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Abstract
Coronaviruses (CoV) are viruses widely known to cause severe respiratory distress due to the prominent clinical symptoms
presented. These symptoms, which include fever and dry cough, are frequently found in individuals with CoV infection.
Neurological manifestations of CoV have often been neglected; however, recent studies have reported neurological consequences
of CoV infection. Here, we review these literatures and discuss the neurologic impact of CoV while highlighting potential
implications of the novel SARS-CoV-2 in the nervous system. We also discuss the possible routes by which these viruses invade
the nervous system and the mechanism by which they may induce neurological damage.
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Introduction

At a glance, the coronaviruses (CoV) are viruses that are known
to cause respiratory, enteric, hepatic and neurologic diseases that
may be mild or severe [1]. The coronaviruses are enveloped,
positive sense viruses with 30-kb single-stranded polyadenylated
RNA that bears five genes that code for structural proteins (S, E,
M, N, HE), as well as other non-structural proteins encoding
genes. These structural proteins include the spike (S) protein that
enables the virus to recognize the right cellular receptor where it
infects the susceptible cell. The spike protein is also responsible
for the corona shape of the virus. The envelope (E) protein as-
sembles the virion and ensures the optimum curvature of the viral
envelope. Themembrane (M) protein aids in the formation of the
corona shape of the virus, as well asmaintains the structure of the
virion through its interaction with all the other structural proteins.
The nucleocapsid (N) protein is responsible for encapsulating the
viral genome in a helical nucleocapsid inside the viral particle.
Lastly, the haemagglutinin esterase (HE) protein, similar to the S
protein, plays a role in haemagglutination. It functions as acetyl-

esterase, which aids in the release of the viral particles from the
infected cell occurring during the end of the replication cycle in
β-coronaviruses [2]. The coronaviruses are known to be capable
of rapid mutation and recombination [1, 3, 4]. The coronaviruses
belong to the family Coronaviridae in the order Nidovirales.
Members of this family include the pathogenic human
coronaviruses (HCoV) such as HCoV-229E, HCoV-OC43,
HCoV-HKU1 andHCoV-NL63 and themore commonly known
severe acute respiratory syndrome coronavirus (SARS-CoV) and
Middle East respiratory syndrome coronavirus (MERS-CoV)
[5]. The currently named SARS-CoV-2 (by the International
Committee on Taxonomy of Viruses) [6], commonly known as
the novel coronavirus disease 2019 (COVID-19), is a newly
discovered member of the CoV (considered highly pathogenic)
that resembles the SARS-CoV in that they elicit similar symp-
toms and share similar receptor, the angiotensin-converting en-
zyme 2 (ACE-2), thus the reason for its name [7, 8].

The recent outbreak of the novel SARS-CoV-2 currently
classed as a pandemic by the World Health Organization
(WHO) has resulted in dire public health and economic crisis
across the globe. According to data available on the WHO
website, as of 17 April 2020, COVID-19 has currently infect-
ed over 2 million people worldwide, and the numbers contin-
ue to rise. There are well over 130 thousand confirm deaths
globally, with more than 200 countries affected. The promi-
nent clinical features presented by the SARS-CoV-2 include
common symptoms like fever and dry cough usually occur-
ring especially at the onset of the disease [5, 9, 10]. The
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subsequent characteristic symptoms presented in patients are
respiratory distress syndrome (dyspnoea), myalgia, anorexia,
diarrhoea, pharyngalgia, abdominal pain and fatigue [11].
Though human CoV are mostly known to cause respiratory
diseases, there have been concerns of both direct and indirect
neurological consequences [2, 12, 13]; however, this has often
been neglected. Furthermore, a new study by Mao and col-
leagues highlighted characteristic clinical neurological signs
presented by patients infected by the novel SARS-CoV-2 [14].
Therefore, this review aims to demonstrate, from recent evi-
dence, the possible neurological impact of the coronaviruses
on the CNS, while highlighting neurologic implications for
the novel SARS-CoV-2.

General mechanism of coronavirus
pathogenesis

The human coronaviruses are known major pathogens of re-
spiratory diseases that are highly infectious and communica-
ble. For instance, the SARS-CoV can be transmitted directly
from civets to humans; the MERS-CoV can be transmitted
from dromedary camels to human. There is also evidence of
human to human transmission. As earlier stated, SARS-CoV-
2 possesses certain similar characteristics as SARS-CoV.
When an individual comes in contact with a SARS-CoV-2,
the virus targets major routes where it can easily propagate to
get to target cells and mediate infection. Coronaviruses are
respiratory viruses; thus, their first major target is the epithelial
cells of the respiratory tract where they bind to receptors (the
ACE-2) [12]. By binding to the ACE-2 expressed on the re-
spiratory epithelial cells, the SARS-CoV/SARS-CoV-2 not
only mediates infection but also facilitates their replication
and transmission [2, 12, 15, 16]. This marks the genesis of
the pathology of the virus.

Typically, the expression of ACE-2 is known to play an
important role in protecting the lungs against acute lung fail-
ure. However, it opens a portal through which SARS-CoV-2
could gain entry into the body. Once the disease process has
been initiated, ACE-2 expression is downregulated [17].
ACE-2 is richly expressed in the epithelial cells of the respi-
ratory tract, and it serves as a receptor for SARS-CoV, which
could potentiate lung injury [18]. A recent study by Zhao and
colleagues proposed that ACE-2 also serves as the receptor for
the novel SARS-CoV-2 [7]. Although, unlike SARS-CoV, the
novel SARS-CoV-2 binds weakly to ACE-2, but its binding
strength is still greater than the threshold required for virus
infection [19, 20]. ACE-2 is expressed in type 1 alveoli cells,
type 2 alveoli cells, respiratory tract epithelial cells, fibroblast,
endothelial cells and macrophages of the lung. But type 2
alveoli cells have the highest ACE-2 expression compared
with any other human lung cells. The quantification of the
expression of ACE-2 expression was determined using a

single-cell RNA sequencing technology [7]. Zhao and col-
leagues went further to perform a gene ontology enrichment
analysis to delineate the specific population of type 2 alveoli
cells that express ACE-2 and study the biological processes
going on in these special cell population in comparison with
other non-ACE-2 expressing type 2 alveoli cells. It was found
that the ACE-2 type 2 alveoli cells possess multiple viral
process-related genes involved in positive regulation of viral
genome replication, virion assembly and viral life cycle. This
implies that the novel SARS-CoV-2 can take advantage of the
special population ACE-2 expressing type 2 alveoli cells for
its replication and transmission [7]. It is noteworthy that ex-
pression of ACE-2 is not limited to the lungs only, but there is
also abundant expression of ACE-2 on the endothelial cells,
enterocytes, renal cells, hepatocytes, smooth muscles, nerve
cells and apparently every organ in the body. For instance,
ACE-2 is widely distributed and expressed in the enterocytes,
where it typically serves as a co-receptor for the uptake of
amino acid from food nutrient [16, 21]. Thus, it implies that
entry of SARS-CoV/SARS-CoV-2 into the circulation can
easily result into the widespread of these viruses around the
body [22]. Thus, from the circulation, these coronaviruses can
travel to infect the endothelial cells of the blood–brain barrier
[2].

Potential mechanism of SARS-CoV-2 infection

With its S protein, when the SARS-CoV (or SARS-CoV-2 as
the case may be) binds to the ACE-2, it will result in the
downregulation of ACE-2 expression as well as mediating
the entry and replication of the virus. Note that SARS-CoV-
2 cannot downregulate the expression of ACE. Typically, in
the renin-angiotensin system, ACE binds on its substrate, the
decapeptide angiotensin 1 (Ang 1), cleaving it to yield a prod-
uct, octapeptide angiotensin II (Ang II). The accumulation of
Ang II is known to mediate severe lung injury by acting on
angiotensin II type 1a (AT1a) receptors. Interestingly, in this
ideal situation, ACE-2 plays a protective role by cleaving Ang
II to yield angiotensin 1–7. It also cleaves Ang I to generate
angiotensin 1–9. The novel SARS-CoV-2 potentiates infec-
tion by binding on the ACE-2, thereby downregulating their
expression. This loss of ACE-2 expression, therefore, elicits
the dysregulation of the renin-angiotensin system, which
causes an elevated production of angiotensin II (Ang II) that
acts on both angiotensin II type 1a (AT1a) and angiotensin II
type 2 (AT2) receptors. The action of Ang II on AT2 receptors
inhibits their expression, whereas its action on AT1a receptors
activates them. It has also been shown that the reduction in
AT2 expression exacerbates acute lung injury. On the other
hand, the activation of AT1a receptor will also mediate Ang
II–induced vascular permeability and severe acute lung injury.
Taken together, the consequential reduction in ACE-2 expres-
sion and the increased production of Ang II correlates to
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severe acute lung injury [18, 23]. Also facilitating the entry
and transmission of the SARS-CoV-2, via its interaction with
ACE-2, is priming of the virus’ S protein by transmembrane
protease serine 2 (TMPRSS2) gene [24]. This pathologic
mechanism is illustrated in Fig. 1.

Neuroinvasion of coronavirus: mechanisms
by which it infiltrates the nervous system

Although CoVare primarily considered to be localized in the
respiratory tract, they have also been detected in the brains of
infected individuals. Several techniques, such as immunohis-
tochemistry, electron microscopy and real-time reverse
transcription-PCR have been used to detect CoV presence in
the brain [25, 26]. This has led several authors to focus their
research on identifying the possible routes by which this virus
invades the CNS. Several studies have postulated the
olfactory–haematogenous pathway (Fig. 2), trans-neuronal
machinery (Fig. 3) and lymphatic pathway, as putative routes
of coronavirus entry into the CNS [12, 26].

The olfactory tract has been implicated as a major route
through which toxicants reaches the CNS. It is then of no
surprise that it has been implicated as a possible route for
HCoV invasion into the CNS, and this is likely to include
the SARS-CoV-2. Several authors like McCray et al. [27],
Butler et al. [28] and Netland et al. [26] have reported that
after an intranasal infection, both HCoV-OC43 and SARS-

CoV which are very similar to SARS-CoV-2 were shown to
infect the respiratory tract in mice and to be neuroinvasive.
Numerous data over the years have shown that several strains
of CoV such as neurotropic MHV, SARS-CoV34 or MERS-
CoV, and HCoV-OC43 are certainly neuroinvasive in both
mice and humans [28–31]. Additionally, early steps of subse-
quent neuropropagation within the CNS in susceptible mice

Fig. 1 Illustration of themechanism bywhich SARS-CoV-2mediates
pathology. SARS-CoV-2 mediates pathology by interacting with ACE-2
thereby inhibiting its function on ANG II. The accumulation of ANG II
results in a cascade of interactions that consequently leads to severe acute
lung injury. ACE, angiotensin-converting enzyme; ACE-2, angiotensin-
converting enzyme 2; ANG I, angiotensin I; ANG II, angiotensin II;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; S pro-
tein, spike protein; TMPRSS2, transmembrane protease serine 2 gene;
AT1aR, angiotensin II type 1a receptor; AT2R, angiotensin II type 2
receptor

Fig. 2 Schematic representation of the olfactory–haematogenous
route of CoV neuroinvasion. CoV may gain access to the brain
through the olfactory tract or via the lung epithelium. In the lungs, it is
typically localized at the apical surface of epithelial cells. However, it
sometimes infects the basolateral regions. From these areas, it crosses
the basement membrane to reach the blood vessel. These vessels then
transport it across the BBB into the brain. CoV, coronavirus; BBB,
blood–brain barrier

Fig. 3 Trans-neuronal machinery as a possible mechanism of CoV
neuroinvasion. In the trans-neuronal route, the virus infects a peripheral
neuron and by retrograde transport and infects another neuron via synap-
se. The virus is released by the process of exocytosis in the presynaptic
terminal. It then binds to ACE-2 receptors on the postsynaptic neuron and
taken up via receptor-mediated endocytosis. ACE-2, angiotensin-
converting enzyme 2
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have been delineated, as well as in humans [31]. Upon
reaching the respiratory airways, HCoV could cross the
basolateral surfaces of epithelial cells [32] into the blood cir-
culation and spread to other tissues including the CNS [33, 34]
(Fig. 2). Although HCoVare mostly limited to the respiratory
airways, the ability of these viruses to spread to other tissues,
including the CNS has been severally documented [13, 35]. In
the circulation, a virus will infect either endothelial cells of the
blood–brain barrier (BBB) or epithelial cells of the blood–
cerebrospinal fluid barrier (BCSFB) in the choroid plexus
(CP) located in the ventricles of the brain, or leukocytes that
will serve as a vector for dissemination towards the CNS [34].
Therefore, it is possible that the novel SARS-CoV-2 could
also be neuroinvasive via haematogenous respiratory path-
ways (Fig. 2). Furthermore, a case could also be made for
direct HCoV neuroinvasion through olfactory receptors, as
other neurotropic viruses including, influenza, herpes simplex
and poliovirus have been observed to migrate along axons of
olfactory receptor neurons (of olfactory epithelium) into the
CNS [36, 37] (Fig. 2).

The trans-neuronal retrograde machinery has also been iden-
tified as a potential route. Here, the HCoV virus infects periph-
eral neurons to invade the CNS via the axonal retrograde trans-
port [13, 38]. Increasing evidence demonstrates the ability of
CoV to first invade peripheral nerve terminals and then, via
synapses, gain access to the CNS [39–41]. The trans-synaptic
transfer has been well documented for other CoV, such as
HEV679-10 [42]. HEV 67N are the first CoV found to invade
the porcine brain, and it shares more than 91% homology with
the novel SARS-CoV-2 [43, 44]. In susceptible mice, HCoV-
OC43 showed a selective tropism for neurons in which it is able
to use axonal transport as a way of neuron-to-neuron propaga-
tion [31], further proving the neuronal transgenic retrograde
machinery as a possible mechanism of CoV (including
SARS-CoV-2) neuroinvasion (Fig. 3).

The lymphatic system has also been implicated as a possi-
ble route of CoV neuroinvasion. Although the exact mecha-
nism is not known, different strains of CoV, including SARS-
CoV, have the ability to infect cells involved in intrinsic im-
munity. Through these cells, they are able to spread to several
tissues, including the CNS [45]. This is consistent with find-
ings in mice where the murine counterpart of HCoV, the neu-
rotropic mouse hepatitis virus (MHV), invaded the CNS
through the lymphatic systems [46]. Thus, accumulating evi-
dence suggest that these viruses, first isolated as pathogens of
the respiratory tract might be neurotropic, neuroinvasive and
neurovirulent.

Neurologic impact of coronaviruses

As reviewed in the previous section, while SARS-CoV2 is
considered a respiratory pathogen [27], it has also been

localized in the brains of infected patients [34, 42], suggesting
its ability to impact normal neurologic structures and func-
tions. Table 1 summarizes neurological symptoms that have
been reported in CoV infection.

Neurological symptoms associated with coronavirus

CNS symptoms

The neurovirulent property of CoV has led to the development
of several CNS-related neurological disorders and symptoms.
Multiple sclerosis (MS), a disease of CNS characterized by
demyelination, is one of these disorders and has been repeti-
tively associated with the CoV neuro-infection. Although sev-
eral viral infections have been associated as one of the aetiol-
ogies of this disease, numerous authors were able to detect the
presence of CoV in the brain of MS patients proving its in-
volvement in the pathogenesis MS. Interestingly, upper respi-
ratory infections of viral origin were shown to be an important
trigger of MS attacks. Apart from human studies, several
works on animal models have associated MHV (the murine
counterpart of HCoV) with MS [46]. Other disorders of the
CNS linked to CoV infection are meningitis and encephalitis
[47, 50]. Li et al. [48] conducted a study on clinically diag-
nosed acute encephalopathy patients with CoV infection.
They reported that these patients experienced neurological
symptoms such as headache, convulsion and altered levels
of consciousness. During the recent SARS-CoV-2 outbreak,
also known as COVID-19, several doctors have reported neu-
rological symptoms like strokes, seizures, encephalitis-like
symptoms and acroparesthesia in COVID-19 patients. They
also reported that these patients suffering with encephalopathy
are usually confused and lethargic [14, 49].

PNS symptoms

As proposed by the neuronal transgenic retrograde ma-
chinery, HCoV infects peripheral neurons to invade the
CNS via the axonal transport machinery [13, 38]. This is
accompanied by increasing evidence that show that CoV
may first invade peripheral nerve terminals and then gain
access to the CNS via a synapse-connected route [39–41].
The neurotropic and neuroinvasive potential of the HCoV
in the PNS has led several authors to investigate the pos-
sible neurovirulent potential of SARS-CoV-2 in the PNS.
A recent report showed that patients with SARS-CoV2
infection exhibited neurological syndromes such as a di-
minished sense of smell and taste and loss of speaking
ability [49]. Several reports have associated acute flaccid
paralysis [50], entrapment neuropathy [51] and other neu-
rological symptoms, including Guillain–Barré syndrome
[52], with CoV infections.
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Muscular symptoms

Several muscular disorders have been observed in CoV-
infected patients. These disorders include critical illness my-
opathy (CIM), acute quadriplegic myopathy, thick filament
myopathy and necrotizing myopathy [53]. CIM is typically a
non-necrotizing diffuse myopathy with associated fatty de-
generation of muscle fibres, fibre atrophy and fibrosis and it
may represent an antecedent to acute necrotizing myopathy.
This is distinguished by extensive myonecrosis with
vacuolization and phagocytosis of muscle fibres and is linked
to multiple organ dysfunction [61]. However, these functional
disabilities in muscles could be a result of intensive care unit–
acquired muscle loss and weakness and not a result of the
infection [62, 63].

Behavioural deficits implicated in CoV infections

Cognitive impairment

CoV infection has been associated with several impaired
cognitive functions. They include attention and memory
deficits [54], impaired visual–spatial abilities, declarative
memory and executive function [57]. In a study

conducted by Jacomy et al. [55], they observed a re-
duced size in the hippocampus in mice following
HCoV infection, which they inferred could trigger defi-
cits in higher neurological functions such as learning
and memory. This finding is supported by a growing
number of human studies showing sudden changes in
memory, learning and attention preceded by the release
of cytokines [55]. Cytokine release has been connected
with CoV infection [64]. Furthermore, a single-centre
cohort study in acute respiratory distress syndrome
(ARDS) survivors found that a longer duration of
hypoxemia—a characteristic symptom of SARS-CoV-2
[49]—was associated with cognitive impairment [65].
Hypoxia has been linked to brain atrophy, lateral ven-
tricle enlargement and concomitant impairments in
memory [61].

Mood-altering behavioural impairment

Alterations in mood have been noticed in patients with
ARDS. These mood-altering disturbances include de-
pression and non-specific anxiety phenomena [60, 66].
In an instance, Schelling and Kapfhammer [67] noted
that patients who survived ARDS often had substantial

Table 1 Summary of neurologic
impact of CoV S/N Neurological symptoms Implications References

1 CNS symptoms Multiple sclerosis [46]

Meningitis [47]

Encephalitis [48]

Headache [48]

Convulsion [48]

Stroke [49]

Seizure [49]

2 PNS symptoms Flaccid paralysis [50]

Diminished sense of smell, taste [49]

Entrapment neuropathy [51]

Loss of speaking ability [49]

Guillain–Barré syndrome [52]

3 Muscular symptoms Acute quadriplegic myopathy [53]

Thick filament myopathy [53]

Necrotizing myopathy [53]

Myalgia [48]

4 Cognitive impairment Attention and memory deficit [54, 55]

Impaired visual–spatial abilities [56, 57]

Impaired learning [55]

Auditory and visual hallucinations [58]

5 Mood-altering behaviour Depression [55, 59]

Anxiety [55, 60]

Abnormal behaviour or speech [47]
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residual angst, with vivid and distorted frightening
memories of what they had experienced even after their
acute brain dysfunction had resolved. Adhikari et al.
[68] and Bienvenu et al. [69] also reported the inci-
dence of depression and non-specific anxiety in patients
with respiratory disorders. Characteristic symptoms such
as altered mental status, personality change, abnormal
behaviour or speech, and movement disorders have been
associated with CoV-induced encephalopathy infection
[47]. In a behavioural study conducted by Jacomy
et al. [55], CoV-infected mice exhibited decreased activ-
ity in an open field test. In the same study, the mice
exhibited decreased locomotor activity, exploration pat-
tern, sniffing and sifting in the open field test, all indi-
cating depression and anxiety [55]. This is consistent
with the study by Severance et al. [59] where CoV
infection was associated with psychologic disorders,
for instance, bipolar disorder and depression in patients.

Brain regions imparted by CoV neuroinvasion

The ability of CoV to invade the brain and cause alteration in
brain structures have been reported in several studies.
Following neuroinvasion, these viruses accumulate in differ-
ent brain regions such as the dorsal vagal complex (solitary
nucleus, area postrema and dorsal motor nucleus of the
vagus), which is critical for cardiorespiratory function, as well
as the basal ganglia, piriform and infralimbic region of the
cortex, and the dorsal raphe of the midbrain. Therefore, it
can be implied that the sudden and severe symptoms occur-
ring in CoV infection (including SARS-CoV2) may result
from subsequent functional impairment of these critical brain
regions [26]. HCoV including SARS-CoV and MERS-CoV
have been heavily detected in the brainstem, specifically in
t h e so l i t a r y nuc l e u s and nuc l e u s amb i guou s .
Chemoreceptors and mechanoreceptors in lungs and respira-
tory tract sends sensory information to the solitary nucleus,
while nerve supply to blood vessels, airway smooth muscle
and glands are efferent fibres derived from the solitary nucleus
and the nucleus ambiguous [42]. These connections indicate
that respiratory distress experienced during SAR-CoV2 infec-
tion may be due to malfunction of the brainstem’s cardiore-
spiratory centre [42, 48]. Li et al. [48] used magnetic reso-
nance imaging (MRI) to perform some imaging diagnostics
on patients with CoV-induced encephalopathy. They observed
some abnormality in the temporal lobe, the periventricular
region, basal ganglia and the thalamus. Netland et al. [26] also
observed infection and structural alteration in the cardiorespi-
ratory centre in the medulla of SARS-CoV-induced mice.
Additionally, Jacomy et al. [55] demonstrated that mice that
survived from CoV-induced acute encephalitis exhibited a re-
duced hippocampus.

Potential mechanism of CoV-induced
neuronal death

Several reports on neuronal cell death following CoV infec-
tion have been documented [55, 64, 70]. On entry into the
neuroplasm via the ACE-2 receptors, CoV induces neuronal
death through apoptosis (Fig. 4), necrosis and in rare cases and
autophagy [16, 55]. Xu et al. [64] microscopically examined
SAR-CoV-infected brain and revealed neuron necrosis.
Jacomy et al. [55] postulated apoptosis as the mechanism in-
volved in neuronal loss observed in CA1 and CA3 layers of
the hippocampus in CoV-induced acute encephalitis mice.
They were able to support their finding by demonstrating the
immunopresence of caspase-3 along with nuclear fragmenta-
tion in cultured cortical and hippocampal neurons. Caspases
are the principal executors of apoptotic cell death, and
caspase-3 has been severally identified as a key mediator of
the apoptotic process in mammalian cells, including neurons
[55, 71]. Chen and Lane [72] reported apoptosis as a mecha-
nism by which the MHV (the murine analogue of HCoV)
induced neuronal death in mice brain.

Additionally, an excessive and possibly dysregulated cyto-
kine response has been implicated in neuronal death in pa-
tients with SARS [70, 73]. Lending support to this hypothesis,
three cytokines often associated with immunopathology, IL-1,
tumour necrosis factor alpha and IL-6 [26], are all upregulated
in the brains of CoV-infected mice [27]. Although the exact
mechanism by which SARS-CoV infection induces produc-
tion of IL-6 in neurons is unknown, SARS-CoV products,
such as the N protein, may directly induce IL-6 [74].
Alternatively, IL-6 production may be a normal consequence
of a highly productive neuronal infection or may be induced

Fig. 4 Possible mechanism of CoV-induced neuronal death. CoV can
either activate the productions of cytokines (TNF-α) or gain entry into the
neuroplasm via ACE-2 receptor through receptor-mediated endocytosis.
Both pathways lead to the activation of effector caspases (caspase-3),
which induces cell death via apoptosis. CoV, coronavirus; ACE-2,
angiotensin-converting enzyme 2; TNF-α, tumour necrosis factor alpha;
TNFR, tumour necrosis factor alpha receptor

Neurol Sci (2020) 41:1329–13371334



by another inflammatory mediator, such as IL-1 or tumour
necrosis factor alpha [26] also released in the CNS infected
with SARS-CoV [27]. A high level of IL-6 leads to progres-
sive neurological disorders with neurodegeneration, and sub-
sequently cognitive decline [48]. Xu et al. [64] described a
patient who developed progressive neurological symptoms
starting at day 28 after onset. Autopsy of the patient’s brain
showed the presence of SARS-CoV and some pathological
signs of neuronal necrosis [64]. Netland et al. [26] suggested
autophagy as a non-inflammatory mechanism by which
SARS-CoV induces neuronal loss in SARS-CoV-infected
K18-hACE2 mice.

Concluding remarks

Coronaviruses are neuroinvasive and neurotropic, with
potential neuropathological consequences in vulnerable
populations. Although it is widely accepted that human
coronaviruses such as MERS-CoV, SARS-CoV and the
novel SARS-CoV-2 are usually confined to the respira-
tory tract, and mostly result in respiratory diseases, this
review has highl ighted studies to demonstrate
neuroinvasive potential and potential neurological conse-
quences of human coronaviruses. This review also dis-
cusses the behavioural and structural alterations brought
about by the coronavirus neuro-infection, while also
highlighting the possible mechanisms by which these
viruses may induce neuronal death. Most studies
reviewed here have focused on previously identified
coronaviruses; however, given the similarity between
the novel SARS-CoV-2 and earlier coronaviruses, this
review demonstrates strong neurological implications
for the novel virus. Therefore, understanding the under-
pinning mechanisms of neuroinvasion and interaction of
coronaviruses, especially SARS-CoV-2 with the nervous
system is essential to evaluate potentially pathological
consequences and to design novel diagnostic and inter-
vention strategies.
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