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ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in Wuhan, China in December 2019. On February 11, the World Health Organization (WHO)
announced the name for the new illness caused by SARS-CoV-2: COVID-19. By March 11, the outbreak of COVID-19 was declared a pandemic by the WHO. This virus
has extensively altered daily life for many across the globe, while claiming hundreds of thousands of lives. While fundamentally a respiratory illness, many infected
individuals experience symptoms that involve the central nervous system (CNS). It is likely that many of these symptoms are the result of the virus residing outside of
the CNS. However, the current evidence does indicate that the SARS-CoV-2 virus can use olfactory neurons (or other nerve tracts) to travel from the periphery into the
CNS, and that the virus may also enter the brain through the blood-brain barrier (BBB). We discuss how the virus may use established infection mechanisms (ACE2,
NRP1, TMPRSS2, furin and Cathepsin L), as well mechanisms still under consideration (BASIGIN) to infect and spread throughout the CNS. Confirming the impact of
the virus on the CNS will be crucial in dealing with the long-term consequences of the epidemic.

1. Introduction

The symptoms initially attributed to COVID-19 included fever,
cough, abnormal chest x-ray and shortness of breath, with some patients
developing rales and requiring supplemental oxygen or mechanical
ventilation. In the most severe cases, the estimated duration from onset
of symptoms to death was ~17.8 days (Verity et al., 2020). A surpris-
ingly high proportion of COVID-19 patients also reported CNS symptoms
during infection (Mao et al., 2020). Initial CNS manifestations include
dizziness, headache, impaired consciousness, ataxia, and seizures.
Interestingly, in a small subset of COVID-19 positive patients from an
early study in Wuhan, 8.9% displayed peripheral nervous system man-
ifestations and the most common of those were anosmia, or lack of smell,
at 5.1% (Mao et al., 2020). Neurological manifestations were increas-
ingly reported in confirmed positive patients (36.4% of 214 patients)
and were most pronounced in the early stages for patients with severe
infection (Mao et al., 2020). However, other studies have reported
neurological manifestations occurring late in COVID-19 infection (De
Felice et al., 2020; Wu et al., 2020). Of those experiencing anosmia, most
reported symptom resolution with clinical resolution of the illness; a
small subset, however, reported no return of olfaction (Yan, 2020 April
14). Because COVID-19 is such an aggressive disease, often resulting in
hypoxia, severe inflammation, and abnormal clotting, it has been
thought that most of the CNS symptoms are manifestations of peripheral
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pathologies. This view has been reinforced by the fact that angiotensin
converting enzyme 2 (ACE2) and transmembrane serine protease 2
(TMPRSS2), proteins thought to be crucial for the infection and spread
of SARS-CoV-2 throughout the body, have low levels of expression in the
human brain (Hamming et al., 2004). However new evidence indicates
that the virus can infect cells via Neuropilin 1 (NRP1) (Cantuti-Cas-
telvetri et al., 2020; Daly et al., 2020) or (preprint) BASIGIN (BSG)
(Wang, Chen et al. 2020) and that Cathepsin L (CTSL) and furin (Coutard
et al., 2020) can also modify SARS-CoV-1 (Simmons et al., 2005; Huang
et al., 2006) and SARS-CoV-2 (Ou et al., 2020) to facilitate infection. All
these proteins have higher and broader patterns of expression (Atlas,
2020) in the human brain than ACE2 or TMPRSS2. This would allow the
virus to propagate in the brain, once reaching it?. Such an infection
could occur in patients with mild or severe peripheral COVID-19
symptoms. Understanding the nature and extent of CNS infection in
COVID-19 is crucial for managing acute (medulla oblongata associated
respiratory dysfunction) and long-term (cognitive dysfunction/impair-
ment) consequences of COVID-19. It is clear that the CNS is being
impacted by the pathological inflammation and the cytokine storm that
is triggered outside of the brain by COVID-19 (Barnes et al., 2020; Chen
et al., 2020; Lagunas-Rangel and Chavez-Valencia, 2020; Mehta et al.,
2020; Zhao et al., 2020). Here, we describe the evidence for a direct
infection of the brain, hypothesis how the virus may enter the brain, and
how the virus may spread throughout the brain.

Received 10 September 2020; Received in revised form 23 December 2020; Accepted 28 December 2020

Available online 4 January 2021
0889-1591/Published by Elsevier Inc.


mailto:John.Talpos@fda.hhs.gov
www.sciencedirect.com/science/journal/08891591
https://www.elsevier.com/locate/ybrbi
https://doi.org/10.1016/j.bbi.2020.12.031
https://doi.org/10.1016/j.bbi.2020.12.031
https://doi.org/10.1016/j.bbi.2020.12.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbi.2020.12.031&domain=pdf

S.M. Burks et al.
2. CNS expression of key viral infection factors

COVID-19 is primarily a pulmonary disease, and this has driven the
consensus that the virus infects cells via ACE2 (Hoffmann et al., 2020;
Rothan and Byrareddy, 2020) after being modified by TMPRSS2
(Bilinska et al., 2020; Butowt and Bilinska, 2020; Hoffmann et al.,
2020). This focus certainly makes sense as both proteins are expressed at
very high levels in the lung making them crucial to the pulmonary pa-
thology of COVID-19 (Atlas, 2020). ACE2 and TMPRSS2 are likely
expressed in the brain at low levels (Harmer et al., 2002; Doobay et al.,
2007; Xia and Lazartigues, 2008; Baig et al., 2020; Bilinska et al., 2020),
meaning the virus should in theory be able infect brain cells, and
potentially spread throughout the brain. This is in line with preliminary
(preprint) (Song et al., 2020) and published data showing that SARS-
CoV-2 can infect organoid models of the human brain (Ramani et al.,
2020). Based off work done in organoid models, the virus should be
capable of infecting and spreading in the brain if it can gain access to it.
However, the total number of cells affected would be limited by the low
expression of ACE2, and proximity to TMPRSS2 expressing cells. Un-
fortunately, evidence indicates that the virus can be modified by mul-
tiple proteins such as CTSL (Ou et al., 2020; Shang et al., 2020) and furin
(Coutard et al., 2020). While CTSL and furin may be of minimal
importance for pulmonary pathology, they are expressed at much higher
levels in the brain than ACE2 or TMPRSS2 (Atlas, 2020). This allows for
greater viral modification in the brain than would be predicted by the
pattern of ACE2 or TMPRSS2 expression alone. Additionally, it is
possible that viral entry mechanisms other than ACE2 exist. For
example, it has been shown that SARS-CoV-1 could enter cells via BSG
(Chen et al., 2005), and preliminary evidence (preprint) suggests that
the same may be true for SARS-CoV-2 (Wang et al., 2020)". Further-
more, NRP1 has recently been described as a novel entry mechanism for
SARS-CoV-2 (Cantuti-Castelvetri et al., 2020; Daly et al., 2020). Both
proteins are expressed in the brain, including the olfactory bulb (OB), at
higher levels than either ACE2 or TMPRSS2 (Atlas, 2020; ladecola et al.,
2020). Additionally, NRP1 is expressed in the olfactory epithelium (OE;
humans). Accordingly, SARS-CoV-2 could infect the brain if the virus
reaches the brain, potentially via the OE, vagus nerve, blood brain
barrier (BBB), or cerebral spinal fluid (CSF).

3. The olfactory nerve and bulb as a conduit for CNS infection

The olfactory mucosa of the nasal cavity is made up of OE containing
neurons, two types of basal cells, Bowman’s glands, and epithelial cilia
(Moran et al., 1982; Iwai et al., 2008; Harkema et al., 2018; Liang,
2020). Olfactory sensory neurons (OSN), also known as olfactory re-
ceptor neurons, extend through the cribriform plate and target the
mitral cells of the OB. Mitral cells have connections to the largest part of
the olfactory cortex, the piriform cortex, subsequently projecting to the
hippocampus, hypothalamus, and orbital frontal cortex (Fig. 1) (Mori
et al., 1999; Haberly, 2001; Shepherd, 2004, 2007; Buck, 2005; Heydel
et al., 2013). It is thought that “new” OSNs arise from a population of
immature neurons, horizontal basal cells (HBCs) (Brann and Firestein,
2014). OSNs are thought to reach maturity within 30 days (Brann and
Firestein, 2010), have an average life span of 40 days, and a turnover
time of 6 days (Liang, 2020). These cells are frequently maturing, dying,
and being reborn. HBCs are attached directly to the basal lamina and are
the progenitors of OSNs and globus basal cells, which are located above
the HBC (Iwai et al., 2008; Harkema et al., 2018). Basal cells also give
rise to the sustentacular cells that span the entire thickness of the OE

! pre-print data should be interpreted with caution. However, given the
rapidly evolving amount of information on SARS-CoV-2, completely abstaining
from referring to preprints in this field runs the risk of delaying important and
potentially impactful cellular mechanisms. They are included where they
impact the potential for SARS-CoV-2 infection within the CNS.
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(Harkema et al., 2018). Sustentacular cells are thought to be a mix of
glial and epithelial cells. These cells support the OE and OSN meta-
bolism, making them crucial in olfaction (Liang, 2020). When compared
to HBCs, sustentacular cells are thought to have a longer life span and a
slower turnover time (Arslan, 2014). It has been shown that sustentac-
ular cells (human) express ACE2 and TMPRSS2 at high levels (Bilinska
et al., 2020). These cells are vulnerable to SARS-CoV-2 infection, (Bry-
che et al., 2020), which may explain the high incidence of anosmia in
COVID-19 (Bilinska and Butowt, 2020; Gupta et al., 2020). Once
infected, damage to sustentacular cells is likely to give rise to anosmia
(Brann et al., 2020; Moein et al., 2020). These infected sustentacular
cells would also bath HBCs in virus, providing a second, and potentially
more worrisome route to anosmia arising from infection of the OB.

Although ACE2 has not been reported in mature olfactory nerves
(human) and is likely present at low levels in neurons (Harmer et al.,
2002) and is believed to be expressed in HBCs which mature into OSNs
(Hamming et al., 2004, 2007; Fletcher et al., 2017; Bilinska et al., 2020;
Butowt and Bilinska, 2020)%. HBCs are surrounded by OE. An infection
of the OE would likely spread to HBCs and subsequently immature and
mature olfactory neurons as observed in the hamster (Zhang et al.,
2020). As infected HBCs mature into OSNs, they have a synaptic path to
the OB, thereby a potential route of CNS infection (Barnett et al., 1993).
It would take relatively few infected OSNs to spread the infection to the
OB. Through this route, a peripheral infection could reach the OB and
from there, move throughout the brain. Once in the brain, a cycle of viral
budding and neuronal damage is possible. Additionally, damage to the
BBB, neuronal inflammation triggered by systemic infection, and stroke/
hemorrhage may contribute to the outcomes of COVID-19 patients
presenting with CNS symptoms.

The critical role of the olfactory nerve and OB as a transient in CNS
viral transmission has been demonstrated for multiple viruses (Monath
et al., 1983; Lafay et al., 1991; Mori et al., 1995; Yamada et al., 2009),
including the mouse hepatitis virus (MHV), which is also a coronavirus
(Perlman et al., 1990). Ablation of the OB blocked the development of
CNS infection in mice that received an intranasal inoculation with MHV
(Perlman et al., 1990). MHV, however, is thought to bind with carci-
noembryonic antigen-related cell adhesion molecule 1 rather than
ACE2. Regardless, those data show the spread of infection throughout
the CNS is, in some instances, predicated on an infection of the OB. The
OB also plays a key role in the spread of ACE2-dependent coronavirus
infections (SARS-CoV-1). Mice expressing the human ACE2 receptor
were intra-nasally treated with SARS-CoV-1, and soon after (60-66 h)
antibodies were detected in the OB, some cortical areas, and parts of the
basal ganglia (Netland et al., 2008). Four days after the initial exposure,
the infection had spread to the medulla, pons, midbrain, thalamus, hy-
pothalamus, amygdala, hippocampus, basal ganglia, cortex, and
through most of the OB. These data demonstrate that a coronavirus will
“pass through” the OB in the process of infecting more distal regions of
the brain (Netland et al., 2008). Moreover, in the hamster, SARS-CoV-2
has been shown to infect olfactory nerves (Sia et al., 2020; Zhang et al.,
2020) and the brain (Bryche et al., 2020; Chan et al., 2020; Zhang et al.,
2020). Taken together, these data show that an infection which reaches
the OB can quickly spread throughout the brain. Low levels of ACE2 in
the human brain would limit the impact on the CNS. However, NRP1 is
expressed at higher levels throughout the brain than ACE2, particularly
in the hippocampus formation (Atlas, 2020), increasing the potential for
viral mediated CNS damage.

Several other potential routes for nerve driven infection of the brain
exist, such as infection via the vagus, trigeminal, and nasopharyngeal
nerves. The vagus nerve, for example, as part of the enteric nervous
system is connected to the gastrointestinal tract, which is high in ACE2

2 Expression of NRP1 has been reported in OSNs in the mouse olfactory
system (Imai, Suzuki et al. 2006, Imai, Yamazaki et al. 2009). ; we are aware of
no data on its presence in the human OSN at this time



S.M. Burks et al.

Cingulate gyrus

Brain Behavior and Immunity 95 (2021) 7-14
Orbitofrontal

Olfactory
bulb

Olfactory
mucosa

Respiratory
mucosa

Olfactory _|
bulb

Olfactory nerve

- Mitral cell
Cribriform _|
plate | Horizontal
basal cells
T " Offactory |
Pt epithelium

- Bowman’s gland

|- Olfactory sensory
neuron

Horizontal basal cell

Infected *
Infected horizontal olfactory
basal cell sensory

* -
Membrane #
breakdown * A
and release of *
neuron
cellular content

AcE27

- Sustentacular cell
Immature

Epithelial cilia
Infected
neuron
| sustentacular
I
Differentiation
process

cell

Olfactory cilia

Fig. 1. Proposed mechanisms for an olfactory nerve mediated infection of the CNS. SARS-CoV-2 infects the olfactory epithelium via the ACE2 receptor. The olfactory
epithelium surrounds ACE2 receptor containing horizontal basal cells. Human horizontal basal cells express ACE2, while in mice they have been shown to express
NRP1 (human data is unavailable), suggesting they can be infected by SARS-CoV-2. Horizontal basal cells can also mature into olfactory neurons. We propose that
infected horizontal basal cells mature into SARS-CoV-2 infected olfactory neurons. These infected olfactory neurons share a synaptic connection with neurons in the
olfactory bulb (OB). This allows for viral spread from the periphery into the CNS. The OB has many connections throughout the brain. This allows for rapid viral
transit to many areas in the brain. Alternatively, the infected olfactory epithelial cells release SARS-CoV-2 at the cribriform plate. The high concentration of cells
combined with localized trauma (cells damaged by infection and frequent sneezing) results in viral particles being pushed through the cribriform plate. The virus can
then infect local cells (mitral cells / olfactory bulb) or migrate and cause infection elsewhere.
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and NRP1 (Atlas, 2020). It has been reported that intestinal enteric
neurons and glia express ACE2 and TMPRRSS2 (Deffner et al., 2020)
providing a mechanism for these cells to become infected with the virus.
While data in humans is lacking, the vagal complex is known to express
ACE2 in rodents (Ruchaya et al., 2016). If the human vagal complex
expresses an appropriate combination of SARS-COV-2 related proteins,
then it is probably that an infection from the intestine could reach the
brain. Similarly, the trigeminal and nasopharyngeal nerves, are both
positioned (gums, tongue, pharynx) such that they would be exposed to
the virus. The possibility of an infection of the trigeminal or nasopha-
ryngeal nerve is supported by a recent case report of a COVID-19 patient
developing dysphagia (Aoyagi et al., 2020). Additional information
about the relative distribution of ACE2, NRP1, and other proteins is
necessary to determine if these mechanisms are likely to produce CNS
infections in humans.

Human data on SARS-CoV-1 or 2 brain infections are less extensive
than that in the rodent literature. The first reported case of a CNS SARS-
CoV-1 infection is from 2003 (Hung et al., 2003) when the SARS-CoV-1
virus was detected in the CSF of a patient. Several other case reports of
CNS infection in SARS-CoV-1 infections soon followed (Lau et al., 2004;
Yeh et al., 2004). A post-mortem study of individuals who died from
SARS-CoV-1 found evidence of the virus in the brains of all four in-
dividuals investigated (Ding et al., 2004). Data are very limited on SARS-
CoV-2 infections in the human CNS. The first description of the virus in
the human CNS was in an individual who tested negative for the virus
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via nasal swab (Moriguchi et al., 2020), highlighting the potential lim-
itations of this diagnostic approach. A larger post-mortem study inves-
tigating the multiorgan tropism of SARS-CoV-2 reported that 8 of 27
patients had signs of CNS infection, but in only two of those instances
was the virus also detected in the blood (Puelles et al., 2020). While the
sample was small and comprised of individuals who died from the dis-
ease, these data suggest that instances of CNS infection can occur via the
hematogenous route in a limited number of cases (via the BBB). It is also
likely that patients who died from the disorder may not be representa-
tive of the general population as the overall fatality rate, which varies
with age (Wiersinga et al., 2020), is 1.4% (Salzberger et al., 2020) and
the number of patients included in COVID-19 post-mortem studies up to
this point is relatively small (Chen et al., 2020; Xu et al., 2020).

4. SARS-CoV-2 and the blood brain barrier

In addition to potential brain infection via the olfactory route, it is
likely that SARS-CoV-2 can access the brain via the hematogenous route
(Desforges et al., 2019). Reports indicating damage to lung blood vessels
caused by SARS-CoV-2 have emerged (Chen et al., 2020; Lang et al.,
2020; Magro et al., 2020). Post-mortem analysis of the lungs of COVID-
19 patients revealed that endothelial necrosis and capillary injury can
occur after SARS-CoV-2 infection with viral proteins detected in the lung
capillaries (Chen et al., 2020; Magro et al., 2020). This suggests that
SARS-CoV-2 can be translocated from the lungs to the pulmonary
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Fig. 2. Proposed mechanism of SARS-CoV-2 brain infection via the hematogenous route. Viral particles of SARS-CoV-2 present in the lungs can infect the lung
capillaries and be translocated to the pulmonary microcirculation. Viral particles in the bloodstream can then reach the brain through the blood-brain barrier (BBB)
by infecting and replicating inside brain microvascular endothelial cells. Infection of neurons by SARS-CoV-2 as well as an increase in BBB permeability could be

responsible for severe neurological symptoms in COVID 19.
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microcirculation, and then spread throughout the body and potentially
infect other organs, including the brain (Fig. 2). Although reported in
only a small number of patients, SARS-CoV-2 has been detected in the
blood of COVID-19 patients indicating that it can reach the bloodstream
and potentially infect other organs (Puelles et al., 2020).

Once in the bloodstream, the virus can quickly infect endothelial
cells throughout the vasculature as they express ACE2 and NRP1
(Hamming et al., 2004, 2007; Wang et al., 2016). Post-mortem analyses
of patients who died from COVID-19 have shown that SARS-CoV-2 can
infect endothelial cells and produce endotheliitis in the lungs, heart,
kidney, liver and small intestine (Varga et al., 2020). Moreover, exper-
imental studies have also shown that SARS-CoV-2 can infect and repli-
cate in human blood vessel organoids (Monteil et al, 2020),
strengthening the hypothesis that blood-borne viruses can reach the
brain through the endothelial cells of the brain. Even if bloodborne virus
and bacteria are present in the circulatory system, infections of the brain
are not common occurrences due to the presence of the BBB. The
function of the BBB, with brain microvascular endothelial cells
(BMVECs) being one of its principal components, is to protect the brain
and maintain homeostasis by regulating the traffic of substances into
and out of the brain and preventing the entrance of pathogens present in
the bloodstream (Hawkins and Davis, 2005). To infect the brain via the
hematogenous route, the virus must first bypass the BBB. Expression of
the ACE2 receptor (Hamming et al., 2004), and NRP1 (Wang et al.,
2016) has also been confirmed in human BMVECs, making them po-
tential targets for SARS-CoV-2 infection (although TMPRSS2 has not yet
been identified in these tissues). To date, at least one study has described
via post-mortem analysis of the brain by transmission electron micro-
scopy, the presence of viral-like proteins inside BMVECs in the frontal
lobe of a patient who died from COVID-19 (Paniz-Mondolfi et al., 2020).
This provides the first direct evidence that SARS-CoV-2 can infect
BMVEC:s of the BBB, although the origin of the infection (brain or blood)
is unclear. ACE2 and TMPRSS2 have also been identified in the human
choroid plexus (Deffner et al., 2020). Because the choroid plexus has a
more permeable blood-CSF barrier, instead of a tightly regulated BBB,
this may be a potential site of viral invasion to the CNS. A recent study in
an organoid system that modeled the human choroid plexus showed that
SARS-CoV-2 can infect cells in the choroid plexus and induce disruption
of the blood-CSF barrier, opening another path for viral invasion to the
brain (Pellegrini et al., 2020). While it is assumed that the viral particles
found in the CSF are evidence of an infection of the CNS, it is also
possible that viral particles in the CSF could be entering the brain via the
choroid plexus or by penetrating the cribriform plate.

Because SARS-CoV-2 is generally present at only low levels in the
blood, it is unlikely that in most patients a choroid plexus mediated
infection would occur. In contrast, the immediate proximity of the
cribriform plate to a tissue particularly susceptible to SARS-CoV-2 (nasal
epithelium), and the trauma likely to occur to the region because of
continual sneezing, would offer ample opportunity for CSF infiltration to
occur. Infiltration of the brain via the cribriform plate is well established
for amebic infection, most notably Naegleria fowleri (Jarolim et al.,
2000), and more recently for Rift valley fever encephalitis (Boyles et al.,
2020). Ultimately, any virus that entered the CSF through the cribriform
plate would still need to penetrate or infect the BBB. However, an
infection arising from infiltration at the cribriform plate could occur in
any COVID-19 patient suffering from an infection of the nasal cavity.
Infiltration of the CSF offers another route to CNS infection with patients
who have comparatively minor symptoms. The ability of SARS-CoV-2 to
infect immune cells in the periphery that subsequently invade the CNS
also warrants consideration. Infected macrophages have been reported
(Yao et al., 2020), strengthening the concern that immune cells may act
as reservoirs of latent SARS-CoV-2 infection (Beach et al., 2020; Troyer
et al., 2020).

Limited evidence exists about the effects of other types of corona-
viruses on the BBB. Laboratory animal studies have shown that MHV
induces BBB breakdown regulated by a decrease in the tight junction
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proteins occludin and ZO-1, resulting in a CNS infection (Bleau et al.,
2015). In the owl monkey (Aotus trivirgatus), infection with the coro-
navirus JHM OMP1 via intracerebral, intranasal or intravenous inocu-
lation resulted in CNS infection, as evidenced by the detection of viral
products in the brains of all animals, predominantly in the blood vessels
and perivascular regions; this suggests that a coronavirus can infect and
replicate in endothelial cells to bypass the BBB (Cabirac et al., 1993,
1994). Moreover, in vitro studies later demonstrated that coronavirus
JHM OMP1 can infect cultured BMVECs isolated from humans and
rhesus macaques (Cabirac et al., 1995), providing further evidence that
certain coronaviruses can infect BMVECs of the BBB.

Preliminary evidence suggests SARS-CoV-2 can invade BMVECs in
humans (Paniz-Mondolfi et al., 2020). In addition, a recent study, in-
dicates that the spike protein of SARS-CoV-2 can induce an increase in
BBB permeability in a BBB-on-a-chip in vitro system (Buzhdygan et al.,
2020). Most importantly, emerging evidence from human studies in-
dicates that SARS-CoV-2 induces BBB dysfunction in humans. Bellon and
colleagues recently reported that, from 31 COVID-19 patients with
neurological manifestations, 58% presented an increase in BBB perme-
ability (Bellon et al., 2020), providing the first-in-human evidence that
SARS-CoV-2 induces BBB dysfunction. In this study, it was unclear if the
disruption of the BBB was a direct result of SARS-CoV-2 infection, or if
this damage was a secondary response to neuroinflammation. More
research is needed to elucidate the mechanisms by which this virus
bypasses the BBB and enters the brain and whether patients with un-
derlying conditions that affect the BBB are at an increased risk of brain
infections. For example, brain expression of NRP1 increases after
ischemic (Zhang et al., 2001), vascular (Klagsbrun et al., 2002) and
mechanical injuries (Skold et al., 2000), which would make these pa-
tients potentially more susceptible to brain infection. Once inside the
brain, SARS-CoV-2 may be able to cause CNS infection, as receptors for
virus entry (NRP1, ACE2 and BSG) and viral modification (CTSL,
TMPRSS2 and others) are present in the human brain (Atlas, 2020) and
viral-like particles have also been detected in neurons of postmortem
COVID-19 brains (Paniz-Mondolfi et al., 2020).

5. Conclusions

Multiple lines of evidence indicate that infection with SARS-CoV-2
can have a direct CNS-invasive component. It is unclear if this is part
of the “core pathology” or if it is restricted to a small number of patients
with the most advanced symptoms. CNS invasion via the OSNs or crib-
riform plate could both occur in patients with relatively mild symptoms.
Unfortunately, the common occurrence of hypoxia in advanced cases, as
well as blood clots, and cytokine “storms” makes it difficult to determine
what CNS complications are the result of a CNS infection, as opposed to
having a peripheral origin. Furthermore, BMVECs express the ACE2 and
NRP1 receptors, implying that viruses which reach the bloodstream
have the potential to infect and damage the BBB. This can lead to an
infection of the brain, “leakage” in the BBB, and could disrupt vital
nutrient exchange between the brain and bloodstream. Unfortunately,
animal models may be of little value in evaluating the contribution of
CNS infection to CNS pathology in cases of COVID-19. Protein data
suggests that humans express little ACE2 and TMPRSS2 in the CNS,
whereas rodents (Atlas, 2020) and humanized mice are known to display
higher levels than humans (Tseng et al., 2007; Netland et al., 2008).
Modeling a non-ACE2/TMPRSS2 CNS infection would require the
manipulation of multiple genes in a spatially restricted manner. Differ-
ences in the density and distribution of ACE2, TMPRSS2, CTSL, NRP1,
and BSG in the brain and periphery mean that humanized rodent models
cannot be used to accurately predict the spread of SARS-CoV-2 in the
CNS. Moreover, traditional post-mortem analysis (immunohistochem-
istry) of brains from individuals who died of COVID-19 may also be of
limited value. It may prove more effective to quantify the number of
cells expressing entry proteins and correlate with the number of dead or
dying neurons.
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The high incidence of hypoxia induced brain damage and other pe-
ripheral events which can damage the brain, makes it very difficult to
detected evidence of SARS-CoV-2 related CNS infection. Also, in post-
mortem studies the interval from infection to tissue collection is not
consistent. Further, an absence of the virus in the brain does not
necessary rule out a CNS infection; it rules out a CNS infection as the
time of death. The distribution of entry proteins will ultimately deter-
mine the extent to which the virus can impact cells within the CNS. For
instance, if only 1 in 1000 cells expresses an entry protein, and these
cells are scattered throughout the brain in multiple cell types, then the
virus may not have a major lasting impact on CNS function in a healthy
adult. However, if its presence is restricted to a cellular subtype or re-
gion, the impact of infection could be much greater even if relatively few
cells actually die from infection. Owing to the pattern of expression of
NRP1, the hippocampal formation would be an area of particular
concern (Atlas, 2020). The most effective approach to determining the
potential damage caused by a CNS infection of SARS-CoV-2 may be to
determine the relative distribution of ACE2 and NRP1, as well as other
potential entry candidates (BSG) in the human brain, in addition to what
type(s) of brain cells express these proteins. It may be difficult to detect
viral mediated cell death against a background of neuronal insult,
especially in brain regions where the expression level of ACE2 and NRP1
is low. The absence of these cells types in post-mortem tissue may
represent the most definitive data on the impact of viral mediated cell
death in COVID-19. Similarly, it will be necessary to determine the
location of modifying proteins (TMPRSS2, CTSL) to determine if the
conditions for post-shedding viral modification exist. This could be done
with selective immunohistopathology on post-mortem tissue. Better
understanding the pattern of viral mediated cell damage would also help
determine how virus is getting into the brain, as each entry mechanism
is likely to result in a different pattern of damage. For example, an OSN
or cribriform plate mediated infection should preferentially impact
cortical regions, while infections originating in the vagus, trigeminal,
and nasopharyngeal nerves would be expected to initially impact the
hindbrain and an infection due to a compromised BBB would result in
wide-spread brain damage. Understanding this is crucial, as a forebrain-
based infection would be expected to initially impact cognition, whereas
a hindbrain infection would be expected to initially impact autonomic
function, including respiration.

Currently, fighting the spread and respiratory complications of
infection are the greatest priority in the battle against COVID-19.
However, as the pandemic shifts and survivors of the infection
increasingly outnumber those with active infections, it will become
increasingly important to understand the other ways COVID-19 may
have resulted in lasting effects on the human body, including the brain.
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