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Abstract

Weinvestigated regulation of the cardiac L-type calcium
channel by intracellular ATP and by a,-adrenergic agonism
using single adult guinea pig ventricular cells and the whole-
cell patch clamp method. Inclusion of 5 mMATPin the patch
clamp pipette prevented calcium current rundown but did not
increase the maximal magnitude of the slow inward calcium
current (Ic). During 1I-adrenergic blockade with 10 pM (-)-
propranolol, cells preincubated with 1 pg/ml pertussis toxin
for 2-5 h exhibited a rapid twofold increase in Ic. after rupture
of the membrane patch when 5 mMATP was present in the
patch clamp pipette. In the absence of ATP, the increase in IC1
did not occur. In pertussis toxin-treated cells, 100 pM (-)

phenylephrine inhibited the augmentation of 1c0. This inhibi-
tory effect was blocked by 100 nMterazosin, a selective a1-an-

tagonist. The inhibitory effect of a1-adrenergic agonism was

not mediated by cAMP-dependent phosphodiesterase since in-
cubation with 100 ,uM (-)-phenylephrine did not augment the
activity of this enzyme. Weconclude that regulation of the
L-type calcium channel in cardiac cells is complex, and is de-
pendent on a pertussis toxin-sensitive substrate, ATP, and an

a1-adrenergic receptor. The marked increase in Ic after per-

tussis toxin treatment in the presence of ATP indicates signifi-
cant inhibition of Ic, by a pertussis toxin substrate, presum-

ably the guanine nucleotide inhibitory protein (Gi) in the basal
state. The inhibitory action of (-)-phenylephrine in pertussis
toxin-treated cells is consistent with modulation of IC, by an

a1-adrenergic receptor not coupled to GQ. (J. Clin. Invest. 1990.
85:950-954.) adenosine triphosphate - a1-adrenoceptor - cal-
cium current* pertussis toxin

Introduction

In cardiac cells the slow inward calcium current (Ica)' or L-
type current is involved in action potential generation, activa-
tion of the pacemaker current in nodal tissue, and the initia-
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tion of contraction (1). There is abundant evidence that this
current is modulated by norepinephrine and acetylcholine re-
leased at nerve endings (2, 3). In dorsal root tissue, norepi-
nephrine inhibits the calcium-dependent action potential by
means of a reduction of Ic. by the neurotransmitter. There is
indirect evidence that this antagonist effect occurs via an a-
adrenergic receptor coupled to a Gprotein, probably the gua-
nine nucleotide inhibitory protein (GQ), resulting in activation
of protein kinase C through the phosphatidylinositol pathway
(4-6). Although the antagonist effect of a-adrenergic stimula-
tion is well established in neuronal cells, the influence of al-
adrenergic agonism on the cardiac Ic. is controversial; both an
increase (7) or no effect have been reported (8-10). Recent
observations in our laboratory indicate that in neonatal rat
ventricular myocytes, the a1-adrenergic receptor acting via a
pertussis toxin-sensitive substrate, presumably Gi, is linked to
inhibition of cAMPmetabolism (1 1). Based on these prelimi-
nary data, we sought to determine whether a1-adrenergic
agonism had a similar effect on the cardiac ICa and if so,
whether a pertussis toxin-sensitive Gprotein is a component
of this signal transduction mechanism. Wehere report that (a)
pretreatment of adult guinea pig heart cells with pertussis toxin
results in marked augmentation of ICa; (b) this increase occurs
only in the presence of exogenous ATP; and (c) stimulation of
the a1-adrenoceptor prevents the increase in Ica produced by
pertussis toxin.

Methods

Isolation of single ventricular cells. Single ventricular cells were freshly
isolated from male guinea pigs weighing 250-350 g by a modification
of the procedure used by Silver et al. (12). Isolated cells were incubated
in minimal essential medium at 370C until voltage clamp experiments
were begun; the experiments were then carried out at an ambient
temperature of 22-25'C.

Voltage clamp experiments. Voltage clamp experiments were per-
formed in the whole-cell configuration with the single-pipette patch
clamp method (13) using an Axopatch- I B patch clamp system (Axon
Instruments, Inc., Burlingame, CA). Pipettes were fabricated from
1.8-mm o.d. glass tubing (Microstar, Radnoti Glass, Monrovia, CA)
using a microprocessor-based patch pipette puller (PC-84, Sutter In-
struments, San Rafael, CA). The pipettes had an internal tip diameter
of 2-2.5 utm after slight fire-polishing and a resistance of 1.5-2.0 MQ
after back-filling with the experimental internal solution. l-4-GQ seals,
between the pipette tip and the cell membrane were achieved in an

external solution containing (in millimolar): NaCl 137, KCI 5.4,
MgCI2 1.0, CaCl2 1.8, Hepes 10, and glucose 10 at pH = 7.4 (titrated
with HCl). The internal pipette solution contained (in millimolar):
KCI 140, MgCI2 2, Hepes 10, CaCI2 1, EGTA I 1, and K2ATP 5 at pH
= 7.2 (titrated with KOH). For the ATP-free internal solution, KCI was
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increased to 150 mM. The fast inward sodium current was inactivated
by holding the membrane potential at -40 mV. Maximum peak cal-
cium current was measured from zero current level. Voltage clamp
steps were applied at 0.5 Hz. After series resistance compensation the
residual series resistance was reduced to -1 MU(average reduction of
74%). With a mean maximal calcium current of 3,000 pA, the maxi-
mal voltage drop across the residual uncompensated series resistance
error was small (- 3 mV).

Pertussis toxin-catalyzedADP-ribosylation. ADP-ribosylation was
performed by a modification of the method described by Morris and
Bilezikian (14). Dithiothreitol-activated pertussis toxin (2.5 Mg) was
incubated with membrane protein (200 Mgper sample) for 2 h at 370C
in a 100-MAl reaction mixture containing MgCl2, 2.5 mM; thymidine, 20
mM;ATP, 1.0 mM;EDTA, 1 mM;K3PO4, 250 mM;and Tris-HCl, 75
mMat pH 7.4; GTP, 100 MM; [32P]NAD, 5 GCi; NADP, 5 mM; and
NAD, 100 MM. The reaction was terminated by the addition of 10 mM
NADin 50 mMTris-HCI and 4 mMEDTAat pH 7.4 and centrifuged
at 7,000 g for 5 min. The pellet was then dissolved and incubated for 5
min at 95°C in a 20-Ml solution containing Tris-HCl, 20 mM;EDTA, 1
mM; dithiothreitol, I mM;and 1%cholate at pH 7.4. A 30-Al solution
containing 10 mMN-ethylmalemide was then added and the resultant
mixture was maintained at room temperature for 15 min. SDS-PAGE
was carried out using the method of Laemmli (15).

Inactivation of G,. Inactivation of Gi was accomplished by ADP-ri-
bosylation with pertussis toxin. Freshly isolated guinea pig ventricular
cells were incubated with 1 Mg/ml of pertussis toxin and minimal
essential medium for 2-5 h at 37°C. Before any voltage clamp experi-
ments were performed the pertussis toxin-treated cells were superfused
with external solution containing 10 MM(-)-propranolol for at least
10 min.

Measurement ofphosphodiesterase activity. Cyclic AMPphospho-
diesterase activity was measured as previously described (16, 17). Sin-
gle ventricular myocytes were enzymatically isolated by the method
described above from eight guinea pigs. The average yield of clear
rod-shaped cells was 46±14% (mean±SD). Cells were incubated in
minimal essential medium and 10MM(-)-propranolol for 2 h at 37°C
with (a) 100MM(-)-phenylephrine. (b) 1 Mg/ml of pertussis toxin, and
(c) 100 MM(-)-phenylephrine and 1 Mg/ml of pertussis toxin before
phosphodiesterase activity was determined. Each determination was
performed in triplicate.

Results

ATP and cardiac calcium current. Initial experiments were
directed toward evaluating the stability of the preparation in
the presence and the absence of ATPsince it is well known that
inclusion of millimolar amounts of ATP in the suction pipette
prevents Ic. rundown during single-cell voltage-clamp experi-
ments (18). The ability of ATP to prevent ICa rundown is
illustrated in Fig. 1, a and b. When 5 mMATPwas present in
the pipette, maximum Ic. amplitude in response to a depolar-
izing step to 0 mVremained stable for at least 38 min after
rupture of the membrane patch. This figure also illustrates a
more important feature for the present study, i.e., there was no
increase in the magnitude of Ic. even when exogenous ATP
was readily available. This lack of effect of ATP on ICa is
illustrated in Fig. 1 c, which demonstrates that in the basal
state the maximum Ica recorded in the presence and the ab-
sence of 5 mMATPwas not significantly different. In 31 cells,
the mean maximum ICa recorded in the absence of ATP in the
patch pipette was 921±258 pA (mean±SD), whereas mean
maximum Ica recorded from 25 cells in the presence of 5 mM
ATP in the patch pipette was 961±231 pA.

Tonic inhibition of calcium current. In cardiac myocytes
direct application of cAMP stimulates ICa (19-21). Since
adenylyl cyclase activity is under the dual control of the gua-

a.

0.

-)-

E
x

b.

C. 1500

.5

E 500
0

I

0

0 10 20 30 40

Time after rupture of membrane patch (min)

O ATP 5 ATP (mm)

Figure 1. Effect of ATPon the cardiac calcium channel. (a) Inclu-
sion of 5 mMATP in the pipette prevented calcium current run-
down. The maximal peak calcium current evoked by a step depolar-
ization from -40 to 0 mVremained stable for at least 38 min. Cell
CTRLO1. (b) Superimposed current recordings in response to a
clamp step from a holding potential of -50 mVto a membrane volt-
age of -10 mVobtained 5 and 37 min after achieving the whole-cell
clamp configuration. The interrupted line represents zero current
level. (c) Effect of ATP on the magnitude of the cardiac calcium
channel. Inclusion of 5 mMATPin the pipette solution did not aug-
ment the magnitude of calcium current. The basal maximal peak
calcium current was similar with or without ATP in the pipette solu-
tion. Error bars represent ±SD.

nine nucleotide stimulatory protein (Ge) and one or more in-
hibitory G proteins (termed for simplicity Gj), one possible
explanation for the lack of effect of ATP on the ICa is "tonic"
inhibition of adenylyl cyclase activity in the basal state by one
or more forms of GQ. In the presence of such tonic inhibition,
cAMP formation would not be increased despite adequate
levels of ATP in the pipette, thereby preventing augmentation
of ICa. To test this hypothesis we examined the effects of per-
tussis toxin on ICa. Pretreatment with pertussis toxin inhibited
the subsequent ability of the toxin to ADP-ribosylate a 40-kD
band on SDS-PAGE(Fig. 2). In the presence of 5 mMATP in
the pipette, cells pretreated with pertussis toxin demonstrated
a large surge of ICa which reached a peak of 236% above con-
trol - 5 min after membrane patch rupture (Fig. 3, a and b).
The current then gradually declined over the next 35 min. This
is in sharp contrast to the control cell shown in Fig. 1, a and b,
in which ATPhad no appreciable effect on the current magni-
tude over time. In five cells pretreated with pertussis toxin the
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Figure 2. Autoradiogram of an SDS-
PAGEexperiment demonstrating

40 kD- - ADP-ribosylation of a 40-kD band

(arrow) by pertussis toxin and inhibi-
tion of ADP-ribosylation by pertussis

C PT toxin pretreatment. (Left lane) A rep-
resentative preparation of guinea pig

single ventricular myocytes incubated for 2 h with pertussis toxin in
the presence of [32P]NAD. C, control. (Right lane) Identical mem-

brane preparation obtained from intact cells which had been pre-

treated with 1 jg/ml pertussis toxin (P7) for 5 h. This experiment

was repeated three additional times with similar results.

mean maximum Ic. was 1,520±906 pA at 0.5±0.1 min after
rupture of the membrane patch to achieve the whole-cell volt-
age clamp configuration (Fig. 3 c). It increased to 3,028±1,829
pA at 7±1 min. After 23±2 min the current amplitude de-
creased to 1,644±729 pA. The augmentation of ICa in pertussis
toxin-treated cells occurred only if exogenous ATPwas avail-
able in the patch pipette. In the absence of exogenous ATP
there was no enhancement or variation in ICa amplitude with
time (Fig. 3 a).

Effect of a,-agonism on the augmented calcium current. We
asked whether an a1.-adrenergic agonist could modulate Ica in
our system and whether this effect depends on the presence of
Gi and ATP. As shown in Fig. 4, with 5 mMATP in the
pipette, 100 ,M (-)-phenylephrine in the presence of 10 AM
(-)-propranolol totally inhibited the rise in Ica produced by
pertussis toxin. This effect was completely reversed by 100 nM
terazosin, a selective a,-adrenergic antagonist (Fig. 4). To de-
termine whether the inhibition of ICa was the result of a1-

adrenergic augmentation of ATPhydrolysis (22), we measured
cAMP-dependent phosphodiesterase activity after incubation
of cardiac myocytes with 100 uM (-)-phenylephrine and 10
MM(-)-propranolol under conditions similar to those of the

whole-cell voltage clamp experiments. The cAMP-dependent
phosphodiesterase activities for control, (-)-phenylephrine,
pertussis toxin, and (-)-phenylephrine plus pertussis treat-
ment were 24.9±6.7, 25.5+7.4, 32.6+10.5, and 28.5±10.0 p

mol/min per mg protein, respectively (mean+SD, n = 8).
When compared to control, incubation with 100 MM (-)-
phenylephrine did not increase cAMP-dependent phospho-
diesterase activity. In addition, none of the other two treat-
ments significantly altered the enzyme activity (one-way anal-
ysis of variance with repeated measures; F = 2.41, P > 0.05,
n = 8).

Discussion

Occupation of ,3-adrenergic receptors by norepinephrine re-

sults in coupling of these receptors to G., leading to activation
of adenylyl cyclase and subsequently of cAMP-dependent
protein kinase which is involved in calcium channel phos-
phorylation; cholinergic agonism inhibits this response (2, 3,
23). Calcium channel phosphorylation enhances ICa either by
an increase in the number of functionally available channels
(2, 24) or by an increase in the probability that an individual
channel will open at any given voltage (25). A family of GTP-
sensitive proteins modulates the interaction between stimula-
tory and inhibitory cell membrane receptors and a variety of
second messengers, including cAMP, inositol trisphosphate,
protein kinase C, and diacylgylcerol (26, 27). The influence of
Gproteins on the calcium current is complex and depends on

the cell studied (for a review, see Rosenthal et al. [27]). Direct
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Figure 3. Effect of ATPon Ic. in pertussis toxin-treated cells. (a) In
cells preincubated with pertussis toxin, the presence of 5 mMATP in
the pipette resulted in a large surge of Ic which reached a peak at
about 5 min after rupture of the membrane patch to achieve the
whole-cell voltage clamp configuration (0). Cell PTO1. The current
then gradually declined over the next 35 min. After preincubation
with pertussis toxin, without ATP in the pipette, the magnitude of
the maximal peak current remained constant and unaugmented (0).
Cell PT02. (b) Current recordings obtained from a pertussis toxin-
treated cell in response to a depolarization from -40 to 0 mVat 0.5
and 4 min after rupture of membrane patch. The interrupted line
represents zero current level. Cell PTO1. (c) The mean maximal peak
Ice magnitude of 5 cells at 7 min was significantly larger than that at
0.5 and 23 min after establishing the whole-cell clamp configuration.
At 23 min Ic. returned to the initial level in most cells. Statistical
comparisons were performed using one-way analysis of variance with
repeated measures. The magnitude of the maximal peak ICa from 25
cells not treated with pertussis toxin recorded with 5 mMATP in the
internal solution is included on the left for comparison. PT, pertussis
toxin. Error bars represent ±SE.

effects of G, on the calcium channel have also been re-

ported (28).
Pertussis toxin has been used as a probe to irreversibly

ADP-ribosylate Gi, including G, in cardiac tissue (3) and Go, a

39-kD guanine nucleotide binding protein prevalent in neural
tissue (29). Our data indicate that, in the presence of ATP in
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Figure 4. Effect of a,-adrenergic stimulation onIcI'
toxin-treated cells. In the presence of 100 gM (-)-p
10IM (-)-propranolol in the external solution and
the internal solution, there was no increase in Ica (C
This inhibition is an a,-adrenergic effect because itX
when 100 nM terazosin, a selective a1-adrenergic an
added to the external solution together with 100 gM
rine (0). Cell PT10. These experiments were repeats
with similar results. 5 ATPj, 5 mMATP in the pipel

the pipette, incubation with pertussis toxin re
surge of Ic, after establishment of the whole-cel
configuration, an observation which has not 1
reported. As indicated in Fig. 3 a, the increas
occur in the absence of exogenous ATP in the
data are in sharp contrast to the control cells (Fi
which ATP had no appreciable effect on the m
Although Hescheler et al. (3) noted a modest (
ICa after pertussis toxin treatment, these invest
report a large surge in ICa with time nor did then
of ATP. Our observations are consistent with
that tonic inhibition of adenylyl cyclase activit
similar protein that is ADP-ribosylated by pert
vents excessive calcium channel opening in the
thereby acts as a homeostatic mechanism. The
exclude the possibility that Gi or another prot
pertussis toxin substrate bypasses the adenylyl
cascade and interacts directly with the calcium

Fig. 3 illustrates another significant finding.
tinuous supply of exogenous ATP via the pipeti
declined rapidly after an initial surge. At the en
reached the same level as at 0.5 min. Bean et al. (
similar decline in Ica despite continuous P-adrei
tion with isoproterenol in frog ventricular heart
sible explanation for this decline is that the inci
resulting from incubation with a 3l-adrenergic ag
intracellular phosphodiesterase, thereby ace
breakdown of cAMPin an autoregulatory mani

In contrast to the preliminary report of Yatar
which a direct effect of Gs on ICa in guinea pig a
was noted, our observations indicate that an ads
ATP is a necessary prerequisite for pertussis tox
intact cell system. Our data suggest that this effe
by a mechanism requiring channel phosphoryl;
sults also are in agreement with those of Armstro
(32), who demonstrated that the dihydropyri4
class of voltage-activated calcium channels must

ylated for the channels to open when the membrane is depo-
Phenylephrlne larized.

Phenylephrine + In many systems, inhibition of adenylyl cyclase activity is
lerazosin mediated by an a-adrenergic receptor, particularly the a2-

adrenergic receptor (33). The guinea pig heart is richly en-
dowed with a1-adrenergic receptors (34), and we have recently
reported in neonatal rat ventricular myocytes that agonist oc-
cupation of the a,-adrenergic receptor inhibits cAMP forma-
tion through Gi, an effect which is prevented by pertussis toxin
pretreatment (1 1). Wewondered whether a similar effect could
be demonstrated on Ica. Our data indicate that ICa is under the
control of the a1-adrenergic receptor in cardiac cells and that

30 40 this inhibitory effect does not involve a pertussis toxin-sensi-
patch (min) tive substrate. These observations are in marked contrast to

those of other investigators who were unable to demonstratein pertussis an effect of a1-adrenergic agonists on the slow inward calcium
henylephrine current in ventricular preparations from adult guinea pig (8),5 mMATP in creti etiua rprtosfo dl unapg()

)). Cell PT05. cat (9), or rat tissue (10). However, our data are consistent with
was reversed those of Iwakura et al. (35), who in a preliminary report noted
itagonist, was that calcium transients as measured by the indicator fura-2

I (-)-phenyleph- was diminished by treatment with norepinephrine in the pres-
Dd four times ence of propranolol after KCl depolarization.
tte solution. In most systems in which the calcium channel has been

studied, hormone modulation via Gi or Go appears to be inhib-
itory (3, 20). The mechanism of al-adrenergic receptor inhibi-
tion of Ic that we observed at present is unclear. Weconsid-

Dsults in a large ered the possibility that (-)-phenylephrine activated phospho-
11 voltage clamp diesterase (22) leading to a decrease in cAMP and hence in
been previously calcium channel phosphorylation. However, we were unable
e in Ic did not to demonstrate such a (-)-phenylephrine-induced alteration
c pipette. These of phosphodiesterase activity in our myocyte preparation. An
ig. 1, a and c) in additional possibility that requires further investigation is acti-
Magnitude of Ic. vation by al-adrenergic agonism of a hitherto unidentified G
60% increase in protein which either inhibits adenylyl cyclase activity or di-
tigators did not rectly affects the calcium channel. It also is known that al-
y test the effects adrenergic occupation stimulates the production of diacylgyl-

the possibility cerol which in turn activates protein kinase C, which can either
:y by Gi or by a augment (36) or inhibit (6, 37) Ic, in a variety of neuronal
ussis toxin pre- tissues. On the other hand, in feline ventricular cells, phorbol
basal state and 12-myristate 13-acetate, a putative protein kinase C activator,

.se data do not had no effect on Ic (9).
tein acting as a Although the mechanism of action of al-adrenergic ago-
cyclase-cAMP nism remains to be resolved, our findings clearly indicate that
channel. in cardiac cells the processes controlling calcium homeostasis
Despite a con- require an adequate cellular supply of ATP, are likely under

te, the peak Ic the "tonic" influence of a pertussis toxin sensitive substrate,
Id of 23 min, it and are subject to control by the al-adrenergic receptor via a
(24) observed a signal transduction mechanism not coupled to a pertussis
nergic stimula- toxin-sensitive substrate. These observations have implica-
cells. One pos- tions for understanding abnormalities that may occur under
rease in cAMP pathophysiological conditions, such as myocardial ischemia
,onist activates and congestive heart failure, where alterations in al-adrenergic
celerating the receptors, ATP levels, and G protein function are known to
ner (30). occur (38-40).
iietal. (31), in
itrial myocytes
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