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The coronavirus disease (COVID-19) caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-
2) has been declared a pandemic. Global research updates confirm that the infected patients manifest a range of
clinical symptoms and sometimes remain entirely asymptomatic, posing a greater threat to the people coming
in contact. Despite several case reports coming up every day, our knowledge about the neurotropic mechanism
of the SARS-CoV-2, immunological responses, and the mode of disease progression and mechanism of cross-
talk between the central nervous system (CNS), heart, lungs, and other major organs is not complete. Report of
anosmia, ataxia, dysgeusia, and altered psychological status of the infected COVID-19 patients offers some
clue to the possible route of viral entry and multiplication. In this review, we have critically assessed the
involvement of CNS dysregulation in COVID-19 patients. The probable mechanism of immunological
responses, the impairment of the coagulation pathway, the onset of cytokine storm, its interplay with the HPA
axis, and hypoxia are discussed in detail here. Based on the latest research findings and some case reports of
hospitalized COVID-19 patients, it is evident that the CNS involvement in disease progression is alarming.
Accurate and timely detection of viral load in CNS is necessary to allow prompt and effective treatment
modalities.
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coagulation pathway

1. Introduction

The battle against global pandemic severe acute res-
piratory syndrome (SARS) was not over past 2003, and
we are now again in an all-inclusive threat by a novel
coronavirus COVID-19 or SARS-CoV-2 since its first
outbreak in December 2019 in Wuhan, China (Zhou
et al. 2020a, b). The death toll has crossed a few mil-
lion worldwide and about one-third of the patients are
reported to have serious neurological complications

(Mao et al. 2020). The real concern about the disease
spread is the extremely contagious nature of SARS-
CoV-2 compared to the previous strains, viz., SARS-
CoV and the Middle East respiratory syndrome
(MERS-CoV) (Sahin et al. 2020). Despite the resolute
efforts of the researchers, there is still no clue to arrest
the pandemic situation. In December 2019, during the
initial commencement of COVID-19, it was not con-
sidered beyond a severe respiratory disease mainly
affecting the pulmonary system with general symptoms
of flu including high fever, cough, even pneumonia, but
as of April 2020, approximately 34% of hospitalized
patients along with sporadic cases were reported with
neurological manifestations (Poyiadji et al. 2020;
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Natoli et al. 2020). With the progression of the epi-
demic, cases have come to notice where patients did
not show breathing or any other respiration related
problem instead developed a far severe illness to the
central nervous system (CNS) (Moriguchi et al. 2020).
The growing evidences of brain hemorrhage in
COVID-19 patients question the neurotropic potential
of SARS-CoV-2 and a systematic susceptibility of this
novel coronavirus (Sharifi-Razavi et al. 2020). From
case studies, it has also been observed that the invasion
of SARS-CoV-2 into the brain may remain asymp-
tomatic for quite a long time (Moriguchi et al. 2020).
Interestingly, the investigators have suggested not
ignoring any simple symptoms like loss of taste and/or
smell at a very early stage of the COVID-19 attack. At
this learning phase of host-COVID-19 interaction, even
a minute sign of anosmia and hypogeusia can appear to
be proof of viral entry in the olfactory bulb (Baig
2020). The rigorous research for the knowledge on the
host receptors of SARS-CoV-2 revealed the similarity
with that of SARS-CoV, namely angiotensin-convert-
ing enzyme-2 (ACE2), with more high-affinity binding
for SARS-CoV-2 (Wrapp et al. 2020). Further, the
distribution studies of the ACE2 receptor evidenced the
multi-organ infection capability of novel coronavirus
(Li et al. 2020b). Starting from a mild fever with a
headache, the virus can abode the respiratory system,
CNS, peripheral nervous system along with the gas-
trointestinal tract and moving far to the renal system, it
can hijack the cardiovascular system resulting in multi-
organ failure leading to death (Guan et al. 2020). Thus,
COVID-19 reports noted to date projected the syner-
gistic disruption of body homeostasis combining pul-
monary, circulation, digestive, renal, and cardiac
system along with neurological dysfunction. Impor-
tantly, Baig et al. argued that the leading cerebral
edema caused by SARS-CoV-2 infection could end up
with mortality alone prior to a systemic homeostasis
imbalance (Baig et al. 2020). This implies the impor-
tance of noticing any neurological manifestation in

patients with the first line of priority to combat the
systemic breakdown.
Here in this review, we summarize the intense impact

of COVID-19 to CNS for the betterment of basal level
diagnosis of patients and finding CNS drugs to be
effective against the virus. We also discuss the probable
mechanism of viral entry and multiplication in different
parts of the brain, immunological response to evaluate
an accurate CNS infection status by COVID-19.
Moreover, this may enlighten the systemic and chronic
treatment of this novel respiratory severe syndrome.

2. COVID-19 and pathological manifestations

SARS-CoV-2 mainly belongs to the Betacoronavirus
genus of the family Coronaviridae and has four dif-
ferent genera identified so far, viz., alpha, beta, gamma,
and delta-coronavirus. Genome sequence analysis of
this novel coronavirus revealed that they have single-
stranded RNA (ssRNA) of 29.8 kb to 29.9 kb com-
prising 14 open reading frames (ORFs) encoding for 27
proteins. At the 50-end, the genome comprises of ORF1
and ORF2 encoding for 15 important non-structural
proteins for replication of virus while the 30-end con-
sists of structural proteins like a spike (S), envelope
(E), membrane (M), and nucleocapsid (N) proteins
along with eight accessory proteins (Malik et al. 2020;
Wu et al. 2020a). A comparative analysis of SARS-
CoV-2 and its earlier strains MERS-CoV and SARS-
CoV is presented in table 1. In the light of genome
analysis, it has also been highlighted that substitution
of 380 amino acid between these identical CoVs are
accumulated in the non-structural protein genes,
whereas 27 mutations were mostly located in S protein
genes required for entry as well as receptor binding of
the cell (Wu et al. 2020a; Benvenuto et al. 2020).
The COVID-19 is mainly characterized by the broad

spectrum of clinical manifestations ranging from res-
piratory syndrome to upper respiratory tract distress,

Table 1. Phylogenetic, epidemiological, and pathogenetic characteristics of SARS-CoV-2, MERS-CoV, and SARS-CoV

Characteristics SARS-CoV-2 MERS-CoV SARS-CoV

Phylogeny Clade 1, cluster 2a Clade 2 Clade 1, cluster 2b
Reproductive number (R0) 2–2.5 0.7 1.7–1.9
Primary host Bats Bats Bats
Intermediate host Unknown (pangolins) Camels Palm civets
Receptor Angiotensin converting

enzyme 2 (ACE2)
Aminopeptidase-N;
Dipeptidyl peptidase
4 (DPP4)

Angiotensin converting
enzyme 2 (ACE2)
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sepsis, and finally causing acute respiratory distress
syndrome (ARDS) (Chen et al. 2020a, b; Wang et al.
2020a; Liu et al. 2020). This new species of CoVs,
namely SARS-CoV-2, undergoes rapid and frequent
mutations and recombination and thereby readily
crosses the species barrier causing frequent novel
cross-species infections (Su et al. 2016). SARS-CoV-2
is transmitted between humans through direct and
indirect contacts from both symptomatic and asymp-
tomatic patients (Wu et al. 2020b). In fact, the
asymptomatic viral propagation in the host body is of
more concern for the pathological implications of
COVID-19 (Wang et al. 2020c).

3. Host receptor-virus interaction: The gateways
of SARS-CoV-2 entry

Based on the current research outcomes, it has been
proved that SARS-CoV-2 and structurally identical
SARS-CoV mainly exploit the same binding receptor
ACE2 to enter into the host cell, unlike MERS-CoV
that uses aminopeptidase-N and dipeptidyl peptidase-4
(DPP4) for entry to the host cells (Shang et al. 2020;
Wan et al. 2020). The novel coronavirus binds com-
pactly with the four residues from 482 to 485 present in
the ridge of ACE2, thereby enhancing the binding
intensity of novel coronavirus towards ACE in com-
parison to SARS-CoV. In addition, the two hot spots,
namely, hot spot-31 and hot spot-353 of the ACE2, are
found to be remarkably stabilized by the receptor-
binding domain (RBD) of SARS-CoV-2 in comparison
to previous CoVs. However, no substitution for an
amino acid in RBD was noticed for SARS-CoV-2,
which may undergo direct interaction with ACE2
compared to SARS-CoV, though six mutations were
observed in other places of RBD (Baig et al. 2020). On
the other hand, receptor affinity analysis indicated that
this nCoV more efficiently binds with ACE2 compared
to the other strains of SARS-CoV known earlier (Wan
et al. 2020). ACE2, an ectoenzyme, mostly remains
attached to the cellular plasma membrane of several
tissues, such as heart, kidney, gastrointestinal tract, and
lower respiratory tract (Imai et al. 2010). In brain tis-
sue, the ACE2 mRNA is expressed in the following
order of abundance: nucleus accumbens of ventral
striatum [ posterior hypothalamus [ anterior
hypothalamus[ cortex[ hippocampus[ cerebellum
[ spinal cord [ medulla oblongata (Harmer et al.
2002). Abundant ACE2 receptors have been detected
over glial cells and neurons. Interestingly, newly dis-
covered single-cell RNA sequencing technology

empowered us to study the expression of ACE2 with
quantitative details at a single-cell resolution (Zhao
et al. 2020). Recent RNA expression profiling of ACE2
receptors in the human lungs predicted the distribution
of ACE2 receptors over a small population of type-II
alveolar cells (AT2) (Zhao et al. 2020). Moreover, the
targeted population of AT2 cells has been hijacked
cleverly by notorious SARS-CoV-2 for the process of
reproduction and transmission. Furthermore, the dis-
tribution of ACE2 expressing cell receptors and its
specific number in various tissues could be a potential
tool for identifying the susceptibility of different organs
towards SARS-CoV-2 shortly (Zou et al. 2020). To
maintain collinearity, several studies explored the
heterogeneity of expression of ACE2 receptors in the
specific tissue at a single-cell level (Lin et al. 2020).
However, all these profound researches only analyzed
the mRNA level of ACE2 receptors. Indeed, the
complex composition of tissue and the obtained result
from single-cell RNA sequencing also cannot reflect
the abundance of ACE2 receptors within tissues.
Search is on to find out whether the putative ACE2
receptors of novel coronavirus can successfully edify
the true abundance of these receptors within human
tissue. Besides, ACE2 receptors host serine protease
TMPRSS2 are actively involved in the invasion and
immune response of SARS-CoV-2. TMPRSS2 plays a
pivotal role in SARS-CoV-2 pathogenesis and is
actively expressed in the aerodigestive tract (Xu et al.
2020). Interestingly, differences in the expression pat-
tern of TMPRSS2 in lung cells may vary across dif-
ferent populations, the element implying the
susceptibility towards SARS-CoV-2 infection. Thus, a
more revealing fact is the expression of TMPRSS2
protein in the lung may vary between men and women
and, therefore, could be an important element in
understanding the differential susceptibility to SARS-
CoV-2 infection. In accordance with ACE2 and serine
protease TMPRSS2 receptors, recent evidences suggest
that neuropilin-1 (NRP-1) and basigin may also act as a
putative alternative receptor that could be potentially
involved in the entry of SARS-CoV-2 and, therefore,
contribute to tropism (Wang et al. 2020b). NRP-1
receptors are dimeric in structure, contributing thor-
oughly to neurogenesis and angiogenesis (Yasuhara
et al. 2004). They generally bind to ligands containing
a C-terminal polybasic motif following the C-end-Rule
(CendR) (Teesalu et al. 2009). SARS-CoV-2 contains a
furin cleavage site with the capability to produce a
solvent-exposed C-terminus containing the CendR
R/KXXR/K sequence capable of binding to the coag-
ulation b1 domain of NRP (Teesalu et al. 2009). This
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observation led to the hypothesis that neuropilins could
serve as co-receptor for entry of SARS-CoV-2 to the
cell and contributes profusely to tropism as evidenced
from previously reported viruses (Lambert et al. 2009).
Daly et al. (2020) corroborated NRP-1 is strongly
reduced in the case of SARS-CoV-2 infection
expressed Hela cells and attributed to the fact that this
co-receptor NRP-1 alone was not sufficient as cells
that do not express ACE2 are not infected by SARS-
CoV-2 (Daly et al. 2020). Shreds of evidence also
support the involvement of basigin or CD147 towards
the entry of CoV-2 in the cells. It is ubiquitously
expressed, and mRNA levels are higher than ACE2
receptors in the lung (Su et al. 2004). Regardless of
the fact co-morbidities associated with COVID-19
severity, CD147 is remarkably increased in the res-
piratory mucosa of smokers and in patients with
chronic obstructive pulmonary disease (COPD)
(Aguiar et al. 2020; Jouneau et al. 2011). This, in turn,
signifies that CD147 plays a vital role in SARS-CoV
infection. In conclusion, notable preliminary obser-
vations by patient treatment argue for comprehensive
additional mechanistic studies to determine all these
host receptors’ involvement in virus entry and thereby
define novel tropism.

4. Possible neurotropic mechanism of SARS-CoV-2
and its analogy with similar viruses

Since the outbreak of COVID-19, reports evidenced
the high probability of pulmonary invasion of the virus
through the nasopharyngeal route (Moriguchi et al.
2020). Interestingly, the dual invasion routes of the
virus to the brain, viz., host receptor binding in peri-
cytes of the blood–brain barrier (BBB) and direct entry
via intranasal pathway supports the idea of viral neu-
rotropism. Several studies have depicted the neuroin-
vasive potential of Coronaviruses (CoVs), i.e., due to
replication of virus the ability to transmit from the
respiratory tract to CNS to trigger various neurological
disorders (Desforges et al. 2019). From previous
reports, other strains of SARS-CoV also have been
evidenced to infect different cells of CNS, especially
neuronal and glial cells (Arbour et al. 2000). Studies on
the patient samples with MERS and SARS also visu-
alized the exclusive association of SARS-CoV in
neurons. Moreover, SARS was detected in the patient’s
cerebrospinal fluid (CSF), indicating its potential to
infringe on the extremely rigid BBB (Li et al.
2020a, b). Pathogenic viruses probably gain access to
the CNS by four different means, such as- (1) Trojan

Horse model where perhaps infected monocytes and
CD4? lymphocytes act as vehicles for transportation of
the virus from the blood to the CNS and induce more
inflammatory cells there, (2) by direct infection of BBB
endothelial cells and astrocytes and subsequently these
infected BBB cells either infect CNS parenchymal cells
or release the free virus into the CNS, (3) transcytosis
model involves internalization of the virus by
endothelial cells of astrocytes which in turn transfer the
virus to CNS, and (4) non-specific entry through dis-
rupted BBB (Eliseo and Joan 2011). Apart from these
four entry routes into CNS, the transynaptic transmis-
sion through the olfactory nerve via piriform complex
may emerge as a major entry path for SARS-CoV-2
into the brain (Netland et al. 2008). During experi-
mental studies by Netland et al. using transgenic mice
model for hACE2 expressed under cytokeratin-18
promoter (K18-hACE2) revealed that the neurons are
susceptible towards SARS-CoV. However, experiments
on transgenic mice further revealed that intranasal
administration of either SARS-CoV or MERS-CoV
could get an entry in the brain employing olfactory
nerves and instantly spread to the brainstem and tha-
lamus (Netland et al. 2008; Li et al. 2020a, b). The
association of hyposmia and other neurological mani-
festations with that of the COVID-19 patients also
explains the probable mechanism of entry of SARS-
CoV-2 through olfactory nerves to neurons. Analysis of
a SARS-infected deceased person showed that the
brainstem was massively infected (Li et al. 2020a, b).
Following these aforementioned experimental evi-
dences of the viral entry through olfactory receptor
neurons and trigeminal nerve of the nasal cavity or the
vagus nerve directed towards the brain justifies their
robust transportation to the CNS by the neuronal
retrograde pathway (Baig et al. 2020; Zhou et al.
2020a, b). It was also documented that SARS-CoV-2
could infect endothelial cells of lymph to the nasal
cavity from cervical lymph nodes to reach the CNS
(Varga et al. 2020). In the case of retrograde or
anterograde dissemination, viruses can transmit
through the major protein, viz., kinesins, and synein
leading to demyelination (Swanson and McGavern
2015). Some hospitalized COVID patients suffer from
acute hypoxia, which may indirectly cause further
nervous system injury (Guo et al. 2020). As a con-
sequence of neuroinvasive nature of SARS-CoV-2 an
increased risk of neurological disorders may also
result.
Based on researches so far, it seems SARS-CoV-2

might follow any of the hematogenous, transcribial,
and neuronal retrograde dissemination pathways (Baig
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et al. 2020; Li et al. 2020a, b; Zhou et al. 2020a, b).
The hematogenous pathway depicts that the virus
mainly passes the BBB by transcytosis through peri-
cytes and microvascular endothelial cells of the brain.
They also pass across the BBB by directly infecting the
epithelial or endothelial cells present in the ventricular
choroid plexus. Sluggish movement of the virus by
microcirculation through brain tissues helps them
interact with ACE2 receptors through anchoring, cel-
lular entry, and multiplication (Baig et al. 2020).
Moreover, the virus could be intracellularly transported
by leukocytes in a concealed manner.

5. Effect of SARS-CoV-2 on vasculature, blood–
brain barrier (BBB), and pericytes: Role of ACE2

Determination of COVID-19 effect on the vascular
system along with BBB and pericytes has similarity
with the riddle ‘which came first, the chicken or the
egg?’ As in the case of the COVID-19 outbreak until
April 2020, most of the patients showed clinical
symptoms of SARS, the neurological severity of
COVID-19 was not focused. Based on the cases that
came afterward, neurobiologists argued for the vigi-
lance of the four primary mechanisms of neurological
injuries by COVID-19 (Wilner 2020). To date, the
cause-effect correlation of the CNS capture and acute
systemic illness has been approved but yet to be
deciphered with clinical shreds of evidences (Baig
et al. 2020). The structural commonality of vascular
pericytes in the cardiac system and BBB, along with
the omnipresence of ACE2 receptors, may enlighten
the downstream effects of the SARS-CoV-2 on the
cardio-respiratory system through CNS or vice-versa
(Chen et al. 2020a, b). The pericytes control the
microcirculation around the endothelial cells and thus
restrict blood-borne pathogens (Zhang et al. 2020).
SARS-CoV-2 exploits these systems through host
ACE2 receptor-viral spike protein interaction just like
SARS-CoV-1. The presence of ACE2 on pericytes of
the cardiovascular system as well as BBB-associated
pericytes indicates the brain invasion functionality of
the virus via neuro-cardiovascular pathways. Whether
SARS-CoV-2 enters the CNS through the retrograde
cardio-respiratory route or others, its life-treating
severity has been exposed through acute necrotizing
encephalopathy (ANE) (Das et al. 2020). According to
the previous reports, SARS-CoV can attack the CNS
by breaching the BBB. This clinical sign of ANE
indicates the pathological dissemination of BBB by
SARS-CoV-2 (Li et al. 2020a, b).

6. Neuroplasticity impairment
and neuropsychological challenges imposed
by COVID-19

Neuroplasticity refers to the brain’s instantaneous
response leading to continuous changes in emotion,
cognition, and behavior of an individual throughout
one’s life. Taking lessons from other neurotropic
viruses, e.g., rabies, Herpes simplex virus (HSV),
Epstein-Barr virus, and other scientists are considering
the behavioral changes in COVID-19 patients (Atluri
et al. 2015). A female airline worker was reported with
a complaint of altered mental status and diagnosed as
SARS-CoV positive later on (Lee et al. 2007). As
explained by Netland et al., SARS-CoV can spread
through specific neurotransmitter pathways in non-
neuronal routes and hijack the normal synaptic vesicle
functioning involving the neurotransmitters that lead to
the impairment of neuroplasticity as well as a
remarkable change in cognition and behavior (Netland
et al. 2008). Apart from the direct destruction of the
neuronal cells due to the multiplication of viruses, the
neuroinvasive nature of SARS-CoV-2 may increase the
risk of neurodegenerative diseases like Parkinson’s
disease, Alzheimer’s disease, and multiple sclerosis in
the long run (Toljan 2020). The chance of getting
infected with SARS-CoV-2 is much higher in patients
with neurodegeneration than the normal elder one (Das
et al. 2020). Besides the transmission of viral load in
neurotransmitter pathways, the dissemination of glu-
tamate, acetylcholine, and serotonin or other neuro-
transmitters was evidenced, leading to depression in
SARS-CoV-affected individuals (Lee et al. 2007). The
home-quarantine condition adds another dimension to
this psychological condition. Moreover, these patients
had to have psychological counseling for several years
past their survival for well-being (Lee et al. 2007).

7. Common central nervous system (CNS) drugs
interacting with repurposed drugs to treat COVID-
19

The cytochrome P-450 (CYP) enzymes are the essen-
tial drug-metabolizing enzyme found in the endoplas-
mic reticulum membranes of the hepatocyte and other
tissues. CNS depressants like phenobarbitone,
thiopentone, carbamazepine, phenytoin, and primidone
can induce CYP-3A4 (Mora et al. 2015). Lopinavir/
ritonavir and many other antiviral drugs are also sub-
jected to CYP-3A mediated biotransformation in
human liver microsomes (Katzung 2018). Thus, plasma
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concentrations of potential antiviral drugs against
COVID-19 like remdesivir, lopinavir/ritonavir, and
atazanavir are usually decreased when some
antiepileptic drugs like carbamazepine, phenobarbi-
tone, phenytoin, and primidone are co-administered
with these drugs (Katzung 2018). Carbamazepine is
also responsible for decreasing chloroquine phosphate
and hydroxychloroquine concentrations and should not
be taken together (Liverpool Drug Interaction Group
2020). Antipsychotic agents are no significant inhibi-
tors of CYPs, and the concentration of the antiviral
drugs does not interfere with the antipsychotic agents
(Brunton 2018). However, plasma concentrations of
some antipsychotics like haloperidol, pimozide, queti-
apine, and ziprasidone are increased when administered
with lopinavir /ritonavir and atazanavir due to inhibi-
tion of CYP-3A by ritonavir (Katzung 2018). Plasma
chloroquine and hydroxychloroquine concentrations
are triggered when co-administered with zuclo-
penthixol and thioridazine (Liverpool Drug Interaction
Group 2020). Therefore, a judicious quotient of these
antiviral, antiepileptic, and antipsychotic drugs is nee-
ded to be prescribed in any emergency outbreak of a
COVID-19 patient.

8. Recent case reports of COVID-19 and its impact
on the central nervous system (CNS)

Neurological symptoms such as delirium, impaired
consciousness, anosmia, headache, and dysgeusia are
the common symptoms that point out the entry of
SARS-CoV-2 in the CNS. A first case was recently
evidenced by meningitis or encephalitis and its asso-
ciation with COVID-19 (Moriguchi et al. 2020).
Interestingly, the case was represented with paranasal
sinusitis and sudden convulsion accompanied by gen-
eralized fatigue and fever. The patient was prescribed
laninamivir and antipyretic agents from day 2 to 5. On
day nine, the patient was admitted to the hospital due to
unconsciousness and was evidenced by a transient
generalized seizure that lasted about a minute.
Although, SARS-CoV-2 RNA was absent in the
nasopharyngeal swab but was showed in CSF. Besides,
brain magnetic resonance imaging (MRI) depicted
hyper-intensity along the right lateral ventricular wall,
and remarkable changes of signal in the hippocampus
and in the right mesial temporal lobe evidenced the
probability of SARS-CoV-2 meningitis. The other
encephalitis case was presented with common respira-
tory manifestations like fever, myalgia, and shortness
of breath (Ye et al. 2020). However, the condition

deteriorated with consciousness suddenly progressed to
confusion, and the patient has undergone treatment
with arbidol as well as oxygen therapy. However, no
remarkable improvement in consciousness was noted.
Moreover, the CSF specimen was negative for SARS-
CoV-2, and patients neither suffered from bacterial nor
tubercular infection. Interestingly, no immunoglobulin-
M (IgM) antibody against HSV-1 and varicella-zoster
was also found. Therefore, after intense observation,
SARS-CoV-2 encephalitis was concluded.
As with symptoms of meningitis or encephalitis,

patients contracted with COVID-19 also corroborated
the necrotizing hemorrhagic encephalopathy symptoms
(Poyiadji et al. 2020). This viral disease is mainly
characterized by multifocal symmetric lesions with
invariable involvement of the thalamus, brain stem,
cerebral white matter, and cerebellum. Specifically,
SARS-CoV-2 patients may exhibit ANE. Images of
brain MRI revealed T2 and FLAIR hyper-intensities
with evidence of hemorrhage indicated by a hypo-in-
tense signal on gradient-echo or susceptibility-weigh-
ted images and rim enhancement post-contrast study
(Poyiadji et al. 2020).
The other case of COVID-19 reported with neuro-

logical manifestations was a retrospective, observa-
tional case series in Wuhan, China (Mao et al. 2020).
The case evidenced the involvement of the nervous
system with the characteristic neurological manifesta-
tions of SARS-CoV-2. In the case series, 78 out of 214
patients were diagnosed with COVID-19, where neu-
rological symptoms were observed in 36.4% of patients
and common in 45.5% of patients with severe infec-
tion. In addition, the main neurological outcomes of the
patients were categorized under three categories such
as (1) manifestations of the central nervous system with
dizziness, ataxia, headache, and seizure, (2) manifes-
tations of the peripheral nervous system with smell,
taste, and vision impairment, and (3) manifestations of
injury of skeletal muscle. In addition to this case series,
cases of Guillain-Barre Syndrome (GBS) have also
been reported for COVID-19 patients. A case study of
a 71-year-old male patient with severe paresthesia at
limb extremities as well as distal weakness with rapidly
developing tetraparesis was evidenced (Alberti et al.
2020). While undergoing neurological examination, the
patient exhibited normal consciousness, no cranial
nerve deficit, and normal plantar response. Brain
computed tomography (CT) was normal, while the
chest CT demonstrated multiple bilateral ground-glass
opacities as well as pneumonia. SARS-CoV-2 was
positive in the nasopharyngeal swab, while in the case
of CSF, it was negative. Overall, all these possible
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findings were predicted as acute polyradiculoneuritis
with prominent demyelination. In this context, the
diagnosis was made according to GBS in association
with COVID-19. Therefore, all these evidence-based
case reports bringing the view that more autopsies of
the patients, as well as isolation of SARS-CoV-2 from
the glial cells, CSF, and neuronal tissue, may clarify the
neurological outcomes and its impact on COVID-19 in
the ongoing pandemic outbreak.

9. Possible immunological response after SARS-
CoV-2 infection: Interplay between cytokine storm
and coagulation pathway

Initially, the viral infected microglia, macrophages, and
astrocytes may activate glial cells and induce local pro-
inflammatory cytokines (Li et al. 2004). These acti-
vated immune cells and T-cells eventually induce other
immune cells, leading to neuronal damage, apoptosis,
and demyelination (Alberti et al. 2020; Li et al. 2004).
The term ‘cytokine storm’ is a condition characterized
by a potent activation of the immune system leading to
overproduction of many active components, viz.,
interferons (IFN), chemokines, interleukins (IL), and
tumor necrosis factor-alpha (TNF-a). The release of
large amounts of pro-inflammatory cytokines, viz.,
IFN-a, IFN-c, IL-1b, IL-6, IL-12, IL-18, IL-33, TNF-
a, TGF-b, and several chemokines, viz., CXCL-8, 10,
CCL-2, 3, and 5 at a time causes an aberrant systemic
inflammatory response that attacks the body, which
subsequently causes ARDS and multiple organ failure
(Meduri et al. 1995; José et al. 2014). These hyper-
active immune responses are also referred to as cyto-
kine release syndrome or macrophage activation
syndrome. According to previous reports, neurological
insults like ANE involve an intense intracranial cyto-
kine storm resulting in BBB disruption (Rossi 2008).
Growing pieces of evidence involving brain-CT scans
and MRI reports have projected a sign of cytokine
storm syndrome in a subgroup of COVID-19 patients
(Mehta et al. 2020; Wong et al. 2006). This cytokine
storm in ANE was reported to be initiated mainly by
the helper T-cells, which secrete granulocyte-macro-
phage colony-stimulating factor (GM-CSF) to induce
IL-6 producing macrophages (Mehta et al. 2020; Tol-
jan 2020). It was also noticed that the activation of
coagulation pathways occurs simultaneously during the
overproduction of pro-inflammatory cytokines wors-
ening the negative effect of immunological response in
COVID-19 patients (Tang et al. 2020). During the
cytokine storm, the coagulation pathway is also

impaired (Jose and Manuel 2020). Thrombin promotes
clot formation by activating platelets, and the process is
regulated by a negative feedback mechanism. It is the
key element augmenting the inflammation (Jose and
Manuel 2020). McGonagle and colleagues further
described macrophage activation syndrome (secondary
hemophagocytic lymphohistiocytosis) that entailed
systemic hyper-inflammation in COVID-19 patients
(McGonagle et al. 2020). Adding to the queue, Quin
et al. reported an alteration in lymphocytes in a cohort
of 452 COVID-19 patients (Quin et al. 2020). Very
recently, Alberti et al. reported GBS related to COVID-
19 infection, explaining acute dysimmune neuropathy
involving the peripheral nervous system before the
onset of pneumonia (Alberti et al. 2020). Also, Fron-
tera and co-workers reported hospitalized COVID-19
patients having brain inflammation encephalitis with
seizures caused due to hyper-reaction of the sympa-
thetic nervous system. Some of them also lose con-
sciousness, and others have strokes and lack a sense of
smell (Dahm et al. 2016). Moreover, SARS-CoV-2
infection and a subsequent immunological debilitation
might hamper the brain stem reflex that causes oxygen
starvation leading to more worsening conditions
(Dahm et al. 2016). All these evidences indicate a
synergistic role of immunological elements that need to
be deciphered to construct a fruitful treatment
methodology against COVID-19.

10. Cytokine storm versus severe
immunosuppression: The new debate

Considering the cytokine storm in SARS-CoV-2 rela-
ted pathophysiology, many researchers, clinicians, and
medical practitioners have recommended anti-inflam-
matory drugs, steroids, selective inhibitory blockade,
and Janus kinase (JAK) inhibition for possible thera-
peutics (Mehta et al. 2020; Richardson et al. 2020).
Significantly, having experience from previous pan-
demics,, viz., SARS and MERS corticosteroids have
not been routinely prescribed in COVID-19 related
lung infection (Russell et al. 2020). However,
immunosuppression may emerge beneficial in hyper-
inflammation. Cavagna et al. reported the effect of
immunosuppressant drug calcineurin-inhibitor on the
COVID patients who were suffering from systemic
rheumatic disorders or went on organ transplantation
(Cavagna et al. 2020). Nevertheless, they did not
exclude a direct antiviral activity of calcineurin-in-
hibitor but observe a positive outcome of this
immunosuppressant drug on COVID patients who
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were already prescribed this drug following an organ
transplant or rheumatic disorders. The prevention of
massive alveolar macrophage activation and subse-
quent release of pro-inflammatory cytokines due to
long-term immunosuppression might appear as the
reason behind this positive outcome. Recently a ran-
domized controlled trial of IL-6 receptor blockade, viz.,
tocilizumab has also been approved in COVID patients
with increased IL-6 level in China (Mehta et al. 2020).
On the contrary, Remy and colleagues reported that
despite having an elevated level of IL-6, approximately
25% of COVID patients did not show an increase in
other typical pro-inflammatory markers (Remy et al.
2020). Several studies showed more concern about the
lymphopenia associated with COVID-19 than the epi-
sodic cytokine storm (Huang et al. 2020; Wang et al.
2020a, b, c). Primary lymphocyte cells, including
CD4? and CD8? T-cells, NK cells, are lost in SARS-
CoV-2 infection (Zheng et al. 2020). These findings
collectively support the hypothesis of the suppressed
condition of adaptive and innate immunity in COVID-
19 patients, which is contrary to the theory of hyper-
inflammation. To find a solution to this debate, Remy
et al. proposed a functional diagnosis of COVID-19
patient’s immune status via enzyme-linked
immunosorbent spot (ELISpot) assay (Remy et al.
2020).

11. Hypothalamus-pituitary-adrenal axis
and hypoxia: Decisive factors of immunological
state

The immunological state of a COVID patient is also
crucial for the psychological well-being of individuals.
With increasing age, immunosenescence causes dys-
regulation of the immune system and maintains a low-
grade chronic inflammatory condition, a predisposing
factor to SARS-CoV-2 severity (Grolli et al. 2020). The
incidence of cytokine storm can eventually amplify this
predisposing factor (Grolli et al. 2020). Moreover, the
decisive factors of the severe inflammatory condition
include the hypothalamus–pituitary–adrenal (HPA)
axis (Waszkiewicz 2020). The HPA axis functions in a
negative feedback mechanism and holds homeostasis
between the beneficial and harmful effects of pro-in-
flammatory cytokines. Following activation of the HPA
axis, the hypothalamic hormone stimulates the release
of adrenocorticotrophic hormone from the pituitary,
which subsequently stimulates the adrenal glands to
release corticosteroids (Chen et al. 2017). In a normal
situation, the corticosteroid triggers negative feedback

after reaching the brain and balances the stimulation of
the pituitary and adrenal gland, and releases the corti-
costeroid itself (Chen et al. 2017). However, during the
hyper-inflammation of COVID-19, the prolonged
activation of the HPA axis by increased pro-inflam-
matory cytokines leads to the excessive release of
corticosteroids (Steenblock et al. 2020). This excess
amount of corticosteroids not only contributes to
immune dysfunction but also influence to maintain an
elevated viral load (Deek 2020; Waszkiewicz 2020).
On the other hand, hypoxia associated with COVID-

19 is a significant risk factor for venous thromboem-
bolism (Algahtani et al. 2020). Also, prolonged
hypoxia following SARS-CoV-2 infection may worsen
the immunothrombosis initiated by the virus (Thachil
2020). Some hospitalized COVID patients suffer from
acute hypoxia, which may indirectly cause further
nervous system injury (Guo et al. 2020). Jaunmuktane
et al. demonstrated that SARS-CoV-2 related neuro-
logical complications resulted from the thromboem-
bolism or thrombus formation within the brain
(Jaunmuktane et al. 2020). Also, the immune response
to the virus leading to damage in the brain’s blood
vessel wall has been shown clearly by Jaunmuktane
et al. (2020). Moreover, a few autopsy reports con-
firmed the neuropathological manifestations due to
hypoxia and subsequent thromboembolism in COVID
patients’ brains (Kantonen et al. 2020).
Altogether, these findings have proven interplay

between several factors, including HPA axis, hypoxia,
and immunological responses leading to a severe
neuropathological condition in COVID patients.

12. Conclusion and future direction

Scientists and physicians have already admitted that we
are just seeing the tip of the iceberg while searching for
the clear clinical manifestations of COVID-19. Several
intriguing questions about why some serious COVID
patients do not gasp for breath despite deficient blood
oxygen level or losing the sense of smell has clinicians
worried. The neurotropic effect of the SARS-CoV-2
might be even more acute than is recorded. Most crit-
ically ill hospitalized patients remain either in ventila-
tion or sedation; thus, the symptoms are not visible.
Thus, an actual number of CNS infected patients might
be way more than recorded. The thought-provoking
fact is that the parenchyma-rich central nervous system,
having decreased permeability, favors viral retention.
Once the coronavirus gains access to the CNS after
crossing several physiological barriers, it is tough to
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remove. The nerve cells also lack proteins of major
histocompatibility complex, and viral clearance is only
assisted by cytotoxic T-cells (Reinhold and Rittner
2017). Thus, a more accurate neurological investiga-
tion and attempts to isolate traces of viral RNA or coat
proteins from glial and neuronal tissues and CSF are
required to understand the mode of neuronal invasion
by the virus and its effect on brain and other organs.
Neuroprotective therapies, specific antivirals, and
immunomodulators may help limit cytokine storm and
prevent viral entry to the brain. Small molecule anti-
coagulants also may be beneficial to some patients.
Indian traditional medicine, like herbal and Ayurvedic
neuroprotective therapies, may act as a non-specific
prophylactic strategy. However, to deepen the knowl-
edge of the silent proliferation of SARS-CoV-2 in the
brain, assessing the multi-organ interaction post
COVID-19 infection may provide some ray of hope
along with the combinatorial therapies.

References

Aguiar JA, Tremblay BJ, Mansfield MJ, Woody O, Lobb B,
Banerjee A, Chandiramohan A, Tiessen N, et al. 2020
Gene expression and in situ protein profiling of candidate
SARS-CoV-2 receptors in human airway epithelial cells
and lung tissue. Eur. Respir. j. 56 2001123

Alberti P, Beretta S, Piatti M, Karantzoulis A, Piatti ML,
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