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Abstract

 

Expression of the dihydropyridine (DHP) receptor (

 

a

 

1

 

 sub-

unit of L-type calcium channel) in heart is regulated by dif-

ferentiation and innervation and is altered in congestive

heart failure. We examined the transmembrane signaling

pathways by which norepinephrine regulates DHP receptor

expression in cultured neonatal rat ventricular myocytes.

Using a 1.3-kb rat cardiac DHP receptor probe, and North-

ern analysis quantified by laser densitometry, we found that

norepinephrine exposure produced a 2.2-fold increase in

DHP receptor mRNA levels at 2 h followed by a decline to

50% of control at 4–48 h (

 

P 

 

, 

 

0.02). The 

 

a

 

-adrenergic ago-

nist phenylephrine and a phorbol ester produced a decline

in mRNA levels (8–48 h). The 

 

b

 

-adrenergic agonist isopro-

terenol and 8-bromo-cAMP produced a transient increase in

mRNA levels. After 24 h of exposure to isoproterenol,

 

3

 

H-(

 

1

 

)PN200-110 binding sites increased from 410

 

6

 

8 to

539

 

6

 

39 fmol/mg (

 

P 

 

, 

 

0.05). The number of functional cal-

cium channels, estimated by whole-cell voltage clamp ex-

periments, was also increased after 24 h of exposure to

isoproterenol. Peak current density (recordings performed

in absence of isoproterenol) increased from 

 

2

 

10.8

 

6

 

0.8 (

 

n

 

 

 

5

 

23) to 

 

2

 

13.9

 

6

 

1.0 pA/pF (

 

n

 

 

 

5 

 

27) (

 

P 

 

, 

 

0.01). Other charac-

teristics of the calcium current (voltage for peak current, ac-

tivation, and inactivation) were unchanged. Exposure for 48 h

to phenylephrine produced a significant decline in peak

current density (

 

P 

 

, 

 

0.01). We conclude that 

 

b

 

-adrenergic

transmembrane signaling increases DHP receptor mRNA

and number of functional calcium channels and that 

 

a

 

-adren-

ergic transmembrane signaling produces a reciprocal effect.

Regulation of cardiac calcium channel expression by adren-

ergic pathways may have physiological and pathophysio-

logical importance. (

 

J. Clin. Invest.

 

 1996. 97:656–663.) Key

words: calcium channel 

 

•

 

 transmembrane signaling 

 

•

 

 myo-

cyte 

 

•

 

 transcription

 

Introduction

 

L-type calcium channels play a pivotal role in normal physio-
logical function of the heart. Contractile performance of the
heart is substantially altered when the abundance of functional
calcium channels increases or decreases (1–3). In pathophysio-
logical conditions such as congestive heart failure the abun-
dance of calcium channel mRNA and binding sites for calcium
channel ligands is significantly depressed (3), possibly contrib-
uting to abnormalities in contractile performance in the failing
heart. Moreover, relatively little is known about the signaling
mechanisms that determine the abundance of calcium chan-
nels in cardiac myocytes. Normal calcium channel function in
the heart requires the presence of at least the 

 

a

 

1

 

, 

 

a

 

2

 

, and 

 

b

 

 sub-
units (4, 5). Whether subunit protein expression is under im-
portant transcriptional control is uncertain; the turnover rate
of subunits in the sarcolemma is also unknown. The 

 

a

 

1

 

 subunit
of the calcium channel, which is the dihydropyridine (DHP)

 

1

 

binding site (the DHP receptor), provides the pore structure
for Ca

 

2+

 

 ion entry (6–8) and is the best characterized subunit.
We have reported previously that sympathetic innervation

in vitro can alter abundance of functional L-type calcium chan-
nels (9). Among the potential neuroeffectors released from
sympathetic nerve endings, norepinephrine, a combined 

 

a

 

- and

 

b

 

-adrenergic agonist, is a likely candidate for a regulator of
calcium channel expression. Sustained exposure to the 

 

a

 

-adren-
ergic agonist phenylephrine in vivo has been shown to alter
calcium currents in isolated guinea pig ventricular cells (10)
and prolonged phenylephrine infusion in rats induces a de-
crease in DHP receptors in the myocardium (11). Moreover,
the 

 

b

 

-adrenergic agonist isoproterenol has been reported to al-
ter DHP receptor expression in cultured chick ventricular cells
(1). Circulating norepinephrine and epinephrine is markedly
elevated in patients with congestive heart failure (12), a condi-
tion in which mRNAs encoding some calcium modulating pro-
teins show depressed expression (3, 13). Accordingly, we
tested the hypothesis that norepinephrine alters abundance of
DHP receptor mRNA, protein, and functional L-type calcium
channels in a rat ventricular myocyte model system. We exam-
ined the role of adrenergic signaling pathways in regulation of
the DHP receptor 

 

a

 

1

 

 subunit mRNA and its cognate protein.

 

Methods

 

Neonatal cardiac ventricular myocyte cultures.

 

2-d-old rats were killed
by decapitation, hearts were aseptically removed, and ventricles were
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dissected, minced, and exposed to trypsin (Gibco Laboratories,
Grand Island, NY) treatment overnight at 4

 

8

 

C. Subsequently, the
cells were dissociated by repetitive collagenase (Worthington Bio-
chemical Corp., Freehold, NJ) treatment at 37

 

8

 

C, centrifuged at 800 

 

g

 

(4

 

8

 

C), and preplated in culture flasks for 75 min at 37

 

8

 

C. The flask
was gently shaken and nonadherent cells were transferred to another
flask for an additional 75 min of preplating. Subsequently, the nonat-
tached cells (myocytes) were counted and plated on 100-mm culture
plates at a concentration of 2.1–4.2 

 

3 

 

10

 

6

 

 cells/plate (265–530/mm

 

2

 

) in
DMEM (Gibco Laboratories) supplemented with 7% fetal calf se-
rum, streptomycin, and penicillin. Cultures were maintained in a hu-
midified 5% CO

 

2

 

, 95% O

 

2 

 

atmosphere. After 24 h, the medium was
changed to serum-free DMEM containing 10

 

2

 

9 

 

M triiodothyronine
(T

 

3

 

; Sigma Immunochemicals, St. Louis, MO), 5 ng/ml insulin, 5 ng/
ml transferrin, and 5 pg/ml selenium (ITS premix; Collaborative Re-
search Inc., Bedford, MA). This concentration of T

 

3

 

 in serum-free
medium has been shown to be important for maintenance of a stable
rate of protein synthesis (14, 15) and for phenotypic stability of cul-
tured rat myocytes (16). Serum-free medium helps limit proliferation
of nonmyocytes and helps maintain the phenotype of the ventricular
myocytes (14, 16). After 24 h of culture in serum-free medium the ex-
periments were initiated. For histochemical staining and for Ca

 

2+

 

 cur-
rent studies cells were plated on glass coverslips (Fisher Scientific
Co., Pittsburgh, PA). For other purposes, cells were grown on
100-mm culture dishes (Falcon Labware, Lincoln Park, NJ). Typi-
cally, cells started spontaneous beating after 2 d in culture. (

 

2

 

)Nor-
epinephrine, (

 

2

 

)isoproterenol-HCl, (

 

2

 

)phenylephrine-HCl, isobutyl
methylxanthine (IBMX), 

 

dl

 

-propranolol-HCl, and prazosin-HCl
were from Sigma Immunochemicals.

 

Histochemical staining.

 

To assess the percentage of myocytes in
cultures, myocytes were stained for the presence of filamentous actin
with bodipy-coupled phallotoxin (Molecular Probes Inc., Eugene,
OR); 400 cells were counted from photographs.

 

Probe for DHP receptor.

 

A 570-bp PCR-generated rat heart DHP
receptor 

 

a

 

1 

 

subunit cDNA that has been described previously (17)
was used to screen a rat heart 

 

g

 

gt11 cDNA library. A 1.3-kb cDNA
(rDHPR-C1), corresponding to nucleotides 2411–3712 of the rabbit
heart DHP receptor 

 

a

 

1 

 

subunit (7), was isolated from this library and
used as a probe for Northern and slot blot hybridizations in the
present study. rDHPR-C1 encodes the II-S6 region of the rat heart
DHP receptor 

 

a

 

1 

 

subunit and is 92% identical to the published rabbit
sequence. Northern hybridizations using heart DHP receptor 

 

a

 

1

 

 sub-
unit cDNA probes typically identify three mRNAs in rabbit and
mouse, 

 

z 

 

8, 9.5, and 22 kb (7, 18, 19). In the rabbit all three mRNAs
are regulated coordinately during development (18).

 

Preparation of RNA and Northern analysis.

 

Total RNA was ex-
tracted from myocytes on culture plates with guanidium thiocyanate-
phenol-chloroform by the single step method as described by Chom-
czynski and Sacchi (20). RNA was quantitated by spectrophotometry
at 260 nm; the 260/280 nm ratio was 

 

. 

 

1.7 in all samples.
Total RNA (15 or 20 

 

m

 

g/lane) was run on 1.2% agarose-formal-
dehyde gels. Nucleic acids were transferred to nylon membranes
(Zeta-Probe; Bio Rad Laboratories, Hercules, CA) either by capil-
lary transfer in 20

 

3

 

 SSC overnight or by vacuum transfer in 10

 

3

 

 SSC
for 90 min. After ultraviolet linkage of RNA to filters the blots were
hybridized with the 1.3-kb cDNA probe for the rat cardiac DHP re-
ceptor labeled with [

 

32

 

P]dCTP by the random primer method (Strat-
agene, La Jolla, CA). Hybridization was carried out at 42

 

8

 

C overnight
in 50% formamide, 1 mM EDTA, 7% SDS, 0.25M Na phosphate, 100
mg/ml herring sperm DNA, 5

 

3

 

 Denhardt’s solution. Blots were
washed with 0.5

 

3

 

 SSC/0.1% SDS at room temperature for 15 min fol-
lowed by 5–20 min wash in 0.2

 

3

 

 SSC/0.1% SDS at 45

 

8

 

C. Blots were
exposed to Kodak XRP or XAR film with two intensifying screens at

 

2

 

70

 

8

 

C for 1–4 d and developed. Filters were exposed for varying
times to ensure that signals were in the linear range for densitometric
analysis. For 

 

a

 

-adrenoceptor studies a full length cDNA probe to the

 

a

 

1B

 

 receptor (21) was used. To normalize for possible differences in
amount of RNA loaded on gels, filters were subsequently hybridized

with a 

 

32

 

P-labeled oligonucleotide complementary to 18S ribosomal
RNA, washed, and autoradiographed (22). Autoradiograms were
quantified using laser densitometry (LKB Instruments Inc., Bromma,
Sweden) or by digital imaging densitometry (AMBIS, Inc., San Di-
ego, CA) and the DHP receptor band intensities were normalized to
that of 18S rRNA.

 

Slot blot analysis.

 

For slot blot analysis, 2, 4, and 8 

 

m

 

g total RNA
was aliquoted and diluted in 50% formamide, 7% formaldehyde, and
1

 

3 

 

SSC. After 15 min of incubation at 68

 

8

 

C the samples were cooled
on ice. After adding 2 vol of 20

 

3 

 

SSC, the RNA samples were trans-
ferred to a nitrocellulose filter with a vacuum slot-blot apparatus (Bio
Rad Laboratories). RNA was then cross-linked to filters by ultravio-
let light exposure, probed, washed, autoradiographed, and quantified
in a manner identical to that for Northern blots. Regression analysis
of densitometric scores of the slot blots was performed; the regression
coefficients were typically 

 

. 

 

0.98.

 

Ligand binding studies.

 

DHP binding studies were carried out as
described previously (9). Cells were scraped from culture dishes into
ice-cold buffer (50 mM Hepes, 1 mM MgCl

 

2

 

, 1 mM EDTA, pH 7.4)
also containing protease inhibitors (2 

 

m

 

g/ml leupeptin, 1 

 

m

 

g/ml, apro-
tinin, 0.1 mM benzamidine, 1 

 

m

 

M iodoacetamide, 10 

 

m

 

g/ml trypsin in-
hibitor, and 1 

 

m

 

g/ml pepstatin). Cells were then disrupted with a Poly-
tron homogenizer and debris was pelleted with a 180-

 

g

 

 centrifugation
for 5 min at 4

 

8

 

C. The supernatant was collected and centrifuged fur-
ther at 42,000 

 

g

 

 for 30 min at 0

 

8

 

C. The resulting crude membrane pel-
let was suspended in the same ice-cold buffer, and 

 

3

 

H-(

 

1

 

)PN200-110
(isradipine) binding (eight concentrations, 100–3,500 pM) was carried
out in the presence or absence of 10

 

2

 

6 

 

M unlabeled nitrendipine at
37

 

8

 

C for 30 min. Binding was terminated by rapid filtration through
GF/B filters (Whatman Inc., Clifton, NJ) using a Brandel cell har-
vester (Brandel, Inc., Gaithersburg, MD). Bound radioactivity was
determined by liquid scintillation spectrometry (Wallac, Gaithers-
burg, MD). The ligand binding data were analyzed by a modification
of LIGAND program with a microVax computer as described previ-
ously (23). Nonspecific binding was 

 

, 

 

10% of total binding near the

 

K

 

d

 

. Protein determination was by the method of Lowry.

 

Electrophysiological measurements.

 

Whole-cell Na

 

1

 

 current (I

 

Na

 

)
and Ca

 

2+

 

 current (I

 

Ca

 

) were recorded using standard voltage clamp
techniques. Experiments were performed using borosilicate glass mi-
cropipettes with a filled tip resistance of 3–4 Mohm. Membrane volt-
ages were computer software controlled (pClamp software; Axon In-
struments, Inc., Foster City, CA), and whole-cell currents were
amplified and then filtered at 5 kHz (Axopatch 1-C amplifier; Axon
Instruments, Inc.) and stored on computer for off-line analysis.
Whole-cell currents were initially recorded during superfusion with a
modified Tyrode’s solution containing (mM): 135 NaCl, 4 KCl, 1.8
CaCl

 

2

 

, 1 MgCl

 

2

 

, 10 Hepes, 10 glucose, pH 7.4, (with NaOH) at room
temperature. Control cells and cells cultured with catecholamine-con-
taining medium for 24 h were washed by superfusing with the modi-
fied Tyrode’s buffer for at least 15 min to remove catecholamines be-
fore the experiment. No catecholamines were present in the buffer
during experiments. After establishing whole-cell configuration and
adjusting series resistance, current stability was assessed by a double-
pulse protocol, in which membrane voltage was stepped from a hold-
ing potential of 

 

2

 

80 to 

 

2

 

40 mV (for 50 ms), and then to 0 mV (for 50
ms). These voltages were chosen to selectively activate and monitor
I

 

Na

 

 and I

 

Ca

 

, respectively. When holding current and ionic currents
were stable, an Na

 

1

 

- and K

 

1

 

-free solution was applied through a
multibarrel pipette placed within 300 

 

m

 

m of the cell, which permitted
rapid changes of extracellular solution. Unless otherwise stated, this
extracellular solution contained (mM): 135 choline-Cl, 1.8 CaCl

 

2

 

, 1.0
MgCl2, 10 Hepes, 10 glucose, pH 7.4 (with CsOH). In some experi-
ments, 1.8 mM Ba21 was used as a charge carrier in lieu of Ca2+

(MgCl2 was omitted and 100 mM EGTA was added) (24). When su-
perfusing with Na1- and K1-free solution the INa was abolished and
the ICa remained stable or else increased. Although the mechanisms
were not explored, the increase in ICa when external Na1 and K1

were removed may be due to the removal of a blocking effect of Na1
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on Ca2+ conductance (25, 26) or perhaps due to better voltage control
when holding current decreased in the K1-free solution.

Cells were internally dialyzed with a pipette solution designed to
block outward K1 currents and to maintain low intracellular Cl2 con-
centration (mM): 120 Cs-aspartate, 10 EGTA, 4 MgATP, 10 Hepes,
10 TEA, pH 7.2 (with CsOH). ICa in these cells were highly prone to
rundown. More than 60% of the cells exhibited significant rundown
within the first few minutes of recording and were excluded from this
study. A variety of internal and external solutions were evaluated for
attenuating rundown. There were no apparent differences in the rate
or extent of rundown when either 10 mM cAMP was added to the in-
ternal solution or an ATP regenerating internal solution was used
(26). Cs1 in the internal solution was not sufficient to block all out-
ward current (especially at positive potentials above 120 mv); it was
necessary to include TEA in the pipette solution. In a subset of myo-
cytes, ICa was recorded during superfusion with choline-Cl–containing
buffer, then switched to equimolar TEA-Cl. There was no difference
in ICa when recorded in either buffer. These experiments were con-
ducted to determine whether choline exhibited any cholinergic ef-
fects on ICa in this system.

Inward currents were activated by altering the membrane voltage,
from a holding potential (HP) of 280 mV, to 140 mV in 10-mV steps
with an interpulse interval of 10 s. It was determined that Ca2+ was
the predominant charge carrier through the L-type Ca2+ channel be-
cause of its dependence on extracellular Ca2+, sensitivity to both the
DHP agonist Bay K 8644 (1 mM) and Cd21 (100 mM), and insensitiv-
ity to TTX (15 mM). To ascertain whether these cells possessed
T-type currents, current-voltage (I-V) relationships were also re-
corded in some cells from an HP of 250 mV, then the I-V curves
were subtracted from currents measured from an HP of 280 mV (27).
No evidence for T-type currents was found in the cells that were stud-
ied in detail (data not shown). Measurements for leak current sub-
traction were routinely recorded with a small hyperpolarizing step
(210 mV from HP) after each voltage step protocol. Leak currents
were linear up to 140 mV when assessed in the presence of 100 mM
extracellular Cd21. Cell capacitance was estimated by integrating the
capacity transient and dividing by the voltage step (280 to 285 mV),
and used as an index to normalize ICa for cell size. Steady state inacti-
vation was assessed with a 500-ms prepulse of various voltages (range
2100 to 140 mV), a 5-ms interpulse to 280 mV, and a 15-ms test
pulse to the voltage that elicited peak current (usually 110 mV). The
voltage at which 50% of the maximal current was still available (V0.5)
and the slope of the linear portion of the inactivation curve (k) were
estimated using a Boltzmann equation. Analysis was performed on
data points within the linear portion of the curves for each cell.

Whole-cell currents were always recorded from both catechola-
mine-treated cells and control cells on any given day. Each experi-
mental group from the b-adrenergic studies represented data col-
lected from four to six separate cell cultures. The following variables
were separately analyzed with a parametric t test: peak current den-
sity, cell capacitance, V0.5, and k.

Statistical analysis. Data were analyzed by the Wilcoxon sum rank
test or Kruskal-Wallis test for multiple comparisons.

Results

Regulation of DHP receptor mRNA by norepinephrine. Cells
were cultured for 48 h (24 h in serum-containing medium fol-
lowed by 24 h in serum-free medium) before initiation of ex-
periments. The myocytes were morphologically stable and
changed little over the subsequent 72 h. Percent myocytes in
cultures determined histochemically was . 93% in all prepara-
tions and remained stable. After 24 h in serum-free medium,
experiments commenced. Cells were exposed to catechola-
mines and 0.1 mM ascorbate (to prevent catecholamine oxida-
tion) for 2–48 h. Medium was changed every 24 h.

Fig. 1 demonstrates a representative Northern blot of total
rat cardiomyocyte RNA probed with the cDNA probe for the
DHP receptor (rDHPR-C1). In rat heart total RNA, rDHPR-C1
recognized one major band migrating at z 8.1 kb (Fig. 1); two
much fainter bands at z 9.5 and 22 kb were the only other
bands seen. Identical results were obtained by quantifying a1

subunit mRNA levels using Northern hybridizations in which
the 8.1-kb band was used for quantification and slot blot analy-
ses in which the signal represents hybridization to all three
mRNAs. Concentration-response experiments demonstrated
that 1028 M norepinephrine produced the maximum change in
mRNA levels.

To determine whether in this experimental system norepi-
nephrine could regulate its own signal transduction pathway
by altering expression of message for the a1B-adrenergic recep-
tor, RNA from norepinephrine-exposed cells was subjected to
Northern analysis and hybridized with a cDNA probe for the
a1-adrenergic receptor (21, 28). Over the same time course in
which regulation of DHP mRNA abundance occurs, 1026 M
norepinephrine decreased mRNA levels for the a1-adrenergic
receptor approximately two- to threefold. This downregula-
tion of a1B receptor mRNA by norepinephrine is mediated by
the a-adrenergic receptor because it is blocked by prazosin but
not by propranolol (data not shown).

The time course of regulation of DHP receptor mRNA by
norepinephrine was examined. Fig. 2 demonstrates that nor-
epinephrine exposure produces, on average, a 2.2-fold increase
(P , 0.02) in message level for the DHP receptor at 2 h, fol-
lowed by a decline at 4–48 h; mRNA levels declined signifi-
cantly to z 50% of the level observed for cells not exposed to
norepinephrine (P , 0.02). Control experiments demon-
strated no significant change in mRNA level for the DHP re-
ceptor for cells grown in serum-free medium for up to 72 h but
not exposed to norepinephrine.

Effects of selective adrenergic agonists on DHP receptor

message abundance. To examine the specific a-adrenergic com-
ponent of regulation of DHP receptor message by norepineph-
rine, myocytes were exposed to phenylephrine for 2–24 h. Phen-
ylephrine reduced the DHP receptor message level to z 30%
of the level in simultaneously studied control cells after 8 and
24 h (Fig. 3). Phenylephrine did not produce an increase in
message level at any time point examined. To circumvent po-
tential problems with a-adrenergic receptor regulation by ago-
nist and directly stimulate the protein kinase C signaling path-

Figure 1. Northern blot analy-
sis of total RNA from rat ven-
tricular myocytes treated with 
1028 M norepinephrine (NE) 
for 2 h. Cells were maintained 
in serum-free medium for 24 h 
before and during NE expo-
sure. Control, control cells; NE 

2 h, cells exposed to norepi-
nephrine (1028 M) for 2 h. 
DHP receptor 8.1-kb transcript 
is indicated. 18S shows normal-

ization for possible differences in loading of samples using a specific 
18S rRNA oligonucleotide probe. A marked increase in message for 
the DHP receptor produced by 2 h of norepinephrine exposure is evi-
dent. This typical experiment was replicated five times with similar 
results.
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way, myocytes were treated with the phorbol ester, phorbol
12-myristate 13-acetate (PMA, 1027 M) for 24 h. mRNA level
for the DHP receptor in treated cells was reduced to 6765%
(P , 0.05) of that for control cells analyzed in parallel (Fig. 3).

DHP receptor regulation by b-adrenergic receptor–depen-
dent signaling was then examined. The b-adrenergic agonist
isoproterenol (1028 M) induced an approximate doubling in
the relative DHP receptor message level at 2 h when com-
pared with simultaneously studied control cells (Fig. 4). After
24 h of exposure to isoproterenol, an increase in message level
was no longer evident. Higher concentrations of isoproterenol
produced less effects, probably due to b-adrenergic receptor
regulation (29). To circumvent the confounding influence of
agonist-induced regulation of b-adrenergic receptors, we used
the membrane-permeable cyclic adenosine monophosphate
analogue, 8-bromo-cAMP combined with IBMX, a phospho-
diesterase inhibitor, to elevated intracellular [cAMP]. This in-
duced a doubling in DHP receptor mRNA levels at 2 h when
compared with control (Fig. 4). Northern and slot blot analysis
was used to analyze the detailed time course of DHP receptor
message level regulation by catecholamine. The mean data are
shown in Table I. Catecholamines with b-adrenergic agonist
properties produced an increase in DHP receptor mRNA lev-
els at 2 h; both a- and b-adrenergic agonists produced a de-
cline in mRNA levels at times $ 8 h.

DHP receptor protein abundance. To determine whether
the increase in DHP receptor mRNA produced by a b-adren-
ergic agonist results in a subsequent increase in DHP receptor
protein, we studied abundance of this protein by ligand bind-

ing protocols. Cells were exposed to isoproterenol (1028 M) for
24 h; prazosin (1026 M) was also present in all culture dishes to
exclude any a-adrenergic effect. Fig. 5 demonstrates typical
Scatchard plots of binding data from one representative exper-
iment. On average, isoproterenol-exposed cells had a signifi-
cantly higher concentration of DHP binding sites (539634
fmol/mg protein) when compared with control cells (41068
fmol/mg protein, P , 0.05, three experiments for each condi-
tion). The affinity of the receptor for the ligand was unchanged
(Kd, 200634 pM control, 179614 pM isoproterenol treat-
ment).

Whole-cell ICa. Cultured rat ventricular myocytes express
L-type calcium channels; Fig. 6 shows a recording from a typi-
cal control cell, demonstrating a current characteristic of ICa. It
was of interest to determine whether the increase in mRNA
for the a1 subunit and DHP receptor protein was accompanied
by increase of functional Ca2+ channels. Functional calcium
channels require assembly of a1, a2, and b subunits in the sar-
colemma. Ca2+ current densities (ICa normalized to cell capaci-
tance) were measured in myocytes treated with either 1028 M
norepinephrine or 1028 M isoproterenol for 24 h. Both norepi-
nephrine and isoproterenol treatment for 24 h substantially in-
creased ICa, which was recorded in buffer devoid of catechola-
mines (Fig. 7). For norepinephrine treatment, peak current
increased from 211.560.8 to 214.961.9 pA/pF (P , 0.01); for
growth of cells in isoproterenol, peak current increased from
210.860.8 to 213.961.0 pA/pF (P , 0.01). Cells were washed
in control buffer extensively before the experiment so it is un-
likely that the augmented current observed with both Ca2+ and
Ba21 as charge carriers could be due to acute catecholamine

Figure 2. Time course of regulation of DHP receptor mRNA abun-
dance by norepinephrine. Cells in serum-free medium were exposed 
to norepinephrine for indicated times. mRNA levels of control cells 
analyzed at each time point in parallel are indicated by the dashed 
line. Northern and slot blot experiments were analyzed and com-
pared with values from control cells from the same culture at identi-
cal time points. mRNA levels relative to that for control cells are 
shown. At 2, 8, and 24 h, mRNA levels of norepinephrine-exposed 
cells differed significantly from those of control cells (P , 0.05, n 5 

5–13). Statistical tests were not applied to 4- and 48-h data because of 
small sample size (n 5 2–3). A biphasic change in DHP receptor 
mRNA level is evident.

Figure 3. a-Adrenergic agonist effect on mRNA levels. Cells were 
exposed to the a-adrenergic agonist phenylephrine (1025 M) in the 
presence of propranolol (1026 M) for indicated times. DHP receptor 
mRNA levels were normalized by 18S ribosomal RNA levels and 
compared with levels in simultaneously analyzed control cells 
(dashed line). Mean6SEM is shown. At 8 and 24 h, DHP receptor 
mRNA levels were reduced (P , 0.02, n 5 3–6 cultures) for each 
point. 24-h exposure to the phorbol ester, PMA (10-7 M), also signifi-
cantly decreased DHP receptor mRNA levels (n 5 5 cultures, P , 

0.05).
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effects on calcium channels. Superfusion with Ba21 in place of
Ca2+ as the charge carrier resulted in an expected increase in
peak current amplitude and a reduced rate of current decay
(Fig. 6, C and D). However, it was also observed that peak cur-
rent was elicited at more negative step potentials (generally
210 mV) when compared with ICa (Fig. 7, A and B). This left-
ward shift in the I-V curve with Ba21 was similar to that re-
ported for vascular smooth muscle cells (24) and embryonic
ventricular myocytes (27), but differs from those in adult ven-
tricular myocytes where the I-V for Ba21 usually shifts to the
right. The biophysical aspects of the I-V shift were not further
explored. The increase in whole-cell ICa in cells cultured with
catecholamines cannot be attributed to changes in steady state

inactivation kinetics. Fig. 7 D illustrates that a 500-ms prepulse
is sufficient to completely inactivate ICa when Ca2+ is the
charge carrier, and that the inactivation curves are the same
for myocytes cultured in either control (with prazosin) or iso-
proterenol (with prazosin) containing serum-free medium.
(Similar results were obtained for cells cultured with and with-
out norepinephrine, data not shown.)

Since mRNA for the Ca2+ channel a1 subunit was increased
by catecholamines within 2 h of exposure, ICa was evaluated in
cells exposed to either norepinephrine or isoproterenol for
6–12 h. Whole-cell ICa were not significantly different at 6–12 h
after catecholamine exposure: peak ICa for controls 5 7.961.3
pA/pF (n 5 17) and for catecholamine-exposed cells: 9.561.4
pA/pF (n 5 26). However, by 24 h of exposure the increase in
ICa was significant. Taken together, these data are consistent
with the postulate that there are more functional calcium chan-
nels per cell after 24 h of incubation with a b-adrenergic ago-
nist because there is more whole-cell ICa and that this current
exhibits typical L-type calcium channel characteristics. Of
note, mean cell capacitance was not different between the ap-
propriate control cells and cells exposed for 24 h to either
norepinephrine or isoproterenol (average cell capacitance for
all groups 19.261.2 pF, n 5 86). Therefore, changes in cell size
or membrane surface area cannot account for an increase in
whole-cell ICa.

Treatment of myocytes with a b-adrenergic agonist in-
creased mRNA levels for the DHP receptor and subsequently
increased ICa; treatment with an a-adrenergic agonist de-
creased mRNA levels for the DHP receptor. Therefore, we
determined the effect of an a-adrenergic agonist on ICa. Cells
were exposed to 1025 M phenylephrine plus 1026 M propra-
nolol for 48 h. Treatment with this a-adrenergic agonist re-
duced peak ICa from 224.962.6 pA/pF for control cells to
213.761.2 pA/pF for treated cells (P , 0.005; n 5 18 cells for
each group). Control cells were exposed to the same concen-

Figure 4. b-Adrenergic agonist effect on mRNA levels. Northern 
blot analysis of 1028 M isoproterenol (Iso) and 1 mM 8-bromo-cAMP 
(cAMP) effects on DHP receptor message after 2 h of exposure was 
performed. The experiments were conducted in the presence of 
1026 M prazosin. IBMX (1024 M) was present during cAMP incuba-
tion. This experiment was replicated two to three times with each 
condition. Abundance of DHP receptor mRNA was normalized by 
18S RNA levels. On the ordinate, the relative amount of DHP recep-
tor mRNA is shown compared with that present in control cells 
(100%, dashed line) analyzed simultaneously. Iso and cAMP in-
creased DHP receptor message levels significantly (P , 0.05).

Table I. Time Course of Modulation of DHP Receptor mRNA 
Abundance by Catecholamines

Time (h)

Catecholamine 2 4 8 24 48

Isoproterenol 212 90 50 54 ND

Norepinephrine 220 51 60 55 56

Phenylephrine 96 102 28 31 ND

Amount of DHP receptor mRNA from cells exposed to catecholamine

for indicated period of time relative to mRNA from simultaneously cul-

tured control cells not exposed to catecholamine. n 5 2–6 for each

point. No change 5 100; ND, not done.

Figure 5. Scatchard analyses of 3H-(1)PN200-110 binding to crude 
sarcolemmal membranes. Cells were treated with prazosin (1026 M) 
only (circles) or prazosin with isoproterenol (1028 M, squares) for 24 h 
under serum-free conditions. This representative experiment was 
replicated three times.
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tration of propranolol as experimental myocytes. There was no
change in cell capacitance after treatment with phenylephrine.

Discussion

There are four principal novel findings of this study of ion
channel regulation in heart.

First, norepinephrine regulated DHP receptor mRNA
abundance. The time course of DHP receptor mRNA level
regulation was biphasic, with an approximately twofold in-
crease at 2 h, followed by a decline to z 50% of the level ob-
served in control cells between 4 and 48 h. Maximal alteration
in mRNA levels occurred with an intermediate concentration
of catecholamines. The observation that high concentrations
of catecholamines do not produce a maximal modulating ef-
fect is not entirely surprising. b-Adrenergic receptors are rap-
idly uncoupled from their effector system by high concentra-
tions of agonist, a-adrenergic receptors are rapidly uncoupled
by a protein kinase C–dependent process, and message is regu-
lated by a receptor-dependent process as well (28–30).

The second finding of this study is that both the a-adrener-
gic and b-adrenergic signaling pathways could regulate DHP
receptor mRNA abundance, but in a reciprocal manner. Sig-
naling via the a-adrenergic pathway produced a decrease in
message level over a relatively slow time course, whereas
b-adrenergic transmembrane signaling produced a transient,

significant increase in mRNA level after 2 h of exposure. The
b-adrenergic agonist effect of increasing mRNA levels could
be reproduced by a cyclic AMP analogue, implicating protein
kinase A in the regulatory pathway. The a-adrenergic effect
(decrease in mRNA level for the DHP receptor) could be pro-
duced by stimulating the protein kinase C pathway with PMA.

The third finding of these experiments was that after the in-
crease in DHP receptor message, there was an increase in
DHP receptor protein as assessed by ligand binding studies.
The dissociation constant for antagonist binding to the DHP
receptor was unchanged, suggesting that there were no impor-
tant structural changes in the binding site.

Figure 6. L-type ICa in cultured neonatal rat ventricular myocytes. 
(A) Recording INa and ICa during voltage clamp of a typical cell from 
HP 5 280 mV and stepping to 240 mV (for 50 ms) then to 0 mV (for 
50 ms). INa is present while superfusing with normal buffer containing 
Na1 and K1 (indicated by INa), but INa is abolished after switching the 
superfusate to a Na1- and K1-free buffer. When INa is abolished, ICa 
often becomes larger (see Methods). (B) This ICa is augmented by 
BAYK8644 (1 mM) and can subsequently be washed out (HP 5 280 
mV stepped to 110 mV). The ICa generally exhibits some rundown 
especially after a voltage step protocol and after washout of DHPs. 
(C and D) Ca2+ conductance and Ba21 conductance evoked from an 
HP of 280 mV and stepped to depolarizing potentials in 10-mV in-
crements (current traces were not leak subtracted). Traces in C and D 
were recorded from the same cell with a capacitance of 21.7 pF.

Figure 7. I-V relationship of L-type Ca2+ channel recorded from neo-
natal ventricular myocytes cultured with adrenergic agonists for 
z 24 h. All currents were recorded from an HP of 280 mV in Na1- 
and K1-free buffer that did not contain any agonist. (A) I-V from 
cells cultured with norepinephrine (NE, filled circles) (NE 1028 M; 
cell capacitances 22.061.9 pF) or without (filled diamonds) NE (con-
trol; cell capacitances 20.961.0 pF) and in the presence of 1.8 mM 
[Ca2+]0 as the charge carrier. (B) I-V from cells cultured with (filled 

circles) NE (1028 M; cell capacitances 19.461.2 pF) or without (filled 

diamonds) NE (control; cell capacitances 17.661.1 pF) and in the 
presence of 1.8 mM [Ba21]0 as the charge carrier. Currents in A and B 
were recorded from different cells but peak Ba21 conductances al-
ways occurred at more negative potentials than did peak Ca2+ con-
ductances. (C) I-V from control cells (filled circles, cell capacitances 
17.160.8 pF) or (filled squares) cells treated with isoproterenol 
(ISO 5 1028 M: cell capacitances 16.760.9 pF) and in the presence of 
1.8 mM [Ca2+]0 as the charge carrier. Prazosin (Pz) was present dur-
ing isoproterenol exposure. (D) Steady state inactivation of ICa in 
control cells (filled circles) or isoproterenol-treated cells (filled 

squares). The inset illustrates currents recorded during a 500-ms 
prepulse (from 280 mV) to depolarizing potentials, followed by cur-
rents recorded during 15-ms test pulses that elicited peak ICa (gener-
ally 110 mV). Voltage protocol is also shown above the current 
traces. Boltzmann fit of the linear portion of inactivation curves were 
not different between each group (the combined V0.5 5 2661 mV and 
k 5 7.260.4). All values are presented as a mean6SE, the numbers of 
cells (n) are presented in each figure and were recorded from cells 
isolated from multiple cultures. Peak current densities were signifi-
cantly greater in catecholamine-exposed cells than in the respective 
control cells (P , 0.01 in A–C).
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The fourth finding of this study was that subsequent to a
b-adrenergic agonist–induced increase in abundance of DHP
receptor mRNA, there was an increase in whole-cell ICa (re-
corded in the absence of b-adrenergic agonists). The increase
in whole-cell ICa was not fully realized until 24 h in culture. ICa

density (pA/pF) was increased while there was no change in ei-
ther cell capacitance, activation, or steady state inactivation
characteristics. Therefore, it is not likely that the increase in
whole-cell current could be attributed to cell hypertrophy or
changes in voltage dependence of the whole-cell current, but
rather to an increase in the number of functional sarcolemmal
calcium channels. Moreover, subsequent to a-adrenergic ago-
nist–induced decrease in message level, there was a decrease
in ICa.

Although a change in probability of channel opening from
a stable population of channels as an explanation for an in-
crease in ICa density cannot be excluded with the present data,
the alternative explanation, that there is a change in number of
channels, we view as more likely. Subsequent to an increase in
mRNA for the DHP receptor, and simultaneous with more
DHP receptors being present in the cell membranes, ICa den-
sity increased. Subsequent to a decline in mRNA for the DHP
receptor produced by phenylephrine (Table I and Fig. 3), ICa

density decreased. Taken together, these data suggest that sar-
colemmal ICa is regulated at least in part by the abundance of
the a1 subunit of the calcium channel, which in turn is modu-
lated by adrenergic receptor stimulation. This is a novel find-
ing for calcium channels in cardiac myocytes. The time course
of increase in message 2 h after b-adrenergic agonist exposure
and increase in ICa by 24 h suggests that a1 subunit mRNA lev-
els reflect subsequent changes in the amount of functional cal-
cium channels in cardiomyocytes.

Alterations in abundance of ion channels in cardiac muscle
may occur in response to physiological as well as pathophysio-
logical stimuli. During cardiac development, it has been long
appreciated that there are important alterations in the shape of
the action potential consistent with alterations in number or
subtype of ion channels (31–33). We have reported previously
that in the developing chick heart, approximately at the time
of ingrowth of sympathetic nerves, there is a marked increase
in abundance of DHP receptors (34). In an in vitro model of
sympathetic innervation, we have also shown that calcium
channel abundance is regulated (9). In animal models of heart
failure and in human heart failure, conditions where sympa-
thetic tone is high and circulating norepinephrine concentra-
tions are markedly elevated, DHP message levels and receptor
binding sites have been reported to be decreased (3), although
that has not been a uniform finding (35).

The present study offers initial insights into the molecular
mechanisms by which expression of an ion channel in heart
may be regulated. Our observations on mechanisms of regula-
tion of the DHP receptor message and binding site bear striking
similarity to the observations of Morris et al. (36) on cross-reg-
ulation of the a1-adrenergic receptor by b-adrenergic agonists.
We observed that when the protein kinase A signaling path-
way was activated by receptor- or non–receptor-mediated
signals, there was a rapid increase in message for the DHP
receptor followed by a decline below control levels. Our obser-
vations are qualitatively and quantitatively similar to the
observation of Morris et al. (36) that b-adrenergic receptor–
dependent mechanisms increase and then produce a late
decrease in message levels for the a1-adrenergic receptor.

Moreover, a-adrenergic receptor stimulation decreases a1 re-
ceptor binding sites.

In our experimental system, increase in DHP receptor mes-
sage was followed by increased DHP receptor binding sites
and an increase in whole-cell ICa, which most likely represents
an increase in the number of functional calcium channels in
the sarcolemma. Because the L-type calcium channel is a het-
eromultimeric protein and other subunits of the channel are
required for normal function (4, 5), one inference that might
be drawn is that either there are “spare” a2 and b subunits in
the cytosol ready to be assembled with new a1 subunits, or al-
ternatively, there is coordinate regulation of expression of
multiple subunits of the calcium channel. We can offer no de-
finitive proof for either of these possibilities with our present
data. The whole-cell current recording data, lack of change of
activation and inactivation kinetics, as well as the changes in
message level and change in DHP binding sites, are all entirely
consistent with the postulate that b-adrenergic agonist expo-
sure leads to more functional channels in the sarcolemma.
However, without single-channel recordings, we cannot abso-
lutely exclude the alternative that although there is an increase
in message and protein, the increase in ICa is due to altered sin-
gle-channel properties and not due to a greater number of
functional channels.

There are limitations to this study. The experimental sys-
tem is neonatal cells, and therefore regulatory mechanisms
may not be identical to those of adult ventricular myocytes.
We believe we were able to isolate catecholamine effects in
this in vitro system because the cells were maintained in se-
rum-free medium devoid of growth factors (including the cate-
cholamines present in serum), and in control cells, DHP recep-
tor message levels were constant throughout the course of the
experiment. We did not follow the experiments over a suffi-
ciently long temporal course to determine whether subsequent
to a decline in DHP receptor message levels, there was an
eventual decline in DHP receptor protein. We were not confi-
dent that the neonatal myocyte culture system would retain
sufficient phenotypic stability over an adequately long time
course for definitive experiments. Finally, the species studied
was rat. Although b-adrenergic signaling processes observed
in rat have usually been generalizable to other species, the
a-adrenergic receptor protein kinase C–dependent pathway in
rat may differ at least quantitatively from other species. There-
fore, one must extrapolate our findings to other species with
caution.

In conclusion, our experiments on catecholamine-induced
regulation of the a1 subunit of the L-type calcium channel in
cultured neonatal rat ventricular myocytes offer novel insights
into mechanisms by which ion channels may be regulated. In
this system, catecholamines regulate expression of calcium
channel a1 subunit mRNA, ligand binding sites, and whole-cell
ICa through both b-adrenergic and a-adrenergic pathways.
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