We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,100 149,000 185M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter

Neurotropic SARS-CoV-2:
Causalities and Realities

Meenakshi Pardasani and Nixon M. Abraham

Abstract

Evidences for the dysfunctions of central nervous system (CNS) caused by
SARS-CoV-2 infection have accumulated since the beginning of pandemic. The
clinical and experimental evidences on viral entry routes to CNS lead to several open
questions. While the neurological impairments caused by the virus stay as a reality
under Long COVID, dissecting the causality underlying these problems continues
to be an intensely studied topic. Extensive reports of olfactory dysfunctions includ-
ing anosmia, hyposmia, and parosmia due to infections during 2020-2021, led to
the hypothesis of virus’ CNS invasion through the olfactory nerve. Some of the
investigations using animal models of cellular factors mediating the viral entry also
suggest potential neurotropism. Conversely, recent studies proved the absence of
viral particles in olfactory sensory neurons and olfactory bulb, hence leading to the
deliberation on viral entry route. Here, we summarize the findings on the debated
neurotropic characteristics of the virus, including clinical observations and the results
from animal models. Further, we emphasize on the need of tracking olfactory and
cognitive fitness in the post-COVID-19 era.

Keywords: SARS-CoV-2, olfactory fitness, neurotropism, cognitive impairments,
neuro-COVID

1. Introduction

The Coronavirus disease 2019 (COVID-19) pandemic poses an unparalleled
challenge to the public health in dealing with long-term adverse effects of the infec-
tion. Several neurological complications have been reported to be associated with
COVID-19. At the beginning of pandemic, in one of the early correspondences on
autopsy studies published in the New England Journal of Medicine reported the pres-
ence of SARS-CoV-2 in multiple organs including the brain [1]. Recently published
brain imaging data from subjects who were scanned before and after infection show
structural abnormalities in the central nervous system (CNS). Significant changes
were found in the brain areas that are functionally connected to the primary olfactory
cortex, orbitofrontal cortex, and olfactory tubercle. This suggests possible long-term
cognitive impairments due to COVID-19 infection in the central nervous system
(CNS) that may happen through olfactory mucosa [2]. These findings support early
reports on the presence of SARS-CoV-2 RNA and protein in the nasopharynx [3].
However, the postmortem studies of olfactory and respiratory mucosa confirmed
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sustentacular and ciliated cells as the targets for SARS-CoV-2 infection. There were

no evidences found in this study for the presence of viral particles in the olfactory
sensory neurons (OSNs) or olfactory bulb (OB), questioning the neurotropism shown
by the virus [4]. These contrasting results prompt us to carry out a narrative literature
review on the reported causalities and realities on the neurotropic characteristics of
SARS-CoV-2.

One of the virus entry routes, i.e., binding of viral spike (S) protein to the human
angiotensin-converting enzyme 2 (hACE2) receptor and the S protein priming by host
cell transmembrane protease, serine 2 (TMPRSS2) was uncovered at the beginning of
pandemic [5]. These cellular factors are present in the non-neuronal cells of human
olfactory epithelium, cortical neurons, Purkinje neurons, cerebellar and cortical astro-
cytes, etc. [6, 7]. Another receptor type that can mediate the infection, Neuropilin-1
(NRP1), is abundantly found in the neurons, olfactory epithelial cells, and endothelial
cells [8, 9]. Other potential route can be through the ACE2 receptors present on the
endothelial cells, thereby using the vascular system to attack the blood-brain barrier
and to get access to the CNS [10]. Thus, despite the entry route to CNS being a debated
topic, these evidences can be used to explain the pathophysiology of neurological
impairments and long-term cognitive dysfunctions caused by COVID-19 infection. In
this chapter, we are summarizing the evidences for the debated topic of SARS-CoV-2
neurotropism, the importance of quantifying olfactory and cognitive fitness in the
context of Neuro-COVID and the studies in model systems that suggest neurotropism.
To this end, we have carried out the literature review using a combination of keywords
such as “SARS CoV2 entry routes to brain” and “Olfactory and cognitive impairments
due to COVID-19” and “animal models of CoV-2.” We have mostly used Google Scholar
and PubMed to search for the articles. As we are aiming to provide a narrative over-
view on the debated topic of Neurotropic SARS-CoV-2, we are summarizing only the
selected and relevant findings on this topic.

2. Entry routes of SARS-CoV-2

To investigate the pathophysiology associated with SARS-CoV-2 infection, one
of the critical steps is to mechanistically discern the routes of its entry into the host.
Unprecedented research is underway, since the beginning of the COVID-19-induced
pandemic to tease out the different entry points of the novel SARS-CoV-2 in the
human body. It has been confirmed that CoV-2 virus presents the spike glycoprotein
to the cell membrane for binding to the human angiotensin-converting enzyme 2
(hACE2) receptor [11, 12]. It is famously referred to as the SARS-CoV functional
receptor [13]. One of the imperative functions of hACE?2 protein is maintaining the
neural homeostasis by regulating the renin-angiotensin signaling (RAS) system [14].
A seamless entry into the cell is warranted by the cleavage of S2’ site of the virus by the
TMPRSS?2 after engaging with hACE2 at the membrane [5, 15, 16]. In the endosomal
compartments of the cell, the cleavage is mediated by Cathepsin L protease, which
initiates formation of the fusion pores [17, 18]. Inside Golgi apparatus, Furin protease
cleaves the virus into S1 and S2 compartments [19]. After successful entry and proteo-
lytic cleavage, viral machinery is assembled and activated to spread the infection [16].

Importantly, the agents that allow SARS-CoV-2 entry, specifically, human-ACE2
(hACE2) are present across different bodily tissues including the brain [14]. Such a
widespread expression in the body would allow for conjecturing several routes by
which virus can enter and invade. Indeed, the repertoire of symptoms associated with
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COVID-19 is a testimony to the tropism of virus in different cell types and tissues.
Studies involving bulk and single-cell RNA sequencing revealed ACE2-TMPRSS2
expression in the different cell-types such as the sustentacular (SUS) cells, respiratory
ciliated and secretory cells as well as the horizontal basal cells of the respiratory and
olfactory epithelium (RE and OE) of human nasal mucosa [20, 21]. Other peripheral
routes include that of the eye and oral tissues [22, 23]. Virus specimen was found to
be present in the conjunctivital and tear swab of patients [24, 25]. Indeed, the viral
entry machinery components, ACE2 and TMPRSS2, are present in conjunctivital
epithelium and the epithelial and endothelial parts of the cornea [26]. Oral cavity also
allows viral entry due to the enrichment of the entry proteins in the epithelial cells

of the salivary glands and mucosae found in the single-cell RNA sequencing data of
human samples [27]. Entry via oral route suggests correlation of salivary viral titer
with the taste loss observed in COVID-19 patients [27, 28].

CoV-2 virus can potentially breach the blood-brain barrier (BBB) as a result of
the barrier instability caused due to the increased number of inflammatory cyto-
kines upon infection [10, 29]. Viral invasion of the brain areas by gaining entry
from the circumventricular organs (CVOs) and brainstem structures could also
serve as plausible routes in the patients who suffer from massive cytokine storm or
those having compromised health prior to the infection [30]. One of the cytokines,
tumor necrosis factor-o (TNF-a) can enter the BBB or in CVOs (structures lining the
ventricles with accessible vasculature), which can activate downstream microglia
and astrocytes [31]. The activated cells, in turn, can cause damage to the neurons via
excitotoxicity and thereby impair the signaling processes of the brain [30]. Fecal-oral
routes are yet another proposed route of viral dissemination in the body [32]. It s,
however, not confirmed that this transmission route is responsible for gastrointestinal
symptoms associated with COVID-19. It has been hypothesized that movement via
vagal and spinal axonal fibers can allow viral invasion of the GI tract. Occurrence of
syncope in patients with normal electrocardiogram assessment hints toward changes
in the neural control of blood pressure changes [33, 34]. In one study, patients with
syncope indeed had a significantly lower increase in the compensatory heart rate
compared with those non-syncope ones, which suggested plausible impairment in
the baro-reflexive control. Such an acute hypocapnic hypoxemia could have occurred
due to CoV-2-mediated ACE2 internalization in specific midbrain and medullary
nuclei, which can lead to impairments in baroreflex and chemoreceptor responses
[33]. Malfunctioning of brain-lung axis can be indicated as severe lung and chest CT
abnormalities and defects observed in neuroimaging analysis. The sensory neurons
lining the airways can sense the virus induced inflammatory responses in the lungs
and provide feedback to the brain [35, 36]. The carotid body sinus nerves innervat-
ing this organ can profoundly play a role in the retrograde transport of the virus to
the brain. Carotid body invasion by virus due to local expression of ACE2 can cause
impaired peripheral arterial chemoreception leading to hypoxic and hypercapnic
conditions with changes in pH [37]. Separately, the mucosal immune system, which
comprises the lymphoid tissues of the gut and the lungs, provides the clue for dissoci-
ating the components of gut-lung axis in mediating dysfunctions associated with the
COVID-19 infection. Translocation of the active immune cells from gut to lungs can
exacerbate inflammation, even causing lung injuries and respiratory distress. Within
the gut, CoV-2 can downregulate ACE2 expression causing microbial dysbiosis and
further affecting lungs via the gut-lung axis. Finally, neural control of the cardiovas-
cular processes under COVID-19 infectious condition is yet another axis via which the
virus can act and affect these organ systems [38]. Cardiac arrhythmias in COVID-19
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Figure 1.

Neguroinvasion by SARS-CoV-2 and subsequent dysfunctions. (A) Infection of a healthy subject by SARS-CoV-2
leads the entry of virus into different organ systems. (B-G) Routes and cell-types through which the virus can
enter and invade the nervous system, i.e., via, olfactory route, via blood-brain barrier, eye, choroid plexus,
blood-cerebrospinal fluid (CSF) barrier, via lungs to the brain and through the gastric enterocytes to the central
nervous system [7, 40—42]. (H) Altered homeostasis can occur as a vesult of neuroinvasion by CoV-2 virus
leading to detrimental effects at multiple cell types of the nervous system, i.e., neuron (yellow), astrocyte (blue)
and microglia (green) [43]. (I) System-wide dysfunctions ranging from cellular to olfactory to CNS and PNS
pathologies have been reported in COVID-19 patients. (J) An infected COVID-19 patient with different bodily
systems affected due to the viral tropism.

patients are mostly occurring due to direct myocardial damage by CoV-2 infection
or via the systemic inflammatory responses [39]. Arrythmias can also indirectly be
caused by dysfunctional neural control of the heart rate. There are feedback mecha-
nisms to the brain for maintenance of the cardiac rhythm and for dampening the
production of cytokines and other inflammatory mediators in case of infection [38].
It could be that the severe CoV-2 infection can alter the neural feedback mechanisms
of cardiovascular control. Apart from the olfactory route, these three axesi.e., the
lung-brain, gut-lung, and heart-brain may also serve as the routes of transmission
and invasion by the virus leading to multiple organs dysfunctions and manifestation
of a variety of symptoms and conditions (Figure1).

3. SARS-CoV-2: neurotropic or not?

The CNS is an immune privileged system of the body, owing to the highly protec-
tive brain-cerebrospinal fluid barrier, blood-brain barrier as well as surveillance by
innate immune sentinels [44, 45]. Viral adaptations can allow multiple entry routes,
either via the peripheral nerves or through the hematogenous routes. This can lead
to neural and endothelial destruction causing CNS dysfunctions [46]. A variety of
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neuropathological viruses are the respiratory viruses belonging to the categories

of the influenza virus (IV), the coronaviruses (CoV), human metapneumovirus
(hMPV), and human respiratory syncytial virus (hRSV) [47-49]. They are known to
enter the CNS through various routes and mechanisms and invade the system leading
to long-term neurological sequalae in the patients [49]. Such viral infections, under
severe conditions, usually lead to neurological impairments such as encephalitis,
seizures, epilepsy, and other encephalopathies [50-52]. In subsequent section of the
chapter, we review the neuroinvasive nature of CoVs and how studying them over
the years has helped us understand the SARS CoV-2-mediated complications better.
We will also highlight the ongoing debate about the neurotropic nature of the SARS-
CoV-2 in the upcoming subsections.

3.1 Neuro-invasive capabilities of coronaviruses

The three kinds of epidemic-causing CoVs, the SARS CoV-1, Middle East
Respiratory Syndrome (MERS) CoV, and the currently prevailing SARS CoV-2, have
all been demonstrated to exhibit neurological invasive capabilities [53, 54]. Viral
encephalitis, i.e., lesions in the brain parenchyma including neuronal damage caused
due to virus, has been confirmed in COVID-19 patients [55]. Genomic sequencing
of viral particles in the CSF of the patient verified the case of encephalitis [56]. In
fact, encephalitis, polyneuropathy, and aortic ischemic stroke were also commonly
observed in severe cases of SARS-CoV epidemic that occurred in 2003 [53]. SARS
CoV-2 shares 79.5% genetic similarity with SARS-CoV virus, and hence, finding
out the mechanisms of neurological impairments by CoV-2 might be more tractable
[57]. Acute viral infection causing hypoxia, systemic toxemia, and other metabolic
disorders can result in toxic encephalopathy. It is mainly characterized by cerebral
edema and symptoms include headache, delirium, dysphoria, and in extreme cases,
lead to loss of consciousness, coma, and paralysis [58]. COVID-19 patients often
suffer from hypoxia, viremia, and even headache and disturbed consciousness, which
can potentially lead to acute toxic encephalopathy. In extreme cases of COVID-19,
enhanced cytokine storm, increased levels of D-dimer, and reduced platelet count
can even allow viral-induced cerebrovascular events to occur [59]. Multiple reports of
confirmed viral infection in the brain have been narrated since the beginning of the
pandemic outbreak. MRI scan of a young COVID-19 female patient with mild symp-
toms and normal chest CT showed significant cortical hyperintensity in the right
gyrus rectus and subtle hyperintensity in the OBs suggestive of viral invasion in these
brain regions [60]. In autopsies assessment of brains of six patients who suffered from
COVID-19, brainstem neural damage, meningitis, and pan-encephalitis were reported
[61, 62]. HCoV-OC43, HCoV-229E, and SARS-CoV-1 are the human-infecting CoVs,
which are capable of infecting the neurons directly, apart from causing CNS dam-
age due to immunological and inflammatory responses [63, 64]. HCoV-OC43 has
been associated with multiple sclerosis (MS) with its RNA detected in the CSF of 12
of 22 patients suffering with MS [65]. MERS-CoV, although, enters via a dipeptidyl
peptidase receptor and has affected only ~2500 individuals since 2012, it also has been
shown to generate neurological impairments such as seizures, headaches, and perceiv-
ing confusion [66]. Cases of Guillain-Barré syndrome (GBS), axonal neuropathy, and
Bickerstaff brainstem encephalitis have been reported under MERS-CoV infection
[67]. This virus, however, was never detected in the human CSF. In case of COVID-19
as well, electromyography and other assessments had confirmed occurrence of GBS
and axonal neuropathy in infected patients as well [68-70].
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3.2 Pathogenic studies and mechanisms in favor of neurotropic nature of the
SARS CoV-2

Reports associated with neurological impairments induced by CoV-2 in acute as
well as post-acute infection stages have been accumulated since early 2020 [71, 72].
Whether these effects are occurring as a result of the neuroinvasive nature of the
virus or due to the overt immune responses is not yet fully understood. A recent
study in medRxiv reveals that in comparison to increased inflammatory and
cytokine storm markers found in the serum of COVID-19 patients, their levels are
rather low in the CSF. This was corroborated by comparing and contrasting the
insignificant neuroinflammatory changes in these patients’ CSF compared with CSF
of patients with autoimmune pathologies that displayed very high neuroinflam-
mation. On the contrary, a significant increase in CSF Neurofilament-L (NF-L) in
critical cases suggests neuroaxonal injury and strengthens the neurotropic nature
of the virus [73]. The olfactory transmucosal pathway has been an established port
of entry for CoV-2 virus, but we only have a limited knowledge about the virus-host
interactions [3]. The human sequencing data point toward the role of support-
ing cells of OE in the viral entry. This is because of the expression of ACE2 and
TMPRSS2 proteins in these cells that serve as the entry factors [5]. The immunohis-
tochemical analysis of the SARS-CoV-2 S protein, however, revealed a characteristic
granular, perinuclear expression pattern in olfactory mucosal cell types, which
were of neuronal origin (revealed by expression of Tujl, Neurofilament 200, and
Olfactory Marker Protein) obtained from the autopsy samples of the COVID-19-
infected patients [3]. Additionally, presence of CoV-2 particles was confirmed in
the CNS regions including the OB [74]. This questions the current understanding
of non-neuronal vs. neuronal viral infection occurring in COVID-19. Generally,
neurotropic viruses access the peripheral regions to gain entry into the CNS [75].
Whether the CoV-2 is causing neuronal pathogenesis directly or indirectly is not
fully understood. We also do not have a complete understanding of the virus’ path-
way to the OB and other CNS regions. In an attempt to investigate the pathogenic
mechanisms of the virus, an in vitro study of generating human sensory neurons
from the human embryonic stem cell lines was carried out. These peripheral sen-
sory neurons were shown to express ACE2 and were indeed receptive to the virus,
which is in contrast with the reported non-neuronal expression of ACE2. One hour
after the incubation with the virus, intracellular expression of nsp-14, S protein,
RdRp, and nucleocapsid phosphoprotein viral genes was substantially upregulated
in the infected neurons [76]. The molecular pathologies relating to chemosensory
perception were specifically affected in the infected peripheral neurons. The human
induced pluripotent stem cells (hIPSCs)-derived midbrain dopaminergic neurons
were shown to be selectively permissible to the CoV-2 infection. Further, inflam-
matory and cellular senescence responses were observed in these neurons both in
vitro and upon transplantation in vivo as well [77]. In another attempt to investigate
if human neurons are a direct target of this virus, three-dimensional human brain
organoids system was utilized. Preferred tropism to mature neurons of the corti-
cal plate in relatively older brain organoids (day 60) was found out. The virus has
relatively lesser influence on the actively proliferating neural precursor cells of the
ventricular zone of young (day 15) organoids. Moreover, CoV-2-infected neurons
displayed mislocalized Tau protein in their soma, which can potentially cause cel-
lular stress reactivity and toxicity [78].
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3.3 Evidences of SARS CoV-2 tropism beyond neurons: the other side of the coin

Conflicting results paired with the promiscuous entry routes of the virus stirs the
ongoing debate on the neuronal vs. non-neuronal routes of invasion and tropism of
SARS-CoV-2 virus. Those who are opposing the axonal hopping of the virus primarily
point to the technical limitations of the studies per se. Meinhardt and colleagues criti-
cally evaluated the imaging data of virus nucleoproteins found at the OE, between the
olfactory nerve layer and OB [3]. The axons of OSNs reaching to OB are highly entwined
with the ACE2-expressing supporting cells processes, and they reasoned that the immu-
nolabeled imaging may not convincingly reveal whether the virus is present in OSNs
or in the wrappings of the sustentacular cells. Nevertheless, ultrastructural assessment
using electron microscopy (EM) has also been done both in autoptic human samples and
the animal models. Virus-like particles were detected in the cortex of K18-hACE2 mice,
and pyknotic cells and abnormal mitochondrial ultra-structures in infected hamsters
were observed using Transmission EM (TEM) [79]. A virus cytoplasmic inclusion body
was also identified in the OB of an autotoptic patient sample observed using TEM [74].
However, TEM investigations are also subject to aberrant observations as virion-like
vesicular bodies can act as decoys for pathologists and that direct neuronal infections can-
not be confirmed by using this technique [80]. Post CoV-2 inoculation in rhesus monkey,
one group carried out the transcriptomic profiling of the infected cells. Downregulation
of genes involved in mitochondrial dysfunctions (ND3, ATP6, and COX3) was observed
in the mature neurons, hippocampal microglia, endothelial vascular cells, and oligo-
dendrocytes [81]. This is suggestive of dysfunctions happening in various cell types of
the brain, which are collectively leading to CNS abnormalities. Hijacking the lipoprotein
metabolism of susceptible cells of the brain barriers (BBB and BSCFB) suggests hema-
togenous route of entry [82]. Firstly, transcellular route, i.e., entering via ACE2 receptors
of the choroid plexus epithelial cells, pericytes, astrocytes lining the endothelial cells
followed by weakening of the tight junctions between the vascular endothelial cells of the
BBB (called the paracellular modes) and finally utilizing the lipid vesicles and exosomes
as the “Trojan horses” to breach the barrier while escaping the host’s immune oversight
constitutes the non-neuronal mode of entry of the virus [82].

4. Neuro-COVID: neurological consequences of COVID-19 disease

Reports of neurological complications during COVID-19 infection and their
persistence after the recovery have accumulated since the early outbreak. These
impairments are broadly categorized as Neuro-COVID. Early investigation in China
estimated that 36% of the COVID-positive patients had neurological disturbances
[83]. Case test studies from France, performed in March-April 2020, also high-
lighted the occurrence of encephalopathy, state of confusion, and agitation as well
as corticospinal tract symptoms in COVID-19 patients admitted to the hospital due
to Acute Respiratory Distress Syndrome (ARDS) [84]. Since then, numerous reports
and case studies from across different countries have confirmed the prevalence of
mild-to-severe neurological and neuropsychiatric in the CoV-2-infected individuals.
The neurological impact correlated with the severity of the infection and distributed
across the categories of CNS pathologies, peripheral nervous system (PNS) diseases,
and/or skeletal muscular disturbances. A cohort-based longitudinal study by the UK
Biobank involving multimodal brain imaging before and after the CoV-2 infections
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showed emergence of virus-related abnormalities in specific brain regions and cogni-
tive decline upon infection [2]. Using diffusion imaging-based changes as a readout
for brain tissue damage upon infection, they observed detrimental effects in regions
including the olfactory-limbic areas, the anterior olfactory nucleus, olfactory tuber-
cle, and the anterior piriform cortex. Profound decrease in the gray matter thickness
and contrast was also observed in parahippocampal gyrus and lateral orbitofrontal
cortex of the patients. Brain abnormalities were more pronounced in hospitalized
patients; however, cognitive decline associated with damage to crus II lobule of the
cerebellum was found in majority of the individuals who turned positive for the
CoV-2 in this longitudinal study [2]. As virus takes the olfactory route, chemosensory
impairments are often seen in a large number of infective cases. These impairments,
primarily, anosmia and ageusia, have not only served as the robust predictors of the
CoV-2 infection, but also affected quality of life of the patients, recovered individuals,
and healthcare workers [85, 86]. We will focus on different aspects that influence the
severity and durability of the Neuro-COVID symptoms in the following subsections.

4.1 Effect of age and comorbidities on the neurological sequalae

The neurological symptoms tend to vary between older (>60 years of age) and
younger (<18 years of age) cohorts. While delirium, myalgia, and fatigue were
predominant in older cohorts, the younger cohorts primarily reported smell and taste
issues, frequent headaches, and infrequently, seizures [66]. This also hinted toward
the possibility of comorbidities playing a role in increasing the severity of the effect
of the viral infection and tropism. Patients with preexisting neurological conditions
had a higher occurrence of hospitalization, in-hospital mortality, enhanced delirium
states, and more overall complications upon suffering from COVID-19 [87, 88]. In
fact, social isolation and loneliness associated with the pandemic-induced quarantine
added to the mental toll of elderly patients [89]. Symptoms worsened with quarantine
in 67.5% patients suffering from Parkinson’s disease in a Spanish cohort study [90].
Acute encephalopathy due to infection was more commonly observed in older patients
with comorbidities and associated with greater critical care and 30-day mortality
chances [87, 91]. Across different levels of the neurological impairments upon CoV-2
infection, age has been shown to be positively correlated with the disease severity [92].
Comorbid conditions including de-myelinating disease, acute encephalopathy, and
cerebrovascular disease (CVD) were all positively correlated with the severity of the
COVID-19 disease [93]. Patients suffering from Alzheimer’, Parkinson’s, and other
neurodegenerative disorders are at higher risk from infection and can suffer from
greater respiratory, olfactory, and cognitive impairments than others [89, 94]. Elderly
individuals also suffer from compromised immunity and increased signs of inflamma-
tion (increased cytokines, hormonal changes, decrease in growth factors production)
leading to physical and mental frailty [92]. Such multiple dysregulations can lead to
age-dependent morbid effects of CoV-2 infection.

4.2 Chemosensory and cognitive impairments: neuro-COVID to Long COVID

Among many neurological impairments, olfactory functioning changes in
COVID-19 has highest odds ratio in non-hospitalized cases [86, 95]. These have
also become common in healthcare workers. In a study comprising 700 workers, by
utilizing a chemosensory perception test, over 80% displayed olfactory and gustatory
impairments and ~48% had lowered trigeminal sensitivity. The reduced sensitivity
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remained in over 40% of the individuals with olfactory and gustatory impairments
and ~23% in those with trigeminal issues [85]. “COVID & Cognition” cross-sectional
study continually aims to understand the cognitive deficits in Long COVID [96]. Long
COVID comprises long-lasting symptoms and difficulties arising due to COVID-19.
Post-acute COVID persists between 3 and 12 weeks while chronic COVID is when

the symptoms persist beyond 12 weeks [72]. Cognitive deficits are expected based

on the loss of gray matter in specific regions prevalent in COVID-19. A small cohort
study of hospitalized patients displayed gray volume reductions in the hippocampus,
right amygdala, and left cingulate cortex. Cognitive deficits are thereby likely to
occur, and the extent of it depends on the location and mechanism of the neural
damage [97]. A multi-domain impact of the infection on human cognition was also
observed in a large population, questionnaire-based study using British Intelligence
tests. The cognitive deficits in reasoning, problem-solving, spatial planning, and
target detection tasks were substantial and persisted post-infection suggesting that
cognitive deficits are indeed prevalent in Long COVID [98]. Cognitive blunting, from
mild-to-severe, also referred to as “brain fog” has also been observed in Long COVID.
Fluorodeoxyglucose-PET study from two COVID-19 patients with confirmed brain
fog and cognitive deficits confirmed abnormal hypometabolic regions in anterior cin-
gulate cortex. Hypometabolisms are also observed in other neurological disorders and
psychiatric diseases [99]. The prevalence of chemosensory deficits suggests that they
can act as predictors of the COVID-19 infection, which has been elaborated upon, in
the next section. The advancements in precisely determining neurocognitive deficits
along with sensory impairments non-invasively are also explained.

5. Using “olfaction” to detect COVID-19 and the subsequent
sensory-cognitive deficits

Having been one of the first symptoms to be affected in COVID-19, our sense of
smell became an important and a robust tool to be utilized for detecting if an indi-
vidual is infected [100]. This became much more beneficial in detecting “asymptom-
atic” or “paucisymptomatic” patients, i.e., those who did not develop other visible
symptoms of the disease [101-103]. Since 2020, many empirical tests that could
previously assess olfactory detection and sensitivity and acted as biomarker indica-
tors of neurodegenerative disorders, have been also utilized as early screening tools
for COVID-19. Brief Smell Identification test (BSIT), a revised version of University
of Pennsylvania Smell Identification test (UPSIT), was among the first self-admin-
istered tests, which was utilized during first wave of COVID-19 [104, 105]. Briefly,
it consisted of 12 scented strips (encapsulated odors), which are to be scratched
by a pencil to release the odor. It is a forced-choice test, and the subject needed
to choose one of the four choices which smelled like the tested odor. A high score
indicated normal olfactory performance. Using this test, olfactory dysfunction was
observed in 40% of the patients. Indeed, in those patients with just olfactory-related
problems, other symptoms flared up ~2 days later [105]. Another study used the
Persian version of the full 40-odor UPSIT and found out that 98% of the 60 patients
had olfactory dysfunctions. In total, 58% of these were either anosmic or severly
microsmic [106]. Hummel’s quick olfactory sniffing Sticks (q-Sticks) test was also
administered in COVID-19 patients, which consisted of asymptomatic individuals
as well [107]. This test consisted of recognition of groups of three odors emanating
from refill sticks. Although only 14% of the total patients reported smell loss before
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the test administration, q-Sticks test revealed that 81% of total patients suffered
from anosmia or hyposmia [108]. Since the outbreak, such objective tests that can
quantitatively measure olfactory detection, such as Quick-Smell Identification test
(Q-SIT), SAFER scent cards, SCENTinel 1.0 among others have gained traction
[109-111]. However, these traditional tests offer simplistic handle on determining
odor detection abilities.

Based on the neurotropic potential of CoV-2, olfactory dysfunctions cannot just be
restricted to sensory detection and threshold capacities. Rather, COVID-19 can cause
both sensory and cognitive deficits, and efforts are being made to diagnose those
too. To this end, highly automated tests with precise stimulus delivery are important.

Smell identification tests

HHHHHH:HM

Sniffing stick test

7% . R

Same Repeat Differe
.

=

detect COVID-19 Canines to sniff out COVID-19

I

|

I

|

@ |

I

I

Using smell to :
I

e

k

Organic semi-conducting sensors
to detect BO of COVID-19 patients

Figure 2.

“Olfaction” as a tool to detect COVID-19. (A) Objective tools such as University of Pennsylvania Smell
Identification test (UPSIT), Sniffing stick tests among others have been utilized to evaluate the olfactory detection
and discrimination capabilities. These tests consist of delivery of odors to the subject via reservoirs/pen vefills/
microencapsulations [104, 106, 115]. (B) An automated odor delivery system, Olfactory-action meter (OAM) has
been utilized to precisely calculate odor detection at the threshold levels and olfactory matching skills, i.e., both
sensory and cognitive capabilities of symptomatic, asymptomatic, and healthy individuals [101, 112]. (C) Sense of
smell, i.e., electronic noses, trained canines, and organic semiconducting sensors ave also deployed to using the body
odor (BO) of individuals to detect COVID-19 [116-119].
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Olfactory-action meter (OAM), an automated machine with custom-written software
that can generate odor pulses of varying complexities, has been utilized to assess
olfactory detection abilities at differing concentration ranges as well as olfactory
matching skills in asymptomatic carriers, symptomatic patients, and those who have
recovered from the disease [101, 112, 113]. Compared with normal healthy subjects,
up to 81% of the asymptomatic carriers failed at detecting odors at low concentrations
(9% (v/v)). In total, 65% of these carriers depicted significantly lower detection at
three low-concentration ranges (9-23.1%). Upon administering an olfactory matching
task of determining whether the two odors delivered at a set inter-stimulus interval

of 5 sare “same” or “different,” they found out olfactory working memory deficits

in the patients [101]. Not only that, upon carrying out this test with individuals who
had recovered from COVID-19 (4-18 months after infection), persistent sensory-
cognitive deficits were found out when this paradigm was employed over 5 days [112].
These studies point to the persistence of sensory-cognitive impairments in long-
haulers (those suffering from Long-COVID) and also calls for further interrogation
of CNS functioning. This also exhibits the importance of monitoring neurocognitive
skills during post-infection periods in a pandemic-struck world. These results dis-
play the necessity of developing accurate noninvasive methods, which can precisely
quantify cognitive deficits in Long COVID [112, 114].

Usage of electronic noses (eNoses) also became popular in detecting COVID-
19-infected individuals. eNoses are machines that can mimic animal olfaction and
can thus be applied as specific smell detectors of target volatile organic compounds.
Usage of an eNose at a drive-through testing station that can detect COVID-19 in real
time using body odor that has a nasal passage carried out in an attempt to use them
as fast, reliable detectors of this disease [118]. Organic semiconducting sensors could
also capture the scent of the asymptomatic carriers of the diseases, suggesting that
they can also be deployed at large scale [119]. Finally, dogs can supposedly be our
best friends, even during a pandemic. Multiple studies have reported using canines
to detect the body odors of the infected patients. Axillary sweat samples of patients
may well be successfully discriminated from the normal subjects at a success rate of
76-100% for trained dogs [117]. All these studies thus indicate that sense of smell can
be utilized at different levels and scales for diagnosing COVID-19 and furthering the
research on cognitive blunting due to this disease (Figure 2).

6. Using animal models for mechanistic understanding of entry, invasion,
and destruction of nervous system

For a closer interrogation of the role of OE infection by CoV-2, gene expression
patterns were studied in the mouse whole olfactory mucosa (WOM) and puri-
fied olfactory sensory neurons (OSNs). Single-cell sequencing of mouse WOM
uncovered the expression of ACE2 and TMPRSS?2 in the dorsally located SUS cells,
basal globose cells as well as in a small fraction of the stem cells. Mouse OSNs,
however, did not show the expression of the CoV-2 entry genes [6]. Within the OB
as well, sequencing did not reveal any neuronal expression of these genes while the
immunostaining displayed their expression in the pericytes of OB blood vessels.
Postmortem magnetic resonance imaging (MRI) and histopathological examination
confirmed microvascular injuries in the OB and brain stem of COVID-19-infected
patients [120]. Such studies confirmed the olfactory trans-mucosal pathway of entry
of CoV-2 virus into the body [3].
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Using the hamster infection model of CoV-2 invasion, nucleoprotein expression
was found out in Tujl-positive infected OSNs and OMP staining also confirmed
infection in mature OSNs [121]. Along with local inflammation of OE, SARS-CoV-2
infected the Tuj-1 positive immature OSNs, which appeared to be phagocytosed by
the Ibal and CoV-2-positive immune cells. In fact, global chromatin rearrangements
occurred at day 3 post infection, which persisted even after the virus was cleared
(10 days post infection) [122]. Whether the interferon response in the OSNs can bring
about such chromatin changes in CoV-2 scenario remains an open question. It is also
yet to be deciphered if other actively dividing cells are also prone to such disruptions
and if not, then what makes certain cell types more unique and susceptible to viral-
induced genomic modifications [123].

Nasal irrigation of virus in Golden Syrian Hamsters once again revealed the neu-
ronal invasion. The OMP positive neuronal cilia were vanished in the virus-induced
damaged epithelium of the animals. Both neuronal and non-neuronal cells were found
out to be positive for cleaved caspase-3 after 4 days of infection, which was suggestive
of cell death. Additionally, CoV-2 nucleoprotein was found at the junction of olfactory
nerve and the OB and also in previously uncharacterized cells of the glomerular layer
of the OB, suggestive of, invasion of the bulb by the virus [124]. Finally, to grasp the
molecular underpinnings of the olfactory impairment upon viral infection, transcrip-
tional changes in OE cells of the infected hamsters were studied. A significant reduc-
tion in the OR genes, i.e., the genes responsible for olfaction, was observed. At genomic
level, they found out a drastic change in the long-range interactions of the OR genes
with enhancer/activators 1 day post infection in a non-cell-autonomous fashion.

7. Conclusions

In this chapter, we have discussed the neurotropic nature of the SARS-CoV-2
virus. Using human and animal model studies, research groups across the globe have
found out that neuroinvasion can occur by multiple routes, leading to dysfunctions of
multiple cell types in the nervous system. The impairments that arise due to infection,
which are collectively referred to as the Neuro-COVID, have also been summarized.
Some of these symptoms persist in recovered individuals pointing to long-lasting
consequences of the infection, which encompass the term Long COVID. We conclude
that the virus can play havoc at multiple scales of the nervous system functioning, and
the severity depends upon several factors such as the route and extent of infection,
variant of the virus, and comorbidities in the patients. Finally, the under-appreciated
sense of smell has indeed come into limelight, and the need for quantifying the
olfactory and cognitive fitness has become vital during the pandemic. We, hereby,
conclude that olfaction can be efficiently used in detecting the infection as well as
providing a tool for investigating the cognitive capacities of human beings.
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