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ABSTRACT

Anosmia, a neuropathogenic condition of loss of smell, has been recognized as a key pathogenic hallmark of the
current pandemic SARS-CoV-2 infection responsible for COVID-19. While the anosmia resulting from olfactory
bulb (OB) pathology is the prominent clinical characteristic of Parkinson’s disease (PD), SARS-CoV-2 infection
has been predicted as a potential risk factor for developing Parkinsonism-related symptoms in a significant
portion of COVID-19 patients and survivors. SARS-CoV-2 infection appears to alter the dopamine system and
induce the loss of dopaminergic neurons that have been known to be the cause of PD. However, the underlying
biological basis of anosmia and the potential link between COVID-19 and PD remains obscure. Ample experi-
mental studies in rodents suggest that the occurrence of neural stem cell (NSC) mediated neurogenesis in the
olfactory epithelium (OE) and OB is important for olfaction. Though the occurrence of neurogenesis in the
human forebrain has been a subject of debate, considerable experimental evidence strongly supports the inci-
dence of neurogenesis in the human OB in adulthood. To note, various viral infections and neuropathogenic
conditions including PD with olfactory dysfunctions have been characterized by impaired neurogenesis in OB
and OE. Therefore, this article describes and examines the recent reports on SARS-CoV-2 mediated OB dys-
functions and defects in the dopaminergic system responsible for PD. Further, the article emphasizes that COVID-
19 and PD associated anosmia could result from the regenerative failure in the replenishment of the dopami-
nergic neurons in OB and olfactory sensory neurons in OE.

1. Introduction

2020; Lai et al., 2020; Krishna Murthy et al., 2021; Selvaraj et al., 2021;
Zheng, 2020). The typical symptoms of COVID-19 include anosmia and

The coronavirus disease (COVID-19) pandemic continues due to the ageusia along with fever, dry cough and shortness of breath (Ali and
spread of new variants of severe acute respiratory syndrome coronavirus Alharbi, 2020; Huang et al., 2020; Kandasamy, 2020a; Meng et al.,
2 (SARS-CoV-2) infection worldwide (Kandasamy, 2020; Korber et al., 2020). The angiotensin-converting enzyme 2 (ACE2) and
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transmembrane serine protease 2 (TMPRSS2) expressing ciliated cells of
the nasal mucosa are the primary targets of initial SARS-CoV-2 infection
(Beghi et al., 2020; Sungnak et al., 2020). A higher level of viral load is
found in the nasal cavity of both symptomatic and asymptomatic
SARS-CoV-2 infected individuals (Gengler et al., 2020; Meng et al.,
2020; Ra et al., 2021). SARS-CoV-2 spreads from nasal epithelium to
different brain regions through the neural pathway of the olfactory bulb
(OB) and induces cytokine storm responsible for neuroinflammation,
thereby leading to various neurological deficits (DosSantos et al., 2020;
Zhang et al., 2020). Anosmia, a clinical state of loss of smell, has been
ascertained as a key symptom of COVID-19 regardless of the diagnostic
criteria, sex and age (Aziz et al., 2021; Jain et al., 2020; Spinato et al.,
2020). Anosmia can either occur as the only symptom in COVID-19
subjects or take place along with other clinical signs of COVID-19
(Lechien et al.,, 2020; Meng et al., 2020). While the duration of
anosmia may be shorter in most COVID-19 cases, it may also be irre-
versible in subjects with severe OB dysfunction (Gori et al., 2020;
Vavougios, 2020). At present, the underlying pathogenic basis for
anosmia in patients with COVID-19 remains obscure. Several magnetic
resonance imaging (MRI) and computerized tomography (CT) based
brain imaging reports, and neuro clinical correlates have clearly indi-
cated the dysfunction or atrophy of OB in subjects with COVID-19 (Chiu
et al., 2020; Galougahi et al., 2020; Kandemirli et al., 2021). Defect in
the dopamine system, OB pathology and loss of smell are the prominent
clinical characteristics of Parkinson’s disease (PD) (Balestrino and
Schapira, 2020; Barresi et al., 2012; Haehner et al., 2011; Kouli et al.,
2018). However, the underlying biological basis of anosmia and the
potential link between COVID-19 and PD remains obscure.

Ample experimental studies in rodents suggest that the occurrence of
neural stem cell (NSC) mediated neurogenesis in the olfactory epithe-
lium (OE) and OB is important for the sense of smell (Brann and Fire-
stein, 2014; Lledo and Valley, 2016), whereas impairment of olfactory
neurogenesis due to various pathogenic stimuli including neuro-
inflammation and oxidative stress is associated with loss of smell
(Boesveldt et al., 2017; Lazarini et al., 2014). Notably, the regulation of
neurogenesis in OB is negatively altered during viral infections and
various neuropathogenic conditions including PD (Kandasamy et al.,
2015; Lazarini et al., 2014; Loseva et al., 2009; May et al., 2012).
Though the occurrence of neurogenesis in the human OB is a contro-
versial subject (Bergmann et al., 2012), there exists considerable
experimental evidence that strongly supports the incidence of ongoing
neurogenesis in the human OB during adulthood (Durante et al., 2020;
Lazarini et al., 2014; Lledo and Valley, 2016; Pignatelli and Belluzzi,
2010; Winner et al., 2006). Therefore, this article attempts to survey the
recent reports on SARS-CoV-2 mediated dysfunction in OB and defects in
the dopaminergic system responsible for PD. Further, this article pos-
tulates a hypothesis that anosmia resulting from pathogenic events of
COVID-19 and PD could be linked to dysregulation of adult neurogenesis
in OB and OE.

2. Frequency of anosmia and olfactory dysfunction in COVID-19

The SARS-CoV-2 infection has been known to cause olfactory
dysfunction in the majority of COVID-19 cases (Meng et al., 2020;
Sedaghat et al., 2020; Sungnak et al., 2020). Several recent reports
indicate that the neuroinvasion of SARS-CoV-2 initially indcuces
neuroinflammation-mediated damage to the olfactory receptor neurons
(ORNSs) of the nasal neuroepithelium and spread to other brain regions
via OB (Gori et al., 2020; Mahalaxmi et al., 2021). Hyposmia or anosmia
has been reported to be highly prevalent among COVID-19 patients
(Meng et al., 2020; Sedaghat et al., 2020; Speth et al., 2020). A retro-
spective study by Lechien JR et al. reported the occurrence of 85.6 % and
88 % of olfactory and gustatory dysfunctions respectively in patients
with mild to moderate symptoms of COVID-19 (Lechien et al., 2020). A
smartphone-app-based COVID-19 like symptom tracker study by Menni
Cetal. revealed a strong association between the loss of smell in 64.76 %
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of patients who confirmed positive for SARS-CoV-2 infection by
real-time reverse transcription-polymerase chain reaction (RT-PCR)
(Menni et al., 2020). A clinical report from China indicated 5.1 % of
hospitalized COVID-19 patients experiencing loss of smell (Mao et al.,
2020). Klopfenstein T et al. reported that 47 % of COVID-19 patients in
Europe exhibited anosmia along with dysgeusia (Klopfenstein et al.,
2020). Von Bartheld CS et al. reported higher incidences of olfactory
impairments and taste disorders in COVID-19 cases in the Western
population than in COVID-19 patients in East Asia, and the difference
appears to be independent of age and disease severity (von Bartheld
et al., 2020). Quantitative meta assessments of the olfactory defects
upon SARS-CoV-2 infection reported some degree of loss of smell in
nearly all COVID-19 patients worldwide (Moein et al., 2020; Mullol
et al., 2020). There exist many reports that describe olfactory dysfunc-
tion varies from person to person irrespective of age. A Spanish multi-
center cross-sectional study by Rojas-Lechuga MJ et al. indicated that
70.1 % of COVID-19 subjects confirmed by RT-PCR with a mean age of
46.5 ranging from 21 years to 89 years reported the occurrence of smell
loss (Rojas-Lechuga et al., 2021). Gori A et al. indicated that COVID-19
causes severe complications in patients with advanced chronological age
due to age-related defects of olfactory neuroepithelium and deteriora-
tion of OB homeostasis (Gori et al., 2020). An Italian multicenter-study
by Vaira LA et al. reported that 51.5 % of COVID-19 patients showed
olfactory disorders regardless of the difference in gender and age (Vaira
et al.,, 2020). In the meantime, Giacomelli A et al. reported 5.1 % of
COVID-19 cases at the mean age group of 60 with OD in the Italian
population (Giacomelli et al., 2020). A UK based cohort study by
Tomlins, J. et al. reported 4% of SARS-CoV-2 positive subjects with
anosmia in the median age group of 75 (Tomlins et al., 2020). A study by
Bénézit F et al. indicated 20 % of hyposmia among COVID-19 patients in
France who were tested positive for the presence of SARS-CoV-2 by
RT-PCR (Bénézit et al., 2020). Luers JC et al. reported that 73.6 % of
COVID-19 patients (mean age 38) confirmed by RT-PCR showed olfac-
tory dysfunction (Luers et al., 2020). In a pilot multicenter case-control
study from Spain, Beltran-Corbellini. A et al. reported anosmia in 45.2 %
of COVID-19 patients (mean age 52.6) confirmed by RT-RCR
(Beltran-Corbellini et al., 2020). Notably, a case-control study by Man-
gal V et al. observed a significant prevalence of olfactory dysfunction in
asymptomatic cases with SARS-CoV-2 infection (Mangal et al., 2021).
An olfactory-action meter-based study by Bhattacharjee AS et al.
revealed a significant reduction in the smell detection abilities of
asymptomatic COVID-19 subjects compared to normal healthy in-
dividuals (Bhattacharjee et al., 2020).

Given the comorbid pathological nature of SARS-CoV-2 infection,
neuropathogenesis seen in COVID-19 appears to be overlapped with the
clinical characteristic of the sporadic form of various neurodegenerative
disorders (Ferini-Strambi and Salsone, 2020; Kandasamy, 2020;
Marshall, 2020; Rebholz et al., 2020). However, studies on abnormal
cellular and molecular bases for the neurological deficits in COVID-19
are at the early stage. Anosmia resulting from OB pathology is the
prominent clinical characteristic of many neurodegenerative disorders
including Alzheimer’s disease (AD), Parkinson’s disease (PD), Hun-
tington’s disease (HD) and amyotrophic lateral sclerosis (ALS) (Hawkes,
2003; Rebholz et al., 2020). The degree of olfactory dysfunction in many
neurodegenerative diseases varies and occurs along with other symp-
toms in the late stage of the disease (Doty, 2017; Rebholz et al., 2020).
Unlike other neurological diseases, anosmia resulting from the patho-
genic destruction of OB has been ascertained as the non-motor early
clinical feature of PD (Doty, 2017, 2012). The SARS-CoV-2 infection has
been predicted as a potential risk factor for developing
Parkinsonism-related symptoms in a significant portion of COVID-19
patients and survivors (Brundin et al., 2020; Sulzer et al., 2020).
SARS-CoV-2 infection appears to induce defects in the dopamine system,
loss of dopaminergic neurons, and accelerates synucleinopathies in the
brain which have been considered as the underlying causes of PD
(Brundin et al., 2020; Li et al., 2020a,b; Merello et al., 2021; Sulzer et al.,
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2020; Yavarpour-Bali and Ghasemi-Kasman, 2020). Moreover, PD pa-
tients have been reported to be highly susceptible to SARS-CoV-2
infection, and COVID-19 related pathogenic changes appear to exacer-
bate the clinical features of PD (Brundin et al., 2020; Sulzer et al., 2020).
Thus, a reciprocal link between COVID-19 and PD has become a topic of
scientific focus.

3. Possible relationship between COVID-19 and Parkinson’s
disease

While ageing and age-related diseases are the major risk factors of
COVID-19 infection, recent reports indicated the possibilities for the
occurrence of PD upon SARS-CoV-2 infection (Sulzer et al., 2020). PD is
one of the common late-onset neurodegenerative disorders mainly
characterized by movement disorders including bradykinesia, tremor,
imbalance and rigidity with postural instability (DeMaagd and Philip,
2015; Greenland and Barker, 2018; Kouli et al., 2018; Williams and
Litvan, 2013). The movement disorders in PD arises mainly due to the
loss of dopaminergic neurons in the substantia nigra leading to failure in
the nigrostriatal pathway of the brain (Alexander, 2004; Sonne et al.,
2020). The dysfunction of the dopaminergic system and degeneration of
dopaminergic neurons in the OB contribute to olfactory defects in PD
(Alexander, 2004; PaB et al., 2020). Besides, PD has been characterized
by the presence of Lewy bodies and o-Synucleinopathy due to a
dysfunctional proteostasis network in the brain (Beyer et al., 2009;
Lehtonen et al., 2019). Several lines of evidence states that the impair-
ment of the sense of smell in PD could also be due to Lewy bodies and
aggregation of a-Synuclein mediated failure of the dopaminergic system
in OB (Han et al., 2020; Rey et al., 2018; Sengoku et al., 2008). Many
recent studies indicate that PD results from unknown complex in-
teractions between the genetic and environmental factors, while muta-
tions in some genes including alpha-Synuclein, Parkin, and Leucine-rich
repeat kinase 2 (LRRK2) leads to genetic forms of PD (Nuytemans et al.,
2010). There exists a considerable number of experimental proofs that
viral infections can trigger the accumulation of Lewy bodies and a-
Synuclein in the brain (Takahashi and Yamada, 1999; Tulisiak et al.,
2019).

Previous case reports suggest that transient secondary parkinsonism
can result from several viral infections including human immunodefi-
ciency virus (HIV), Japanese encephalitis (JE) and coxsackie viruses
(Jang et al., 2009a). Limphaibool N et al. reported that herpes simplex 1,
Epstein-Barr, hepatitis C, and influenza A virus can also increase the
chance of developing PD in the long run (Limphaibool et al., 2019). With
reference to the alteration of the dopaminergic system upon viral in-
fections, an earlier study by Jang H et al. showed that intranasally
administered influenza virus leads to a selective decrease of dopami-
nergic neurons in the substantia nigra of the experimental mouse brain
(Jang et al., 2009b). Similarly,the possibilities of SARS-CoV-2 infection
mediated degeneration of dopaminergic neurons in the brain may not be
excluded.

In 1985, Fishman et al. reported the selective affinity of coronavirus
mouse hepatitis virus (MHV)-A59 to the basal ganglia, a key brain
structure that controls the movement, and observed an abnormal
posture, locomotion difficulties, neuronal loss, and gliosis in the sub-
stantia nigra of the experimental mouse brain (Fishman et al., 1985).
Notably, recent data indicate the expression of ACE2 and dopa decar-
boxylase (DDC), the enzymes important for the synthesis of dopamine in
the non-neuronal cells (Nataf, 2020). SARS-CoV infection has been re-
ported to downregulate the expression of ACE2 that could in part play a
role in the impairment of the production of dopamine (Khalefah and
Khalifah, 2020; Kuba et al., 2005; Verdecchia et al., 2020). Moreover,
SARS-CoV-2 infection appears to induce a-Synuclein aggregation and
Lewy body-like pathology in the brain of COVID-19 cases (Brundin et al.,
2020; Pavel et al., 2020). Chan CP et al. reported that SARS-CoV uses the
endoplasmic reticulum as a site for the synthesis and processing of viral
proteins which could afftect the endogenous protein clearance
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mechanisms (Chan et al., 2006). The impairment of proteostasis in the
brains of subjects with COVID-19 could interfere with the clearance of
a-Synuclein, thereby resulting in its abnormal aggregation (Pavel et al.,
2020). A recently published neuroimaging study by Mikhal E Cohen and
colleagues reported that a SARS-CoV-2 positive case diagnosed with
olfactory defects developed sporadic Parkinsonism (Cohen et al., 2020).
Another case report by Ingrid Faber and group reported that a neuro-
logically normal COVID-19 positive survivor developed akinetic-rigid
parkinsonism due to defects in dopamine transport in the brain (Faber
et al., 2020). Further, a dopamine transporter single-photon emission
computed tomography (DAT-SPECT) based study by Méndez-Guerrero,
A. et al. reported that a 58-year-old SARS-CoV-2 positive male patient
showed hypokinetic rigid syndrome and bilateral decrease in presyn-
aptic dopamine uptake in the brain (Méndez-Guerrero et al., 2020).
Thus, it suggests that pathogenic events of COVID-19 are likely to induce
a sporadic form of PD. In the physiological state, dopaminergic neurons
in OB plays a prominent role in odour detection and discrimination
(Wilson and Sullivan, 1995). For the routine funtion of OB in the normal
brain, dopaminergic neurons need to be replenished through the
NSC-derived ongoing adult neurogenesis (Morrison, 2016). Considering
the fact, it can be expected that the impairment in neuronal replacement
of dopaminergic neurons in OB may be responsible for the loss of smell
in PD and COVID-19. Therefore, the dysregulation of the synthesis of
dopamine, degeneration of dopaminergic neurons and impaired neu-
roregenerative potential of NSCs in the olfactory system resulting from
SARS-CoV-2 infection may collectively contribute to the risk of devel-
oping the sporadic form of PD in COVID-19 patients and survivors.

4. The olfactory system and its cellular components and a revisit
on neurogenesis in the olfactory bulb in adult humans

The olfactory system plays an important role in communicating the
chemosensory input to the brain (Pinto, 2011; Sharma et al., 2019). In
vertebrates, the olfactory system is comprised of the main olfactory
system (MOS) and the accessory olfactory system (AOS) (Taniguchi
et al., 2011). The MOS contains OE in the nasal cavity responsible for
recognizing volatile compounds, while the AOS has the vomeronasal
organ through which the non-volatile pheromones are identified
(Mucignat-Caretta, 2010; Suarez et al., 2012; Vargas-Barroso et al.,
2017). OE is composed of olfactory sensory neurons (OSNs), multipotent
basal neuronal stem cells such as globose basal cells (GBCs) and hori-
zontal basal cells (HBCs) (Carter et al., 2004). In addition, OE contains
supporting cell populations like microvillar cells, sustentacular cells,
and bowman’s gland lining cells (Choi and Goldstein, 2018; Purves
et al., 2001; Schwob et al., 2017). The GBCs are mitotically active cells
that give rise to sustentacular cells and sensory neurons in OE (Carter
et al., 2004; Goldstein and Schwob, 1996; Leung et al., 2007). While
HBCs generally remain quiescent in the physiological state, they get
activated upon injury and microbial infection (Carter et al., 2004; Iwai
et al., 2008; Joiner et al., 2015). In the nasal cavity, the olfactory re-
ceptor (OR) genes are expressed mainly in the sensory neurons of OE
(Dang et al., 2018; Mombaerts, 2004; Niimura and Nei, 2006). ORs
belong to G Protein-Coupled Receptor (GPCR) superfamily and are
classified into two different groups, namely class I and class II, based on
the phylogenetic difference in mammals (Fleischer et al., 2009; Spehr
and Munger, 2009). While class I receptors mediate the signaling of
water-soluble odorants, class II receptors are responsible for the
perception of aerial odorants (Mezler et al., 2001; Spehr and Munger,
2009). In mammals, the majority of ORs are classified as class II re-
ceptors, and class I receptors are expressed to a lesser extent (Bozza
et al., 2009; Ferrer et al., 2016). The odorant molecule dissolves in the
mucus layer of OE and activates the ORNs (Izquierdo-Dominguez et al.,
2020; Nagashima and Touhara, 2010). The bipolar ORNs extend axons
through the cribriform plate and make the synaptic connection with the
dendrites of neurons in the glomeruli of OB (Beites et al., 2009; Choi and
Goldstein, 2018). In addition to OE, the other two regions of MOS
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include the Griineberg ganglion (GG) and the septal organ (SO) which
send projections to OB (Sudrez et al., 2012). In turn, OB transfers the
information to other brain regions through the olfactory cortex (Gire
et al., 2013; Shepherd, 2010).

OB is a distinct projected tissue structure present in the forebrain of
vertebrates that receive axonal input from OR expressing chemosensory
neurons of OE and transfer the information to other brain regions
including the cortex, amygdala, hypothalamus and hippocampus (Gire
et al., 2013; Miyasaka et al., 2009; Price et al., 1991). In rodents and
other mammals, OB is larger and located at the anterior portion of the
brain (McGann, 2017). In humans and primates, OB is relatively small
and located below the frontal lobe of the brain (McGann, 2017;
Semendeferi et al., 1997). OB consists of multiple layers that include the
olfactory nerve layer (ONL), glomerular layer (GML), external plexiform
layer (EPL), mitral cell layer (MCL), internal plexiform layer (IPL) and
granule cell layer (GCL) (Nagayama et al., 2014). The synaptic organi-
zation in different layers of OB is evident in rodent brains, whereas in
humans, the circumferential organization of layers and medial-lateral
symmetry are not well defined (Maresh et al., 2008). There are two
types of neurons that project via the olfactory tract to higher areas of
cortical centers, namely mitral cells located in MCL and tufted cells in
EPL (Harvey and Heinbockel, 2018; Nagayama et al., 2014). The axons
of ORNSs synapse with the dendrites of mitral and tufted cells in OB (Kim
et al., 2020; Nezlin et al., 2003; Vassar et al., 1994). The mitral cells
project their axons from OB to other regions of the brain (Igarashi et al.,
2012; Nagayama et al., 2010). The OB also contains dopaminergic
neurons in the GML and periglomerular area which plays a prominent
role in the detection, discrimination as well as modulation of odour (Paf
et al., 2020; Pignatelli and Belluzzi, 2017). Dopaminergic neurons in OB
appear to modulate the activity of olfactory sensory fibers, mitral cells
and tufted cells together with with granule neurons of GCL (Berkowicz
and Trombley, 2000; Cave and Baker, 2009; Pignatelli and Belluzzi,
2017). Notably, the granule neurons of GCL and dopaminergic neurons
of GML in OB are constantly generated through the cellular regenerative
process known as adult neurogenesis (Kandasamy et al., 2015; Lazarini
et al., 2014).

In most vertebrates, neurogenesis in the olfactory system is crucial
for daily life activities including food-seeking, pathfinding, social in-
teractions and sexual behaviours (Feierstein, 2012). In OE, locally
residing NSCs and progenitor cells such as HBCs and GBCs represent the
cellular regenerative resource for the continual generation of new ORNs
throughout adulthood (Brann and Firestein, 2014). Besides, rodent
studies have established that NSCs in the subventricular zone (SVZ)
generates immature neurons called neuroblasts which migrate through
the rostral migratory stream (RMS) to OB where they differentiate and
functionally integrate as gamma aminobutyric acid (GABA) ergic and
dopaminergic interneurons (Kandasamy et al., 2015; Ming and Song,
2011; Winner et al., 2006). The occurrence of adult neurogenesis in OB
responsible for olfaction has also been reported in many other
mammalian species including primates (Kornack and Rakic, 2001).
Unlike in rodents, an extra migratory stream containing immature
neurons towards the ventromedial prefrontal cortex has been reported
in forebrains of human infants (Sanai et al., 2011). Considering the fact,
local progenitor cells residing in the human olfactory system has been
speculated to be responsible for adult neurogenesis (Pagano et al.,
2000). However, the occurrence of adult neurogenesis in the forebrain
of humans has been a controversial subject (Berger et al., 2020; Sanai
et al., 2011). There exists supportive evidence that neurogenesis in the
SVZ takes place in the adult human brains but it is less active compared
to the brains of adult rodents (Parolisi et al., 2018). The rate of turnover
of new neurons in the human brain appears to be relatively slow
(Bergmann et al., 2012; Spalding et al., 2013). A previous carbon dating
analysis of the neuronal DNA indicated that the occurrence of neuro-
genesis is highly limited in the adult human OB (Ernst and Frisén, 2015;
McGann, 2017). However, subsequent studies revealed strong evidence
for the existence of ongoing neurogenesis in the human olfactory system
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in adulthood (Brann and Firestein, 2014; Curtis et al., 2012; Liu and
Martin, 2003; Whitman and Greer, 2009). An immunofluorescence
labelling study by Bédard and Parent, reported the expression of
well-known markers of neurogenesis such as Doublecortin (DCX),
NeuroD, polysialylated-neural cell adhesion molecule (PSA-NCAM) and
TuJ1 in OB of the human brains (Bédard and Parent, 2004). Using a
transcriptome analysis, Lotsch et al. validated the existence of neuro-
genic markers in OB of the adult human brain (Lotsch et al., 2014).
Besides, it has been testified that transcriptional profiles of the basal
progenitor populations of HBCs and GBCs present in the adult human OE
are similar to that of rodent brains (Schwob et al., 2017). A recent
single-cell RNA sequencing and immunohistochemical analysis by
Durante et al. demonstrated the presence of NSCs and immature neurons
in the human OB (Durante et al., 2020). Even though the morphology
and cellular marker expression patterns of human and rodent OB may
differ to some extent, both human OB and OE harbour NSCs, and
immatureand mature newborn neurons (Lledo and Valley, 2016; Song
et al., 2016; Whitman and Greer, 2009). Moreover, neurospheres
derived from human olfactory mucosa biopsies appeared to have
self-renewing capacity and differentiated into neurons and glial cells
(Murrell et al., 2005). Taken together, the presence of NSCs and the
occurrence of neurogenesis in the olfactory system of the human brain
are increasingly evident.

The ongoing adult neurogenesis in the forebrain has been linked to
the maintenance and rewiring of the neural circuit in the olfactory
system (Pignatelli and Belluzzi, 2010). Notably, adult neurogenesis in
OB is important for odour-based learning, odour discrimination, and
mating behaviours (Lledo and Valley, 2016; Pignatelli and Belluzzi,
2010). Moreover, a number of neurodegenerative diseases including PD
have been characterized by impaired neurogenesis in OB which is
accountable for deficits in olfactory neuroplasticity, leading to anosmia
(Hoglinger et al., 2004; Marxreiter et al., 2013; Winner et al., 2006;
Winner and Winkler, 2015). Besides, many viruses including rhinovirus,
Epstein bar virus, and coronaviruses are known to induce dysfunction of
OB due to inflammation (Bonzano et al., 2020; Lechien et al., 2020;
Suzuki et al., 2007; van Riel et al., 2015). While neuroinflammation has
been known to suppress the proliferation of NSCs and adult neuro-
genesis (Fan and Pang, 2017; Kandasamy et al., 2020, 2015, 2011,
2010), the possibilities of SARS-CoV-2 infection-mediated defect in
neurogenesis responsible for anosmia in the olfactory system may not be
excluded.

5. Impaired neurogenesis in the olfactory system as a potential
cause of anosmia in COVID-19 and PD

In general, upper respiratory tract infection has been known to be
associated with OB dysfunction (Welge-Liissen and Wolfensberger,
2006). However, the occurrence of anosmia resulting from OB pathol-
ogy has been reported in the majority of COVID-19 cases regardless of
the onset of respiratory dysfunctions (Whitcroft and Hummel, 2020).
Thus, the World Health Organization (WHO) has recognized anosmia as
a distinct early symptom of SARS-CoV-2 infection. Similarly, anosmia
has been well recognized as a pre-clinical symptom of PD (Fullard et al.,
2017). To note, the sensory neurons that express the odorant receptors
responsible for the sense of smell are continuously replenished
throughout life unlike the other nerve cells in mammalian brains (Brann
and Firestein, 2014). In the olfactory system, these sensory neurons of
OE project excitatory synapses with inhibitory interneurons in GCL of
OB through the generation of axonal binding in GML(Imamura et al.,
20205 Lledo et al., 2008). Notably, ORNs in OE are known to be positive
for the markers of immature neurons such as DCX during their genera-
tion in adulthood (Saaltink et al., 2012). While the inhibitory in-
terneurons play a major role in the synaptic input of sensory neurons
(Arnson and Strowbridge, 2017; Lledo et al., 2004), adult neurogenesis
contributes to the generation of GABAergic inhibitory interneurons in
GCL of OB (Lledo and Valley, 2016; Pallotto and Deprez, 2014).
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Moreover, the axonal processing of sensory neurons in glomeruli ap-
pears to be important for the olfactory discrimination (Malnic et al.,
2010), in which, continual generation ofdopaminergic neurons from
NSCs and neural progenitors appears to be highly important (Kandas-
amy et al., 2015; Lazarini et al., 2014; Pignatelli et al., 2009) Thus, the
regulation of olfactory neurogenesis provides a cellular mechanism for
the sense of smell in physiological conditions (Gheusi and Lledo, 2014).

To note, reduction of dopamine in the adult brain appears to alter the
number of mitotic cells in the forebrain of PD patients and the animal
models of PD (Hoglinger et al., 2004; Winner et al., 2006). O’Sullivan
et al. reported the negative correlation between disease duration and the
number of Musashi-positive NSCs of SVZ in the postmortem brain
samples of non-dementia PD victims (O’Sullivan et al., 2011). Moreover,
Ziabreva 1 et al. have also validated the reduced number of
Musashi-positive NSCs and progenitor cells of SVZ in the postmortem
brain with Lewy body pathology (Ziabreva et al., 2007). Moreover,
many experimental models of PD have been characterized by impaired
neurogenesis in OB (May et al., 2012; Winner and Winkler, 2015).
Notably, neuroinflammation appears to impair adult neurogenesis in
various neurodegenerative conditions including PD (Kandasamy et al.,
2020, 2011; Taupin, 2008). While reduction of dopamine synthesis has
been known to cease the neurogenic capacity of the adult brain,
blockade of neuroinflammation appears to enhance adult neurogenesis,
thereby compensating the replenishment of the dopaminergic neurons
in OB and restores olfactory sensory processing in PD (Lazarini et al.,
2014).

Previously, the extent of epithelial destruction and load of SARS-
CoV-2 in OB has been correlated to the varying severity of olfactory
dysfuntion responsible for anosmia (Akerlund et al., 1995; Imam et al.,
2020; Yamagishi et al., 1988). Recently, it has been speculated that the
loss of smell noticed in COVID-19 arises because of defects in the sup-
porting cells of OE and vascular pericytes of OB, that could induce a
change in the function of ORNs (Butowt and von Bartheld, 2020; Solo-
mon, 2021; Vaira et al., 2020). A case study testified that obstruction in
the olfactory cleft caused by inflammation may be a possible reason for
anosmia in COVID-19 (Eliezer et al., 2020), while RNA sequencing and
immunostaining studies revealed that ORNs and OE are positive for
ACE2 and TMPRSS2 (Bilinska et al., 2020; Brann et al., 2020). However,
Naeini AS et al. did not find any significant mucosal changes or olfactory
cleft abnormality in the CT imaging in COVID-19 patients with anosmia
and thereby highlighted further experiments are required to elucidate
the aetiology of olfactory loss in COVID-19 (Naeini et al., 2020). Gane SB
et al. hypothesized that anosmia in COVID-19 patients could occur due
to the destruction of the ORNs in OE (Gane et al., 2020). The whole RNA
sequencing data of olfactory mucosa in humans showed that the
expression of SARS-CoV-2 entry related genes are prominent in most
neuronal cells of the olfactory system including NSCs and progenitors
(Brann et al., 2020). Considering the aforementioned facts, the regen-
erative aspect of the human olfactory system responsible for the pro-
duction of new neurons that involves the sense of smell needs to be
revisited in COVID-19 conditions. Notably, many neurological deficits
noticed in COVID-19 have been related to neuroinflammation due to the
prominent cytokine storm (Kandasamy, 2021). Thus,
inflammation has been recognized as a key determinant for the abnor-
malities notcied in the dopaminergic system in substantia nigra and OB
responsible for anosmia in PD (Hoglinger et al., 2004; Taupin, 2008).
The proliferative and differentiation potentials of NSCs are known to be
drastically impaired by neuroinflammation in PD. Therefore, it can be
hypothesized that the pathogenesis of COVID-19 associated neuro-
inflammation could be an underlying basis for the defect in the dopa-
minergic system leading to the development of sporadic PD. Eventually,
the pathogenic events of PD and COVID-19 might be in part overlapped
by impaired NSC-mediated neurogenesis in OB and OE leading to
anosmia.

neuro-
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6. Conclusion

The human OE is highly sensitive to environmental changes and
susceptible to the chemosensory deprivation and inflammation. OB
plays an intermediate role between OE and higher brain areas in pro-
cessing the odour information. The regulation of NSC-mediated neuro-
genesis in OB and OE is important for olfaction. While the regulation of
neurogenesis in OB and OE is negatively influenced by neuro-
inflammation, olfactory impairments resulting from neuroinflammation
represent a pathogenic interlink between COVID-19 and PD. Consid-
ering the fact, SARS-CoV-2 infection in the nasal route may be associated
with a reduction in the NSC population of GBCs and HBCs which are
involved in renewing the ORNs in OE. Besides, the SARS-CoV-2-
mediated neuroinflammation in OB would also be associated with the
impairment of neurogenesis at the level of defects in proliferation and
dopaminergic differentiation of NSCs in the proximity of GML similar to
the pathogenesis seen in PD. Thus, failure in the replenishment of
degenerating ORNs in OE and dopaminergic neurons in OB in subjects
with COVID-19 and PD might be the underlying basis of anosmia. To
defend and overcome this obstacle, the delivery of proneurogenic drugs
and therapeutic measures against dopamine alterations needs to be
considered to manage COVID-19. Also, further experiments are indis-
pensable to analyze neurogenesis and the overlapping mechanisms with
other neurological diseases in the brains of COVID-19 patients.
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