (mucin domain-containing protein-3) mainly ex-
pressed on activated CD4+ Th1 cells and CD8+ cytotoxic T
cells, PD1 (programmed cell death-1) mostly expressed on
activated CD4+ T cells and CD8+ T cells, and NKG2A (C-type
lectin-like receptor type A, also known as CD159) expressed in
NKand CD8+ T cells [92, 93]. Activation of CD4+ and CD8+
cells may contribute to demyelination and axonal damage, as
has been proved in mice infected with mouse hepatitis virus
(MHV) [94].

Routes of SARS-CoV-2 nervous system
invasion

SARS-CoV-2, like other coronaviruses, can infect different
extrapulmonary tissues and organs including the central nerv-
ous system [41]. Neurotropism of SARS-CoV-2 is supported by
the observation of neurological manifestations among patients
with COVID-19 [31] as well as the detection of coronaviruses
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Figure 3. Potential routes of SARS-CoV-2 entry into central nervous system. A. SARS-CoV-2 infects endothelial cells and gains access to glial
cells and neurons in CNS; B. Infected leukocytes cross disrupted BBB; C. SARS-CoV-2 infects olfactory epithelial cells and olfactory sensory
neurons; D. SARS-CoV-2 infects gastrointestinal epithelium and invades vagus nerve

in neurological specimens [95, 96]. Moreover, as previously
mentioned in the section ‘COVID-19-related pathophysiology
in CNS, SARS-CoV-2 has been shown to have the capability
to infect and kill neurons in 3D human brain organoids, and
virions have been detected in different parts of the brains of
COVID-19 patients.

The routes and mechanisms used by SARS-CoV-2 to in-
vade the nervous system are still poorly understood. Based on
the observations made in experimental studies of SARS-CoV
and other viral infections, two hypotheses about the routes
of viral entry into the CNS have been put forward (Fig. 3).

The first hypothesis assumes that SARS-CoV-2 gets hold of
the brain cells by breaching the blood-brain barrier. Endothe-
lial cells of the blood vessels express ACE2 at a relatively high
level, which enables efficient virus replication in the circula-
tory system [75]. SARS-CoV-2-mediated downregulation of
ACE2 may increase the permeability of the endothelium via
interfering with Angll/Ang1-7 balance and by the bradykin-
in-kallikrein pathway [97, 98]. Additionally, SARS-CoV-2 in-
vasion causes the release of cytokines which induce structural
and functional alterations of the BBB, resulting in damage to
its integrity and permeability. This means that uncontrolled
increase of pro-inflammatory factors secretion makes the

vessel wall more easily penetrable, and leads to disruption
of the blood-brain barrier [99]. Moreover, SARS-CoV-2 can
reach the brain directly through a paracellular route or within
the immune cells, such as macrophages [100].

According to the second hypothesis, infection of periph-
eral nerves and retrograde axonal transport is proposed as
the route by which SARS-CoV-2 could enter the CNS. The
virus may use the olfactory nerve innervating the olfactory
epithelium to reach the olfactory bulb and then spread to
different areas of the brain. Many COVID-19 patients have
been reported to have hyposmia and anosmia, suggesting
that SARS-CoV-2 affects the olfactory route [30, 101]. Several
pieces of evidence circumstantiate the hypothesis that SARS-
CoV-2 enters the brain via the olfactory route. Firstly, it has
been demonstrated that mouse, non-human primate, and
human olfactory mucosa express two key proteins involved
in SARS-CoV-2 entry, ACE2 and TMPRSS2 [102]. Secondly,
expression of NRP-1 in the epithelial surface layer of the
human respiratory and olfactory epithelium has been con-
firmed by immunostaining of human post mortem tissue [24].
Infection of transgenic mice through intranasal inoculation
revealed that both SARS-CoV and MERS-CoV entered the
brain via the olfactory nerves and then spread to some brain
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areas such as the thalamus and brainstem [103, 104]. In an
animal model, human coronavirus HCoV-OC43 was shown to
reach the CNS through the olfactory tract, probably along the
olfactory nerve [105]. Moreover, mouse hepatitis virus strain
JHM (MHV-JHM) was demonstrated by in situ hybridisation
to enter the CNS using the trigeminal and olfactory nerves
[106]. Based on experience of other respiratory viruses, such as
influenza A, retrograde axonal transport in the vagus nerve is
also suggested as the SARS-CoV-2 gateway to the brain [107].
The vagus nerve is sometimes referred to as the lung-gut-brain
axis as it connects the inner organs, such as the gut, liver,
heart, and lungs, with the brain [108]. The terminals of this
nerve reach the sites facilitating viral infection and replication,
namely ileal epithelial cells with high ACE2 expression [56]
and enteric neurons coexpressing ACE2 and TMPRSS2 [109].
At these sites, SARS-CoV-2 may invade peripheral nerve
terminals, spread retrogradely along nerve synapses, and
gain access to the CNS. Transsynaptic transfer of a virus has
been demonstrated for several CoVs, including HCoV-OC43,
haemagglutinating encephalomyelitis virus67 (HEV67), and
avian bronchitis virus (IBV) [110].

Itis also possible that SARS-CoV-2 can reach the CNS via
both of the aforementioned mechanisms.

Conclusions

The clinical phenotype of COVID-19 encompasses a spec-
trum of extrapulmonary manifestations including neurological
symptoms. There is substantial evidence that SARS-CoV-2 can
invade the CNS leading to its direct damage. This is in addi-
tion to indirect mechanisms, such as cytokine storm-induced
neuroinflammation or mechanisms related to pulmonary
failure hypoxia.

It should also be pointed out that, aside from the neuro-
logical symptoms in the acute phase of COVID-19, SARS-
CoV-2 may be responsible for delayed effects and might even
lead to the development of neurodegenerative diseases in the
chronic phase of infection. There is an urgent need to increase
efforts understand the neuropathological potential of SARS-
CoV-2 so as to implement proper prevention, diagnosis, and
therapeutic decision making.
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