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Sato T, Kobayashi T, Kuno A, Miki T, Tanno M, Kouzu H, Itoh
T, Ishikawa S, Kojima T, Miura T, Tohse N. Type 2 diabetes
induces subendocardium-predominant reduction in transient outward
K� current with downregulation of Kv4.2 and KChIP2. Am J Physiol
Heart Circ Physiol 306: H1054–H1065, 2014. First published Janu-
ary 31, 2014; doi:10.1152/ajpheart.00414.2013.—In the present
study, we examined if and how cardiac ion channels are modified by
type 2 diabetes mellitus (T2DM). Subendocardial (Endo) myocytes
and subepicardial (Epi) myocytes were isolated from left ventricles of
Otsuka-Long-Evans-Tokushima Fatty rats (OLETF) rats, a rat model
of T2DM, and Otsuka-Long-Evans-Tokushima (LETO) rats (nondia-
betic control rats). Endo and Epi myocytes were used for whole cell
patch-clamp recordings and for protein and mRNA analyses. Action
potential durations in Endo and Epi myocytes were longer in OLETF
rats than in LETO rats, and the difference was larger in Endo
myocytes. Steady-state transient outward K� current (Ito) density was
reduced in Endo but not Epi myocytes of OLETF rats compared with
LETO rats, although the contribution of the fast component of Ito

recovery from inactivation was smaller in both Endo and Epi myo-
cytes of OLETF rats than in LETO rats. Kv4.2 protein was reduced
only in Endo myocytes in OLETF rats, although voltage-gated K�

channel-interacting protein 2 (KChIP2) protein levels in both Endo
and Epi myocytes were lower in OLETF rats than in LETO rats.
Corresponding regional differences in mRNA levels of KChIP2 and
Kv4.2 were observed between OLETF and LETO rats. mRNA levels
of Iroquois homeobox 5 in Endo myocytes were 53% higher in
OLETF rats than in LETO rats. Densities of inward rectifier K�

current and L-type Ca2� current and mRNA levels of Kv4.3 and
Kv1.4 were similar in OLETF and LETO rats. In conclusion, T2DM
induces Endo-predominant prolongation of the action potential dura-
tion via a reduction of the fast component of Ito recovery from
inactivation and reduced steady-state Ito, in which downregulation of
Kv4.2 and KChIP2 may be involved. Increased Iroquois homeobox 5
expression may underlie Kv4.2 downregulation in T2DM.

cardiac ion channel remodeling; Iroquois homeobox 5; voltage-gated
K� channel-interacting protein 2; Kv4.2; type 2 diabetes

DIABETES MELLITUS (DM) is associated with not only atheroscle-
rotic vascular events but also a high risk of nonischemic
ventricular dysfunction, so-called “diabetic cardiomyopathy”
(18). Diabetes is one of the diseases underlying heart failure
with preserved left ventricular (LV) ejection fraction (2), and

the prognosis of heart failure has been shown to be substantially
worsened by diabetes. A number of studies in the past two
decades have disclosed abnormalities in the microcirculation,
mitochondria, and metabolism in diabetic hearts, as recently
reviewed elsewhere (18). However, knowledge of electrical
remodeling in the heart by type 2 DM (T2DM) is very limited.
Most of the earlier studies used models of type 1 DM (T1DM;
i.e., streptozotocin-induced and alloxan-induced diabetes) and
showed that the action potential (AP) duration (APD) was
prolonged and that the transient outward K� current (Ito),
L-type Ca2� current (ICa,L), and inward rectifier K� current
(IK1) were reduced in T1DM (31, 38, 45). However, it remains
unclear whether T2DM induces the same electrical remodeling
as that induced by T1DM. Hyperglycemia is a common feature
in all animal models of diabetes, but plasma levels of insulin
and lipids are different in T1DM and T2DM and also in models
of T2DM (28, 44). In addition, characteristics of LV pressure-
volume relationship are different in T1DM and T2DM (25),
indicating a possible difference in modifications of excitation-
contraction coupling between the two types of DM.

In the present study, we aimed to characterize the influence
of T2DM on APD and ion currents in cardiomyocytes. We
used Otsuka-Long-Evans-Tokushima-Fatty (OLETF) rats, as a
model of T2DM, and their nondiabetic controls, Otsuka-Long-
Evans-Tokushima (LETO) rats. OLETF rats lack the chole-
cystokinin-A receptor, which regulates appetite, and spontane-
ously develop hyperphagia, obesity, hyperglycemia, hypertri-
glyceridemia, hyperinsulinemia, and mild hypertension (19,
27, 44). Metabolic features of OLETF rats and mild hyperten-
sion at 25�30 wk of age were confirmed in our previous
studies showing a reduction in end-diastolic ventricular elas-
tance with preserved end-systolic ventricular elastance (35)
and enlargement of infarct size after ischemia-reperfusion (17).
Considering the transmural difference in electrophysiological
properties in the ventricle, we examined the kinetics of ion
channel currents and mRNA and protein expression levels of
ion channel subunits separately in the subendocardial (Endo)
and subepicardial (Epi) myocardium.

METHODS

Animal preparation. This study was conducted in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Pub. No. 85-23, Revised 1996), and all
animal experiments were approved by the Animal Use Committee of
Sapporo Medical University. Male OLETF and LETO rats at 25–30
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wk of age were analgesized with buprenorphine (0.03 mg/kg ip) and
anesthetized with pentobarbital sodium (80 mg/kg ip). The adequacy
of anesthesia was determined by a negative toe pinch reflex, and the
chest was then opened for isolation of the heart.

Myocyte isolation. Isolation of myocytes from rat hearts was
performed as previously described with slight modifications (36).
Briefly, the heart was quickly excised from the open-chest rat and was
retrogradely perfused in a Langendorff apparatus with normal Tyrode
solution containing (in mmol/l) 143 NaCl, 5.4 KCl, 0.5 MgCl2, 1.8
CaCl2, 0.33 NaH2PO4, 5.5 glucose, and 5.0 HEPES (pH adjusted to
7.4 with NaOH). The perfusate was oxygenated with 100% O2 and
kept at 37°C. After 10 min of perfusion with normal Tyrode solution,
the perfusate was changed to Ca2�-free Tyrode solution for 20 min.
The heart was then perfused with Ca2�-free Tyrode solution contain-
ing 0.3 mg/ml collagenase (Wako Chemicals, Osaka, Japan) for 35
min, and the LV was removed and placed in Kraftbrühe solution
containing (in mmol/l) 40 KCl, 3.0 MgCl2, 20 KH2PO4, 50 L-glutamic
acid, 20 taurine, 10 glucose, 0.5 EGTA, and 10 HEPES (pH adjusted
to 7.4 with KOH). Small pieces of LV free wall tissues were dissected
from the Endo and Epi surfaces (to a depth not exceeding 10% of the
thickness of the ventricular wall) using fine scissors, and Endo and Epi
tissues were used for the isolation of Endo and Epi myocytes,
respectively. The dissected tissue pieces were suspended in Kraft-
brühe solution, gently stirred, and filtered through a 100-�m pore
stainless steel mesh. The cell suspension was stored in a refrigerator
(4°C). Isolated myocytes were used at 1–7 h after isolation.

Patch-clamp recording. Whole cell patch-clamp recordings were
performed using a patch-clamp amplifer (Axopatch 200B, Axon
Instruments, Union City, CA) according to standard techniques with
slight modifications as previously described (36). Patch pipettes had
tip resistances of 3–4 M� for AP recording and 2–3 M� for ionic
current recording. Cells were placed in a perfusion chamber (1 ml in
volume) and constantly superfused with external solutions at 37°C.

APs were recorded in the current-clamp mode. As in our previous
studies (12, 20), the internal solution contained (in mmol/l) 20 KCl,
110 L-asparate, 1.0 MgCl2, 5.0 K2-ATP, 5.0 creatine phosphate-K2,
5.0 EGTA, and 5.0 HEPES (pH of the solution was adjusted to 7.4
with KOH). The final concentration of K� in the internal solution
determined by a radiometer was 152 mmol/l. The external solution
was normal Tyrode solution. To determine the stimulation current,
APs were evoked by brief (0.5 ms) currents of 1–20 nA at 1-s
intervals. Stimulation currents were defined by the next current of
threshold current. APs were evoked by stimulation currents at 1 Hz 15
times. APDs were measured at 25%, 50%, and 90% repolarization
(APD25, APD50, and APD90, respectively). Steady-state APD was
defined as APD at the 15th stimulation. In addition to 1 Hz, 4 Hz was
tried as the frequency of stimulation in preliminary experiments, but
it often induced cell death, possibly as a result of Ca2� overload, and
thus was not selected in this study.

Voltage-clamp experiments were performed to record ionic cur-
rents. For recording K� currents, the internal solution was the same as
that used for the current-clamp experiments. The external solution
contained (in mmol/l) 143 choline Cl, 5.4 KCl, 0.5 MgCl2, 2.0 CoCl2,
5.5 glucose, and 5.0 HEPES (pH adjusted to 7.4 with Tris). To
eliminate Na� current (INa) and Ca2� current, NaCl was replaced with
choline Cl and CaCl2 was replaced with CoCl2 in the external
solution. We selected Co2� to block ICa,L since Co2� eliminated ICa,L

in rat ventricular myocytes without any major effects on Ito in our
previous study (37). Ito was elicited by a series of 300-ms test
potentials from �40 to �50 mV from a holding potential of �80 mV.
Ito was determined by subtracting the sustained outward current (Iss)
from the peak outward current (Ipeak). Ito was determined also as a
current sensitive to a high concentration (3 mM) of 4-aminopyridine
(4-AP; Wako Chemicals, Osaka, Japan), as previously reported (43).
In addition, we examined currents sensitive to a low concentration (50
�M) of 4-AP, which represents slow inactivation kinetics (43, 47).
Recovery of Ito (Ipeak � Iss) from inactivation was examined by a

double-pulse protocol with voltage steps from �80 to �50 mV and an
interval varying from 1 to 3,000 ms. Since the Ito recovery process
consists of at least two components (11, 12), the process was fitted
with a two-component exponential function.

IK1 was elicted by voltage steps from �110 to �40 mV from a
holding potential of �80 mV. IK1 was determined by current densities
at 300 ms from the start of voltage steps. For recording ICa,L, a
Cs�-rich internal solution was used to isolate ICa,L. The internal
solution contained (in mmol/l) 20 CsCl, 110 L-asparate, 1.0 MgCl2,
5.0 Mg-ATP, 5.0 creatine phosphate-Na2, 10 EGTA, and 5.0 HEPES
(pH adjusted to 7.4 with CsOH). The Ca2� concentration in the
internal solution was not directly measured but was presumably kept
negligibly low by EGTA. The external solution contained (in mmol/l)
143 choline Cl, 5.4 CsCl, 0.5 MgCl2, 1.8 CaCl2, 5.5 glucose, and 5.0
HEPES (pH adjusted to 7.4 with Tris). ICa,L was elicited by a series
of 300-ms test potentials from �60 to �50 mV from a holding
potential of �90 mV. Pipette capacitance compensation was not used
to obtain an accurate current-voltage relation. All liquid junction
potentials (�10 mV) were compensated. Current signals were filtered
at 2 kHz and digitized at 10 kHz. Current amplitudes were normalized
to cell capacitance to correct for different cell sizes.

RNA preparation and quantitative RT-PCR. RNA was extracted
from tissue samples and analyzed as previously reported (9, 35). In
brief, Endo and Epi tissues were carefully sampled with sharp scissors
in cold (4°C) Tyrode solution in a refrigerator room. Tissues were
frozen in liquid nitrogen and stored at �80°C. Total RNA was
extracted from frozen myocardial tissue samples using an RNeasy
Mini Kit (Qiagen, Germantown, MD) according to the manufacturer’s
instructions. Quantitative RT-PCR was performed on a StepOne
RT-PCR system (Applied Biosystems) using either Taqman Universal
Master Mix or Power SYBR green Master Mix, depending on target
genes. The following Taqman probes were used: KCND2 (Kv4.2),
Rn00581941_m1; KCND3 (Kv4.3), Rn01534234_m1; KCNA4 (Kv1.4),
Rn02532059_s1; Iroquois homeobox 5 (Irx5), Rn01538194_m1; and
�-actin (ActB), Rn00667869_m1. Primer sequences were as follows:
KCNE4 (MiRP3), 5=-TGGAAGGGGATAGTGTGAGC-3= and 5=-
TGTAGACCCTTCGCTGCTTT-3=; KCNIP2 [voltage-gated K� chan-
nel-interacting protein 2 (KChIP2)], 5=- GCTACTTTTCTCTTCAAT-
GCCTT-3= and 5=-AAACCAGCCACAAAGTCCTCAA-3=; SCN5A
(Nav1.5), 5=-TCTTCGACAGCATCATCGTC-3= and 5=-GACTTGGC-
CAGCTTGAAGAC-3=; and Iroquois homeobox 4 (Irx4), 5=-TGCT-
GATGGAGCTGTTATGG-3= and 5=-TGGTGCCTATCCAGAG-
TTCC-3=. Differences between mRNA levels were examined by the
comparative threshold cycle method. �-Actin was used as an endogenous
control.

Immunoblot analysis. Myocardial tissues from Endo and Epi re-
gions of the LV were minced in ice-cold mannitol-sucrose-EGTA
buffer containing (in mmol/l) 225 mannitol, 75 sucrose, 1 EGTA, and
20 HEPES-KOH (pH 7.4) with a protease inhibitor cocktail (Com-
plete Mini, Roche Molecular Biochemicals, Mannheim, Germany).
Minced samples were homogenized using a Polyton PT-MR3100
(Kinematica, Littau, Switzerland). The homogenate was centrifuged at
13,000 g for 15 min, and the supernatant was stored at �80°C until
immunoblot analyses. Aliquots of 30 �g protein/lane for each sample
were electrophoresed in 12.5% SDS-polyacrylamide gels and electro-
blotted onto polyvinylidene difluoride membranes (Cosmo Bio, To-
kyo, Japan). After being blocked with Tris buffer containing 5%
skimmed milk and 0.1% Tween 20, membranes were incubated with
antibodies against KChIP2 (Santa Cruz Biotechnology, Santa Cruz,
CA) and Kv4.2 (Cell Signaling Technology, Danvers, MA). The
anti-Kv4.2 antibody was selected on the basis of results of pilot
experiments in which five commercially available antibodies against
Kv4.2 were tested. Membranes were then used for reblotting with
anti-vinculin antibodies (Sigma-Aldrich, St. Louis, MO) after being
stripped using Restore Plus Western Blot Stripping Buffer (Thermo
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Scientific, Rockford, IL). Vinculin was used as a loading control.
Immunoblotted proteins were visualized using an Immobilon Western
detection kit (Millipore, Billerica, MA) and quantified by a lumino-
image analyzer (LAS-3000mini, Fujifilm, Tokyo, Japan).

Surface ECG. Under anesthesia by the methods described above,
the lead II ECG in OLETF and LETO rats was recorded by a
PoweLab data-acquisition system (AD Instruments, Dunedin, New
Zealand), and the data were analyzed using LabChart (AD Instru-

Fig. 1. Action potentials (APs) in subendocar-
dial (Endo) and subepicardial (Epi) myocytes.
A: representative steady-state AP recordings
with stimulation at 1 Hz in myocytes. B: com-
parisons of AP durations (APDs) at 25%, 50%,
and 90% repolarization (APD25, APD50, and
APD90, respectively) in myocytes between Ot-
suka-Long-Evans-Tokushima (LETO) and Ot-
suka-Long-Evans-Tokushima Fatty (OLETF)
rats. C: relationships between the number of
stimulations and APD (APD25 and APD50).
n 21 LETO Endo myocytes, 19 OLETF Endo
myocytes, 21 LETO Epi myocytes, and 17
OLETF Epi myocytes. *P � 0.05 vs. LETO
Endo myocytes; †P � 0.05 vs. LETO Epi
myocytes; ‡P � 0.05 vs. OLETF Endo myo-
cytes.

Table 1. Properties of action potentials

Subendocardium Subepicardium

LETO rats OLETF rats LETO rats OLETF rats

Number 21 19 21 17
Membrane capacitance, pF 263.0 	 16.3 252.4 	 13.0 261.8 	 12.4 267.3 	 15.3
Resting membrane potential, mV �83.8 	 0.30 �83.5 	 0.24 �83.3 	 0.23 �83.9 	 0.25
Overshoot, mV 24.2 	 2.48 14.2 	 1.56* 21.6 	 1.86 12.1 	 1.53†
dV/dtmax, V/s 195.6 	 15.8 94.0 	 10.5* 184.2 	 13.0 120.1 	 9.7†

Values are presented as means 	 SE. LETO rats, Otsuka-Long-Evans-Tokushima rats; OLETF rats, Otsuka-Long-Evans-Tokushima Fatty rats; dV/dtmax,
maximum rate of depolarization. *P � 0.05 vs. LETO subendocardium; †P � 0.05 vs. LETO subepicardium.
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ments). Intervals and amplitudes in the ECG were determined for 10
heartbeats and averaged in each animal.

Statistical analysis. All data are expressed as means 	 SE. Since
data were collected from two regions (the Endo and Epi) in two rat
groups (OLETF and LETO), differences between data were tested by
two-way ANOVA, but two-way repeated-measures ANOVA was
used for testing differences in APD data from repetitive stimulation.
The Student-Newman-Keuls post hoc test was used for multiple
comparisons when ANOVA indicated significant differences. In all
tests, differences were considered to be statistically significant if P
values were �0.05.

RESULTS

Body weights and plasma glucose levels. OLETF rats had
significantly larger body weights than LETO rats (649.3 	 7.7
vs. 549.3 	 9.0 g, P � 0.05). The plasma glucose level was
significantly higher in OLETF rats than in LETO rats (286.4 	
10.5 vs. 118.2 	 4.2 mg/dl, P � 0.05), confirming an obese
T2DM phenotype in OLETF rats. The results were consistent
with the results of our previous studies (7, 17, 35) showing
hyperinsulinemia, insulin resistance, and hypertriglyceridemia
in OLETF rats at the same age.

Characteristics of APs. Steady-state APD25, APD50, and
APD90 at 1-Hz stimulation were significantly prolonged in

Endo myocytes of OLETF rats compared with Endo myocytes
of LETO rats and compared with Epi myocytes of OLETF rats
(Fig. 1, A and B). Although APDs in Epi myocytes tended to be
longer in OLETF rats than in LETO rats, the difference did not
reach statistical significance (Fig. 1, A and B). Figure 1C shows
the relationship between APD and the number of electrical
stimulations at 1 Hz. APD was prolonged and differences
between APDs in OLETF and LETO rats became larger after
repetitive stimulations until they reached a plateau at the 5th
stimulation. APD25 and APD50 in both Endo and Epi myocytes
were significantly prolonged in OLETF rats compared with
those in LETO rats at all numbers of stimulations except for
APD25 in Epi myocytes at the 1st stimulation (Fig. 1C). There
was no significant difference in membrane capacitance or
resting membrane potential between LETO and OLETF rats.
However, overshoot and dV/dtmax were significantly reduced in
both Endo and Epi myocytes in OLETF rats compared with
those in LETO rats (Table 1).

Ion current densities. As shown in Fig. 2, steady-state Ito

density (Ipeak � Iss) evoked at 0.1 Hz was larger in Epi
myocytes than in Endo myocytes. There was a significant
reduction in steady-state Ito density in Endo myocytes of
OLETF rats compared with that in Endo myocytes of LETO

Fig. 2. Density of transient outward K� (Ito)
current [peak current (Ipeak) � sustained out-
ward current (Iss)] in isolated myocytes.
A: representative steady-state Ito current re-
cordings defined as Ipeak � Iss with stimulation
at 0.1 Hz in myocytes. Inset: the recording
protocol in measurements of steady-state Ito

densities. B: current-voltage relationships of
Ito in myocytes. n 
 16 LETO Endo myocytes,
12 OLETF Endo myocytes, 16 LETO Epi
myocytes, and 13 OLETF Epi myocytes. *P �
0.05 vs. LETO Endo myocytes; †P � 0.05 vs.
LETO Epi myocytes; ‡P � 0.05 vs. OLETF
Endo myocytes.
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rats, whereas a statistically significant difference was not
observed in Epi myocytes (Fig. 2B). To eliminate capacitative
artifacts, we also measured Ito as a current sensitive to a high
concentration (3 mM) of 4-AP (Fig. 3). Consistent with the
current of Ipeak � Iss, the 3 mM 4-AP-sensitive current in
OLETF rats was significantly smaller than that in LETO rats in
Endo myocytes but not in Epi myocytes. In contrast to the
results obtained with 3 mM, there was no difference in the
current sensitive to 50 �M 4-AP between OLETF and LETO
rats in either Endo myocytes (LETO rats: 1.45 	 0.26 pA/pF,
n 
 12; OLETF rats: 1.28 	 0.27 pA/pF, n 
 9, at �20 mV)
or Epi myocytes (LETO rats: 2.28 	 0.26 pA/pF, n 
 12;
OLETF rats: 2.19 	 0.38 pA/pF, n 
 11, at �20mV).

As in previous studies using rats, including ours (14, 20), the
negative slope within the approximately �50- to �40-mV
range in the voltage-IK1 relationship was very slight in LETO
and OLETF rats, and there was no intergroup difference in IK1

density (Fig. 4). A persistent reduction of ICa,L density was not

observed in Epi myocytes of OLETF rats compared with
LETO rats. There was also no significantly difference in ICa,L

density in Endo myocytes between OLETF and LETO rats,
although slight differences were observed between ICa,L den-
sities at approximately �20 to �30 mV in Epi myocytes
between the two groups and in Endo and Epi myocytes of
OLETF rats (Fig. 5B).

Recovery of Ito from inactivation. As shown in Table 2 and
Fig. 6, the contribution of the fast recovering component of Ito

in both Endo and Epi myocytes was significantly reduced in
OLETF rats compared with LETO rats. However, there was no
statistically significant difference in the time constants of the
fast or slow component of Ito between the two groups.

Expression of mRNA and proteins regulating ion current. As
shown in Fig. 7, quantitative RT-PCR showed that the mRNA
level of KCND2, a gene coding for Kv4.2 (a pore-forming
subunit of Ito), in Endo myocytes was significantly lower in
OLETF rats than in LETO rats, although the difference in Epi

-40 -30 -20 -10 0 10 20 30 40 50 60

25

20

15

10

5

Fig. 3. Density of Ito [3 mM 4-aminopyridine
(4-AP)-sensitive current] in isolated myo-
cytes. From control outward currents (A,a),
currents resistant to 3 mM 4-AP (A,b) were
subtracted, yielding the 3 mM 4-AP-sensitive
current (A,c). Inset: the recording protocol in
measurements of 3 mM 4-AP-sensitive cur-
rents. B: representative 3 mM 4-AP-sensitive
current recordings with stimulation at 0.1 Hz
in myocytes. C: current-voltage relationships
of 3 mM 4-AP-sensitive currents. n 
 10
LETO Endo myocytes, 9 OLETF Endo myo-
cytes, 10 LETO Epi myocytes, and 11 OLETF
Epi myocytes. *P � 0.05 vs. LETO Endo
myocytes; ‡P � 0.05 vs. OLETF Endo myo-
cytes.
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myocytes was statistically insignificant. mRNA levels of other
pore-forming subunits of Ito, Kv4.3 and Kv1.4, were similar in
OLETF and LETO rats. The mRNA level of Ito channel
accessory subunit KChIP2 (KCNIP2) was significantly lower
in Endo myocytes of OLETF rats than those of LETO rats,
although its levels in Epi myocytes were similar in OLETF and
LETO rats. There was no significant intergroup difference
between OLETF and LETO rats in mRNA levels of MiRP3,
which is also a possible Ito �-subunit regulating Kv4.2 in a
KChIP-dependent manner (13). mRNA levels of Nav1.5
(SCN5A), a Na� channel-forming protein, were also compara-
ble in OLETF and LETO rats.

The Kv4.2 protein level in Endo myocytes was significantly
lower in OLETF rats than in LETO rats, although Kv4.2 levels
in Epi myocytes were comparable in the two groups (Fig. 8A).
These results were consistent with differences in Kv4.2 mRNA
levels between OLETF and LETO rats in Endo myocytes (Fig.
7, top left). In contrast to the Kv4.2 level, the KChIP2 protein
level was significantly reduced not only in Endo but also in Epi
myocytes in OLETF rats compared with those in LETO rats
(Fig. 8B).

Gene expression of Irx5. Recent studies (3, 6) have shown
that the transcription factor Irx5 negatively regulates Kv4.2
with the coexistence of Irx4 and that gene expression of Irx5 in
Endo myocytes is higher than that in Epi myocytes, leading to
the formation of a physiological transmural gradient of Ito.
Therefore, we determined whether alterations in Irx5 and Irx4
gene expression are responsible for region-specific alterations of
Ito and Kv4.2 expression in OLETF rats. As shown in Fig. 9, Irx5

mRNA was almost exclusively expressed in Endo myocytes,
and its level was significantly higher in OLETF rats than in
LETO rats. In contrast, mRNA levels of Irx4 were comparable
in Endo and Epi myocytes, and levels were similar in OLETF
and LETO rats (Fig. 9).

Surface ECG. Heart rate was significantly lower in OLETF
rats than in LETO rats (310 	 9 vs. 383 	 5 beats/min, n 

3 each). However, there were no significant differences be-
tween the two groups in the PR interval (46.5 	 3.2 vs. 40.1 	
1.6 ms), QRS interval (15.0 	 1.0 vs. 19.1 	 2.2 ms), QT
interval (63.8 	 4.2 vs. 84.7 	 9.9 ms), interval from the Q
wave to the peak of the T wave (24.5 	 0.5 vs. 30.8 	 4.0 ms),
interval from the Q wave to the end of the T wave (63.8 	 4.2
vs. 84.7 	 9.9 ms), R amplitude (566.3 	 98.0 vs. 494.1 	
29.6 �V), or T amplitude (90.2 	 7.6 vs. 85.3 	 20.2 �V).

DISCUSSION

The present study showed the transmural difference in APD
modification associated with T2DM. Steady-state APD (i.e.,
APD at the 15th stimulation) in Endo myocytes evoked by
stimulation at 1 Hz was significantly longer in OLETF rats than
in LETO rats. APDs during repetitive stimulation in both Endo
and Epi myocytes were significantly more prolonged in
OLETF rats than in LETO rats, although the difference be-
tween the two groups was larger in Endo myocytes (Fig. 1). A
plausible explanation for the Endo-predominant APD prolon-
gation in OLETF rats is transmural heterogeneity of current
modification. ICa,L and IK1 were similar in OLETF and LETO

Fig. 4. Inward rectifier K� current (IK1) den-
sity in isolated myocytes. A: representative
steady-state IK1 recordings with stimulation at
0.1 Hz in myocytes. Inset: the recording pro-
tocol in measurements of steady-state IK1 den-
sities. B: current-voltage relationships of IK1.
n 
 15 LETO Endo myocytes, 14 OLETF
Endo myocytes, 17 LETO Epi myocytes, and
14 OLETF Epi myocytes.
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rats. However, the slope of the current-voltage relationship of
Ito was smaller in Endo myocytes from OLETF rats than in
those from LETO rats, although the difference in the current
density of Ito at 0 mV was small (Figs. 2 and 3). In contrast,
such a difference in the current-voltage relationship was not
observed for Ito in Epi myocytes. Interestingly, the relative
proportion of the fast recovering component of Ito inactivation
in OLETF rats was reduced compared with that in LETO rats,
and the reduction in the fast component of Ito recovery was
larger in Endo myocytes than in Epi myocytes (Table 2 and
Fig. 6). These findings are consistent with stronger rate depen-
dence of the APD in Endo myocytes of OLETF rats (Fig. 1C).
Collectively, the results suggest that APD in OLETF rats is
prolonged in Endo myocytes with two mechanisms, a reduc-
tion in the current density of Ito and a reduction in the fast
recovering component of Ito, being involved in contrast to Epi
myocytes, in which the change in the fast recovering compo-
nent of Ito is the only factor leading to a trend for prolongation
of APD.

In addition to the modification of Ito, a reduction in INa might
have been involved in APD prolongation in OLETF rats. The
AP overshoot and dV/dtmax were reduced (Table 1) and ex-
pression of KChIP2, which potentially augments INa (33), was

reduced in OLETF rats. Decreased INa could reduce the peak of
AP, which would, in turn, potentially reduce the number of K�

channels activated, leading to APD prolongation.
Consistent with regionally different modification of Ito in

OLETF rats, corresponding downregulation was observed for
Kv4.2 and KChIP2 (Fig. 8). KChIP2 modulates the function of
Kv channels by modifying trafficking of Kv channel proteins
and the kinetics of inactivation and also by acceleration of the
kinetics from recovery from inactivation (1, 12, 15, 23). Al-
though specific effects of KChIP2 deletion on the fast and slow
components of Ito recovery have not been systematically ex-
amined, a previous study (12) showed that the effect of a lack
of KChIP2 on the fast component of recovery of Ito was more
predominant than that on the slow component. A modest delay
in recovery from inactivation was the only change in Ito in Epi
myocytes of OLETF rats, in which expression of KChIP2, but
not that of Kv4.2, was reduced. mRNA levels of Kv4.3 and
Kv1.4 in Epi and Endo myocytes were comparable in LETO
and OLETF rats (Fig. 8) (41). The lack of difference in Kv1.4
mRNA levels between OLETF and LETO rats was consistent
with the present results showing that current sensitive to 50
�M 4-AP, which represents the component with slow inacti-
vation kinetics via Kv1.4 (43, 47), was similar in OLETF and

Fig. 5. L-type Ca2� current (ICa,L) density in
isolated myocytes. A: representative steady-
state ICa,L recordings with stimulation at 0.1
Hz in myocytes. Inset: the recording protocol
in measurements of steady-state ICa,L densi-
ties. B: current-voltage relationships of ICa,L.
n 
 20 LETO Endo myocytes, 20 OLETF
Endo myocytes, 20 LETO Epi myocytes, and
20 OLETF Epi myocytes. †P � 0.05 vs.
LETO Epi myocytes; ‡P � 0.05 vs. OLETF
Endo myocytes.
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LETO rats. Taken together, the present results support the
notion that downregulation of Kv4.2 protein expression con-
tributes to the reduced Ito density in Endo myocytes, whereas
downregulation of KChIP2 expression underlies the reduction
in the fast recovering component of Ito from inactivation in
both Endo and Epi myocytes in OLETF rats.

The KChIP2 protein level was decreased in both Endo and
Epi myocytes, whereas its mRNA level was decreased only in
Endo myocytes of OLETF rats. A similar discrepancy between
KChIP2 protein and mRNA levels has been reported for

peroxisome proliferator-activated receptor-�-overexpressed
metabolic cardiomyopathy (16). A plausible explanation for
the present data on KChIP2 protein and mRNA levels is
increased degradation of KChIP2 protein or suppressed trans-
lation of KChIP2 in Epi myocytes.

Using Irx5-deficient mice, Costantini et al. (3) first demon-
strated that Irx5 played an important role in the formation of a
physiological transmural gradient of APD by negatively regu-
lating Kv4.2. Recent studies (4, 26, 34) have shown that in
other species, including rats, dogs, and humans, Irx5 is ex-

Table 2. Gating parameters of recovery from inactivation of cardiomyocytes

Subendocardium Subepicardium

LETO rats OLETF rats LETO rats OLETF rats

Number 5 8 7 7
�fast, ms 7.02 	 0.44 5.50 	 0.58 4.82 	 0.20 5.39 	 0.80
�slow, ms 4293 	 1685 1574 	 354 2340 	 627 2126 	 626
Afast 0.871 	 0.039 0.618 	 0.035* 0.957 	 0.013 0.883 	 0.029†
Aslow 0.129 	 0.039 0.382 	 0.035 0.043 	 0.013 0.117 	 0.029

Values are presented as means 	 SE. �fast and �slow, time constants for recovery of the fast and slow components, respectively; Afast and Aslow, contributions
of the fast and slow components to recovery, respectively. *P � 0.05 vs. LETO subendocardium; †P � 0.05 vs. LETO subepicardium.

Fig. 6. Recovery of Ito from inactivation.
A: representative results of experiments for
determining the recovery of Ito (Ipeak � Iss)
from inactivation in myocytes at interpulse
durations of 1, 3, 10, 30, 100, 300, 1,000, and
3,000 ms. Inset: the double-pulse protocol in
measurements of recovery from inactivation
of Ito. B: relationships between the interval of
two identical depolarizing pulses and the rate
of recovery in myocytes. Data on relative
currents were fitted using the following two-
exponential function: I/I0 
 1 � Afastexp(�t/
�fast) � Aslowexp(�t/�slow), Afast � Aslow 
 1,
where Afast and Aslow are contributions of the
fast and slow components to recovery, re-
spectively, t is time, and �fast and �slow are the
time constants for recovery of the fast and
slow components, respectively. n 
 5 LETO
Endo myocytes, 8 OLETF Endo myocytes, 7
LETO Epi myocytes, and 7 OLETF Epi myo-
cytes.
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pressed at a higher level in Endo myocytes than in Epi
myocytes, being consistent with an inverse gradient of Kv4.2
expression. We confirmed Endo-dominant Irx5 expression and
found that Irx5 expression was upregulated by T2DM selec-
tively in Endo myocytes (Fig. 9). The mechanism of upregu-
lation of Irx5 in OLETF rats remains unclear, although down-
regulation of microRNA-1 (mir-1), which negatively regulates
Irx5 (8, 46), is a possibility.

Previous studies (31, 38, 45) have consistently shown that
steady-state Ito density and the fast component of Ito recovery
are reduced in animal models of T1DM. As for heterogeneity
of the impact of T1DM on Ito, Shimoni et al. (31) showed that
the difference in Ito between streptozotocin-induced diabetic
rats and nondiabetic control rats was larger in Epi than in Endo
myocytes. However, different changes in Ito have been re-
ported in animal models of T2DM [no change in fructose-fed
rats (30) and a significant reduction in male ob/ob mice (29)],
and the transmural heterogeneity in the effect of T2DM ion
currents has not been examined. The present study showed, for
the first time, an Endo-specific reduction in Ito density and an
Endo-predominant reduction in the fast component of Ito re-
covery from inactivation. Collectively, the findings indicate
that T1DM and T2DM have distinct impacts on Ito and that
hyperglycemia is not sufficient for the reduction of Ito and
downregulation of channel expression.

Recent studies (10, 22) have shown that MAPK and NF-
B
are involved in the downregulation of KChIP2 gene expression
in the hypertrophied myocardium. However, data on mem-
brane capacitance (Table 1) and data on cross-sectional areas
of the myocyte (data not shown) indicate that there was no
significant myocyte hypertrophy in either the Endo or Epi of
OLETF rats at 25–30 wk of age. MAPK phosphorylation levels
in the myocardium were comparable in OLETF and LETO rats
in our previous study (17), and the level of translocation of
p65, a marker for NF-
B activation, to nuclei was not en-
hanced in OLETF (data not shown). Thus, different molecular
mechanisms are likely to be involved in the downregulation of
KChIP2 expression in T2DM hearts and that in hypertrophied
hearts.

In contrast to the marked differences in APDs and Ito

between OLETF and LETO rats, surface ECGs were similar in
the two groups. Since Weber dos Santos et al. (39) reported
that a blocker of Ito, 4-AP, shifted the peak of T wave to the
right in ECGs, we expected that the interval from the Q wave
to the peak of the T wave would be longer in OLETF rats.
However, that was not the case. The reason for the lack of
differences in the surface ECG between OLETF and LETO rats
is unclear, but a few explanations are possible. First, APD
changes in Epi myocytes have a greater impact on T wave
morphology and QT interval than do those in Endo myocytes
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Fig. 7. mRNA levels of channel subunits regulat-
ing K� and Na� currents. mRNA levels of genes
coding K� channel pore proteins (Kv4.2, Kv4.3,
and Kv1.4), genes coding regulatory subunits
[voltage-gated K� channel-interacting protein 2
(KChIP2) and MiRP3], and a gene coding Na�

channel pore protein (Nav.1.5) were determined
by quantitative RT-PCR and are shown for the
Endo and Epi in LETO and OLETF rats. n 
 6
LETO Endo myocytes, 6 OLETF Endo myocytes,
6 LETO Epi myocytes, and 6 OLETF EPI myo-
cytes. *P � 0.05 vs. LETO Endo myocytes; ‡P �
0.05 vs. OLETF Endo myocytes.
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(39). Thus, the Endo-predominant change in OLETF rats might
not have been large enough to be detected by the surface ECG.
Second, there are not only transmural but also apex-to-base
gradients in APD in rat hearts, which also could have masked
changes in Endo myocytes (39). Third, unlike APDs in isolated
myocytes, the ECG from hearts in situ is under the influence of
the autonomic nervous system.

ECG changes in diabetic patients include QT prolongation
and increased QT dispersion (5, 21, 40). QT dispersion is more

strongly associated with cardiovascular events than is QT
prolongation in diabetic patients. Possible factors underlying
the diabetes-associated changes in ECG are autonomic neurop-
athy, perfusion abnormalities, and modified ion channel ex-
pression. Unfortunately, information regarding disease-in-
duced ion channel expression in human hearts is very limited,
and the results of studies regarding changes in KChIP2 expres-
sion and Kv4.3 expression in heart failure patients are discrep-
ant (24, 32, 48). The present findings in OLETF rats indicate
the possibility that special heterogeneity in the impact of
T2DM on ion currents and expression of channel proteins
underlie the QT dispersion of human diabetic hearts, although
such channel remodeling precedes the manifestation of ECG
changes by diabetes.

There are limitations in this study. The present observations
regarding APD and Ito may not be generalized in all stages of
T2DM and in all types of T2DM. Second, since we used a rat
model of T2DM, it was not possible to evaluate the impact of
T2DM on delayed rectifier K� currents (rapid and slow com-
ponents of the delayed rectifier K� current), which underlie the
late phase of the AP in large animals, including humans. Xiao
et al. (42) reported that KCNH2, which encodes rapid compo-
nent of delayed rectifier K� channels, was repressed via
upregulation of microRNA-133 in a rabbit model of T1DM.
Whether similar modification of delayed rectifier K� currents
is induced by T2DM remains unclear, and animal models of
T2DM other than rats and mice are necessary to address this
issue.

In conclusion, T2DM induces Endo-predominant APD pro-
longation in which a reduced fast component of Ito recovery
from inactivation and reduced steady-state Ito by downregula-
tion of Kv4.2 and KChIP2 expression are involved. Upregula-
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Fig. 8. Protein levels of Ito channel subunits.
Top: representative immunoblots for Kv4.2
and KChIP2 with those for a loading control
(vinculin). Bottom: group mean data on these
proteins. n 
 7 for Kv4.2 and 7 for KChIP2.
*P � 0.05 vs. LETO Endo myocytes; †P �
0.05 vs. LETO Epi myocytes.
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Fig. 9. mRNA levels of Iroquois homeobox 4 and 5 (Irx5 and Irx4, respec-
tively). mRNA levels of Irx5 and Irx4 were determined by quantitative
RT-PCR in the ventricular Endo and Epi in LETO and OLETF rats. n 
 6 for
the LETO Endo, 6 for the OLETF Endo, 6 for the LETO Epi, and 6 for the
OLETF Epi. *P � 0.05 vs. the LETO Endo; ‡P � 0.05 vs. the OLETF Endo.
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tion of Irx5 in the Endo may contribute to the Kv4.2 down-
regulation in T2DM.
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