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1 | INTRODUCTION

Xiao Zhang

| Xiaogi Hong | Xiaoping Tong

Abstract

Pericytes are one of the main components of the neurovascular unit. They play a
critical role in regulating blood flow, blood-brain barrier permeability, neu-
roinflammation, and neuronal activity. In the central nervous system (CNS), peri-
cytes are classified into three subtypes, that is, ensheathing, mesh, and thin-
strand pericytes, based on their distinct morphologies and region-specific distri-
butions. However, whether these three types of pericytes exhibit heterogeneity
or homogeneity with regard to membrane properties has been understudied to
date. Here, we combined bulk RNA sequencing analysis with electrophysiological
methods to demonstrate that the three subtypes of pericytes share similar elec-
trical membrane properties in the CNS, suggesting a homogenous population of
neurovascular pericytes in the brain. Furthermore, we identified an inwardly rec-
tifying potassium channel subtype Kir4.1 functionally expressed in pericytes.
Electrophysiological patch clamp recordings indicate that Kir4.1 channel currents
in pericytes represent a small portion of the K* macroscopic currents in physio-
logical conditions. However, a significant augmentation of Kir4.1 currents in
pericytes was induced when the extracellular K was elevated to pathological
levels, suggesting pericytes Kir4.1 channels might play an important role as K*
sensors and contribute to K™ homeostasis in local neurovascular networks in

pathology.
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the capillary microcirculation of all vascular beds, reaching their

highest densities within retinal and cerebral circulations and are inte-

Pericytes are mural cells with bump-on-a-log like morphology located
on the outside of capillaries. They play important roles in maintaining
blood-brain barrier integrity and providing microvascular basal tone
(Berthiaume et al., 2018). More important, pericytes are ubiquitous in
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gral components of the neurovascular unit (NVU), which ensures a
prompt on-demand increase of local cerebral blood flow (CBF) in the
brain (Verkhratsky et al., 2021). Different from the smooth muscle
cells (SMCs), pericytes usually have much thinner processes that
extend longitudinally along or around capillaries (Attwell et al., 2016).

It is generally recognized that brain pericytes can be classified into
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three subtypes: ensheathing, mesh and thin-strand pericytes
(Gonzales & Klug, 2020; Grant et al., 2019). They can be distinguished
in terms of their location and distinct morphologies. For instance,
ensheathing pericytes are contractile cells that have short extensions
and wrap around capillaries near the arteriole end of the capillary bed;
mesh pericytes and thin-strand pericytes usually have much longer
processes that lack a-SMA expression and are mostly located at capil-
laries further from the arteriole (Attwell et al., 2016; Gonzales &
Klug, 2020; Grant et al., 2019; Kornfield & Newman, 2014). Thus, a
heterogeneous characterization of pericytes has been based predomi-
nantly on cell structure, spatial distribution and diverse functions.
Much less is known as to whether the three types of pericytes exhibit
differences of intrinsic membrane properties. Therefore, distinguishing
the phenotypic differences of brain pericytes still requires multiple
identifications by using multiple methods such as endogenous trans-
criptomic/protein analysis and electrophysiological recordings of
intrinsic properties.

Recently, studies have shown that vascular inwardly rectifying
potassium channels (Kir) are the major extracellular potassium sen-
sors in the control of CBF. Researchers found that high concentra-
tion of extracellular K* activates capillary endothelial cell Kir
channels to produce a rapidly propagating retrograde hyperpolari-
zation and sequentially causes an upstream arteriolar dilation by
increasing blood flow into the capillary bed (Longden et al., 2017;
Longden & Nelson, 2015). Kir channels have a general property
that allows K* to flow inwardly when the resting membrane poten-
tial (RMP) is negative to the equilibrium potential for K (Ex)
(Hibino et al., 2010). This provides the driving force, mainly in glial
cells, to uptake the K* released during neuronal activity and allow
processing functions such as “K™ spatial buffering”. The specific
expression of Kir4.1 subtype in astroglia has been well recognized
for maintaining a hyperpolarized cell membrane potential and K*
uptake in healthy and pathological conditions (Nwaobi et al., 2016;
Olsen & Sontheimer, 2008; Tong et al., 2013, 2014; Zhang
et al., 2018). In contrast, the functional role of Kir channels in peri-
cytes remains poorly investigated. The major reason is due to the
difficulty of accessing an individual pericyte around vascular capil-
laries in situ by classical electrophysiological patch-clamp methods,
although previously a few studies have reported voltage-gated K*
channels expressed in dissociated pericytes or capillaries in vitro
(Cao et al., 2006; Liu et al., 2018; Matsushita & Puro, 2006).

Here, by using electrophysiological techniques and trans-
criptomic analysis, we characterized the intrinsic membrane prop-
erties of three subtypes of pericytes in the CNS. We further found
that pericytes highly express Kcnj10 gene-coding for Kir4.1 ion
channels, which were thought mainly expressed in glial cells and
largely contribute to cell membrane properties (Nwaobi
et al.,, 2016; Song et al., 2018; Tong et al.,, 2014). In particular,
pericyte Kir4.1 channels are more sensitive to the increase of
extracellular potassium than astrocytic Kir4.1 channels, indicating
Kir4.1 channel expressed in brain pericytes plays a crucial role as
local K* sensor, thus mediating potassium homeostasis in the local

neurovascular networks.

2 | MATERIALS AND METHODS

21 | Animals

All animal procedures complied with the animal care standards set
forth by the US National Institutes of Health and were approved by
the Institutional Animal Care and Use Committee (IACUC), Shanghai
Jiao Tong University School of Medicine. All mice were kept on a
C57BL/6 background and under a 12-12 hr light-dark cycle with
food and water provided ad libitum from the cage lid. NG2DsRedBAC
(Cspg4-DsRed.T1; JAX strain 008241] NG2DsRed) were obtained
from The Jackson Laboratory (USA).

2.2 | Acute brain slice preparation

For the preparation of brain slices, 8-week-old mice were deeply
anesthetized with 5% chloral hydrate and intracardially perfused with
oxygenated ice-cold dissection buffer containing (in mM): 82.75 NaCl,
2.4 KCl, 6.8 MgCl,, 0.5 CaCl,, 1.4 NaH,PO,, 23.8 NaHCOs3, 23.7 D-
glucose and 65 sucrose. Coronal hippocampal slices were cut at
300 um thickness (VT1000S; Leica Microsystems, Germany) and
allowed to equilibrate for at least 1 h at 31°C in aCSF containing
(in mM): 125 NaCl, 2.5 KCI, 1 MgCl,, 2 CaCly, 1.25 NaH,PO,,
25 NaHCOg3, and 12.5 D-glucose. All the buffers in this experiment
were continuously bubbled with a mixture of 95% O,/5% CO, gas.

2.3 | Electrophysiological recordings from acute
brain slices

For brain slice whole-cell patch-clamp recordings, an individual slice
was placed in the recording chamber and continuously perfused with
oxygenated aCSF at room temperature. Slices were visualized with an
upright epifluorescent microscope (BX51WI, Olympus, Tokyo, Japan)
equipped with differential interference contrast optics and an infrared
CCD camera (optiMOS, Q IMAGING, Olympus, Tokyo, Japan). All the
electrophysiological recordings were made in hippocampal CA1 region
with a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale,
CA). Signals were low-pass filtered at 2 kHz and sampled at 20 kHz
using Digidata 1550A (Molecular Devices) and data were collected
2 min after obtaining a stable whole-cell configuration. Patch pipettes
were pulled from borosilicate glass capillaries with a microelectrode
puller (Model P-1000, Sutter Instruments).

For pericytes patch recordings, hippocampal slices (300 pm thick)
were prepared from 8-week-old transgenic mice which express DsRed
on pericytes under the control of Cspg4 promoter. Glass pipettes with
a resistance of 6-8 MQ were filled with a low chloride intracellular
solution containing (in mM): 125 K-gluconate, 15 KCI, 8 NaCl,
10 HEPES, 0.2 EGTA, 3 Na,-ATP, 0.3 Na-GTP (pH to 7.3) and 20 pM
Alexa-488 (Thermo Fisher, A10436, USA). In particular, brain slices
were gently digested with papain for 10 min to dissociate the fascia

wrapped on the pericyte before whole-cell patch recordings.
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Moderate digestion can not only dissociate the fascia wrapped on the
pericyte, but also keep the intact anatomical structure of the brain

slice and the cells' viability.

24 | Induction of hypoxia in brain slices

Hypoxia was induced following a method described previously (Chao
et al., 2007; Shankar & Quastel, 1972). In brief, hypoxia was obtained
by switching the perfusion buffer from oxygen-gassed solution to a
hypoxia solution (same composition) gassed with a mixture of 95%
N,/5% CO,. The inward potassium currents of pericytes were
obtained in acute hypoxic condition after the cells were recorded in

oxygen-gassed solution as control.

2.5 | Immunohistochemistry and image analysis

For mouse immunohistochemistry, animals were anesthetized and
perfused through the ascending aorta with a solution of normal saline
for ~3 min, followed by 4% paraformaldehyde in 0.1 M PB for 5 min.
Brains were removed and post-fixed in 4% paraformaldehyde at 4°C
overnight and then cut into 30-pm-thick coronal sections including
cortex and hippocampus. These free-floating sections were incubated
in permeabilizing buffer (0.3% Triton X-100 in PBS) for 15 min and
then blocked with donkey serum (Ruite Biotechnology, w9030-05)
(10% in PBS-T: PBS with 0.1% TritonX-100) for 2 h at room tempera-
ture. After that, sections were incubated overnight at 4°C with pri-
mary antibodies described below. Sections were washed with PBS-T
three times for 15 min each and then placed in blocking solution con-
taining secondary antibodies for 2 h at room temperature. For nuclei
staining, sections were incubated with 4’,6’-diamidino-2-phenylindole
dihydrochloride (DAPI, 1:1500, Cell Signaling 4083S) for 15 min.

The primary antibodies included goat antibody to Pdgfrp (1:500;
R&D system AF1042), GFAP (1:2000; Abcam ab7260). The
corresponding secondary antibody is donkey anti-goat IgG 488 (1:500;
Invitrogen, A11055) and donkey anti-rabbit IgG 568 (1:500; Invitrogen
A10042). Sections were incubated with DAPI (1:1500; Cell Signaling) for
15 min at room temperature to label nuclei and mounted on glass slides
in Fluoromount Aqueous Mounting Medium (AQUA-MOUNT, REF
13800). Slice images were acquired on a Leica TCS SP8 confocal micro-
scope with HC PL APO CS2 x 20/air, x40/oil objective and x60/oil
objective. The images of different channels were thresholded and image

analysis was performed by Image-Pro Plus (Media Cybernetics).

2.6 | Single-cell RT-PCR and RNA-sequencing

Single pericytes with DsRed fluorescence labeling from NG2-DsRed
mice at postnatal 8 weeks were selected and aspirated into a glass
pipette from hippocampal acute slices following a method described
previously with slight changes (Picelli et al., 2014; Toledo-Rodriguez &
Markram, 2014). In brief, cells were picked promptly by

micromanipulation and immediately placed in lysis buffer. To minimize
the changes in gene expression and meet the quality requirement for
cDNA used to construct sequencing libraries, three types of DsRed-
positive cells were collected within 3 h after slice preparation. The
selected pericytes were processed for single-cell RNA extraction and
reverse transcription within 1 h and were subjected to cDNA amplifi-
cation and purification. Single-cell cDNA was amplified using KAPA
HiFi HotStart ReadyMix (2x; KAPA Biosystems, Cat. No. KK2601)
according to the manufacturer's protocol. The RNA primers were gen-
erated using the following primers:

Kir4.1, Forward primer: CTGCCCCGCGATTTATCAGA;

Reverse primer: CATTCTCACATTGCTCCGGC.

GAPDH, Forward primer: GGCAAATTCAACGGCACAGT;

Reverse primer: TAGGGCCTCTCTTGCTCAGT.

DsRed, Forward primer: CCGACATCCCCGACTACAAG;

Reverse primer: TAGTCCTCGTTGTGGGAGGT.

For RNA-seq transcriptome experiment, 8-week-old NG2-DsRed
mouse was anesthetized with isoflurane and the brain was removed.
The fresh brain tissue was cut into small pieces and the minced tissue
was incubated in 15 unit ml~? papain at 31°C for 45 min. The diges-
tion was stopped by protease inhibitor solution (Ovomucoid) (Zhang
et al,, 2016), after which, the tissue was immediately triturated and
the isolated cells were seeded on coverslips. Single DsRed-labeled
pericytes were selected and aspirated into a glass pipette. The total
RNA of a pericyte in lysis buffer was converted to cDNA using the
Smart-seq2 protocol and the cDNA was preamplified as described
previously (Li et al., 2016; Picelli et al., 2014). lllumina libraries were
prepared using the commercially Sample Preparation kit (Nextera XT
DNA Library Prep Kit) according to the manufacturer's instructions.
The single-cell lllumina libraries of each experiment were pooled and
sequenced for 2 x 75-base Paired-End reads on Illlumina NextSeq500
sequencing system at the Sequencing Core of Shanghai Institute of
Immunology, Shanghai Jiao Tong University School of Medicine.
Sequencing reads were inspected by Fastqc 0.11.3 to check the reads’
quality and then aligned to the GRCm38/mm10 assembly of the
mouse genome using Tophat 2.1.0 with the default options. FPKM
(fragments per kilobase of exon per million fragments) values of each
gene were obtained by Cufflinks 2.2.1 using genome annotation from
UCSC (University of California, Santa Cruz). The GTF (gene transfer
format) file was modified to update the genes encoding all inwardly
rectifying potassium channel family members to the latest version
archived in NCBI.

2.7 | Quantification and statistical analysis

All statistical tests were run in GraphPad InStat 3. The graphs were
created in Origin 8 and assembled in CorelDraw 12. Data are pres-
ented as mean + SEM. For each set of data to be compared, we deter-
mined in GraphPad Instat whether the data were normally distributed
or not. If they were normally distributed we used parametric tests, as
listed in the text. If the data were not normally distributed we used

non-parametric tests, as indicated in the text. Paired and unpaired
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Student's two tailed t-tests (as appropriate and as indicated in the text),
parametric ANOVA with Tukey-Kramer multiple comparisons tests were
used for most statistical analyses. For electrophysiological experiments, n
values represent the number of recorded cells. For immunohistochemis-
try, n values represent the number of mice. No statistical methods were
used to pre-determine sample size, or to randomize. Statistical signifi-
cance was set at *p < .05, **p < .01, ***p < .001.

2.8 | Chemicals and drug application

All chemicals for electrophysiology were purchased from Sigma-
Aldrich. The potassium blocker barium chloride was dissolved in
double-distilled water at 50 mM and stored in aliquots at —20°C. The
blocker was bath applied at 100 pM working concentration. Kir4.1
antagonist VU0134992 was from Med-
ChemExpress and the working concentration was 15 uM. Kiré.1 chan-

channel purchased
nel bloker glibenclamide was purchased from Alomone lab and the
working concentration was 10 pM.

2.9 | Data availability

The authors declare that all data supporting the findings of this study
are available within the article and its supplementary information files.
All relevant data not present within the manuscript are available from
the corresponding author upon reasonable request. RNA-sequencing
data are deposited at the Sequence Read Archive with SRA accession
number PRINA695351.

3 | RESULTS
3.1 | Specific labeling of vascular pericytes in
NG2DsRedBAC transgenic mice

Neural/glial antigen 2 (NG2) is broadly expressed both in vascular
pericytes and oligodendrocyte precursor cells (OPCs) (Birbrair, 2018;
Zhu et al., 2008). We imaged pericytes by using transgenic reporter
mice expressing DsRed (Discosoma red fluorescent protein) under the
control of chondroitin sulfate proteoglycan 4 (Cspg4, Ng2) promoters
which have been widely used in previous studies (Gonzales &
Klug, 2020; Hall et al., 2014; Zhao et al., 2018). Since NG2 proteogly-
can also express in OPCs, we first investigated pericyte specificity
labeling by DsRed in NG2DsRedBAC transgenic mice during brain
development. As platelet-derived growth factor receptor-f (Pdgfrp) is
another specific marker for putative pericytes (Cheng et al., 2018), we
examined the colocalization rate of NG2-DsRed with Pdgfrp in mouse
hippocampus at postnatal 2, 4, 6, and 8 weeks, respectively. Immuno-
histochemistry showed that the colocalization rate of NG2-DsRed
with Pdgfrp was: 43.31% + 3.21 at postnatal 2 weeks (n = 3 mice),
75.88% + 10.11 at postnatal 4 weeks (n = 4 mice), 91.55% + 0.68 at
postnatal 6 weeks (n = 3 mice) and 99.45% + 0.55 at postnatal

8 weeks (n = 4 mice), respectively (Figure 1a-c). As DsRed labeled
most pericytes in the hippocampus with increasing age in
NG2DsRedBAC mouse strain, we therefore set 8-week-old
NG2DsRedBAC mice for all following experiments in the study.

3.2 | Identification of intrinsic membrane
properties of three subtypes of pericytes

To identify the intrinsic membrane properties of the three subtypes of
pericytes, we used whole-cell patch clamp recordings to measure the
RMP, membrane input resistance, and macroscopic currents of each
individual pericyte in situ using an improved electrophysiological tech-
nique (also see the methods section for more details). As astrocyte
end-feet usually overlay pericytes in the capillaries (Giannoni
et al., 2018), we combined electrophysiological and histological
methods to first identify the morphology of the patched cell by injec-
tion of Alexa Fluor 488 in the patch pipette while performing whole-
cell patch clamp recordings. An intact cell morphology of fluorescent
labeled pericyte can thus be imaged after acute brain slice post-fixa-
tion. Based on the distinct morphology and location of recorded peri-
cytes, we found that thin-strand pericytes had long thin processes
extending along a blood vessel and distributed in the brain broadly
(Figure 2a). The average RMP was —59.57 + 3.74 mV (Figure 2b, n
=7 cells). The average cell membrane input resistance was 308.25
+ 62.23 MQ (Figure 2c, n = 5 cells). As shown in Figure 2d,e, thin-
strand pericytes exhibited voltage-dependent K macroscopic cur-
rents. At the command voltage of —142 and +48 mV, the average K"
currents in thin-strand pericytes were —372.03 + 66.13 pA and
497.96 + 68.33 pA (Figure 2d,e, n = 7 cells), respectively. For mesh
pericytes, mainly located on the proximal side of a capillary with a
higher coverage area than thin-strand pericytes and adopting a mesh-
like appearance (Figure 2a). The average RMP was —59.15 + 2.43 mV
(Figure 2b, n = 7 cells) and the average cell membrane input resis-
tance was 222 + 6.69 MQ (Figure 2c, n = 5 cells). At the command
voltage of —142 and +48 mV, the average K" currents in mesh peri-
cytes were —433.32 + 43.25 pA and 582.97 + 63.28 pA, respectively
(Figure 2d,e, n = 8 cells). The third subtype, ensheathing pericytes
were positioned at the transitions between arterioles and capillaries
(Figure 2a). Ensheathing pericytes shared similar electrical membrane
properties with the other two subtypes of pericytes. The average
RMP was —57.86 + 4.11 mV (Figure 2b, n = 7 cells) and the average
cell membrane input resistance was 214.76 + 38.26 MQ (Figure 2c, n
= 5 cells). At the command voltage of —142 and +48 mV, the average
K* currents in ensheathing pericytes were —505.11 + 126 pA and
651.40 + 137.52 pA, respectively (Figure 2d,e, n = 5 cells). Although
pericytes have been classified into three distinct subtypes, we were
surprised to find that there were no differences of the intrinsic mem-
brane properties, i.e., membrane input resistance and RMP among dif-
ferent subtypes (Figure 2b-e, p > .05, ANOVA Tukey-Kramer
multiple comparisons), suggesting a homogenous population of all
three types of neurovascular pericytes in the adult brain, at least in

terms of electrophysiological properties.
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FIGURE 1 Specific labeling of pericytes in NG2DsRedBAC transgenic mice hippocampus during brain development. (a) Representative
images showing the colocalization (in yellow) between DsRed (in red) and Pdgfrf (in green) in NG2-DsRed mouse hippocampus at postnatal

8 weeks. Scale bars, 20 pm. (b) Representative images at high resolution showing the colocalization (in yellow) between DsRed (in red) and Pdgfrp
(in green) at 8-week NG2-DsRed mouse hippocampus. Scale bar, 20 pm. (c) Summary bar graph shows the colocalization ratio between DsRed
and Pdgfrp in NG2-DsRed mice hippocampus at different developmental stages. 2-week-old group: 43.31% +* 3.21, n = 3 mice; 4-week-old
group: 75.88% + 10.11, n = 4 mice; 6-week-old group: 91.55% + 0.68, n = 3 mice; 8-week-old group: 99.45% + 0.55, n = 4 mice. The error bars
represent SEM, two-tailed unpaired T-test, p values are indicated as compared with postnatal 8-week-old group as control. n.s indicates not
significant
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FIGURE 2 Characterization of electrical membrane properties of the three subtypes of pericytes. (a) Representative images showing the
distinct morphology of three subtypes of post-fixed pericytes loaded with Alexa Fluor 488 in NG2DsRedBAC mouse hippocampus. The
colocalization between DsRed (in red) and Alexa 488 (in green) is shown in yellow. Scale bars, 10 pm. (b) Bar graph summary showing the resting
membrane potentials of three subtypes of pericytes. n = 7 cells for each group. The error bars represent SEM ANOVA Tukey-Kramer multiple
comparisons, n.s indicates not significant. (c) Bar graph summary showing the membrane resistances of three subtypes of pericytes. n = 5 cells for
each group. The error bars represent SEM ANOVA Tukey-Kramer multiple comparisons, n.s indicates not significant. (d) Representative traces
show the voltage-dependent macroscopic currents from thin-strand (in red, n = 7 cells), mesh (in blue, n = 8 cells) and ensheathing (in green,

n = 5 cells) pericytes. (e) Summary graph shows the average 1/V plot of three subtypes of pericytes as indicated in (d). There is no significant
difference of macroscopic K* currents among the three subtypes of pericytes

3.3 | Transcriptomic characterization of Kir mRNA
expression in pericytes

It is well known that the NVU demands the rapid coupling of neuronal
activity to blood flow responses. One factor that fits this profile is exter-
nal potassium ions. Although the Kir channels expressed in astrocytic
endfeet, which wrap the entirety of the parenchymal vasculature, are well
studied in the dynamic regulation of local CBF (Longden & Nelson, 2015),
increased evidence has shown that pericytes express functional inwardly
rectifying potassium channels (Cao et al., 2006; Matsushita & Puro, 2006)
and strongly suggest a potential role of Kir channel activation in the con-
trol of blood flow in the vascular wall mediated by external K* (Longden
et al., 2017; Sonkusare et al., 2016). However, the expression of Kir
isoforms in brain pericytes are still unclarified. Our initial results indicated
that the three subtypes of pericytes share similar intrinsic membrane
properties and voltage-dependent macroscopic K* channel currents (Fig-
ure 2). This prompted us to further investigate the subtype of Kir channel
which contributes to the electrophysiological membrane properties of
pericytes. Combining RNA-seq transcriptome analysis and single-cell
reverse transcriptase polymerase chain reaction (RT-PCR) technique in

NG2-DsRed transgenic mouse brain (Figure 3a-d), we indeed found that

abundant genes of inwardly rectifying Kt channel subunits expressed in
sorted pericytes as shown in Figure 3b. In particular, the top three seeded
Kir channel genes were Kcnj8, Kcnj10, and Kcnj9 among Kir channel genes
family. Notably, the heat map and the pie chart showed a secondary
enrichment of Kcnj10-coded Kird.1 channel expressed in pericytes in
NG2-DsRed transgenic mice (Figure 3b, n = 4 mice). Moreover, single-cell
RT-PCR clearly demonstrated that Kir4.1 mRNA ubiquitously expressed
in the three subtypes of DsRed labeled pericytes in situ (Figure 3c,d). In
summary, our results are consistent with a previous study which found
kenj8-coded Kir6.1 abundantly expressed in brain pericytes by using in
situ hybridization (Bondjers et al., 2006). However, we unexpectedly
found that Kcnj10 mRNA also expressed in vascular pericytes, which was
thought to be expressed exclusively in glial cells in the CNS (Nwaobi
et al., 2016).

34 | Elevation of external K' activates Kir4.1
channels in pericytes

To gain further insights into the role of Kir4.1 ion channels in peri-

cytes, we measured current/voltage (I/V) relations before and during
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for inwardly rectifying K™ channel subunits expressed in

pericytes. The FPKM value of each inwardly rectifying K™ channel subunits gene is: Kcnj8: 159.00; Kcnj10: 15.90; Kenj9: 14.26; Kenj4: 10.01;

Kcnj12: 7.07; Kcnj3: 6.08; Kcnjé: 2.14; Kcnj2: 1.08; Kcnj15: 0.25; Kenj1é6:

0.13; Kcnj13: 0.041. The pie chart shows the proportion of each inwardly

rectifying K* channel gene expressed in pericytes based on the results of RNA-seq transcriptome analysis, n = 4 mice. Notably, high level of
kenj10 mRNA expression was found in DsRed-labeled pericytes. (c) Experimental diagram showing the approach for RNA isolation from single
pericytes in situ. Each subtype of pericyte is identified by performing whole-cell patch-clamp recordings and the DsRed fluorescent expression at
their region-specific distribution along the blood vessels. (d) At the end of recordings, the pericyte's cytoplasm is extracted by using glass pipettes
for subsequent RT-PCR. Representative images show that thin-strand, mesh and ensheathing pericytes are positive for both DsRed and Kir4.1
mRNA expression, whereas a DsRed negative cell does not express Kird.1 mRNA. n = 3 cells for each subtype of pericytes. Amplicon size for

each mRNA: Kir4.1: 168 bp, DsRed: 394 bp, GAPDH: 317 bp

application of the Kir4.1 channel blocker barium chloride (100 pM),
which was used to isolate K* channel currents mediated by Kir4.1 ion
channels in glial cells, as previously described (Cui et al., 2018; Song
et al., 2018; Tong et al., 2014). Interestingly, we found that there was
barely detectable Ba?*-sensitive Kir4.1 currents in vascular pericytes
when external K™ concentration was held at a physiological level, that
is, 2.5 mM. The percentage of Kir4.1 currents of total K macroscopic
currents in pericytes was 1.13% + 1.99 (n = 12 cells) compared with
33.04% + 3.82 (n = 11 cells) in astrocytes under 2.5 mM [K*], when
cell voltage was held at —142 mV (Figures 4a,b,g,h and 5c,d,g,h). The
reason was possibly due to the closed state of Kir4.1 ion channels in
pericytes under physiological conditions and could explain why the
resting membrane potential of pericytes was relatively depolarized.

It is well known that active neurons release K™ during the
repolarization phase of the action potential and sequentially cause
incremental increases in local K" concentration in the brain's
external milieu. Furthermore, under pathological conditions such
as seizure or ischemia, [K], can rise substantially higher to 12-
70 mM (Chao et al., 2007; Milton & Smith, 2018; Moody
et al., 1974; Sykova et al., 1994). To examine whether the open
probability of Kir4.1 channels in pericytes increases under a fluctu-
ation of external K*, we next assessed Ba?*-sensitive Kir4.1

currents in pericytes under 15 and 50 mM [K™],, respectively.
Indeed, when the cell's voltage was held at —142 mV, the average
of Kir4.1 currents for basal condition was —0.048 £ 4.56 pA
(h =12 cells), —103.42 + 16.94 pA for 15 mM [K*], (n = 7 cells)
and — 214.41 + 32.72 pA for 50 mM [K*], (n = 11 cells) (p < .001,
two-tailed unpaired T-test, Figure 4a-g). The percentage of Kir4.1
channel currents from the total macroscopic K* currents was
increased to 21% and 35% in pericytes by 15 mM [K'], and
50 mM [K™], when the cell's voltage was held at —142 mV (1.13%
+1.99 for basal, 21.86% + 3.78 for 15 mM [K*], and 34.75%
+3.25 for 50 mM [K*],, n =12, 7 and 11 cells for basal, 15 mM
[K*]o and 50 mM [K*], group, respectively, p < 0.001, two-tailed
unpaired T-test, Figure 4h), indicating that high K™ concentration
has a robust opening effect on Kir4.1 ion channels and the eleva-
tion of [K*], induces a dose-dependent increase of pericyte Kir4.1
channel currents in pericytes. In summary, we found that although
Ba?*-sensitive Kir4.1 currents in pericytes represent a very small
portion of the K™ macroscopic currents (1.13% of the total K* cur-
rents at the holding voltage of —142 mV) at a physiological [K*],
level, surprisingly, these pericyte Kir4.1 channels are strongly acti-
vated by the elevation of the external K* to a pathological level at

high concentrations such as 15 or 50 mM.
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FIGURE 4 Elevation of external K* activates Kir4.1 channels in pericytes. (a) Representative traces show macroscopic K* currents (in black),
macroscopic currents after bath application of Ba* (in red) and Ba%"-sensitive currents (in gray) in a whole-cell patched pericyte in NG2-DsRed
transgenic mouse hippocampus. (b) Average I/V plot shows there is no detectable Ba"-sensitive currents in pericytes under normal conditions at
2.5 mM [K™1,. The error bars represent SEM, n = 12 cells. (c) Representative traces show macroscopic K currents in 15 mM [K ], (in black),
macroscopic currents after bath application of Ba?* in 15 mM [K*], (in red) and Ba%*-sensitive currents in 15 mM [K*], (in blue) in a whole-cell
patched pericyte in NG2-DsRed transgenic mouse hippocampus. (d) Average I/V plot shows the macroscopic and Ba*-sensitive currents in

15 mM [K*],. The error bars represent SEM, n = 7 cells. (e) Representative traces show macroscopic K currents in 50 mM [K*], (in black),
macroscopic currents after bath application of Ba®* in 50 mM [K*], (in red) and Ba?*-sensitive currents in 15 mM [K*], (in green) in a whole-cell
patched pericyte in NG2-DsRed transgenic mouse hippocampus. (f) Average I/V plot shows the macroscopic and Ba?*-sensitive currents in

50 mM [K*],. the error bars represent SEM n = 11 cells. (g) Bar graph summary shows the augmentation in Ba%>*-sensitive currents under

2.5 mM [K*], (in gray), 15 mM [K ], (in blue) and 50 mM [K*], (in green) when the cell's voltage was held at —142 mV. N = 12, 7 and 11 cells for
2.5,15, and 50 mM [K"], group, respectively. *** indicates p < .001, two-tailed unpaired T-test. (h) Bar graph summary shows the percentage of
BaZ*-sensitive currents from the total macroscopic currents under 2.5 mM [K™], (in gray), 15 mM [K*], (in blue), and 50 mM [K*], (in green)
when the cell's voltage was held at —142 mV. n = 12, 7, and 11 cells for 2.5, 15, and 50 mM [K "], group, respectively. The error bars represent
SEM. *** indicates p < .001, two-tailed unpaired T-test
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FIGURE 5 Astrocytic Kir4.1 channel currents do not change under 2.5 mM [K™], and 50 mM [K™],. (a) Representative images show that a
large number of GFAP-labeled astrocytes evenly distribute in the CA1 region of wild-type mouse hippocampus. (b) Bar graphs summary show the
RMPs and membrane input resistances of astrocytes. n = 10 cells recorded. The error bars represent SEM. (c) Representative traces show
macroscopic K* currents (in black), macroscopic currents after bath application of Ba%" (in red) and Ba?*-sensitive Kir4.1 currents (in blue) in a
whole-cell patched astrocyte under 2.5 mM [K*], in wild-type mouse hippocampus. (d) Average I/V plot shows the Ba?*-sensitive Kir4.1 currents
in astrocytes in 2.5 mM [K™],. n = 11 cells. (e) Representative traces show macroscopic K* currents (in black), macroscopic currents after bath
application of Ba®" (in red) and Ba%"-sensitive Kir4.1 currents (in green) in a whole-cell patched astrocyte under 50 mM [K*], in wild-type mouse
hippocampus. (f) Average I/V plot shows the macroscopic K* currents and Ba?*-sensitive Kir4.1 currents in 50 mM [K*],. n = 10 cells. (g) Bar
graph summary shows the Ba?"-sensitive Kir4.1 currents in 2.5 mM [K*], (in blue) and 50 mM [K™], (in green) when the cell's voltage was held at
—142 mV.n = 11 and 10 cells for 2.5 and 50 mM [K "], group, respectively. n.s indicates not significant, two-tailed unpaired T-test. (h) Bar graph
summary shows a decrease of the percentage of Ba?*-sensitive Kir4.1 currents among total macroscopic K* currents in 50 mM [K*], (in green)
when the cell's voltage was held at —142 mV. n = 11 and 10 cells for 2.5 and 50 mM [K"],, group, respectively. The error bars represent SEM. ***
indicates p < .001, two-tailed unpaired T-test
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FIGURE 6 (a) Representative traces show macroscopic K* currents (in black) after bath application of the Kiré.1 channel inhibitor
glibenclamide (10 uM) (in red) and glibenclamide-sensitive Kir6.1 currents (in gray) under 15 mM [K*], in a whole-cell patched pericyte in NG2-
DsRed transgenic mouse hippocampus. (b) Representative traces show macroscopic K currents (in black), macroscopic currents after bath
application of the Kir4.1 channel antagonist VU0134992 (15 uM) (in red) and VU-sensitive Kir4.1 currents (in purple) under 15 mM [K*], in a
whole-cell patched pericyte in NG2-DsRed transgenic mouse hippocampus. (c) Left panel shows the average 1/V plot of the Kiré.1 channel-
mediated currents and Kir4.1 channel-mediated currents under 15 mM [K*].. Right panel shows the bar graph summary of the Kiré.1 current and
Kir4.1 current when the cell's voltage was held at —142 mV under 15 mM [K*],. n = 6 for each group. The error bars represent SEM. ** indicates
p < .01, two-tailed unpaired T-test. (d) Upper panel shows the experimental diagram of the approach for recording inward K* channel currents of
pericytes in hypoxia. The lower panel shows two representative traces of inward K™ currents of a recorded pericyte in control condition (in black)
and in hypoxic condition (in red). The red arrow indicates the augmentation of K* currents in pericyte induced by hypoxia. (€) Bar graph summary
shows the inward K™ currents in hypoxia relative to the control with the holding voltage at —142 mV, n = 7 cells. The error bars represent SEM.
** indicates p < .01, two-tailed paired T-test
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Astrocytes, as a major component of the glial cell population, are
well known to contribute to the spatial K™ buffering around neurons
due to their high expression of Kir4.1 channels (Nwaobi et al., 2016;
Olsen & Sontheimer, 2008; Tong et al., 2014; Tong et al., 2013; Zhang
et al., 2018). Meanwhile, astrocytes also are one of the most impor-
tant components of the NVU by making extensive contacts with
blood vessels in the CNS. We therefore examined whether high con-
centration of external K* has an effect on Ba%*-sensitive Kir4.1 chan-
nel currents in astrocytes as well. Consistent with the previous
GFAP-labeled 25mM  [K'],
hyperpolarized RMPs and low membrane input resistances (the aver-
age of RMP was: —96 + 0.67 mV; the average of Rm was: 17.51
+ 1.12 MQ, n = 10 cells, Figure 5a,b) (Shigetomi et al., 2013; Song
et al.,, 2018; Tong et al., 2014). Interestingly, we did not find a signifi-
cant increase of Kir4.1 currents in astrocytes by changing the [K*],
from 2.5 to 50 mM when the cell's voltage was held at —142 mV
(—955.07 £ 183.48 pA for basal v.s —1218.33 +293.68 pA for
50 mM [K*],, n = 11 and 10 cells for basal and 50 mM [K*], group,
respectively. p > .05, two-tailed unpaired T-test, Figure 5c-g). More-

reports, astrocytes in showed

over, the percentage of Ba®*-sensitive Kir4.1 currents from the total
K* macroscopic currents declined to 13% due to the augmentation of
total macroscopic currents in 50 mM [K*], when the cell's voltage
was held at —142 mV (33.04% + 3.82 for basal v.s 12.52% * 2.49 for
50 mM [K*],, n = 11 and 10 cells for basal and 50 mM [K*], group,
respectively. p < .001, two-tailed unpaired T-test, Figure 5h). Taken
together, in physiological [K*], levels, astrocytes are more responsive
to Kir4.1 inhibition. When [K™], is elevated to pathological levels such
as 15 or 50 mM, pericytes Kir4.1 channels exhibit heightened sensitiv-
ity and are robustly activated, indicating a K™ homeostatic regulation
in local neural networks by both astrocytes and pericytes during phys-
iological and pathological conditions.

3.5 | Kird.1 but not Kiré6.1 in pericytes is crucial to
the elevation of extracellular potassium and plays a
role in hypoxia

As previously described, the RNA-seq data indicates that
Kiré.1-encoding gene Kcnj8 is expressed at a higher level than Kcnj10
(Figure 3b). Kir6.1 is a component of ATP sensitive potassium chan-
nels (Katp) and this channel is only activated when the cellular ATP
levels fall. Kir6.1 channels play a variety of physiological roles includ-
ing controlling the release of insulin from pancreatic f cells and regu-
lating blood vessel tone and blood pressure (Tinker et al., 2018). To
further determine whether the increase of external K™ could induce
Kir6.1-mediated currents in pericytes, we used Kiré.1 channel specific
blocker glibenclamide to detect the Kir6.1 channel currents under
15mM [K'], (Wang et al, 2003). As shown in Figure 6a.c,
glibenclamide at 10 pM did not inhibit the augmented K™ currents in
pericytes when extracellular K™ was set at 15 mM (glibenclamide-
sensitive Kir6.1 currents were —9.29 + 4.80 pA at the holding voltage
of —142 mV, n = 6 cells). In contrast, a newly reported Kir4.1 specific

antagonist selected by TIT flux assay (Kharade et al, 2018),

VU0134992 at 15 uM exhibited a similar blockade effect as 100 pM
Ba%" on the augmented K* currents in pericytes under 15 mM K*
(VU-sensitive Kird.1 currents was —87.67 +7.81 pA, n =6 cells,
p < .01 compared with glibenclamide-sensitive Kir6.1 currents, two-
tailed unpaired T-test, Figure 6b,c), suggesting that Kir4.1 but not
Kir6.1 in pericytes is more sensitive to an elevation of extracellu-
lar K.

It has been reported that under pathological conditions such as
stroke and hypoxia, the local [K*], can rise substantially, up to 12-
70 mM (Chao et al., 2007; Milton & Smith, 2018; Sykova et al., 1994).
Therefore, to further investigate whether pericyte Kir4.1 plays a role
in such pathological condition, we compared the change of inward K"
currents of an individual patch clamp-recorded pericyte before and
after the cell underwent an acute hypoxic condition. As shown in
Figure 6d,e, we found a 29% = 3.1 increase of the inward K™ currents
in pericytes after the cells were exposed to acute hypoxia (the inward
K™ currents in hypoxia: 129% + 3.1 relative to its control: 100%
+ 7.10 when the cells were held at the voltage of —142 mV, p < .01,
two-tailed paired T-test, n = 7 cells). Taken together, Kir4.1 channels
in pericytes demonstrate an exquisite sensitivity to elevations of
external K* especially in pathological conditions and hypoxia, indicat-
ing a role in the regulation of K homeostasis in the local neuro-

vascular networks under such circumstances.

4 | DISCUSSION

It is well accepted that vascular pericytes are heterogeneous and can
be divided into three main subtypes, ensheathing, mesh and thin-
strand pericytes in terms of their distinct morphology, location and
specific protein expression (Attwell et al, 2016; Gonzales &
Klug, 2020; Grant et al., 2019). However, in our present study, by uti-
lizing electrophysiological recordings of the three subtypes of peri-
cytes in situ and RNA sequencing transcriptomic analysis, we found:
(1) There is no significant difference of intrinsic membrane properties
between the three subtypes of pericytes in the CNS. (2) Trans-
criptomic analysis revealed that Kir4.1 ion channels homogeneously
express in brain pericytes. (3) Systematic electrophysiological analysis
illustrated that pericytes Kir4.1 channels play a crucial role as local K™
sensors and help maintain Kt homeostasis in the local neurovascular
networks.

Brain pericytes are normally embedded within the vascular base-
ment membrane, which makes it difficult to obtain successful whole-
cell patch-clamp recordings in acute brain slices in situ. In addition,
pericytes easily slide away from the patch electrode during whole-cell
patch-clamp recordings due to vascular elasticity. Thus, the past elec-
trophysiological recordings of single pericytes from the cochlear stria
vascularis or retina were limited to dissociated pericytes in vitro (Cao
et al., 2006; Liu et al., 2018; Matsushita & Puro, 2006). The average
cell membrane potential of pericytes in the stria vascularis is
—30.9 mV without clearly identified subtype of pericyte (Liu
et al., 2018). In our study, we utilized an improved patch-clamp

method by digesting the brain slices with papain for 10 min first to
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dissociate the vascular basement membrane yet to keep the vascular
structure intact. This fine electrophysiological technique can not only
dissociate the wrapped fascia from the patched pericyte, but also
keep an anatomical structure of the brain slice so as to easily identify
the subtype of a patched cell in situ. Our electrophysiological results
showed that the average RMP of the three types of pericytes is close
to —60 mV, which is much hyperpolarized than previously published
data and thus indicates a more physiological environment surrounding
the pericytes that we recorded.

Kir4.1 channel is another component of the neurovascular coupling
and has been well studied in astrocytes. In astroglia, Kir4.1 channels
contribute to high resting K" conductance and hyperpolarized RMP
(Nwaobi et al., 2016; Olsen & Sontheimer, 2008; Tong et al., 2014;
Tong et al., 2013; Zhang et al., 2018). However, it remained largely
unknown whether pericytes express Kir4.1 channels and which subtype
of potassium channel contributes to the intrinsic membrane properties
of pericytes. By using RNA-seq transcriptomic analysis, we unexpect-
edly found that Kcnj10 gene expresses in isolated pericytes in adult
mouse brain. Electrophysiological studies further demonstrated that
Kcnj10-coded Kird.1 channel currents could be functionally induced in
hippocampal pericytes. Interestingly, when compared with the RMPs
(~96 mV) in astrocytes (Figure 5b), pericytes exhibited more
depolarized RMPs (~60 mV) (Figure 2b) when the [K'], was set at
2.5 mM. A much smaller Ba?*-sensitive Kir4.1 current (~1.1% of total
macroscopic K currents) could be the main explanation for the
depolarized RMP in pericytes as those channels are mostly closed in a
physiological state. In contrast, when extracellular Kt was increased to
15 and 50 mM, Ba?*- or VU-sensitive Kir4.1 currents in pericytes were
significantly augmented (Figures 4c-h and éb,c), indicating that peri-
cytes Kir4.1 channels opened rapidly in high potassium levels and the
augmentation of Kir4.1 channel currents exhibited a dose-dependent
increase upon the changes in the external K™ concentration. Although
we did not find any significant change of Ba?*-sensitive Kir4.1 channel
currents in astrocytes when the [K*], was increased to a high level of
50 mM (Figure 5c-g), it has been reported that astrocytic Kir4.1 could
act as a temporal [K™], sink when a rapid accumulation of [K*], occurs
during neuronal activity in physiological conditions (Larsen et al., 2016).
Thus, it suggests that pericyte Kir4.1 channels are robustly activated at
pathological Kt levels while astrocytes might be more responsive to
Kir4.1 inhibition at lower K™ levels.

Previous studies have shown that pericytes express both Kiré.1
and inward rectifier subunits sulfonylurea receptor subtype 2B by
immunostaining and in situ hybridization (Bondjers et al., 2006). Kir6.1
belongs to Katp channel. The biophysical feature of Katp channels is
that the open probability (P,) decreases with increments of intracellu-
lar ATP levels by stabilizing the closed state of the channel. When cel-
lular ATP demands are low and free cytosolic ATP is high, Kiré.1
channel is closed. In contrast, when cell activity increases or metabo-
lism drops, the Kir6.1 channel may open to hyperpolarize the mem-
brane (Hibino et al., 2010). Thus, Kiré.1 channels may act as sensors
of the metabolic state of the cell as an elevation of external K™ does
not activate those channels in pericytes (Figure 6a). Notably, external
K* is also an important mediator of neurovascular coupling as well as

ATP. Recently, Gonzales et al. reported that pericytes at the first two

to three capillary junctions proximal to the feeding artery rapidly con-
tracted following administration of 60 mM KCI, and was accompanied
by an enhancement of Ca2* signals (Gonzales & Klug, 2020). Inwardly
rectifying K* channels can be activated by external K*. Opening of
Kir channels leads to a net depolarization of pericytes due to a large
increase in [K™], to the level whereby Ex exceeds (more positive than)
E.est. Therefore, it is important to further investigate whether Kir4.1
channels mediate the excitability of the pericytes and subsequent
arterial contraction. In addition, pericyte constriction is commonly
observed in pathological conditions such as stroke and hypoxia, where
the local [K'], can rise substantially higher to 12-70 mM (Chao
et al., 2007; Milton & Smith, 2018; Sykova et al., 1994). Indeed, in an
acute hypoxic condition, our data suggest a 29% increase of inward
K* currents occurred in pericytes, which exactly mimics 15 mM exter-
nal K*-induced Kir4.1 channel currents in pericytes (Figure 6d,e). In
conclusion, Kir4.1 channels in pericytes provide a therapeutic target
for the treatment of neurovascular diseases, based on their exquisite
capacity to sense local high K* levels required for maintaining K*
homeostasis in local neurovascular networks.
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