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Several neurological symptoms and complications have been described in association with COVID-19, such as
anosmia, ageusia, encephalitis and Guillain-Barré syndrome. Here, we review the literature describing SARS-
CoV-2-induced neurological manifestations and provide a comprehensive discussion of proposed mechanisms
underlying the neurological pathophysiology. First, we analyse the neuroinvasiveness potential of the corona-
virus family based on previous SARS-CoV-1 studies. Then, we describe the current evidence on COVID-19-

induced nervous tissue damage, including processes behind brain vasculopathy and cytokine storm. We also
discuss in detail anosmia and Guillain-Barré syndrome. Finally, we provide a summarised timeline of the main
findings in the field. Future perspectives are presented, and suggestions of further investigations to clarify how

SARS-COV-2 can affect the CNS.

1. Introduction

The COVID-19 disease, caused by SARS-CoV-2 viral infection, leads
to a significant number of clinical symptoms and complications, such as
pneumonia and acute respiratory distress syndrome (ARDS). The most
common symptoms include fever and cough, presented in most cases of
mild COVID-19 disease. Lymphocytopenia is observed in most patients,
as well as elevated levels of aminotransferase, aspartate aminotrans-
ferase, creatine kinase, inflammatory cytokines, and d-dimer are also
observed (Guan et al., 2020; Zhang, 2020; Chen et al., 2020a; Mudatsir
et al., 2020). Risk groups include patients above 65 and those with pre-
existing conditions; diabetes, obesity, coronary heart disease, and hy-
pertension (Mudatsir et al., 2020; Zhou et al., 2020; Gao et al., 2021).
The wide array of observed COVID-19 complications, such as multiple
organ failure (Du et al., 2020), has evoked a need to understand the
pathophysiological processes behind these complications.

SARS-CoV-2 can spread beyond its primary site of infection. There
are reports of renal tropism, (Su et al., 2020; Puelles et al., 2020)
myocardial tropism (Tavazzi et al., 2020), and infection of other organs
such as the pharynx, liver, and brain (Puelles et al., 2020). SARS-COV 2
has also been demonstrated to have the ability to infect and replicate in
the human pancreas impairing insulin secretion, with f-cells expressing
viral entry proteins (Miiller et al., 2021). The bronchial epithelial cells of

the lower respiratory tract, especially the transient secretory cells, are
prone to SARS-CoV-2 infection. The endothelium and other cardiovas-
cular cells have also been proposed to facilitate viral invasion of various
tissues by spreading infection rather than comprising a protective bar-
rier (Lukassen et al., 2020; Monteil et al., 2020). Subsequently, multiple
organ failure has been reported in COVID-19 patients (Du et al., 2020).
Nevertheless, the mechanisms regarding how the initial infection leads
to systemic infection remain mostly unclear.

SARS-CoV-2 has been shown to lead to neurological manifestations
(Chen et al., 2020b; Mao et al., 2020; Zubair et al., 2020). Several re-
ports are describing neurological impairments in large groups of pa-
tients. For instance, in a prospective study examining the neurological
complications of COVID-19, myalgia, dizziness, headache, ageusia, and
anosmia are presented as some of the most common neurological
symptoms (Karadas et al., 2020). Especially so anosmia, occurring in
47% of patients, and ageusia in 85% of patients in a retrospective study
(Klopfenstein et al., 2020). Neurological manifestations seem to occur in
most hospitalized patients during the disease course and are presented at
the time of disease onset in 42% of cases (Liotta et al., 2020). Severe
complications such as stroke and Guillain-Barré syndrome are recorded
in both prospective and database studies, albeit not commonly (Karadas
et al., 2020; Nalleballe et al., 2020); nevertheless, complications such as
encephalitis, Guillain-Barré syndrome, and encephalopathy are not
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Potential Neuropathological Mechanisms

A. Transneuronal

Spread from the Lung

B. Hematogenous
Routes

Fig. 1. Some of the potential neuropathological mechanisms of SARS-CoV-2. A. Transneuronal spread from the lung. Early on during the COVID-19 pandemic, this
mechanism was mentioned in reviews, discussing whether or not the respiratory distress in COVID-19 disease could be induced by SARS-CoV-2 involvement in the
cardiorespiratory centres (Li et al., 2020). This type of transneuronal spread was observed previously in mice inoculated with Influenza A virus, through the vagus
nerve (Matsuda et al., 2004), and cardiorespiratory involvement of other coronaviruses has been observed in mice (McCray et al., 2007; Netland et al., 2008).
However, brainstem abnormalities have not been found in patients, which would support CNS involvement in respiratory distress symptoms (Coolen et al., 2020). B.
Hematogenous routes. The multi-organ failure induced by COVID-19 is a consequence of SARS-CoV-2 spreading to different organs, possibly using the systemic
circulation. Here, direct endothelial infection leading to a disruption of the BBB or infiltration of immune cells carrying SARS-CoV-2 are presented as possible
mechanisms of hematogenous dissemination of SARS-CoV-2. The hematogenous routes to the CNS are further discussed and shown in Fig. 2. C. The olfactory route.
This mechanism is discussed here, as it is prevalent in mice inoculated with SARS-CoV-1 (McCray et al., 2007; Netland et al., 2008). However, this hypothesis is
questioned, as the olfactory sensory neurons of the human olfactory epithelium lack the required viral entry receptors (Fodoulian et al., 2020; Brann et al., 2020).

always captured by larger studies but are presented in case reports
which are covered below in this review. Seizures are, in most studies, not
observed as a complication of COVID-19 (Keshavarzi et al., 2021). In
another multicentre study, seizures could not be correlated with COVID-
19 disease (Lu et al., 2020), and these have not yet been well covered in
reviews.

Interestingly, there are numerous reports of neurologic sequelae
from COVID-19, such as Guillain-Barré syndrome and encephalitis, even
when hallmark symptoms like pneumonia and coughing are absent
(Helbok et al., 2020; Bracaglia et al., 2020; Huang et al., 2020a; Duong
et al., 2020; Abdi et al., 2020; Guillan et al., 2020; Bertran Recasens
et al., 2020). These include one case of acute disseminated encephalo-
myelitis in the absence of clinical pulmonary symptoms (Abdi et al.,
2020). This evidence suggests that neurological symptoms may be a
primary feature of COVID-19 disease, which neurologists and psychia-
trists need to be aware of, as also discussed in (Karadas et al., 2020;
Bertran Recasens et al., 2020).

This review aims to incorporate the different perspectives of the
previous reviews and the most recent original findings, aiming to pre-
sent the most relevant and recent ones. We review both clinical and
preclinical studies and forward a timeline of the most important
breakthroughs.

2. Neuropathological mechanisms

The viral particle of SARS-CoV-2 is enveloped, carrying a single-
stranded, positive-sense RNA genome. SARS-CoV-2 belongs to the
beta-coronaviruses’ family, which has many viruses known to infect
humans. The most widely recognised coronaviruses that infect human
populations are SARS-CoV-1 and MERS-CoV. SARS-CoV-1 is the closest
relative to SARS-CoV-2, with a genome correspondence of approxi-
mately 80% and the usage of the same primary cell entry receptor,
human ACE2 (Wu et al., 2020; Chan et al., 2020). Interestingly, the spike
protein of SARS-CoV-2 has a receptor-binding domain with a stronger
binding affinity for the ACE2 receptor than the spike protein of SARS-
CoV-1 (Zhang et al., 2020), possibly explaining its higher trans-
missibility. At this time, it is well established that the human ACE2 is the
receptor primarily used by the SARS-CoV-2 virus for cell entry. The
fusion of cell and viral membranes is further facilitated by an obligatory
cleavage of the viral spike protein attached to the ACE2 receptor by the
TMPRSS2 protease (Lukassen et al., 2020; Hoffmann et al., 2020; Walls
et al., 2020). However, cathepsin B or L proteases may be appropriate
substitutes of TMPRSS2 in the cell entry process (Hoffmann et al., 2020;
Sungnak et al., 2020). Additional FURIN protease cleavage sites have
been identified within the SARS-CoV-2 spike protein, and its potential
involvement in facilitating viral cell entry has been discussed (Lukassen
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et al., 2020; Walls et al., 2020; Coutard et al., 2020). Expression of the
ACE2 receptor, coupled with the TMPRSS2 protease, is essential for
SARS-CoV-2 cell entry. The attachment of the viral spike protein to its
appropriate receptors and the following protease-mediated processing
ultimately leads to clathrin-mediated endocytosis (Bayati et al., 2021).
The field of SARS-CoV-2 cell entry receptors is a rapidly evolving field.
The latest proposed receptor is neuropilin-1, shown to increase viral cell
entry (Cantuti-Castelvetri et al., 2020). A multitude of cell-surface re-
ceptors are still actively discussed, and new ones are found, but their
role is still elusive.

The virus was shown to access the lungs by infecting cells in sub-
segmental bronchial branches and respiratory epithelium co-expressing
ACE2 and TMPRSS2. In some cases, FURIN-family proteases were co-
expressed (Lukassen et al., 2020). Most importantly, gene expression
of ACE2 and TMPRSS2 was reported in alveolar epithelial type II cells, a
part of the lung parenchyma (Zhao et al., 2020a; Zou et al., 2020). ACE2
has also been shown to be expressed in multiple epithelial cell types
across the airway, with expression in nasal epithelial goblet cells and
ciliated cells being especially high (Sungnak et al., 2020). This mounting
evidence strongly suggests that the virus can efficiently infect the cells of
the respiratory tract and lungs when inhaled. While these reports
explained how SARS-CoV-2 entry into the respiratory tract and spread
between cells therein could lead to lower respiratory tract disease and
subsequent pneumonia and ARDS, the virus has shown signs of tropism
for other tissues. The main takeaway is that co-expression of ACE2 and
TMPRSS2 in a given cell or tissue means that it likely is susceptible to
SARS-CoV-2 infection. ACE2 expression alone may be sufficient in some
contexts, like when viral cell entry is aided by substitute proteases or
other unknown mechanisms (Bullen, 2020).

2.1. Neuroinvasiveness of SARS-CoV-2 as a feature of the coronavirus
family

Due to the similarities between SARS-CoV-1 and SARS-CoV-2 ge-
nomes, a correspondence of 80% and the common ACE2-utilising cell-
entry mechanisms (Wu et al., 2020; Chan et al., 2020; Walls et al., 2020),
research from the previous SARS epidemic has been used to understand
the COVID-19 outbreak. There are several studies from 2007 to 2008
examining the pathogenesis of SARS-CoV-1 in mice, transgenic for the
human ACE2 receptor (hACE2). Unlike non-modified mice, the hACE2
transgenic mice become infected when inoculated with SARS-CoV-1
intranasally. In these mice, the viral infection follows a rapid progres-
sion and death. In a study searching for the potential neurotropism of
SARS-CoV-1, brain entry was shown to occur via the olfactory pathway.
The nasal inoculation of SARS-CoV-1 led to direct infection of the ol-
factory epithelium. Transneuronal spread from the sensory olfactory
neurons therein consequently paved the way for the virus to infect the
olfactory bulb, from where the virus would spread to most areas of the
brain using axonal transport. The subsequent death occurred presum-
ably by dysfunction and/or death of infected neurons in the cardiore-
spiratory centres of the medulla oblongata, even with very low levels of
hACE2 expression (McCray et al., 2007; Netland et al., 2008). Infiltra-
tion of immune cells and upregulation of inflammatory cytokines and
chemokines in brain and lung tissue were also observed (McCray et al.,
2007). Other respiratory viruses are also known to induce unspecific
immune responses and autoimmune interactions, in addition to direct
viral damage to the CNS, following hematogenous or transsynaptic
spread (Desforges et al., 2019). Some of these neuroinvasive viral
mechanisms in relation to SARS-CoV-2 are summarised in Fig. 1.

Signs of neurotropism of SARS-CoV-1 are also documented in studies
with human subjects. From biopsies of deceased patients in 2005, viral
particles were detected in the respiratory tract’s epithelium, intestine
and renal distal tubules, neurons, and circulating immune cells. Neurons
in the hypothalamus and cortex were infected and in 6/8 confirmed
SARS cases, with the presence of edema and degeneration of neurons
(Guetal., 2005). Moreover, the epidemics of SARS and MERS led to case
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reports of neurological symptoms such as seizures, polyneuropathies,
large artery cerebral infarctions, and detection of SARS-CoV-1 in CSF.
However, these previous epidemics have only spawned a limited num-
ber of recorded neurologic cases, and the relationship between SARS,
MERS, and neurological complications has been questioned (Akhvle-
diani et al., 2020).

The mechanisms underlying the neuropathological alterations of the
coronavirus family are yet not fully elucidated, but a recent thorough
post-mortem case series study has shed some light on this question.
SARS-CoV 2 was present in roughly half of the cases but did not correlate
with the neuropathological severity. The viral proteins were detected in
the cranial nerves and the medulla oblongata. However, microglial
activation and T lymphocytes infiltration was prevalent in the tissue,
suggesting that systemic inflammation, but not the virus itself, may be
responsible for the CNS damage (Matschke et al., 2020).

2.2. COVID-19%-induced nervous tissue damage

Significant nervous tissue damage has been documented in COVID-
19 patients. In subjects with moderate to severe forms of COVID-19,
CNS blood plasm markers GFAp and NfL are elevated compared to
age-matched controls. These results indicate astrocytic activation or
damage, and intra-axonal damage, respectively. Intra-axonal damage
marker NfL, was primarily elevated in patients with severe disease, but
was shown to increase in concentration throughout the illness and was
positively correlated with age. Whether this damage to CNS cells is a
consequence of direct neuroinvasive or immune/inflammation-
mediated damage remains unclear. The damage is present in not only
severe COVID-19 cases, but also in moderate cases (Kanberg et al.,
2020). Similar results have been replicated in CSF testing (Virhammar
et al., 2020a).

Transcriptome analyses have been performed to map the expression
patterns of ACE2 in human organs and cells, as this receptor is crucial for
SARS-CoV-2 cell entry (Hoffmann et al., 2020). One such study has
found ACE2 expression in multiple types of neurons. The expression of
ACE2 was especially elevated in the choroid plexa of the lateral ven-
tricles and could be found in oligodendrocytes and astrocytes, in addi-
tion to both excitatory and inhibitory neurons. While the ACE2
expression is lower in the brain than the lungs, it does suggest that direct
SARS-CoV-2 infection of brain tissue is possible (Chen et al., 2021).
Another study found ACE2 expression in adults to be the highest in lung
and ileum, amongst other tissues. In the CNS, it was especially high in
the amygdala and brain stem (Lukiw et al., 2020).

In vitro, SARS-CoV-2 was able to infect multiple cell types from
human-derived CNS tissue model. Viral particles were found in the
cytoplasm of neurons, demonstrating the neurotropism of SARS-CoV-2.
Those cells were positive for ACE2 expression, but negative for
TMPRSS2 (Bullen, 2020); as such, SARS-CoV-2 priming independent of
TMPRSS2 and instead assisted by other cell-surface proteases could be a
possible explanation. Although the ability of SARS-CoV-2 to infect
neural tissue is supported here, these preclinical models cannot account
for the blood-brain barrier as a factor that is protecting the CNS from
blood-borne viral particles in a living human.

In a more recent series of experiments in human brain organoids,
post-mortem human brain tissue and hACE2 positive mouse models, the
neurotropism of SARS-CoV-2 and the neural ACE2 expression were
examined (Song et al., 2021). In the human brain organoid, SARS-CoV-2
leads to neuronal death and showed signs of replicating using the cell
machinery. Infected cells had an altered and enhanced metabolic ac-
tivity, leading to hypoxia of surrounding, non-infected cells. The
infectability of cells was significantly lowered with the addition of
ACE2-antibodies and prevented by the addition of SARS-CoV-2 specific
IgG antibodies from a patient’s CSF (Song et al., 2021). In the transgenic
mice, various brain regions were infected seven days after inoculation,
and intraventricular administration had fatal consequences, even at
much lower viral load than during nasal inoculation. In post-mortem
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SARS-CoV-2 Contact with
the Blood Brain Barrier

A. ACE 2 expression in cells of the BBB:
- Endothelium
- Pericytes
- Astrocytes

Journal of Neuroimmunology 358 (2021) 577658

B. Perivascular Spaces

C. The Blood-Cerebrospinal Fluid Barrier

Ependymal cells

ACE2

b

The Choroid Plexus

Fig. 2. A summary of SARS-CoV’s points of contact with the blood-brain barrier. A. Vascular BBB. Endothelial cells, astrocytes, and pericytes comprise the blood-
brain barrier around blood vessels and express the appropriate viral cell entry receptor ACE2 (Chen et al., 2021). B. Perivascular spaces. Some neurotropic viruses
have a high documented affinity to the perivascular spaces in the brain (Couderc et al., 2008). C. The blood-cerebrospinal fluid barrier. In the choroid plexa of the
lateral ventricles, ACE2 is expressed in both blood vessel cells and the choroid epithelium, potentially allowing SARS-CoV-2 entry into the CSF or brain extracellular

fluid (BECF) (Chen et al., 2021).

human brain tissue, positive viral staining was not accompanied by
leukocyte infiltration and typical immune response. These findings
support the possibility of direct ACE2 dependent neural infection (Song
et al., 2021).

The blood has several different types of contact points with the
nervous tissue of the brain. The most common one is the blood-brain
barrier (BBB), consisting of an inner endothelium, surrounded by peri-
cytes and, most importantly, astrocytes, protecting the CNS with tight
junctions. However, the blood also supplies the lateral ventricles of the
brain, where there is an exchange between components of the blood
with the cerebrospinal fluid. Infected leukocytes may also serve as a
vector for viral transmission to the CNS (Desforges et al., 2019; Chen
et al., 2021). Finally, viruses known for their neurotropism have been
shown to infect perivascular spaces (Couderc et al., 2008). These he-
matogenous routes are summarised in Fig. 2.

The proposed hematogenous routes of neuroinvasion are supported
by the expression of ACE2 found in endothelial cells, pericytes, astro-
cytes and the epithelium of the choroid plexa (Chen et al., 2021). Indeed,
cases demonstrating endothelial SARS-CoV-2 infection in the brain and
other organs (Paniz-Mondolfi et al., 2020; Varga et al., 2020; Hanafi
et al., 2020), with viral particles shown to breach the blood-brain barrier
(Paniz-Mondolfi et al., 2020). A case report of COVID-19 induced ce-
rebral small-vessel ischemic lesions in a patient is supportive of SARS-
CoV-2-induced vasculitis or endothelitis (Hanafi et al., 2020). Some
recent reports show that SARS-CoV-2 may have access to the CNS
through the choroid plexus in vitro models (Pellegrini et al., 2020). In an
organoid model developed to study the choroid plexus, ACE2 expression
was found in the ependymal cells. It was especially high in lipoprotein-
expressing cells. TMPRSS2 and TMPRSS4 were also widely expressed,
promoting SARS-CoV-2 cell entry. The expression of these crucial

receptors on the apical side of the choroid plexus border suggests that
SARS-CoV-2 gains access to the cells from the vascular side.

Indeed, SARS-CoV-2 seemed to cause a major breakdown of the
brain-CSF barrier. While viral tropism for neurons and other CNS cell
types was not observed, the authors suggested that the consequent
leakiness of the barrier could promote the entry of inflammatory cyto-
kines into the CNS, promoting a neuroinflammatory state (Pellegrini
et al., 2020). In vitro models of the blood-brain barrier show that its
integrity is sensitive to the S1 SARS-CoV-2 spike protein. Significant
changes in this barrier, induced by the spike protein, suggest SARS-CoV-
2’s ability to interact with endothelial cells with proinflammatory and
disruptive consequences (Buzhdygan et al., 2020).

The relatively sparse CSF-positivity found in COVID-19 cases could
mean that SARS-CoV-2’s involvement in the choroid plexa is an un-
common pathway. On the topic of a disruption of the BBB and hema-
togenous routes to the brain of SARS-CoV-2, further research is needed
to confirm whether the presented mechanisms indeed are used by SARS-
CoV-2. Establishing whether or not the BBB is a barrier for SARS-CoV-2
infection would better elucidate the accuracy of in vitro models (Bullen,
2020).

In summary, it is clear that CNS damage is a prominent feature in
moderate to severe COVID-19 disease (Kanberg et al., 2020). Whether or
not this is a consequence of direct neurotropism and neuro-damaging
mechanisms of SARS-CoV-2 is still up for debate as the findings pre-
sented in the current literature (Bullen, 2020; Buzhdygan et al., 2020),
are primarily from in vitro models.

2.3. Anosmia in COVID-19

Anosmia is one of the most commonly reported neurological
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Olfactory Epithelium

A. Infection of sustentacular cells
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Fig. 3. The proposed cellular processes of COVID-19 induced anosmia in the olfactory epithelium: a tissue with receptive function, consisting of multiple groups of
cells, with various functions, such as transmission, lubrication, cell renewal and homeostasis (Brann et al., 2020). A. Infection of sustentacular cells seems to be one of
the primary pathways for SARS-CoV-2 into the olfactory epithelium. These cells have been shown to express ACE2 in combination with TMPRSS2, just as many other
supporting cells of the olfactory epithelium, but to the highest degree. In addition, the sustentacular cells are more vulnerable to SARS-CoV-2 contact, being a part of
the surface epithelium. Infected sustentacular cells can efficiently further spread infection and inflammation to other cells, as they longitudinally are in contact with
many cells within the tissue. Sustentacular cells could be important for the homeostasis and ion balance of the olfactory epithelium - inhibition of their normal
function due to infection threatens this balance (Brann et al., 2020). B. Infection of vascular cells. The cells of the blood vessels have also been shown to express ACE2
and TMPRSS2, presenting an additional way of SARS-CoV-2 in the general circulation to gain access to the olfactory epithelium, spreading inflammatory cytokines
and affecting perfusion. Moreover, the cells of the olfactory epithelium may infect blood vessel cells (Cooper et al., 2020). The infection of pericytes may via perfusion
changes and inflammation create an unfavourable environment, affecting chemosensory perception (Brann et al., 2020). C. Infection of horizontal basal cells.
Horizontal basal cells are one of the stem cell types of the olfactory epithelium, eventually maturing into olfactory sensory neurons. When damaged, the ACE2
expression of these cells was especially high (Brann et al., 2020). The division of such cells could be hampered by infection, prolonging the symptoms of SARS-CoV-2
(Fodoulian et al., 2020; Cooper et al., 2020). Nevertheless, the cell cycle of horizontal basal cells is long, meaning this effect could have minimal impact (Brann et al.,
2020). D. Downstream effects on the olfactory sensory neuron population. Although the olfactory sensory neurons do not/barely express ACE2 and TMPRSS2, the
effects of SARS-CoV-2 on their supporting cells are hypothesised to hamper their function to such a degree that it leads to the very common hyposmia or often
observed anosmia in COVID-19 patients. The lack of the conventional SARS-CoV-2 entry receptors in OSN have mostly stopped speculation regarding transneuronal
infection of the olfactory bulb from the olfactory epithelium. With the currently available data, direct infection of OSNs should however not be excluded (Cooper
et al., 2020).
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complications of COVID-19 disease. In online questionnaires, COVID-19
positive patients have reported smell loss in 68% or 61% of cases.
Anosmia was found to strongly correlate with COVID-19 positivity and
could therefore be used for screening (Bagheri et al., 2020; Yan et al.,
2020). COVID-19 negative patients were used as a control group in one
of the studies, reporting anosmia in only 16% of cases (Yan et al., 2020).
A study using The University of Pennsylvania Smell Identification Test, a
40-odorant test, showed that 98% of 60 COVID-19 patients were
suffering from some degree of smell disorder (Moein et al., 2020). A
retrospective study found 48% of COVID-19 patients reporting anosmia,
recovering within 28 days in 98% of cases, showing that the symptom is
transient (Klopfenstein et al., 2020). Out of 751 patients with total or
partial loss of smell only 49% reported complete recovery after a mean
follow up of 47 days (Chiesa-Estomba et al., 2020). These reports
highlighted the need of studies searching for pathways of direct SARS-
CoV-2 infection of the olfactory bulb or the olfactory epithelium.
Thus, based on these reports, subsequent articles investigated the pos-
sibility that coronaviruses may access the olfactory bulb through axonal
transport (Brann et al., 2020; Cooper et al., 2020).

The olfactory epithelium (OE) contains the cells responsible for
odour detection and can be found in the posterosuperior space in the
nasal cavity. The receptors of mature olfactory sensory neurons (OSNs)
can be found on the surface of the OE, which their dendritic cilia pro-
trude. The OSNs co-exist with multiple non-neuronal support cells.
Sustentacular cells are columnar cells that cover the surface of the OE,
but also extend vertically. They seem to be closely involved in tissue
homeostasis and structure, OSN proliferation and complex calcium
signalling, with the latter one being observed in mice. Mucous secreting
Bowman glands and microvillar cells near the epithelial surface are also
important structural and functional members of the OE. The basal cells
are the stem cells of the OE, divided into two groups of globose basal
cells and horizontal basal cells. While globose basal cells support the
continuous renewal of the epithelium, the horizontal basal cells act as
stem cells when the OE is damaged. Basal cells are multipotent and give
rise to neural cells, as well as non-neural cells. The axons of the olfactory
sensory neurons reach the olfactory bulb by puncturing the cribriform
plate (Cooper et al., 2020; Chen et al., 2014). Fig. 3 shows an overview
picture of the olfactory epithelium cells, with a summary of key cellular
processes likely contributing in the occurrence of COVID-19 induced
anosmia/hyposmia. These mechanisms will be discussed in detail below.

In contrast to the common cold, COVID-19 anosmia is not accom-
panied by rhinorrhoea or nasal congestion, suggesting pathogenesis that
directly affects the chemosensory organs (Cooper et al., 2020). The
infection of cells in the olfactory epithelium would also require co-
expression of ACE2 and TMPRSS2. These receptors were found by
several studies to be co-expressed in many supportive cell types in the
olfactory neuroepithelium, especially in the sustentacular -cells
(Fodoulian et al., 2020; Brann et al., 2020; Cooper et al., 2020). Neither
publicly available scRNA-seq databases (Brann et al., 2020), nor ana-
lysed human olfactory epithelium autopsies (Gupta et al., 2020) could
find co-expression of the two surface proteins in the olfactory sensory
neurons (OSNs). A systematic review considering a comprehensive
range of studies on this topic came to the same conclusions (Lechien
et al.,, 2020). There was no publicly available data regarding ACE2
expression in neurons of the olfactory bulb (Brann et al., 2020), other
than in CNS pericytes (Fodoulian et al., 2020). At least one study has
shown SARS-CoV-2 infected OSN cells in autopsies of human COVID-19
infected olfactory epithelium. The newly identified and richly expressed
neuropilin-1 receptor (NRP1) is postulated to allow for SARS-CoV-2
entry into the cells of the olfactory epithelium, which were otherwise
found to express ACE2 to a low degree. In this study, five out of six ol-
factory epithelium autopsies were infected, including NRP1-positive late
olfactory neuronal progenitors and/or newly differentiated olfactory
neurons (Cantuti-Castelvetri et al., 2020). Thus, direct viral infection of
OSNs should still be considered as a potential mechanism explaining
COVID-19 induced anosmia.

Journal of Neuroimmunology 358 (2021) 577658

Nevertheless, as most reports suggest that SARS-CoV-2 is unable to
directly infect the olfactory sensory neurons, pathogeneses of anosmia
involving non-neuronal cells of the olfactory epithelium have been
proposed (Brann et al., 2020; Cooper et al., 2020). It has been noted that
the OSNs of the OE do not express ACE2 and are therefore unsusceptible
to SARS-CoV-2 infection. A widespread replication of SARS-CoV-2
within the OE affecting the non-neuronal supporting cells is therefore
proposed to lead to several downstream effects on the OSN population.
Firstly, the sustentacular cells that are responsible for OE homeostasis
would be impaired during infection. Secondly, infected vascular cells
lead to potential dysregulation of perfusion of the OE. Further, the tissue
as a whole is susceptible to structural damage, as all the surface cells get
infected; additionally, infection of stem cells potentially disrupts the
renewal of the OSN population. Overall, the large number of cell types
susceptible to SARS-CoV-2 infection puts the tissue at risk of having a
highly inflammatory environment affecting OSN function.

Accordingly, ACE2 and TMPRSS2 expression is especially prominent
in the surface-covering sustentacular cells of the OE (Fodoulian et al.,
2020; Brann et al., 2020; Chen et al., 2014). This provides a clear path
for SARS-CoV-2 entry into the OE, with the infected, prolonged sus-
tentacular cells further spreading infection and inflammation. Their
large surface area is in contact with a large number of cells in the
epithelium, which is convenient for further viral spread. Additionally,
the infection and inflammation of OE vascular cells further increase the
viral and inflammatory load. The infectability of horizontal basal cells
could implicate that renewal of key functional cells of the OE would be
hampered during the time of infection, although their slow cell cycle
could mean that this effect is not that important (Fodoulian et al., 2020;
Brann et al., 2020).

Regarding the pathogenesis of COVID-19 induced anosmia or
hyposmia, several interesting case reports have been published. One of
these reports analysed the occurrence of structural brain abnormalities
in non-survivors of COVID-19 within 24 h after death. The study found
that, out of the 16 investigated decedents, 4 had asymmetric olfactory
bulbs with or without olfactory cleft obliteration, with no downstream
olfactory tract abnormalities (Coolen et al., 2020). In a cohort, all 20
COVID-19 patients experienced sudden or progressive olfactory loss.
Seventeen of these were suffering from ageusia simultaneously. A
complete olfactory cleft obstruction was observed in 19 out of these
patients, while it was not observed at all in the reference group of
healthy subjects. In the follow-up one month later 12 out of 19 COVID-
19 patients had recovered from the obstruction (Eliezer et al., 2020a).
These cases show that olfactory bulb involvement in critical COVID-19
disease is possible. In another case, abrupt and complete loss of olfac-
tory function was reported in a patient. This was the initial and most
prominent symptom of this COVID-19 infection. The patient experi-
enced no nasal obstruction, while MRI revealed normal olfactory bulbs
and tracts, but bilateral inflammatory obstruction of the olfactory clefts
(Eliezer et al., 2020b). Inflammation has been discussed above as a
contributing factor leading to anosmia, which this case supports. The
literature has many reports of anosmia, commonly a few days from the
initial symptom onset, but sometimes such as in this case, suddenly with
no prior symptoms. The COVID-19 induced anosmia or hyposmia is
characterised by its transient nature and common occurrence. The
literature shows a reasonable understanding of this pathogenesis, but
which should still be further researched, with several aspects of the
hypothesis in need of confirmation (Cooper et al., 2020).

2.4. Endocrine mechanisms of ACE2 and vasculopathy

The ACE2 receptor is internalised as a consequence of SARS-CoV-2
cell entry. This occurs following TMPRSS2 priming, and the process is
dependent on ACE2 and TMPRSS2 co-expression in the cell (Xiao et al.,
2020; Mohamed et al., 2021). Being part of the renin-angiotensin system
(RAS), the endocrine effects of ACE1&2 on cerebrovascular and neuro-
logical well-being are often discussed as additional components of the
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Fig. 4. SARS-CoV-2 and ACE2 Endocrine Mechanisms. Cell entry of SARS-CoV-2 mediated by ACE2 leads to lowered extracellular ACE2 depots and activity, leading
to unwanted effects for the microenvironment of the brain. The state of hypoxia, inflammation and hypercoagulability potentially contributes to the development of

stroke (Xu et al., 2011; Wang et al., 2020).

COVID-19 neuropathology (Xu et al., 2011). Implications regarding
antihypertensive drugs using ACE-inhibition were raised early in the
pandemic, but since, such treatment has neither been associated with
increased incidence nor severity of COVID-19 (Reynolds et al., 2020).

In the RAS, ACE1 cleaves the prohormone angiotensin I producing
angiotensin II, which promotes proinflammatory effects and vasocon-
striction. ACE2 counteracts the ACE1l’s production by converting
angiotensin II to the inactive forms of angiotensin 1-7. The substrate of
ACE1, angiotensin I, is also cleaved into inactive angiotensin 1-9 by
ACE2. SARS-CoV-2-induced depletion of ACE2 from the cell surface tips
the scale in favour of ACE1 activity, promoting angiotensin II production
(Hess et al., 2020; Huang et al., 2020b). While angiotensin 1-7 bind the
Mas receptor, exerting protective and anti-angiotensin II effects,
angiotensin II promotes vasoconstriction and inflammation through the
AT1 receptor (Xiao et al., 2020). The mechanisms and effects of the
ACE2 depletion are presented in Fig. 4. Overexpression of ACE2 in cells
of the CNS has been shown to counteract stroke; however, AT1 receptor
signalling promotes adverse consequences, such as stroke. Age-related
decline of ACE2 expression, coupled with SARS-CoV-2 induced deple-
tion, leads to organ damage and proinflammatory signalling that is more
severe in elderly patients and could be one of the reasons for stroke in
COVID-19 patients (Hess et al., 2020).

Coagulopathy and disseminated intravascular coagulation are
commonly found in deceased COVID-19 patients. The inflammation
accompanied by COVID-19 disease has been observed to correlate with
thrombophilic risk. Both arterial and venous endothelial ACE2 expres-
sion leading to the dysfunction of RAAS puts COVID-19 patients at risk
for systemic endotheliitis, abnormal coagulation and sepsis. In addition,
the capability of SARS-CoV-2 to infect endothelial cells leads to

endothelial dysfunction and complex interactions with the coagulatory
system (Boccia et al., 2020; Wang et al., 2020). The laboratory findings
in COVID-19 patients — low lymphocyte count, prolonged prothrombin
time, and elevated lactate dehydrogenase levels, with increased D-
dimer, creatinine and creatine kinase levels additionally put the patient
at risk for vascular complications. A state of hypoxia, inflammation, and
hypercoagulability would contribute to the occurrence of stroke (Fan
et al., 2020). Indeed, a retrospective report found a cohort of COVID-19
patients to be at higher risk of ischemic stroke compared to patients with
influenza (Merkler et al., 2020). Furthermore, a surveillance-based
study in the UK to identify neurological complications of COVID-19
patients found 62% presented with a cerebrovascular event, identified
in the paper as an acute ischemic, hemorrhagic, or thrombotic vascular
event involving the brain parenchyma or subarachnoid space (Vara-
tharaj et al., 2020).

Postmortem MRI analysis of deceased COVID-19 patients showed
intracranial vasculopathy in 4 patients out of 19 analysed. Different
types of vasculopathic brain lesions were demonstrated. The authors
suggested that this was a consequence of SARS-CoV-2 infection of
vascular cells in the brain (Coolen et al., 2020). Reversible encepha-
lopathy syndrome (PRES) induced by SARS-CoV-2, which potentially
infected and disrupted the brain endothelium (BBB) has also been
documented (Princiotta Cariddi et al., 2020). A case series of 10 patients
also supports the pathogenesis described above, with a wide range of
ischemic brain lesions observed (Franceschi et al., 2020). The in-
teractions of ACE2 depletion leading to dysfunction of the RAAS, and the
systemic circulatory and vascular consequences of COVID-19 disease all
seem to contribute to the development of stroke in COVID-19 patients
and possibly other neurological consequences as well (Princiotta Cariddi
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et al., 2020). In addition, the risk of developing a cytokine storm on a
systemic level is increased by the RAAS dysfunction, which will be
discussed next.

2.5. Cytokine storm as a feature of SARS-CoV-2 infection

Elevated cytokines are a common immunological finding in COVID-
19 patients and Cytokine storm consistently occurs in patients with se-
vere COVID-19 disease (Chen et al., 2020a). An efficient innate immune
response against the virus is critical in the process of developing life-
saving immunity. Pattern recognition receptors (PRRs) play a crucial
role in the innate immune response against pathogens. PRRs are
responsible for detecting the viral proteins or as most commonly, RNA.
This detection of viral particles triggers an immune response and the
production of cytokines and interferons by immune cells (Thompson
et al., 2011). SARS-CoV-2 activates the production of inflammatory
cytokines by binding immune receptors of Thl cells and intermediate
CD14+, CD160 monocytes. Proinflammatory cytokines such as IL-6 and
TNFa are consequently produced. In patients with severe COVID-19,
elevated levels of all of IL-2, IL-4, IL-6, IL-7, IL-10, IP-10, MCP1, TNF-
a, IFN-y macrophage inflammatory protein 1 alpha (MIP1A), and
granulocyte-colony stimulating factor (G-CSF) have been observed (Hu
et al., 2021; Ragab et al., 2020). In addition, immunopathological
mechanisms involving IL-6, IL-8, IL-1B, chemokines and more have been
proposed, as those have been shown to often be elevated (Ye et al.,
2020). Expectedly, patients suffering from pneumonia and hypoxia
during COVID-19 disease are often found to have TNF-a, IFN-y, IL-17,
IL,8 and IL-6 elevated (Arnaldez et al., 2020).

This inadequate systemic hyperinflammatory state have adverse ef-
fects on brain homeostasis and neuronal cell function and can lead to
cognitive and behavioural changes (Sankowski et al., 2015). Elevated
cytokines have been associated with disease severity of COVID-19
(Huang et al., 2020b) and cytokine storm can be a systemic contrib-
uting factor to the COVID-19 neuropathology. Cytokines and chemo-
kines released during infection gain access to the CNS through the
circumventricular organs and by opening the blood-brain barrier due to
the cerebral inflammatory state. The implications of the cytokine storm
in neurological complications of COVID-19 have been demonstrated in a
case series of two patients with encephalitis. They were found to have an
elevated CSF profile of inflammatory cytokines with high levels of IL-1
beta, IL-6, and ACE in CSF, with CNS dysfunction as a suspected
consequence by the authors (Bodro et al., 2020). Further, the immu-
nological stress SARS-CoV-2 leads to needs to be considered for a wide
array of immunological conditions. Such as multiple sclerosis patients
risking serious disease outcome as a consequence of immunomodulatory
drug use (Landtblom et al., 2021).

The effects of the cytokine storm in the nervous system can further be
interpreted in the context of the above-mentioned section on RAS
dysfunction and endothelial disease. A massive replication of the virus
when the defense of the immune system is inadequate leads to mass
depletion of ACE2 receptors. Consequently, hyperactive AT1 receptor
signalling can subsequently promote multiple organ failure in parallel
with the developing cytokine storm. Notably, ACE1 hyperactivity is
present in many underlying conditions, making these patients a risk
group, more susceptible to severe COVID-19 disease, and warrant clin-
ical attention (Xiao et al., 2020; Soy et al., 2020).

2.6. Case-study reports of COVID-19 detection in the CSF

In a systematic study, the main feature of COVID-19 patients with
neurological complications was found to be elevated CSF protein (Tan-
don et al., 2021). Additionally, there are several reports of positive CSF
tests for SARS-CoV-2 RNA. One of them describes a patient with myalgia
as a consequence of acute necrotising encephalopathy. Direct neural
involvement of SARS-CoV-2 was suspected when CNS biomarkers NfL,
Tau and GFAp were elevated, in the absence of a significant increase in
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systemic inflammatory markers such as WBC and CRP. rRT-PCR was
used to detect the low concentration of the virus in CSF, as it was un-
detectable by conventional PCR assay methods (Virhammar et al.,
2020Db). This report pointed out the possibility that many previous re-
ports returned a false negative from CSF testing for SARS-CoV-2 RNA
due to the method used, indicating that the occurrence of SARS-CoV-2
RNA in the CSF of COVID-19 patients should be further researched.
Concentrations of viral particles may be too low to be detected in the
CSF by conventional methods, with endo- and exonucleases present in
the liquid acting as inhibitors. The cell-cell dependent viral spread could
also explain the relative absence of viral particles in CSF (Paniz-Mon-
dolfi et al., 2020). There were, however, other reports with sensitive CSF
testing, where SARS-CoV-2 could not be found, such as in a COVID-19
patient with acute encephalopathy (Farhadian et al., 2020). Either
way, most case reports early in the pandemic had not proceeded with
CSF testing by other methods than the commercial PCR assay.

More recently, there have been studies performed with larger cohorts
of COVID-19 patients with associated neurological complications. In 31
patients with positive rRT-PCR for SARS-CoV-2 with symptoms of en-
cephalopathy in a majority of these patients, but also isolated headache,
meningeal syndrome, seizure or polyneuropathy. Lumbar punction was
performed, and CSF analysis was negative for SARS-CoV-2 RNA by RT-
PCR. The report suggests that neurological complications are a conse-
quence of indirect mechanisms, rather than direct viral infection of the
CNS. While the CSF was clear of viral RNA in all cases and inflammatory
markers in most, 58% of these patients showed BBB leakage, a potential
consequence of SARS-CoV-2 induced disruption of the choroid plexa
discussed earlier (Bellon et al., 2020). In another report of CSF findings
in 30 COVID-19 patients with neurological symptoms, SARS-CoV-2 RNA
in CSF was not found (Neumann et al., 2020). A case series wherein six
patients with COVID-19 associated neurological symptoms, encepha-
lopathy in four of these cases, have undergone extensive CSF analysis
was recently published. SARS-CoV-2 was initially detected in the CSF of
three patients; Xpert® assay retesting only confirmed SARS-CoV-2 RNA
in plasma and not CSF. Inflammatory biomarkers were found in the
absence of CSF pleocytosis, BBB disruption or intrathecal IgG synthesis
(Edén et al., 2021). These reports suggest that CSF positivity in COVID-
19 patients with neurological symptoms is rare and not a consequence of
inadequate testing methods.

There are a few cases of neurological symptoms being observed in
infants (Dugue et al., 2020; Mirzaee et al., 2020), with one case testing
positive for SARS-CoV-2 in CSF (Mirzaee et al., 2020). Also, a patient
with COVID-19 associated acute cerebellitis was positive for SARS-CoV-
2 RNA in CSF (Fadakar et al., 2020). These are perhaps not numerous
enough to spawn any meaningful discussion. In a recent review, it was
suggested that similar case reports have been slowly accumulating, but
neurological symptoms in neonates and children are rare and mostly not
as severe as those in adults (Paniz-Mondolfi et al., 2020). While case
reports of CSF positivity are increasing, no significant patterns seem to
have emerged, contributing to the difficulty of understanding the
pathophysiological mechanisms of SARS-CoV-2 in relation to the CSF.

2.7. Guillain Barré syndrome as a recurring feature of COVID-19

Guillain Barré syndrome (GBS) is one of the most common causes of
acute paralytic neuropathies. The syndrome typically occurs following a
gastrointestinal or respiratory infection. While Campylobacter jejuni
infection remains the most common risk factor for GBS (Rees et al.,
1995), influenza viruses have also been linked to the syndrome (Leh-
mann et al., 2010). GBS incidence has also seen an increase during the
influenza A (H1IN1) pandemic (Ghaderi et al., 2016). Similarly, the
emergence of SARS-COV2 infections has led researchers to look at the
incidence of GBS. Coincidental evidence for increased occurrence of GBS
during the COVID-19 pandemic has been observed (Tatu et al., 2020).
Moreover, reports from northern Italy, a region that has been severely
affected by the virus, revealed an increased incidence of GBS (Filosto
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Timeline of COVID-19 Knowledge

2000 - Articles written on the topic of earlier coronaviruses

Multiple organ infection and pathogenesis of SARS - Pathogenesis of SARS-CoV-1

Lethal Infection of K18-hACE2 Mice Infected with Severe Acute Respiratory
™ Syndrome Coronavirus - Major alert for possible neurological SARS-CoV-1 infection

L Severe Acute Respiratory Syndrome Coronavirus Infection Causes Neuronal Death in
2010 the Absence of Encephalitis in Mice Transgenic for Human ACE2 - Pathogenesis of
SARS-CoV-1 detailed in mice transgenic for hACE2.

Human Coronaviruses and Other Respiratory Viruses, Underestimated Opportunistic
Pathogens of the Central Nervous System? - How respiratory viruses have over the
years been reported to be neuroinvasive and leading to misguided immune and

V¥ autoimmune reactions.

2020 - COVID-19 Pandemic and articles related to its neurologic involvement

The neuroinvasive potential of SARS-CoV2 may play a role in the respiratory failure
of COVID-19 patients - One of the first reports discussing potential neurological
effects of SARS-CoV-2.
Neurologic Manifestations of Hospitalized Patients with COVID-19 in Wuhan, China,
aretrospective case series study - First study with a larger cohort of patients (214),
detailing neurological symptoms.
The Pathogenicity of SARS-CoV-2 in hACE2 Transgenic Mice - The same approach
Mars as during SARS-CoV-1 was used, but yielded a different result.
A first case of meningitis/encephalitis associated with SARS-Coronavirus-2 -
SARS-CoV-2 RNA in CSF detected for the first time
Guillain-Barré syndrome associated with SARS-CoV-2 infection: causality or
coincidence? - First report of GBS and COVID-19.
Does SARS-CoV-2 invade the brain? Translational lessons from animal models -
Review focusing on reports from animal models and coronaviruses, including
SARS-CoV-2.
Covid-19-Related Stroke - Discussing the pathogenesis of COVID-19 and stroke.
Neuropathogenesis and Neurologic Manifestations of the Coronaviruses in the Age
of Coronavirus Disease 2019 - The first comprehensive review of SARS-CoV-2
May neurology.
Non-neural expression of SARS-CoV-2 entry genes in the olfactory epithelium
suggests mechanisms underlying anosmia in COVID-19 patients - The first presented
robust hypothesis regarding the pathogenesis of COVID-19 anosmia, mapping ACE2
and TMPRSS2 expression.
June Neurological involvement of coronavirus disease 2019: a systematic
review - First systematic review of case reports and cohort studies of COVID-19
neurology.
Neurochemical evidence of astrocytic and neuronal injury commonly found in
COVID-19 - First report focusing on biochemical signs of neuronal injury, in a cohort of
July 47 COVID-19 patients.
COVID-19 and the Chemical Senses, Supporting Players Take Center Stage - First
major review of the neurology behind COVID-19 anosmia and ageusia.

February

April

Fig. 5. Timeline of COVID-19 Knowledge.
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et al., 2020). On the other hand, a cohort study from the UK did not
report an epidemiological link between the GBS and SARS-COV2
infection and found reduced incidence throughout the pandemic (Ked-
die et al., 2021).

The timeline of GBS development following COVID-19 symptoms has
been broad with both para-infections and post-infectious GBS cases re-
ported (Kilinc et al., 2020; Zhao et al., 2020b). There are multiple re-
ports of post-infectious GBS developing approximately three weeks after
initial infection in patients without ongoing COVID-19 infection, but
positive IgG tests for SARS-CoV-2 (Kilinc et al., 2020; Reyes-Bueno et al.,
2020). A large systematic review of 72 Guillain-Barré cases from 52
studies was published recently. There, the mean age of the patients was
55 years, with a significant majority of men (68.5%). GBS developed
from 2 to 33 days from symptom onset in 68 of these cases. Cranial nerve
involvement was observed in 16.7% of cases, with sensory symptoms
(72.2%) and para- or tetraparesis (65.2%) being far more common.
SARS-CoV-2 RNA in CSF was negative in all the tested patients (Chan
et al., 2020), as expected (Abu-Rumeileh et al., 2020).

The mechanisms behind COVID-19 induced GBS could be explained
by autoimmune reactions triggered by molecular mimicry, leading to
the production of antiganglioside antibodies (Lucchese and Floel, 2020).
A duality in the viral spike protein has been found, which potentially
makes gangliosides a target for autoimmune reactions targeting PNS
neurons (Dalakas, 2020). The hypothesis that GBS in COVID-19 occurs
due to molecular mimicry mechanisms and autoimmunity is further
supported by claims that it shares epitopes with human heat shock
proteins (HSP). The analysis was performed by comparing the SARS-
CoV-2 amino acid sequence with 41 human proteins associated with
known types of immune-mediated neuropathies. SARS-CoV-2 was in this
report was shown to share two hexapeptides with HSP90B, HSP90B2,
and HSP60, which could lead to immune reactions against intracellular
autoantigens (Lucchese and Floel, 2020). In a case series examining the
CSF in GBS patients, increased Il-6 and IL-8 in some patients were the
main findings. Antiganglioside antibodies could not be identified in
serum and neither could SARS-CoV-2 viral particles in CSF (Manganotti
et al., 2021).

Inflammatory edema of nerve roots seems to be a feature in COVID-
19 induced GBS patients. There is a case where nerve ultrasonographic
studies showed endoneurial or epineurial inflammatory edema in the
ventral rami of the cervical nerves (Berciano and Gallardo, 2020).
Overall, GBS in COVID-19 patients has shown a great variability in
timing and has been shown to be the presenting feature of the disease in
most patients, with some delayed post-infectious cases. The most com-
mon hypothesis regarding the development of GBS symptoms are
autoimmune reactions targeting peripheral nerves (Paliwal et al., 2020).

3. Timeline of evidence on the neurological effects of COVID-19

To provide an overview of the most relevant findings concerning the
neurological effects of COVID-19, we generated a timeline of relevant
publications (Fig. 5). This timeline consists of a number of articles that
presented new aspects of the COVID-19 pathophysiology, discussed in
this review. From the early 2000s several articles from predominantly
mice models proved to be important for the discussion of potential
neuroinvasive mechanisms. Articles from early 2020 on the timeline
show how more and more SARS-CoV-2 affected systems and organs were
discovered during the pandemic (Mao et al., 2020; Zubair et al., 2020;
McCray et al., 2007; Netland et al., 2008; Desforges et al., 2019; Gu
et al., 2005; Li et al., 2020; Brann et al., 2020; Kanberg et al., 2020;
Cooper et al., 2020; Hess et al., 2020; Zhao et al., 2020b; Bao et al.,
2020; Moriguchi et al., 2020; Natoli et al., 2020; Ghannam et al., 2020).

4. Conclusions and future perspectives

There is enough evidence to conclude that neurological symptoms
and complications are an important feature of SARS-CoV-2 infection.
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COVID-19 prompts a range of neurological complications, from common
and somewhat mild symptoms, such as transient anosmia and ageusia; to
more severe complications, albeit rarer, such as stroke, encephalitis or
encephalopathy. That said, there are a number of studies pointing to
GBS as related to COVID-19 disease with a surprisingly common inci-
dence. More clinical and epidemiological studies are necessary to clarify
these important issues.

Moreover, while many articles discuss potential mechanisms and
targets of SARS-CoV-2 infection, many of these mechanisms need further
research and confirmation to fully, and convincingly, explain the
observed neurological manifestations. An article that contributes to this
has been published online as an unedited accelerated article preview in
Nature. By using single-nucleus gene expression profiles in brain tissue,
the authors suggest the involvement of the choroid plexus in relaying the
peripheral inflammation to the CNS during COVID-19 disease. Microglia
and astrocytes show pathological transcriptional profiles with shared
features with those in neurodegenerative diseases (Yang et al., 2021).
This molecular study, as well as future ones, are needed to further our
understanding of the COVID-19 associated neurological manifestations.

Dissemination through peripheral nerves has been discussed as a
potential neuroinvasive mechanism in a recently proposed hypothesis.
Firstly, SARS-CoV-2 has been shown to spread from cell to cell in an
endocytic transfection, more so than SARS-CoV-1. Secondly, axonal
transport coupled with cell to cell spread would explain the relative
absence of SARS-CoV-2 in blood plasma and CSF. Thus, a model where
SARS-CoV-2 spreads cell-to-cell and through axonal transport to the CNS
from the olfactory epithelium and eyes would explain the multiple organ
failure, in absence of detectable SARS-CoV-2 levels in blood in 99% of
patients (Fenrich et al., 2020). Future research will be needed to either
refute or support this model.
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