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SUMMARY Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is well
characterized by its respiratory infection and associated respiratory complications. However,
increasing evidence has shown that the virus can affect other organ systems besides the lungs
such as the brain. Disease manifestations in infected patients such as encephalitis, psychosis,
cerebrovascular injury, fatigue, loss of taste, and loss of smell have been reported in over one-
third of hospitalized COVID-19 patients. Moreover, MRI-based screenings have shown
structural damage to the brain of patients recovering from COVID-19. Despite these reported
complications, there have been few studies that have examined the neurotropism of SARS-
CoV-2 and the cause of these neurological complications. One suggested cause is direct
neural infection also known as neuroinvasion. Recent studies using human brain organoids
and mouse models have shown the neuroinvasive capacity of SARS-CoV-2 and its ability to
directly infect neurons. However, the specific mechanism by which the virus enters the central
nervous system and causes damage to neurons is unknown. Furthermore, for the virus to
invade the brain it must bypass the blood brain barrier. Astrocytes play a key role in the
maintenance of the blood brain barrier but their involvement in SARS-CoV-2 neuroinvasion
has not been fully explored. This article will examine the neurotropism of SARS-CoV-2,
focusing on the potential pathways SARS-CoV-2 uses to enter neurons in the brain and what
role astrocytes play in neuroinvasion. Answering these questions could provide novel insight
into new potential pathways and mechanisms that may be critical for disease prevention,
developing therapeutics, and understanding the long-term complications of COVID-19 also
known as long COVID.

INTRODUCTION

S evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the cause of the
coronavirus disease (COVID-19), has infected millions of people globally and is well
characterized by its clinical symptoms such as interstitial pneumonia, upper respiratory tract
infection, and death (1). Although the virus is primarily known to target the respiratory
system, increasing evidence has shown that SARS-CoV-2 has extrapulmonary effects
including in the central nervous system (CNS) (2). Over one third of hospitalized COVID-19
patients develop neurological complications which range from encephalitis, psychosis,
cerebrovascular injury, fatigue, loss of taste, and loss of smell (3). Despite the numerous
reports of neurological complications, their direct cause is still unclear.

One proposed cause is direct neural infection and invasion of the CNS also known as
neuroinvasion. In a recent study by Song et al, they were able to show the neuroinvasive
capacity of SARS-CoV-2 through its ability to infect human brain organoid cells in culture
with accompanying metabolic changes in infected and neighboring neurons (4). They were
also able to demonstrate neuroinvasion in vivo, using mice overexpressing human
angiotensin-converting enzyme 2 (ACE2) (4). Furthermore, viral RNA and proteins have
been found in the brain and cerebrospinal fluid of COVID-19 patients (3). Despite this
research, the mechanisms by which the virus enters the CNS and causes damage to neurons
is still unknown.

Additionally, for the virus to invade the brain, it must be able to bypass the blood brain
barrier (5). Astrocytes are key players in CNS infections and are essential for the maintenance
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of the blood brain barrier (BBB). As well, studies have found that the occurrence of SARS-
CoV-2 in the brain is associated with significant astrogliosis, an increase in the size and

number of astrocytes in response to stress (2). However, the involvement of astrocytes in
SARS-CoV-2 neuroinvasion has not been fully explored.

PROPOSED RESEARCH QUESTIONS

One study revealed that more than half of hospitalized COVID-19 patients continue to have
neurological complications three months after the acute stage of infection (6). Additionally,
studies have confirmed impaired cognition in COVID-19 patients recovering from
hospitalization (7). Therefore, it is crucial to understand the neuroinvasive capacity of SARS-
CoV-2 for disease prevention and diagnosis, to find potential therapeutics and guide treatment
options for patients with long-term neurological complications, and to understand the long-
term complications of SARS-CoV-2 infection also known as long COVID. The mechanisms
of neuroinvasion and the role that astrocytes play in response to SARS-CoV-2 neuroinvasion
have yet to be fully explored. This article will build upon this knowledge gap by firstly,
examining the potential pathways that SARS-CoV-2 uses to enter neurons in the brain and
secondly, examining the role that astrocytes play in response to neuroinvasion.

PROPOSED PROJECT NARRATIVE

What potential pathways does SARS-CoV-2 use to enter neurons in the brain?
Understanding the potential pathways of neuroinvasion is critical for interpreting the
neurological manifestations of COVID-19 (8). A deeper knowledge of the pathways of
neuroinvasion could provide potential avenues of therapeutics for patients with neurological
symptoms and provide more insight into the long-term effects of SARS-CoV-2 infection.
There have been many proposed pathways of entry into the brain, but this paper will focus on
two categories: the Olfactory route and the Hematogenous route (Fig. 1).
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FIG. 1 Proposed olfactory and hematogenous routes of neuroinvasion. One proposed olfactory mechanism
involves inhaled SARS-CoV-2 viruses infecting the olfactory mucosa to gain access to the CNS (A). One proposed
hematogenous mechanism involves infected leukocytes crossing the bloodstream into the CNS. Figure created with
BioRender.com.

One proposed olfactory mechanism is that the virus infects the nasal mucosa to gain
access to the CNS. Recent studies have detected the presence of SARS-CoV-2 virions in the
olfactory bulb and neuroepithelium of the nasal mucosa (9,10). Olfactory bulb neuroinvasion
was further supported through animal models where it was shown that SARS-CoV-2 can enter
the brain of mice expressing ACE2 through intranasal infection (10). In a study done by
Meinhard et al, they were able to show that SARS-CoV-2 could access the CNS through the
neural-olfactory mucosal interface and suggested from there it can enter primary respiratory
and cardiovascular control centers in the medulla oblongata (10). This mechanism could
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explain the cases of patients seen with damage to the lower brain stem since the medulla
oblongata is housed there (10).

Another proposed olfactory mechanism is through axonal transport. It is possible that the
virus infects olfactory nerves since they have been shown to express ACE2 which can interact
with the SARS-CoV-2 spike protein (11). This infection is followed by trans-synaptic
transmission which allows the virus to disseminate to other areas of the brain (11). Both
olfactory pathways could also potentially explain the loss of smell and taste symptoms that
some patients experience.

One proposed hematogenous mechanism is that SARS-CoV-2 could infect endothelial
cells or leukocytes that transverse from the bloodstream into the CNS. It is thought that the
virus could infect vascular endothelial cells since they express ACE2.From there, the virus
has the potential to damage the BBB and create an entryway into the CNS (12, 8). In a recent
study by Krasemann et a/, their data provided strong support for SARS-CoV-2 brain entry
across the BBB resulting in increased interferon signaling (3). They were able to show
infection of brain endothelial cells by exposing human induced pluripotent stem cell derived
brain capillary endothelial cells to SARS-CoV-2. Their results also suggested active
replication and transcellular transport of the virus across the BBB (3). It has also been
suggested that the virus could infect leukocytes to get past the BBB similar to what has been
seen in SARS-CoV-1 and human immunodeficiency virus (13, 14, 15, 16). These proposed
mechanisms might explain the endothelial damage and cerebral bleeding observed in some
COVID-19 patients (13).

What role do astrocytes in the blood brain barrier play in response to SARS-CoV-
2 neuroinvasion? Astrocytes are a type of glial cell that are prevalent in the CNS and
contribute to its defense and homeostasis (5). They also serve as immune modulators and
impact immune responses by releasing cytokines, chemokines, and growth factors (5).
Astrocytes also regulate the permeability of the BBB through their influence on the
expression of tight junctions in endothelial cells (5). Therefore, determining the role that
astrocytes play in response to SARS-CoV-2 neuroinvasion could provide potential
explanations to how the virus bypasses the BBB and explain the neurological
pathophysiology of COVID-19. Furthermore, identifying the role that astrocytes play in
neuroinvasion could potentially provide beneficial uses in developing diagnostics and disease
prevention.

Infection with SARS-CoV-2 is known to trigger reactive astrogliosis which changes the
gene expression, biochemistry, and morphology of astrocytes (17). This can shift astrocytes
into a pro-inflammatory phenotype that promotes CNS damage through the release of
cytokines, chemokines, and neurotoxic factors (5). These reactive astrocytes can also become
facultative antigen presenting cells which attract immune cells and further contribute to
immune cell infiltration and neuroinflammation (18).

In a study done by Crunfli et a/, they found that neural stem cell-derived human astrocytes
are susceptible to SARS-CoV-2 infection through a mechanism that involves the interaction
between the virus’s spike protein and neuropilin 1 (NRP1) (2). Their results showed that
infected astrocytes underwent changes in energy metabolism and changes in key proteins and
metabolites used to fuel neurons and fuel the biosynthesis of neurotransmitters (2).
Furthermore, they found that SARS-CoV-2 infection elicits a secretory phenotype of
astrocytes that reduces neuronal viability (2). Overall, these results suggest that SARS-CoV-
2 reaches the brain, infects and alters astrocytes, then consequently leads to neuronal
dysfunction (Fig 2). This deregulation of astrocyte function might also explain the structural
alterations seen in the brains of COVID-19 patients and some of the observed neurological
complications.

POTENTIAL IMPACT/CONCLUSIONS

As more evidence emerges, we are beginning to see increasing cases of people who
contract COVID-19 and have persisting complications also known as long COVID (19). An
increase in the number of patients with persisting neurological complications due to SARS-
CoV-2 could potentially burden our drained health care system and might become a prevalent
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FIG. 2 Overview of the proposed mechanism to how SARS-CoV-2 causes astrocyte dysfunction. SARS-CoV-2
utilizes blood brain barrier disruption to enter the brain (1). The virus infects astrocytes using an interaction between the
spike protein and neuropilin 1 receptor (2). This shifts astrocytes into a secretory phenotype that reduces neuronal viability
(3/4). This process could potentially explain the structural alterations and neurological complications seen in some
COVID-19 patients (5). Figure created with BioRender.com.

issue in the future. By exploring the possible pathways of neuroinvasion and the role of
essential cells in the CNS like astrocytes, there is potential to alleviate this burden by
developing targeted therapeutics and developing neuroprotective measures for patients with
COVID-19 (20). Therefore, it might be worth considering finding ways to prevent SARS-
CoV-2 neuroinvasion of the CNS and infection in astrocytes when treating COVID-19
patients.

However, with new variants of concern (VOCs) emerging, more research needs to be
done to see how VOCs vary in terms of their neurological effects and complications.
Clinically we see less patients experience loss of taste and smell when they are infected with
Omicron when compared to Delta (21). This could potentially be due to Omicron having
multiple mutations in the receptor binding motif that ACE2 and most monoclonal antibodies
interact with (22). This altered interaction with ACE2 could potentially result in less infection
of the olfactory mucosa and could explain the fewer cases of loss of smell seen in patients
infected with this variant.

With the proposed neuroinvasion pathways using different receptors and variants having
different affinities to these receptors, future research could build upon this review article by
investigating this further and seeing if one variant can lead to more neurological
complications compared to another. Additionally, since astrocyte infection is mediated
through NRP1, future research could examine to see if VOCs with higher affinity to NRP1
lead to increased prevalence of astrocyte infection.
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