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Abstract

The recently emerged coronavirus named
severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2), the causal agent of
COVID-19, is the newest threat to human
health. It has already infected more than
54.5 million people worldwide, currently
leading to more than 1.3 million deaths.
Although it causes a mild flu-like disease in
most patients, lethality may increase to more
than 20% in elderly subjects, especially in
those with comorbidities, like hypertension,
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diabetes, or lung and cardiac disease, and the
mechanisms are still elusive. Common symp-
toms at the onset of illness are fever, cough,
myalgia or fatigue, headache, and diarrhea or
constipation. Interestingly, respiratory viruses
have also placed themselves as relevant agents
for central nervous system (CNS) pathologies.
Conversely, SARS-CoV-2 has already been
detected in the cerebrospinal fluid. Here, we
discuss several clinical features related to
CNS infection during COVID-19. Patients
may progress from headaches and migraines
to encephalitis, stroke, and seizures with lep-
tomeningitis. However, the pathway used by
the virus to reach the brain is still unknown. It
may infect the olfactory bulb by retrograde
neuronal transportation from olfactory epithe-
lium, or it could be transported by the blood.
Either way, neurological complications of
COVID-19 add greatly to the complex patho-
physiology of the disease. Neurological signs
and symptoms must alert physicians not only
to worst outcomes but also to future possible
degenerative diseases.
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Abbreviations

ACE2 angiotensin-converting enzyme 2

ADEM acute disseminated
encephalomyelitis

CD147 CD147-spike protein

CNS central nervous system

COVID-19 coronavirus disease 2019

CoVs coronaviruses

CSF cerebrospinal fluid

CTSB cathepsin B

CTSL cathepsin L

DPP4 dipeptidyl peptidase 4

ECG electrocardiogram

GBC globose basal cells

GBS Guillain-Barré syndrome

HBC horizontal basal cells

HCoV-0C43 human coronavirus OC43

hMPV human metapneumovirus

hRSV human respiratory syncytial
virus

MERS Middle  East  respiratory
syndrome

MHV murine hepatitis virus

NIHSS National Institutes of Health
Stroke Scale

OSN olfactory sensory neurons

PNS peripheral nervous system

RBD receptor-binding domain

SARS severe  acute  respiratory
syndrome

SARS-CoV severe acute respiratory syn-
drome coronavirus

SARS-CoV-2 severe acute respiratory syn-

drome coronavirus 2
spike proteins
smell and/or taste disorders

SP or S protein
STD

2.1  Introduction

Viral respiratory diseases are among the most criti-
cal problems in public health as every year they
are responsible for high rates of mortality [1]. The
recently emerged coronavirus named severe acute

respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the newest threat to human health.
SARS-CoV-2 is an enveloped non-segmented pos-
itive-sense RNA virus that belongs to the
Coronaviridae family [3]. It is closely related to
previous coronaviruses of medical relevance,
known as SARS-CoV and MERS-CoV. Since
December of 2019, the first cases of pneumonia
started to be documented in Wuhan, China [1, 2].
It has already infected more than 54.5 million
people worldwide, leading to around 1.3 million
deaths. The World Health Organization (WHO)
officially declared a state of public health emer-
gency of international concern in February 2020
due to the fast spread and lethality of coronavirus
disease 2019 (COVID-19) [4, 5].

Although it causes mild flu-like disease in
most patients, lethality may increase to 20% in
elderly subjects, especially those with comor-
bidities, like hypertension, diabetes, or lung
and cardiac disease [6], and the mechanisms are
still elusive [7]. Viral replication in lung tissue
leads to direct and indirect pathologies, mainly
due to an exacerbated immune response and the
cytokine storm produced [5]. Common symp-
toms at the onset of illness are fever, cough,
myalgia or fatigue, headache, and diarrhea or
constipation [3, 6]. Severe cases rapidly evolve
to pneumonia with “ground-glass opacities”
observed by computerized tomography (CT)
imaging, evidencing lung infiltration and
edema.

Interestingly, respiratory viruses are also
capable of causing central nervous system (CNS)
pathologies as seen for human respiratory syncy-
tial virus (hRSV) [8] or human metapneumovirus
(hMPV) [9]. In fact, several studies have
described the association between respiratory
viral infections with neurological symptoms as
febrile or afebrile seizures, status epilepticus,
encephalopathies, and encephalitis [1]. With
regard to the recent COVID-19 epidemic, several
patients have referred to the loss of the sense of
smell and taste during hospitalization. This may
be an important feature of COVID-19, but it is
still poorly understood.
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2.2 Coronaviruses

and the Nervous System

Coronaviruses invade host cells through the inter-
action of spike proteins (SPs) with membrane
receptors, such as angiotensin-converting enzyme
2 (ACE2) [10], dipeptidyl peptidase 4 (DPP4)
[11], and, most recently, CD147 [12]. The ACE2
receptor was shown to have an interferon-driven
expression that can be used for SARS-CoV-2 to
gain access into human cells [13]. A study by Li
et al. supported these findings by demonstrating
ACE?2 expression in many human tissues, includ-
ing the brain, and this was positively correlated
with interferon levels [14]. After attachment,
virus particles are internalized and fused with the
cell membrane, and the RNA genome is released
within the cytoplasm for protein translation and
replication. In this context, viral tropism and
pathology intimately correlate with the expres-
sion of the aforementioned receptors throughout
the body [4].

Despite their well-known respiratory effects,
coronaviruses are not always confined to the
respiratory tract as they may also invade intestine
[15], heart tissue [16—-18], and the CNS [19-21].
For example, it is already known that the human
coronavirus OC43 (HCoV-OC43) gains access to
the CNS through axonal transport and neuron-to-
neuron propagation in experimental models [22].
Interestingly, HCoV-43 viral loads in the brain of
C57B1/6 mice reached the same levels when
intra-cranioventricular and intranasal delivery
were compared. The inoculation of 10* TCIDs,
led to a time-dependent increase in brain viral
load. Moreover, viral N proteins were detected by
immunofluorescence, evidencing viral migration
through the neurons. Noteworthy, viral proteins
were detected as early as 5 days after infection
[22].

Interestingly, coronaviruses may reach the
CNS through the blood, either by crossing the
blood-brain barrier or via the olfactory bulb and
retrograde transportation, as previously demon-
strated in mice [4, 23, 24]. Additionally, it has
been shown that murine hepatitis virus (MHV),
another type of coronavirus, may reach the CNS
after intranasal delivery. Corroborating this,

ablation of the olfactory nerve cells abrogated
CNS infection after nasal inoculation with MHV
[25]. It is noteworthy that endothelial damage can
also facilitate virus access [4].

SPs are the components of SARS-CoV-2 that
interact with high affinity to human ACE2 on tar-
get cells through its receptor-binding domain
(RBD) [4, 26, 27]. SPs consist of an S1 subunit,
which is involved in receptor recognition, and an
S2 region involved in membrane fusion [26, 27].
This latter subunit must be cleaved to properly
interact with ACE2, which can be mediated by
transmembrane protease, serine 2 (TMPRRS2)
protease, cathepsin B (CTSB), or cathepsin L
(CTSL) [28]. The interaction of SARS-CoV-2
with ACE2 receptors in neurons leads to neuronal
damage without substantial inflammation [4].

The olfactory epithelium is mainly composed
of olfactory sensory neurons (OSNs) responsible
for odor detection and transmission to the brain
[28]; globose basal cells (GBCs) responsible for
neurogenesis, renewing olfactory epithelium and
neurons [29, 30]; horizontal basal cells (HBCs),
which are quiescent cells and a stem cell reser-
voir [30]; and sustentacular cells, which act as
structural support for OSNs [28]. OSNs in the
olfactory bulb form synapses through the cribri-
form plate [29].

As demonstrated by Brann et al., ACE2 and
TMPRSS?2 are not expressed in mature OSNs but
in sustentacular cells and HBCs instead, which
are believed to be the target cells of SARS-CoV-2
infection [28]. Thus, infection of sustentacular
cells and HBCs may damage OSNSs resulting in
anosmia. Another possible pathway for viruses to
infect the CNS is through the olfactory bulb [31—
33]. OSNs connect the nasal cavity to the CNS
through the axons, which terminate in the olfac-
tory bulb, transposing the cribriform plate [31].
On the other hand, the olfactory bulb receives
dense innervation from higher brain areas to pro-
cess odor information [33] and is possibly
infected by coronaviruses [28]. Therefore, the
olfactory deficits may occur due to other mecha-
nisms than olfactory epithelium damage such as
higher-order olfactory structures affection, as
mentioned by Brann et al. [28]. However, more
information is needed to determine this.
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There was clear evidence of CNS presence of
SARS-CoV in brain tissues of patients with
SARS in the early 2000s [19-21]. One of these
studies found viral RNA of SARS-CoV infection
in the brain of eight autopsied patients, and six of
these had scattered red degeneration and edema
in the cytoplasm of neurons from the hypothala-
mus and cortex [21].

In addition, Xu et al. reported a case of a
39-year-old doctor that was in contact with
SARS-CoV patients and started to experience
fever, chills, malaise, dizziness, and myalgia
when he was admitted to the hospital [20]. After
35 days of illness onset, he died due to multiple
organ failure and brain herniation. The autopsy
revealed SARS-CoV RNA in the patient’s brain
tissue. While examining autopsied tissue samples
from four SARS-CoV patients, Ding and col-
leagues found evidence of virus infection on the
cerebrum and pituitary gland but not in the cere-
bellum of all four cases [19].

There is additional evidence that human coro-
naviruses can infect the human brain. For exam-
ple, Arbour et al. described the presence of
coronavirus RNA in autopsied brain samples
from patients with multiple sclerosis and other
neurological diseases, such as Alzheimer’s,
Parkinson’s, schizophrenia, depression, and
meningoencephalitis [34].

2.3  Neurological Manifestations

of COVID-19

The manifestations of neurological symptoms in
patients with COVID-19 involve the CNS,
peripheral nervous system (PNS), and skeletal
muscles. Severe patients commonly have neuro-
logical symptoms manifested as acute cerebro-
vascular diseases, consciousness impairment,
and muscle injury, leading to a poor prognosis
[35]. In a study carried out by Chen and col-
leagues, 22% of those who died from COVID-19
presented with impaired consciousness, com-
pared with only 1% of the patients that survived
[36].

CNS symptoms, such as headache, dizziness,
impaired consciousness, ataxia, acute

cerebrovascular disease, and epilepsy, were the
main form of neurological injury in patients with
the COVID-19 virus appearing in 53 out of 218
(24.8%) patients in a Chinese cohort [35].
Interestingly, patients presenting CNS involve-
ment were associated with a more severe course
of the disease [35]. On the other hand, PNS
involvement occurred in 19 patients (8.9%), and
hyposmia and dysgeusia were the most common
symptoms, affecting 11 (5.1%) and 12 (5.6%),
respectively. No differences in blood parameters
were found in patients with or without PNS
involvement [35].

There is still no clear evidence of severe neu-
rological COVID-19 infection in children.
However, despite the milder course of the dis-
ease, it is already known that children are suscep-
tible to the virus with a prevalence of 1.7% in the
United States [37]. To the best of our knowledge,
Chacén-Aguilar et al. reported the first case of a
febrile syndrome associated with neurological
symptoms in early childhood [38]. It was a new-
born (26 days) with two paroxysmal episodes, a
12 h fever, and nasal discharge and vomiting. On
physical examination, the child was alert with
mild hypertonia of the limbs and irritability and
slightly increased tendon reflexes with normal
tone. A nasopharyngeal swab sample tested posi-
tive for SARS-CoV-2. There were no changes in
the cerebrospinal fluid (CSF). The patient was
treated symptomatically and had a good outcome
[38]. Considering the current epidemiological
situation, fever and convulsive episodes should
be suggestive of coronavirus infection and
demanding early intervention and extra care of
the clinical team.

In 2006, Hwang described a case of complete
anosmia 3 weeks after the onset of the first symp-
toms of SARS-CoV infection [39]. The patient
was a 27-year-old woman who presented with
fever, cough, headache, myalgia, and diarrhea.
Three weeks later, after upper respiratory tract
improvement, the patient had complete anosmia
for all kinds of odors on both sides of the nasal
cavity. Although no abnormal findings that might
cause anosmia were found on physical examina-
tion or via brain magnetic resonance imaging
(MRI), this symptom persisted for the 2 years of
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follow-up without change [39]. As far as we
know, this is the first case report of persisting
anosmia after coronavirus infection. Further
investigation and patient follow-up studies are
necessary given the current reports of anosmia in
COVID-19 patients. Moreover, a long period of
anosmia may be linked to CNS lesions.

Hyposmia is also gaining the attention of the
media and the medical community [40, 41]. A
recent study on COVID-19 patients conducted by
Leichien and colleagues described olfactory
(85.6%) and gustatory (88%) dysfunctions of 417
patients with mild to moderate disease [42].
Among these patients that suffered from olfac-
tory alterations, 12.6% had phantosmia and
32.4% had parosmia, and out of the 76 patients
that did not suffer from nasal obstruction or rhi-
norrhea, 79.7% presented anosmia or hyposmia.
This suggests that olfactory neuropathy may play
arole in olfactory dysfunction. Smell and/or taste
disorders in COVID-19 infections appear to have
a variable prevalence between 5 and 48% [43],
and the short-term recovery rate from anosmia or
hyposmia in 59 recovered patients was 44% [42].
This factor may also be used with a small degree
of diagnostic accuracy as sudden loss of smell
has shown a specificity of 97% and sensitivity of
65% for COVID-19 infection [44]. Whether or
not long-term persistence of anosmia will be
observed should be studied further.

Patients with COVID-19 can also present with
encephalopathy and other changes in their level
of consciousness. Recently, three cases of
encephalitis associated with SARS-CoV-2 were
described. A study by the Beijing hospital was
the first to find the SARS-CoV-2 in a patient’s
CSF [45]. In another case, the patient had enceph-
alopathy and was positive for SARS-CoV-2
although no evidence of viral particles were
detected in the CSF [46]. Therefore, if actual
viral particles are present in CSF, it needs to be
evaluated further.

Moriguchi and colleagues reported a case of
meningitis/encephalitis in a 24-year-old man
with no history of travel [47]. The suspicion of
COVID-19 infection was made due to the
patient’s poor general condition and altered blood
count, as well as a chest CT scan showing small

ground-glass opacities on the right superior lobe
and both sides of the inferior lobe. The disease
was confirmed by means of a polymerase chain
reaction (PCR) test for SARS-CoV-2 using a
nasopharyngeal swab and CSF. The samples
were negative for the swab and positive for the
CSF [47]. Neurological findings of coronavirus
infections also include cases of acute dissemi-
nated encephalomyelitis (ADEM) [48].

Chronic complications have already been
described in SARS patients who presented with
chronic myalgia and mood and sleep disorders
[49]. However, organic neurological damage was
not described in these patients. Chronic compli-
cations of coronavirus infection in the CNS have
already been studied in murine models involving
human coronavirus (HCoV-OC43) and mouse
hepatitis virus [50, 51].

Thromboembolic and hemorrhagic phenom-
ena can also be secondary to infection by SARS-
CoV-2. In a retrospective study of 221 patients in
Wuhan, China, Li et al. described 13 patients
with acute cerebrovascular disease following
COVID-19 infection [52]. The incidence was 5%
for acute ischemic stroke, 0.5% for cerebral
venous sinus thrombosis, and 0.5% for cerebral
hemorrhage. Most of these patients were older
(70-91 years old) and therefore had more cardio-
vascular and cerebrovascular risk factors [52].

Moreover, a new pattern of cerebrovascular
condition known as large-vessel stroke appears to
affect the young population (33—49 years old).
Oxley and colleagues reported five young patients
with signs of hemiplegia, dysarthria, and reduced
levels of consciousness [53]. Technical imaging
examinations of CT and CT angiography scans
showed infarction and thrombosis in the right
internal carotid artery, left middle cerebral artery,
right middle cerebral artery, or right posterior
cerebral artery. In addition, at the time of hospital
admission of these five patients, the National
Institutes of Health Stroke Scale (NIHSS) mean
score was 17, consistent with a severe stroke of
large vessels [53]. These events are probably
related to the prothrombotic effect of the inflam-
matory response to viral infection [52] and may
also justify the use of anticoagulant therapies
such as heparin. In fact, this has been an impor-
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tant and critical care observation in COVID-19
patients.

Most recently, Zhao and colleagues described
the first association of Guillain-Barré syndrome
(GBS) with COVID-19 infection [54]. This was a
61-year-old woman with a complaint of acute
weakness in both legs and severe fatigue. Despite
the travel history for Wuhan, no respiratory
symptoms were reported until 7 days after the
onset of GBS symptoms. Oropharyngeal swabs
were positive for SARS-CoV-2 by PCR assay
[54]. Hence, COVID-19 appears to assume a
parainfectious profile, in which GBS and viral
infection occur concurrently, instead of the clas-
sic postinfectious profile. Curiously, a similar
situation has already been described with GBS
and Zika virus infection [55]. Cases of Miller
Fisher syndrome and polyneuritis cranialis, both
rare variants of GBS, have also been reported in
patients with COVID-19 [56].

Another possible intriguing neurological asso-
ciation of COVID-19 infection is Takotsubo syn-
drome, which is characterized by transient left
ventricular dysfunction and may be related to
dysautonomia of the nervous system [57]. The
case involved an 83-year-old woman who pre-
sented with typical chest pain and elevation of the
ST segment in all precordial leads with deep
T-wave inversions on electrocardiogram exami-
nation. The highly sensitive cardiac troponin T
biomarker was elevated at 1142 ng/L, which is
more than 100-fold over normal levels. Imaging
tests, such as echocardiography and coronary
angiography, were consistent with Takotsubo
syndrome, ruling out acute coronary syndrome
[58]. During hospitalization, the patient began to
experience fever and bilateral opacity on lung
radiography. The nasopharyngeal swab was neg-
ative for SARS-CoV-2, but the initial positive
immunoglobin A and negative immunoglobulin
G serology pattern proved acute infection [58].
Considering the association of Takotsubo syn-

drome with neurological disorders [57, 59], we
believe that SARS-CoV-2 infection may induce
autonomic dysfunctions. However, more reports

are needed to exclude a stress-induced
complication.
2.4 Conclusions

Although COVID-19 is mostly described as a
lung disease, causing pneumonia and severe
acute respiratory disease, several reports have
indicated that patients may also display signs and
symptoms related to effects on other organs.
Here, we have discussed several CNS-related
features, from mild symptoms such as headache,
fatigue, and ataxia to more severe conditions as
encephalitis, GBS, and stroke (Table 2.1 and
Fig. 2.1). These have been observed in several
patients, especially at the beginning of the dis-
ease. Although the virus has been detected in the
CNS of patients, the mechanisms by which it
reaches the brain are still unknown. It is possible
that it directly infects the CNS through the olfac-
tory epithelium or through the blood, either alone
or transported by Trojan horse cells, as T lym-
phocytes may be infected by the virus with no
productive replication (Fig. 2.1).

Due to the huge spread of the virus, and even
if a small proportion of patients display neuro-
logical symptoms, it is important that the medical
and research community be aware not only of
these acute and critical problems like encephali-
tis and stroke but also of the possibility of further
chronic or degenerative complications. It is
important to be prepared to respond to such com-
plications as occurred with the post-epidemic
complications of the Zika virus [60-62] and von
Economo’s famous encephalitis  lethargy
followed by Parkinsonism symptoms in those
who survived the Spanish flu pandemic [63].
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Table 2.1 Summary of neurological manifestations found in coronaviruses infections. The first section shows the
general findings of other coronaviruses that infect humans. The second section shows the specific findings of SARS-

CoV-2, responsible for COVID-19, described in this paper

Neurological findings in human coronavirus infections

Pathogens Clinical manifestations Reference
1. | Coronavirus (HCoV-229E, Acute: Febrile seizures, convulsions, loss of consciousness, Bohmwald et al.
HCoV-0C43, SARS-CoV, ataxia, anosmia or hyposmia, encephalomyelitis, 2018 [1]
and HCoV-0OC43) encephalitis, myelitis, neuritis, and acute disseminated
encephalomyelitis (ADEM), headache
Chronic: Myalgia and mood and sleep disorders Hwang 2006
[39]
Ann et al. 2003
[48]
2. |COVID-19 (SARS-CoV-2) | Central nervous system: Headache, dizziness, impaired Mao et al. 2020
exclusively consciousness, ataxia, and epilepsy [35]

Peripheral nervous system: Dysgeusia, anosmia or
hyposmia, peripheral neuropathy, and muscle injury

Chaco6n-Aguilar
et al. 2020 [38]
Lechien et al.

2020 [42]
Encephalopathy with!3 and without? evidence of virus in 1.Zhou L, et al.
central nervous system 2020 [45]

2. Filatov, A.

et al. 2020 [46]

3.Moriguchi T,
et al. 2020 [47]

Stroke and venous thrombosis brain Li et al. 2020
[14]
Oxley et al.
2020 [53]
Guillain-Barré syndrome including, Miller Fisher syndrome, | Zhao et al. 2020
polyneuritis cranialis, and Takotsubo syndrome [54]

Gutiérrez-Ortiz
et al. 2020 [56]
Meyer et al.
2020 [58]

The involvement of the CNS was associated
with more severe disease when compared to
patients with no CNS involvement [35]. This
neurotropism characteristic was observed with
other human coronaviruses like SARS-CoV [19,
20] and HCoV OC43 [48, 50]. Thus, it is impor-
tant to prioritize and to individualize treatment
protocols based on the severity of the disease and
the predominant organ systems involved. We rec-
ommend that in the presence of ataxia, loss of
consciousness, convulsion, status epilepticus,
encephalitis, myelitis, or neuritis [1, 35], differ-
ential diagnosis of COVID-19 should be consid-
ered, especially during the current pandemic.

The COVID-19 outbreak has spread world-
wide, so careful surveillance is essential to moni-
tor and control the disease. This is critical as
clinical conditions of the patients can worsen rap-
idly, leading to respiratory failure. In addition,
CNS-related symptoms may indicate a poor
prognosis, and it is still not clear whether long-
lasting impairments will be observed. Therefore,
a fast and accurate diagnosis is necessary to allow
the most effective interventions in a precision
medicine approach. Such approaches will be
more effective when new treatments that prevent
or minimize the effects of COVID-19 become
available.
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Fig. 2.1 Scheme of SARS-CoV-2 neurological compli-
cations. SARS-CoV-2 may reach the central nervous sys-
tem either by direct infection and retrograde transportation
from olfactory neurons (1) or by a hematogenous route
(2). After replication in the lungs, the virus may reach the
blood either alone or inside infected cells, such as lym-

* CNS
" * Encephalopathy [45-47]
4 *  Stroke[52-53]

* PNS

*  GBS[54]
Miller Fisher Syndrome
and Polyneurits
cranialis[56]

* Takotsubo Syndrome

[s8]

phocytes (3). The virus then target the central nervous
system by crossing the blood-brain barrier and reaching
the meninges, brain parenchyma, and cerebrospinal fluid
(4). The scheme was elaborated by the authors using
www.biorender.com
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