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Olfactory impairment is a common symptom in Coronavirus Disease 2019 (COVID-19), the
disease caused by Severe Acute Respiratory Syndrome—Coronavirus 2 (SARS-CoV-2)
infection. While other viruses, such as influenza viruses, may affect the ability to smell, loss
of olfactory function is often smoother and associated to various degrees of nasal symp-
toms. In COVID-19, smell loss may appear also in absence of other symptoms, frequently
with a sudden onset. However, despite great clinical interest in COVID-19 olfactory alter-
ations, very little is known concerning the mechanisms underlying these phenomena.
Moreover, olfactory dysfunction is observed in neurological conditions like Parkinson's dis-
ease (PD) and can precede motor onset by many years, suggesting that viral infections,
like COVID-19, and regional inflammatory responses may trigger defective protein aggre-
gation and subsequent neurodegeneration, potentially linking COVID-19 olfactory impair-
ment to neurodegeneration. In the following chapter, we report the neurobiological and
neuropathological underpinnings of olfactory impairments encountered in COVID-19 and
discuss the implications of these findings in the context of neurodegenerative disorders,

with particular regard to PD and alpha-synuclein pathology.
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1. Introduction

Coronavirus Disease 2019 (COVID-19), the disease caused by Severe
Acute Respiratory Syndrome—Coronavirus 2 (SARS-CoV-2), is often
associated with a wide spectrum of neurological manifestations (Ellul et al.,
2020; Helms et al., 2020; Huang et al,, 2021; Iadecola, Anrather, &
Kamel, 2020; Mao et al., 2020). Intriguingly, the COVID-19 pandemic
brought to the attention of clinicians an astonishing number of patients
affected by mild symptoms, the most frequent being a sudden and complete
loss of olfaction, which may last for a variable period of time (Guerrero
et al., 2021).

Often wrongfully regarded as an ancillary sense, olfaction covers a
great role in our everyday life for its involvement in lifeguarding processes
(e.g., avoiding dangerous chemicals), as well as in food evaluation. As the
pleasantness of gustatory and olfactory stimuli represents an important con-
tributor to patients’ quality of life, olfactory impairment is also frequently
associated to anhedonia, lack of motivation and depressive symptoms in
patients with COVID-19 (Athanassi, Dorado Doncel, Bath, & Mandairon,
2021; Voruz et al., 2022).

Aside of the functional impairments deriving from olfactory dysfunction,
the olfactory system directly links the brain to the external environment, rep-
resenting a gateway through which many viruses, such as herpesvirus-1 and 6,
may access the central nervous system (CNS) (Duarte et al., 2019; Harberts
et al., 2011). Also, the olfactory system is involved in the pathogenesis of
different neurodegenerative diseases, like Parkinson’s (PD) and Alzheimer’s
disease (Sulzer, 2007), due to its connections to the entorhinal cortex and lim-
bic system, suggesting special care for possible long-term consequences of viral
infections. In this context, olfactory transmucosal invasion of SARS-CoV-2,
and the inflammatory correlates of COVID-19 at the level of the olfactory
system, must be carefully considered, as they may represent possible factors
for the establishment, or the precipitation, of protein aggregation and neuro-
degenerative phenomena.

2. Clinical features of COVID-19 olfactory impairment

2.1 Individual variables influencing COVID-19 olfactory
impairment
During the first waves of the COVID-19 pandemic, olfactory impairment
was regarded as a common clinical feature experienced by numerous
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patients. Early studies correlated higher propensity for acute olfactory loss
with a more indolent course, but subsequent work suggested elevated
prevalence of smell loss across most COVID-19 cases, regardless of severity
(Brann et al., 2020). Hornuss et al. (2020) evidenced that olfactory alter-
ations often occur unnoticed in COVID-19 patients, and that they do
not represent a predictor of severe COVID-19 manifestations. Moreover,
a substantial proportion of patients with previous mild-to-moderate symp-
tomatic COVID-19 characterized by new onset of chemosensory dysfunc-
tion, still complained on altered sense of smell or taste 1 year after the onset
(Brann et al., 2020). These long-term effects of COVID-19 on chemo-
sensory functions have been investigated recently by Shelton et al.
(2022), evidencing that only a restricted cluster of patients experience
long-term smell loss. The authors discovered a genetic mutation in
COVID-19 patients that was associated with a greater propensity for smell
or taste loss. The mutation was found in two overlapping genes, called
UGT2A1 and UGT2A2, encoding proteins that remove odor molecules
from the nostrils after they have been detected. However, interactions
between SARS-CoV-2 and the aforementioned genes remain to be
clarified.

Among the main issues concerning the evaluation of individual olfactory
outcomes in COVID-19, objective testing of olfactory function represents a
major aspect of concern. In the case of chemical senses, two main objective
tests have been developed and used over the years in the clinic, namely the
Sniffin” Sticks (Hummel et al., 2009) and the University of Pennsylvania
Smell Inventory Test (UPSIT) (Doty et al., 2014), while others are being
developed. Their use is mandatory in order to have an objective evaluation
of the level of impairment, since the subjective report is often misleading.
However, they both require the direct testing of the patient, which may
be difficult or impossible in the case of COVID-19 infected patients.
Conversely, collecting data from patients may be of paramount importance
to follow the disease, even though the utility of self-reporting about chem-
ical sensitivity has been repeatedly questioned (Hummel et al., 2009).

2.2 SARS-CoV-2 variants and their relationship with olfactory
impairment

Intriguingly, aside from intra-individual differences underlying more or

less severe olfactory impairment in COVID-19, SARS-CoV-2 variants

may as well affect olfactory outcome in the general populations. Coelho,

Reiter, French, and Costanzo (2022) surveyed 616,318 people in the

United States who had COVID-19. The authors found that, compared
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to those who had been infected with the original virus, people who had con-
tracted the Alpha variant—the first variant of concern to arise—were 50% as
likely to have chemosensory disruption. This probability fell to 44% for the
later Delta variant, and to 17% for the latest variant, Omicron. While this
clinical data appears to be in line with a less severe clinical outcome associ-
ated with newer variants, no studies to date have examined the impact of
different SARS-CoV-2 variants on the olfactory mucosa, either in animal
models, or in the neuropathological setting. Thus, the pathophysiology of
olfactory impairment in new SARS-CoV-2 variants, such as the recently
circulating Omicron variant, remain to be investigated.

3. Neuropathology of COVID-19 olfactory impairment

Other coronaviruses, such as Severe Acute Respiratory Syndrome
Coronavirus 1 (SARS-CoV-1), are known to enter the brain of transgenic
mice via the olfactory bulb, leading to neuronal necrosis in the absence
of encephalitis (Netland, Meyerholz, Moore, Cassell, & Perlman, 2008).
Similarly, high levels of viral RNA were found in the brainstem and
thalamus of transgenic mice following intranasal inoculation of the Middle-
Eastern Respiratory Syndrome Coronavirus (MERS-CoV) (Li et al., 2016),
suggesting for a common neuroinvasive potential.

As far as SARS-CoV-2 is concerned, most studies agree on the exten-
sive inflammatory processes occurring in the olfactory mucosa and bulb
of COVID-19 patients (Emmi et al,, 2021; Matschke et al., 2020;
Meinhardt et al., 2021; Schwabenland et al., 2021; Thakur et al., 2021),
but often conflicting findings are reported concerning SARS-CoV-2 neuro-
tropism. Douaud et al. (2022) investigated structural brain changes before and
after a SARS-CoV-2 infection in a large sample of UK Biobank participants,
revealing significant reductions in gray matter thickness and tissue-contrast in
the orbitofrontal cortex and parahippocampal gyrus, along with prominent
alterations in brain areas functionally connected to the primary olfactory
cortex. Positron emission tomography (PET) hypometabolism in long
COVID patients encompassing the olfactory gyrus and the connected limbic/
paralimbic regions, extended to the brainstem and the cerebellum (Gued;
et al., 2021), and in the right parahippocampal gyrus and the right thalamus
(Sollini et al., 2021) was also reported.

From a neuropathological perspective, several studies identified SARS-
CoV-2 viral antigens and genomic sequences through RT-PCR, immuno-
histochemistry, in-situ hybridization and even electron microscopy in the
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human olfactory system (Khan et al,, 2021; Meinhardt et al., 2021;
Zazhytska et al., 2022). Meinhardt et al. (2021) detected SARS-CoV-2
Spike protein in primary olfactory neurons of the olfactory mucosa in a large
sample of COVID-19 patients, suggesting an olfactory-transmucosal route
of infection throughout the CNS, as testified also by the detection of viral
RNA at the level of the olfactory bulb and the medulla oblongata.

Conversely, two recent studies found viral genomic sequences and anti-
gens in sustentacular cells of the olfactory epithelium, but not in olfactory
neurons (Khan et al., 2021; Zazhytska et al., 2022). This was associated with
the reorganization of nuclear architecture and downregulation of olfactory
receptors, as well as their signaling pathways, in neuronal cells of the olfac-
tory mucosa, hinting towards a non-cell autonomous cause of anosmia
(Zazhytska et al., 2022). Two studies of single nucleus RNA sequencing
of brains of COVID-19 patients, focusing on the olfactory system and the
choroid plexus, detected broad perturbations, with upregulation of genes
involved in innate antiviral response and inflammation, microglial activation
and neurodegeneration, but found no direct evidence of viral RNA in the
tissue (Fullard et al., 2021; Yang et al., 2021). Similarly, authors have not
detected viral proteins/ RINA through immunohistochemistry or in-situ
hybridization, even though viral genomic sequences were found via
RT-PCR assays (Lee et al., 2021; Solomon et al., 2020; Thakur et al.,
2021). In concordance to these findings, animal model studies suggest that
loss of smell is related to damage to the cilia and olfactory epithelium, but
not infection of the olfactory neurons. For example, in an experiment
where hamsters were nasally infected with SARS-CoV-2, the olfactory
epithelium and cilia became very damaged, leading to anosmia, but
no infection was observed in the olfactory neurons (Bryche et al., 2020).
Furthermore, Brann et al. (2020) demonstrated that mouse, non-human
primate and human olfactory mucosa express two key genes involved in
SARS-CoV-2 entry, ACE2 and TMPRSS2. However, single cell sequenc-
ing revealed that ACE2 is expressed in support cells, stem cells, and
perivascular cells, rather than in neurons.

Concerning neuroinflammation occurring in the olfactory system of
COVID-19 patients, Schwabenland et al. (2021) performed deep spatial
profiling of the local immune response through imaging mass spectrometry,
revealing significant immune activation in the medulla oblongata and in the
olfactory bulb, with a prominent role mediated by CD8 + T-cell—microglia
crosstalk in the parenchyma. Similarly, other authors (Emmi et al., 2021;
Matschke etal., 2020; Solomon et al., 2020) detected prominent astrogliosis,
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microglial activation and microglial nodules in the brainstem and olfactory
structures of COVID-19 subjects, as seen in Fig. 1. Hence, even though
the detection of SARS-CoV-2 in olfactory neuronal cells has not been con-
sistently reproduced throughout studies, most findings support marked
neuroinflammation of the olfactory system in COVID-19. Combined with
recent studies indicating indirect downregulation of olfactory receptor path-
ways mediated by sustentacular cell infection, it appears that olfactory
impairment in COVID-19 may not always be associated to direct viral inva-
sion of olfactory neuronal cells, with subsequent olfactory-transmucosal
spread of the virus throughout the CNS but can also be mediated by
sustentacular cell infection and dysregulation of olfactory receptor pathways.
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Fig. 1 (A) Olfactory bulb and tract of a person who died due to COVID-19,
Hematoxylin & Eosin staining. (B) Microglial nodule in the olfactory bulb, as demon-
strated by CD68 immunoperoxidase staining. (C) Prominent astrogliosis of the olfactory
tract with numerous corpora amylacea representing a non-specific finding in COVID-19,
often difficult to disentangle from patient comorbidities. GFAP immunoperoxidase
staining. This material has been obtained from an autopsy performed at the Institute
of Anatomy of the University of Padua, Italy.
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4. Olfactory impairment in COVID-19 and parkinsonism

Despite being counted as a respiratory virus, SARS-CoV-2 is associ-
ated to frequent and sometimes severe neurological manifestations, posing
important interrogatives on the short and long-term eftects of SARS-
CoV-2 infection on the CNS. Particularly concerning is the hypothesis that
SARS-CoV-2 infection of the CNS may predispose, or quickly precipitate,
the development of PD (Beauchamp, Finkelstein, Bush, Evans, & Barnham,
2020; Bouali-Benazzouz & Benazzouz, 2021; Brundin, Nath, & Beckham,
2020). This hypothesis arises both from the 1917 Spanish flu and von
Economo’s encephalitis lethargica pandemics, which have seen a surge of
post-encephalitic parkinsonism following the waves of the pandemic, and
the known association between viral infection and the development of tran-
sient or permanent movement disorders ( Jang, Boltz, Webster, & Smeyne,
2009). In fact, pathogens, and in particular respiratory viruses, have been
suggested as a potential etiopathogenic factor for PD, leading to parkinson-
ism in subjects over the age of 50, regardless of genetic substrate (Beauchamp
et al., 2020; Tanner et al., 1999). The well-established neuropathological
staging of PD, suggested by Braak & Braak, also appears to account for neu-
rotropic pathogens that may infect the CNS either through the vagus nerve
(pneumo-gastric pathway) or by accessing the brain through the olfactory
systems. Both the olfactory bulb and tract, as well as the medulla oblongata
where the vagal nuclei are located, represent the very first sites of early PD
neuropathology, and interestingly also represent the main sites of inflamma-
tion/ infection encountered in COVID-19 (Hawkes, Del Tredici, & Braak,
2007; Klingelhoefer & Reichmann, 2015). Furthermore, viral-related
inflammation might render the CNS susceptible to preceding or subsequent
stressors (Sulzer, 2007), even in the absence of direct viral invasion; indeed,
past history of infection was associated with a 20% higher risk of presenting
PD in the future (Meng, Shen, & Ji, 2019). In the case of coronaviruses
(CoV), higher antibodies titers against common CoV have been detected
in the cerebrospinal fluid (CSF) of people with PD (PwP) when compared
to controls, while there was evidence of post-encephalitic parkinsonism in
mice infected with a CoV strain (MHV-A59) (Fazzini, Fleming, & Fahn,
1992; Fishman et al., 1985).

In a recent study, Semerdzhiev, Fakhree, Segers-Nolten, Blum, and
Claessens (2022) demonstrated that in the presence of SARS-CoV-2
Nucleocapsid protein, the onset of alpha-synuclein aggregation into
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amyloid fibrils is strongly accelerated, indicating that N-protein facilitates
the formation of a critical nucleus for aggregation. Fibril formation does
not only appear to accelerate, but also proceeds in an unusual two-step pro-
cess. In cells, the presence of Nucleocapsid protein changes the distribution
of alpha-synuclein over different conformations, which likely represent dif-
ferent functions at already short time scales. Similarly, Charnley et al. (2022)
identified two peptides from the SARS-CoV-2 proteome that self-assemble
into amyloid assemblies. These amyloids were shown to be highly toxic to
neuronal cells and are hypothesized to trigger neurological symptoms in
COVID-19. The cytotoxicity and protease-resistant structure of these
assemblies may result in their persistent presence in the CNS of patients,
even following infection, and could partially explain the lasting neurological
symptoms of COVID-19, especially those that are novel in relation to other
post-viral syndromes, such as those following the original SARS-CoV-1.
The outlook in relation to triggering of progressive neurodegenerative
disease remains uncertain. Given the typically slow progress of neurodegen-
erative disease, if such a phenomenon exists, it will most probably take some
time to become evident epidemiologically. In an animal model study per-
formed by Kaufer et al. (2022), microglial activation and neuronal
proteinopathy persisted even beyond viral clearance. Viral protein exposure
in the nasal cavity led to pronounced microglia activation in the olfactory
bulb beyond viral clearance. Cortical, but not hippocampal, neurons accu-
mulated hyperphosphorylated tau and alpha-synuclein, in the absence of
overt inflaimmation and neurodegeneration. Importantly, not all brain
regions were affected, in line with the selective vulnerability hypothesis.
In this animal model, despite the absence of virus in brain, neurons devel-
oped signatures of proteinopathies that may contribute to progressive
neuronal dysfunction.

This is further confirmed by available neuropathological studies on
COVID-19 decedents, showing very little and often conflicting evidence
on SARS-CoV-2 neurotropism. On the other hand, all available neuropath-
ological studies are carried on subjects who died during the acute phases of
the disease (Emmi et al., 2021; Matschke et al., 2020; Schwabenland et al.,
2021; Solomon et al., 2020), and, as such, the neuropathological alterations
occurring in cases of chronic infection or in the post-infection timeframe are
yet unknown. Neurodegenerative changes induced by either direct infec-
tion or by the indirect effects mediated by neuroinflammation may not
be appreciable or detectable in patients who died shortly after infection,
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and as most subjects in neuropathological studies already present important
neurological comorbidities, it is not possible to determine which markers of
neurodegeneration are directly related to COVID-19, and which are related
to patient morbidity.
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