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Abstract

Voltage-gated Ca®* channels contribute to the maintenance
of contractile tone in vascular myocytes and are potential
targets for vasodilating agents. There is no information
available about their nature and regulation in human coro-
nary arteries. We used the whole-cell voltage-clamp tech-
nique to characterize Ca?*-channel currents immediately
after enzymatic dissociation and after primary culture of
coronary myocytes taken from heart transplant patients.
We recorded a dihydropyridine-sensitive L-type current in
both freshly isolated and primary cultured cells. A T-type
current was recorded only in culture. The L- (but not the T-)
type current was inhibited by permeable analogues of
cGMP in a dose-dependent manner. This effect was mim-
icked by the nitric oxide-generating agents S-nitroso-N-ace-
tylpenicillamine (SNAP) and 3-morpholinosydnonimine
which increased intracellular cGMP. Methylene blue, known
to inhibit guanylate cyclase, antagonized the effect of
SNAP. Inhibitions by SNAP and cGMP were not additive
and seemed to occur through a common pathway. We con-
clude that (@) L-type Ca?* channels are the major pathway
for voltage-gated Ca** entry in human coronary myocytes;
(D) their inhibition by agents stimulating nitric oxide and/or
intracellular cGMP production is expected to contribute to
vasorelaxation and may be involved in the therapeutic ef-
fect of nitrovasodilators; and (c) the expression of T-type
Ca’" channels in culture may be triggered by cell prolifera-
tion. (J. Clin. Invest. 1997. 99:185-193.) Key words: human
coronary « transmembrane signaling « Ca?* channels « con-
tractile tone « proliferation
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Introduction

Intracellular free calcium (Ca®") is the major determinant of
vascular tone (1, 2). Since contraction depends crucially upon
extracellular Ca?*, transmembrane voltage-gated Ca** chan-
nels are perhaps the most important physiological regulator of
Ca?* entry into vascular smooth muscle cells (2-7). By sensing
membrane depolarization, these channels open and thereby
flux Ca?*. Opening may additionally be modulated by hor-
mones, transmitters, and second messengers (4, 6, 7). Ca&*
channels are key targets in the control of vascular tone by anti-
hypertensive and vasodilating drugs (2-7). This is the case for
those ligands referred to as Ca>* antagonists [e.g., dihydropy-
ridines (DHPs)]' that promote a nonconducting state of the
L-type Ca®" channel, and for agents such as K* channel activa-
tors that hyperpolarize the membrane potential, thus deacti-
vating Ca?* channels. The final effect is vasorelaxation of the
arterial muscle.

Two types of Ca?* channels with distinct electrophysiologi-
cal and pharmacological properties have been identified in
mammalian coronary myocytes. The main type, described in
bovine, rabbit, porcine, and guinea pig myocytes (8-14), is the
DHP-sensitive L-type current involved in excitation—contrac-
tion coupling. The second, referred to as T-type, has been de-
scribed only in guinea pig (14, 15). Its functional role and phar-
macology are still not well-defined owing to the lack of specific
ligands. Although Ca?* channel antagonists have found world-
wide acceptance in the therapy of coronary heart disease, sug-
gesting the presence of L-type Ca?* channels (7, 16, 17), the
precise nature and regulation of the Ca>* channels present in
human coronary myocytes has not been studied yet. For exam-
ple, the existence of T-type Ca’" channels in these myocytes is
still not known. Over the last years, there has been an explo-
sive increase in our knowledge of the electrophysiology of hu-
man cardiac cells, revealing significant differences in cellular
behavior with animal models (18). In contrast, there is a large
deficit of information concerning the human coronary artery.
In this work, using the whole-cell patch-clamp method, we
have characterized Ca?*-channel currents in human coronary
myocytes. We have also investigated the regulation of these

1. Abbreviations used in this paper: db-cGMP, dibutyryl cGMP;
DHPs, dihydropyridines; HP, holding potential; HVA, high voltage—
activated; Ig,, Ba>" current; Ig,;, L-type Ba*" current; Ig,r, T-type
Ba** current; I,, Ca?* current; Ic,, L-type Ca** current; LVA, low
voltage—activated; NO, nitric oxide; SIN-1, 3-morpholinosydno-
nimine; SM, smooth muscle; SNAP, S-nitroso-N-acetylpenicillamine;
TTX, tetrodotoxin.

Ca?* Currents in Human Coronary Myocytes 185



currents by two classes of potent vasodilating agents: Ca?*-
channel antagonists and the endothelium-derived relaxing fac-
tor nitric oxide (NO).

Methods

Myocyte isolation and primary cultures. Coronary myocytes were ob-
tained from 13 transplanted hearts of patients (males; aged 50£9 yr)
with end-stage heart failure (NYHA classes III and IV) caused by di-
lated or ischemic disease (ejection fraction: 20+=5%). Samples of the
left descending artery were removed and placed in a sterile physio-
logical solution (A) containing (in mmol/liter): NaCl, 132; KCl, 5;
MgCl,, 1.5; dextrose, 11; Hepes, 13; CaCl,, 1; penicillin (60 pg/ml);
and 1% bovine serum albumin (pH adjusted to 7.4 with NaOH). The
media, dissected from the vessel, were subjected to enzymatic diges-
tion using solution A (without Ca’>") supplemented with 0.2 mg/ml
papain (Sigma Chemical Co., St. Louis, MO) plus 0.1 mM dithiothrei-
tol (19), 0.3 mg/ml type II collagenase (Worthington Biochemical
Corp., Freehold, NJ), and 0.2 mg/ml elastase (Boehringer Mannheim,
Indianapolis, IN). After 25 min of incubation at 37°C, the dissociation
was achieved by gentle mechanical trituration. Well-relaxed long
spindle-shaped cells (Fig. 1 A) were obtained (yield ~ 70%). These
cells, which contracted upon depolarization by KCI (data not shown),
were used for electrophysiology immediately or, alternatively, plated
at low density (between 2 X 10* and 2 X 10° cells per dish) for culture.
Culture maintenance medium [MEM and Ham’s F-10 (1:1 vol/vol);

50um

Figure 1. Freshly isolated and cultured human coronary myocytes.
Photographs of (A) a single freshly isolated and (B) cultured myo-
cytes with immunodetection of a-SM actin (5 d after plating; see
Methods).
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supplemented with 10% fetal calf serum, 1 mM glutamine, 50 pM
ascorbic acid, 15 uM proline, 100 U/ml penicillin, and 100 wg/ml
streptomycin; Eurobio, Les Ulis, France] was changed every 2 d. Cul-
tured cells proliferated rapidly. Their size increased by four- to eight-
fold reflecting an hypertrophic process. Cell capacitance increased
from 39+14 pF (n = 64) to 190+80 pF (n = 194). Confluence was
obtained 15-20 d after plating. Electrophysiological studies of cul-
tured cells were started 4 d after plating.

Immunofluorescence. The cells on coverslips were fixed in 3%
paraformaldehyde-PBS, at pH 7.4, and permeabilized with methanol
at —18°C for 6 min to detect a-smooth muscle (SM) actin. A poly-
clonal antibody (gift of V. Hanin, CRBM, Montpellier, France) was
directed against the first specific amino acids of a-SM actin. Fluorescent
goat anti-rabbit FITC-conjugated antibodies (Immunotech, Marseilles,
France) were used (20). The cultured cells were uniformly positive
for the expression of a-SM actin forming large and dense bundles (Fig.
1 B) which confirmed the muscular origin of all cultured cells (21).

Electrophysiological recordings. The whole-cell patch-clamp method
(Bio-Logic RK-300 patch-clamp amplifier; Bio-Logic, Claix, France)
was used (20-22°C) in conventional conditions to isolate Ca**-channel
currents (19, 22, 23). The recording pipettes were filled with (mM):
CsOH, 130; EGTA, 10; Hepes, 25; Mg-ATP, 3; Na-GTP, 0.5; glucose,
10; succinic acid, 5; and aspartic acid, 5. The bathing solution con-
tained (mM): CsOH, 120; BaOH, (or CaOH,), 20; Hepes, 10; 4-ami-
nopyridine, 5; and glucose, 10. For both solutions, pH was adjusted to
7.3 with CH;SO;H (310-330 mosM/liter). Voltage errors resulting
from residual, uncompensated series resistance (= 1 MQ)) were <2 mV
(currents < 200 pA). Experimental parameters were controlled with
an IBM PC. Capacitive transient and linear leakage currents were of-
ten subtracted using the P/-4 protocol. Data acquisition and analyses
were performed using the pCLAMP software (v. 6.0; Axon Instru-
ments, Inc., Foster City, CA). Current amplitude was measured as the
difference between the maximal inward current and the holding cur-
rent. Results are expressed as mean=+SD. Statistical comparisons be-
tween groups of values were performed using Student’s ¢ test (P <
0.05 considered significant).

Drugs. SNAP (*-S-nitroso-N-acetylpenicillamine) and SIN-1 (3-
morpholinosydnonimine hydrochloride) (BIOMOL Research Labs
Inc., Plymouth Meeting, PA) were prepared directly with the test so-
lution just before use. Stock solutions (10 mM) of dibutyryl (db)- and
8-bromo cGMP (Sigma Chemical Co.) and tetrodotoxin (TTX) were
diluted with the test solution to the final concentration. Nicardipine,
PN200-110 (Sandoz Ltd., Basel, Switzerland), Bay-K 8644 (Bayer
Tour, Puteaux, France), and diltiazem (Sigma Chemical Co.) were
dissolved in 50% ethanol as concentrated stock solutions (10 mM)
stored first at —20°C before the final dilution. Control and test solu-
tions were applied to the extracellular side of cells using a multiple
microcapillary (200 uM inner tubing, flow rate 0.5 ml-min~1) gravity-
driven perfusion system placed nearby to the cell (< 1 mm). Rapid
solution changes could be made within seconds.

Intracellular cGM P measurements. Cultured myocytes were grown
until subconfluence was reached (12-15 d). cGMP was measured af-
ter exposure to the NO donor SNAP as described before (24).
Briefly, myocytes were rinsed out three times and preincubated for 20
min with Krebs bicarbonate buffer equilibrated with 95% O,/5%
CO,. Myocytes were then incubated for 5 min in this medium in the
presence (or absence) of 10 pM SNAP and 1 mM of the phospho-
diesterase inhibitor 3-isobutyl-1-methylxanthine. The reaction was
stopped by replacing the medium with 0.5 ml of ethanol/formic acid
(95%/5%, vol/vol). Cells were scraped and suspensions were centri-
fuged for 5 min at 10,000 g. After lyophylization, cGMP was assayed
after acetylation by radioimmunoassay (24).

Results

L-type Ca?*-channel currents in freshly isolated myocytes.
Ca*"-channel currents were successfully recorded in freshly
isolated human coronary myocytes using either physiological
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Ca?t (I,) or Ba?* (Ig,) ions as charges carrier. These currents
were abolished in Ca?*- or Ba?*-free solutions and were insen-
sitive to the specific Na*-channel inhibitor TTX at concentra-
tions up to 10 wM (data not shown) confirming their nature.
Fig. 2 A shows typical recordings of I, evoked for various test
potentials between —10 mV and +40 mV from the holding po-
tential (HP) of —100 mV. I, was evidenced in all myocytes in-
vestigated (n = 64). On average, I, activated at depolariza-
tions positive to —30 mV and peaked near +20 mV as shown
by the current-voltage (I-V) relationship (Fig. 2 B). At +10
mV, current amplitude was 12070 pA (n = 64). The aver-
aged current density, estimated by measuring cell capacitance
(39%14 pF; n = 64) which reflects cell membrane surface, was
3.2x1.8 pA/pF (n = 64). Iy, was fully activable for all HPs <
—60 mV as determined from the steady state inactivation rela-
tionship by use of a double-pulse protocol (Fig. 2 C). The
mean V5 (determined from the Boltzmann equation: see leg-

lution. (Inset) Iy, and I, have
been scaled for comparison of
kinetics.

end to Fig. 2 C) was —16x1 mV (n = 7) which indicated that
Ca®" channels are still available for opening in cells with low
membrane resting potential.

I, was sustained with nearly no decay during short test de-
polarizations at all voltages (Fig. 2 A). Long depolarizing steps
(several seconds) were required in order to reveal inactivation
(Fig. 2 D). When Ba?>" and Ca* were rapidly exchanged on an
equimolar basis to determine current kinetics when the physi-
ological ion Ca* is the charge carrier, there was a marked de-
crease of current amplitude. The ratio Ic,/Ig, for currents
evoked at +10 mV was 0.26+0.05 (» = 10) which indicated
that Ca®* channels were much more permeable to Ba?* than to
Ca?*. In contrast, current decay was not much changed and re-
mained slow. This slow inactivation of I, was not related to
the presence of the Ca?* buffer EGTA, which can prevent
Ca?*-dependent inactivation of I, (6), in the patch pipette. In-
deed, when EGTA was omitted from the patch-pipette, the
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decay of I, remained slow and was still similar to that of I,
(Fig. 2 D). Therefore, we concluded that inactivation of I, is
not significantly Ca?* dependent. Because I, was much larger
than I, Ca’>"-channel currents were studied routinely using
Ba’" ions as the permeating ion.

We next evaluated the effect of various agonists and antag-
onists of the L-type Ca** channel. The DHP agonist Bay-K
8644 (1 pM) induced a 3.4=1.0 (n = 9) potentiation of peak Iy,
(Fig. 3 A). Both the threshold and the maximum of the I-V
curve were shifted by ~ —10 mV (Fig. 3 B) which is character-
istic of the effect of Bay-K 8644 (6). In contrast, Iz, was inhib-
ited by two potent vasodilating agents, the DHP antagonists
nicardipine (Fig. 3, B and C) and PN200-110 (82£5% at 2 pM;
n = 3). Fig. 3 C shows the cumulative effects of increasing con-
centrations of nicardipine. As determined from the averaged
dose-dependent curve, the half-maximal inhibition (IG;) of
I, by nicardipine occurred at ~ 2 uM (Fig. 3 D). Iy, was also
inhibited by the benzothiazepine diltiazem (Fig. 3 E). ICs, oc-
curred at ~ 2 pM (45=10%; n = 3). As expected from their
voltage-dependent high-affinity block (3-7), inhibition of Iy,
by DHP antagonists was much enhanced by membrane depo-
larization. The modulation of the blocking effect of Iz, by
membrane potential is illustrated for PN200-110 (Fig. 4). For
example, the percentage of inhibition of I, by 0.1 uM PN200-
110 increased significantly from 16+3% at HP —100 mV to
53+10% at HP =40 mV (n = 5; P < 0.04) (Fig. 4 B). Taken to-
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gether, these results confirm that the high voltage—activated
(HVA) Ca**-channel current recorded in freshly isolated hu-
man coronary myocytes is related to the L-type family of Ca&*
channels described in the cardiovascular system (3-14). There-
fore, it is now referred to as Ig,; .

T-type Ca’-channel currents in primary cultured myo-
cytes. No low voltage-activated (LVA) Ca**-channel current
was present in any of the freshly isolated human coronary my-
ocytes (n = 64; see also Fig. 2 B). In contrast, a transient LVA
Ig, was recorded in cultured cells in addition to a sustained
HVA Ig,. Fig. 5 A shows the typical wave form of a large tran-
sient LVA Iy, recorded for a test depolarization as low as —30
mV. It is worth noting that the HVA I, recorded in cultured
cells (Fig. 5 B) had properties identical to those shown above
for Iy, in freshly isolated cells as indicated by electrophysio-
logical parameters such as threshold for activation (—30 mV),
maximal peak amplitude (near +20 mV), steady state inactiva-
tion (mean V5 —15=2 mV; n = 14), relative permeability ra-
tio I¢,/Ig, (0.23%0.03 at +10 mV; n = 6), and pharmacological
sensitivity to Bay-K 8644 (3.1£0.3 increase at 1 uM; n = 6)
and nicardipine (IG5, = 3.5+1.0 uM at HP —100 mV; n = 6).

The LVA Ij, was insensitive to the Na*-channel blocker
TTX (10 uM) and to Bay-K 8644 (1 pM; data not shown).
When Ip,; and the LVA I, coexisted in the same cell, they
were easily distinguishable by their activation threshold and
kinetics of decay. The LVA Ig, began to activate for test pulses



around —40 mV, i.e., 20 mV more negative than Iy,; (Fig. 5
C). Furthermore, this current could be separated from Iy,; by
changing the HP from —100 mV to a more depolarized level
(Fig. 5 C) as predicted from the steady state inactivation curve
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(Fig. 5 D). The mean V5 were very different (Fig. 5 D). The
relative permeability ratio /I, of the LVA Iy, evoked at
=30 mV was 0.96+0.05 (n = 5), i.e., also quite different from
that of Ig,; (see above). Therefore, the electrophysiological
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and the pharmacological properties of the LVA Iy, recorded
in cultured human coronary myocytes were consistent with
those of Ca?*-channel currents classically referred to as T-type
(Igar) currents in vascular and nonvascular cells (3, 4, 6, 7, 14,
15, 19, 22, 23). In contrast to I, present in nearly all cultured
cells investigated (72 out of 77), Ig, + was found in only 25% of
these cells and always in association with Iy, ;. The absence of
I, in freshly isolated cells was unrelated to the enzymatic
treatment because Iy, r was still observed in cultured cells ex-
posed to the same enzymatic procedure (data not shown). It is
also worth noting that we detected no significant difference in
the nature, properties, and regulation (see below) of both Ig, ;.
and Ip, T between cells obtained from patients with dilated car-
diomyopathy and cells obtained from patients with an is-
chemic disease.

Regulation by cGMP and NO donors. The intracellular mes-
senger cGMP has been shown to regulate Ca>™ currents in
some vascular smooth muscle cells from animals (4). We inves-
tigated whether or not cGMP regulate Ca?* currents in human
coronary myocytes using permeable analogues. Fig. 6 A illus-
trates the inhibitory effect of 10 uM db-cGMP on I, ;. The av-
eraged inhibition occurred at all test potentials (Fig. 6 B). The
inhibition was partially reversible upon washout of the drug
(data not shown). Similar effects were observed on I, ; of cul-
tured myocytes. The ICs, determined from the dose—effect
curves was 0.8+0.2 uM (Fig. 6 C). Similar inhibitory effects
were observed using 10 pM 8-bromo cGMP (42+8% de-
crease; n = 4). In contrast, at 100 wM, which is maximally ef-
fective for Ig,;, db-cGMP had no effect on Ig,t in all cells
tested (n = 6).

NO is a major endothelium-derived relaxing factor (4, 7,
25-30). It is a potent vasodilating agent which contributes to
local regulation of vascular smooth muscle tone by modulation
of several cellular processes. The principal physiological ac-
tions of NO are mediated by activation of a cytosolic guanylate
cyclase and subsequent formation of cGMP (4, 7, 31, 32). A
possible action of NO on voltage-gated Ca?* channels has also
been suggested previously (4, 5, 33, 34). Therefore, we have
studied the effect of NO both on intracellular cGMP and Ca**-
channel currents of human coronary myocytes using two dif-
ferent NO donors: SNAP and SIN-1, which spontaneously
release NO under physiological conditions and are potent
vasodilator in vitro and in vivo (26, 35, 36). When applied at
10 uM, SNAP induced (a) a rise in intracellular cGMP concen-
tration of coronary myocytes (Fig. 7 A) and (b) a substantial
decrease of I, either on freshly isolated myocytes (Fig. 7 B;
mean inhibition 33*12%; n = 6) or on cultured cells
(30£15%; n = 5). The decrease was observed at all test poten-
tials (Fig. 7 C) and was reversible upon washout of the drug
(Fig. 7 D). An average of 60=12% (n = 5) inhibition was re-
versed after 5 min of washout, suggesting that most of the de-
crease of Iy, was related to the presence of the NO donor and
does not reflect spontaneous rundown of Ca?* channel activity
during the experiment. The effect of SNAP, which was not sig-
nificantly different from that of 10 uM db-cGMP, could be
prevented by the presence of methylene blue (Fig. 7 E) known
to inhibit nonspecifically guanylate cyclase activity (31, 32, 37).
Moreover, a saturating concentration db-cGMP (10 pM) oc-
cluded the effect of 10 uM SNAP in all cells tested (n = 4),
suggesting that the effects of the two agents are not additive
and are likely to occur through a common pathway. It should
be noted that a similar inhibition of Ig,; was obtained using
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Figure 6. Inhibition of Iy,; by db-cGMP. (A) Maximal inhibition (af-
ter 3 min of exposure) of Ig,; by 10 uM db-cGMP in a freshly iso-
lated human coronary myocyte. I, ; was evoked as indicated. (B)
Mean (*=SD; nine cells) normalized I-V relationships of I, re-
corded in the absence (filled boxes) and presence of db-cGMP (filled
circles). (C) Averaged (£SD) dose—response curve of the inhibition
of I, by db-cGMP. The number of cells is quoted for each point. The
ICs, determined after fitting the curve according to Hill equation (see
legend Fig. 3) is 1.2*0.5 uM (nH = 0.5+0.1).

SIN-1 (29%12% inhibition at 10 uM, n = 4; see Fig. 7 E). It is
also worth noting that, in contrast to their effect on I, , SIN-1
and SNAP (at 10 uM) had no effect on I, r in any of the cul-
tured cells tested (n = 7).
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Discussion

To our knowledge, this paper provides the first characteriza-
tion of voltage-gated I, in human coronary myocytes. Since
species- and tissue-dependent variations are possible, it was of
great interest to determine the nature and regulatory profile of
Ca?" channels in humans. There are four principal findings.
First, a DHP-sensitive L-type Ca** current (I¢,; ) is the ma-
jor pathway for voltage-gated Ca?* entry in human coronary
myocytes. This is consistent with findings in various animal
species (7-14). The human I,; resembles the I, described in
detail in rabbit cells (9). It activates and peaks at similar volt-
ages (~ —20 mV and +20 mV, respectively) when compared
at equivalent concentrations of divalent cation (or after correc-
tion). The potential at which half of the channels are inacti-
vated (~ —20 mV), the relative permeability to Ca** versus

SIN-1 ik P < (0,001,

Ba’" of those channels (I,/Ig, < 0.3), and the slow kinetics of
Ic,y are also similar (9). The lack of changes in kinetics of cur-
rent decay when extracellular Ba?* is replaced by Ca?* indi-
cates that, as in rabbit coronary cells where the time constants
of inactivation of I, and Iy, differ by less than a factor of
two (9), inactivation of the human coronary Ca’* channels is
not markedly Ca’* dependent. The sustained Ca’* entry re-
sulting from slow inactivation of I.,;, together with the fact
that Ca?* channels in arteries respond primarily to graded
changes in membrane potential after agonist activation by hor-
mones and neurotransmitters [rather than to action potentials
as in cardiac cells (7, 38, 39)], is consistent with the slow devel-
opment of vascular tone in physiological conditions.

Although many studies refer to DHP-sensitive L-type Ca2*
channels without making distinction between cardiac and vas-
cular channels, we observed quite important differences. For
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example, the ratio I,/Ig, is much higher (> 0.6) in cardiomyo-
cytes (6, 40, 41). The cardiac I, also exhibit much faster de-
cay kinetics (18, 40-42) with the time constants of inactivation
of I,y and I, differing by > 10-fold (9). The presence of a
marked Ca?*-dependent inactivation (6, 40), may, at least in
part, explain the difference. Different kinetics may reflect
structural differences between L-type Ca?* channels. The car-
diac and vascular pore forming subunits (a;C), which carry the
DHP-binding site, are splice variants from the same gene re-
sulting in 93% homology at the protein level (43). Another de-
gree of diversity may be introduced by differences in the auxil-
iary subunits that make up the complete channel protein (4, 6,
7). For example, there are several isoforms of the B subunit
considered as an endogenous modulator of I, amplitude and
kinetics. The possibility for opposite regulations of the coro-
nary (decrease: present results) and the cardiac (increase: ref-
erence 44) human L-type I, by NO confirms that they have
quite distinct physiology. Concerted antinomic regulations are
of great interest for the cardiovascular physiology (increased
cardiac contraction; relaxation of the artery).

Second, the selective inhibitory effect of DHP antagonists
for the coronary over the cardiac L-type Ca*>* channel in vivo,
which determines their clinical profile (4, 6, 16, 17), can be ac-
counted for mainly by the modulation of DHP blockade by
membrane potential. Our direct measurements of Ce?*-channel
activity demonstrate that the sensitivity of the human coronary
L-type I, to DHP antagonists (and diltiazem as well) is similar
to that of its counterpart in cardiac cells investigated at similar
negative HP (6, 45). This property, which reflects modulation
of DHP binding by voltage, is consistent with the general pic-
ture that the resting membrane potential (more depolarized by
20-30 mV in the coronary artery; 6, 7, 18, 46) is an important
determinant of the vascular selectivity of DHPs. However, it
may not be a unique factor. Differences in channel structure
have also been suggested (47, 48).

Third, T-type Ca’" currents are absent in freshly isolated
human coronary myocytes. This is in agreement with findings
in rabbit, bovine, and porcine studies (8-13) but contrasts with
studies in guinea pig (14, 15). The difference may be related to
size (resistance) of the vessels or may be purely species depen-
dent. It is worth noting that the T-type I, is also well-repre-
sented in guinea pig, but not in human cardiomyocytes (6, 18,
42). The T-type Ca?* channel does not seem to be a major
pathway for voltage-gated Ca’* entry in the human coronary
artery and is thus probably not involved in regulation of the
contraction. Therefore, the L-type channel is probably the tar-
get for the therapeutically active vasodilating agents. In con-
trast, the presence of T-type I, in cultured myocytes is of ma-
jor interest because it may be related to dedifferentiation and
proliferative activity of the cells in vitro as recently demon-
strated for adult rat aortic myocytes (19, 22, 23). Indeed, prolif-
erative disorders play a major role in coronary artery disease
(2). Although there is here matter for interesting speculations
concerning the possible role(s) of T-type I, in coronary physi-
ology, it remains to be seen whether or not T-type I, can also
be expressed in vivo.

The fourth finding of this study in human coronary myo-
cytes provides clear evidence that NO- and cGMP-generating
agents can decrease Ca’* influx through voltage-gated Ca’*"
channels. This partial (< 50%) inhibition is selective, i.e.,
¢GMP and NO inhibit only I, (T-type Ca?* current is not
targeted). The regulation by cGMP resembles that described
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in rabbit pulmonary artery and in portal vein and rat ventricu-
lar cells (4, 49-52). Our results suggest that the effect of NO on
Ca?*-channel currents of human coronary myocytes is medi-
ated through a rise in intracellular cGMP. Therefore, one
would expect that factors stimulating either NO production
(e.g., neurotransmitters and circulating agents such as acetyl-
choline, arginine vasopressin, bradykinin; products of platelet
aggregation such as ADP, ATP, serotonin, thrombin, and
PAF,; shear stress; hyperemia) or directly intracellular cGMP
formation (e.g., atrial natriuretic peptide) inhibit human coro-
nary L-type Ca?* channels.

The endothelium and autonomic nerves provide the major
factors regulating intracellular Ca?* and, thereby, determine
the contractile tone in arteries. Among endothelium-derived
factors, the vasorelaxing messenger NO exerts multiple effects
including extrusion of intracellular Ca*>*, decreased Ca®* sensi-
tivity of the contractile proteins, increased cAMP via inhibi-
tion of phosphodiesterase, and membrane hyperpolarization
due to activation of K* channels (4, 30, 34, 37, 53-55). The en-
dothelium-derived relaxing factor NO can cause hyperpolar-
ization in many arteries, including guinea pig coronary artery
(37). This effect, which involves direct or PKG-mediated acti-
vation of K* channels (53, 54), ends up into relaxation by deac-
tivating (and closing) voltage-gated Ca’* channels. However,
NO-induced relaxation can also occur without detectable hy-
perpolarization (37). The direct inhibition of I.,; evidenced
here in human coronary myocytes is consistent with this hyper-
polarization-independent effect of NO. Partial inhibition
(< 50%) by saturating concentrations of cGMP (see also 49)
and by NO suggests that Ca?* channel activity is tonically in-
hibited by the endothelium. This system would provide the
coronary artery with a highly sophisticated system for a fine
and localized modulation of its basal contractile tone. Pharma-
cologically, this regulation could be, in part, involved in the va-
sodilating effects of nitrovasodilators used clinically.

In conclusion, to our knowledge, this is the first report on
the characterization of Ca?* currents in human coronary myo-
cytes. Overall, our study establishes a basis for future studies
concerning their regulation by many endogenous and exoge-
nous agents, including drugs, targeting contractility and prolif-
eration. Both contractile and proliferative abnormalities play a
major part in coronary artery diseases (hypertension, athero-
sclerosis, myointimal proliferation after postangioplasty rest-
enosis). Primary cultured coronary cells may be a useful in
vitro system to understand also the possible role of C&* chan-
nels in the mechanisms regulating cell replication (e.g., T-type:
19, 22) and the molecular basis of phenotypic modulation of
Ca?* channels which may occur during coronary diseases.
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