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st human CoVs have fecentlylattractedigliobal

attention to their lethal potential and great infectious capacity. A highly pathogenic CoV, called COVID-
19 or SARS=E@6V=2, dramatically emerged in December 2019 in Wuhan, China. This new CoV has caused

severe pneumonia in China and rapidly spreads around the world, the COVID-19 pandemic. Growing
evidence pieces show that viruses, such as CoVs, can enter the central nervous system from different
pathways and inducing neurotoxicity. Therefore, it is urgent to fakelcleafiWhethefISARS=CoV=2alias
access to the central nervous system and can cause direct neuronal effects. Moreover, a brain-lung-brain

@XiS is been proposed from the scientific community where severe neurological dysfunction and injury are
associated with lung injury, and vice versa. In this axis, virus-induced inflammation and oxidative stress
could be the common mechanisms responsible for CoV neurological symptoms. Therefore, iSliffiportant
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1. Introduction

COVID-19 is much more than a health emergency, it has the
potential to create devastating social and economic crises that will
leave deep scars. Nations are rushing to slow the diffusion of the
virus by treating patients, limiting travel, quarantining citizens,
canceling large matches, concerts, and close schools. PEopleNwith
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Direct effects of COVID-19onbrain............coooviiiiiiiiiiiinnennnnn.

rus identified as the cause of coronavirus disease 2019 (COVID-19),
which is enveloped non-segmented positive-sense RNA virus (sub-
genus sarbecovirus, Orthocoronavirinae subfamily) (Zhu et al., 2020).
Based on their morphology as spherical virions with a core shell
and surface projections resembling a solar corona, they are termed
coronaviruses. RNA virgsas,such as CoV,

@nimals (Cui et al., 2019

netic analysis shows that SARS-CoV-2 Y¢"Y

has a highly homologous sequence with SARS-CoV (79.6 %). Fur- g, i didnt
thermore, SARS-CoV-2 is 96 % identical at the whole-genome level *
FORENBABICOTONAVIES (Zhou et al., 2020). Moreover, the entry of cup-
COVID-19 into human host cells has been identified to use the Saie get CoV
[ECeptomasISARS=EoY (Yu et al., 2020). The recent COVID-19 epi- *
demic has been started in Wihiafji€hifia; and this highly contagious
disease has spread fhifoughoutiChinaandiotherpartiofithenworld
(Table 1) (Huang et al., 2020; Song et al., 2019; Lu et al., 2020). The
symptoms of COVID-19 infection usually appear after an incubation
period of about five days.

lessiofismellianditaste] Severe acute respiratory syndrome (SARS)

is caused by a coronavirus (CoV), SARS-CoV-2 is a novel coronavi-
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adult populations, called sensitive, are at significantly
are corresponding authors. increasediriskiofimortality (\Wang et al., 2020). This effect is due

https://doi.org/10.1016/j.neures.2020.06.009
0168-0102/© 2020 Elsevier B.V. and Japan Neuroscience Society. All rights reserved.


https://doi.org/10.1016/j.neures.2020.06.009
http://www.sciencedirect.com/science/journal/01680102
http://www.elsevier.com/locate/neures
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neures.2020.06.009&domain=pdf
mailto:domenico.nuzzo@cnr.it
mailto:pasquale.picone@cnr.it
https://doi.org/10.1016/j.neures.2020.06.009
Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg
low lethal potential coupled with great infectious capacity makes for a particularly destructive and dangerous disease

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg
very interesting, i didnt know animals could get CoV as well

Ritika Garg

Ritika Garg
“highly homologous sequence”—very similar to the SARS-CoV virus

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg

Ritika Garg


2 D. Nuzzo, P. Picone / Neuroscience Research 158 (2020) 1-5

Table 1
Coronavirus disease 2019 situation report. Data as received by WHO from national
authorities by 10:00 CEST, 3 May 2020.

Globally RISK ASSESSMENT
3349 786 cases (82 763) Global Level Very High
238 628 deaths (8657)

European Region

1518 895 cases (27 032)
142 667 deaths (2081)
Western Pacific Region
151 444 cases (1041)

Region of the Americas

1384 641 cases (44 050)

78 409 deaths (6213)

Eastern Mediterranean Region
200 609 cases (5618)

6229 deaths (63) 7871 deaths (130)
African Region South-East Asia Region
29 438 cases (1465) 64 047 cases (3557)
1064 deaths (51) 2375 deaths (119)

forchangesninaging; age-related comorbidity conditions such as
heart and lung disease, diabetes, and dementia; The presence of

multiple diseases in older patients may be considered as a mark
of frailty, which increases the person’s vulnerability to stress and
impairs the multisystemic compensatory effort to restore homeo-
stasis. The immune system of older adults presents numerous
age-related changes, indicated as immune senescence (Nikolich-
Zugich, 2018). These changes concern both the jfifiaté (Solana
et al., 2006) and a@aptiVé (Goronzy et al., 2012; Kogut et al., 2012)
immune systems, as well as the immuno-response in time and
§paceé (Nikolich-Zugich, 2018) which works effectively in young
but deteriorates with age. Neurotropic and neuroinvasive capa-
bilities of coronaviruses have been described in humans. Upon
infection, coronavirus enters the CNS, causing inflammation and
demyelination (Bohmwald et al., 2018). Recent studies discussed
the fE€UroinvasiverpotentiallofiSARSECoV=2; in fact, some infected
subjects did show félifologicalleffects! A recent multicenter study
has identified frequent (i.e. more than 80 % of the cohort) gustatory
andiolfactoryiimpairmentsinincludedipatients! Moreover, studies
have shown that [ungidamageicambelassociatediwithibraininjury
andifetrocognitiveldySfinetion and vice versa, indicating the exis-
tence of a PraifElEAGEbIAIRIaXiS (Stevens and Puybasset, 2011). In

this brief review, we will discuss the evidence on the occurrence of
central nervous system (CNS) involvement and neurological mani-
festations in patients with COVID-19. Moreover, we have reported
evidence indicating whether COVID-19 might cause direct and/or
indirect effect on the neuronal system or whether the eventual
virus-induced neuronal damage may cause a respiratory syndrome.

these are the main goals of this study/what the study will aim to prove

2. Direct effects of COVID-19 on brain

ENS! In fact, detection of some RNA of human-coronavirus in
human brain samples clearly demonstrates that tHeSelfespifatory
pathogensarenatirallyneuroinvasiveimhiumans and suggests that
they establish a perSistentlinfectionimhumaniENs (Arbour et al.,
2000). Different evidence, in vitro, demonstrated the susceptibil-
ity of various human neural cell lines to infection by human CoVs.
Primary cultures of human astrocytes and microglia showed §@is2
ceptibility to infection by the OC43 strain of human CoV (Bonavia
etal., 1997). Moreover, Arbour and collaborators reported an acute
and persistent Infection in Human Neural Cell Lines by Human CoV.
They characterized the susceptibility of various human neural cell
lines (astrocytoma cell lines U-87 MG, U-373 MG, and GL-15, as
well as neuroblastoma SK-N-SH, neuroglioma H4, oligodendrocytic
MO03.13, and the CHME-5 immortalized fetal microglial cell lines)
to an acute infection by Human CoV (Arbour et al., 1999). Spike
proteins (S) are essential for viral entry into host cells. SIprotein
of SARS-CoV-2 bound to the cell receptor ACE2 (angiotensin-
converting enzyme 2), which is present on fiofiSifmunecells] such

as respiratory and intestinal epithelial cells, endothelial cells, kid-
AEYACENS (renal tubules) and Eefebralifetronsiandimmuneicells]
such as @lVeslafmonocytes/mactophages causing his entry (Fig. 1)
(Magrone et al., 2020).

Therefore, the neuroinvasive capacity has been demonstrated
as a common characteristic of CoVs, and on the base of similarity
between SARS-CoV and SARS-CoV-2, it is quite likely that SARS-
CoV-2 also possesses a like potential (Li et al.,, 2020). Although
the etiology of COVID-19-induced neurodegeneration remains
unknownieripoorlyiunderstood] it has been suggested that these

tiation or exacerbation of neurological diseases (Dcsforgcs ot al,
2014). Chen and collaborators have reported that, in Wuhan city,

some subjects infected with COVID-19 did show neurological
effects such as headache (about 8%), nausea and vomiting (1%)
(Chen et al., 2020). Moreover, in one recent paper, Chinese scien-
tists noted that on 214 COVID-19 patients up to 36.4 % reported
neurologic symptoms such as acute cerebrovascular diseases, con-
sciousness impairment, and skeletal muscle symptoms (Mao et al.,
2020). Moriguchi and collaborators report the fifSticaselofifening
Bifi§ associated with COVID-19. The RNA of SARS-CoV-2 was not
identified in the nasopharyngeal swab but was detected in cere

brospinal fluid by gene sequencing. A brain Magnetic Resonance
Imaging (MRI) showed

femporalNlobeNandiiippocampus, suggesting the possibility of
COVID-19 meningitis (Moriguchi et al., 2020).

Viruses may enter the CNS by different routes [fiVolVifigithe
vasculature, the olfactory and trigeminal nerves, the cerebrospinal
fl@id;} and the |jmphatiesysteém (Desforges et al., 2020). However,
the exact route by which SARS-CoV enters the CNS has still not been
identified. The

braifgareas [Ding et al., 2004; Gu et al., 2005; Xu et al., 2005).
Different evidence shows that CoVs as first step invade periph-
eral nerve terminals, and successively their obtained access to the
CNS by synapse-connected route (trans-synaptic transfer) (Li et al.,
2013). This route has been well documented for the avian bron-
chitis virus (Matsuda et al., 2004; Chasey and Alexander, 1976).
Recently Butowt and Bilinska proposed that the Blfactofyiepithes
lium from the nasal cavity could be a more appropriate tissue for
detection of SARS-CoV-2 virus at the earliest stages, with respect
to commonly used Spilitlimiofnasopharyngeallswabs (Butowt and
Bilinska, 2020). They point out that the différentitypesyofinons
neuronal cells present in the olfactory epithelium, which express
the ACE2 receptor, could facilitatethebindingireplicationandaccus
mulatieiieofiSARS=EE6V=2 (Butowt and Bilinska, 2020). This may be

the underlying mechanism for the recently reported cases of smell
dysfunction in patients with COVID-19. The authors proposed the
possibility that viral brain infection starts from the olfactory neu-
rons (Butowt and Bilinska, 2020). Nose-to-brain route is use in
biomedicine to brain drug delivery, avoiding the difficulties due
to the BBB and the problems connected with systemic admini
tration (Picone et al., 2018).

bloodstreamiitsinteraction with the capillary endothelium and the
subsequent formation of the viral particles could determine the
destruction of the brain capillary endothelium allowing the access
pfithewirusytorthenbrain! Destruction of the endothelium of the
brain capillaries and hemorrhage in the brain tissue can have lethal
effects long before neuronal damage occurs (Mannan Baig et al.,
2020).

Therefore, ViralWififéctioniingbraii may be accompanied by
vascular endothelium dysfunction and brain neuroinflammation,
especially in frail or older patients (Toth et al., 2017). These changes
may be much worse under the hypoxic conditions of acute respira-
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this figure is essentially
showing the mechanism
of the CoV-2 infection in
neuronal cells

SARS-CoV-2

®

Neuronal Cell Lines

Spike Prgtein

ACE2
receptor

A 4

&

here we can clearly see the
spike proteins and crown-like

name: corona.

Neuronal Infection

Fig. 1. Bchematic representation of the mechanism to infection of the SARS-CoV-2 in neuronal cell lines.

tory distress syndrome caused by COVID-19. Some authors suggest
that the neuroinvasive potential of SARS-CoV-2 could play a role in
the respiratory failure of COVID-19 patients since the central res-
piratory failure progresses rapidly after the SARS-CoV-2 entry into
the CNS and damages the brainstem where the pneumotaxic center
is located (Li et al., 2020). In contrast, Turtle says that respiratory
failure caused by pneumonia is clinically distinct from that caused
by brain failure and the possibility of CNS entry by SARS-CoV-2
remains plausible, but if so, this is a very rare event (Turtle, 2020).
However, another relevant factor linking the virus to neurological
disease is that in multiple sclerosis (MS) both viruses and environ-
mental factors are considered important for the etiopathology of
@diS€asel For this aim since 1993 viruses, have been the subject of
extensive research and discussion (Kurtzke, 1993). Evidence for the
presence of coronaviral genes in human brain tissue of MS subject
has been found (Murray et al., 1992; Dessau et al., 2001).

3. Potential indirect effects of COVID-19 on brain

The development of a systemic inflammatory response syn-
drome is closely linked to severe viral infections. Virus-induced
oxidative stress could be mediated by an early phase of liberation of
pro-inflammatory cytokines. In fact, the acute inflammation there
is an imbalance between increased production of radicals and the
availability of antioxidant molecules and may result in increased
systemicioxidativenstiess (Biswas, 2016). The brain is especially
vulnerable to reactive oxygen species (ROS) because this tissue is a
major metabolizer of oxygen and yet has relatively feeble protec-
tive antioxidant mechanisms. The deathiofnietronsisanimportant
point of the pathophysiological process of nervous system diseases.
Therefore, inflammation leads to increased levels of ROS, which
can induce oxidative stress at the site of inflammation (Zuo et al,,

2019). On the other hand, a number of reactive oxygen/nitrogen
species can initiate an intracellular signaling cascade that ERhances
prosinflammatoryigenelexpression (Lorenzen et al.,, 2017). Thus,
inflammation and oxidative stress are closely related pathophys-
iologicallevents (Lugrin et al., 2014). The brain-lung-brain axis
has been proposed from scientific community where severe neu-
rological dysfunction and injury are associated to lung injury
(Stevens and Puybasset, 2011). Clifoniclobstructivepulionaryidiss
EASEN(COPRD) is a progressive condition characterized by RiffloW
limitation associated with an abnormal inflammatory response. In

this pathology,
availablepincludingiROSithemselves (Zinellu et al., 2016).

The examination of lung specimens from mild COVID-19
patients showed edema, proteinaceous exudate with globules,
patchy inflammatory cellular infiltration and moderate forma-
tion of hyaline membranes (Tian et al., 2020). In a recent review,
Channappanavar and Perlman have examined that in the SARSE

responses may activate a “cytokine storm”, and apoptosis responses
andpevenmdeath (Channappanavar and Perlman, 2017). Specifi-
cally, in the blood of patients infected with SARS-CoV-2, there is
a marked increase in interleukin 13 (IL-1), interferon -y (IFN-vy),
interferon=induciblesproteinnl@ (IP-10), and monocyte chemoat-
tractant protein 1(MCP-1), as well as IL-4 and IL-10 when compared
to that of SARS patients (Huang et al., 2020). Collectively, the find-
ing indicates that inflammation is a major feature in COVID-19
patients. Thus, excessive inflammation, depressed immune system,
and an activate cytokine storm substantially contribute to the neg-
ative consequences of SARS-CoV-2. An excessive immune system
response could induced organs failure, (cardiac, hepatic and renal
systems) before than neurodegeneration (Zirui Tay et al., 2020).

In a cellular model, respiratory syncytial virus infection, induces
ROS production and consequently oxidative stress. In fact, the
findings suggest an imbalance between ROS production and
antioxidant cellular defenses through the negative modulation of
superoxide dismutase (SOD) 1, 2, and 3, catalase, glutathione per-
oxidase (GPx), and glutathione S-transferase (GST) (Hosakote et al.,
2009). Taken together, these data suggest that lufglinflamimas
fionicouldideterminelsystemicioxidatiVelstress! In particular, the
high inflammatory capacity of SARS-CoV-2 could generate a high
level of ROS able to damage the brain. In fact, SyStemicloxidative

EtiBlegy (Cervellati et al., 2020). Moreover, inflammatory dam-
age to the Blood-Brain Barrier (BBB) surface has been linked to
various neurological disorders and CNS infections. The neuroin-

flammatory signaling has been strongly linked to EléVatedilevelsiof

pro-inflammatory cytokines such as tumor necrosis factor-o (TNF-
a)andinterleukin=6Ii=6) (Rochfort and Cummins, 2015) The brain
is susceptible to minimal imbalances of the redox state due to its
high energy and metabolic request, imbalances of the redox state
favor tissue injury and neuroinflammatory mechanisms activation
paving the way for neurodegeneration (Martinez Leo and Segura

shape of the virus that gives it its
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this figure is describing -
the possible effects that .

CoV-2 can indirectly -
have on the brain.

e Cytokines
ROS
2 Viral RNA

SARS-CoV-2

Fig. 2.J The possible routes through which SARS-CoV-2 to reach the brain. Red line:
via gJfactory epithelium (a) and/or after infection peripheral nerve terminals by
s-synaptic transfer (b) inducing possible direct damage by neuro-inflammation
and oxidative stress. Black line: After lung infection, the systemic inflammation and
oxidative stress get to the CNS inducing possible indirect damage.

Campos, 2019; Nuzzo et al., 2014; Cevenini et al., 2010). Therefore,
inflammation and oxidative stress systemic, induced by SARS-CoV-
2 lung injury, could has effect in CNS causing neuronal dysfunction.

Another particular aspect of indirect effect of COVID-19 infec-
tion is the regulation of circulating cytotoxic lymphocytes such as
natural killer (NK) cells, in fact these cells are necessary for the
control of general viral infection (Di Bona et al., 2014). In particu-
lar, Zheng and Collaborators showed that the fotallifiimbeNoiNK
and CD8 + T cells was decreased markedly in patients with SARS-
EOV=2)ififection! The data highlight the importance of improving the
immune response of NK cells and avoidifigiexhatstioniof cytotoxic
lymphocytes at the early stage of SARS-CoV-2 infection (Zheng
et al., 2020). When ElVirusiproliferatesinitissucicellsiclungithis
leads to alveolar gas exchange disorders causing hypoxia in the CNS,

increasing anaerobic metabolism in the mitochondria of brain cells
(Di Carlo et al., 2012; Abdennour et al., 2012). Hypoxia can cause

cerebral vasodilation, swelling of brain cells, interstitial edema,
cerebral blood flow obstruction, ischemia, and congestion (Guo
et al., 2020). In this condition thiélbrainifunctionigraduallyidetes
riorates, drowsiness, and bulbar conjunctival edema (Guo et al,
2020). Patients with COVID-19 often suffer from severe hypoxia,
hypoxia injury may cause subsequent nervous system damage [55].
In addition, for patients at particular risk of developing cerebrovas-
cular disease, hypoxia may also induce the occurrence of acute
cerebrovascular disease.

4. Conclusions

Although the SARS-CoV-2 brain infection and the related effects
is not been demonstrated with certainty, this possibility remains
plausible (direct brain effect). Moreover, on the other side, lung
injuries could have effect on CNS causing neuronal dysfunction
(indirect brain effect). For these considerations, jNéliStressithieeed
to begin the research on COVID-19 actions in the CNS (Fig. 2). More-
over, is very important to monitorbothitherearlyandilong=term
fietrocognitivereffectsiofiCOVID=19. Therefore, one possibility of

counteracting the COVID-19 effects is the use of antiviral therapies
combined with neuroprotective drugs. For example, using antivi-

this is their call to action / plan for further research to take place
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