
Shaker-related Potassium Channel, Kv1.4, mRNA Regulation
in Cultured Rat Heart Myocytes and Differential Expression of Kv1.4
and Kv1.5 Genes in Myocardial Development and Hypertrophy

Hiroaki Matsubara, Junichi Suzuki, and Mitsuo Inada
Second Department ofInternal Medicine, Kansai Medical University, Moriguchi, Osaka 570, Japan

Abstract

The multiple K + channels are crucial for repolarization and
configuration of the action potential in the neuronal and cardiac
cells. In this study, we report the regulatory mechanisms of
rapidly inactivating Shaker Kv1.4 channel transcript in the rat
heart. Quantitative PCR analysis showed that stimulation with
high concentration of KCI, BAY-K 8644, or 12-0-tetradeca-
noyl phorbol-13-acetate resulted in an immediate and substan-
tial increase (two- to threefold) of Kv1 .4 mRNA levels in spon-
taneously beating myocytes prepared from neonatal rat ventri-
cles. The Kv1.4 mRNA in the ventricle remains at a steady
state level after birth and gradually declines with maturation.
These results suggest that the Kv1.4 mRNA level is not static
and undergoes dynamic modulation by multiple factors that ac-
tivate intracellular signals. In addition, the expression patterns
of Kv1.4 as well as the delayed rectifier Shaker K+ channel
Kv1.5 mRNAs were examined in hypertrophied ventricles in
which a plateau phase of action potential is remarkably pro-
longed. The Kv1.5 mRNA level was dramatically repressed
while the Kv1.4 mRNA level was remarkably increased. This
differential regulation was completely reversed by the normal-
ization of hypertrophy, suggesting that the pathological alter-
ations of K+ channel gene regulation may be involved in the
occurrence of ventricular arrhythmias in hypertrophic hearts.
(J. Clin. Invest. 1993. 92:1659-1666.) Key words: potassium
channel genes * delayed rectifier * transient outward current-
myocardial hypertrophy.* spontaneously hypertensive rat

Introduction

The multiple K + channels are important for repolarization and
configuration of action potential in neuronal and cardiac cells
( I ). Despite detailed biophysiological and pharmacological
characterization of heterologously expressed channels, the ex-
act physiological function and transcriptional regulation ofspe-
cific K+ channel gene product in the mammalian heart have
not been elucidated. In the rat heart, four distinct Shaker
(Kvl.l, Kvl.2, KvI.4, and Kv1.5), 1 Shal (Kv4.2), and 1
Shab K+ channels (Kv2. 1) are reported to be expressed (2).
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They show extensive amino acid sequence identity with Shaker
K+ channels over the putative membrane-spanning core re-
gion and most of these mammalian homologs, when expressed
individually in Xenopus oocytes, produce noninactivating or
very slowly inactivating currents. The exception in this subfam-
ily is Kv 1.4, which elicits a rapidly inactivating A-type current
in Xenopus oocytes (3).

We have previously reported Northern blot hybridization
and RNase protection analyses indicating that the transcript
encoding for Kv1.5 is expressed in heart, skeletal muscle, and
brain. The transcript is regulated in a tissue and developmen-
tally specific manner (4). In addition, we reported the isolation
of a genomic clone where a cAMP responsive element was
identified in the 5' noncoding region ofthe channel. Our results
document that an elevation in intracellular cAMP increases the
steady state levels ofKv 1.5 transcript in spontaneously beating
neonatal rat atrial cells, suggesting that the expressional pat-
terns of K+ channel genes are not static (5). If a physiological
K+ channel unit in the membrane is assembled with heteroge-
nous K+ channel gene products, changes in delayed rectifier
Kvl.5 gene expression may affect formation of K+ channel
protein. In the first part of this study we focused on regulatory
mechanisms for the gene expression of a rapidly inactivating
A-type Kv1.4 channel, another important K+ channel in the
Shaker subfamily, distinct in terms ofexpressed currents. Inter-
estingly, its developmental pattern in the heart is quite distinct
from that of delayed rectifier Kv1.5. It is possible that the
Kv 1.4 transcript is regulated by intracellular calcium mobiliza-
tion and protein kinase C (PKC).'

Cardiac hypertrophy is associated with changes in a wide
range of intracellular signals, such as increased intracellular
calcium, cAMP, inositol phosphates, and diacylglycerol con-
centrations (for review see reference 6). Because the gene ex-
pressions ofKv 1.4 and Kv 1.5 channels could be modulated by
these signals, and also because the plateau phase of action po-
tential in hypertrophic myocardium is reported to be greatly
prolonged (7-9), we reasoned that cardiac hypertrophy would
regulate the expressional patterns ofthese genes in the heart. In
the second part of this study we demonstrate that the steady
state levels of Kvl.4 and Kv1.5 gene expression are differen-
tially regulated in response to cardiac hypertrophy. The hyper-
trophy-dependent differential regulation of Kv1.4 and Kvl.5
mRNAs in the heart raises the possibility that the formation of
voltage-gated K+ channel protein on the membrane can be
changed in either physiological or pathophysiological states.

1. Abbreviations used in this paper: ACE, angiotensin I converting en-

zyme; ANF, atrial natriuretic factor; PKC, protein kinease C; RHR,
renovascular hypertensive rat; RT, reverse transcription; SHR, sponta-
neously hypertensive rat; 2K I C, two-kidney, one clip; TPA, 12-0-tetra-
decanoyl phorbol- 13-acetate; WKY, Wistar Kyoto rat.
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Methods

Primary cultures. Primary culture ofneonatal rat ventricular myocytes
was prepared as described previously ( 10). In brief, ventricles removed
from neonatal Kbl: Wistar rats ( 1-3 d after birth) were dissociated by
stirring gently with 0.25% trypsin solution for 5 min. After discarding
the first extraction to remove red blood cells, the remaining tissues were
further digested by stirring with the fresh enzyme. After 10 min, the
cells in the supernatant were removed and placed into ice-cold DME
with 20% FBS. This extraction procedure was repeated 7-10 times. The
combined cell suspensions were passed through 100-,Mm nylon mesh
and centrifuged. The cell pellets, which consisted primarily of cardio-
myocytes and nonmuscle cells, were resuspended in 20 ml of DME
with 10% FBS. The cell suspensions were incubated for 90 min at 370C
in 100-mm dishes, which allowed for selective attachment of nonmus-
cle cells to the dishes as described elsewhere ( ). The cardiomyocyte-
enriched suspensions were removed from the culture dishes and re-

placed with DME containing 10% FBS and 100MM ofthe DNA synthe-
sis inhibitor, bromodeoxyuridine. The cardiomyocytes were seeded at
densities of 3 x 106 cells per 100-mm dish. Each dispersion procedure
yielded an average of 20 dishes from 40 neonatal rat ventricles, which
were divided for the experiments. Each culture experiment was re-

peated with four separate samples obtained from four different prepara-
tions. The cells were incubated at 37"C under a humidified atmosphere
of 95% air-5% CO2. After 48 h, the cells were rinsed with PBS, and the
medium was replaced with serum-free DME containing 5.4 mM KCI,
into which various chemicals were added to observe effects on K+
channel mRNA levels. In this experimental condition, the cultured
cells were spontaneously beating, which was consistent with the obser-
vations in other studies ( 12, 13).

To obtain nonmuscle cell-enriched fraction, the culture dishes con-
taining attached nonmuscle cells were plated into an incubator and
passaged 48 h later with 0.25% trypsin, as described elsewhere (1 1).
The cells were plated in DME containing 10% FBS at a density of 2
X 104 cells in a 100-mm culture dish. After 5 d, the media were aspi-
rated, and cells were washed with PBS and treated with guanidium
isothiocyanate cesium chloride to obtain cellular RNA.

Quantitative reverse transcription (RT) and PCR assay. First
strand cDNA was synthesized from total RNA isolated by guanidium
isothiocyanate-cesium chloride centrifugation (14) with the Gene
Amp RNA PCR kit from Perkin-Elmer Cetus Corp. (Norwalk, CT)
with random hexamers as primers. In brief, total RNA samples were
transcribed with random hexamers (2.5 MM), dNTPs (1 mM) and
RNase inhibitors (1 U/MI) using MMLV reverse transcriptase (2.5
U/Ml) for 15 min at 420C, as indicated in the kit protocol. The resul-
tant single strand cDNA was assayed for levels of specific cDNA by
quantitative PCR. The following PCR oligonucleotide primers were
chosen to amplify the cDNA. The sense and antisense primers for
Kv 1.4 were designed from coding region ofRCK4 (3): sense (5'-GCT-
CACTCCAGGGCAGCTGCAGCTGCTGCT, nucleotides 100-131
ofRCK4) and antisense (5'-TCACGCATGCTGGCTCTTAGGGTG-
TGGCCC, nucleotides 1408-1439 ofRCK4). The sense and antisense
primers for Kv 1.5 were designed from coding region and 3' noncoding
region of Kv I ( 15): sense (5'-GCCTGGAGACTCTGCCTGAGT-
TCAGGGATG, nucleotides 776-806 ofKv I) and antisense (5'-GGT-
GTAAAGCAGATGCCCAGGCTCAAGGGG, nucleotides 1857-
1888 of Kv1). The sense and antisense primers for /-actin were
designed from coding region ( 16): sense (5'-GTTCCGATGCCCCGA-
GGATCT) and antisense (5'-GCATTTGCGGTGCACGATGGA).
To obtain deletion mutated RNA (AKvl.4), the 1,340 bp of Kv1.4
RT-PCR product prepared from total RNA of neonatal ( 1-d) rat ven-
tricles was blunt-ended to attach HindIII phosphorylated linker (New
England Biolabs Inc., Beverly, MA) and subcloned into HindIII site of
pBluescript II KS( -) (Stratagene Inc., La Jolla, CA), which was desig-
nated as pKS. The pKS was cut by Styl and self-ligated. To get AKv 1.5,
the 2,522-bp ApaI-HindIII fragment of Kvl.5 cDNA that we cloned
previously (4) was subcloned into pBluescript II KS( - ), cut with Msc I
and self-ligated. These plasmids contained the insert, which lacked

StyI-Styl (947 bp) of Kvl.4 RT-PCR product and Msc I-Msc 1 (782
bp) of KvI.5 cDNA. The deletion-mutated RNAs (AKvl.4 and
AKvl.5) were synthesized by T3 RNA polymerase (Takara Shuzo,
Kyoto, Japan) after being linearized with EcoRI and HindIII, respec-
tively, as described elsewhere ( 17). Total RNA (500 ng for cells and 1
ug for tissues) and the deletion-mutated RNA (10 pg) were simulta-
neously mixed and transcribed with reverse transcriptase followed by
amplification with PCR using primers for Kvl1.4 or Kv1.5. Denaturing,
annealing, and polymerase reactions for cellular RNA were done 25
times at 940C for 45 s, 620C for 1 min, and 720C for 1.5 min, respec-
tively. The PCR program for tissue RNA was 30 times at 940C for 45 s,
60C for 1 min, and 720C for 1 min, respectively. The sizes of RT-
PCR products for KvI.4 mRNA and AKvl.4 RNA, KvI.5 mRNA,
and AKv1.5 RNA were 1340 and 393 bp, 1,110 and 328 bp, respec-
tively. In each experiment, the same total RNA samples (100 ng) were
separately transcribed and amplified with PCR using ,B-actin primers.
The PCR schedule of cellular and tissue RNA for f-actin was 25 cycles
of94°C for 30 s, 50°C for 30 s, and 72°C for 45 s, which gave 361 bp of
f3-actin fragments. All RT-PCR products were electrophoresed on 1%
agarose gels. Specificity of gene amplification was confirmed by corre-
spondence of the size of PCR products to that predicted from the
cDNA sequence and by restriction digestion pattern, and sequencing of
PCR product using sense and antisense oligos as primers.

To quantify the Kv1.4 and Kvl.5 mRNAs, the trace amount (5
ALCi) of [32PjdCTP was included in the PCR reaction mixture. The
bands of interest were excised from the agarose gel and analyzed in a
scintillation counter to measure 32p incorporation and thus the quan-
tity of PCR product. To control for the variability in the amount of
input RNA and the efficiency of PCR amplification against tube-to-
tube variation, K+ channel signals were normalized to both ,B-actin
signals (as internal control) and deletion-mutated RNA signals (for
PCR efficiency); the 32P amounts incorporated in K+ channel signals
were normalized with those in RT-PCR bands of f3-actin and respec-
tive deletion mutations. In the experiments to examine the different
time points following the addition of stimulants, the value at "0" time
point was normalized to "1" arbitrary unit for quantitative compari-
son: Kv signal (cpm)/ [ AKv signal (cpm) X gl-actin signal (cpm) ] was
arbitrarily normalized to "1" unit.

Analysis of ventricular atrial natriureticfactor (ANF) mRNA. For
quantitative analyses of ANF mRNA, RNA samples that had been
diluted serially five times were dotted on nitrocellulose filters; 0.625-
10-,gg total ventricular RNA samples were applied to the filters. The
filters were air-dried, baked at 80°C for 2 h, and prehybridized and
hybridized to the radiolabeled rat ANF complementary DNA probe
(782 bp), as described previously ( 14). The autoradiographic signals
were measured by a scanning densitometer and plotted as a function of
amounts of dotted RNA. Dot blot hybridization was performed for
separate RNA samples (n = 5 for spontaneously hypertensive rats
[SHR]; n = 4 for Wistar Kyoto rats [WKY]) obtained from each
experimental group. The mean of the slopes in the linear regression of
these plots was taken as a quantitative index of relative ANF mRNA.

Animals. Male SHR at ages of 17, 20, and 24 wk (n = 5, respec-
tively) and age-matched male (n = 4, respectively), genetically normo-
tensive control strains, were used in the study. Two-kidney, one-clip
renovascular hypertensive rats (2K1C RHR) were produced in male
Kbl: Wistar rats (4-wk-old) by placing a silver clip (0.2 mm) on the left
renal artery and leaving the contralateral kidney untouched (14).
Sham-operated rats served as controls. In the experiment to examine
developmental changes of K+ channels mRNA levels, male Crj:
Sprague-Dawley rats were used. Animals were housed in a tempera-
ture-, humidity-, and light-controlled room, and a standard rat diet and
water were provided ad lib. Systolic blood pressure and heart rate were
measured once a week using the tail-cuffmethod, and body weight was
checked. When systolic blood pressure reached a level greater than 160
mmHg within 2 wk after clipping, the rats were regarded as renovascu-
lar hypertensive rats. On the day of experiment, the rats were killed by
decapitation. The heart was removed and the half of apex in the left
ventricle was used for RNA preparation.
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Figure 1. RT-PCR quantification of Kv1.4
ventricular myocytes. (A) Total RNA from n(
myocytes (1 Ag, o) and I X I07 cRNA mol
standard (AKv 1.4, *) were co-amplified for N

cycles. (B) Serial dilutions of neonatal rat ven
RNA (o) and cRNA of internal PCR standai
for 30 cycles. Five qCi of [32P]dCTP was inc
tion mixture. Samples were loaded on an agar
excised to measure their radioactivities.

Reversal of renovascular hypertension. 6
were divided into three groups. We reduced ti
two procedures. The first group (n = 4) was tr
enzyme inhibitor enalapril (Banyu Pharma
The drug was given in distilled water by oral g
twice daily for 4 wk. In the second group (n
was removed under ether anesthesia. The ri
received neither drug treatment nor nephrect(
group is referred to as untreated RHR. They '
= 4) and 10 wk (n = 4) after clipping. In add
control rats were also examined 6 wk (n = 4
sham-operation.

Reagents and statistical methods. All reag4
Sigma Chemical Co. (St. Louis, MO), unles
low. KCl, H-7, and dibutyryl cAMP were di
BAY-K 8644, nifedipine (a gift from Bayer
and 12-0-tetradecanoyl phorbol- 13-acetate
DMSO. The final DMSO concentration ofat
Kv channel mRNA levels. Results are express
ses of variance and the Neumann-Keuls test
comparisons. Values of P < 0.05 were consi
cant.

RT-PCR quantification. We have utilized a method for quan-
> tification of mRNA levels based on randomly primed RT-

1.5 PCR, as described by Wang et al. ( 18) because of the low level
Z ofKv 1.4 gene expression in the heart. To optimize the quanti-

tative RT-PCR, the range of concentrations of sample RNA
and cRNA as well as the number of amplification cycles were

0.5 chosen within the exponential phase (Fig. 1 A), where the
...._ . ....... .......Iquantityof the amplified product would be directly propor-

103 10o 1o) tional to the quantity of the starting target sequence. A linear
c p m relationship in the ratio of sample RNA to cRNA was main-

mRNA in neonatal rat tained throughout the range we observed (Fig. 1 B).
eonatal rat ventricular Effect ofhigh concentration KCl on the KvJ.4 mRNA levels
ecules of internal PCR in spontaneously beating neonatal rat ventricular myocytes.
various numbers of PCR The delayed rectifier Kv1.5 mRNA levels increased signifi-
itricular myocytes total cantly with the addition ofhigh concentration (50 mM) KCI in
rd (.) were coamplified the spontaneously beating atrial myocytes ( 19). Fig. 2 A shows
luded in each PCR reac- the effect of the high concentration KCI on the Kv 1.4 mRNA
rose gel, and bands were

levels in spontaneously beating ventricular myocytes. These
cells were employed in the experiment to examine the Kv1.4
mRNA levels, because the Kv 1.4 expression levels in cultured

wk after clipping, RHR neonatal ventricular cells appeared to be more abundant than
he high blood pressure by those in atrial cells. RT-PCR analyses demonstrate that the
eated with the converting addition of high concentration (50 mM) KCl causes a two- to
ceutical, Tokyo, Japan). threefold increase in the Kv1.4 mRNA levels detected as early
,avage (2 mg/kgbodyw) as 1 h after the addition (Fig. 2 A). This level of stimulation

a4? the clgppedkodney was maintained for at least 6 h. Over the time course of this

my, and henceforth, this experiment, RT-PCR products of f-actin, used as an internal
waere examinedfat6 wkt(n control for RNA input, were consistently unchanged (Fig. 2
lition, the sham-operated A). Based on scintillation counting of the PCR product bands,
and 10 wk (n = 4) after the products of Kvl .4 were arbitrarily normalized with 13-actin

and deletion mutated RNA of Kv1.4, and the statistical data
,ents were purchased from were shown.
,s otherwise indicated be- Although the above experiments were carried out using car-
ssolved in distilled water. diomyocyte-enriched culture cells obtained by the differential
Co. Ltd., Tokyo, Japan) plating procedure described in Methods, it seemed impossible
mostP .05% did notaffect to remove nonmuscle cells completely from the culture frac-
ed as mean±SEM. Analy- tion. Therefore, we examined the Kv 1.4 mRNA levels in non-
were used for multigroup muscle cell-enriched fractions obtained by the differential
idered statistically signifi- plating at the same time as cardiomyocyte-enriched cells, in

order to see whether or not the nonmuscle cells would have any

A B
Figure 2. RT-PCR analyses of

- 3M C Kv1.4 mRNA levels derived from

sKvl.4 KCl depolarized ventricular myo-
cytes. (A) Neonatal Wistar rat ven-

KCI 4 - tricular myocytes were treated with
50 mM KCl in the serum-free media

Kvl.4 A3* Kvl .4 for the indicated time (in hours).
3 r X Cellular RNA and deletion mutated

Kv1.4 RNA (AKvl.4) were assayed
a Kv1.4 D 2 W in RT-PCR. Amplified cDNA of

(hrs) 0 0.5 1 2 4 6 0.5 2 50.5pg Kvl.4 treated in the presence (m) or
- -9 KC absence (o) of additional KCl was

1 -actin normalized with the PCR products
of AKvl.4 and f3-actin, as described

ohrs)0.5 2 4 6
[ -actin in Methods. Experiments were re-

KCI _____________peated four times and the
mean±SEM values (n = 4) are

shown. *JP < 0.01 vs. values in the absence of additional KCl. (B) Cellular RNA (500 ng, 2 jig, or 5 Mig) prepared from nonmuscle cell-enriched
culture cells (NMC) and AKvl .4 cRNA (10 pg) were analyzed with RT-PCR. KCl (50 mM) was added into NMC culture and incubated for
2 h.
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effect on the Kvl .4 transcript. As shown in Fig. 2 B, 500 ng (the
same amount used in cardiomyocyte-enriched culture), 2 ,g,
or 5 ,ug of total RNA prepared from the nonmuscle cell-
enriched fraction did not produce any Kv 1.4 mRNA signals in
our RT-PCR analyses. In addition, high concentration (50
mM) KCl did not have any effect on Kvl.4 mRNA levels,
suggesting that the contamination of nonmuscle cells in the
cardiomyocyte-enriched fraction is negligible in evaluating the
mRNA regulation.

Effects ofBA Y-K 8644 and TPA on the KvJ.4 mRNA levels
in spontaneously beating neonatal rat ventricular myocytes.
The high concentration ofKCl induces an increase in intracel-
lular calcium levels through the activation of voltage-sensitive
calcium channels (20). To examine whether or not an increase
in intracellular calcium levels has any effect on the steady state
levels of Kv 1.4 transcript, beating neonatal rat ventricular
myocytes were stimulated with BAY-K 8644 in the presence of
5.4 mM KC1 contained in culture medium. RT-PCR analyses
demonstrate that the levels of Kvl .4 transcript in cardiomyo-
cyte-enriched culture cells are increased by up to threefold by
BAY-K 8644, while those in nonmuscle cell-enriched culture
are unaffected (Fig. 3 A). The effects can be detected as early as
1 h after the addition ofBAY-K 8644, and the response peaks
at 3 to 5 h after stimulation. This is followed by a gradual
decrease, reaching control levels by 24 h. Addition of the cal-
cium-channel antagonist nifedipine before BAY-K 8644 com-
pletely inhibited the stimulation (Fig. 3 A). Over the time
course ofthe experiment, control cells did not show any change
in steady state levels of the transcript. RT-PCR products of
f3-actin were also consistently unchanged (Fig. 3 A).

Since it is suggested that an increase in intracellular calcium

concentration lowers the threshold ofPKC activation (21 ), we
examined the effect of phorbol esters that can pharmacologi-
cally alter PKC activity on Kvl.4 mRNA levels. As shown in
Fig. 4 A, the levels of Kvl1.4 transcript in cardiomyocyte-
enriched culture cells are increased up to 3.5-fold by TPA,
while those in nonmuscle cell-enriched culture were unaf-
fected. The stimulatory effect can be detected 1 h after the
addition ofTPA, and the response peaks at 3 to 5 h after stimu-
lation. The stimulatory effect ofTPA was completely blocked
by the addition ofH-7 (Fig. 4 A). A phorbol ester that does not
stimulate PKC, 4-a-phorbol, did not elicit any changes in
Kv1.4 mRNA levels (data not shown). As shown in Fig. 4 A,
over the time course of experiments, RT-PCR products of ,B-
actin were consistently unchanged. The combination of TPA
and BAY-K 8644 induced the additive accumulation (five-
fold) of Kv1.4 transcript 5 h after stimulation, suggesting the
possibility that calcium mobilization and PKC are closely in-
volved in the accumulation of Kvl1.4 mRNA. In both the case
ofBAY-K 8644 and ofTPA additions, experiments have been
repeated four times with separate RNA samples, and arbitrary
values normalized by fl-actin and deletion-mutated cRNA of
Kv 1.4 are shown in Fig. 4 A. An increase in intracellular cAMP
levels by dibutyryl cAMP ( 1 mM) did not influence the steady
state levels of Kv 1.4 transcript in the cardiomyocyte-enriched
culture cells (Fig. 3 C). In addition, the stimulation with BAY-
K 8644 or TPA did not induce any significant change in the
Kvl.5 mRNA levels (Figs. 3 B and 4 B).

Developmental changes of ventricular KvJ.S and Kv1.4
mRNA levels. Our previous study (4) and Swanson et al. ( 15)
have shown that Kv 1.5 mRNA levels are developmentally regu-
lated. As shown in Fig. 5, Kvl .5 mRNA levels in ventricles are

Figure 3. RT-PCR analyses of
A Kv1.4 and Kv1.5 mRNA levels de-

CD _rived from BAY-K 8644 treated

Kvl.4 cardiomyocytes. (A) Neonatal Wis-
tar rat ventricular myocytes were

0Z a m treated with BAY-K 8644 (0.5 AM)
BAY-K 8644 - a) . in the presence of 5.4mM KCI con-m Z Z tained in serum-free media for the
Kv1.4

-

>r | | 1 indicated time (in hours). In the ex-

periment ofBAY-K 8644 (0.5 AM)
n2 _ : | i + Nifedipine (5,M), the cells were

AI Kvl .4 _ | | 0 treated for 5 h after the previous
addition (30 min) of the blocker. In

(hrs) 0 1 3 5 7 15 24 nonmuscle cell-enriched culture
(NMC), BAY-K 8644 (0.5 MM) was

13 -actin f incubated for 5 h. Cellular RNA
BAY-K8644 Nifedi pmn and deletion mutated Kv1.4 RNA

(AKv1.4) were assayed in RT-PCR.
B C Amplified cDNA ofKvl.4 treated

- BAY-K 8644 - dibutyryl cAMP- in the presence (m) or absence (o)
of BAY-K 8644 was normalized

Kvl.5 Kvl 4 with the PCR products of AKvl .4
,B -actin _ -actin and #-actin, as described in Meth-

_h) _ __ods. Experiments were repeated four
d Kvl.5 _ _ 3A Kvl .4 times and the mean±SEM values

_(hrs) O 3 7 15 (hrs) 0 3 7 15 (n = 4) are shown. *P < 0.05, **P

(hrs) 0 3 7 15 (hrs) 0 3 7 15 <0.01 vs. valuesintheabsence of
BAY-K 8644. (B) Neonatal Wistar

rat atrial myocytes prepared with differential plating in the same method as ventricular myocytes were treated with BAY-K 8644 (0.5 MM) for
the indicated time. Cellular RNA (500 Mg) and AKv1.5 RNA (10 pg) were analyzed with Kv1.5 primers. Experiments were separately repeated
three times with similar results, and representative data are shown. (C) Neonatal Wistar rat ventricular myocytes were treated with dibutyryl
cAMP ( 1 mM) for the indicated time. Cellular RNA (500 Mg) and AKv1.4 RNA ( 10 pg) were analyzed with Kvl1.4 primers. No induction in
Kv1.4 mRNA levels was observed (n = 4).
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Figure 4. RT-PCR analyses of
Kv1.4 and Kvl.5 mRNA levels de-
rived from TPA-treated cardiomyo-
cytes. (A) Neonatal Wistar rat ven-
tricular myocytes were treated with
TPA( 1MM), TPA (I1 M) + BAY-
K 8644 (0.5,uM), or TPA (I1M)
+ H-7 (5 MM) in the presence of 5.4
mM KCI contained in serum-free
media for the indicated time. In the
experiment to examine the effect of
blocker, the cells were treated for 5
h after the previous addition (30
min) of the blocker. In nonmuscle
cell-enriched culture (NMC), TPA
( 1 qM), or TPA ( I MM) + BAY-K
8644 (0.5 MM) was incubated for 5
h. Cellular RNA and deletion mu-
tated Kvl.4 RNA (AKv1.4) were
assayed with RT-PCR. Amplified
cDNA of Kvl .4 treated in the pres-
ence (in) or absence (o) ofTPA was
normalized with PCR products of
AKvl.4 and fl-actin as described in
Methods. Experiments were sepa-
rately repeated four times and the
mean±SEM values (n = 4) are
shown. *P < 0.05, **P < 0.01 vs.
values in the absence ofTPA. (B)

Neonatal Wistar rat atrial myocytes prepared with differential plating in the same method as ventricular myocytes were treated with TPA (1 MM)
for the indicated time. Cellular RNA (500 ng) and AKvl1.5 RNA ( 10 pg) were analyzed with Kvl1.5 primers. Experiments were separately re-
peated three times with similar results and representative data are shown.

abundant at 4 wk, but less abundant in neonatal and elderly
periods. These RT-PCR analyses are consistent with our pre-
vious data assayed by the RNase protection method (4). On
the other hand, Kvl.4 mRNA levels showed developmental
patterns quite different from those of Kvl.5 (Fig. 5). Kv1.4
transcripts are present most abundantly in neonatal and young
adult periods and then decline with maturation, while RT-
PCR products of f3-actin are similar over the time course of
experiments. Thus, the developmental patterns of Kvl.5 and
Kv 1.4 gene expression in the heart are quite distinct, in spite of
belonging to the same Shaker subfamily.

Differential changes of KvJ.5 and Kv1.4 mRNA levels in
experimental cardiac hypertrophy. Cardiac hypertrophy is as-
sociated with changes in a wide range of intracellular signals,
such as increased cytosolic free calcium, cAMP, inositol phos-
phates, and diacylglycerol concentrations (6). Because Kvy.5
and Kv1.4 mRNA levels in the heart could be modified by
these signals, and because it is known that the plateau phase of
the action potential is greatly altered in hypertrophic ventricles
(7-9), we attempted to examine the expression patterns of
these genes in response to cardiac hypertrophy in two distinct
models ofSHR and two-kidney, one-clip renovascular hyper-
tensive rats (2KIC RHR). Table I shows the hemodynamic
data ofSHR and its genetic normotensive control, WKY. SHR
are genetically hypertensive rat strains that have been studied
widely and intensively in hypertension research (22). The ven-
tricular hypertrophy suggested by a significant increase in the
ratio ofleft ventricular and body weight, as compared to that in
age-matched WKY, was observed at 20 wk, which was con-
firmed by the increased amounts of ANF mRNA, generally
accepted as one ofmarks ofventricular hypertrophy (6). It is of
interest to note that cardiac hypertrophy in SHR causes a dra-
matic reduction of Kvl.5 mRNA levels in ventricles (Fig. 6).

This reduction is evident as early as 17 wk: Suggestive ventricu-
lar hypertrophy judged by the ratio of ventricular and body
weight is not yet apparent, but the process of hypertrophic
change has begun on a biochemical level, as indicated by the
increased ANF mRNA levels. The reduction of ventricular
Kv1.5 mRNA in WKY at 24 wk is consistent with the normal
developmental pattern described in Fig. 5. On the other hand,
Kv1.4 mRNA accumulations were remarkably increased in
SHR at 20 and 24 wk, although the Kvl.4 mRNA levels in
WKY at these weeks were decreased according to a normal
developmental pattern. RT-PCR products ofB-actin appeared
to be similar in these hypertensive rats (Fig. 6). This differen-
tial response of ventricular Kvl.5 and Kvl.4 transcripts was
consistently observed in all experimental rats (see Table I for
numbers of animals).

To confirm further the differential change of Kvl.5 and
Kv 1.4 mRNAs and examine the effect of regression of cardiac
hypertrophy on these changes, we employed the 2KlC RHR
with more prominent ventricular hypertrophy. The clipped
renal artery produces increased levels ofplasma renin, aldoste-
rone, and angiotensin II, resulting in the severe renovascular
hypertension-induced hypertrophy ( 14). The elevated level of
blood pressure can be completely normalized by the removal of
clipped kidney or treatment by angiotensin I converting en-
zyme (ACE) inhibitor, accompanied by the regression of car-
diac hypertrophy. Table I shows the hemodynamic data and
cardiac ANF mRNA levels in sham-operated controls and
2KIC RHR untreated for 6 or 10 wk after clipping, or treated
with nephrectomy and enalapril (ACE inhibitor) for 4 wk after
the 6-wk clipping. The presence of cardiac hypertrophy is sug-
gested by the remarkably increased values of the ratio of left
ventricular and body weight (twofold) and left ventricular
ANF mRNA levels (eightfold), when compared to those in the
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Figure 5. RT-PCR analyses of developmental changes in the accu-

mulation of ventricular Kvl .4 and Kv 1.5 mRNA levels. Tissue RNA
obtained from Sprague-Dawley rat ventricles in different develop-
mental stages was assayed with deletion mutated RNA by RT-PCR.
Experiments were repeated with similar results in three separate sam-

ples, and representative results are shown.
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sham-operated controls. Nephrectomy and treatment with en-

alapril for 4 wk completely normalized the ratio of ventricular
and body weight and ventricular ANF mRNA levels. Fig. 6
shows the expression patterns ofKv 1.5 and Kv 1.4 mRNAs in
the development (6 and 10 wk after clipping) and regression of
cardiac hypertrophy. Similar to the results of SHR, Kvl.5
mRNA levels are dramatically repressed and Kvl.4 mRNA
levels are remarkably augmented in the untreated 2KIC RHR.
The differential changes of these mRNAs appears to be more

apparent than those in SHR. Treatments with enalapril and
nephrectomy reversed these changes to the normal steady state
levels, together with the regression of hypertrophy. Similar re-

sults were observed consistently in all experimental rats (see
Table I for numbers of animals).

Discussion

Understanding the expression mechanisms for K+ channel
genes represents an informative initial step toward elucidating
the function of specific K+ channel proteins. The anatomical
distribution and pathological changes of the various types of
voltage-sensitive K+ channels in the mammalian heart have
been difficult to study, partly because of the paucity of high
affinity ligands or pharmacological antagonists effective as spe-
cific probes in contrast to neurotransmitter-gated channels or

sodium channels (23). However, the successful cloning of a

family of K+ channel cDNA has greatly facilitated the ap-
proach to this problem.
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Figure 6. RT-PCR analyses of differential ac-
cumulations ofKv 1.4 and Kv 1.5 transcripts
in the development and regression of ventricu-
lar hypertrophy. Total RNA (1 jg), obtained
from SHR or 2KIC RHR ventricles in differ-
ent developmental stages of hypertrophy, were
assayed with 10 pg ofdeletion-mutated RNA
by RT-PCR. 2KIC RHR were produced in
male Kbl: Wistar rats (4-wk-old) by placing a
silver clip (0.2 mm) on the left renal artery.
The regression of ventricular hypertrophy was
performed by antihypertensive treatments
with enalapril or nephrectomy of the clipped
kidney after the lateral renal artery had been
clipped for 6 wk. Experiments were repeated
with similar results in separate samples (see
Table I for numbers of experimental rats), and
representative results are shown.

In the first part ofour experiments, we raised the possibility
that the Kvl.4 mRNA levels are regulated with a rise in intra-
cellular calcium and activation ofPKC. Since we have reported
that the Kv1.5 gene transcript is upregulated by intracellular
cAMP levels (5), this suggests that Kv1.4 and Kvl.5 expres-
sions are regulated through different intracellular pathways,
despite belonging to the same Shaker subfamily. Transient ele-
vation of intracellular calcium levels affects the threshold of
PKC activation (21 ), which may act directly or indirectly to
cause mRNA accumulation of Kv1.4 gene; PKC may phos-
phorylate other proteins that induce the maturation of Kv 1.4
mRNA or directly regulate its gene transcription. Thus, the
regulation of Kv 1.4 and Kv 1.5 expression by intracellular sig-
nals, and therefore by the multiple hormones that modulate
the activities of cAMP, intracellular calcium, and PKC, could
play an important role in the modulation of cardiocyte or neu-

ron excitability. In the present study, we demonstrated that
changes in membrane potential by the addition ofhigh concen-
tration KCl resulted in an early change in the steady state
mRNA level ofKv 1.4, as also observed in Kv 1.5 mRNA regula-
tion ( 19), suggesting the presence of new feedback mecha-
nisms that depolarization itself affects the K+ channel gene

regulation important for repolarization.
The heart is composed of a number of different cells, such

as myocytes, fibroblasts, endothelial cells, vascular smooth
muscle cells, and others, among which myocytes and fibro-
blasts are predominant cell types in the case ofthe neonatal rat
heart (24). Our RT-PCR analysis shows that Kvl .4 and Kvl .5
genes are expressed only in myocytes, not in fibroblasts, which
is similar to the observation that Kvl.l, Kv1.2, and Kv4.2
channel genes are predominantly expressed in many different
types of neurons rather than in glial cells (25). These imply
that Kv channel genes are regulated in cell-type specific expres-
sion in the heart and brain. Compared with immediate early
genes like protooncogene, whose mRNAs peak within 1 h after
stimulation and fall back to baseline within a few hours (26),
the change in Kv1.4 and Kv1.5 mRNAs is also transient, but
the time course is slightly slower, suggesting that they may be-
long to the late response group of genes (25, 27). It has been
assumed that late-responding genes may be regulated at the
transcriptional level by the products of immediate early genes,

many of which encode DNA-binding proteins (27, 28). Al-
though it is unknown whether Kv1.4 expression is regulated in
this fashion, further investigation at the molecular level would
be needed to determine its transcriptional regulation.

Although it is not known whether or not the increase in
transcript abundance may result in an actual increase in chan-
nel protein in vivo, previous work indicated that when Kvy .

was expressed in Sol 8 cells under the control ofthe metallothio-
nein promoter, an increase in the steady state level ofmRNA
resulted in the expression of a higher number of functional
channels as measured by K+ current density (29). The physio-
logical correlates of these changes in channel abundance are

being currently explored. A further source of increased com-
plexity in vivo is the potential for different K+ channel sub-
units to form heteromultimers that have properties distinct
from those ofthe parent homomultimers (30-32). Tsaur et al.
demonstrate that Kv1.1 and Kv1.2 may multimerize in neu-
rons in many regions of the brain, as has been found in the
Xenopus oocyte expression system (25). If so, even slight alter-
ations in the relative level of expression of either Kv1.4 or
Kv1.5 gene might have significant effects on the composition
of Kv1.4-Kv 1.5 heteromultimers, and thus may account for a
variety of K+ conductance recorded in the cardiomyocytes.
Whether formation of K+ channel heteromultimers actually
occurs in vivo is unknown, therefore a further biochemical
approach, such as producing the appropriate antibody specific
for individual K+ channel protein, is required at the protein
level to address this issue.

Myocardial hypertrophy in both human and animal mod-
els such as SHR and 2K1C RHR is associated with changes in
intracellular signals, including increased cAMP, intracellular
calcium, inositol phosphates, and diacylglycerol concentra-
tions closely involved in PKC activation (for review see refer-
ence 6). The second part ofour experiments demonstrates that
Kv1.4 mRNA accumulation is stimulated, while Kv1.5
mRNA is repressed in response to cardiac hypertrophy. This
differential expression was repeated with similar results in the
different types of ventricular hypertrophy of SHR and 2K1C
RHR, and was normalized by the regression of hypertrophy,
indicating that these interesting phenomena are a specific and
consistent feature of hypertrophied myocardium.
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Electrophysiological studies have demonstrated that the
transmembrane action potentials recorded from hypertrophied
ventricles of rat (8, 9), cat (7), and human (33) are greatly
altered, typical changes being depression ofthe membrane volt-
age during the action potential plateau and prolongation ofthe
plateau phase. Such alterations in the action potential were also
recorded in hypertrophied ventricles of 2KlC RHR (7-14 wk
after clipping) produced from Wistar rats (8) or in those of
16-wk-old SHR (9), the same experimental models as in the
present study. The delayed rectifier K+ current is one ofimpor-
tant outward K+ currents involved in the configuration of car-
diac action potential ( 1). TenEick et al. have demonstrated
that the prolonged duration is closely involved in a significant
decrease in the time-dependent outward current (34). Our ob-
servation that delayed rectifier Kv 1.5 expression is remarkably
repressed could account for one of the important molecular
mechanisms responsible for the prolonged duration of action
potential recorded in hypertrophied ventricles. Compared to
the role of delayed rectifier Kv 1.5 in hypertrophy, the effect of
increased expression of rapidly inactivating Kv1.4 on the al-
tered action potential remains to be determined. Such alter-
ations in the repolarization time may be in part involved in the
frequent occurrence of ventricular dysrhythmia in patients
with hypertrophic hearts ( 33, 35 ). Thus, since the voltage-sen-
sitive Shaker K+ channel expressions could be changed from
the steady state level in response to many signal transductions,
it is likely that K+ conductance and action potential are readily
altered in many pathological stages such as hypertrophy, isch-
emia, and heart failure. Our present study is the first to demon-
strate such phenomena in the molecular level, and further in-
vestigation of K+ channel gene regulation in human diseased
heart is now in progress.
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