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ABSTRACT: Severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) is an opportunistic pathogen
that infects the upper respiratory tract in humans and
causes serious illness, including fatal pneumonia and
neurological disorders. Several studies have reported
that SARS-CoV-2 may worsen the symptoms of
Parkinson’s disease (PD), with the potential to increase
mortality rates in patients with advanced disease. The
potential risk of SARS-CoV-2 to induce PD has also been
suggested because the virus can enter the brain, where

o
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it can trigger cellular processes involved in neu-
rodegeneration. In this review, we will discuss the poten-
tial of SARS-CoV-2 to exacerbate and cause certain
neurological disorders, including PD. We will then eluci-
date its impact on the brain while examining its pathways
and mechanisms of action. © 2021 International
Parkinson and Movement Disorder Society
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Severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) is an opportunistic pathogen that
infects the upper respiratory tract in humans and causes
serious illness, including fatal pneumonia and neurolog-
ical disorders. It belongs to the family of Coronaviridae
that includes bat-derived viruses sharing highly homo-
logical sequences that cause clinical symptoms similar
to those reported for SARS-CoV and Middle East
respiratory syndrome coronavirus (MERS-CoV) infec-
tions." SARS-CoV-2 is a large, enveloped, non-seg-
mented, positive-sense RNA virus, and the seventh
coronavirus known to infect humans.>* It causes lethal
pneumonia with severe acute respiratory distress syn-
drome.” SARS-CoV-2 shows some similarities with
HIN1 influenza virus, especially regarding the
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activation of the immune system and alterations of epi-
genetic control mechanisms, which provide the first
defense against viral infection.®” Other similarities
between SARS-CoV and HINT1 influenza virus infec-
tions also reside in modulations of the pathways
involved in cellular aging, supporting the idea that
SARS-CoV-2 infection may lead to accelerated aging
phenotypes in affected tissues, including the brain,
which may result in neurological disorders. A possible
association of SARS-CoV-2 with the risk of Parkinson’s
disease (PD) has been suggested.* PD is characterized
mainly by four cardinal motor symptoms (tremor,
rigidity, akinesia, and postural instability), and also by
non-motor symptoms.® These symptoms include
depression, hyposmia, pain, anxiety, cognitive dysfunc-
tion, sleep disturbance, and constipation, which may
appear even during the prodromal phase, before the
clinical diagnosis of the disease.”'® Motor and non-
motor symptoms are associated with the loss of dopa-
minergic neurons in the pars compacta of substantia
nigra and the alteration of other neurotransmitter sys-
tems, including the noradrenergic and serotonergic
systems.' *'? Several studies investigating the impact of
Covid-19 on PD have suggested that the symptoms in
patients infected with SARS-CoV-2 worsened, that
patients with advanced stage of PD were at increased
risk for developing pneumonia problems, and that
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hospitalized patients with PD and Covid-19 appeared
to have a higher mortality rate.'>!”

In this review, we will describe and discuss the poten-
tial risk of SARS-CoV-2 to cause and/or to exacerbate
neurological disorders, including PD. Then, we will elu-
cidate its impact on the brain while examining its entry

pathways and action mechanisms.

SARS-CoV-2 and the Risk of
Neurological Disorders

Despite numerous studies in favor of an attack on the
central nervous system (CNS) by SARS-CoV-2, there
are still many unknowns regarding the frequency or
consequences of neuroinvasion. Furthermore, the CNS
is not the primary organ affected; the investigation of
neurological diseases in patients with Covid-19 is not
systematic. A first case of meningitis/encephalitis associ-
ated with SARS-CoV-2 has been reported by Moriguchi
and colleagues.'® The patient manifested transient gen-
eralized seizures accompanied by unconsciousness, and
brain magnetic resonance imaging showed hyperintense
signal in the right medial temporal lobe, including the
hippocampus. In line with this case report, acute and
subacute neurological complications of SARS-CoV-2
infections have been reported in a large number of
Covid-19 patients. Acute respiratory distress syndrome
was associated with neurological signs in 84% of cases
in a consecutive series of 58 patients.'” The authors
reported that agitation was present in 69%,
dysexecutive syndrome in 36%, and corticospinal tract
signs in 67% of patients. Systematic reviews reported
other frequent neurological symptoms such as head-
aches, dizziness, hyposmia, hypogeusia encephalitis,
and impaired consciousness.”™*' Moreover, a retro-
spective study involving 214 Covid-19 patients found
that 88% of the severe patients displayed acute cere-
brovascular diseases and impaired consciousness.??
Other neurological phenotypes have also been
described in case reports, such as Guillain-Barré syn-
drome, paresthesias, polyneuropathy, epilepsy, and
ischemic and hemorrhagic stroke.?>** Interestingly,
several studies highlighted the exacerbation of neuro-
logical symptoms in Covid-19 patients with pre-
existing neurological disorders, which are considered
as comorbidities associated with increased risk of
death in Covid-19 patients.”® Additionally, the asso-
ciation of worsening symptoms of Covid-19 in elderly
people with neurological diseases are of concern for
patients suffering from PD. Also, several reports dis-
cussed the possible association of SARS-CoV-2 not
only with the exacerbation of the symptoms but also
with the risk of causing PD.*¢*”

SARS-CoV-2 and PD

Although the link between Covid-19 and PD is par-
ticularly intriguing, several studies reported that PD
patients are particularly susceptible to worsening symp-
toms with Covid-19.'*'5*% This is supported by the
fact that PD can compromise the respiratory system, as
evidenced by the increased risk of pneumonia present in
patients with advanced PD.!” Interestingly, Kobylecki
and colleagues'® evaluated mortality rates and risk fac-
tors in hospitalized patients with idiopathic PD during
the Covid-19 pandemic and they have shown that the
combination of Covid-19 and PD can be fatal for
patients. This was confirmed by other authors who
found a high rate of mortality among PD patients.”®
Nevertheless, the risk of mortality depends on the sever-
ity of the symptoms, as Covid-19 risk morbidity and
mortality in patients with mild to moderate PD does
not differ from the general population.”” Conversely, in
a study of 141 patients with PD in Lombardy, Italy, the
authors showed that 19 positive cases of SARS-CoV-2
showed a significant worsening of motor and non-
motor symptoms,> explaining that this clinical deterio-
ration was due to both infection-related mechanisms
and altered pharmacokinetics of dopaminergic therapy.
In line with this study, a systematic review analyzing
26 articles comprising 2278 patients with preexisting
neurological disorders and Covid-19 reported that
SARS-CoV-2 induced an exacerbation of preexisting
PD symptoms in 59% of infected patients.>! Overall,
all these studies suggest that patients with PD are at
risk for a worse outcome with Covid-19, especially in
advanced stages of the disease.

The occurrence of parkinsonism after viral infections
has already been reported and well documented.®* The
first link between viruses and parkinsonism comes from
the possible relationship between lethargic encephalitis
and the Spanish flu of 1918. Post-mortem analysis of
the brain of patients with parkinsonism showed signs
of degeneration in the oculomotor nuclei and the sub-
stantia nigra. Subsequently, the risk of parkinsonism
was multiplied by two or three times for people born
between 1888 and 1924.% In addition, other viruses,
including West Nile virus, herpes viruses, influenza A
virus, and human immunodeficiency virus (HIV), have
been associated with parkinsonism.***> In the case of
SARS-CoV-2, several arguments may support its possi-
ble induction of parkinsonism. Covid-19 patients
develop hyposmia, which closely resembles one of the
most prominent premotor symptoms of
PD. Futhermore, in some cases (at least three reported
in the literature), parkinsonism has been developed
from 2 to 5 weeks after contracting SARS-CoV-2,
which was at the origin of severe respiratory infection
requiring hospitalization. Indeed, Méndez-Guerrero
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and colleagues®® were the first to report the case of a
58-year-old patient infected with SARS-CoV-2 who
developed an asymmetric hypokinetic-rigid syndrome
with mild resting and postural tremor, vertical
occulomotor abnormalities, and hyposmia. The dopa-
mine transporter single-photon emission computed
tomography (DAT-SPECT) results demonstrated an
asymmetric loss of dopamine fibers of the nigrostriatal
pathway. Apomorphine, a dopamine agonist of D1 and
D2 receptors, did not improve motor symptoms. How-
ever, this form of parkinsonism significantly improved
spontaneously without any specific treatment. Another
case report study®” showed that after recovery from
respiratory symptoms, a 35-year-old female patient
developed sudden unilateral bradykinesia, moderate
hyposmia, hypophonia, and generalized rigidity with
decreased facial expression and gait disturbances. Levo-
dopa/benserazide treatment significantly improved the
motor symptoms and her Movement Disorder Society-
sponsored Revision of the Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS-III) score decreased from
49 to 32. DAT scan examination showed a decrease in
dopamine transporter (DAT) density on the left puta-
men. Furthermore, Cohen and colleagues®® reported
the case of a 45-year-old SARS-CoV-2-positive male
patient who developed hypomimia, hypophonia, mod-
erate rigidity, bradykinesia, tremor, and slightly slow
gait. 'F-Fluorodopa ("®F-FDOPA) positron emission
tomography (PET) scan showed decreased '*F-FDOPA
uptake in the putamen. Treatment with pramipexole
and biperiden resulted in an improvement of motor
symptoms.

Authors of these case reports concluded that SARS-
CoV-2 infection was responsible for the sudden
parkinsonism, as (1) the patients were neurologically
normal prior to the Covid-19; (2) they did not report a
previous family history of PD; (3) their screening for
genes related to PD, when done, were negative; (4) they
are relatively young; and (5) they had no history of
rapid eye movement sleep disorder and/or hyposmia,
constipation, or depression prior to the infection. These
non-motor symproms are known to appear in the
prodromal phase of PD.'°

In the absence of evidence of a causal link between
SARS-CoV-2 infection and parkinsonism in these
patients it is interesting to note that SARS-CoV-2 is
able to enter the brain, where it can trigger the release
of inflammatory mediators®*” known to play a role in
specific neuronal degeneration. The role of infectious
etiologies in the development of neurodegenerative dis-
eases, such as Parkinsonism, has already been pro-
posed.***! However, the mechanisms by which a
neurotropic pathogen can trigger neurodegeneration is
still not clearly determined. One of the possibilities
is that proinflammatory cytokines may stimulate neuro-
nal expression of alpha-synuclein (a-Syn), the main

N

protein component of Lewy bodies and Lewy neurites
of dopaminergic neurons considered as a marker of PD
pathology.** The involvement of a-Syn is supported by
evidence in animal models showing that viral infections
can trigger a-synucleinopathies.*® Indeed, acute West
Nile virus infection induced the aggregation of a-Syn,
expressed by increased expression of this protein in pri-
mary neurons.** In the same way, these authors have
also reported a dramatic increase in infectious viral par-
ticles of West Nile virus and Venezuelan equine enceph-
alitis virus TC83 in the brains of a-Syn-knockout mice
when compared to wild-type and heterozygote litter-
mates. Accordingly, a-Syn-knockout mice exhibited sig-
nificantly increased virus-induced mortality compared
to o-Syn heterozygote or homozygote control mice.
HS5N1 infection in rodents also showed persistent
microglial activation and abnormal phosphorylation of
a-Syn, with loss of dopaminergic neurons in the sub-
stantia nigra.*® Furthermore, infection of dopaminergic
neurons with the HINT1 influenza virus resulted in the
formation of a-Syn aggregates, but not of other pro-
teins reported in other neurological pathologies,
suggesting a highly selective nature of this process for
PD.*!' These results allow to postulate that SARS-
CoV-2 infection can trigger the aggregation mecha-
nisms of a-Syn leading to cellular vulnerability and
degeneration of dopaminergic neurons. This hypothesis
has not been confirmed by a clinical study, as Blanco-
Palmero and colleagues™ did not find a significant
change in serum o-Syn concentration in patients with
Covid-19 and neurological disorders, compared
with age- and sex-matched Covid-19 patients free of
neurological symptoms and healthy controls.*> How-
ever, the authors mentioned two limitations: (1) the
study involved a small number of patients and (2) the
serum sample analyzed in Covid-19 with neurological
symptoms was extracted later in the course of the dis-
ease (31 days after symptom onset) than in Covid-19
patients without neurological symptoms (12 days). Fur-
ther clinical studies taking into account these two
parameters, as well as experimental studies using
SARS-CoV-2 infection animal models, are needed.

Potential of SARS-Cov-2 to Enter
the Brain

The manifestation of PD and other neurological
disorders as well as the exacerbation of neurological
symptoms in Covid-19 patients is evidence in itself of
the strong impact of SARS-CoV-2 on the CNS. An
interaction of human SARS-CoV-2 with the CNS has
been suggested,*® as several acute brain disorders are
associated with the neuroinvasive predisposition to
coronaviruses, including SARS-CoV-1, MERS-CoV,
HcoV229E, and HcoV-OC43.*”**  Neurological
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disorders may be caused by the virus during the acute
phase of the infection and persist beyond recovery.
The idea that SARS-CoV-2 has the ability to pene-
trate and infect the brain came from earlier studies
which reported the presence of SARS-CoV-1 particles
in the cerebrospinal fluid (CSF)** and in the brain,
almost exclusively located in the neurons.’®*! Using
transgenic mice, several studies showed that intrana-
sal injection of either SARS-CoV°? or MERS-CoV*’
resulted in the penetration of these viruses into the
brain through the olfactory nerves, which rapidly
spread to some specific brain regions, including the
thalamus and brainstem. Moreover, it has to be noted
that in infected mice with low doses of MERS-CoV
virus, particles were detected only in the brain, espe-
cially in the brainstem, but not in the lung, indicating
that the infection in the brain was more critical for
the high mortality of the infected mice.*” More
recently, the consequences of SARS-CoV-2 infection
were examined in vivo by using transgenic mice
expressing human angiotensin-converting enzyme
2 (ACE2)”? supporting the neuroreplicative potential
and lethal consequences of SARS-CoV-2 CNS infec-
tion in mice. A possible link with PD has been shown
after inoculation in mice with the influenza A neuro-
virulent virus. Thus, in the acute phase of viral infec-
tion, the virus was found in the substantia nigra,
ventral tegmental area, and hippocampus, showing a
selective and reproducible invasion of the virus in
parenchymal tissues of the mouse brain.>* These
results are in favour of virus-induced parkinsonism
with neurotropic properties, preferentially targeting
the dopaminergic neurons of the substantia nigra.
Based on the high level of gene sequence similarity
between SARS-CoV and SARS-CoV-2 (around 80%)”
and the fact that a large number of patients with
Covid-19 developed neurological disorders, it is logical
to infer that SARS-CoV-2 has a significant potential to
enter the CNS. Similar to other coronaviruses, SARS-
CoV-2, as SARS-CoVs, uses mainly the same ACE2
receptor to enter the target cells.’®>” SARS-CoV-2
infects cells through the interaction between its spike
glycoprotein (S) and ACE2 receptor. Protein S is com-
posed of two subunits S1 and S2, with S1 facilitating
viral attachment to the ACE2 receptor, and S2 being
required for membrane fusion.’®>” For this interaction,
protein S must be cleaved by transmembrane serine
protease (TMPRSS2).°%” Cells expressing both ACE2
and TMPRSS2 are more susceptible to SARS-CoV-2
infection.”” ACE2 receptor is expressed in human air-
way epithelia, lung parenchyma, vascular endothelia,
kidney cells, and small intestine cells.®®®! Nuclear
expression of ACE2 was also found in the brain, in
both excitatory and inhibitory neurons, and also
in astrocytes, oligodendrocytes, and endothelial cells in
human middle temporal gyrus and posterior cingulate

cortex.”"*®? In addition, ACE2 receptor is also present
in the cardiorespiratory centers in the brain stem, the
cerebral cortex, the posterior hypothalamic area, as
well as the striatum and dopamine neurons of the sub-
stantia nigra.®>®* The presence of ACE2 receptor in
striatum and substantia nigra, as well as its co-
expression with dopamine decarboxylase,®® an enzyme
converting L-dopa to dopamine, supports the involve-
ment of SARS-CoV-2 in the pathophysiology of PD
induced by viral infection.

The neuroinvasive propensity of SARS CoV-2 was
also reported when the virus was found in the CSF
and/or in the brain tissue of infected patients, providing
strong evidence of neurotropism.®®®” Indeed, while in
some Covid-19 patients with encephalitis or demyelin-
ating disease reverse transcription polymerase chain
reaction (RT-PCR) showed the presence of SARS-
CoV-2 in CSF samples,'®®® other studies failed to
detect the virus in the CSF in their cases.”***”° How-
ever, Meinhardt and colleagues®” reported the presence
of intact coronavirus particles in the olfactory mucosa,
using in situ hybridization, and SARS-CoV-2 RNA and
spike protein within the CNS using immunohistochem-
istry and RT-PCR approaches. In only a few Covid-19
autopsy cases (3/24), the cerebellum was positive for
SARS-CoV-2. The same authors reported that disease
duration inversely correlated with the amount of detect-
able SARS-CoV-2 RNA in the CNS, with high SARS-
CoV-2 RNA levels found in individuals with Covid-19
who had relatively short disease duration, whereas indi-
viduals with prolonged Covid-19 disease typically had
low RNA load. Interestingly, another post-mortem
anatomo-pathological study investigating the brain tis-
sue of 43 patients who died after Covid-19 reported the
presence of SARS-CoV-2 in the brain of 53% of
patients.”" The authors also reported new territorial ische-
mic lesions in 14% of patients, astrogliosis in different
regions of the brain in 86% of patients, and meningeal
cytotoxic T cell infiltration in 79% of patients. Microglia
activation and cytotoxic T cell infiltration was more pro-
nounced in the brainstem and cerebellum. Together, these
observations suggest that severe acute respiratory syn-
drome of Covid-19 may be associated with the penetra-
tion of SARS-CoV-2 into the brain, causing worsening of
symptoms and causing neurological disorders.®* SARS-
CoV-2 was also present in the brainstem, which is a respi-
ratory and cardiovascular control center, suggesting the
potential of the virus to play a role in the respiratory fail-
ure of some Covid-19 patients.”>”>

Entry Pathways of SARS-CoV-2 into
the Brain

The neurotropism of respiratory viruses has been dem-
onstrated, and several studies argued that SARS-CoV-2
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could infiltrate the brain either directly through the
olfactory nerve and/or via a hematogenous route.

Entry Through the Olfactory Nerve

Preclinical studies, using mouse models expressing
human ACE2 infected by intranasal inoculation with
SARS CoV-2, have reported the presence of the virus in
the brain.”*”> However, nasal infection SARS CoV-2
in a non-human primate did not identify CoV-2 anti-
gens in the brain.”® Although these contrasting data in
animal models, a recent interesting post-mortem study
has explored the pathway entry of SARS-CoV-2 into
the brain using in situ hybridization and immunohisto-
chemical staining techniques to detect viral RNA and
protein.®” The authors reported the presence of SARS-
CoV-2 S protein in the cytoplasm of endothelial cells
and coronavirus particles together with SARS-CoV-2
RNA in the olfactory mucosa and brain areas receiving
olfactory tract projections. This study suggested that
SARS-CoV-2 neuroinvasion occurred via axonal trans-
port, thus explaining why in some Covid-19 patients
neurological symptoms may occur. Additionally, ACE2
has been shown to be expressed in support cells, stem
cells, and perivascular cells in mouse, non-human pri-
mate, and human olfactory mucosa, suggesting that
non-neuronal pathways may also play a role.’® Interest-
ingly, Meinhart and colleagues®” have also shown the
presence of SARS-CoV-2 RNA in the cerebellum, a
brain region that has no direct connection with the
olfactory mucosa. This result argued that axonal trans-
port is not the only route of viral entry into the brain,
and proposed that SARS-CoV-2 in the CNS endothe-
lium might facilitate vascular damage and allow the
virus to spread more widely to other brain regions.

Entry Through the Blood-Brain Barrier

Infection caused by viruses that induce neurological
disorders may be associated with a disruption of the
blood-brain barrier (BBB). This disruption is due to
virus replication in cerebral microvascular endothelial
cells causing the degradation of tightly bound pro-
teins’””® In addition, post-mortem examination of the
brain of a patient with Covid-19 showed that SARS-
CoV-2 was present in cerebral microvascular endothe-
lial cells and frontal lobe nerve tissue.®® Furthermore,
in a prospective cross-sectional study of 102 Covid-19
patients that were PCR-positive for SARS-CoV-2, 50%
of the patients with severe neurological symptoms had
BBB disruption and elevated interleukin levels in CSF.””
Accordingly, Bellon and colleagues also showed BBB
leakage in 58% of the 31 Covid-19 patients with neu-
rological complications.®® Taken together, these find-
ings suggest that SARS-CoV-2 can damage and cross
the BBB and once inside the brain can lead to neurolog-
ical complications.

L
Conclusions

Overall, in this review we have examined the poten-
tial of SARS-CoV-2 to enter the brain primarily via the
nasal route, but other routes may also be considered.
From this, it is clearly established that the virus enters
the brain, explaining the neurological disorders
observed in a number of Covid-19 patients. Regarding
the possibility of SARS-Cov-2 inducing PD, despite the
pertinent observations, one limitation resides in
the small number of cases of parkinsonism that have
developed after Covid-19 infection reported in the liter-
ature. To gain in vivo relevance for that, the direct link
between SARS-CoV-2 infection and the development of
PD needs further explorative preclinical and clinical
studies. Given the extent of the current Covid-19 pan-
demic and the high transmissibility of the SARS-CoV-2
virus, the association between this pandemic and PD
raises concerns about the potential long-term effects of
the virus on the CNS. In our opinion, although it is too
early to elucidate the long-term side effects of SARS-
CoV-2 infection, the background obtained with other
respiratory viruses suggests that SARS-CoV-2 might
induce permanent sequelae in the CNS by means of dif-
ferent mechanisms. ®
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