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Abstract The currents through the volume-regulated

outwardly rectifying anion channel (VRAC) were mea-

sured in single ventricular myocytes obtained from

streptozotocin (STZ)-induced diabetic mice, using whole-

cell voltage-clamp method. In myocytes from STZ-diabetic

mice, the density of VRAC current induced by hypotonic

perfusion was markedly reduced, compared with that in the

cells form normal control mice. Video-image analysis

showed that the regulatory volume decrease (RVD), which

was seen in normal cells after osmotic swelling, was almost

lost in myocytes from STZ-diabetic mice. Some mice were

pretreated with 3-O-methylglucose before STZ injection, to

prevent the STZ’s b cell toxicity. In the myocytes obtained

from such mice, the magnitude of VRAC current and the

degree of RVD seen during hypotonic challenge were

almost normal. Incubation of the myocytes from STZ-dia-

betic mice with insulin reversed the attenuation of VRAC

current. These findings suggested that the STZ-induced

chronic insulin-deficiency was an important causal factor

for the attenuation of VRAC current. Intracellular loading

of the STZ-diabetic myocytes with phosphatidylinositol

3,4,5-trisphosphate (PIP3), but not phosphatidylinositol

4,5-bisphosphate (PIP2), also reversed the attenuation of

VRAC current. Furthermore, treatment of the normal cells

with wortmannin, a phosphatidylinositol 3-kinase (PI3K)

inhibitor, suppressed the development of VRAC current.

We postulate that an impairment PI3K-PIP3 pathway,

which may be insulin-dependent, is responsible for the

attenuation of VRAC currents in STZ-diabetic myocytes.

Keywords Chloride channels � Heart � Diabetes mellitus �
Patch clamp � Cell volume regulation

Introduction

It is well-known that diabetes mellitus is one of the

strongest risk factors for cardiovascular disease. In addition

to an increased incidence of coronary artery disease, car-

diac dysfunction is a frequently reported complication of

clinical diabetes mellitus [1]. One of the major complica-

tions leading to cardiac dysfunction is the development of

diabetic cardiomyopathy, which may be associated with

increased risk of sudden cardiac death [1] in the absence of

major cardiac risk factors (i.e. atherosclerosis, hyperlip-

idaemia, hypertension or heart failure).

Experimental studies showed that streptozotocin (STZ)-

induced diabetes in animals is associated with a variety of

cardiac defects including disturbed heart rhythm, pro-

longed time-course of cardiac muscle contraction [2],

changes in the surface electrocardiogram including T wave

abnormalities and QT prolongation [3], and action potential

prolongation [4]. Abnormalities of cardiac ion channels

and transporters have also been reported in diabetic

cardiomyocytes; i.e. impairments of transient outward K?

current [4–6], slow delayed rectifier K? current (IKs) [7],

steady-state outward K? current (Iss) [6, 8], L-type Ca2?

current [6, 8] and Na?–K? pump [9]. No attenuation was

reported in the inward rectifier K? current (IK1) and rapid

delayed rectifier K? current (IKr) [7]. Thus, many studies

have been done to examine the diabetes-related alterations

of cardiac cation channels. In contrast, the properties of

anion channels in diabetic myocytes are still unknown.

One of the important physiological roles of Cl- chan-

nels is to regulate the cell-volume, and the cell-volume
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regulation is an essential cellular function coupled to a

variety of physiological processes, such as cell prolifera-

tion, differentiation and migration, in most animal cell

types [10]. The cells can re-adjust their volume after

transient osmotic swelling by a mechanism known as

regulatory volume decrease (RVD) which involves an

activity of Cl- channels. It has been reported that the

survival of dorsal root ganglion (DRG) neurons in hypo-

tonic culture medium was decreased in diabetic mice [11].

To our knowledge, however, there is no information on

RVD of cardiac cells derived from diabetic animals.

RVD is accomplished mainly by KCl efflux induced by

parallel activation of K? and Cl- channels in cardiac cells

[12]. Among several types of cardiac Cl- channels, one of

the most important channels in cell-volume regulation is

volume-regulated outwardly rectifying anion channel

(VRAC) [10, 12]. In the present study, we examined

VRAC current and RVD in single ventricular cells derived

from insulin-deficient diabetic mice, which were prepared

by a single intraperitoneal (i.p.) injection of STZ. In these

ventricular cells, we found loss of RVD, which was pre-

sumably caused by diabetes-related suppression of VRAC

current. Our results show also that insulin exerts a restor-

ative effect on the impaired VRAC current in diabetic

cardiac cells, probably via the signaling pathway involving

phosphoinositide 3-kinases.

Material and methods

Animal models

Saga University Animal Care and Use Committee

approved the use and treatment of all animals used in the

experiments described here. The investigation conforms

also with the Guiding Principles of the Physiological

Society of Japan. Insulin-deficient diabetes was induced in

C57BL/6J mice (8 weeks male) by a single i.p. injection of

streptozotocin (STZ; Sigma, St. Louis, MO; 2.5 mg per

body-weight (BW(g)), which was dissolved in 0.1 M

sodium citrate buffer (pH 4.5) just before injection, as

described previously [13]. Age-matched normal control

mice received saline alone. Fasting blood glucose level was

evaluated 3 days later. A supplemental STZ injection

(1.25 mg per BW(g), i.p.) was given if the fasting blood

glucose was below 150 mg dl-1. All diabetic (blood glu-

cose level after 8 h fasting [150 mg dl-1) and normal

mice were maintained with the same diet and water ad

libitum for a total of 2 weeks. Each blood sample was

taken from the tail vein, and its glucose level was measured

with Freestyle Flash Blood Monitoring System (Nipro.

Osaka, Japan). In some experiments the mice were pre-

treated with 3-O-methylglucose (3-OMG; Sigma, 2.5 mg

per BW(g) i.p.) before STZ injection, to prevent STZ’s b
cell toxicity and thus to prevent the development of dia-

betes mellitus.

Cell preparation

Single ventricular myocytes were isolated from mouse

hearts using an enzymatic dispersion technique. Briefly,

mice were anaesthetized with sodium pentobarbitone

(50 mg ml-1, i.p.). The chest was opened, and the heart

was rapidly removed and perfused, by using a modified

Langendorff technique, with a physiological saline solution

(PSS, see ‘Solutions and drugs’) warmed to 37�C to wash

out blood, and then with a nominally Ca2?-free PSS until

the heart ceased to beat, and finally with Ca2?-free solution

containing 0.1% collagenase (CLSII, Worthington, Lake-

wood, NJ, USA) and 1.0% bovine serum albumin (BSA)

for 20–30 min. The ventricles were removed and cell dis-

sociation was achieved by gentle mechanical agitation of

the tissue in high-K?, low-Cl- storage (modified KB)

solution (see ‘Solutions and drugs’) and the dissociated

cells were stored in a refrigerator (4�C) for later use (within

8 h). Only rod-shaped myocytes with clear cross-striations

and no blebs were used in the experiments. Some cells

were incubated with insulin or wortmannin before elec-

trophysiological measurements. They were stored at 37�C

for 5–8 h in the modified Tyrode solution (see ‘Solutions

and drugs’) containing 100 nM insulin (Sigma) or 100 nM

wortmannin (Sigma), with 2 mg ml-1 BSA, penicillin-

streptomycin solution (P-4458, Sigma, final concentration

of 100 units ml-1 penicillin and 100 lg ml-1 streptomy-

cin), and 15 lg ml-1 phenol red for pH monitor [14].

Electrophysiological techniques

The tight-seal whole-cell patch-clamp technique was used

to record whole-cell currents. Patch pipettes (1.5 mm O.D.

borosilicate glass electrodes) had a tip resistance of

1–3 MX when filled with pipette solution. Voltage-clamp

recordings were performed using patch-clamp amplifiers

(Axopatch 200B; Axon Instruments, Foster City, CA,

USA) and membrane currents were filtered at a frequency

of 2.5 kHz, and sampled at 5 kHz with a Digidata 1322A

and pCLAMP 9.2 software (Axon Instruments). A 3 M

KCl-agar bridge between the bath and the Ag–AgCl

reference electrode was used to minimize changes in

liquid junction potential. Unless otherwise stated, current

recordings were made by applying voltage pulses of

400 ms duration to various potentials (between -100 and

?100 mV in ?20 mV steps) from a holding potential of

-40 mV every 2 s. When necessary, the current density

was calculated by membrane capacitance, which was

obtained using pCLAMP 9.2 software. Usually, 5 min was
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allowed for adequate cell dialysis after membrane rupture,

before beginning of the voltage clamp protocol. All

experiments were performed at 36.5 ± 0.5�C.

Videomicroscopy and image analysis

The method to measure the cell area on the videomicro-

scopic image was almost the same as described previously

[12, 15]. Briefly, microscopic images were recorded with a

CCD video camera (CS3330; Tokyo Electronic, Tokyo,

Japan), and fed into a computer (DELL Dimension 4100;

Dell Computer Corporation, Round Rock, TX, USA)

through an 8-bit frame grabber (LG-3; Scion, Frederick,

MD, USA). Number of the pixels included within the

captured cell-image was detected by custom-made macro

programs on Scion-Image software ver. 4.03 (Scion). It

should be noted that the cell area is only a rough index of

the cell volume. The validity of this method to estimate the

cell volume has been discussed in the previous paper [15].

Solutions and drugs

The PSS for cell preparation contained [16]: 126 NaCl, 10

glucose, 4.4 KCl, 5.0 MgCl2, 1.5 CaCl2, 20 taurine, 5.0

creatine, 5.0 sodium pyruvate, 1.0 NaHPO4, 10 Hepes; pH

7.4 adjust with NaOH; 300 mOsm with mannitol. Ca2?-

free PSS was prepared by simply omitting CaCl2 from the

PSS. The modified KB solution for cell storage contained

[16]: 70 potassium glutamate, 20 KCl, 1.0 MgCl2, 10

KH2PO4, 10 taurine, 10 EGTA, 10 glucose, 0.1% albumin,

10 b-hydroxybutyric acid and 10 Hepes; pH 7.2 with KOH;

300 mOsm with mannitol. The modified Tyrode solution

contained [16]: NaCl 140, KCl 5.4, MgCl2 0.5, CaCl2 1.8,

NaH2PO4 0.33, glucose 5.5 and Hepes 5, pH 7.4 with

NaOH; 300 mOsm with mannitol. In electrophysiological

studies, all bath and pipette solutions were chosen to

maximize recording of Cl- currents and to reduce possible

contamination with cation currents and Ca2? dependent

currents. For VRAC currents recording, the standard (iso-

tonic) extracellular solutions contained [16]: 80 NaCl, 20

TEA-Cl, 1.0 MgCl2, 0.5 CaCl2, 0.5 BaCl2, 0.5 CdCl2, 0.01

GdCl3, 5.5 glucose, 10 HEPES, 0.01 nicardipine;

[Cl-]o = 105 mM; pH 7.4 with CsOH: 310 mOsm with

mannitol. Hypotonic bath solutions were prepared by

reducing the amount of mannitol in the standard bath

solution to achieve 200 mOsm. Thus, both hypotonic and

isotonic solutions had a constant ionic strength. For mea-

surements of cell area, bath solutions were prepared by

subtracting 50 mM NaCl from the modified Tyrode solu-

tion, and the osmolarity was adjusted to 200 and

300 mOsm with mannitol for hypotonic and isotonic

solution, respectively. The standard intracellular pipette

solution for VRAC current, contained [16]: 105 NMDG, 90

L-aspartic acid, 40 TEA-Cl, 5 NaCl, 5 MgATP, 0.1 Tris–

GTP, 5 EGTA, 5 Hepes; pH 7.3 adjusted with NMDG;

total [Cl-]i = 45 mM; 290 mOsm using mannitol. For the

experiments in which phosphatidylinositol 4,5-bisphos-

phate (PIP2) or phosphatidylinositol 3,4,5-trisphosphate

(PIP3) was used, PIP2 dic8 (Echelon Biosciences, Salt

Lake City, UT, USA) [17] or PIP3 dic8 (Echelon Biosci-

ences) [18] was directly dissolved in the control pipette

solution at a concentration of 10 lM. The osmolarity of all

solutions was measured using freezing point depression

osmometers (Model OM-801; Vogel, Giessen, Germany).

Data analysis

Data are expressed as mean ± SEM; N and n indicate the

number of animals and cells, respectively. Statistical com-

parisons were performed either by one-way ANOVA

(analysis of variance) with a post hoc test (Scheffé’s multiple

comparison test) for group data, or by paired or unpaired

Student’s t-test when only two groups were compared.

Statistical comparisons of the time course of changes in cell

area between two groups were made according to two-way

repeated measures ANOVA. A two tailed probability of\0.05

is taken to indicate statistical significance.

Results

We first measured body weight and fasting blood glucose

levels of STZ-treated mice (N = 9) before and 2 weeks

after injection of STZ. STZ-treated mice exhibited frequent

urination and water drinking, and their mean body weight

decreased from 23.3 ± 0.8 to 21.4 ± 1.0 g after the

injection (Fig. 1a). Fasting blood glucose level before

injection of STZ was less than 150 mg dl-1, and the level

after injection was higher than 300 mg dl-1 (Fig. 1b).

These results are consistent with previous studies using

acute diabetic model of STZ-induced insulin-deficiency

[19]. Hearts of STZ-induced chronic diabetic rats were

reported to be hypertrophied; i.e. the heart-to-body weight

ratio significantly exceeded that of age-matched normal

rats [5]. However, as shown in Fig. 1c, the heart-to-body

weight ratio (HW BW-1) did not seem to be altered in

our short-term diabetic mice: 4.50 ± 0.05 mg g-1 (N = 5)

for age-matched normal control mice versus 4.71 ±

0.25 mg g-1 (N = 6) for STZ-diabetic mice. In addition,

measurements of cell capacitance, which is an index of cell

size, showed no significant difference between myocytes

from normal and those from STZ-diabetic mice (Fig. 1d).

Though, in most previous studies, STZ-diabetic mice have

been used after a period of more than 4 weeks after STZ

injection, Shimoni and his co-workers [20] reported that

high-dose STZ treatment altered the properties of several
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ion currents in rat ventricular myocytes within 4–6 days,

the alterations being similar to those observed 7 weeks

after a low dose treatment. We used the ventricular myo-

cytes which were isolated from mice 2 weeks after STZ

injection.

In the initial series of experiments, we compared the

change in the cell volume during hypotonic challenge

between the cells from STZ-diabetic mice and those from

age-matched normal mice. The relative cell area on cap-

tured video image was used as an index of cell volume (see

methods). Figure 2a shows the time-course of the changes

in relative cell area during hypotonic challenge in myo-

cytes from normal mice. Upon switching the bathing

solution from isotonic to hypotonic solution, the cell area

increased, as expected. But the increase peaked about

5 min after the initiation of hypotonic perfusion, and the

cell area decreased thereafter. This spontaneous recovery

of cell volume following the hypotonic cell swelling has

been shown in several types of cardiac cells [12], and is

termed regulatory volume decrease (RVD).

The cells from STZ-diabetic mice also inflated in

response to external hypotonicity (Fig. 2b) but there was

little RVD in these cells (Fig. 2b, c). Thus the cell area

attained 15 min after application of hypotonic solution, as

relative to the value seen 5 min after hypotonic solution,

was 0.989 ± 0.002 (n = 8) and 1.003 ± 0.003 (n = 5) in

cells from normal and STZ-diabetic mice, respectively. Re-

application of isotonic solution decreased the cell area in

both types of hypotonically swollen cells, as expected

(Fig. 2a, b). In cells from normal mice, the level of cell

area attained in the reapplied isotonic solution was smaller

than the initial level, showing excessive cell shrinkage

(Fig. 2a). This undershoot of the relative cell area below

Fig. 1 General characteristics of STZ-induced mice. a Mean data

showing body-weight of mice measured before (0 week) and 2 weeks

after STZ treatment. **Significantly different with P \ 0.01 accord-

ing to a paired t-test. b Distribution of blood glucose level (mg dl-1)

among the normal control mice (0 week) and those treated with STZ

(2 weeks). c and d comparison of the ratio of heart-weight and body-

weight (c), and the cell capacitance of ventricular myocyte (d). Cells

were obtained from the mice 2 weeks after STZ treatment (STZ) or

from the age-matched un-treated mice (normal). Number in paren-

theses indicates number of animals (a and c) or number of cells

examined (d). n.s., no significant difference

Fig. 2 Hypotonicity-induced swelling of ventricular myocyte from

normal and STZ-diabetic mice. a and b, time course of change of the

relative cell area observed in the myocytes of normal (a) and STZ-

diabetic (b) mice exposed to hypotonic (HYPO) solutions. The cells

were initially bathed in isotonic solution, and then hypotonic (HYPO)

solution was applied during the period indicated by bar. The values

are expressed as relative to those obtained before application of

hypotonic solution. c Shows an expanded illustration of a part of

a (filled circle) and b (filled square). The values are expressed as

relative to those obtained 5 min after application of hypotonic

solution. *Significantly larger than the time-matched control data with

P \ 0.05 according to an unpaired t-test. A comparison of curves with

repeated measures ANOVA yielded P \ 0.01 (}})
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the initial level is attributed to a loss of solutes from the

intracellular medium during RVD [10, 12]. In contrast,

there was no clear undershoot of cell area in the diabetic

cells which showed little RVD (Fig. 2b).

In our previous study, Cl- efflux through volume-reg-

ulated outwardly rectifying anion channel (VRAC) was

implicated in the RVD in ventricular myocytes [12].

Therefore, we examined VRAC currents in ventricular

myocytes from normal and STZ-diabetic mice. Figure 3a

shows the time-course of changes in the amplitude of

whole-cell currents at ?60 (filled circle) and -60 mV

(circle) in normal cells exposed to hypotonic (HYPO)

solution. The current amplitude gradually increased during

hypotonic perfusion, and decreased upon resumption of

isotonic (ISO) solution. The hypotonicity-induced current

displayed a very weak time-dependent inactivation at

positive potentials (Fig. 3c). Its current–voltage (I–V)

relationship showed a moderate outward rectification

with the reversal potentials (Erev) of -19.8 ± 1.28 mV

(n = 11), of which value being close to the predicted Cl-

equilibrium potential (-21 mV) under the present condi-

tion (Fig. 3e). These properties are consistent with previous

reports for native VRAC currents in mouse cardiac cells

[21, 22]. The VRAC currents developed also in the cells

derived from STZ-diabetic mice (Fig. 3b, d–f), but their

amplitude in these cell was much smaller than that of

VRAC currents in normal control cells (Fig. 3f). The mean

amplitude of the VRAC current (defined as the difference

current) at ?100 mV measured 9 min after the beginning

of hypotonic challenge was 4.31 ± 0.53 pA pF-1 (n = 11)

in normal cells and 1.49 ± 0.16 pA pF-1 (n = 7) in dia-

betic cells (Fig. 3e).

We considered that the suppression of VRAC current

accompanied by loss of RVD observed in the cells derived

from STZ-treated mice was caused by the STZ-induced

diabetic state of animals, but not by the effects of this drug

other than the toxicity on b cells, if any. This view was

tested in a series of experiments in which the mice were

pretreated with 3-O-methylglucose (3-OMG; 2.5 mg per

BW(g) i.p.) before STZ injection, to prevent STZ’s b cell

toxicity and thus to prevent the development of diabetes

[23]. In five mice treated in this way, no mice showed

frequent urination and water drinking, body weight loss or

an increase of fasting blood glucose level (less than

123 mg dl-1) for at least 2 weeks after STZ injection,

indicating that pretreatment with 3-OMG protected the

onset of diabetes in mice, in agreement with previous

studies [23].

Further, change in VRAC currents were examined

in myocytes from mice treated with 3-OMG and STZ.

Figure 4a show that the amplitude of VRAC current

at ?100 mV (4.20 ± 0.59 pA pF-1) observed in such

myocytes was significantly larger than that observed in

Fig. 3 Activation of whole cell currents by hypotonic solutions in

ventricular myocyte from normal and STZ-diabetic mice. a, b Time

course of activation of VRAC currents at ?60 mV (filled circle) and

-60 mV (circle) observed in the myocytes of normal (a) and STZ-

diabetic (b) mice exposed to hypotonic (HYPO) solutions. [Cl-]o/

[Cl-]i ratio was constantly 105 mM/45 mM with which the predicted

equilibrium potential (ECl) was -21 mV. The cells were initially

bathed in isotonic solution (ISO), and then hypotonic (HYPO)

solution was applied during the period indicated by bar. The pulse

protocol is shown in the upper part of b. c and d Recordings of

membrane currents in myocytes from normal (c) and STZ-diabetic

mice (d) in isotonic and hypotonic solutions, respectively. Currents

were recorded by applying 400 ms voltage-clamp steps to membrane

potentials between -100 and ?100 mV in ?20 mV steps from a

holding potential of -40 mV every 6 s, at the time points (a and b)

indicated in a and b. e The mean I–V relationships of the difference

current between the current in HYPO and that in ISO (a, b in c and d),

obtained in myocyte from normal (filled circle) and STZ-diabetic

(filled square) mice. Arrow indicates the predicted Cl- equilibrium

potential. f Mean time course of activation of VRAC current at

?60 mV after hypotonic solutions, in myocytes from normal (filled
circle) and STZ-diabetic mice (filled square). In this plot, the current

level at the beginning of hypotonic perfusion (0 min) was set to be 0.

Abscissa, time after exposure to hypotonic solution. *Significantly

smaller than the control value at matched time point with P \ 0.05

according to an unpaired t-test. A comparison of curves with repeated

measures ANOVA yielded P \ 0.01 (}})
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myocytes from the mice treated with STZ alone. Fur-

thermore, the above value was not significantly different

from the control value (4.31 ± 0.53 pA pF-1) obtained in

normal mice. Treatment with 3-OMG alone without STZ

did not induce any significant change in the amplitude of

VRAC current at ?100 mV (4.57 ± 0.64 pA pF-1). Thus

the development of diabetes appeared to be an important

causal factor for the attenuation of VRAC current. In

accordance with the above finding, RVD was not impaired

in myocytes from the mice treated with 3-OMG and

STZ (Fig. 4b). The cell area attained 15 min after appli-

cation of hypotonic solution, as relative to the value seen

5 min after hypotonic solution, was 0.986 ± 0.003

(n = 4), of which value being comparable to the value

obtained in normal control cells (0.989 ± 0.002; n = 8,

see Fig. 2c).

The injection of STZ to mice results in a definite

decrease in the plasma insulin level [24]. Therefore, the

observed attenuation of VRAC current could causally be

related to the insulin-deficiency. We examined whether the

insulin treatment could restore the attenuated VRAC cur-

rents. Ventricular myocytes from normal and STZ-diabetic

mice were incubated with insulin (100 nM) for 5–8 h [25].

The basal background current (Ibb), which was recorded

in isotonic solution before hypotonic challenge (e.g.

Fig. 3c(a)), was little influenced by the insulin treatment in

normal or diabetic cells. Thus the magnitude of Ibb at

?100 mV was 2.85 ± 0.25 pA pF-1 (n = 6) and 2.60 ±

0.24 pA pF-1 (n = 5) in normal and insulin-treated nor-

mal cells, respectively. It was 2.30 ± 0.23 pA pF-1

(n = 4) and 2.29 ± 0.04 pA pF-1 (n = 4) in non-treated

diabetic and insulin-treated diabetic cells, respectively. As

with the VRAC current, its magnitude was not significantly

influenced by insulin in normal cells (Fig. 5b). However,

the attenuated VRAC current in cells from STZ-diabetic

mice appeared to be normalized by the insulin treatment.

The magnitude of VRAC current in the insulin-treated

diabetic cells was similar to that in normal cells (Fig. 5b).

Since a short-term treatment (less than 15 min) with

100 nM insulin did not affect VRAC current in cells from

STZ-diabetic mice (data not shown), the restoration of

Fig. 4 Prevention by 3-OMG of STZ-induced suppression of cardiac

VRAC current. a and b Mean density of VRAC current (difference

current) measured at ?100 mV (a) and cell area (b), observed after

15 min of hypotonic perfusion. The currents and cell area were

measured in the myocytes from STZ-diabetic mice (STZ), and those

from the mice pretreated with 3-OMG before STZ injection (3-

OMG ? STZ). In a, the density of VRAC current observed in cells

from the mice treated with 3-OMG alone is also shown. **Signif-

icantly different with P \ 0.01, according to one-way ANOVA with

post-hoc test In b, the values are expressed as relative to those

obtained 5 min after application of hypotonic solution. Dashed line in

a and b indicates the control level derived from the data in Fig. 3e

(filled circle) and Fig. 2c (filled circle), respectively. *Significantly

different with P \ 0.05 according to an unpaired t-test. Number in

parentheses indicates number of cells examined

Fig. 5 Effects of insulin on VRAC currents in ventricular myocytes

from STZ-diabetic mice. a recordings of whole cell currents in

myocytes from STZ-diabetic mice, obtained after *6 h exposure to

100 nM insulin. Currents were recorded in isotonic (a, ISO) and

hypotonic (b, HYPO) solutions with the same voltage steps as in

Fig. 3d, and c shows their I–V relationships. b Magnitude of VRAC

currents at ?100 mV observed in the cells derived from normal

(Normal) and STZ-diabetic mice (STZ) with and without insulin

treatment. The cells were incubated at 37�C for 5–8 h, in the modified

Tyrode solution without (Control) or with 100 nM insulin. *Signif-

icantly larger than control with P \ 0.05, according to one-way

ANOVA with post-hoc test. Number in parentheses indicates number

of cells examined
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VRAC current observed above likely involved a slow

intracellular metabolic process.

The binding of insulin to its receptor (IR) results in

changes in the activity of various enzymes and exerts

effects on transcription and/or translation of various gene

products, which in turn results in phosphorylation of the

insulin receptor substrates (IRSs) [26]. Especially, phos-

phatidylinositol 3-kinase (PI3K) plays an essential role in

the regulation of intracellular metabolism by insulin [26].

Insulin stimulated PI3K activity in cardiac cells [27],

and in STZ-induced diabetic rats there was a significant

decrease of PI3K activity in the vagus nerve [28]. Fur-

thermore, recent reports showed that PI3K inhibitors

attenuate VRAC currents in rabbit adult ventricular cells

[29, 30]. Based on these findings, we hypothesized that

PI3K activity was suppressed in the cardiac cells from

STZ-diabetic mice due to insulin-deficiency, which in turn

led to inhibition of VRAC current, and that insulin treat-

ment could restore the attenuated PI3K activity.

To test the above hypothesis, we examined VRAC

current in the cells from STZ-diabetic mice dialyzed with

phosphatidylinositol 4,5-bisphosphate (PIP2) or phospha-

tidylinositol 3,4,5-trisphosphate (PIP3), considering that

PI3K converts PIP2 to PIP3 and that PIP3 is an important

mediator of many PI3K-related cellular responses [31].

These compounds were dissolved in the pipette solution at

a concentration of 10 lM, and this concentration is com-

parable to the concentrations that have been used to

demonstrate their effects on PIP2- or PIP3-regulated

transporters and channels [17, 18, 32]. The original current

traces obtained in PIP2- or PIP3-loaded myocytes exposed

to isotonic and hypotonic solutions are displayed in Fig. 6a, b,

and the mean I–V relationships of VRAC current and the mean

time course of activation of VRAC current observed in these

cells are shown in Fig. 6c, d, respectively. VRAC current in

PIP3-loaded cells was significantly larger than that in PIP2-

loaded cells (Fig. 6d). PIP2- and PIP3-loading appeared to

have little or no influence on the kinetics of VRAC current

(Fig. 6a, b versus Fig. 3c, d).

VRAC current was measured also in non-diabetic con-

trol cells dialyzed with PIP2 or PIP3. The amplitude of

VRAC current in PIP3-loaded diabetic cells was similar to

that in PIP3- or PIP2-loaded normal (non-diabetic) cells

(Fig. 6e) and also to that in non-loaded normal cells

(dashed line in Fig. 6e). In contrast, VRAC current in

PIP2-loaded diabetic cells was significantly smaller than

that in normal control cells (Fig. 6e), and its magnitude

was similar to that observed in diabetic cells without PIP-

loading (see Fig. 4a). Thus, PIP3-loading appeared to

restore the attenuated VRAC current in the cells from STZ-

diabetic mice, but PIP2-loading, not. Further, we attempted

to see whether PI3K activity was involved in the VRAC

activation, using wortmannin, a PI3K inhibitor. As shown

in Fig. 6f, the development of VRAC current was strongly

inhibited by application of wortmannin (100 nM) in nor-

mal (non-diabetic) cells, suggesting a crucial role of this

Fig. 6 Effects of PIP3 loading on VRAC currents in ventricular

myocytes from STZ-diabetic mice. a and b, Recordings of membrane

currents in myocytes from STZ-diabetic mice in isotonic (ISO) and

hypotonic (HYPO) solutions. The cells were loaded with PIP2 (a) or

PIP3 (b). Voltage pulses were applied as in Fig. 3c and d. c Mean I–V
relationships of VRAC current in ventricular myocyte from STZ-

diabetic mice dialyzed with PIP2 (circle, n = 5) or PIP3 (filled circle,

n = 5). In this series of experiments, pipette solution contained 10 lM

of PIP2 or PIP3, and the current recordings were begun * 30 min

after the membrane rupture, for more complete cell dialysis. d Mean

time course of activation of VRAC current at ?60 mV after hypotonic

solutions, in STZ-diabetic myocyte dialyzed with PIP2 (circle) and

PIP3 (filled circle). In this plot, the current level at the beginning of

hypotonic perfusion (0 min) was set to be 0. Abscissa, time after

exposure to hypotonic solution. *Significantly smaller than the control

value at matched time point with P \ 0.05 according to an unpaired t-
test. A comparison of curves with repeated measures ANOVA yielded

P \ 0.01 (}}). e Mean density of VRAC current at ?100 mV obtained

under different conditions. Currents were measured in cells from

normal and STZ-diabetic mice, with intracellular PIP2 or PIP3,

respectively. f Mean density of VRAC current at ?100 mV in normal

(Normal) and STZ-diabetic (STZ) myocytes incubated with wortman-

nin (100 nM) for 5–8 h. In e and f, dashed line indicates the control

level derived from the data in Fig. 3e (filled circle). * and **Signif-

icantly smaller than control with P \ 0.05 and 0.01, respectively,

according to one-way ANOVA with post-hoc test. Number in

parentheses indicates number of cells examined
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enzyme in the VRAC activation. Wortmannin appeared to

exert no further effect on the attenuated VRAC current in

diabetic cells. Thus, the magnitude of VRAC current in

wortmannin-treated STZ-diabetic cells (Fig. 6f) was com-

parable to that in non-treated diabetic cells (cf. Fig. 4a or

Fig. 5b). These results are in line with our idea that sup-

pression of PI3K activity played a key role in the inhibition

of VRAC current observed in the cells from STZ-diabetic

mice, and may support our recent proposal that PIP3 is an

important mediator in the activation of VRAC current in

mouse ventricular cells [33].

Discussion

We report here, for the first time, the recording of cardiac

anion currents in an animal model of insulin-deficient

diabetes. In single ventricular cells from STZ-induced

diabetic mice, activation of VRAC current was suppressed

(Fig. 3) and RVD was prevented (Fig. 2). Since RVD of

cardiac cells strongly depends on the activation of VRAC

current [12], the loss of RVD in the cells from STZ-dia-

betic mice is likely due to suppression of VRAC current.

The current suppression does not appear to be due to any

direct pharmacological effect of STZ on the VRAC current,

because the cells derived from the animals pretreated with

3-OMG, which was expected to prevent the b cell toxicity

of STZ, exhibited little suppression of VRAC current

(Fig. 4).

Thus, it is likely that the attenuation of VRAC current

was due to a chronic effect of diabetic state on the cellular

metabolism. Since STZ treatment definitely induces insu-

lin-deficiency, it seems reasonable to hypothesize that

plasma insulin level played a key role in the development

of an impairment of the membrane current. In accordance

with this view, VRAC current was restored in diabetic cells

by incubating these cells with insulin (100 nM) for 5–9 h

(Fig. 5). Similar restorative effect of insulin on cardiac

membrane current has been shown in the previous studies

[25, 34], in which incubation of the myocytes from diabetic

rats with insulin completely normalized the impaired Ito.

Our results can be taken to indicate that plasma insulin is

required to maintain VRAC current in mouse ventricular

cells. If this were the case, it is possible that incubation of

the isolated normal cells in insulin-free medium gradually

causes an attenuation of their VRAC current. This point

remains to be clarified.

If the chronic insulin-deficiency is an important factor

for the impairment of VRAC current, what does the insu-

lin-deficiency cause in the cells in relation to the current

system? It is established that insulin stimulates PI3K

activity in many types of vertebrate cells including cardiac

cells [27]. Cai and Helke [28] reported that there was a

significant decrease in PI3K activity without changes in the

protein expression of p85 subunit of PI3K in the vagus

nerve of STZ-induced diabetic rats. Similar results were

shown in cardiac cells from alloxan-induced insulin-defi-

cient diabetic rats [35]. Decrease of the phosphorylation of

Akt, a downstream reaction of insulin-PI3K signaling, was

shown in STZ-induced diabetic mouse heart [36]. On the

other hand, evidence is accumulating that PI3K plays a role

in cell swelling and related cellular responses. Cell swell-

ing has been shown to activate PI3K in several cell types

(for review see [37]), and osmotic activation of VRAC

current was shown to depend on PI3K in rabbit ventricular

myocytes [29, 30] and cultured smooth muscle cells [38].

In the present study, dialyzing the diabetic cells with PIP3,

but not PIP2, restored VRAC current (Fig. 6). Furthermore,

treatment with wortmannin, a PI3K inhibitor, strongly

inhibited the development of VRAC current in cells from

normal mice (Fig. 6f). These findings can be taken to

indicate that the PIP3 concentration in diabetic cells was

low due to low PI3K activity, resulting in an inhibition of

VRAC current.

Based on the above considerations, we postulate that

insulin-deficiency results in an inhibition of PI3K activity

in cardiac cells, which leads to a decrease in the intracel-

lular concentration of PIP3, while the decrease of PIP3

interferes with the activation of VRAC current via an

unknown mechanism. However, the VRAC current system

may not exclusively be regulated by the insulin-PI3K-PIP3

pathway. In ventricular myocyte of STZ-diabetic rat, the

restoration of Ito and Iss by insulin was blocked by an

inhibition of the mitogen-activated protein (MAP) kinase-

dependent pathway [25] and the cytoskeletal function [39].

Since the inhibitors of MAP kinase [40] and cytoskeleton

(actin polymerization) [41] have been reported to inhibit

the activation of VRAC current, these signaling pathways

also might concern with the restoration of VRAC current

by insulin observed in the present study. This issue as well

as the precise role of PIP3 in the activation process of

VRAC current must be investigated in future experiments.

STZ is an islet cell toxin used most commonly to induce

type-1 (insulin-deficient) diabetes in experimental animal

models. The metabolic features evoked by STZ treatment

include not only a markedly reduced plasma insulin level

but also hyperglycemia, hypertriglyceridemia, and ketosis

[27]. Our finding that incubation of diabetic cells with

insulin restored the impaired VRAC current may not nec-

essarily indicate that the impairment was not at all related

to the above diabetic complications other than insulin-

deficiency. Further studies are necessary to clarify this

point. As with hyperglycemia, it is noteworthy that

high glucose rather increases the PI3K activity in cultured

glomerular mesangial cells [42] and cultured cardiac

fibroblasts [16].
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Clinical and experimental studies support the existence

of a specific cardiomyopathy associated with diabetes

mellitus. The diabetic cardiomyopathy frequently exhibits

left ventricular systolic and diastolic dysfunction and left

ventricular hypertrophy [27]. Cl- channels may contribute

to cardiac ischemic preconditioning and the adaptive

remodeling of the heart during myocardial hypertrophy and

heart failure [43], and alterations of cell volume are

thought to be the key events during cell proliferation and

apoptotic cell death [44]. It is possible that the attenuation

of VRAC current and associated loss of RVD are somehow

related to development of cardiac hypertrophy associated

with diabetes. Further studies are necessary to elucidate the

pathophysiological roles of VRAC current in this animal

model as well as to clarify whether the reduction of VRAC

activity is a universal phenomenon in the heart of diabetic

animals including non-insulin-dependent diabetes model.
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