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Background: Prevailing data suggest that ATP-sensitive potassium channels (KATP) contribute to a surpris-
ing resistance to hypoxia in mammalian embryos, thus we aimed to characterize the developmental
changes of KATP channels in murine fetal ventricular cardiomyocytes.
Methods: Patch clamp was applied to investigate the functions of KATP. RT-PCR, Western blot were used to
further characterize the molecular properties of KATP channels.
Results: Similar KATP current density was detected in ventricular cardiomyocytes of late development
stage (LDS) and early development stage (EDS). Molecular–biological study revealed the upregulation
of Kir6.1/SUR2A in membrane and Kir6.2 remained constant during development. Kir6.1, Kir6.2, and
SUR1 were detectable in the mitochondria without marked difference between EDS and LDS. Acute
hypoxia–ischemia led to cessation of APs in 62.5% of tested EDS cells and no APs cessation was observed
in LDS cells. SarcKATP blocker glibenclamide rescued 47% of EDS cells but converted 42.8% of LDS cells to
APs cessations under hypoxia-ischemic condition. MitoKATP blocker 5-HD did not significantly influence
the response to acute hypoxia–ischemia at either EDS or LDS. In summary, sarcKATP played distinct func-
tional roles under acute hypoxia-ischemic condition in EDS and LDS fetal ventricular cardiomyocytes,
with developmental changes in sarcKATP subunits. MitoKATP were not significantly involved in the
response of fetal cardiomyocytes to acute hypoxia–ischemia and no developmental changes of KATP sub-
units were found in mitochondria.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

KATP is a complex of inwardly-rectifying potassium channel sub-
units (Kir6.1 and Kir6.2) which form the channel pore and the sul-
fonylurea receptor subunits (SUR1 and SUR2) which confer a
regulatory role [1]. Previous studies have shown that tissue-spe-
cific expressions of different KATP channel subunits contribute to
their pharmacological properties [2–4]. Both sarcKATP and mitoKATP

exist in the heart [5–7], and take important roles in cardioprotec-
tion [6,8–10]. At the molecular level, cardiac sarcKATP channels
are primarily composed of Kir6.2 and SUR2A subunits [11,12].
However, the constitutions of mitoKATP are still unclear [9].
Both Kir6.1 and Kir6.2 are suspected to localize in mitochondria
[13,14].

SarcKATP channels gamer attention in the field of cardioprotec-
tion in ischemia, their opening leads to the cardiac action potential
duration (APD) shortage, the calcium entry reduction thus pre-
ll rights reserved.

ng).
serves the energy stores of myocytes [15]. MitoKATP channels are
postulated to play an important role in hypoxia–ischemia [10]
by triggering an increase in mitochondrial reactive oxygen
species (ROS) production leading to gene transcription and cell
growth [9]. Cardiac protection of ischemia is abolished by either
mitoKATP channel inhibitor [10,16,17] or sarcKATP channel blocker
[18,19].

Interestingly, mammalian embryos display a surprising resis-
tance to hypoxia, their sensitivity to hypoxia during development
is still controversial [20–22]. KATP is suspected to be involved in
such developmental changes in the heart [23]. However, distinct
developmental changes in KATP are reported by different research
groups [10,24]. Therefore we aimed to study the properties and
functions of KATP during cardiac development, and found the
developmental changes in sarcKATP subunits (Kir6.1, SUR2) except
Kir6.2, the consistent expression of each mitoKATP subunit (Kir6.1,
Kir6.2 and SUR1). SarcKATP played distinct functional roles under
acute hypoxia-ischemic condition in EDS and LDS fetal ventricular
cardiomyocytes. MitoKATP were not significantly involved in the re-
sponse of fetal cardiomyocytes to acute hypoxia–ischemia.
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2. Methods and materials

2.1. Harvesting and isolation of embryonic ventricular myocytes

Mice were superovulated and the hearts were harvested at the
early embryonic stage (EDS, E9.5–E10.5) and late embryonic stage
(LDS, E16.5–E17.5) [25,26]. Ventricles were enzymatically dissoci-
ated to get single cells as previously described [27,28]. The isolated
cells were plated on sterile gelatin-coated glass cover slips, cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) con-
taining 20% fetal bovine serum (FBS, Gibco) and kept in the
incubator for 24 h. Spontaneously beating cardiomyocytes were
used for functional studies.
2.2. RT-PCR

The ventricles of mouse embryos were rapidly removed and
flash-frozen in �80 �C to avoid RNA degradation. Total RNA was
prepared using Trizol method [13]. The final RNA pellet was resus-
pended in diethylpyrocarbonate-treated water or in RNA storage
solution. Reverse transcription was carried out with oligo (dT)
primers, using superscript first-strand cDNA synthesis kit (Invitro-
gen, USA). PCR was performed using 1 ll of the RT reaction as the
template. The cycling conditions consisted of an initial denaturing
time of 5 min (at 95 �C) followed by 29 cycles of denaturing at
95 �C for 30 s, annealing at (Tm-3) of each gene for 30 s, and exten-
sion at 72 �C for 45 s, and a final extension at 72 �C for 5 min. PCR
products (10 ll) were separated by agarose gel (2%) electrophore-
sis and visualized by staining with gold view. Primers used for
genes of interest in RT-PCR were listed in Table 1.
2.3. Western blotting

Total and sarcolemmal protein extracts of EDS or LDS ventricu-
lar samples were prepared as described previously [13]. Mitochon-
dria were collected by discontinuous percoll gradient purification
using a mitochondria subtract kit (Solabia Co., China). Sarcolemmal
or mitochondrial proteins were fractioned on SDS–polyacrylamide
gels and transferred to PVDF membranes. After incubation for 1 h
in TBS-Tween blocking solution with 5% nonfat milk, proteins were
incubated overnight at 4 �C with primary antibody against Kir6.1
(1:500, rabbit anti-mouse, ab80972), Kir6.2 (1:500, rabbit anti-
mouse, ab79171), SUR1 (rabbit anti-mouse, 1:500, ab32844), or
ABCC9 (1:500, rabbit anti-mouse, ab84299) in TBS-Tween contain-
ing 2% BSA. Membranes were washed and incubated for 1 h at
room temperature with secondary antibodies (goat anti-rabbit
IgG 1:2000, Proteintech Group, USA). Bound antibodies were de-
tected using enhanced luminal and oxidizing reagents as specified
by the manufacturer (ECL, Amersham Biosciences).
Table 1
Primer sequences used for PCR to detect mRNA levels of each KATP subunit.

Species Gene bank Pairs Primer sequences Product
size (bp)

Kir 6.1 NM_008428 F 50-ACCAGAATTCTCTGCGG-30 297
R 50-GCCCTGAACTGGTGAGT-30

Kir 6.2 NM_001204411 F 50-TTGGAAGGCGTGGTAGAAAC-30 312
R 50-GGACAAGGAATCTGGAGAGA-30

SUR 1 NM_001044720 F 50-GCCTTCGTGAGAAAGACCAG-30 217
R 50-GAAGCTTCTCCGGTTTGTCA-30

SUR 2 NM_011511 F 50-CCATCATCAGTGTTCAAAAGC-30 148
R 50-GGCTGCTTCCTGTTTATTGG-30
2.4. Electrophysiological recordings

Action potentials (APs) and membrane currents were recorded
with conventional whole-cell patch-clamp technique using an
Axopatch 200A amplifier and a Digital 1200 interface controlled
by PCLAMP 9.0 software. Currents were filtered at 1 kHz and sam-
pled at 2 kHz. Data were analyzed using Clampfit software (Axon
Instruments, USA). Patch pipettes (2–3 MO tip resistance) were
fabricated from borosilicate capillaries using an electrode puller
(700C, Japan). All patch-clamp experiments were performed at
35 �C. Cardiomyocytes were superfused with the normal Tyrode’s
solution containing (mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1,
HEPES 10, D-glucose 10 (pH 7.4 with NaOH). Patch pipettes were
filled with the internal solution (mM): KCl 50, K-asparate 80, EGTA
10, HEPES 10, Na2ATP 3.0, MgCl2 1.0 (pH 7.4 with KOH). Hypoxia–
ischemia solution was established by replacing D-glucose with
2-deoxyglucose and bubbled with 100% nitrogen [29]. Since
increased extracellular K+ concentration increases potassium
conductance [30], the normal Tyrode’s solution was modified as
following to record KATP current (mM): KCl 30, NaCl 115, CaCl2

1.8, MgCl2 1.0, HEPES 10, D-glucose 10, EGTA 1.0, CdCl2 0.5 (pH
7.4 with NaOH). A selective KATP opener, pinacidil (20 lM) (Sigma
Chemical Co., USA) was applied to activate KATP channel under nor-
mal condition. KATP was further identified as the 10 lM glibencla-
mide (Sigma Chemical Co., USA) sensitive current. Currents were
recorded at a holding potential of �40 mV to inactivate the volt-
age-gated Na+ channels, followed by a testing potential at
�70 mV for 1 s.

2.5. Data analysis and statistical analysis

For the analysis of individual electrophysiological experiments
the control data were obtained by averaging APs recorded in the
last five seconds before the respective treatment using AP analysis
software programmed by Dr. Philipp Sasse (University of Bonn,
Germany). Data of the experimental group were obtained from
the last five seconds of treatment. If halt of APs occurred, action po-
tential duration (APD) in the experimental group was obtained
from the last five seconds before AP halt. Data were presented as
mean ± SEM, with N represented the number of experiments or
cells for analysis. Student’s paired or unpaired t test was used
where applicable. A value of ⁄p < 0.05 or #p < 0.05 was considered
statistically significant.
3. Results

3.1. Functions of sarcKATP under physiological condition

KATP specific opener pinacidil (20 lM) and sarcKATP specific
blocker glibenclamide (10 lM) were applied to investigate the
functional role of KATP under physiological condition. Glibencla-
mide had no effects on APs recorded in both EDS and LDS cardio-
myocytes (Fig. 1A), indicating the inactivation status of sarcKATP

under physiological condition. Meanwhile, KATP of similar current
density was elicited by pinacidil in EDS and LDS cells (EDS:
�15.0 ± 3.0 pA/pF, N = 15; LDS: �16.0 ± 3.8 pA/pF, N = 18, p > 0.05
EDS vs. LDS) (Fig. 1B).

3.2. Different reactions to acute hypoxia-ischemia during development

Exposure to acute hypoxic-ischemic condition led to a halt of
APs in 62.5% of tested EDS cardiomyocytes (p < 0.05, N = 10) while
cells persisted in beating in all tested LDS cells (N = 10). Upon
reoxygenation, the effect was largely restored to pre-anoxia
(Fig. 2A). The hypoxia induced APD shortening, similarly at EDS



Fig. 1. KATP current and its role under normal condition in fetal ventricular cardiomyocytes. (A) Effects of 10 lM glibenclamide on APs recorded in EDS cells (upper panel) and
LDS cells (lower panel). (B) 10 lM pinacidil elicited KATP current density in EDS cells and LDS cells. n.s insignificantly changed.
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(by 21.25 ± 3.6%, N = 7) and LDS (by 25.64 ± 4.8%, N = 7) (p > 0.05
EDS vs. LDS), obvious hyperpolarization of MDP was observed at
LDS (3.95 ± 0.6 mV, N = 14, p < 0.05) while slightly at EDS
(1.1 ± 0.2 mV, N = 10, p > 0.05) (Fig. 2A, Table 2). Present study indi-
cated that EDS cardiomyocytes were more sensitive to acute hy-
poxia–ischemia than LDS cells.

3.3. Functions of sarcKATP under acute hypoxia-ischemic condition

Generally accepted sarcKATP blocker glibenclamide (10 lM) was
applied in the hypoxia–ischemia solution to investigate functional
contribution of sarcKATP to the above responses to acute hypoxia–
ischemia. Contrary effects of glibenclamide were revealed in EDS
and LDS ventricular cells. The additional application of glibencla-
mide led to APs cessation in less EDS cells (33.3% of tested EDS,
p < 0.05) whereas elevated the incidence of APs cessation to
42.8% at LDS (N = 10, p < 0.05). In parallel, glibenclamide restored
the APD shortening (N = 12, p < 0.05) at EDS while not at LDS.
Moreover, glibenclamide reversed acute hypoxia–ischemia in-
duced MDP hyperpolarization at LDS (p < 0.05) and did not signif-
icantly changed MDP at EDS (Fig. 2B, Table 2). These data
suggested the distinct functional roles of sarcKATP in acute hypox-
ia–ischemia during development.

3.4. Functions of mitoKATP under acute hypoxia-ischemic condition

MitoKATP blocker 5-HD (100 lM) was applied in the hypoxia–
ischemia solution to investigate functional contribution of mito-
KATP to the above responses to acute hypoxia–ischemia. Additional
application of 5-HD led to APs cessation in 60% of EDS cells
whereas no AP cessation occurred at LDS, which were similar to
the direct responses to acute hypoxia–ischemia. Furthermore,
5-HD slightly attenuated the response of APD shortening and
hyperpolarization of MDP to acute hypoxia–ischemia at EDS and
LDS (Fig. 2C, Table 2), however, without significant differences
(p > 0.05). These suggested the minor contribution of mitoKATP to
the response of EDS or LDS cell to acute hypoxia–ischemia.
3.5. Developmental changes in KATP channel subunits

The electrophysiological data strongly suggested the distinct
contribution of KATP channels in the above response of EDS/LDS
cells under physiological or acute hypoxia–ischemic condition
Thus expression of each KATP channel subunit in EDS and LDS
cardiomyocytes were studied. As demonstrated by RT-PCR data,
expressions of Kir6.1, SUR1 and SUR2 mRNA were low at EDS
and up-regulated at LDS (N = 4, p < 0.05 EDS vs. LDS). No significant
changes in Kir6.2 from EDS to LDS were detected (N = 4, p > 0.05
EDS vs. LDS) (Fig. 3A). Total protein extracts from EDS and LDS ven-
tricles displayed similar developmental changes of each subunit to
that revealed at mRNA level (Fig. 3B). At EDS Kir6.2 was expressed
slightly higher than Kir6.1, whereas at LDS Kir6.1 was predomi-
nantly expressed. SUR2A seemed to take a major part in regulatory
subunits.

Special analysis on the sarcolemmal protein extract from EDS
and LDS ventricles displayed developmental changes of sarcKATP

subunits. In each case, the expression level of Kir6.1, SUR2A was
lower in the EDS membrane than that in the LDS membrane
(N = 3, p < 0.05 EDS vs. LDS). Kir6.2 expression was not significantly
up-regulated (N = 3, p > 0.05 EDS vs. LDS). Moreover, SUR1 was not
found at EDS or LDS (Fig. 3D).

Western blotting data gave an additional explanation of each
KATP channel subunit in mitochondria. The expressions of Kir6.1,
Kir6.2, and SUR1 in the mitochondria were detected, while SUR2A
was undetectable. No marked difference was found in the expres-
sion of Kir6.1, Kir6.2 and SUR1 between EDS and LDS (N = 3,
p > 0.05 EDS vs. LDS) (Fig. 3D).



Fig. 2. Responses to acute hypoxia–ischemia and functional roles of KATP channel in such responses. (A) Distinct sensitivity of EDS and LDS cells to acute hypoxia–ischemia.
(B) Effects of sarcKATP blocker glibenclamide on response of fetal cardiomyocytes to acute hypoxia–ischemia. (C) Effects of mitoKATP blocker 5-HD on response of fetal
cardiomyocytes to acute hypoxia–ischemia.

Table 2
Changes in action potential parameters during hypoxia–ischemia (H) in the absence and presence of glibenclamide (H + gli) or 5-HD (H + 5-HD).

EDS LDS

H H + gli H + 5-HD H H + gli H + 5-HD

AP cessation (%) 62.5* 33.3# 60 0 42.8# 0
MDP (by mV) 1.1 ± 0.2 0.6 ± 0.1 0.8 ± 0.3 3.95 ± 0.6* �1.54 ± 0.3# 2.92 ± 0.4
APD90 (%) 21.25 ± 3.6* �7.9 ± 1.9# 17.66 ± 4.3 25.64 ± 4.8* 23.69 ± 3.2 20.02 ± 4.3

H: acute hypoxia–ischemia, gli: glibenclamide.
* p < 0.05 vs. control.
# p < 0.05 vs. H.
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Fig. 3. Molecular analysis of KATP channel subunits in fetal ventricles. (A) Expressions of Kir6.1, Kir6.2, SUR1, and SUR2 at mRNA level in EDS and LDS ventricular tissues. (B)
Expressions of Kir6.1, Kir6.2, SUR1, and SUR2A at protein level in EDS and LDS ventricles. (C) Expressions of Kir6.1, Kir6.2, SUR1, and SUR2A at protein level in EDS and LDS
ventricular membrane. (D) Expressions of Kir6.1, Kir6.2, SUR1, and SUR2A at protein level in EDS and LDS ventricular mitochondria. ⁄p < 0.05 EDS vs. LDS.
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4. Discussion

The present study revealed that (1) SarcKATP current density re-
mained constant during development and kept inactivation status
under physiological condition. (2) EDS cardiomyocytes were more
sensitive to acute hypoxia–ischemia than LDS cells. SarcKATP

blocker glibenclamide rescued most EDS cells under hypoxia-
ischemic condition by reversing the shortage of APD. At LDS,
glibenclamide increased the sensitivity of cells to acute hypoxia–
ischemia by reversing the MDP hyperpolarization. MitoKATP
blocker 5-HD had little effect on the sensitivity of fetal cardiomyo-
cytes to acute hypoxia–ischemia. (3) Developmental changes were
observed in sarcKATP subunits while not in mitoKATP subunits. SUR1
was observed on mitochondria and undetectable on cell mem-
brane, SUR2A was localizing on cell membrane and absent on
mitochondria whereas.

In consistent with previous investigation, KATP opener pinacidil
elicited similar KATP current density in EDS and LDS murine ven-
tricular cardiomyocytes [24]. Moreover, analysis on sarcolemmal
protein extracts revealed that the sarcKATP subunits Kir6.1 and
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SUR2A up-regulated during fetal development, however, Kir6.2 re-
mained constant. The expression of Kir6.2 was predominantly
higher than Kir6.1 at EDS, and SUR2A seemed to be the only regu-
latory subunit in sarcKATP. Although the well accepted model of
sarcKATP was Kir6.2/SUR2A with stoichiometry of 4:4 [11,31], the
impaired expression level of Kir6.2 and SUR2A strongly suggested
involvement of Kir6.1 in fetal sarcKATP, as postulated previously
that heteromultimeric interaction between Kir6.1 and Kir6.2
subunits [32–34] may occur to form the immature heart KATP chan-
nels [35]. Overexpression of SUR2A gene resulted in increase in le-
vel of sarcKATP channels [13], thus upregulation of SUR2A in fetal
development might favor the consistent whole cell KATP current
density.

Opening of KATP during myocardial ischemia caused membrane
hyperpolarization, shortened the APD and decreased Ca2+ influx
through L-type channels, thus prevented cardiac Ca2+ overload
and increased cell survival [36]. This could well explain our obser-
vation that sarcKATP blocker glibenclamide converted the beating
LDS cells to APs cessation under acute hypoxic–ischemic condition.
However, the present study demonstrated a contrary effect of
sarcKATP opening on ventricular cardiomyocytes. Glibenclamide
rescued most EDS cells under hypoxia-ischemic condition by
reversing the shortage of APD. This might due to the less expres-
sion of L-type calcium channel in EDS cells [37,38] and Ca2+ influx
were essential for EDS cell excitability [37,39,40]. APD shortening
decreased the Ca2+ influx therefore the Ca2+ influx were not suffi-
cient to initiate the AP generation.

Some reports revealed the upregulation of each KATP subunit
during fetal cardiac development [35] and the biophysical and
pharmacological properties of that differed from that in the adult
[41,42]. All these reports provided neither the molecular biochem-
ical evidence of both sarcKATP and mitoKATP, nor the KATP current
density during fetal ventricle development as detailed in the pres-
ent study. The western blot data showed the absence of SUR1 in
sarcKATP subunits in fetal ventricles, with the expression of SUR1
elevated in ventricles during development but remained constant
in mitochondria, suggesting some unknown localization of SUR1.
Furthermore, our data revealed that Kir6.1/Kir6.2 and SUR1 could
be the constitutions of mitoKATP. 5-HD specially blocked channels
formed by SUR1/Kir6.1 or Kir6.2 [43]. Thus data in this study ex-
cluded the essential role of mitoKATP in the response of fetal cardio-
myocytes to acute hypoxia–ischemia.

Several studies reported that mammalian embryos showed a
surprising degree of resistance to hypoxia, embryos became more
sensitive to hypoxia during the middle of gestation in rat
[20,22,44]. Other study showed that EDS cardiomyocytes were
more sensitive to acute hypoxia–ischemia, as demonstrated in an
early chicken embryo model [21]. Sensitivity to hypoxia–ischemia
during development was still disputed. The previous findings were
under hypoxic condition in vivo, our work firstly applied patch
clamp to investigate the electrophysiology properties under acute
hypoxia at cell level, and provided a proof that EDS cardiomyocytes
were more sensitive to acute hypoxia–ischemia than LDS cells.

It is the first study that reveals the functional roles of KATP chan-
nels in fetal cardiomyocytes under acute hypoxia-ischemic condi-
tion. This gives a new insight into cardiogenesis as well as the
new knowledge on KATP channels.
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