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Abstract

The current global pandemic caused by SARS-Cov-2 is a heavily researched topic. Labs are throwing endless time and money into
understanding, fighting the spread, and reducing the damage caused by SARS-CoV-2. COVID-19 has many known symptoms that distinguish the
specific tissues the virus affects, yet there are still so many unknowns on its overall effect on the body. Our lab is interested in understanding
the possible short-term and long-term damage the virus causes to the brain. Looking into how SARS-CoV-2 enters and attacks tissues in the
body is crucial in unraveling possible damage to the brain. Some studies on the pathogenesis of COVID-19 provided insight into the ability of
the virus to infect the brain. The significant neurotrophic potential of SARS-CoV-2 warrants studies aiming to reduce or even prevent brain
damage and other complications. This review gathers recent studies investigating manifestations and complications of COVID-19 on the brain
and other neurological systems. Further, this review might be helpful for future studies on the pathogenesis of SARS-CoV-2 on the brain and other
neurological systems.
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Abbreviations: SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus-2; CNS: Central Nervous System; ACE2: Angiotensin-
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Introduction
not limited to, the pulmonary system, cardiovascular system,

In late December 2019, patients in Wuhan, China, emerged gastrointestinal system, and even the neurological system.

with pneumonia-like symptoms due to an unknown pathogen.
These symptoms were linked to a seafood and wet animal Clinical Presentations of COVID-19

wholesale market [1]. The unknown pathogen is now known Common minor symptoms experienced by individuals

as severe acute respiratory syndrome coronavirus-2 (SARS- infected by SARS-CoV-2 include cough, fever, chills, fatigue,

CoV-2). SARS-CoV-2 has spread exponentially worldwide through . . .

o ; ] sore throat, anosmia, ageusia, and many more. Some patients
human-to-human transmission, causing global attention. Due
to the infectious ability of SARS-CoV-2, countries have taken

precautions, including vaccinations, to combat the spread of the

with COVID-19 present more severe symptoms, which may
lead to acute respiratory distress syndrome. Moreover, severely

) i ) ] ) affected patients are more likely to develop neurological
virus. Despite these added precautions, the viral pandemic has

infected 774,469,939 individuals and has caused 7,026,465 deaths
worldwide as of January 28th, 2024 [2]. The clinical presentation
of COVID-19 continues to vary widely. SARS-CoV-2 infection can
manifest with symptoms from many body systems including, but

symptoms compared to patients who have mild to moderate
cases [3]. Evidence has shown that SARS-CoV-2 can infect the
central nervous system (CNS), causing neurological damage and
warranting concern for the potential permanent or long-term
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damage of SARS-CoV-2. The full extent of SARS-CoV-2 has yet to
be thoroughly investigated. New studies are bringing to light the
multiorgan effects of SARS-CoV-2, and further studies shall aim to
understand the potential mechanisms of neural injury.

Possible Pathogenesis of CNS Damage by SARS-CoV-2

Previous studies found that SARS-CoV-2 can infect tissues
by interacting with the angiotensin-converting enzyme 2 (ACE2)
receptor, a highly expressed receptor in epithelial tissues and
many other major organs [4]. A higher density of ACE2 receptors in
various tissues is thought to result in a higher severity of infection
by SARS-CoV-2 [5-7]. Patients with a smoking history tend to have
more negative outcomes and more rapid disease progression of
COVID-19. It is necessary to emphasize that higher levels of ACE2
receptors have been observed in the brains of smokers [8]. With
those observations in mind, it is possible that smoking increases
the ability of SARS-CoV-2 to infect the brain due to higher densities
of ACE2 receptors [9]. Early clinical presentations of ageusia and
anosmia in COVID-19 patients indicate the ability of SARS-CoV-2
to infect the brain as well as other parts of the CNS. Ageusia and
anosmia indicate the ability of SARS-CoV-2 to infect the olfactory
and gustatory pathways [10-12]. With anosmia hinting at the
possible early invasive potential of SARS-CoV-2 through the
olfactory bulb to the olfactory nerve and CNS [13].

Two major routes proposed for SARS-CoV-2 infection
into the brain are the hematogenous and neuronal retrograde
routes [14-17]. In the hematogenous route, the virus infects the
epithelial cells of the blood-cerebrospinal fluid barrier and/or
the endothelial cells of the blood-brain-barrier (BBB) in its path
to invading the brain [18]. Postmortem examination of the brains
of COVID-19 patients who presented with neurological changes
upon infection has further supported this route of invasion. Upon
examination, viral particles were found by electron microscopy
in frontal lobe neurons and endothelial cells of capillaries in the
brain, both unveiling direct evidence of SARS-CoV-2 in human
brain tissue [19]. Besides the hematogenous pathway, another
source of infection is through the neuronal retrograde route. The
neuronal retrograde route of invasion proposes that the virus
invades the CNS by infecting peripheral neurons; this is further
supported by the common symptoms of ageusia and anosmia.
Both the hematogenous and neuronal retrograde routes support
significant neurotropic potential, warranting studies aiming to
further understand the pathways in which the virus invades the
CNS and brain.

Once in the CNS, SARS-CoV-2 can invade and damage brain
cells, principally the astrocytes [19]. Astrocytes are brain cells
essential for the maintenance of brain homeostasis and contribute
to the secretion of inflammatory mediators and other neurotropic
mediators including GFAP and NfL [20-22]. Arecent study suggests
that severe COVID-19 infection is correlated with increased
concentrations of GFAP and NfL, which are both important
molecules in the brain and are now regarded as biomarkers for

neural injury [23]. This supports the idea that astrocyte activation
may be a characteristic feature indicating brain damage caused
by SARS-CoV-2 in severe infection. A more recent study by Lee et
al. [24], which aimed at studying the neuropathological changes
in postmortem brain tissue using immunohistochemistry found
that the most likely mechanism of injury to endothelial cells
is antibody-mediated cytotoxicity caused by SARS-CoV-2 [24].
The researchers also found immune complex deposition and
activation of the complement pathway on endothelial cells and
platelets [24]. It is also important to note that of these patients
who died from severe COVID-19 infection, some had minimal lung
involvement at the time of their death [24].

Other Neurological Presentations Related to COVID-19

the
there are other neurological complications observed from
COVID-19, particularly in severe cases of COVID-19 due to rapid
dissemination to the brain tissues in patients. Studies have
started to investigate neurological complications of COVID-19
and examine possible treatments to prevent complications.
Stroke is emerging as a complication of the COVID-19 pandemic
[25]. Although the cause of COVID-19-related stroke is unknown,
sepsis-induced coagulopathy (SIC) is associated with COVID-19
due to high D-dimer levels and elevated fibrinogen [26,27]. Due
to the SARS-CoV-2 infection-induced inflammatory response, it is
thought that stroke may be due to the dysfunction of endothelial
cells [25]. Another complication observed in COVID-19 patients is

Besides above-mentioned ageusia and anosmia,

cerebral edema caused by hypoxic brain injury [28,29].

Furthermore, case studies have unveiled a clear link between
severe SARS-CoV-2 infection and neurological manifestations such
as encephalitis, seizures, and stroke [18]. SARS-CoV-2 can also
cause brain damage due to inflammation of the brain parenchyma
(encephalitis) from the body’s response to viral infection [30]. The
incidence of neurological complications is still unknown, and the
virus should be further studied to develop treatments combating
long-term damage. Proper treatment and prevention could result
in a decrease in mortality rates for COVID-19, especially for the
elderly and other at-risk patients. Although the above-mentioned
effects of COVID-19 on the CNS are well documented, it is also
important to note that in a study examining neuronal tissue in
postmortem patients who had severe COVID-19 infection, SARS-
CoV-2 was not detected in their brain tissue [31]. This further
solidifies that the inflammatory response is the main reason for
neuronal injury rather than the direct effects of SARS-CoV-2 on
brain tissue.

Possible Treatments for Neuronal Injury Caused by
Acute COVID-19

The treatment of COVID-19 is an ever-evolving topic. Since
the beginning of the pandemic, many different therapeutics
have been introduced and utilized to treat the virus. Ivermectin,
a cheap and relatively available drug with anti-fungal, anti-viral,
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and anti-inflammatory properties was introduced as a possible
treatment for COVID-19 [32]. A study by Reis et al. [33] debunked
its therapeutic efficacy by showing that Ivermectin did not
significantly decrease disease progression [33]. Other treatments,
including intravenous and oral steroids, have been commonly used
to decrease inflammation in various disease states. A randomized
control trial by Horby et al. [34] documented the benefits of
using low-dose dexamethasone to reduce the 28-day mortality of
patients with severe COVID-19 infection [34]. Though this finding
was promising in reducing the inflammatory damage of lung
tissue, low-dose dexamethasone is not able to reach therapeutic
levels to treat inflammation of the CNS.

A study by Cardenas et al. [35] is currently investigating the
therapeutic benefit of intranasal dexamethasone for the treatment
of neuroinflammation caused by the virus [35]. If proven to
be beneficial in reducing mortality, this may be an excellent
treatment option because it allows low doses of corticosteroids
to be beneficial and prevents the potential side effects of using
high-dose systemic steroids to combat neuroinflammation [35].
Targeted compounds specifically aimed at reducing the neuronal
inflammation caused by SARS-CoV-2 are a hot topic of clinical
research. Inarecent study by Gudson etal. [36],a dendrimer nano-
compound termed “OP-101" was shown to reduce neuronal injury
markers such as neurofilament light chain and glial fibrillary
acidic protein [36]. Although the study is still in the clinical phase
2a trial, the composite outcome for mechanical ventilation or
death at 30 and 60 days was 71% (95% CI: 29%, 96%) for the
group receiving traditional therapies and 18% (95% CI: 4%, 43%;
P =0.021) for the OP-101 treated group [36].

The “Long-COVID” Syndrome

The acute effects of COVID-19 on mortality and morbidity
have been the center of research topics since the beginning of the
pandemic. Although definitions and criteria differ between the
different organizations, the WHO defines post-COVID syndrome,
also called “Long-COVID syndrome” as symptoms including
fatigue, shortness of breath, and cognitive dysfunction that arise
within 3 months of the onset of COVID-19 and last for at least 2
months and cannot be explained by an alternative diagnosis [37].
As the focus has been on understanding new emerging variants of
SARS-CoV-2, studies investigating the sequelae of acute COVID-19
infection have shown that as many as 61% of patients had
persistent symptoms at the 6-month mark [38]. One study noted
that 13% and 11% of patients were experiencing lasting impaired
concentration and memory problems, respectively [38]. Further
studies investigating the mental health implications of these
lasting effects would be beneficial. Treatments aimed at reducing
the effects of post-Covid syndrome have also been promising.
Oxaloacetate has been shown to decrease the physical and mental
fatigue caused by post-COVID syndrome, with one study boasting a
46.8% reduction in fatigue at the 6-week mark [39]. A study by De
Luca et al. [40] investigated the benefits of palmitoylethanolamide

and luteolin on the relief of mental clouding and the return of
olfactory senses. Their study showed an improvement in both
olfaction and memory, providing a possible treatment option
to combat the “brain fog” that many patients suffer from after
recovering from acute COVID-19 infection [40].

Conclusion

The neuroinvasive potential of SARS-CoV-2 has yet to be
appropriately investigated, but current studies have identified
CNS involvement and neurological manifestations of COVID-19 as
important aspects in understanding its widespread presentations.
Understanding the neuroinvasion of SARS-CoV-2 may reveal why
only some patients develop respiratory failure. Further studies
shall investigate the mechanisms SARS-CoV-2 used to infect the
CNS with an aim to develop treatments to decrease the effect
of neurological manifestations, especially for patients severely
affected by COVID-19. Furthermore, studies should investigate
patients who experience complications such as stroke or
cerebral edema to develop treatments and better understand the
pandemic virus. Investigating the “Long-COVID” syndrome can
provide further information to help combat the effect of the virus.
Even though the prevalence of neurological complications is low,
the scale of the current pandemic means even a small proportion
can add to significant cases. Currently, this is the major research
on the neurotropic potential of COVID-19. Despite the success
of the vaccines for SARS-CoV-2, there is still an extreme need to
better understand the pathogenesis of SARS-CoV-2, as well as
develop treatments to decrease the neurological manifestations
and complications experienced by severely infected individuals.
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