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Iptakalim improves cerebral microcirculation in mice after
ischemic stroke by inhibiting pericyte contraction
Ruo-bing Guo1, Yin-feng Dong2, Zhi Yin3, Zhen-yu Cai1, Jin Yang1, Juan Ji1, Yu-qin Sun1, Xin-xin Huang3, Teng-fei Xue1, Hong Cheng3,
Xi-qiao Zhou2 and Xiu-lan Sun1,2

Pericytes are present tight around the intervals of capillaries, play an essential role in stabilizing the blood–brain barrier, regulating
blood flow and immunomodulation, and persistent contraction of pericytes eventually leads to impaired blood flow and poor
clinical outcomes in ischemic stroke. We previously show that iptakalim, an ATP-sensitive potassium (K-ATP) channel opener, exerts
protective effects in neurons, and glia against ischemia-induced injury. In this study we investigated the impacts of iptakalim on
pericytes contraction in stroke. Mice were subjected to cerebral artery occlusion (MCAO), then administered iptakalim (10mg/kg,
ip). We showed that iptakalim administration significantly promoted recovery of cerebral blood flow after cerebral ischemia and
reperfusion. Furthermore, we found that iptakalim significantly inhibited pericytes contraction, decreased the number of obstructed
capillaries, and improved cerebral microcirculation. Using a collagen gel contraction assay, we demonstrated that cultured pericytes
subjected to oxygen-glucose deprivation (OGD) consistently contracted from 3 h till 24 h during reoxygenation, whereas iptakalim
treatment (10 μM) notably restrained pericyte contraction from 6 h during reoxygenation. We further showed that iptakalim
treatment promoted K-ATP channel opening via suppressing SUR2/EPAC1 complex formation. Consequently, it reduced calcium
influx and ET-1 release. Taken together, our results demonstrate that iptakalim, targeted K-ATP channels, can improve microvascular
disturbance by inhibiting pericyte contraction after ischemic stroke. Our work reveals that iptakalim might be developed as a
promising pericyte regulator for treatment of stroke.
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INTRODUCTION
Ischemic stroke is the second leading cause of death and the
first leading cause of adult disability [1]. Restoring cerebral
blood flow (CBF) as early as possible is critical for treating
ischemic stroke [2]. Currently, intravenous thrombolysis or
endovascular thrombectomy is an effective strategy; however,
it is available for <5% of patients, and 50% of them have a poor
prognosis. A growing number of studies have indicated that the
primary cause is the “no-reflow” phenomenon [3, 4], defined as
impaired recanalization during reperfusion. No-reflow becomes
more serious with extended periods of ischemia [5], and likely
decreases CBF and increases the infarct size. Clinical trials have
shown that no-reflow treatment can extend the therapeutic
window to 24 h after stroke [6]. Therapies targeting no-reflow
areas result in improved stroke outcomes [7]. No-reflow can
occur within a window of brain parenchymal viability [8]. The
no-reflow phenomenon was previously attributed to endothelial
swelling and astrocytic end-feet compression. In recent years,
accumulating studies have demonstrated that pericyte contrac-
tion can severely impede erythrocyte reflux and trap fibrin,
platelets, and white blood cells in capillaries [9]. Pericytes tightly

encircle capillaries, and play an essential role in stabilizing the
blood–brain barrier, regulating blood flow, and immunomodu-
lation [10]. The persistent contraction of pericytes eventually
leads to impaired blood flow and poor clinical outcomes. Thus,
there is an urgent need to develop a regulator of pericytes to
restore blood flow after ischemic stroke.
Iptakalim (IPT) is a novel ATP-sensitive potassium channel (K-

ATP) opener that was independently developed in China. It has
high selectivity for the sulphonylurea receptor 2B (SUR2B)/
Kir6.1 subtype [11] but does not exhibit the adverse side effects
associated with other nonspecific K+ channel openers. Moreover,
it causes arteriolar vasodilatation without effects on capillaries or
large arteries [12]. Our previous studies suggested that IPT
protects neurons, astrocytes, and microglia against ischemic
injuries [13–15]. A recent study confirmed the high gene
expression of ATP Binding Cassette Subfamily C Member 9
(ABCC9) and Potassium Inwardly Rectifying Channel Subfamily J
Member 8 (KCNJ8) encoding SUR2 and Kir6.1, respectively, in
pericytes [16]. Therefore, it is worth determining whether IPT can
regulate pericyte contraction and improve microcirculation after
ischemic stroke.
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In this study, we investigated the regulatory effects and
mechanisms of IPT on pericyte contraction in in vitro and
in vivo studies. We found that IPT inhibited SUR2/exchange
protein directly activated by cAMP 1 (EPAC1) complex formation,
promoted SUR2/Kir6.1 K-ATP channel opening, and reduced
endothelin-1 (ET-1) secretion in pericytes. Our novel findings
reveal that IPT can inhibit pericyte contraction and improve
capillary blood flow after cerebral ischemia–reperfusion.

MATERIALS AND METHODS
Animals and treatments
Male C57BL/6j mice aged 8–10 weeks (22 ± 2) g were obtained
from Nanjing Medical University (Jiangsu, China). They were
maintained in the Animal Resource Center of the Faculty of
Medicine, and had free access to food and water. The room
temperature was maintained at 22 ± 2 °C with a 12:12 h light: dark
cycle. The mice were randomly divided into three groups: sham,
middle cerebral artery occlusion (MCAO), and MCAO+ IPT groups.
At 1 h after MCAO, the MCAO+ IPT group was administered IPT
(10 mg/kg; provided by Prof. Hai Wang, Institute of Pharmacology
and Toxicology, Academy of Military Medical Sciences, Beijing,
China) by intraperitoneal (IP) injection, and the other groups were
administered saline. IPT was dissolved in saline, and the dosage
(10 mg/kg) was based on our previous studies [14, 17].

MCAO model
To establish the MCAO model, the mice were anesthetized with
sodium pentobarbital (40 mg/kg) by IP injection, and the proximal
MCA was occluded for 1 h with a 6–0 silicon-coated nylon suture
as previously described [18]. The mice were placed on a heating
blanket during the surgical procedure, and the body temperature
was maintained at 37 ± 0.5 °C by a rectal probe. All animal
experiments were approved by the review committee of Nanjing
Medical University and complied with institutional guidelines (No.
IACUC-1801010).

2,3,5‐Triphenyltetrazolium chloride staining
To assess the infarct volume, we performed 2,3,5‐triphenyltetra-
zolium chloride (TTC; Sigma, St. Louis, MO, USA) staining. Brains
were sliced into 1 mm coronal sections, incubated in 2% TTC for 3
min at 37 °C in the dark, and fixed in 4% paraformaldehyde (PFA)
overnight. The area of infarction (“direct stroke area”) was
quantified, and the infarct volume was calculated using Image-
Pro Plus 5.1 software.

Neurological score
The NeuroScore is commonly used to assess neurological
disorders [19] as follows: 0, normal motor function; 1, flexion of
the torso and contralateral forelimb after lifting the animal by the
tail; 2, circling to the ipsilateral side, but normal posture at rest; 3,
circling to the ipsilateral side; 4, rolling to the ipsilateral side; and
5, leaning to the ipsilateral side at rest (no spontaneous motor
activity).

Laser speckle imaging
Laser speckle imaging (LSI) was done using the moorFLPI blood
flow imager, and the exposure time was set at 2 ms. A 775 nm
laser was used to illuminate the pial microcirculation, and laser
speckle images were acquired using a 568 × 760 pixel grayscale
charge-coupled device camera at a sampling rate of 1 Hz. Using
the pixel window (5 × 5) to calculate the speckle contrast, the
maximum image resolution was 5 µm/pixel. The moorFLPI-2
translates the speckle contrast value into a relative perfusion
unit, displaying blood flow velocity and the number of red blood
cells. Pseudo-color images with perfusion scaled from blue (low
perfusion) to red (high perfusion) were obtained. LSI recordings
were performed at baseline, after 5 min of ischemia, and after

10, 20, 30, and 45 min and 1, 2, 3, 4, 6, 8, 10, and 12 h of
reperfusion. Imaging processing and quantification were done
using moorFLPI-2 research software (Moor Instruments Inc.,
Wilmington, DE, USA).

Multimodal optical imaging
The custom-built multimodal optical imaging platform (MIP)
consisted of multi-wavelength spectral, fluorescence imaging,
and LSI modules (MW-LSI) integrated with three-dimensional
optical coherence tomography. For MW-LSI, high-brightness light-
emitting diodes (LEDs) (λ2= 568 nm) were used for total
hemoglobin imaging. The back-reflected light was collected using
a modified zoom microscope (AZ100; Nikon, Tokyo, Japan) and
acquired by a 16-bit sCMOS camera at 80 or 16 fps. Imaging
processing and quantitative analyses were done as previously
described [20].

Sample processing
At the end of reperfusion, mice were euthanized with an overdose
of pentobarbital sodium and transcardially perfused with saline
(100mL) followed by 4% PFA (100mL). Then 10mL of 5% gelatin
solution (G2625; Sigma) containing Texas Red (Merck Millipore,
Burlington, MA, USA) was perfused in the coronary microvascu-
lature. Finally, the whole brain tissues were separated and fixed
overnight in 4% PFA, and a 50 μm coronal section of brain tissues
was used for immunofluorescence staining. The analysis of images
was referred to by Attwell [21].

Immunofluorescence staining
Immunofluorescence was performed as previously described
[22]. Pericytes were labeled with anti-neuron-glial antigen 2
(NG2) (1:200, AB5320; Merck Millipore) and the capillary base-
ment membrane was labeled with isolectin B4 conjugated to
Alexa Fluor 647 (I32450; Molecular Probes, Eugene, OR, USA) or
Texas Red (Merck Millipore). Z-stacks for cell counting were
acquired by laser scanning microscopy (LSM 700; Zeiss, Wetzlar,
Germany). The intersoma distance of pericytes was detected as
the distance between pairs of pericytes surrounding the
capillaries.

Detection of trapped erythrocytes
Under anesthesia, the mice were transcardially perfused with 100
mL heparinized saline (10 IU· mL−1) followed by 4% PFA. After
euthanasia, the whole brain was removed and kept in PFA for 24
h. Then the brain tissues were dehydrated in graded ethanol and
embedded in paraffin, after which 6 µm brain slices were
deparaffinized overnight and gradually hydrated in ethanol. The
slices were treated with 0.2% sodium borohydride for 30min and
then rinsed with phosphate-buffered saline (PBS) for 10min [23].

Primary pericyte culture
Pericyte isolation was done according to the protocol by Tigges
et al. [24]. The mice were euthanized by overdose of pentobarbital
sodium, and the brain tissues were rapidly removed and placed in
cold Minimum Essential Medium (MEM). The olfactory bulb,
cerebellum, and medulla were dissected, and the remaining
tissues were thoroughly minced, washed with MEM, and
centrifuged at 1200 r/min for 5 min. Then the suspension was
digested with enzymatic solution (Solarbio, Beijing, China)
containing 30 U/mL papain and 40 μg/mL DNase I in Earle’s
Balanced Salt Solution for 70 min at 37 °C, homogenized, and
filtered 10 times through 19- and 21-gauge needles. Then it was
mixed with 22% bovine serum albumin (BSA) and centrifuged at
4000 r/min for 10 min. After removing the cell supernatant, the
pellet was resuspended in 5mL endothelial cell growth medium
(ECGM) (Cat. No. 1001; ScienCell Research Laboratories, Inc.,
Carlsbad, CA, USA) and centrifuged at 1200 r/min for 5 min. Finally,
the cell pellets were resuspended in ECGM and plated in a 6-well
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Collagen I-coated plate (0.02% solution; Sigma). After 20 h, cells
were washed three times with PBS and cultured in fresh ECGM.
The cell culture medium was changed every 3 days. After 7–9 days,
the cells reached confluency and were harvested with trypsin and
transferred to fresh collagen-coated 6-well plates. During the first
two passages, the cells were cultured in ECGM. After the third
passage, cells were cultured in pericyte medium (Cat. No. 1201;
ScienCell) containing 2% fetal bovine serum (FBS). The cells were
passaged 4–7 times, and the purity of the pericytes was
determined by immunofluorescence staining.

Oxygen-glucose deprivation model
An oxygen-glucose deprivation/reoxygenation (OGD/R) model
was established according to our previous study [25]. Briefly, the
pericytes were washed and incubated in glucose‐free Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Gaithersburg, MD, USA)
without FBS, and then placed in an anaerobic chamber (Mitsubishi
Gas Chemical Company, Tokyo, Japan). At 3 h after OGD, cells
were replaced with standard medium containing 10% FBS and
returned to the normoxic incubator (37 °C, 5% CO2). The control
group was treated similarly but not exposed to OGD.

Collagen gel contraction assay
The collagen gel contraction assay was conducted to study cell-
induced contractions of the extracellular matrix. Briefly, 90 μL rat
tail collagen type I (0.5 mg/mL; Solebo Inc.) was mixed with 12 μL
of 0.1 M NaOH in an Eppendorf tube. Then the pericytes were
harvested, added (1 × 105 cells/148 μL) to the mixture, and seeded
in a 24-well plate (250 μL solution/well). This process was
conducted quickly on ice. The 24-well plate was placed in the
cell incubator for 1 h, and then 500mL pericyte medium contain-
ing 2% FBS was added to each well. Finally, the 24-well plate was
incubated for 12 to 24 h. Before OGD, gels in each well were
captured by a camera (OnePlus 5T, China) at 0 h, replaced with
glucose-free DMEM, and kept in hypoxic bags (2.5 L Anaero Pack,
Japan) for 3 h. Then the glucose-free DMEM was removed and
replaced with standard pericyte medium. At 6 and 24 h of
reoxygenation, each gel was captured; the area at 0 h was set as
the control.

Intracellular calcium detection
Pericytes were cultured in 48-well plates, and cells were incubated
with Fluo 4-AM fluorescent probe diluted in 100 μL calcium-free
Kreb’s buffer (F14201; Thermo Fisher Scientific, Waltham, MA, USA)
at 37 °C for 30 min. Then cells were gently washed once with
Kreb’s buffer and returned to the original medium. At 0 and 3 h of
OGD and 2, 4, and 6 h of reoxygenation, intracellular calcium levels
were measured using the multimode microplate reader (Biotek,
Winooski, VT, USA) at excitation and emission wavelengths of 488
and 515 nm, respectively.

Co-immunoprecipitation
Co-immunoprecipitation was performed according to previous
study [22]. Briefly, pericytes were washed twice with 0.1 M PBS
and lysed in NP-40 lysis buffer. The cell suspension was centrifuged
at 12,000 × g for 15min, and the supernatant was transferred to
another centrifuge tube. The protein sample was quantified; one
portion of the sample was incubated with EPAC1 primary antibody
(2 μg/500 μg) and rotated at 4 °C overnight, and the other portion
was boiled at 100 °C for 10min and mixed with 1× loading buffer.
Protein A and G beads (100 μL/mL cell lysate) were added to the
sample and rotated at 4 °C for 4 h. Then the mixture was centrifuged
at 12000 × g for 5min. After removing the supernatant, beads were
preserved and washed three times (10min/time) with 600 μL RIPA
supplemented with PMSF. Finally, the sample was centrifuged at
12000 × g for 15min, and the supernatant was mixed with 1×
loading buffer and stored at −80 °C.

Western blotting
Pericytes were lysed in RIPA buffer (50 mM Tris, pH 8.0, 150 mM
NaCl, 0.1% sodium dodecyl sulfate [SDS], 1.0% NP-40, 0.5% sodium
deoxycholate plus 1× protease inhibitor cocktail). Cytoplasmic and
nuclear proteins were extracted with a protein extraction kit
(Beyotime, Shanghai, China) and quantified according to the
manufacturer’s instructions. Proteins were resolved by SDS-
polyacrylamide gel electrophoresis and electrotransferred to PVDF
membranes. The membranes were blocked in 5% BSA for 1 h at
room temperature and then incubated overnight at 4 °C with the
following primary antibodies: rabbit anti-GAPDH (1:1000, 5174S;
Cell Signaling Technology [CST], Danvers, MA, USA), rabbit anti-
calcium/calmodulin-dependent protein kinase II delta (CaMKIIδ)
(1:1000, #ab181052; Abcam, Cambridge, MA, USA), rabbit anti-
phosphorylated CaMKII (p-CaMKII) (1:1000, #12716S; CST), rabbit
anti-EPAC1 (1:1000, #ab109415; Abcam), and mouse anti-ABCC9
(1:500, #ab174629; Abcam). After washing three times, the
membranes were incubated with horseradish peroxidase-
conjugated secondary antibody for 1 h at room temperature.
The immunoblots were scanned and analyzed using the Omega
16ic Chemiluminescence Imaging System (Ultra‐Lum, Claremont,
CA, USA) and quantified using ImageJ software.

Enzyme‐linked immunosorbent assay
Cell supernatants were centrifuged at 3000 r/min for 10 min. The
content of ET-1 in the cell supernatants was detected using an
enzyme-linked immunosorbent kit (R&D Systems, Cambridge, UK)
according to the manufacturer’s instructions.

Quantitative PCR
Total RNA was isolated from the ipsilateral striatum using the
miRNeasy Mini Kit (Qiagen, Hilden, Germany). Then it was reverse
transcribed using a cDNA synthesis kit (Life Technologies,

Table 1. The primers for PCR amplification.

Target gene Forward primer sequence (5′ to 3′) Reverse primer sequence (5′ to 3′)

GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG

Kir6.1 TTGAACCACACGGGTCATCAT GCAGGTGCTATTTGCTTGGTTAG

Kir6.2 GTAGGGGACCTCCGAAAGAG CAGGAAGATGCCGTTACCAC

SUR1 GTTTTATAAGAGTAGTTGGAAGG TTATTAAAAACACCTTAATCCACCC

SUR2 CATGCCTGTTCAGATCATAATG AACACTGATGATGGCTTTG

CAMKIIa TATCCGCATCACTCAGTACCTG GAACTGGACGATCTGCCATTT

CAMKIIβ GCACGTCATTGGCGAGGAT ACGGGTCTCTTCGGACTGG

CAMKIIγ CGACTACCAGCTTTCGAGG GCCTCTCGTTCTAGTTTCTGATG

CAMKIIδ GCTAGGGACCATCAGAAACTG GTCTTCAAACAGTTCGCCAC

EPAC1
EPAC2

AGAGATGCCCGACTTAGCAA
ATAAAAGGCCGTTGGAGCGA

TTGGTCTGAGGAGATACG
GCCAGGACAGCATACCAGTT
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Carlsbad, CA, USA). Crossing threshold values were set at 2.0 and
normalized to the housekeeping gene GAPDH. The relative gene
expression was shown as the fold change (△△Ct) and normal-
ized to the control group. Primers for each index are listed in
Table 1.

Statistical analysis
Data are presented as the mean ± standard error of the mean.
Unless stated otherwise, all quantitative statistical assessments
were performed in a blinded manner. One‐way analysis of
variance (ANOVA) followed by the Student–Newman‐Keuls test
was used for comparisons of three or more groups. Data shown in
Figs. 1f, 2a, 4d, e were analyzed by two-way repeated measures

ANOVA followed by the Bonferroni post hoc test. If the assumption
of sphericity was violated with P < 0.05, we applied the
Greenhouse–Geisser procedure to correct the degrees of freedom
of the F-distribution. P < 0.05 was considered statistically
significant.

RESULTS
IPT treatment significantly alleviates ischemic brain injury and
promotes recovery of CBF
To assess the protective effects of IPT, we determined the
neurological score and observed the infarct size. The experimental
design is shown in Fig. 1a. Compared with the MCAO group,

Fig. 1 Iptakalim treatment significantly alleviates ischemic brain injury and promotes recovery of cerebral blood flow. a Schematic
diagram of experimental design. b Neurological score. c Representative TTC-staining brain slices. d Total volume of the ischemic lesion in the
ipsilateral hemisphere was assessed at post-MCAO 6 h. Data are presented as mean ± SEM, n= 8, *P < 0.05 vs. MCAO group. e The time course
of representative LSF images and (f) average CBF in the ipsilateral brain. Red color, high CBF; blue color, low CBF. Data are presented as mean
± SEM, n= 6, *P < 0.05 vs. MCAO group .
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treatment with IPT (10 mg/kg) significantly decreased the
neurological score (Fig. 1b). TTC-staining results showed that the
infarct size of the MCAO group was 21.5% ± 2.5%, which was
decreased to 15.5% ± 2.8% with IPT treatment (Fig. 1d). To
determine the potential therapeutic benefits of promoting
recovery of CBF, we used laser speckle Doppler flowmetry to
evaluate CBF changes during ischemia and reperfusion. After 5
min of brain ischemia, CBF decreased by 70% in the ipsilateral
brain (Fig. 1e) and rapidly recovered from reperfusion of 10min to
12 h (Fig. 1f). By contrast, IPT treatment (72.71% of baseline) led to
better recovery of CBF than the MCAO group (56.14% of baseline)
from reperfusion of 10min (Fig. 1f). At 6 h post-ischemia, the IPT
treatment group almost recovered to baseline (Fig. 1e). These
results indicated that IPT treatment promoted recovery of CBF,
decreased infarct size, and alleviated neurological impairment
after cerebral ischemia–reperfusion in mice.

IPT treatment improves cerebral microcirculatory dysfunction after
cerebral ischemia–reperfusion in mice
Microcirculatory perfusion determines the primary outcome of
ischemic stroke [26]. Thus, we observed microcirculatory blood
flow in the cortical region of interest using the multimodal optical
system imaging within 6 h of reperfusion. The results showed that
microcirculatory blood flow significantly decreased from 2 to 6 h
after reperfusion, while IPT treatment prevented the decrease in
CBF (Fig. 2a). Likewise, the number of capillaries was significantly
decreased at 6 h after reperfusion, while IPT treatment partially
reversed this trend (Fig. 2b). To further analyze the restoration of
microcirculatory dysfunction at the ipsilateral site, we measured
the diameter and number of red blood cells trapped in the
microvascular network at 6 h after reperfusion. Compared to
baseline, there was some microvascular rupture and hemorrhage
(marked with a red asterisk) at 1 h after ischemia. After 6 h of
reperfusion, a large area of the microvascular ruptured or
disappeared in the MCAO group with a significant decrease in
diameter, while treatment with IPT partially reversed this effect
(Fig. 2c). Capsular contracture leads to lots of trapped erythro-
cytes, which can be labeled by fluorescent sodium borohydride
(NaBH4) [8]. As shown in Fig. 2d, a significant number of NaBH4-
positive erythrocytes in the core region (57 ± 6/mm2) and
penumbra (80 ± 14/mm2) in the MCAO group were present after
6 h of reperfusion, but IPT treatment significantly reduced the
number of erythrocytes trapped in the core region (44 ± 1/mm2)
and penumbra (34 ± 6/mm2). Collectively, these results indicate
that IPT can improve microcirculatory dysfunction by increasing
the number of cells in the microvascular and its diameter, which
can prevent microcirculatory dysfunction after cerebral
ischemia–reperfusion.
The capillary contraction led to lots of trapped erythrocytes,

which could be labeled by fluorescent NaBH4 [8]. As shown in Fig.
2d, a significant number of NaBH4-positive erythrocytes in the
core region (57 ± 6/mm2) and penumbra (80 ± 14/mm2) in the
MCAO group after 6 h of reperfusion, but iptakalim treatment
significantly reduced the number of erythrocytes trapped in the
core region (44 ± 1/mm2) and penumbra (34 ± 6/mm2). Collec-
tively, these results indicated that iptakalim could improve
microcirculatory disorder by increasing the number of micro-
vascular and the diameter, which could prevent microcirculatory
disorder after cerebral ischemia and reperfusion.

IPT treatment dilates capillaries by inhibiting the contraction of
surrounding pericytes
The main reason for no-reflow after cerebral ischemia–reperfusion
is microcirculatory dysfunction caused by pericyte contraction.
Pericytes are mainly distributed around the capillaries, which are
approximately less than 10 μm in diameter. To show the relation-
ship between pericytes and capillaries, Texas Red dextran mixed
with gelatin solution was perfused in the blood vessels and co-

labeled with pericytes (NG2-positive cells). As shown in Fig. 3a,
compared to the sham group, there was reduced pericyte
coverage. In addition, many more Texas Red dextran-labeled
blood vessels were blurred and discontinuous with subtle breaks
in the MCAO group, whereas the red fluorescent blood vessels
were intact with fewer breaks in the IPT treatment group. We
further analyzed the diameter of blood vessels surrounding the
somata of pericytes and found that the mean diameter was about
7.8 μm in the MCAO group and 8.3 μm in the IPT group (Fig. 3b).
Furthermore, compared with the MCAO group, the intensity of

Texas Red dextran–gelatin was also significantly increased in the
IPT treatment group, especially at a distance of 10 μm from the
vascular obstruction site (Fig. 3c), as the processes of pericytes are
<10 μm away from each side of the soma [27]. To determine
whether pericyte contraction led to a decrease in the diameter of
capillaries after ischemia–reperfusion, we measured the diameter
of the Texas Red dextran–gelatin-labeled vessels 10 μm upstream
of the soma. In the MCAO group, the diameter of the soma was
0.705 ± 0.012, which was increased to 0.813 ± 0.034 with IPT
treatment (Fig. 3d). We also observed the area of capillaries
covered by pericytes by analyzing NG2- and Texas Red-labeled
pericytes. As shown in Fig. 3e, compared with the sham group, the
area was significantly decreased by 56% in the MCAO group
compared to only 71.9% with IPT treatment. These results suggest
that IPT treatment can dilate capillaries by inhibiting pericyte
contraction after cerebral ischemia–reperfusion.

IPT treatment inhibits pericyte contraction by reducing SUR2/
EPAC1 complex formation, intracellular calcium levels, and ET-1
secretion
IPT mainly acts on SUR subunits and SUR1 can directly bind to
EPAC2 in the SUR1/EPAC2 complex, which affects the opening of
Kir6.2/SUR1 channels [28]. We detected high mRNA expression of
Kir6.1, SUR2, and EPAC1 in pericytes (Supplementary Fig. 1).
Further investigations revealed that EPAC1 directly bound to the
SUR2 subunit to form complexes in pericytes after OGD/R, while
IPT treatment (10 μM) reduced SUR2/EPAC1 complex formation
(Fig. 4b). To confirm the role of EPAC1, we used the EPAC1-
selective agonist (007AM) to pretreat cells. The results showed
that OGD/R led to a significant decrease in cell viability, while
pretreatment with 007AM inhibited the protective effect of IPT
(Fig. 4f). Furthermore, compared to the control group, OGD/R
induced the upregulation of phosphorylated CAMKII/CAMKIIδ,
which was significantly decreased by IPT treatment; pretreatment
with 007AM partially inhibited the effect of IPT (Fig. 4c). The
intensity of intracellular calcium fluorescence significantly
increased over time after OGD/R. IPT treatment reversed this
increase in intracellular calcium, and pretreatment with 007AM
partially reversed the effect of IPT (Fig. 4d). The collagen gel
contraction assay showed that pericytes contracted from 6 to 24 h
after reoxygenation. IPT treatment inhibited pericyte contraction,
and the effect of IPT was reversed by 007AM pretreatment
(Fig. 4e). ET signaling plays a vital role in regulating calcium influx
and intracellular calcium homeostasis, and pericyte contraction is
mainly mediated by ET signaling [29]. We found that ET-1 level
was significantly increased after OGD/R, which was reduced by
IPT; 007AM pretreatment partially reversed the effect of IPT
(Fig. 4g). These data suggest that IPT opens the K-ATP channels by
inhibiting SUR2/EPAC1 complex formation, and reducing intracel-
lular calcium and ET-1 secretion, thus inhibiting pericyte contrac-
tion (Fig. 5).

DISCUSSION
The present findings demonstrated that IPT treatment can
improve microcirculation by preventing pericyte contraction. IPT
regulated pericyte contraction by reducing SUR2/EPAC1 com-
plex formation and opening the K-ATP channel, thus reducing
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Fig. 2 Iptakalim treatment significantly improves cerebral microcirculation disorder after cerebral ischemia and reperfusion injury. a
Representative images of microcirculation (left) and quantitative velocity of CBF (right) determined by a laser diode at λ3= 830 nm. Scale bar,
200 µm. Data are presented as mean ± SEM, n= 3, *P < 0.05; **P < 0.01 vs. MCAO group. b Representative images (upper) and quantitative
analysis of the number of microvessels in the ipsilateral (lower). Scale bar, 200 µm. Data are presented as mean ± SEM, n= 4, *P < 0.05 vs. 6 h of
reperfusion group; ##P < 0.01 vs. baseline group. c Representative images of microvessles (upper) and the diameter in the ipsilateral sites
(lower). Yellow, vessel diameter; red, localization of bleeding sites. Scale bar, 200 µm; data are presented as mean ± SEM, n= 4, **P < 0.01 vs. 6 h
of reperfusion group; #P < 0.05 vs. baseline group; $P < 0.05 vs. 0 h of reperfusion group. d Representative fluorescent images (left) and
quantification of erythrocytes (red) trapped in capillaries (right) at 6 h after reperfusion. The penumbra (■) and core (□) where erythrocytes
were counted are shown in the picture. Scale bar, 100 µm; data are presented as mean ± SEM, n= 5, *P < 0.05 vs. core of MCAO group; #P <
0.05 vs. penumbra of MCAO group.
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intracellular calcium and ET-1. This study revealed the novel
mechanisms underlying the protective effects of IPT against
cerebral ischemia by restoring CBF in targeted pericytes
(Scheme 1).

Recovering microcirculatory reperfusion is essential for saving
penumbra after cerebral ischemia–reperfusion injury. Currently,
primary therapeutic interventions are thrombolysis and surgical
thrombectomy [29]; however, microcirculatory dysfunction can

Fig. 3 Iptakalim treatment could dialate the capillaries by inhibiting the contraction of surrounding pericytes. a Representative images of
capillaries and pericytes in the ipsilateral side after reperfusion 6 h. Texas red with gelatin (red), fully perfused capillaries; NG2-positive cells
(green), pericytes. b Diameter of capillaries around the pericytes soma in the ipsilateral side after reperfusion 6 h. c The ratio of capillary
diameter from pericyte somata to the upstream of 10 μm after reperfusion 6 h. d The intensity of microvasculars labeled by Texas red in the
ipsilateral side at 6 h after reperfusion; (e) The number of pericytes covered around the capillaries in the ipsilateral side after at 6 h of
reperfusion. Scale bar, 100 µm. Data are presented as mean ± SEM, n= 5, *P < 0.05; **P < 0.01 vs. Sham group; #P < 0.05 vs. MCAO group.
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Fig. 4 Iptakalim treatment inhibits pericytes contraction by reducing formation of SUR2/EPAC1 complex, intracellular calcium and ET-1
secretion. a Schematic of experimental design. b Representative blots of SUR2/EPAC1 determined by co-immunoprecipitation.
c Representative blots (left) and quantification (right) of phosphorylated CAMKII and CAMKIIδ. Data are presented as mean ± SEM, n= 4,
*P < 0.05, vs. con group; #P < 0.05 vs. OGD group; $P < 0.05 vs. ipt group. d Representative fluorescence images of Fluo 4-AM at 6 h after OGD
(left) and time course of quantificative Fluo4-AM fluorescence (right). Scale bar is 50 µm. Data are presented as mean ± SEM, n= 4, *P < 0.05;
**P < 0.01 vs. OGD group; ##P < 0.01 vs. ipt plus 007AM group; $$P < 0.01 vs. baseline group. e Representative images of Collagen gel
contraction (left) and quantitative analysis of the area of collagen gel (right). Data are presented as mean ± SEM, n= 4, *P < 0.05; **P < 0.01 vs.
OGD group; #P < 0.05, ##P < 0.01 vs. ipt plus 007AM group. f Cell viability detected by MTT assay at 6 h after OGD. Data are presented as mean
± SEM, n= 5, **P < 0.01 vs. con group; #P < 0.05; ##P < 0.01 vs. OGD group; $$P < 0.01 vs. ipt group. g Quantification of ET-1 in the culture
medium of pericytes at 6 h after OGD. Data are presented as mean ± SEM, n= 4, **P < 0.01 vs. con group; #P < 0.05 vs. OGD group; $$P < 0.01
vs. ipt group.
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occur after thrombolysis and thrombectomy. Ames et al. [30]
showed that no-reflow occurred after cerebral ischemia. The
authors found that obstructed capillaries after ischemic insult
might account for incomplete microcirculatory reperfusion [7]. It
has been demonstrated that 50% of capillaries are unsuccessfully
restored with the no-reflow phenomenon. Potential mechanisms
of no-reflow in the brain include the following: cortical spreading
depression, neurovascular uncoupling, high extracellular K+

concentration, and vascular dysregulation [31, 32]; edema, swollen
endothelial cells, and astrocyte end-feet [33], increased perme-
ability of the blood–brain barrier leading to the collapse of
cerebral blood vessels [33, 34]; adhesion and aggregation of
blood-borne elements (erythrocytes, leukocytes, and platelets),
and rolling along the endothelium [35–37]; inflammatory response
resulting in brain damage [8, 36]; and vasoconstriction and
pericyte contraction [30, 31]. Most cerebral resistance vessels are
capillaries that do not contract on their own [38]. Accumulating
data have suggested that cerebral ischemia results in a decrease
in capillary diameter due to significantly increased pericytes
surrounding the constricted capillaries, preventing erythrocytes
from passing through the narrow capillaries [39]. Recently,
researchers found that pericytes are crucial for controlling the
microvascular blood flow. Preclinical and clinical studies have
proven that ischemia can result in capillary blood flow disorder
mediated by pericyte contraction, and microvascular constrictions
are independent of upstream vascular changes [27, 40]. The

contractile capacity of pericytes has been proven through in vitro
and in vivo studies [27–30], and they can respond to vasoactive
mediators [31–34]. Our data showed that pericytes began to
contract from 3 h after OGD to 24 h of reoxygenation. We also
demonstrated a significant decrease in the diameter of capillaries
surrounding the pericyte somata, and pericyte coverage
decreased by 56% in the penumbra at 6 h after reperfusion.
Therefore, many erythrocytes were trapped in the core and
penumbra, and displayed microcirculatory dysfunction at 6 h after
cerebral ischemia–reperfusion. The constricted capillary leads to
many trapped erythrocytes and microcirculatory dysfunction. It
can also promote fibrin strand formation and platelet aggregation
[39]. The lingering of red blood cells is the main cause of
imbalance between oxygen demand and supply in the blood,
increased capillary resistance, and capillary flow heterogeneity
[41]. Our data indicate that adjusting the contraction of the
pericyte may help restore CBF after cerebral ischemia–reperfusion.
Although this issue is controversial for several reasons [41–43]. The
first reason is that the category of pericytes is complicated. Mesh
pericytes overlay the capillaries with surrounding processes, but
lack smooth muscle actin [44], while precapillary sphincters, which
share attributes of smooth muscle cells, are also thought to be
part of the pericyte family [45]. The second reason is that
upstream arterioles can control capillary blood flow, and it is not
easy to distinguish them. In a recent study, Hartmann et al. [46]
used cause-and-effect optical manipulations to demonstrate that

Fig. 5 Schematic diagram of iptakalim regulating pericyte contraction. Iptakalim treatment could inhibit formation of SUR2/EPAC1
complex, and thus open the K-ATP channels. K-ATP channels Opening causes hyperpolarization of the cell membrane and reduces influx of
calcium, which contributes to pericyte contraction. In addition, it also reduces ET-1 secretion in pericytes and inhibits pericyte contraction.

Scheme 1 Iptakalim regulates pericyte contraction in ischemic stroke.
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distal capillary pericytes can slowly modulate flow resistance. A
small change in diameter (~20%–40%) may prevent the passage
of blood cells (e.g., erythrocytes, leukocytes, and platelets)
[21, 39, 40]. A small increase in diameter of 4 µm capillary is
sufficient to double the velocity of red blood cells [47]; however,
persistent pericyte contraction causes apoptosis, which, in turn,
decreases capillary blood flow and destroys the pericyte-
maintained blood–brain barrier [47, 48], all of which contribute
to neuronal damage.
Calcium influx is the classic mechanism implicated in cell

contraction, contributing to activating microtubules and actin
filaments [49]. Myosin and α-actin are the essential proteins for the
contraction and relaxation of vascular smooth muscle. Phosphory-
lated myosin light chain (MLC) stimulates interactions between
myosin and actin, cross-bridge cycling, and ultimately cell
contraction [50]. A recent study showed that α-actin-deficient
pericytes can significantly decrease the diameter of capillaries [27].
Another study suggested that filamentous actins (F-actin) are the
major actin in pericytes [51]. The current study demonstrated that
calcium fluorescence intensity significantly increased in pericytes
after OGD/R with associated upregulation of phosphorylated
CAMKII. ET-1, a potent vasoconstrictor, can induce intensive
vasoconstriction, acting on ETA receptors [50]. Furthermore, the
abundant production of reactive oxygen species can induce the
release of ET-1 and activated ETA receptor, leading to pericyte
contraction [40].
We found that ET-1 released from pericytes was significantly

increased after OGD/R. Previous studies have indicated that ET-1
results in vasoconstriction through protein kinase C-mediated
MLC kinase phosphorylation. Activation of the phospholipase C
pathway leads to diacyl-glycerol, and D-inositol-1,4,5-trispho-
sphate is crucial for ET-mediated transmembrane signaling.
Consequently, these pathways lead to an increase in intracellular
calcium. Thus, regulating calcium influx and ET-1 release are also
critically important mechanisms for regulating pericyte contrac-
tion. Treatment with IPT can notably inhibit pericyte contraction
after OGD/R and reduce calcium influx, thereby inhibiting ET-1
release. These data were consistent with previous studies,
showing that IPT protects cardiovascular function by opening
the SUR2B/Kir6.1 channel and decreasing ET-1 levels [52, 53].
IPT, a K-ATP channel opener, has been developed as an anti-

hypertensive agent with high selectivity for cardiac K-ATP
channels (Kir6.2/SUR2) and vascular K-ATP channels (Kir6.1/
SUR2). Physiologically, opening K-ATP channels result in hyperpo-
larization and dilatation of microvessels [54]. IPT can easily pass
through the blood–brain barrier and remain stable in the brain
(Tmax= 30min; Cmax= 2.25 μg/g), and the IPT concentration (Cmax)
in the brain decreased by 18% after 3 h. IPT treatment (0.5–10mg/
kg per day, IP) can reduce the high locomotor activity evoked by
ischemia and improve global cerebral ischemia-induced impair-
ment of working memory [14, 15]. This study found that IPT (10
mg/kg) could inhibit pericyte contraction and improve micro-
circulatory dysfunction and relax capillaries. Our data showed that
SUR2/Kir6.1 K-ATP channels were highly expressed in pericytes,
consistent with the results from a single-cell RNA sequencing
assay in a previous study [16]. Various metabolic signals can
control the switch of K-ATP channels. Second messenger cAMP-
dependent protein kinase phosphorylation moves the SUR2
interdomain and activates the vascular K-ATP channels [55]. EPAC
is a novel downstream target of cAMP, which has two isoforms
(EPAC1 and EPAC2) that play a vital role in activating the Ras-
related GTPases Rap1 and Rap2 [56]. EPAC2A is an obligatory
signal for sulfonylurea-induced insulin secretion in the MIN6
mouse pancreatic β cell line [57]. EPAC also influences the
function of voltage-dependent calcium channels, chloride chan-
nels, sodium channels, and calcium-dependent potassium chan-
nels in various cell types [58]. EPAC forms a protein complex with
other proteins [59]. Our novel finding was that EPAC1 was

abundantly expressed in pericytes and formed a complex with
SUR2. While IPT reduced SUR2/EPAC1 complex formation,
pretreatment with the EPAC1 agonist 007AM partially inhibited
the effects of IPT. Together, the results of this study demonstrate
that IPT reduces SUR2/EPAC1 complex formation to open the
K-ATP channels, thereby decreasing calcium influx and ET-1
secretion, all of which contribute to the inhibition of pericyte
contraction.

CONCLUSION
This study revealed that pericyte contraction caused capillary
constriction and microvascular disorder in the penumbra in the
acute stage of cerebral ischemia–reperfusion. IPT promoted K-ATP
channel opening by reducing SUR2/EPAC1 complex formation
and decreasing ET-1 release and calcium influx, thus relieving
pericyte contraction and restoring microvascular blood flow.
These data reveal a novel role of IPT in regulating pericyte
contraction. Our findings suggest that IPT might serve as a
potential regulator of pericytes for the treatment of ischemic
stroke.
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