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ABSTRACT: Neurological manifestations have been reported in
COVID-19; however, the route used by SARS-CoV-2 to enter the
brain is still under debate. Recent studies have focused on the olfactory
route. SARS-CoV-2 viral proteins were also detected in the glossophar-
yngeal and vagal nerves originating from the lower brainstem and in
isolated cells of the brainstem. Our proof of concept in vivo real-time
imaging study of mice using an indocyanine green dye indicated that the
neurovascular component of the connective tissue of the respiratory
mucosa can also provide an alternate route to the brain.

1. INTRODUCTION

SARS-CoV-2 is reported as a neurotropic virus that can target
the brain and cause neurological complications.1,2 An axonal
route from the periphery to the brain through the olfactory
nerve and vagus nerve had been demonstrated.1,3,4 Recently,
axonal transport through the trigeminal nerve and the
involvement of the nucleus tractus solitarius through the
cranial nerves VII, IX, and X also have been hypothesized for
silent hypoxemia, cytokine storm, and pulmonary edema in
COVID-19.5

Anosmia without rhinitis has been reported in COVID-19,
and the involvement of the olfactory nerve and the brain was
proposed.3,6 It was reported that only pericytes and non-
neuronal cells in the human and mouse olfactory epithelium
express both ACE2 and TMPRSS2 genes that are essential for
the entry of SARS-CoV-2 into the cells. The mature olfactory
sensory neurons and the olfactory bulb neurons in the mouse
do not express the genes. Therefore, anosmia was proposed to
be due to SARS-CoV-2 infection of the non-neuronal cells.
Axonal transport from the olfactory mucosa to the brain was
questioned, and a vascular route of transport was proposed. It
was also proposed that local SARS-CoV-2 seeding of the
olfactory epithelium can result in neuron-independent transfer
to the brain by targeting the vascular pericytes of the blood
vessels of the olfactory nerve. The central cause for the
olfactory dysfunction was proposed to be secondary to
inflammation of the local pericytes.7

A haematogenous route from the olfactory mucosa to the
brain through the cribriform plate has been proposed.3

However, the blood brain barrier prevents entry of most of
the foreign substances and microorganisms from the
circulation into the brain. SARS-CoV-2 is a large virus of
approximately 70−80 nm in diameter with envelope
projections that average 15 ± 2 nm in size.8 It has already
been reported that the entry of SARS-CoV-2 into the host cell
occurs by the binding of the spike protein to angiotensin-
converting enzyme 2 (ACE-2). The priming of the spike
protein is further done by transmembrane protease serine 2
(TMPRSS2). It was suggested that SARS-CoV-2 infects the
endothelial cells in the brain that express ACE2 receptors.4

However, recent studies have shown that ACE2 is very weakly
expressed in endothelial cells and is highly expressed only in
the pericytes.9

Recently, Neuropilin-1 (NRP1) has been reported as a co-
factor that significantly enhances SARS-CoV-2 infectivity and
facilitates the entry of the virus into the host cell when co-
expressed with ACE-2 and TMPRSS2.10,11 NRP1 is a
transmembrane receptor that primarily acts as a co-receptor
for various ligands and plays a role in cell proliferation,
angiogenesis, and axon control.12 Human autopsy studies have
shown that NRP1 is expressed in the human respiratory

Received: January 4, 2021
Accepted: February 22, 2021
Published: March 3, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

7068
https://dx.doi.org/10.1021/acsomega.1c00030

ACS Omega 2021, 6, 7068−7072

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jayamuruga+Pandian+Arunachalam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anoop+U.R."&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kavita+Verma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rahini+Rajendran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Subbulakshmi+Chidambaram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Subbulakshmi+Chidambaram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c00030&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00030?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00030?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00030?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00030?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/10?ref=pdf
https://pubs.acs.org/toc/acsodf/6/10?ref=pdf
https://pubs.acs.org/toc/acsodf/6/10?ref=pdf
https://pubs.acs.org/toc/acsodf/6/10?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.1c00030?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/
https://pubs.acs.org/page/policy/authorchoice/index.html


epithelium and olfactory epithelium. In the olfactory
epithelium, it was expressed in the late olfactory neuronal
progenitors and the newly differentiated olfactory neurons.10

Based on RNA sequencing, NRP1 is also highly expressed in
the brain and is seen in mature astrocytes and endothelial cells.
It is also seen in the olfactory bulb, pons, etc.12

Involvement of the brain was considered to occur in
COVID-19 when the virus enters the systemic circulation from
the lungs and causes inflammation-mediated damage to the
blood brain barrier.13 However, the olfactory route has
received considerable attention recently.14 Accordingly, in a
recent in vivo study using mice, silver nanoparticles coated with
a synthetic spike peptide that were administered nasally were
detected in the olfactory epithelium expressing NRP1 and in
the neurons and blood vessels of the cortex.10 Therefore, the
NRP1-mediated entry of SARS-CoV-2 into the brain through
the olfactory epithelium has been suggested.12

The relative olfactory area in humans is very small when
compared with mice. Therefore, it will be easier for the virus to
access the larger respiratory mucosal area in the human nose.
Hence, we hypothesize that the underlying neurovascular
bundle (involving the branches of the trigeminal nerve,
branches of the maxillary artery, and the accompanying
veins) in the connective tissue of the respiratory epithelium
can provide an alternate route for the virus to reach the brain.
Drug delivery into the brain has been a challenge for more

than 100 years. However, drugs with no specific affinity for
neurons have also been delivered into the brain through the
nasal route.15 We therefore tested our hypothesis with the
indocyanine green (ICG) dye. ICG has been used in medicine
to measure cardiac output, to study the anatomy of retinal
vessels, and to measure liver functional reserve before surgery
and in neurosurgery. When given intravenously, ICG binds to
plasma proteins within seconds and does not cross the blood
brain barrier. When injected outside the blood vessels, ICG
binds to proteins and is transported through the local
lymphatic channels to the nearby lymph nodes.16 In preclinical
studies, ICG has been used as an anterograde and retrograde
axonal tracer for the visual pathway.17

2. RESULTS AND DISCUSSION
In vivo real-time animal imaging using ICG demonstrated
access to the brain through the connective tissue of the
respiratory mucosa (Figure 1). As a corroboration, the imaging
detected an intense fluorescence signal in the brain dissected
from the mouse model in which ICG was injected directly into
the connective tissue of the respiratory mucosa. The
fluorescence was generalized with the strongest signals toward
the midline. Similarly, the generalized fluorescence signal was
detected in the liver as it excretes the unchanged dye in the bile
(Figure 2A,B). Alternatively, a minimal fluorescence signal was
detected in the brain dissected from the mouse model in which
ICG was administered topically through the right nostril
(Figure 3A,B). The fluorescence was localized toward the
midline, and the periphery did not show any fluorescence. A
strong and localized fluorescence signal was detected in the
liver suggesting faster drainage into the venous compartment
and elimination by the liver.
Crossing the blood brain barrier can be a crucial factor in the

involvement of the brain by SARS CoV-2. However, the route
taken by the virus is still under debate.
Autopsy studies of COVID-19 patients have shown the

presence of spike protein in NRP1 positive olfactory epithelial

Figure 1. Representative live animal imaging of mice injected with
ICG into the connective tissue of the respiratory mucosa in the
maxillary sinus region.

Figure 2. (A) Imaging of different dissected tissues of interest from
mice with ICG injected into the connective tissue of the respiratory
mucosa. (B) Plot of concentration of fluorescence signals in different
dissected tissues of interest.
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cells, late olfactory neuronal progenitors, and the newly
differentiated olfactory neurons.10 Gene expression analysis
has also shown an up-regulation of NRP1 and NRP2 in the
lung tissue from COVID-19 patients.11

Axonal transport through the trigeminal nerve and the
involvement of the nucleus tractus solitarius through the
cranial nerves VII, IX, and X also have been hypothesized as
probable routes for the central nervous system (CNS)
involvement in COVID-19.5 In a recent post-mortem study
of COVID-19 patients, SARS-CoV-2 RNA or proteins were
detected in the brain tissues of 53% of the cases. In 20% of the
cases, both SARS-CoV-2 RNA and protein were detected.
SARS-CoV-2 was detected in isolated cells within the medulla
oblongata and in the glossopharyngeal and vagal nerves
originating from the brainstem.18,19

Intriguingly, autopsies from COVID-19 patients have shown
that the lowest level of SARS-CoV-2 viral load is detected in
the brain among the organs studied.7 SARS-CoV-2 RNA has
been detected only in a very limited number of human
cerebrospinal fluid (CSF) samples.14 These findings are not
surprising as studies in mice have shown that a small volume of
intracerebral injections of influenza virus was confined to the
inoculation site and was not detected in the CSF.20

The route taken by the virus to target the brain of the
patients is still not confirmed. Therefore, it is possible that
SARS-CoV-2 may enter the brain early from the nasal region
and probably retained within the neuronal cells expressing the
entry receptors.
The trigeminal nerve is the largest cranial nerve and the only

sensory afferent in the cerebral circulation. It supplies the nasal

respiratory mucosa and the maxillary sinus. It also sends a
branch to the olfactory region.
Human autopsy studies have shown that NRP1 is expressed

in the human respiratory epithelium and olfactory epithe-
lium.10 The respiratory mucosa also expresses more ACE2
than the olfactory mucosa.7 NRP1 has been reported to
enhance the viral entry into the cell in the presence of
ACE2.11,12 Neural, vascular, and lymphatic routes from the
connective tissue of the respiratory mucosa have also been
proposed for delivering drugs into the brain and the retina by
bypassing the intact blood brain barrier and blood retinal
barrier, respectively.21 It is easier for the virus to access the
larger respiratory mucosal area in the human nose. Therefore,
if the virus is able to breach the nasal respiratory epithelium
and access the underlying connective tissue, then the
underlying neurovascular route can be used to target the
brain in spite of an intact blood brain barrier (Figure 4).

SARS-CoV-2 could be transported to the brain through the
perineural and perivascular pathways of the trigeminal nerve
from the nasal mucosa. Because of the low titer, the large size,
and the shape of the virus, drainage into the CSF through the
glymphatic system may be restricted in the presence of an
intact blood brain barrier.
To test the hypothesis of a possible alternate route in an in

vivo mouse model, ICG was administered directly into the
connective tissue of the respiratory mucosa. Though the mice
do not fully simulate humans, they have been used as validated
experimental models for maxillary sinus research, nasal drug
delivery research, and blood brain barrier research. The
neurovascular pathways in the connective tissue could
transport the dye to the brain, resulting in intense fluorescence
in the brain. The fluorescence was significant in the brain and
the liver when compared with the nasal route. This difference
could be because the nasal respiratory mucosal epithelium acts
as a barrier and restricts easy entry of the dye into the
connective tissue when delivered as topical nasal drops.
Anosmia and ageusia may be the clue that SARS-CoV-2 is

targeting the olfactory region and the taste buds for easy access
to the underlying neurovascular pathways of the connective
tissue. Thus, early retrograde perineural and perivascular
transport of the virus to the brain can occur from the
respiratory mucosa also.
The blood brain barrier protects the brain by preventing the

entry of pathogens and toxins from the circulating blood into
the brain. However, this protection also prevents the entry of
useful drugs into the brain.

Figure 3. (A) Imaging of different dissected tissues of interest from
mice with ICG administered as topical drops into the right nostril.
(B) Plot of concentration of fluorescence signals in different dissected
tissues of interest. Figure 4. Schematic representation of the neurovascular route of the

SARS-CoV-2 entry from the respiratory mucosa in the maxillary sinus
region to the brain.
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Out of the drugs under trial for COVID-19, only a few can
cross the blood brain barrier. Remdesivir is an antiviral drug,
which works at the post-viral entry stage. However, it does not
cross the blood brain barrier in sufficient quantities.22 Among
quinolone-based antimalarial drugs, hydroxychloroquine has
limited blood brain barrier permeability.23 Lopinavir/Ritona-
vir, Tocilizumab, and Favipiravir show limited brain pene-
trance. Azithromycin is reported to have good brain
penetrance but high tissue binding.24 Artemisinin is an
antimalarial drug with better brain penetrance that is being
studied for use in COVID-19. Recently, a small study has
proposed the use of clonidine, an FDA-approved central
sympatholytic drug that can act at the nucleus tractus solitarius,
to mitigate SARS-CoV-2-related symptoms.25 Similarly,
repurposing of acetylcholine esterase inhibitors and nicotinic
compounds developed for Alzheimer’s disease has also been
proposed.26

3. CONCLUSIONS

The route used by the SARS-CoV-2 to target the brain from
the primary site of infection is yet to be well explored. Further
to this pilot study, confirmatory studies are required to make a
detailed investigation of the pathomechanism behind the early
viral entry to the brain. Similarly, drugs with efficient brain
penetrance or drug delivery techniques that aid in crossing the
blood brain barrier may be needed in the management of
COVID-19.

4. EXPERIMENTAL SECTION

4.1. Animal Experimentation. Male C57BL/6J mice
(about 7−8 Months old) weighing 35−40 g were used for the
study. The mice were anesthetized using 2:1 Ketamine (80
mg/kg body weight) and Xylazine (7 mg/kg body weight) by
subcutaneous injection. The study was approved by the
Institutional Animal Ethics Committee, Sri Balaji Vidyapeeth
[Deemed to be University] (03/IAEC/MG/11/2018-II).
4.2. In Vivo Imaging. After anesthetization, 50 μg of ICG

was either injected directly into the connective tissue of the
respiratory mucosa in the maxillary sinus region or delivered as
topical drops through the right nostril of the mice. After 10, 20,
30, and 70 min of the injection, the mice were scanned under
an IVIS small animal imaging system (Perkin Elmer,
Massachusetts, US) to detect the fluorescence from ICG.
The fluorescence specific signal (ratio of the power emitted

by a source of radiation to the power consumed by it) was
shown as the radiant efficiency (emission light [photons/s/
cm2/str]/excitation light [μW/cm2]). Further, the fluorescence
intensity indicated how much light (photons) was emitted. It
was the extent of emission, and it depended on the
concentration of the excited fluorophore. The fluorescence
signal for each tissue was calculated by selecting the region of
interest (ROI) and measuring as the total radiant efficiency
[photons/s]/[μW/cm2]. Total radiant efficiency signified the
sums of fluorescent pixels within the ROI. For each region of
interest, the mean value and standard deviations were
calculated.
After live animal imaging, the mice were sacrificed and major

tissues such as the liver, kidney, brain, and eyes were dissected
and scanned again to measure the concentration of the
fluorescence signal in each tissue of interest.
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