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Abstract: Gathered data about SARS-CoV-2 have shown strong evidence
in terms of neuroinvasive and neurotropic capacities of the virus to reach
and cause eventual damage to the Central Nervous System. The spread of
the virus may occur through direct and indirect ways, leading to anosmia
and/or ageusia. These signs have been observed in many COVID-19
patients and are then included in the diagnostic criteria for Neuro-COVID-
19. The invasion of SARS-CoV-2 into the dorsal vagal complex of the
brainstem has a harmful impact on the respiratory rhythm, with even
respiratory failure. There is evidence that immune response abnormalities
including cytokine storm and neuro-inflammation influence not only the
disease severity, but also the occurrence of neurological and
neurodegenerative manifestations. Many umbrella zones remain unclear
about Neuro-COVID-19, which requires more consideration in its clinical,
biological and therapeutic aspects and may open new research perspectives.
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Introduction

For the first time in December 2019, Wuhan in China
knew an outbreak of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) also known as
Corona Virus Disease 2019 (COVID-19) (Thompson,
2020). In addition to systemic and respiratory symptoms
researchers found that many COVID-19 patients develop
neurological manifestations, such as headache, febrile
seizure, encephalitis, dizziness, ataxia, disturbed
consciousness and paresthesia (Mao et al., 2020). These
clinical manifestations occur more likely in severely
affected patients than those with mild or moderate
disease (Mao et al., 2020). Many studies suggest that
the nervous system involvement may be due to the
neuroinvasive and neurotropic capabilities of SARS-
CoV-2 (Giraudon and Bernard, 2010). The spread
from the respiratory tract into the Central Nervous
System (CNS) is done through many potential ways,
especially the olfactory tract, fact that needs more
enlightenment (Talbot et al., 2007).

The aim of this review is to emphasize the potential
pathomechanisms of the nervous system involvement
during COVID-19.
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SARS-CoV-2 and Receptors: ACE2,
TMPRSS2

Coronaviruses (CoVs) are non-segmented positive-
sense RNA viruses with neurotropic and neuroinvasive
capacities. They can infect many different species and
are responsible for respiratory and enteric disorders
(Vabret et al., 2009; Buchmeier and Lane, 1999;
Cavanagh, 2005).

SARS-CoV-2 can bind to the Angiotensin-Converting
Enzyme 2 (ACE2) receptor in humans (Lu et al., 2020;
Zhang et al., 2020), which has previously been identified
as the functional cellular receptor for other SARS-CoVs
(Li et al., 2003), with a polymorphic expression,
particularly on alveolar epithelial cells, intestinal
enterocytes, arterial and venous endothelial cells
(Hamming et al., 2004). In the brain, the implication of
ACE?2 is still not well documented since the expression
of its receptor was first found only in brain blood
vessels, but other recent studies show that ACE2 and its
receptors can also be found in CNS glial cells and
sustentacular cells of the olfactory epithelium, which
indicates that human brain is a potential target of
COVID-19 (Fig. 1) (Xia and Lazartigues, 2010; Baig et al.,
2020; Bilinska et al., 2020).
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Fig. 1: Schematic representation showing the postulated entry of SARS-CoV-2 into the Nervous system through its binding to ACE2
receptors in sustentacular cells of the Nasal cavity (Bilinska et al., 2020)

In a recent study, SARS-CoV-2 invasion was confirmed to
occur through its obligatory binding to the ACE2 receptor,
while the viral uptake is facilitated by the priming protease,
TMPRSS2. High expression of ACE2 and TMPRSS2
increases the virus binding capacity and susceptibility to
affect the sustentacular cells of the olfactory epithelium,
thus indicating that these olfactory cells may be targeted by
the virus (Bilinska et al., 2020; Hoffmann et al., 2020;
Sungnak et al., 2020).

Neurologic Manifestations

Neurologic disorders of COVID-19 were first
reported on February 19th, 2020 in a Chinese study with
214 patients, who displayed various neurologic
manifestations in 36.4% of cases, including central and
peripheral disorders, associated to skeletal muscle
involvement (Mao et al.,, 2020). The occurrence of
neurologic manifestations was noticed in patients with
severe COVID-19, particularly acute cerebrovascular
disease, altered consciousness, delirium, headache, skeletal
muscle signs, Guillain-Barré syndrome and transverse
myelitis (Mao et al., 2020; Ahmad and Rathore, 2020).
Further, (Li et al., 2020a) conducted a study on 221
COVID-19 patients and described acute ischemic stroke,
cerebral venous sinus thrombosis and cerebral hemorrhage
in 5, 0.5 and 0.5% of cases respectively. A recent French
study also reported neurologic manifestations in 58 of 64
patients with COVID-19, including encephalopathy,
prominent agitation, confusion and corticospinal tract signs
(Helms et al., 2020).

Coronavirus infections have been related to many
other nervous system disorders, like infectious toxic
encephalopathy as a concrete example characterizing
Coronaviruses associated with acute viral respiratory
infections. Patients with COVID-19 often suffer from
severe hypoxia and viremia (Guo et al., 2020), which has
the potential to cause toxic encephalopathy. Through a
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meta-analysis, (Tong et al., 2020) reported 52.73% of
olfactory dysfunction among ten studies including 1627
COVID-19 cases, while nine other studies showed
43.93% of gustatory dysfunction among 1390 of
COVID-19 patients. The cause of the olfactory and the
gustatory disturbance has not yet been definitively
identified (Tong et al., 2020; Soler et al., 2020).

Pathomechanism

It was proven that most viruses belonging to CoVs
family share the similar structure and infection pathways,
therefore the mechanisms previously described for other
CoVs may also apply to SARS-CoV-2 (Vabret et al., 2009;
Buchmeier and Lane, 1999).

Neuroinvasive and Neurotropic Capacities of
SARS-CoV-2

Experimental  studies  conducted on  other
coronaviruses suggest wider tissue invasiveness and
evident neurotropism as a current hypothesis, which may
impact the pathogenesis of the infection and results in
complex clinical scenarios (Ding et al., 2004). Data
collected from these studies demonstrated that pB-
coronaviruses to which SARS-CoV-2 belongs are not
only present in the respiratory tract but also invade the
CNS and infect the neurons. This has convincingly
been proven in the case of the SARS-CoV, MERS-
CoV and the one responsible for porcine
haemagglutinating encephalomyelitis (Dubé et al.,
2018; Talbot et al., 1994).

Mao et al. (2020) reported that some patients develop
COVID-19 related symptoms only after exhibiting
neurologic manifestations. In the province of Beijing, a
viral encephalitis case caused by SARS-COV-2 was
confirmed by the presence of the virus in the
cerebrospinal fluid and by the viral genome sequencing,
supporting the theory that the new virus can reach and
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damage the nervous system (Xiang et al., 2020). In some
other patients with severe symptoms of COVID-19, it is
therefore likely that other pathogenic bacteria play a
crucial role in the breakdown of the Blood-Brain Barrier
(BBB). Also, secondary intracranial infections may
cause headaches, projectile vomiting, vision loss and
convulsions of the limbs. (Wu et al., 2020).

Current studies conducted on the impact of s-CoVs
on the human organism in general and the nervous
system in particular, suggest that the SARS-CoV-2 viral
strain could infect the CNS, which had been
demonstrated with other f-CoVs. In an animal model, cell
culture studies have shown that neural cell lines as well as
primary neurons are highly infected in the case of NCoV-
0C43, which is also responsible for encephalitis, associated
with neural apoptosis and necrosis (Jacomy et al., 2006).

Possible Pathophysiology of the Nervous System
Involvement

Coronaviruses are neuroinvasive and may enter the
CNS through several ways. Recent hypothesis suggests
that SARS-CoV-2 uses direct and indirect pathways to
reach and affect the CNS components (Wu et al., 2020).
Therefore, it is crucial to investigate these two major routes.

a. Postulated Direct Pathways

Proteins and genetic material from different viruses
have been detected in various tissue samples from the
nervous system, such as cerebrospinal fluid or the brain,
suggesting that viruses can directly reach the nervous
system and cause damage. Potentially as human CoVs,
SARS-CoV-2 acts in the same way on the nervous system
although more studies are needed to fully understand the
mechanisms of the viral spread toward the nervous system
(Koyuncu et al., 2013; Leber et al., 2016).

a.1l. The Haematogenous Way

There is a rare evidence demonstrating the spread of
SARS-CoV-2 to the nervous system through the
bloodstream (Koyuncu et al., 2013; Desforges et al.,
2020). As previously mentioned, entry of SARS-CoV-2
into host cells is mediated by ACE2 in a similar manner
to SARS-CoV, while MERS-CoV binds to Dipeptidyl-
Peptidase 4 (DPP4) (Hoffmann et al., 2020; Raj et al.,
2013). Using SARS-CoV-infected transgenic mice
model of ACE2, experiments reported that the olfactory
nerve was the direct pathway used by the virus to reach
the brain. However, the presence of a number of infected
sites indirectly linked to the olfactory bulb suggests the
existence of non-neuronal pathways such as the
hematogenous way (Netland et al., 2008). Another
experimental animal model study carried out on mice
infected with SARS-CoV, showed a disrupted barrier
functions as well as downregulation of the ACE2
protein  expression, which increases vascular
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permeability (Imai et al., 2008). In the same context,
SARS-CoV-2 not only causes endothelial damage and
entry into the bloodstream after binding to the ACE2
receptor on alveolar epithelial cells, but also infects
epithelial cells and circulating immune cells. These
infected immune cells, including leukocytes, spread
easily in the circulatory system and transport the virus to
other organs, causing fever, myalgia, fatigue, kidney
failure and disorder of both CNS and PNS (Peripheral
Nervous System). (Li et al., 2020b). The endothelial cells
of the Blood Brain Barrier (BBB) are also potentially
infected directly by the virus in the plasma, but the
mechanism remains unknown (Huang et al., 2020).

a.2. The Peripheral Nervous Way

In postmortem studies, particles of SARS-CoV were
found in the brain and displayed a cellular selectivity in
neurons rather than glia (Ding et al., 2004; Xu et al.,
2005). SARS-CoV-2 may invade the CNS via neuronal
pathway by infecting sensory or motor nerve terminals,
where it replicates, then uses a retrograde way to the
soma, causing disruption of certain nuclei or neural
circuits. This has been proven by numerous studies
conducted on two other CoV families: MERS-CoV and
SARS-CoV, which share homologous sequences with
SARS-CoV-2 (Glass et al., 2004; Dubé et al., 2018).

The nasal epithelium and the CNS are channeled to
the nasal cavity and the forebrain thanks to the unique
anatomical organization of the olfactory nerves and the
olfactory bulb in the nasal cavity (Koyuncu et al., 2013).
In an animal model, Bohmwald et al. (2018) reported a
restriction of CoV invasion in the CNS following
removal of the olfactory bulb. As a potential route for
CNS involvement by the virus, olfactory neuronal
transport is a concrete example of a neural pathway,
which would be useful for understanding the loss of
smell, taste and vision in some patients with COVID-19.
Experimental studies on MERS-CoV and SARS-CoV
served as evidence to conclude that once SARS-CoV-2
is attached to the nasal cavity mucosa, the sensory
neurons of the olfactory epithelium maybe directly
infected by the virus which is then transported into the
CNS through the olfactory nerve (Li et al., 2016;
Lochhead and Thorne, 2012). The trigeminal nerve can
also be affected by the viral adhesion to the mucosa
(Lochhead et al., 2019; Lochhead and Thorne, 2012). In
humans, the cranial nerves responsible for the sense of
taste are the vagus nerve (X), the facial nerve (VII) and
the glossopharyngeal nerve (1X). Interestingly, the
nucleus of the solitary tract in Medulla Oblongata and
the thalamus are also involved. The loss of taste is
basically due to an injury to one of the three cranial
nerves, the solitary nuclei or the thalamus. Also, the loss
of appetite in Covid-19 patients and respiratory failure
are related to infection of the nuclei of the solitary tract
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and thalamus, both belonging to the Dorsal Vagal
Complex (DVC), which control many autonomic
activities, including breathing and food intake (Baig et al.,
2020; Li et al., 2020c). Finally, about the loss of vision,
more studies are required to establish the presence of a
direct infection of the optic nerve since only one patient
with conjunctivitis showed the presence of the viral genetic
material in an ocular discharge (Sun et al., 2020).

b. Postulated Indirect Mechanisms
b.1. Cytokine Dysregulation

Human Coronaviruses (HCoV) causing severe
pneumonia are associated with cytokine storm also
known as induced hypercytokinemia, especially in
immunocompetent individuals. This cytokine storm is
characterized not only by an overproduction of more
than 150 inflammatory cytokines and chemokines, but also
a hyperactivation of T cells, macrophages and natural killer
cells (Osterholm, 2005; Teijaro et al., 2014).

In general, viral infections are characterized by lung
epithelial and endothelial cell apoptosis due to an
important uncontrolled release of pro-inflammatory
cytokines and chemokines such as IL-6, 1L-8, IL-1p,
GM-CSF, CCL2, CCL-5, IP-10 and CCL3. Together in
the presence of Reactive Oxygen Species (ROS), these
factors are responsible for the Acute Respiratory Distress
Syndrome (ARDS) (Reghunathan et al., 2005).
Deceased SARS-CoV patients showed high serum levels
of IFN-y, IL-1, IL-6, IL-12, TGFp, CCL2, CXCL10,
CXCL9, compared to patients with mild to moderate
SARS-CoV (Chien et al., 2006), while severe infected
MERS-CoV patients showed high levels of IL-6, IFN-a,
IL-8, CXCL-10 and CCL5 (Min et al., 2016). In the case
of the new SARS-CoV-2, significant high levels of I1L-2,
IL-7, IL-10, GSCF, IP10, MCP1, MIPla and TNF-a
were found in sera of severely infected patients
(Huang et al., 2020). Moreover, T cell Hyperactivation
contributing to the severe injuries is due to the presence
of high concentrations of CCR4+ CCR6+ Th17+ CDAT
cells (Xu et al., 2020). Knowing that the cytokine storm
can cause either acute or subacute CNS damages, a recent
study reported the case of a COVID-19 woman who
presented an acute necrotizing hemorrhagic encephalopathy
and deceased after several days. This was explained as a
rare condition associated with intracranial cytokine storm
and BBB disruption. Peripheral inflammation releasing
many cytokines may increase the permeability of the BBB
providing a pathway for the virus to enter the brain
(Poyiadiji et al., 2020).

b.2.  Neuro-Inflammation
Disorders

and  Neurological

Currently, the evidence suggests that once in the
CNS, SARS-CoV-2 may infect astrocytes and microglia
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and leads to a chronic neuro-inflammation, which is
involved in the pathogenesis of a wide range of
neurological disorders like Multiple Sclerosis (MS),
Parkinson’s Disease, Alzheimer’s disease, Amyotrophic
lateral sclerosis, Huntington disease, immune-mediated
or post infectious encephalitis, cerebrovascular disease
and peripheral nervous system disorders through the
release of cytokines, ROS and other inflammatory
mediators (Frank-Cannon et al., 2009). Cytokine Storm
associated to typical SARS infection usually involves
immune mechanisms leading to neurodegenerative
diseases. Nevertheless, the immune response as well as
the severity of SARS-CoV-2 infection varies depending
on the age of patients. In general, elderly patients display
severe clinical forms due to the decreased efficiency of
the innate immune response (Boe et al., 2017).

Many studies have showed that cytokine trafficking
across the BBB can cause acute necrotizing
encephalopathy (Mehta et al., 2020; Poyiadji et al.,
2020). A case of fatal Guillain-Barré Syndrome (GBS)
related to COVID-19 has been reported, nonetheless, the
circumstances of its development are not yet well
established (Zhao et al., 2020). It has also been shown
that neuroinflammation plays a major role in the
mechanisms of psychiatric disorders since it induces
changes in neurotransmitter metabolism and deregulation of
the hypothalamic-pituitary-adrenal axis, activates microglia,
alters neuroplasticity and triggers structural and functional
changes in the brain. This could affect cognitive and
behavioral abilities (Rhie et al., 2020).

Neuro-inflammation can be secondary to microglial
and astrocyte activation in the case of epileptic
syndromes through the release of some inflammatory
cytokines such as IL-1B, IL-6 and TNFa in different
cortical regions like the hippocampus and the neocortex
(Reddy and Kuruba, 2013).

Finally, further studies investigating the effects of
SARS-CoV-2 infection on the development and
progression of neurologic and neuropsychiatric disorders
are still required.

Conclusion

Human coronaviruses are neuroinvasive and
neurotropic, their presence in the CNS is admitted as a
fact. It is now believed that some COVID-19 patients
develop Systemic Inflammatory Response Syndrome
(SIRS) characterized by an uncontrolled release of
inflammatory mediators which unfortunately may increase
mortality. Data about the immune and inflammatory status
of deceased patients with SARS-CoV-2 are emerging,
which requires more experimentation studies to establish
the exact mechanisms and consequences of COVID-19 on
the nervous system and develop appropriate therapeutic
strategies.
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