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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative pathogen of the recent pan-
demic of coronavirus disease 19 (COVID-19). As the infection spreads, there is increasing evidence of neuro-
logical and psychiatric involvement in COVID-19. Headache, impaired consciousness, and olfactory and gusta-
tory dysfunctions are common neurological manifestations described in the literature. Studies demonstrating
more specific and more severe neurological involvement such as cerebrovascular insults, encephalitis and
Guillain-Barré syndrome are also emerging. Respiratory failure, a significant condition that leads to mortality
in COVID-19, is hypothesized to be partly due to brainstem impairment. Notably, some of these neurological
complications seem to persist long after infection. This review aims to provide an update on what is currently
known about neurological involvement in patients with COVID-19 due to SARS-CoV-2 infection. In this review,
we demonstrate invasion routes of SARS-CoV-2, provide evidence to support the neurotropism hypothesis of
the virus, and investigate the pathological mechanisms that underlie neurological complications associated
with SARS-CoV-2.
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Background

A spillover of the novel coronavirus from bats and other un-
determined secondary hosts to humans in 2019 has caused a
devastating wave of infectious disease around the world [1].
SARS-CoV-2, the causative agent of COVID-19, is highly con-
tagious and even with countermeasures taken globally to
break the chain of transmission, as of 22 May 2021 the num-
ber of people diagnosed with COVID-19 has surpassed 100
million, including 3 437 545 deaths [2]. This enveloped posi-
tive-stranded RNA virus shows pathogenicity similar to that
of another human coronavirus (HCoV) [1]. Individuals infect-
ed with SARS-COV-2 demonstrate a broad spectrum of clinical
manifestations, ranging from asymptomatic infection to lethal
acute respiratory distress syndrome (ARDS), among which re-
spiratory distress poses the most significant risk for death [3].

Although the primary target of the virus is the respiratory sys-
tem, evidence of its neurological involvement is mounting. At
the initial stage of the pandemic, a multicenter retrospective
case series in Wuhan, China demonstrated that among 214 pa-
tients infected with SARS-CoV-2, 36.4% developed neurologi-
cal complications, including olfactory and gustatory dysfunc-
tion, cerebrovascular involvement, and skeletal muscle injury
[4]. As the infection spreads, cases of post-infectious neuro-
logical symptoms, such as Guillain-Barré syndrome (GBS), are
also increasingly documented in the literature [5]. An overall
clinical picture of the neurological involvement of SARS-CoV-2
has emerged from several recent systemic reviews. In a study
including 68 361 COVID-19 patients, 21% showed neurologi-
cal symptoms, with headache, psychiatric disorders, myopathy,
unconsciousness, anosmia, and ageusia being most prominent.
Despite several general non-specific symptoms, the specif-
ic manifestations, like stroke, are associated with severe dis-
ease outcome [6]. These neurological manifestations appear
to be an aggregate of the direct damage caused by viral inva-
sion, neuroinflammation secondary to systemic injuries, and
non-specific clinical complications [5].

This review aims to provide an update on what is current-
ly known about neurological involvement in patients with
COVID-19 due to SARS-CoV-2 infection. In particular, we pro-
vide evidence to support the neurotropism hypothesis of the
virus and investigate the pathological mechanisms that un-
derlie neurological complications associated with SARS-CoV-2.

SARS-CoV-2

SARS-CoV-2, the 7" member of the Coronaviridae family, is
closely related to SARS-CoV. The large genome of SARS-CoV-2
contains 14 open reading frames (ORFs). The 5’ end ORFla and
OPF1b encode for non-structural proteins. Structure proteins,
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including envelope (E), membrane (M), nucleocapsid (N), spike
(S) protein, and other accessory proteins, are encoded by the
remaining genome. S proteins consist of 2 subunits, S1 and
S2, which provide the virus with membrane fusion potential.
The viral intracellular life cycle initiates with the receptor-
binding domains (RBDs) of S1 attachment to the ACE2 recep-
tor [7]. After being primed by transmembrane protease serine
(TMPRSS2) on the host cell membrane, S protein is activated
to facilitate the fusion process. Then, the viral genomic RNA is
released into the cytoplasm and starts replication [8].

Apart from its primary target, type 2 alveolar epithelial cells,
ACE2 is abundantly expressed in endothelial cells throughout
most of the body, suggesting that SARS-CoV-2 is capable of
infecting various organs once it is present in the circulation.
Studies also revealed this receptor expression in the nervous
system, including neurons and glia in the striatum, cerebral
cortex, substantia nigra, and brainstem, suggesting the neu-
rotropic potential of the virus [9].

The S protein of SARS-CoV-2 possesses a sequence identity
as high as 77% with that of SARS-CoV. Notably, SARS-CoV-2
S protein was found to have a much higher affinity for ACE2
than SARS-CoV [10]. Thus, this novel coronavirus could have
a stronger transmissibility and neural pathogenicity.

Neurotropism of SARS-CoV-2

The neurotropic propensity has been described in several
HCoVs, such as HCoV229E, HCoV-0C43, SARS-CoV, and MERS-
CoV [11]. Earlier postmortem studies on SARS-CoV patients in-
dicated the presence of viruses in the brain by real-time reverse
transcription-polymerase chain reaction (RT-PCR), immuno-
histochemistry (IHC), and electron microscopy [12]. Growing
evidence demonstrated the presence of SARS-CoV-2 RNA in
cerebrospinal fluid (CSF), supporting the neurotropism hy-
pothesis of SARS-CoV-2 [13]. This raises the question of how
SARS-CoV-2 spreads to the central nervous system (CNS).
The virus can enter the CNS via 2 non-exclusive routes: retro-
grade neuronal dissemination and hematogenous dissemina-
tion [14,15] (Figure 1).

Retrograde Axonal Dissemination

The olfactory pathway is the most likely way SARS-CoV-2 dis-
seminates to the CNS [14]. Axonal transmission via olfacto-
ry nerves initiates at the olfactory mucosa lining the roof of
the nasal cavity [16]. The olfactory epithelium (OE), the major
structure of the olfactory mucosa, consists of olfactory senso-
ry neurons (OSN), sustentacular cells, Bowman’s glands, and
epithelial cilia [17]. Protruding from the cribriform plate, the
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Figure 1. Viral journey to the central nervous system (CNS). A. Axonal transport. Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has been shown in the olfactory epithelium, where they can disseminate along the olfactory nerve, ascending
from the cribriform plate into the olfactory bulb, then disseminate throughout the CNS via interconnected neurons. SARS-
CoV-2 is also presented in the lungs and the gastrointestinal tract, where they can spread along the vagus nerve to reach the
CNS, including the brainstem. B. Hematogenesis dissemination. SARS-CoV-2 first invades peripheral epithelial cells, which
express ACE2 and TMPRSS2. Once inside the bloodstream, the virus penetrates through the impaired BBB and invades the

CNS. (Created with BioRender.com).

bipolar OSNs communicating between the OE and the olfacto-
ry bulb (OB). Mitral cells in the OB subsequently project to the
olfactory cortex, hippocampus, and other brain regions [17].
Although the obligatory receptors for SARS-CoV-2 entrance,
ACE2 and TMPRSS?2, are not widespread in OSNs, they are ex-
pressed in premature OSN horizontal basal cells [18]. A com-
plementary receptor, Neuropilin-1, which is highly expressed
in the OB, is reported to interact with the other 2 receptors
to facilitate SARS-CoV-2 entrance and infection [19]. This sug-
gests that SARS-CoV-2 infects ACE2-expressing horizontal bas-
al cells, which then mature into OSNs and subsequently in-
vade the OB [18]. Subsequently, viral particles can either be
transported actively by motor proteins (kinesin and dynein)
and microtubules in neurons or diffuse passively to reach the
CNS [20]. As such, viruses could spread rapidly throughout the
brain by taking advantage of the neuroanatomy structures and
cause damage [16].

This pathway has been shown in other neuro-invasive virus-
es. For instance, after intranasally infecting mice with mouse
hepatitis virus, virus antigens and particles were observed in
the OB and the anterior cortex [21]. After ablation of the OB,
no sign of neuro-invasion was identified [22]. Experiments
on transgenic mice revealed that after intranasal inoculation,
HCoV-0C43 antigens were detected in the OB and later in the

entire brain, indicating this strain of HCoV could invade sus-
ceptible brain regions by propagating along neuronal connec-
tions [20,23]. Supporting evidence comes from recent tissue-
based studies revealing CNS changes in deceased COVID-19
patients. Meinhardt and colleagues detected the intact coro-
navirus particles as well as the viral RNA in the olfactory mu-
cosa and in distinct brain regions where olfactory axons proj-
ect in 33 deceased patients with COVID-19 [24]. Ultrastructural
autopsy analysis of olfactory nerve, gyrus rectus, and medulla
oblongata indicated diffuse impairment, including axons, glia,
and myelin sheath [25]. Consistent with this, several studies
using magnetic resonance imaging (MRI) demonstrated OB
damage during SARS-CoV-2 infection [26]. Supporting this,
in another brain MRI study, a medical worker who presented
with mild symptoms and later progressed into severe anos-
mia showed signal alterations in cortical areas related to ol-
faction [27]. Therefore, one of the most common neurological
manifestations of COVID-19, hypo/anosmia, can be attribut-
ed to this dissemination route.

The second putative neuroanatomical route for SARS-CoV-2
dissemination is the trigeminal nerve. It is hypothesized that
SARS-CoV-2 can enter the CNS by invading the sensory axon
of the trigeminal nerve in the nasal cavity. Three branches
of its sensory axons (ophthalmic, maxillary, and mandibular
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nerve) extend to the trigeminal ganglion and terminate in the
nucleus of pons [28]. One study detected a high level of SARS-
CoV-2 RNA in the trigeminal ganglion of samples from deceased
COVID-19 patients [24]. Following this, another postmortem
study identified axonal degeneration and cell loss in the tri-
geminal nerve [29]. The trigeminal nuclei act as a transpor-
tation hub, communicating between the terminal nerve end-
ings and the nucleus tractus solitarius in the brainstem, which
may partly explain the occurrence of microvascular clotting in
some COVID-19 patients [28].

Another putative transmitting route is the vagus nerve. As
ACE2 are expressed extensively on the epithelium of the gas-
trointestinal tract, it is possible that viruses can invade from
the enteric nerve plexus and ascend along the vagus nerve
[28]. Several studies also suggest that SARS-CoV-2 can ac-
cess the CNS via vagus nerve peripheral fibers in the lung, as
observed in influenza [14,30]. A study examining the brain-
stem neuropathology detected SARS-CoV-2 in vagus nerve fi-
bers by use of IHC [31]. However, the currently available liter-
ature suggests that genuine vagus nerve infection is limited
and this route of transmissions needs to be further clarified.

Previous studies demonstrated that the brainstem, with which
the vagus nerve is connected, is a frequent infection site for
SARS-CoV [32]. Consistent with the above, the development
of fatal respiratory distress in severe COVID-19 patients is in
part caused by dysfunction of the cardiorespiratory center in
this region [24]. Considering this, it should not be overlooked
that the virus spreads retrogradely to invade the CNS via the
abovementioned pathways.

Hematogenous Dissemination

The CNS is usually protected from various harmful substances
by the highly selective filter of the blood-brain barrier (BBB).
However, this tight barrier can be damaged by the virus, which
can then allow its entrance [33]. Similar to other respiratory vi-
ruses, SARS-CoV-2 infects peripheral organs, especially those
with abundant ACE2 expression, and can penetrate local epi-
thelial barriers and enter the circulation. There, it can subse-
quently gain access to the CNS by damaging the BBB endothe-
lial cells or the blood-CSF barrier in the choroid plexus [34]. The
sluggish blood flow allows a full engagement of the S protein
with ACE2 receptors on brain microvascular endothelium cells
(BMECs), facilitating subsequent viral budding from the BBB
into the CNS [35]. This has already been described in several
recognized neuro-invasive virus, such as hepatitis E virus [36]
and herpes simplex virus [37]. For instance, in vivo and in vi-
tro experiments suggest that Zika virus can even replicate in
the BMECs and destabilize tight junctions by downregulating
expression of related genes [38]. A recent postmortem case
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report of a 74-year-old COVID-19 patient identified viral-like
particles in BMECs and pericytes and the involvement of as-
trocytes in the frontal lobe, further corroborating this possi-
ble route [39]. Alternatively, SARS-CoV-2 can penetrate the
BBB paracellularly. In severely infected individuals, exacer-
bated immune response secondary to systemic inflammation
can impair the integrity of the BBB, rendering it more perme-
able [40].Concordant with this, an experiment on in vitro mod-
els of BBB suggested that S proteins of SARS-CoV-2 can sig-
nificantly alter BBB properties. Furthermore, damaged barrier
integrity was observed in an advanced 3D microfluidic mod-
el of the BBB [41].

Viruses can hide in infected immune cells and move toward
the BBB, referred to as the “Trojan horse” mechanism [42]. It
is suggested that dendritic cells and macrophages are poten-
tial vehicles favoring viral entry into the CNS. Evidence has re-
vealed viral antigens in macrophages of ACE2-expressing trans-
genic mice [43]. Thus, if immune cells serve as a viral pool for
SARS-CoV-2, it is possible that invasion through the BBB could
occur even after acute infection.

Neuroinflammation in the CNS

SARS-CoV-2 invading the CNS can dysregulate the neurolog-
ical function through several mechanisms. First, being high-
ly sensitive to the oxygen demand, the brain is vulnerable to
neuron necrosis. Besides the alveolar impairment, ischemic
stroke and coagulopathy of severe COVID-19 cases can lead
to inadequate tissue oxygenation and a switch to anaero-
bic metabolism [6]. In normoxic conditions, the hypoxia-in-
ducible factors-1 (HIF-1) triggers microglia to transform into
a proinflammatory state, thus exhibiting their neuroprotec-
tive roles. On the other hand, hypoxia itself is a potent acti-
vator of HIF-1 [44, 45]. Thus, COVID-19-associated brain hy-
poxia and HIF-1 can exacerbate the microglia transformation
into a proinflammatory phenotype and the production of in-
flammatory cytokines. As a result, microglia may be impeded
to switch to an anti-inflammatory state, which is required for
neuron repair, adding insult to the brain injury [45]. A well-or-
ganized immune response plays a fundamental role in neu-
roprotection, but it can be detrimental when exacerbated.
COVID-19 patients have a higher level of proinflammatory cy-
tokines in the circulation, such as interleukin-1p (IL-1p), in-
terferon-y (IFN-y), IL-10, and monocyte chemotactic protein-1
(MCP-1), compared to healthy controls, which may induce cy-
tokine release syndrome (CRS) [46]. In this condition, the BBB
integrity decreases and subsequently permits damage-asso-
ciated molecular patterns (DAMPs), pathogen-associated mo-
lecular patterns (PAMPs), and immune cells to enter the CNS.
Upon coronavirus infection, the infiltrating T cells can cause
axonal injury and demyelination [47]. In response to DAMPS,
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Figure 2. Neuroinflammation in the CNS. A. Hypoxia. Inadequate oxygen supply to the brain leads to ATP crisis and exacerbated
inflammatory state. B. Demyelination. A leaky BBB allows the entrance of virus and peripheral lymphocytes into the CNS,
resulting in activation of microglia. Reactivated microglia release inflammatory cytokines (TNF-o and IL-6), contributing to
demyelination and neuron death. C. Oligodendrocyte apoptosis. Infiltrating neutrophils adversely impact neuronal function
by inducing oligodendrocyte apoptosis. (Created with BioRender.com).

PAMPs, and peripheral cytokines, resident microglia become
reactive, changing morphology and producing cytokines (TNF-o.
and IL-6), which can also contribute to glutamate excitotoxic-
ity. A sustained CRS can result in prolonging microglial reac-
tivity, dysregulating the synaptic connections, and impeding
the survivability of neurons [48]. Infiltrating neutrophils can
also elicit neuronal damage by amplifying demyelination and
contributing to oligodendrocyte apoptosis, as observed in vi-
rus-infected mouse models [49]. These mechanisms of brain
insult are demonstrated in Figure 2.

Clinical Neurological Manifestations

Aside from common cold symptoms of fever, cough, fatigue,
the clinical manifestations of COVID-19 also involve the CNS.
Ghannam et al showed that in the early stage of the out-
break, among 82 cases of COVID-19 with neurological mani-
festations, 48.8% of subjects had cerebrovascular insults, 28%
had a neuromuscular disorder, and 23% had encephalopathy
[50]. Cagnazzo et al revealed neurological symptoms such as

headache (5.4%), psychiatric issues (4.6%), decreased con-
sciousness (2.8%), and acute cerebrovascular injuries in their
meta-analysis of clinical manifestations of 68 361 COVID-19
patients [6]. It has been proposed that the neurological man-
ifestations that occur at the initial stage of disease could be
used as an indicator of infection or as a predictor of poor out-
come [51].

Olfactory and Gustatory Manifestation

Impaired olfactory and gustatory functions are common mani-
festations in COVID-19 patients, especially for mild cases [52].
Though initially underestimated [53], the association of olfac-
tory and gustatory impairment with COVID-19 has gradually
gained worldwide attention. A meta-analysis indicated that
the pooled prevalence of smell and taste dysfunction was
41.0% and 38.2%, respectively. The prevalence of these disor-
ders varies widely in the literature. A much higher prevalence
is reported in Europe, ranging from 70% to 85% [54]. A study
in the United States also showed a similar prevalence [55].
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However, lower incidences of smell and taste impairment
were reported in Asia [56], suggesting a possible ethnic dif-
ference in this symptom. As the prevalence of chemosensory
impairment during COVID-19 was mostly assessed by self-re-
porting questionnaires, it could be influenced by subjectivity.
Two subsequent studies using standardized tests revealed a
much higher than expected proportion of patients with olfac-
tory dysfunctions [57].

It has been demonstrated that anosmia and hypogeusia are
more frequently observed in subjects with milder COVID-19
disease [52]. Although a later study contradicted this finding,
a recent meta-analysis revealed that patients with chemosen-
sory dysfunctions were less likely to be associated with se-
vere disease outcomes compared with patients without this
symptom. Since it is the first overt symptom in many subjects,
olfactory dysfunction could be used as a diagnostic parame-
ter for prompt isolation or as a potential prognostic marker
for COVID-19 [58].

Cerebrovascular Insult

Cerebrovascular insult, although rare in patients infected with
SARS-CoV-2, is a critical risk factor for severe disease and mor-
tality. A systemic review disclosed that, despite regular venous
thrombosis prophylaxis, the pooled incidence of ischemic and
hemorrhagic stroke in COVID-19 patients was 1.3% and 1.1%,
respectively [59]. A retrospective study in Italy reported 2.5%
(9/388) of hospitalized coronavirus patients had ischemic stroke
[60]. An early single-center retrospective study (n=221) found
that 6% of COVID-19 subjects developed acute cerebrovascu-
lar insult, with more cases of ischemic stroke (n=11) than of
intracerebral hemorrhage (n=1) and venous sinus thrombosis
(n=1) [61]. Consistent with the above, Ghannam et al demon-
strated that ischemic stroke accounted for 42% of all identified
cerebrovascular complications, with large-vessel occlusion be-
ing most prevalent; other reported cerebrovascular complica-
tions were cerebral vein thrombosis (n=2), intracerebral hemor-
rhages (n=2), and aneurysmal subarachnoid hemorrhage (n=1)
[50]. Notably, both types of stroke are associated with a high
mortality rate [62]. In addition, COVID-19 patients have an in-
creased risk of ischemic stroke and cryptogenic stroke com-
pared to contemporary uninfected controls [59].

Indeed, cerebrovascular insult is closely linked with COVID-19,
as these 2 syndromes share similar risk factors such as hyper-
tension and diabetes [63]. A multicenter study indicated that
among in-hospital COVID-19 patients, those with a more se-
vere disease status showed a higher relative risk for cerebro-
vascular diseases [64]. However, this condition is not limited
to the elderly and those with comorbidities [63]. Studies on
younger individuals also described 2 previously healthy children
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who later experienced disabling arterial ischemic strokes fol-
lowing SARS-CoV-2 infection. Among them, an 8-year-old girl
had stroke in the bilateral middle cerebral artery due to re-
cently formed clots and suffered re-occlusion soon after me-
chanical thrombectomy. Both cases showed evidence of sys-
temic post-infectious arteritis [65].

Encephalitis and Meningoencephalitis

Several case reports demonstrated inflammatory manifesta-
tions of CNS such as encephalitis, myelitis, and meningoen-
cephalitis in patients infected with SARS-CoV-2. Encephalitis,
the acute and diffuse inflammation of the parenchyma, is a
potentially devastating neurological deficit. Clinically, it is char-
acterized by altered mental status (ranging from drowsiness
to coma), fever, psychosis, and seizures [66].

Siow et al suggested that encephalitis is an uncommon symp-
tom of COVID-19, with a pooled incidence of 0.215% [67].
Characteristic features of encephalitis were reported by Sohal
et alin a 72-year-old infection-confirmed man who presented
with weakness, breathing difficulty, and altered mental status.
He later progressed to seizures 2 days after admission [68].
A severe form of this condition, acute disseminated enceph-
alomyelitis (ADEM), which is a post-infectious demyelinating
neurological disorder affecting the brain and spinal cord, was
also reported. Parsons et al reported that a 51-year-old wom-
an presented with coma and compromised oculocephalic re-
sponse and was diagnosed with ADEM, as high signals in the
cerebral white matter and diffuse demyelinating lesions were
detected by MRI [69].

PNS Manifestations

In terms of neuropathies, studies describing the GBS and GBS
variants in COVID-19 patients are emerging. However, the rar-
ity of case reports of these conditions in such a huge infect-
ed population makes it difficult to attain a more accurate
incidence rate. GBS is an acute peripheral neuropathy, char-
acterized by weakness of the periphery, which can progress
rapidly to cause acute paralysis throughout the body [70]. A
case series in Italy observed the initial symptoms of GBS, in-
cluding lower-extremities weakness, flaccid tetraparesis, and
paresthesia, in patients with COVID-19; 4 patients later pro-
gressed into generalized or quadriplegia [71]. Similarly, a re-
cent case report in Colombia demonstrated that a woman with
typical GBS clinical symptoms then deteriorated into gener-
al areflexia and diaphragmatic weakness during hospitaliza-
tion and was subsequently transferred to the intensive care
unit [72]. A systemic review including 50 patients with GBS and
COVID-19 suggested that acute inflammatory demyelinating
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polyneuropathy (AIDP) (33/50, 66%) was the most frequent
GBS variant observed in COVID-19 patients [73]. A rare vari-
ant of GBS, Miller-Fisher syndrome, was also identified in sev-
eral studies [72,74]. In a few cases of Miller-Fisher syndrome
concomitant with COVID-19, commonly reported manifesta-
tions included perioral paresthesia, ataxia, impaired vision,
ophthalmoplegia, and generalized areflexia [74]. Fortunately,
two-thirds of patients showed improvement after administra-
tion of immunoglobulin [75].

The time lag between initial SARS-CoV-2 infection and de-
velopment of typical symptoms of GBS suggests that these
manifestations could be attributed to post-infectious mecha-
nisms [51]. The findings of an earlier study prompted specu-
lation that SARS-CoV-2 can initiate aberrant immune response
against nerves and cause damage after a period of viral infec-
tion [76]. Of note, although rarely, in some patients with SARS-
CoV-2, GBS was the first or only presentation of infection [50].
Thus, closer attention should be paid to identifying patients
with severe neuropathies but without any flu-like symptoms.

Psychiatric Manifestations

Evidence from previous SARS epidemics suggests the impact
of infectious disease is not limited to the physical body, but
also adversely affects mental health, resulting in psychiatric
disorders [77]. An observational study following SARS survi-
vors for 4 years showed a significant increase in psychiatric
morbidity (3.3% before infection versus 42.5% after infection).
Posttraumatic stress disorder (PTSD) is the most frequently di-
agnosed disorder (54.5%), followed by depression, panic dis-
order, and obsessive-compulsive disorder [77]. It is pertinent
that similar observations have been made in COVID-19 pa-
tients. To date, psychiatric involvement in COVID-19 includes
depression, impulsivity, acute stress disorder, insomnia, and
PTSD [78, 79]. One of the largest relevant cohort studies, in-
cluding over 44 000 subjects, provided robust evidence of the
bidirectional associations of COVID-19 with psychiatric disor-
ders. Pre-existing psychiatric issues may predispose patients
to COVID-19, while COVID-19 patients may experience wors-
ening anxiety/depression conditions compared to non-infect-
ed controls [80]. In addition, it is suggested that older age, fe-
male gender, and severe disease status are associated with a
higher incidence of psychiatric symptoms [81]. Socioeconomic
issues also play a crucial role, especially during the largest pan-
demic ever in history [82]. Working in healthcare during the
outbreak, detaching from the public during quarantine, and
worrying about unemployment after recovery could adverse-
ly affect the mental health of COVID-19 patients and the gen-
eral public [83], and these impacts can last for a long time,
even after the pandemic.
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It is proposed that systemic and neurological inflammation
may underlie several psychiatric disorders. Elevated cytokine
levels, especially IL-6, TNF-a, and IL-13, were detected in the
circulation in many psychiatric diseases, including depression,
PTSD, and obsessive-compulsive disorder [84-86], which is con-
sistent with data on COVID-19 patients [46]. Thus, viruses that
invaded the CNS can interrupt glial reactivity and interfere with
neuronal networks by triggering an immune response [78].

Mechanisms Related to Neurological
Complications

The COVID-19-associated neurological manifestations appear
to be an aggregate of direct damage caused by viral invasion
and indirect damage secondary to systemic diseases and/or
post-infectious immune disorders.

Direct Viral Damage

Direct viral invasion through the aforementioned axon dissem-
ination routes accounts for several neurological complications
in patients with COVID-19. The development of anosmia and
ageusia can be attributed to impairment of OSNs. Laurendon
and colleagues demonstrated bilateral olfactory bulb edema
and mild olfactory clefts edema in a 27-year-old man with
COVID-19-related complete anosmia and ageusia.

Currently, most studies suggest that COVID-19-associated an-
osmia is most likely due to the death of supporting cells, which
subsequently impair OSN function. These cells are responsi-
ble for OSN metabolism and play a crucial role in regulating
olfaction [87]. Little ACE2 is present on OSNs but it is abun-
dantly expressed on sustentacular cells in the olfactory epi-
thelium [18]. Of note, a murine experiment demonstrated that
sustentacular cells were heavily infected after nasal inhalation
of SARS-COV-2; by contrast, no damage to OSNs was identi-
fied [88]. Thus, their vulnerability to viral infections explains the
high prevalence of anosmia and ageusia in COVID-19 patients.

Recently, some studies suggested that direct viral damage in
the brainstem can partially explain the respiratory failure in
COVID-19 patients. In support of this speculation, Bulfamante
et al conducted neurohistopathology and IHC to examine the
pathologic features in the brainstem-diseased COVID-19 pa-
tients who died of respiratory failure [31]. They observed sig-
nificantly increased neuronal damage and corpora amylacea
(suggestive of astrocyte activation) in the medullar oblongata
compared with non-infected controls. SARS-CoV-2 nucleopro-
tein were also detected in brainstem neurons and glial cells.
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Indirect Systemic Damage

Indirect CNS impairment secondary to pulmonary dysfunc-
tion or systemic inflammation also underlies many neurolog-
ical manifestations observed in COVID-19 patients. Typically,
the development of stroke can be attributed to these mech-
anisms. As in other respiratory viruses, SARS-CoV-2 infection
is linked with hypercoagulation by activating a coagulation
cascade [89]. This well-described condition, termed sepsis-in-
duced coagulopathy, is associated with systemic inflammato-
ry response and is characterized by increased inflammatory
markers such as D-dimer and C-reaction proteins, as well as
thrombocytopenia [90]. Moreover, SARS-CoV-2 infection induc-
es exaggerated immune response with increased proinflam-
matory cytokine production that can exacerbate endothelium
damage of arteries and veins, further triggering the develop-
ment of thromboembolic events [91].

The ‘post-infectious’ theory proposed by Marchioni et al pro-
vided an explanation for the development of GBS and its vari-
ants [92]. Evidence suggested that SARS-CoV-2 induces GBS
through a molecular mimicry mechanism; specifically, the virus
expresses epitopes resembling gangliosides. As gangliosides
play a critical role in axons and glia communication and recep-
tor signal transduction, host-generated cross-reactive antibod-
ies secondary to viral infection could mistakenly attack those
nerve tissues, resulting in GBS [28,70]. The cytokine storm re-
sulting from viral disturbance of the immune system could be
why patients with COVID-19 are predisposed to neuropathies
like GBS. In particular, Li et al recently revealed the underlying
pathophysiology of GBS in COVID-19 by conducting bioinfor-
matics analyses [93]. The genetic crosstalk between COVID-19
and GBS they observed shows the pivotal role of Th17 cells in
increasing the risk of GBS in COVID-19 patients [93].

Long COVID? A Glimpse into the Neuronal
System

There is a growing concern regarding the long-term sequel-
ae of COVID-19, particularly involving the nervous system, as
cases of patients recovering from initial symptoms while be-
ginning to present new neurological manifestations are now
emerging. It was demonstrated that some patients had double
vision, hallucinations, disorientation, and impaired attention,
quadriplegia, facial paralysis, and hypogeusia even 6 months
after infection [75]. A prospective cohort study in France as-
sessed the clinical status of COVID-19 patients 4 months af-
ter discharge. Researchers conducted telephone assessment
and recorded symptoms of fatigue and cognitive decline in
many discharged COVID-19 patients, with an incidence of
31% and 21%, respectively. In addition, symptoms of anxiety
or depression and PTSD were identified in 94 previous ICU
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patients through extra evaluations [94]. These data are cor-
roborated by an earlier large cohort study in China, following
up 1733 discharged patients for about 6 months, which sug-
gested that fatigue or muscle weakness were the most char-
acteristic problems for COVID-19 survivors (63%, 1038/1655).
Others may suffer from sleep difficulties and anxiety or de-
pression in the long term [95]. This finding is consistent with
a follow-up study showing that there were new-onset neuro-
logic symptoms even 3 months after infection, including hy-
posmia/anosmia, myopathy, mild encephalopathy, parkinson-
ism, GBS, and ischemic stroke [96].

Nevertheless, since control groups and pre-COVID evaluations
were limited in these studies, it remains a significant challenge
to form conclusions on the association of these observations
with the long-term outcome of COVID-19 [94]. Surprisingly, a
case-control study provided the first suggestion of the hall-
marks of long COVID based on [18F] FDG-PET/CT. Long COVID
patients (with at least 1 long-lasting symptom more than 1
month after recovery) presented with a lower metabolization
rate in the right parahippocampal gyrus and thalamus than
in melanoma controls. It is noteworthy that the hypometab-
olism in these brain regions was similar to that of subjects
with long-lasting fatigue and anosmia/ageusia [97]. Although
there are relatively few reports on patients with long COVID,
considering the large scale of the pandemic, there could be
many COVID-19 patients with persistent neurological issues.
Moreover, the lingering neurological symptoms, such as long-
lasting alteration in chemosensory functions, chronic fatigue
syndrome, and post-pandemic mental problems, could be more
than just a temporary setback. Studies proposed that if the vi-
rus remains latent in the nervous system and causes irrevers-
ible damage, it could have a considerable long-term impact on
patients’ daily lives. Thus, understanding of the full spectrum
of long-term consequences of COVID-19 and undertaking pos-
sible preventive interventions are required, even as vaccina-
tion coverage is expanding among populations.

Conclusions

With an emphasis on respiratory symptoms at the initial stage
of the outbreak, previous studies may have underestimated the
prevalence of neurological involvement in COVID-19 patients.
As SARS-CoV-2 continues to spread, COVID-19-associated neu-
rological and psychiatric involvement are increasingly described
in the literature. However, it remains difficult to establish a
close link between these neurological manifestations and un-
derlying mechanisms. Here, we updated current evidence on
its neurological involvement and concluded that SARS-CoV-
2-induced neurological manifestations are caused by an ag-
gregate of direct viral damage, secondary systemic diseases,
and/or post-infectious immune disorders. Moreover, although
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patients with long-lasting neurological symptoms have sur-
faced in the past few months, the exact mechanisms remain
unclear. Therefore, healthcare workers should be aware that
some neurological manifestations could proceed the classic re-
spiratory symptom of COVID-19, and understanding of these
symptoms is helpful for predicting the prognosis of patients.
Additional research on the pathology and at the cellular level
is warranted to ascertain the pathophysiological mechanisms
of long-lasting neurological symptoms of COVID-19.
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