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By engaging angiotensin-converting enzyme 2 (ACE2 or Ace2), the novel pathogenic
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) invades host cells and
affects many organs, including the brain. However, the distribution of ACE2 in the brain
is still obscure. Here, we investigated the ACE2 expression in the brain by analyzing
data from publicly available brain transcriptome databases. According to our spatial
distribution analysis, ACE2 was relatively highly expressed in some brain locations,
such as the choroid plexus and paraventricular nuclei of the thalamus. According to
cell-type distribution analysis, nuclear expression of ACE2 was found in many neurons
(both excitatory and inhibitory neurons) and some non-neuron cells (mainly astrocytes,
oligodendrocytes, and endothelial cells) in the human middle temporal gyrus and
posterior cingulate cortex. A few ACE2-expressing nuclei were found in a hippocampal
dataset, and none were detected in the prefrontal cortex. Except for the additional
high expression of Ace? in the olfactory bulb areas for spatial distribution as well as
in the pericytes and endothelial cells for cell-type distribution, the distribution of Ace2
in the mouse brain was similar to that in the human brain. Thus, our results reveal
an outline of ACE2/Ace?2 distribution in the human and mouse brains, which indicates
that the brain infection of SARS-CoV-2 may be capable of inducing central nervous
system symptoms in coronavirus disease 2019 (COVID-19) patients. Potential species
differences should be considered when using mouse models to study the neurological
effects of SARS-CoV-2 infection.

Keywords: angiotensin-converting enzyme 2, ACE2, brain, SARS-coronavirus 2, COVID-19

INTRODUCTION

Since December 2019, much attention has focused on the novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and the related coronavirus disease 2019 (COVID-19) pandemic,
which is rapidly spreading around the world and results in a global health emergency (1). In
addition to atypical pneumonia, the central nervous system (CNS) symptoms of COVID-19
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FIGURE 3 | Spatial distribution of ACE2 in the human brain according to the pooled data of the Allen Human Brain Atlas. (A) The expression intensity and z score of
ACE2 in the top 10 brain areas of the pooled expression data of the two probes. (B) The distribution view of ACE2 expression in the human brain according to the
pooled expression data of the two probes. Original data are available from the Allen Human Brain Atlas (http://human.brain-map.org/microarray/search). Brain region
abbreviations: FL, frontal lobe; PL, parietal lobe; TL, temporal lobe; OL, occipital lobe; BF, basal forebrain; BG, basal ganglia; AmG, amygdala; HiF, hippocampal
formation; EP, epithalamus; TH, thalamus; Hy, hypothalamus; MES, mesencephalon; MET, metencephalon; MY, myelencephalon.

confirm the possibility of SARS-CoV-2 brain infection and the
following brain disorders in COVID-19 patients.

The routes or pathways for SARS-CoV and novel SARS-CoV-
2 entering the brain are still unclear. According to experiments
in mice transgenic for human ACE2, intranasal administration
of SARS-CoV may enter the brain through the olfactory nerves
(44). Consistent with this, we found that the expression of ACE2
in the olfactory bulb is higher than that in most other cortexes
(Figure 3). In the human brain, we also found that the piriform
cortex, a brain area directly connected with the olfactory bulb,
had high ACE2 expression. Though no ACE2 expression data of
the olfactory bulb in humans were available, our results indirectly
support the hypothesis that SARS-CoV-2 might enter the human
brain through the olfactory nerves. Recently, Meinhardt et al.
found the olfactory transmucosal SARS-CoV-2 invasion as a port
of CNS entry in individuals with COVID-19, which supports our
finding (45).

On the other hand, we additionally found high ACE2
expression (z score >5) in the central glial substance and choroid
plexus of the lateral ventricle in the human brain. Relatively
high expression of ACE2 in the choroid plexus of the lateral
ventricle was also found in the mouse brain in the current
study. The central glial substance refers to an area of gray matter
surrounding the central canal, which carries the cerebrospinal
fluid (CSF) and helps to transport nutrients to the spinal cord
(46). Besides, the choroid plexus of the ventricles is an important
brain area for the generation of the CSF (47), the main location
of the blood-CSF barrier (48), and serves as a crucial gateway

for immune cells entering the brain (49). Recently, SARS-CoV-2
has also been found in CSF samples from a 56-year-old COVID-
19 patient by genetic sequencing in China (http://www.ecns.cn/
news/society/2020-03-05/detail-ifzuhesu4119860.shtml). SARS-
CoV-2 may also infect the brain of a 24-year-old male patient
(33). Thus, our results suggest that the high expression of ACE2
in the central glial substance and ventricles may provide another
potential pathway for SARS-CoV-2 or SARS-CoV entering the
CSF and/or spreading around the brain. This idea has been
further confirmed by two recent studies, which found that SARS-
CoV-2 infects the brain choroid plexus in human brain organoids
(50, 51).

Single-nucleus RNA-seq provides a high resolution of cellular
gene expression of each cell (52). According to the single-nucleus
RNA-seq data, we further found that ACE2 was located in many
neurons (especially excitatory neurons) and some non-neuron
cells [especially astrocytes and oligodendrocytes (ODCs)] in both
the posterior cingulate cortex and the middle temporal gyrus.
The highest number of ACE2 positive cells was in the excitatory
neurons, which may be projection neurons that make up many
important brain networks. For example, excitatory neurons in
the posterior cingulate cortex may project dense connections
to the hippocampal formation and parahippocampal cortex,
which are related to emotion and memory (53). On the other
hand, the percentage of positive cells in some inhibitory neuron
subtypes was comparable compared with excitatory neurons,
though the total positive cell number of inhibitory neurons is
lower than excitatory neurons. Inhibitory neurons are crucial for
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FIGURE 4 | Cell-type distribution of ACE2 in the human brain. (A) The cell-type proportion of the total positive cells in the human middle temporal gyrus. (B) The
cell-type proportion of the total positive cells in the human posterior cingulate cortex. (C) The percentage of positive cells in different cell subtypes in the human middle
temporal gyrus and posterior cingulate cortex. Original data are from https://celltypes.brain-map.org/rnaseq/human/mtg and https://singlecell.broadinstitute.org.

normal brain function (54). For example, the neurons in the SNr
are mainly inhibitory gamma-aminobutyric acid (GABAergic)
neurons, which is one important note in the neural circuits that
contribute to epilepsy (41). Besides, we also found that some
dopaminergic neurons and cerebellar cells in the mouse brain
are also ACE2 positive. Thus, our results may help to explain
the previous finding that SARS-CoV particles are mainly located
in the neurons in the brain samples from SARS patients (34)
and suggest that SARS-CoV-2 may also invade many neurons in
the human brain and hence contribute to the CNS symptoms in
COVID-19 patients.

In addition, single-nucleus RNA-seq showed that the
expression of ACE2 was very low in both the endothelial cells
and the pericytes from the human brain, whereas the expression
of Ace2 was high in the endothelial cells and the pericytes in
the mouse brain. According to RNA-seq of isolated subtype
cells from the human and mouse brains, we also found that the
expression of Ace2 was high in the mouse endothelial cells, but
that of ACE2 was none in the human endothelial cells. Of note,
previous microarray data show ACE2 expressed in the human
endothelium (9), which is mainly a single layer of squamous

endothelial cells. One possible reason for these differences might
be that most blood vessels were excluded from the tested human
brain tissues, whereas they were hard to be removed and left in
the mouse brain tissues. However, some recent studies found
that the human vascular endothelial cells do not express ACE2 or
express relatively low levels of ACE2 (10, 11). Besides, according
to the vascular single-cell transcriptions database from Betsholtz
labs, the expression of Ace2 only found in one subtype of the
vascular endothelial cells in the mouse brain and its level was also
very low. On the contrary, the expression of Ace2 in the pericytes
is very high in the mouse brain according to the database from
Betsholtz labs. Thus, these results taken together suggest: (1)
blood vessels may not be the main source of ACE2 expressed
endothelial cells in mice; (2) the heterogeneity of ACE2 or Ace2
distribution in the subtypes of the endothelial cells or pericytes
may exist in both the human and mouse brains; and (3) such
a potential difference between humans and mice should be
noted when using mouse models for the SARS-CoV-2 study.
Further studies are need to confirm the ACE2 distribution in
the specific types of the endothelial cells or pericytes (such as
these nonvascular endothelial cells or pericytes in the cerebral
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FIGURE 5 | Spatial distribution of ACE2 in the mouse brain. The left column means the Nissl staining of mouse brain slice, the middle column means the ACE2
expression by antisense, and the right column means the enlarged merged plots from the Brain Explorer 2.0 software. Hip, hippocampus; LV, lateral ventricle; SNR,
substantia nigra pars reticulate; Pir, piriform cortex. All images are from the Allen Mouse Brain Atlas (© 2004 Allen Institute for Brain Science, Allen Mouse Brain Atlas,

available from https://mouse.brain-map.org/).

lymphatic or ventricles), which may help SARS-CoV-2 to
enter the brain and contribute to the cerebrovascular events in
COVID-19 patients (55-57).

CONCLUSIONS

Our results reveal an outline of ACE2 or Ace2 distribution
in the human and mouse brains, which indicates that the

brain infection of SARS-CoV-2 might be capable to infect the
brain and result in CNS symptoms in COVID-19 patients.
The finding of high ACE2 expression in the central glial
substance and brain ventricles suggests two potential novel
routes for SARS-CoV-2 entering the CSF and/or spreading
around the brain. A summary schematic figure is shown in
Figure 7. In addition, the differences of ACE2/Ace2 distribution
between humans and mice may be also useful to further
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FIGURE 6 | Cell-type distribution of Ace2 in the mice brain. (A) Cell-type distribution of Ace2 according to the Single Cell Portal database (https://singlecell.
broadinstitute.org/). (B) Top cell-type cluster expression of Ace2 according to the Mouse Brain Atlas database (http://mousebrain.org).
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FIGURE 7 | The summary schematic figure. (A) The distribution of ACE2 in the choroid plexus of the lateral ventricle (LV), hippocampus (Hip), middle temporal gyrus
(MTG), and central glial substance (CGS) in the human brain. Pictures are modified from the human brain atlas (http://atlas.brain-map.org/) of the Allen Brain Atlas.
(B) Representative ACE2 expression in the olfactory bulb (OB), choroid plexus of the lateral ventricle (LV), hippocampus (Hip), substantia nigra (SN), and cerebellum in
the mouse brain. (C) Three potential routes for SARS-CoV-2 entering the CSF and/or spreading around the brain. Another potential route for SARS-CoV-2 entering
the CSF from the CGS is not listed because of limited information regarding this brain area.
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“bench to bedside” translational studies regarding SARS-CoV-
2. Our results may help to bring light to the brain infection
of the present novel SARS-CoV-2 and previous SARS-CoV.
Further studies are warranted to confirm our results and
related predictions.
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