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Potential role of astrocyte angiotensin i

converting enzyme 2 in the neural transmission
of COVID-19 and a neuroinflammatory state
induced by smoking and vaping
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Abstract

Background: Knowledge of the entry receptors responsible for SARS-CoV-2 is key to understand the neural trans-
mission and pathogenesis of COVID-19 characterized by a neuroinflammatory scenario. Understanding the brain
distribution of angiotensin converting enzyme 2 (ACE2), the primary entry receptor for SARS-CoV-2, remains mixed.
Smoking has been shown as a risk factor for COVID-19 severity and it is not clear how smoking exacerbates the neural
pathogenesis in smokers.

Methods: Immunohistochemistry, real-time PCR and western blot assays were used to systemically examine the spa-
tial-, cell type- and isoform-specific expression of ACE2 in mouse brain and primary cultured brain cells. Experimental
smoking exposure was conducted to evaluate the effect of smoking on brain expression.

Results: We observed ubiquitous expression of ACE2 but uneven brain distribution, with high expression in the
cerebral microvasculature, medulla oblongata, hypothalamus, subventricular zones, and meninges around medulla
oblongata and hypothalamus. Co-staining with cell type-specific markers demonstrates ACE2 is primarily expressed
in astrocytes around the microvasculature, medulla oblongata, hypothalamus, ventricular and subventricular zones
of cerebral ventricles, and subependymal zones in rhinoceles and rostral migratory streams, radial glial cells in the
lateral ventricular zones, tanycytes in the third ventricle, epithelial cells and stroma in the cerebral choroid plexus, as
well as cerebral pericytes, but rarely detected in neurons and cerebral endothelial cells. ACE2 expression in astrocytes
is further confirmed in primary cultured cells. Furthermore, isoform-specific analysis shows astrocyte ACE2 has the
peptidase domain responsible for SARS-CoV-2 entry, indicating astrocytes are indeed vulnerable to SARS-CoV-2 infec-
tion. Finally, our data show experimental tobacco smoking and electronic nicotine vaping exposure increase proin-
flammatory and/or immunomodulatory cytokine IL-1a, IL-6 and IL-5 without significantly affecting ACE2 expression in
the brain, suggesting smoking may pre-condition a neuroinflammatory state in the brain.

Conclusions: The present study demonstrates a spatial- and cell type-specific expression of ACE2 in the brain,
which might help to understand the acute and lasting post-infection neuropsychological manifestations in COVID-
19 patients. Our data highlights a potential role of astrocyte ACE2 in the neural transmission and pathogenesis of
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COVID-19.This also suggests a pre-conditioned neuroinflammatory and immunocompromised scenario might attrib-

ute to exacerbated COVID-19 severity in the smokers.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic,
caused by the new severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has become a global health
emergency. The most common manifestation in COVID-
19 patients are respiratory symptoms and pulmonary
infection; however, a growing body of evidence shows
extrapulmonary symptoms are also common in COVID-
19 patients [1, 2]. Approximately, 30-80% of patients
experience various neuropsychological symptoms such
as smell and taste loss, dizziness, neuralgia, seizures,
encephalitis, cognitive disorder, memory impairment,
stroke, or rare Guillain—Barre syndrome [1-6]. Over one
third of patients recovered from the disease have lasting
post-infection neuropsychological manifestations collec-
tively referred to as post-acute sequelae of SARS-CoV-2
infection (PASC) [7, 8]. Several studies have reported the
presence of SARS-CoV-2 in brain [9-11] or cerebrospinal
fluid (CSF) [12], suggesting a possible brain invasion of
SARS-CoV-2. It is worthy to note, the detection of posi-
tive SARS-CoV-2 in CNS is much lower compared to that
in the pulmonary system of patients with severe cardio-
pulmonary manifestations, raising a caution of potential
contamination during sample collecting and processing.
Whereas, positive SARS-CoV-2 in CSF of certain patients
with mild symptoms and/or lacking significant cardio-
pulmonary manifestations implies a possible neural
invasion in these patients [13—19]. Postmortem examina-
tions of COVID-19 patients reveal a neuroinflammatory
scenario in the central neural system (CNS) character-
ized by activation of glial cells and infiltration of inflam-
matory cells [9, 20, 21]. Glial cells including astrocytes
and microglia have key functions in maintaining CNS
homeostasis and responding to physical, infectious, and
neurodegenerative disease-related insults via producing
and releasing pro- and/or anti-inflammatory cytokines
and chemokines, antioxidants, free radicals, and neuro-
trophic factors [22, 23]. Given that the large number of
functions performed by glial cells in the neuroinflam-
matory response, it could be expected that activation of
astrocytes has a major impact on the CNS during SARS-
CoV-2 infection [23, 24].

Angiotensin converting enzyme 2 (ACE2) functions
as the primary receptor for SARS-Cov-2 entry [25].
ACE2 is a transmembrane protein, in which the extra-
cellular peptidase domain (PD) has high affinity to the
receptor-binding domain (RBD) of the spike (S) protein

of SARS-CoV-2 [26]. After binding to the PD, the S pro-
tein is primed by surface proteinases such as TMPRSS2,
TMPRSS11A/B, cathepsin B/L and FURIN to facilitate
SARS-CoV-2 entry into host cells followed by deregula-
tion of membrane ACE2 [27, 28]. In addition to mem-
brane ACE?2, intracellular ACE2 and soluble ACE2 have
also been identified, although they are incapable of facili-
tating SARS-CoV-2 entry. ACE2 is an essential counter-
actor in the multifunctional renin-angiotensin system
(RAS) by modulating angiotensin (Ang) peptide balance.
The primary function of ACE2 in the RAS is to convert
the Ang I and Ang II to Ang 1-9 and Ang 1-7, respec-
tively [29]. Overactive Ang II signaling promotes inflam-
mation and injuries in multiple tissues and organs. ACE2
ameliorates inflammatory injuries via controlling the
ratio of pro-inflammatory Ang II to anti-inflammatory
Ang 1-7. Phase II clinical trials have shown adminis-
tration of ACE2 reduces inflammation that is associ-
ated with a shift of Ang peptide balance away from Ang
II toward Ang 1-7 [30, 31]. It could be expected that
deregulation of ACE2 by SARS-CoV-2 or S protein shed
from SARS-CoV-2 might lead to overactive Ang II sign-
aling. Consistent with this, a recent study shows Ang II
levels in COVID-19 patients are elevated and linearly
correlated to the viral load and lung injuries, suggesting
an imbalance of Ang peptides might, in part, attribute to
the development of inflammatory injuries in COVID-19
patients[29, 32].

In view of the critical role of ACE2 in mediating
SARS-CoV-2 entry and protecting inflammatory inju-
ries, knowledge of its brain distribution is informative
to understand the neural transmission and pathogenesis
of COVID-19. However, understanding its brain distri-
bution remains mixed. A number of research papers
and comprehensive reviews have been published on
the ACE2 expression in the brain. A recent study per-
formed on the rat brain reports that ACE2 expression
in brain capillaries, hindbrain pontine nucleus, pre-
Botzinger complex, nucleus of tractus solitarius, and in
neurons, astrocytes, pericytes and endothelial cells. The
authors conclude that ACE2-expressing neurons may
play a possibly important role in the neural manifesta-
tions in COVID-19 patients [33]. A computational analy-
sis of human and mouse brain databases shows ACE2 is
expressed in the choroid plexus, paraventricular nuclei of
the thalamus and olfactory bulbs, as well as in neurons,
astrocytes, oligodendrocytes, pericytes and endothelial
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cells. ACE2 expression has also been reported in the cul-
tured astrocytes, microglial cells, pericytes and endothe-
lial cells [34]. Whereas other studies show neurons,
microglial cells and endothelial cells have rare or unde-
tectable ACE2 expression [11, 35-37]. It remains to be
determined which brain region(s) and cell type(s) express
relatively high ACE2 levels and therefore might be vul-
nerable to SARS-CoV-2. In addition, it is also not clear by
which route(s), such as blood brain barrier (BBB), blood-
CSF barrier (BCSEB) or retrograde olfactory migration,
SARS-CoV-2 might be more likely to invade into the
CNS, particularly in patients without significant BBB
impairment. Furthermore, smoking has been reported as
a risk factor for COVID-19 severity in current smokers
[38, 39]. Previous studies have shown smoking upregu-
lates pulmonary ACE2, which has been considered to
contribute to the infection susceptibility, disease severity
and treatment outcome in COVID-19 patients [40-42].
Whereas it remains unclear if smoking exacerbates CNS
pathogenesis in a similar or alternative manner. It is also
not clear if electronic nicotine vapor (commonly known
as electronic cigarette) would harm the lungs or CNS in a
similar manner to tobacco cigarettes.

In the current study, we systemically examined the
brain distribution of ACE2 and explored the impact of
smoking on the mouse brain distribution of ACE2 and
the induction of a neuroinflammatory state. Our data
elucidate a spatial- and cell type-specific distribution of
ACE2 and a pre-conditioned neuroinflammatory state
by smoking exposure in the CNS, which might help
understand the neural transmission and pathogenesis of
COVID-19 in smokers and nonsmokers.

Methods

Frozen tissue section preparation

CD-1 and C57/BL/6 ] mice at 8—10 weeks of age were
obtained from the Charles River Laboratories. After
euthanasia, the whole brains were carefully dissected
and sectioned at 20 um of thickness with a Leica cry-
ostat (Leica Microsystem), then the tissue sections were
mounted on glass slides for latter assays. All animal stud-
ies were approved by the Texas Tech University Health
Sciences Center Institutional Animal Care and Use Com-
mittees (IACUC).

Primary cell culture

Primary astrocytes, neurons and brain microvascu-
lar endothelial cells (BMEC) were isolated from CD-1
mice. BMECs were isolated and cultured following pre-
vious protocol [43]. Briefly, adult brains were dissected
and cut into small pieces, then incubated with 5 ml of
papain and 250 pl of 2000U DNase I (Worthington Bio-
chemical Corp) at 37 °C for 70 min. The digested brain
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tissues were passed through 19-gauge and 21-gauge
needles, then mixed with equal volume of 22% bovine
serum albumin (BSA) solution to centrifuge at 1360 g
for 10 min. The tissue pellet was resuspended in com-
plete growth medium (Nutrient Mixture F12 Ham
supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin, endothelial cell growth supple-
ment, ascorbate, L -glutamine and heparin). Puromycin
were used for purity selection for 2.5 days. The complete
growth medium was refreshed every 2 days until reach-
ing confluence. Neurons were isolated and cultured as
previously described [44]. In brief, mouse cortices were
isolated from E16 or E17 embryos and meninges were
removed in the Hank’s balanced salt solution (HBSS,
without Ca®" and Mg”>") supplemented with 250 pg/ml
gentamycin. The cortices were digested by 0.25% trypsin
for 15 min at 37 °C followed by neutralization with the
complete growth medium (neurobasal medium, 0.5 mM
glutamine, 25 pg/ml gentamicin and 2% B27 supplement
[Thermo Fisher]) plus 10% FBS. After centrifuge, cells
were resuspended and seeded (1.2 x 10* per cm? sur-
face area) onto 6-well plates coated with poly-D-lysine
(Sigma-Aldrich). The complete growth medium was
totally replaced after overnight and then half of the
medium was refreshed every 2 days until day 7-9. Astro-
cytes were isolated and cultured following the previous
protocol with a little modification [45]. After isolating
the newborn brains, cortices were removed and placed in
HBSS (without Ca** and Mg”*") supplemented with gen-
tamycin at 250 pg/ml. Then cortices were digested with
0.25% trypsin for 15 min at 37 °C followed by neutraliz-
ing with the complete growth medium (DMEM contain-
ing 10% FBS and 1% penicillin/streptomycin) (Thermo
Fisher). The cells were then seeded into cell culture flasks.
Growth medium was refreshed every 3 days until reach-
ing confluency. All cells were maintained at 37 °C supple-
mentary with 5% CO2 environment.

Immunohistochemistry (IHC)

IHC staining was performed as previously described [46].
The frozen brain sections were fixed with 4% paraformal-
dehyde (Thermo Fisher) for 15 min, then permeabilized
with 0.1% Trion X-100 for 10 min. After washing with
the phosphate-buffered saline (PBS), the sections were
blocked with 6% horse serum in 1% BSA for 1 h, then
incubated overnight with the indicated antibodies against
ACE2 and Nestin (1:100, 1: 100, Cat# AF933 and NB100-
1604, R&D system), CD31 (1:200, Cat# 550,274, BD Bio-
sciences), PDGRFp, NeuN and GFAP (1:200, 1:500, 1:500,
Cat# 3169, 12389 and 24307, Cell Signaling Technology),
and Claudin-3 (1:100, Cat# 34-1700, Thermo Fisher).
Alexa Fluorescent secondary antibodies (Thermo Fisher)
were used at 1:200 dilutions for 1 h. After counterstaining
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with 4/,6-diamidino-2-phenylindole (DAPI) and wash-
ing with PBS, the sections were mounted with Permount
(Thermo Fisher). The whole sections were scanned with
a Leica Stellaris SP8 Falcon microscope (Leica Microsys-
tem) and the other images were captured with the same
microscope or a Nikon AIRMP confocal microscope
(Nikon Instrument). ACE2 signal intensity was analyzed
with the NIS-Elements AR analysis software (Nikon
Instrument). Sixty cells of astrocyte and neuron were
randomly chosen from the comparable regions out of 6
sections to evaluate the relative expression levels of ACE2
in each cell type. To minimize subjective bias, all images
for ACE2 expression analysis were captured under the
same microscopic parameter (laser power, pinhole size,
exposure time) setting.

RNA isolation and real-time polymerase chain reaction
(PCR)

RNA was extracted from primary astrocytes, neurons
and BMECs by using Trizol reagent (Thermo Fisher)
according to the user manual. Total RNA (2 pg) from
each sample was reverse transcribed by using iScript
reverse transcription supermix (Bio-Rad Laboratories).
Real-time PCR was performed on a C1000 Touch Ther-
mal Cycler (Bio-Rad Laboratories) using iTaq Universal
SYBR® Green Supermix (Bio-Rad Laboratories) as previ-
ous described [47]. ACE2 primer 1: Forward 5-TCCATT
GGTCTTCTGCCATCC-3, Reverse 5-AACGATCTC
CCGCTTCATCTC-3". ACE2 primer 2: Forward 5-TTT
GTTTCTGTTGGCCTTCC-3, Reverse 5-CATTGG
CTCCGTTTCTTAGC-3". B-actin was used for normali-
zation. The PCR condition was started as 1 cycle of 2 min
at 50 °C and 10 min at 95 °C followed by 40 cycles of 15 s
at 95 °C and 1 min at 60 °C.

Western blot

The whole cell lysate was extract from primary astro-
cytes, neurons and BMECs for immunoblotting as
described previously [48]. In brief, the cells were lysed
with radioimmunoprecipitation assay buffer (RIPA)
buffer containing proteinase inhibitor and the protein
concentration was determined by BCA assays (Thermo
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Fisher). Equal amount of protein from each sample was
separated in 10% PAGE gel, and then transferred to nylon
membrane blot. After blockage with 5% non-fat milk,
the blot was incubated with primary antibodies against
ACE2 (Cat# AF933, R&D system) and B-actin (Millipore
Sigma) in 1% BSA for overnight. After incubate with the
secondary antibody for 1 h, the blot was developed with
X-ray films. B-actin was used as a loading control. Image
] software (National Institutes of Health [NIH]) was used
to quantitate the band intensity.

Experimental smoking exposure

C57BL/6 male mice were exposed (via direct inhala-
tion) to 3R4F standardized research tobacco cigarettes
(9.4 mg tar and 0.726 mg nicotine/cigarette equivalent
to full flavor commercial products, University of Ken-
tucky) or Juul electronic nicotine vapor (50 mg/ml nico-
tine) mixed with oxygenated air or oxygenated air alone,
at 6 cycles/day exposure rate for 14 days. The tobacco
smoke (TS) or electronic nicotine vapor exposure was
conducted between 9 am to 2 pm every day. A modi-
fied CIR (Canadian Intense Regimen) standard smoking
protocol (27.5 ml puff depth volume, 2 s puff duration, 2
puffs per 60 s, 32 puffs/cycle) to study TS exposure and
a modified CORESTA (Cooperation Centre for Scientific
Research Relative to Tobacco) standard smoking protocol
to study Juul electronic nicotine vapor exposure (27.5 ml
puff depth volume, 3 s puff duration, 2 puffs per 60 s, 32
puffs/cycle) were followed in the laboratory. TS and Juul
vapor were generated using a Single Cigarette Smoking
Machines (SCSM, CH Technologies Inc) following a pre-
viously published method [49]. These methods were fol-
lowed to mimic the smoking behavior of a human current
tobacco smoker. At the end of the experiments, mouse
brain tissues were homogenized in RIPA buffer supple-
mented with proteinase inhibitors. The tissue lysate was
used for western blot assays and inflammatory cytokines
assays with the Mouse High Sensitivity T-Cell 18-Plex
Discovery Assay® Array (MDHSTC18) (Eve Technolo-
gies, Canada). The data were normalized by protein
concentrations.

(see figure on next page)

Fig. 1 Ubiquitous expression of ACE2 in cerebral microvascular pericytes. A Schematic elucidation of sectioning plates and main brain regions
of a mouse brain. OB: olfactory bulb, SEZ/RC: subependymal zone (SEZ) in the rhinocele, CTX: cerebral cortex, CC: corpus callosum, STR: striatum,
LV: lateral ventricle, HP: hippocampus, TH: thalamus, 3 V: third ventricle, HY: hypothalamus, AQ: cerebral aqueduct, MB: midbrain, CB: cerebellum,

4 V:fourth ventricle, MY: medulla oblongata. B Scanning images show ACE2 (green) distribution in the hemisphere sections. C-F ACE2 (red)
ubiquitously distributes in the cerebral microvessels labeled by endothelial cell marker CD31 (green) and pericyte marker PDGFR (green),
respectively. ACE2 overlapped with pericyte marker PDGFR (F) but not endothelial cell marker CD31 (D). C and E showed the low magnitude
images. D and F showed the enlarged images of the indicated regions in C and E, respectively. G ACE2 (red) does not distribute in large blood
vessels marked by CD31 (green) but is detectable in the meninges wrapping HY. DAPI (blue) was used for nuclear staining. *: indicates large blood
vessels. #: indicates meninges. Arrowhead: indicates microvessel. Image magnitude B: 10X; C, E and G: 20X; D and F: 100X
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Fig. 1 continued

Statistical analysis

One-way ANOVA, two-way ANOVA and t-test were
used to determine the statistical significance among or
between the specific groups. Normality tests were per-
formed firstly. Non-parametric tests were employed for
the non-normality data. Dunnett and Sidak tests were
used as the post-hoc tests for multiple comparisons of
normally distributed data, and Dunn test were used for
multiple comparisons of non-normally distributed data.
All statistical analyses and graphs were generated by the
Prism (v9.0) software (GraphPad Software). P value <0.05
was considered as statistically significant.

Results

Expression of ACE2 in cerebral microvascular pericytes

We prepared mouse brain coronal sections representing
the main brain regions (Fig. 1A). As shown in Fig. 1B,
ACE2 broadly distributed in the brain. To systemically
elucidate the expression of ACE2, we grouped the brain
regions into four classes: microvascular, parenchymal,
ventricular and olfactory. Firstly. we observed that most
of the ACE2-positive signals shown in Fig. 1B came from
the cerebral microvascular units that ubiquitously dis-
tributed throughout the brain. ACE2 strongly expressed
in cerebral microvessels marked by the endothelial cell
marker CD31 and pericyte marker PDGFRp (Fig. 1C and
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Fig. 2 Differential distribution of ACE2 in brain parenchyma. A Uneven distribution of ACE2 (green) in indicated brain regions. Each insert

shows a comparable high magnitude image of the corresponding region. B Enlarged images of the indicated region in the MY panel in A with
co-staining of ACE2 (green) and astrocyte marker GFAP (red). C Co-staining of ACE2 (red) and neuron marker NeuN (green) in the MY. Cii-Civ show
the high magnitude image of the comparable regions of Ci. D Quantitation of the relative expression of ACE2 in astrocytes and neurons. Values
are presented as mean &= SEM. n=60. ***: p<0.001. DAPI (blue) was used for nuclear staining. Arrowhead: indicates microvessel. Arrow: indicates
astrocyte. Dash arrow: indicates neuron. #indicates meninges wrapping MY. Image magnitude A and Ci: 20X, B and Cii-iv: 100X
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Fig. 2 continued
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E). Cerebral microvessels are comprised by a complete
endothelial layer closely paralleled by pericytes to form
the vascular components of the BBB. ACE2-positive sig-
nals overlapped with the pericyte marker PDGFRp but
not endothelial cells marker CD31, suggesting ACE2
expressed in pericytes but not endothelial cells (Fig. 1D
and F). Those data were consistent with previous reports
that pericytes instead of endothelial cells expressed
ACE2 [50, 51]. On the contrary, there was no detectable
ACE2 signal in the large brain blood vessels (Fig. 1G). In

addition, the meninges wrapping the hypothalamus (HY)
showed strong expression of ACE2 (Fig. 1G).

Expression of ACE2 in brain parenchymal astrocytes

Next, we examined the distribution of ACE2 in different
brain parenchymal regions. As shown in Fig. 2A, ACE2
unevenly distributed in the brain parenchyma. High
expression of ACE2 was detected in the medulla oblon-
gata (MY) and HY, but low in the cerebral cortex (CTX),
corpus callosum (CC), striatum (STR), hippocampus
(HP), thalamus (TH), midbrain (MB) and cerebellum

(see figure on next page)

Fig. 3 Expression of ACE2 around cerebral ventricles. A: Schematic elucidation of the cerebral ventricular system. B-E: Co-staining of ACE2 (green)
with astrocyte marker GFAP (red) or neuron marker NeuN (red) in the subventricular zone (SVZ) of the LV, respectively. B-C show the low magnitude
images. D-E show the enlarged images of the indicated regions in B and C, respectively. Arrow: indicates astrocyte, Dash arrow: indicates neuron.
Arrowhead: indicates microvessel. F: ACE2 (green) expresses in the GFAP-positive (red) and Nestin-positive (red) radial glial cells in the ventricular
zone (VZ) of the LV. Arrow: indicates GFAP-positive radial glial cells. Dash arrow: indicates Nestin-positive radial glial cells. Arrowhead: indicates
microvessels. G-J: Co-staining of ACE2 (green) with GFAP (red) or NeuN (red) in the 3V, respectively. G-H show the low magnitude images. I-J show
the enlarged images of the indicated regions in G and H, respectively. Arrow: indicates tanycyte, Dash arrow: indicates neuron. Arrowhead: indicates
microvessel. L-O: Co-staining of ACE2 (green) and GFAP (red) in the AQ and 4V, respectively. L-M show the low magnitude images. N-O show the
enlarged images of the indicated regions in L and M, respectively. Arrow: indicates astrocyte, Arrowhead: indicates microvessel. P-R: Co-staining of
ACE2 (red) with ChP epithelial cell marker claudin-3 (CLN3, green) and ChP capillary endothelial cell marker CD31 (green), respectively. P: Schematic
elucidation of the structure of ChP in a cerebral ventricle. Q: ACE2 expresses in the ChP epithelial cells in the 3 V. Qii-iv: the enlarged images of the
indicated region in Qi. R: ACE2 expresses in the ChP capillaries. Rii-iv: the enlarged images of the indicated region in Ri. DAPI (blue) was used for
nuclear staining. ChP: choroid plexus, Epen: ependymal cell of the ventricular wall, Epi: epithelial cell in the ChP, Endo: endothelial cell in the ChP
capillaries. The dash lines in all images outline the border of ventricular cavity. Image magnitude B-C, G-H, L-M, Qi and Ri: 20X, D-F, I-J, N-0O, Qii-iv
and Rii-iv: 100X
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Fig. 3 continued
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(CB), indicating MY and HY were more susceptible to
SARS-CoV-2 infection compared to others. Co-staining
with cell type-specific markers demonstrated ACE2 pri-
marily overlapped with astrocyte marker GFAP but not
the neuronal marker NeuN (Fig. 2B—C). The expres-
sion level of ACE2 in astrocytes was dramatically higher
than neurons (Fig. 2D), indicating ACE2 predominately
expressed in astrocytes instead of neurons in the CNS,
which was consistent with previous studies that show
astrocytes but not neurons are the main vulnerable
sites for SARS-CoV-2 infection [36, 52]. It is worthy to
note, some astrocytes directly contacting with the cer-
ebral microvessels expressed ACE2 (Fig. 2B). Besides, the
meninges wrapping the MY also showed strong expres-
sion of ACE2 (Fig. 2A.MY panel).

Expression of ACE2 around cerebral ventricles

We observed ACE2-positive signals around the cer-
ebral ventricular system (Fig. 3A) comprised by the lat-
eral ventricle (LV) (Fig. 3B—C), third ventricle (3 V)
(Fig. 3G—H), cerebral aqueduct (AQ) (Fig. 3L) and fourth
ventricle (4 V) (Fig. 3M). The data showed ACE2-posi-
tive signals primarily overlapped with astrocyte marker
GFAP (Fig. 3D and N, O) but not neuron marker NeuN
(Fig. 3E and J), suggesting astrocytes but not neurons in
those regions were the main cells that expressed ACE2.
The ventricle zones (VZ) and subventricular zones (SVZ)
of the LV are crucial regions accounting for neurogenesis
in the CNS. The GFAP-positive radial glial cells resid-
ing in those regions have been known as progenitor
cells for generating new neural cells [53-55]. Our data
for the first time revealed that the GFAP-positive radial
glial cells in the mouse brain expressed ACE2 (Fig. 3F).
Co-staining of ACE2 with Nestin, a neural progeni-
tor cell marker, further confirmed that radial glial cells
expressed ACE2 (Fig. 3F). Our data indicates those neu-
ral progenitor cells could be vulnerable to SARS-CoV-2
infection. In addition, ACE2 was detected in the tany-
cytes (Fig. 3G and I), which was consistent with a previ-
ous study [56]. Tanycytes are a group of GFAP-positive
specialized ependymoglial cells lining the 3 V walls with
extending processes into the hypothalamus parenchyma
[56]. Tanycytes are important for sensing and respond-
ing to the fluctuations in whole-body energy status to
maintain metabolism homeostasis [57]. Furthermore, we
examined ACE2 expression in the choroid plexus (ChP)
located in the cerebra ventricular cavities. ChP is formed
by projected capillaries lined by fenestrated epithelial
layer surrounded by a layer of specialized epithelial cells,
and functions as the BCSFB to protect the CNS from
unwanted plasma proteins (Fig. 3P). Our data showed
ACE2 distribution in the ChP (Fig. 3Q-R). ChP epi-
thelial cells, indicated by the ChP epithelial cell marker
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claudin-3, showed ACE2 expression (Fig. 3Q). It was wor-
thy to note, ependymal cells lining the ventricular walls
did not express ACE2 (Fig. 3Q). Since there are few peri-
cytes in the ChP capillaries, we could not detect ACE2
expression in ChP pericytes. Similar to BBB endothe-
lial cells, ChP capillary endothelial cells, indicated by
endothelial cell marker CD31, did not to show detect-
able ACE2 (Fig. 3R). Therefore, we believe the ACE2 sig-
nal around the ChP capillaries could be due to stromal
distribution of ACE2 (Fig. 3R). Stromal ACE2 might be
secreted by the ChP epithelial cells or be partially from
blood flow. The higher permeability of fenestrated capil-
laries and ACE2-positive epithelial cells make it possible
for plasma SAR-CoV-2 and/or the shed S protein from
SARS-CoV-2 to enter the CSE. Our data were consistent
with previous studies that suggested SARS-CoV-2 might
attack the ChP and impair the BCSFB [58, 59].

Expression of ACE2 along the retrograde olfactory route
The retrograde olfactory route, by which the neuroblasts
migrate from the SVZ of the LV, via SEZ in the rostral
migratory stream (SEZ/RMS) and SEZ in the rhinocele
(SEZ/RC), to the OB surface (Fig. 4A), has been proposed
as a potential route for SARS-CoV-2 entry into the brain.
Previous studies have shown the expression of ACE2 in
the olfactory epithelial cells [21, 60], implying a possi-
ble SARS-CoV-2 entry into the CNS via this route [61].
Whereas it remains unclear if the viruses can migrate
along the SEZ/RMS and SEZ/ RC sites. Our data showed
ACE2 expression in the astrocytes located in the SEZ/RC
(Fig. 4B and D) and SEZ/RMS (Fig. 4C and E), provid-
ing further evidence to support the retrograde olfactory
route as a possible route for SARS-CoV-2 entry. Similar
as the mature neurons, ACE2 was rarely detectable in the
neuroblasts (Fig. 4D—E).

Expression of ACE2 in primary cultured brain cells

To further validate the cell-type specific expression of
ACE2, we isolated primary astrocytes, neurons and
BMECs to examine the ACE2 expression in those cells.
To maximally maintain the natural property of the pri-
mary cells, all primary cells used this study were passaged
no more than one time. Two recent studies reveal a new
truncated isoform of ACE2 (dACE2) in the respiratory
epithelia [62, 63]. The dACE2 has a short N-terminal
domain lacking the PD responsible for interacting with
SARS-CoV-2’s RBD (Fig. 5A), thus cannot facilitate SAR-
CoV-2 to enter into the host cells [62, 63]. It raises a ques-
tion which isoform(s) of ACE2 express in astrocytes? To
answer that, we designed two pairs of primers targeting
the full-length ACE2 only or both full-length ACE2 and
dACE2, respectively. Our data showed that more than
90% of ACE2 in astrocytes was the full-length ACE2
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(Fig. 5B), indicating astrocytes are susceptible to SARS-
Cov-2 infection. Similar to the results in brain sections,
ACE2 expression in primary astrocytes was dramatically
higher than neuron and BMECs at both mRNA and pro-
tein levels (Fig. 5B, C).

A pre-conditioned neuroinflammatory state induced

by smoking

A larger number of studies have linked the risk factor
of smoking to COVID-19 severity in patients. Previous

studies demonstrate smoking upregulates pulmonary
ACE2 expression that has been considered to attribute
to worsened outcomes in smokers [40—42]. Whereas it
is not clear if smoking exacerbates neural pathogenesis
in a similar or alternative manner. It is also not clear if
electronic nicotine vaping would harm the lungs or CNS
in a similar manner to tobacco smoking. In this study,
we exposed mice with experimental smoking includ-
ing both tobacco smoking and electronic nicotine vap-
ing to evaluate brain ACE2 expression. A sub-chronic



Zhang et al. Fluids and Barriers of the CNS (2022) 19:46 Page 14 of 21

A
" PD response to RBD ™ CYT
Insertion 10aa 7 =
N3 - N dACE?2
“— <—
ACE2-P2 ACE2-P1
%k %k %
B
%k %k %
150
%k * ACE2-P1
9 * % % ACE2-P2
= -
< 100
=z ="
(14
S
W 50-
Q
<
0 T T O ee—
AST NEU BMEC
(5 AST NEU BMEC
— 250kd * %k %k
— 150kd -
< 150 * % %
ACE2 W — 100kd < —
— (= 1
75kd 5
© 100 ,
% o
— 50kd =
[]
°
s 50
— 37kd b
&
-actin (N ' ' i
B AST NEU BMEC
— 37kd
Fig.5 Expression of ACE2 in primary cultured brain cells. A Schematic elucidation of the structure of ACE2 protein. PD: peptidase domain, RBD:
receptor-binding domain, TM: transmembrane domain, CYT: cytosolic domain, dACE2: truncated ACE2. ACE2-P1 or ACE2-P2: isoform-specific
primers designed for detecting both full-length and dACE2 or the full-length ACE2 only, respectively. aa: amino acid. B-C Real-time PCR detection
of ACE2 mRNA expression (B) and western blot detection of ACE2 protein expression (C) in astrocytes (AST), neurons (NEU) and brain microvascular
endothelial cells (BMEC). Real-time PCR and western blot assays were done in triplicate. Values are presented as mean = SEM. n=3. ***: p<0.001

(14 days) exposure was used to mimic the smoking cytokine screening of the smoking-exposed brain tissues.
behavior of a current smoker [64, 65]. Our data revealed  The data revealed that proinflammatory cytokines inter-
that experimental smoking did not significantly alter leukin (IL)-la, IL-6 and immunomodulator IL-5 were
ACE2 expression in the smoking-exposed brains com- significantly upregulated in the tobacco smoke- and/
pared to the control (Fig. 6A). Then, we performed a or electronic nicotine vapor-exposed brains compared
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to the control (Fig. 6B). The cytokines IL-7, IL-10, IL-
12p70 and TNFa also showed an increased trend and
IL-17« and LIX showed a deceased trend, although they
were not statistically significant (Fig. 6B). Taken together,
these data indicate that smoking may interplay with
SARS-CoV-2 infection to exacerbate COVID-19 brain
symptoms by pre-conditioning the brain into a neuroin-
flammatory state.

Discussion

Accumulating evidence shows that the CNS could serve
as a vulnerable site for neuroinflammation and infection
in COVID-19 patients. Postmortem examinations dem-
onstrate a neuroinflammatory signature in infected brain
tissues [9, 66]. The neuroinflammation could be a conse-
quence of direct intracranial viral infection or second-
ary impacts from extracranially viral infection leading to
systematic hypoxia and blood-brain barrier breakdown

or excessive inflammatory factors that penetrate into
the CNS [22]. In patients with severe cardio-pulmonary
disorders and/or respiratory failure, neurological mani-
festations could be largely due to inadequate supply of
oxygenated blood to the brain, particularly in patients
without positive SARS-CoV-2 in CNS. However, the
detection of positive SARS-CoV-2 in CSF of certain
patients with mild symptoms and lacking significant car-
dio-pulmonary manifestations implies a possible neural
invasion in these patients [13-19]. The observation of
positive SARS-CoV-2 signal not coinciding with immune
cell infiltration in postmortem brain tissues also suggests
that SARS-CoV-2-related neurological complications
could be the direct consequence of the neurovirulent
properties of SARS-CoV-2 [22, 67]. The current study
shows a spatial- and cell type-specific distribution of
ACE?2 in the brain, indicating certain brain sites and cell
types are more susceptible to SARS-CoV-2 infection than
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the others. Deregulation of ACE2 signaling and ACE2-
expressing cells in specific brain regions might impair
various brain functions and therefore be associated with
specific symptoms in COVID-19 patients. For example,
impairment of ACE2-expressing astrocytes in the olfac-
tory regions might be associated with the loss of sense of
smell and taste (Fig. 4), while impairment in the medulla
oblongata might be related to pulmonary and cardiac
disorders since this region contains vital respiratory and
cardiac regulatory centers (Fig. 2A.MY panel and 2B).
Impairment in the hypothalamus, including tanycytes
of the 3 V, might be associated with systemic disorders
such as thrombosis, immune-inflammation and cardi-
orespiratory aberrancy since hypothalamus is responsible
for sensing and regulating the whole-body fluctuation in
fluid, electrolyte, metabolism and immunomodulation
in addition to being connected to the olfactory/gusta-
tive and brainstem cardiorespiratory centers (Fig. 2A.
HY panel, 3G and 3I) [56, 68—70]. Lastly, modified ACE2
signaling in pericytes and astrocytes around microves-
sels might be associated with cerebral microvascular
disorders in COVID19 patients, such as possible BBB
damage and stroke, since these cells play essential roles
in regulating microvascular integrity and function as well
as maintaining CNS homeostasis (Fig. 1F and 2B). Fur-
thermore, our study, for the first time, reveals that ACE2
might express in the radial glial cells (Fig. 3F) in the VZ
and SVZ of the LV that have been known as progenitor
cells in the CNS [53-55]. Impairment of those progeni-
tor cells, as well as astrocytes residing in the neurogen-
esis zones, might contribute to the lasting post-infection
neuropsychological disorders in recovering patients.
Consistent with our data, a recent study with human
brain organoids reports that neural progenitor cells are
vulnerable to SARS-CoV-2 infection [71]. Furthermore,
Klempin et al. report ACE2 plays an essential role in neu-
rogenesis [72]. Their study shows ACE2-deficent mice
demonstrate impaired exercise-stimulating neurogen-
esis capacity through a mechanism independent of the
RAS and serotonin pathways. Our finding of the intrinsic
expression of ACE2 in the radial glial cells might provide
a plausible explanation to their study. The ACE2 expres-
sion in the brain endothelial cells remains controversial.
Although early studies show ACE2 expression in vascular
endothelial cells in the human brain, more recent stud-
ies demonstrated ACE2 is not expressed in the vascular
endothelial cells but instead in pericytes [11, 35]. These
inconsistencies could be due the differences in the detec-
tion methods, sample preparation, technique limitation
in different labs, and possibly altered ACE2 expression
by some pre-existed health issues. Our study shows that
ACE2 expression is in brain microvascular pericytes
instead of endothelial cells (Fig. 1D, F-G). Consistently,
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our data also show ACE2 is most likely distributed in the
ChP stroma tissues instead of ChP capillary endothelial
cells (Fig. 3R). The ChP stroma ACE2 could be secreted
by local ChP epithelial cell or be filtrated from the blood
flow because of the high permeability of ChP capil-
laries. The ChP stromal ACE2 raises a potential role of
extracellular ACE2 in COVID-19, which needs further
investigations.

Our studies show that astrocytes are the predominant
cells that express the full-length ACE2 (Fig. 5), suggest-
ing those cells are indeed susceptible to possible SARS-
CoV-2 infection. Recent studies with postmortem brain
tissues demonstrate astrocytes are the major SARS-
CoV-2 infected cells, but neurons are rarely infected
[36, 52]. It has also been reported that CNS injuries are
accompanied by an elevated plasma level of GFAP in
moderate and severe COVID-19 patients [73]. Our data,
together with previous studies, highlight a potential role
of astrocyte injury in the CNS transmission and patho-
genesis of COVID-19. As one of the most abundant cell
types in the CNS, astrocytes perform a large number of
functions, such as maintaining CNS homeostasis via
secreting neurotrophic factors and regulating intracra-
nial fluid, ionic and metabolic balance, supporting and
modulating neurons, regulating BBB integrity and func-
tion, and modulating CNS inflammatory and immune
responses to physical, pathological and infectious insults
[22-24]. It is worthy to note, as an essential counter actor
in Ang II signaling, ACE2 protects multiple tissues and
organs from inflammatory injuries [29]. SARS-CoV-2
infection of astrocytes could simultaneously impair the
protective functions of ACE2 signaling and astrocytes in
the CNS. The interplay of ACE2 signaling and astrocytes
might play a key role in any neurovascular impairment
due to COVID-19, since these cells are in close proximity
to brain pericyte and endothelial cells as well as play an
indispensable role in the regulation of the neurovascular
unit (Fig. 2B).

Several potential brain entry routes for SARS-CoV-2
have been proposed. Crossing BBB is one of the poten-
tial routes. Our data show ACE2 expression in cerebral
endothelial cells is extreme low, even lower than neurons
(Fig. 5B—C). Given that neurons were rarely infected by
SARS-CoV-2 [36, 52], endothelial cells might be unsus-
ceptible to SARS-CoV-2 infection, too. Thus, it is less
likely for SARS-CoV-2 in the blood to enter the CNS in
patients through an intact BBB. Crossing BCSFB located
in the cerebral ventricular ChP is another potential route.
ChP is formed by projected fenestrated capillaries sur-
rounded by a layer of epithelial cells in the cerebral ven-
tricular cavities. Fenestrated capillaries in this region lead
to a higher permeability observed in the BCSFB com-
pared to BBB [74]. Our data suggest ACE2 expression in
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ChP epithelial cells and stromal tissues between the ChP
epithelial cells and the ChP capillaries (Fig. 3Q-R), sug-
gesting possible SARS-CoV-2 filtrated from the fenes-
trated capillaries may infect ChP epithelial cells and
impact BCSEB integrity followed by movement into the
CSE. Yet, ACE2 is undetectable in the ependymal cells lin-
ing the ventricular walls (Fig. 3Q), indicating it might be
less likely for SARS-CoV-2 in the CSF to enter the brain
parenchyma directly through the ventricular walls where
there is a complete ependymal lining. However, it is pos-
sible that, in some regions of the ventricular walls, ACE2-
positive cells in the SVZ regions could penetrate through
the ependymal layer and contact the CSF. Also, tanycytes
located at the 3 V walls in the hypothalamus (Fig. 3G and
I) directly contact CSF. These cells that directly contact
both the CSF and brain parenchyma might be suscepti-
ble sites for SARS-CoV-2 entry. Furthermore, the viruses
may spread in the CSF and infect certain regions of
meninges such as the ACE2-expressing meninges wrap-
ping the hypothalamus and medulla oblongata to enter
the brain parenchyma (Fig. 1G and 2A.MY panel). In line
with this hypothesis, medulla oblongata and hypothala-
mus have been reported as the venerable sites for SARS-
CoV-2 infection [9, 56, 67, 75]. In addition, impaired ChP
could induce BCSFB damage leading to the leakage of
unwanted plasma proteins into the CSF, which has been
observed in more than 40% of patients [58, 76]. Our data
together with other studies support crossing BCSFB
might be a likely route for SARS-CoV-2 entry. Retrograde
olfactory migration is another possible route. Previous
studies have demonstrated the presentence of ACE2 and
SARS-CoV-2 in the OB epithelial cells [21, 60, 61], but
it remains unclear if SARS-CoV-2 can migrate into the
brain along this route. Our data show ACE2 expresses
in astrocytes residing in the subependymal zone (SEZ)/
RC and SEZ/RMS sites, suggesting SARS-CoV-2 could be
transported into the CNS by those astrocytes along this
retrograde olfactory route (Fig. 4).

Several risk factors, including smoking, have been
reported to be associated with disease severity in
COVID-19 patients [38, 39]. Smoking, including tobacco
smoking and electronic nicotine vaping, upregulates
pulmonary ACE2 expression which could attribute
to worsened outcomes observed in smokers [40-42].
Smoking might worsen COVID-19 by pre-positioning
an abnormal neuroinflammatory/immune state, attenu-
ating the inflammatory regulatory capacity, reducing
the pathogen clearance capacity, facilitating virus entry
by impairing BBB, and/or might facilitate SARS-CoV-2
replication as it facilitates human immunodeficiency
virus (HIV) replication in the host cells [77]. However,
it is not clear if smoking exacerbates neuropathogenesis
in a similar or alternative manner. It is also not clear if
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electronic nicotine vaping would harm the lungs or
CNS in a similar manner to tobacco smoking. Our data
show experimental exposure to tobacco smoke or elec-
tronic nicotine vapor for 14 days does not significantly
alter ACE2 expression in the mouse brain tissue (nRNA
or protein) (Fig. 6A). These data suggest that unlike the
pulmonary system, where smoking upregulates ACE2
levels, smoking might not directly contribute to the
SARS-CoV-2/ACE2 interaction-mediated viral entry
and/or pathological effects in the brain [40—42]. Instead,
it upregulates several cytokines such as IL-1a, IL-6 for
tobacco smoking and IL-5 for electronic nicotine vaping
(Fig. 6B). These cytokines have been well-documented to
be closely related to COVID-19 severity [78—83]. Many
studies have pointed to IL-6 as a crucial signature of the
cytokine storm in severe COVID-19 patients [79-84].
Members of IL-1 family are cardinal mediators of inflam-
mation [85], among which IL-1a is one of the archetypi-
cal proinflammatory cytokines. IL-5 is a type 2 cytokine
functioning as an immunomodulator, upregulation of
which might compromise the early immune defense
against infection [86]. Consistent with our data, previous
studies have shown smoking increases IL-1a and IL-6 in
the plasma and brain tissues [87—90]. Our laboratory has
also shown smoking exposure (both tobacco smoke and
electronic nicotine vaping) is associated with aggravated
brain edema as well as reduced antioxidative molecule
NRF2 and increased proinflammatory cytokine TNFa
in mouse brain under normoxic and/or ischemic stroke
conditions [49, 91]. It is worthy to note, activated astro-
cytes are the predominant source of IL-6 and IL-1qa, the
key contributors to neuroinflammation in the CNS [22,
85, 92]. Taken together, our ACE2 brain distribution data,
alongside studies suggesting smoking may pre-condition
a proinflammatory scenario in the brain, suggest that the
CNS could be more susceptible to infectious insults with
smoking, including SARS-CoV-2 infection, which could
be partly due to astrocytes.

There are a few potential weaknesses in the current
study design. A sub-chronic (14 days) smoking exposure
was used to mimic the effect of tobacco and nicotine
exposure on the brain, and the data shows this does not
significantly alter brain ACE2 levels. However, the effect
of long-term smoking on brain ACE2 levels remains
unclear. A chronic exposure (>1 month or longer) should
be completed to address this question in the future. In
addition, young and healthy mice were investigated in the
current study. Since COVID-19 severity has been well-
documented to be correlated with several pre-existed
health issues such as diabetes, obesity and hyperten-
sion [93], future studies are warranted to investigates
the potential role of ACE2 signaling in the neural trans-
mission and pathogenesis of COVID-19 under these
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pre-existing disease states. In the future, it would also be
important to test ACE2 signaling in aged mice.

Conclusions

The present study demonstrates a spatial- and cell type-
specific expression of ACE2 in the brain. Results indicate
certain sites (medulla oblongata, hypothalamus, choroid
plexus, and retrograde olfactory route) and cell types
(astrocyte, pericyte, radial glial cell, tanycyte, and cho-
roid plexus epithelial cell) are more vulnerable to SARS-
CoV-2 infection, highlighting a potential role of astrocyte
ACE2 in the neural transmission and pathogenesis of
COVID-19. These data should help to explain the acute
and lasting post-infection neuropsychological manifes-
tations in COVID-19 patients. Our study also suggests a
pre-conditioned neuroinflammatory and immunocom-
promised scenario might attribute to the exacerbated
COVID-19 severity in the smokers.
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