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The effect of norepinephrine (NE) was examined on the whole-cell Ba2+ current 
through L-type Ca2+ channels of freshly isolated smooth muscle cells of guinea- 
pig vas deferens. The magnitude of maximum Ba2+ current [IBa(max)] varied in 
different cells, although the capacitance of the cell membrane was similar (-50 
pF). Application of dbcAMP augmented IBa(max) by 37%, which was canceled 
by Rp-CAMPS, while PMA decreased the current by 32%, which was canceled 
by staurosporine. NE increased IBahax) of the cells which originally showed 
relatively small IBahax), and decreased the current of the cells which showed 
larger IBa(max). In the presence of phentolamine, NE increased IBa(max), and 
this effect was remarkable in cells showed smaller IBa(max). In the presence of 
propranolol, NE decreased IBa(max). The excitatory P-adrenoceptor activation 
was canceled by Rp-CAMPS, and the inhibitory a-adrenoceptor effect was can- 
celed by staurosporine. It is suggested that NE shows dual (excitatory and inhibi- 
tory) actions on the L-type Ca2+ channels of smooth muscle of guinea-pig vas 
deferens. The excitatory P-adrenoceptor action mediated through cAMPIPKA is 
predominant in cells with lower density of the Ca2+ channels, while inhibitory 
a-adrenoceptor action mediated through PKC is predominant in cells with higher 
channel density. o 1996 WiIey-Liss, Inc. 

An increase in intracellular Ca2+ concentration 
([Ca2+l,) is the crucial event in excitation-contraction 
coupling of the smooth muscle cells (van Breemen and 
Saida, 1989; Somlyo and Himpens, 1989). Ca2+ is sup- 
plied from either intracellular stores (Ca2+ release) or 
extracellular space (Ca2+ entry), according to types of 
stimulation to the cells (Somlyo and Somlyo, 1994). In 
the case of Ca2' entry, the voltage-dependent Ca2+ 
channels are particularly important, because a variety 
of agonists including norepinephrine (NE), a neuro- 
transmitter, cause depolarization of the membrane, 
and consequently action potentials from Ca2+ entry 
(Reuter, 1983). There is evidence that a t  least two types 
of voltage-dependent Ca2+ channels (T-type and Ltype) 
are present in the smooth muscle membrane, and L- 
type Ca2+ channels are particularly important in con- 
trolling the muscle contraction (Kuriyama et al., 1995). 

On the other hand, the effect of NE on the Ca2+ chan- 
nels is quite complex; effective in some cell types and 
not effective in other cell types (Wickman and Clap- 
ham, 1995). Furthermore even in the same cell type, 
the effect of NE on the currents is contradictory in 
findings reported. For instance, NE reduces the L-type 
Ca2+ currents of the rat portal vein (Pacaud et al., 
1987). However in the same cell type, NE potentiation 
of the L-type Ca2' channels has been also reported (Le- 
pretre et al., 1994). 
0 1996 WILEY-LISS, INC. 

Vas deferens is a sympathetic nerve enriched tissue 
and shows a-adrenergic excitation (Furness and Iway- 
ama, 1972). The smooth muscle preparations from the 
vas deferens (Ashoori and Tomita, 1983) and the iso- 
lated smooth muscle cells also (Nakazawa et al., 1987) 
contract to NE through a-adrenergic receptors. In fact, 
NE through a-receptors caused depolarization of the 
membrane of the smooth muscle cells followed by firing 
of Ca2+-dependent action potentials when tested upon 
the multicellular preparations (Wakui and Inomata, 
19851, whereas in dispersed solitary smooth muscle 
cells from the same tissue, the a-adrenergic action of 
NE reduced the Ca2+ currents (Imaizumi et al., 1991). 
Considering the crucial role of NE in promoting the 
contraction of the smooth muscle of vas deferens, there 
might be disadvantage in NE inhibition of the Ca2+ 
currents, and its physiological significance should be 
evaluated. 

In the present study, therefore, we further examined 
the effect of NE on the Ca2+ (Ba2+) current of single 
smooth muscle cells of vas deferens. The results of the 
present study indicate that NE shows dual (excitatory 
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and inhibitory) actions on the Ba2' current through L- 
type Ca2+ channels. The mechanism of each NE action 
and the physiological significance of the dual actions 
are discussed. 

MATERIALS AND METHODS 
Cell isolation 

Single smooth muscle cells were prepared from vas 
deferens of guinea-pigs. In brief, male guinea-pigs 
weighing 200-350 g were anesthetized with diethyl 
ether, and vas deferens was removed. After removal of 
surface connective tissues, vas deferens was cut open 
longitudinally, and strips (15 mm in length and 0.5 mm 
in diameter) were taken from the outer smooth muscle 
layer. The strips were then suspended in a Ca2'-free 
solution gassed with 100% O2 for 45 min at 37°C. The 
smooth muscle tissues were digested in a digestion so- 
lution for 90 min. The digestion solution contained col- 
lagenase (200 U/ml, Wako Chem. Japan) and was kept 
at 37°C. The cell suspension was centrifuged (1,000 
rpm, 1 min) and washed with a standard extracellular 
solution. Cells were dispersed in the experimental 
bath, and only single cells similar in size (- 100 pm in 
length) were chosen for the experiments. 

Membrane current recordings 
The standard whole-cell patch-clamp method was 

used for recording the transmembrane currents (Ham- 
ill et al., 1981). Briefly, patch-clamp electrodes were 
prepared from borosilicate microcapillary tubes (Drum- 
mond Sci. Co., Broomall, PA), and their resistances 
ranged from 2 to 5 MQ. The conventional method (Ham- 
ill et al., 1981) was used for achieving the whole-cell 
configuration. After establishment of the whole-cell 
configuration, the membrane was voltage-clamped at  
-70 mV (EPC-7, List Electronic, Germany), and 10 mV 
increasing depolarizing pulses (200 msec in duration) 
were applied. Membrane capacitances were measured 
by cancellation of the capacity transient. Leak and ca- 
pacity current subtraction was carried out by adding 
the inverted hyperpolarizing pulses. The data of the 
membrane currents were analysed by using a whole- 
cell current analysis program (QP-l20J, Nihon Koh- 
den, Japan). All experiments were carried out a t  room 
temperature (around 22°C). 

Drug application 
In an experimental bath, cells were perfused continu- 

ously throughout the experiments with a stream of an 
extracellular solution. For extracellular drug applica- 
tion, drugs were dissolved in the extracellular solution, 
and the flowing solution was switched to one of these 
solutions. For intracellular drug application, the drug 
was added to the pipette solution, and establishment 
of whole-cell configuration allowed the drug to diffuse 
into the cell. For treatment of cells with Rp-CAMPS 
or staurosporine, the cells were preincubated in the 
solution containing Rp-CAMPS (20 pM) or stauro- 
sporine (2 @I) for 30-60 min. In some experiments, 
Rp-CAMPS was applied to the cell inside through the 
pipette (200 pM in the pipette solution). 

Solutions and drugs 
Because the present study was focused only on the 

Ca2+ (Ba") current, we used the extracellular and in- 

tracellular solutions which minimized K' currents. The 
standard extracellular (bath) solution contained (in 
mM): NaCl 120, KC1 4.7, CaC12 1.0, MgC1, 1.2, BaC12 
5.0, HEPES 10, glucose 10, and tetraethylammonium- 
C1 (TEA-C1) 5. In some experiments, CaClz was omitted 
from the extracellular solution. The solution was ti- 
trated with NaOH to pH 7.4. To make a Ca2+ and Ba2+- 
free solution, CaClz and BaClz were omitted and 1 mM 
EGTA was added. The standard intracellular (pipette) 
solution contained (in mM): CsCl 120, TEA-C1 20, 
HEPES 10, MgClz 4.0, glucose 10, EGTA 10, and 
Na2ATP 5. In some experiments, 1 mM GTP was added 
to the pipette solution. Norepinephrine (NE), w,2'-0- 
dibutyryladenosine 3'; 5'-cyclic monophosphate (dbc- 
AMP), phorbol 12-myristate 13-acetate (PMA), phen- 
tolamine and propranolol were purchased from Sigma 
Chemical Co. (St. Louis, MO). Rp-CAMPS was a pur- 
chase from Biolog Life Science (Germany). Stauro- 
sporine was a purchase from Kyowa Medix (Japan). 
The final concentrations of the drugs were expressed 
in the text. 

Statistics 
Data were expressed as means +- SEM. Statistical 

significance of the data was assessed using Wilcoxon 
Signed-rank and P values less than 0.05 were accepted 
as significant. 

RESULTS 
Inward currents of isolated smooth 

muscle cell of vas deferens 
In most of smooth muscle cells of guinea-pig vas def- 

erens tested (about 200 cells), the depolarizing voltage 
pulses caused inward currents which were long-lasting 
in shape. The long-lasting inward current developed 
when the voltage pulse to -20 mV was applied and 
reached the maximum magnitude at + 10 mV (Fig. 1A- 
a). The magnitude of membrane currents evoked by the 
same size of voltage pulses gradually increased and 
became constant after several trials. The magnitude of 
the maximum inward current was different in different 
cells. The membrane capacitances of the cell mem- 
branes ranged from 45 to 62 pF. The magnitude of the 
maximum inward current did not simply depend on the 
size of membrane capacitance. For instance, a cell of 
45 pF membrane capacitance showed the maximum 
inward current of 280 PA, whereas another cell of 62 
pF capacitance showed 140 PA inward current. Similar 
inward currents were obtained also in the extracellular 
solution from which Ca2' but Ba2+ was absent. When 
both Ca2+ and Ba2' were removed from the extracellu- 
lar solution, the inward current was minimum (data 
not shown). When applied to the external solution at 
10 pM, nifedipine markedly reduced the inward current 
(Fig. 1A-b). The magnitudes of the maximum Ba2+ cur- 
rents before and after application of 10 @I nifedipine 
were 4.7 5 1.2 and 0.4 2 0.1 pNpF (n = 5, P < 0.011, 
respectively (Fig. 1B). Cadmium ion at 50 @I also 
strongly inhibited the inward current (not shown). 
These results together, indicate that the inward cur- 
rent was carried by Ba2+ (Ba2+ current) through L-type 
CaZi channels. 
The effect of CAMP or PMA on the Ba2+ current 

Figure 2A shows the effect of dbCAMP, an activator 
of protein kinase A (PKA), on the Ba2' current. Before 
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Fig. 1. BaP+ currents through Gtype Ca2+ channels of single smooth 
muscle cells of the vas deferens. A Superimposed tracings of inward 
currents evoked by voltage jumps from -70 to +10 mV before (a) 
and &r (b) application of 10 pM nifedipine. Extracellular solution 
contained 5 mM Ba". The K+ conductance was minimum in this 
study. B Summary showing the magnitude of the maximum Ba2+ 
current [IBa(max)l normalized by the membrane capacitance before 
and after application of 10 pM nifedipeine, taken from five experi- 
ments. The values are means 2 SEM. 

application of dbcAMP, the maximal Ba2+ current [IBa- 
( m a ) ]  was 5.9 2 1.2 pA/pF (n = 8). The value of the 
IBa(max) increased to 8.1 ? 1.3 pNpF (P < 0.05) with 
application of 1 mM dbcAMP. When cells were treated 
with Rp-CAMPS (20 pM), an inhibitor of PKA, the aver- 
aged magnitude of the IBa(max) was 2.2 ? 0.5 pNpF 
(n = 8). Application of dbcAMP at 1 mM showed little 
effect on the Ba2+ current in the cells treated with Rp- 
CAMPS (Fig. 2B). Figure 2C shows the effect of PMA, 
an activator of protein kinase C (PKC), on the Ba2+ 
current. The values of the IBa(max) before and after 
application of 80 nM PMA were 4.3 & 0.9 and 2.9 2 
0.8 pA/pF (n = 5, P < 0.051, respectively. When cells 
were treated with staurosporine (2 @I), an inhibitor of 
PKC, the magnitude of IBa(max) was 4.5 ? 0.2 pA/pF 

Fig. 2. Effects of dbcAMP, and PMA on the Ba2+ current. A: The 
effect of dbcAMP on IBa(max). IBa(max) was measured in eight cells 
before and after application of 1 mM dbcAMP. Magnitude of IBa(max) 
was normalized by the membrane capacitance. B The effect of 
dbcAMP on IBa(max) in the cells treated with 20 p M  Rp-CAMPS. n = 
5. C The effect of PMA (80 nM) on IBa(max). n = 5. D The effect of 
PMA on IBa(max) in the cells treated with 2 pM staurosporine. n = 5. 

(n = 5). Application of PMA (80 nM) to the cells treated 
with staurosporine showed little effect on the Ba2+ cur- 
rent (Fig. 2D). 

The effect of NE on the Ba2+ current 
After recording the Ba2+ currents in the control solu- 

tion, NE was introduced to the cell outside at a concen- 
tration of 500 pM. The concentration (500 pM) of NE 
used in this study was quite high compared to that 
used in our former studies (Wakui and Inomata, 1985, 
1986) or other studies (Khoyi et al., 1987; Abraham and 
Rice, 1992) on the guinea-pig vas deferens. However, 
it is known that isolated smooth muscle cells of vas 
deferens show the maximum response to NE at 1 mM 
(Nakazawa et al., 1987). In 14 out of 32 cells, NE in- 
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A B 

Fig. 3. Effects of norepinephrine (NE) on the Ba2+ current. A Percentages of change of IBa(max) caused 
by NE (500 pM) were plotted against the magnitude of IBa(max) before application of NE. B: Summary 
of the effect of NE on IBa(max), taken from data shown in A. n = 32. 

creased the magnitude of Ba2' current , while in 15 
cells NE decreased the Ba2' current. In three cells, NE 
did not change the Ba2+ current. These NE effects were 
shown plotted against the amplitude of the IBa(max) 
before application of NE (Fig. 3A). The graph shows 
that NE augmented the Ba2' current in cells, which 
showed relatively small IBa(max) in the control solu- 
tion, whereas it decreased the Ba2' current in cells 
which originally showed relatively large IBa(max). 
When summarized in all cells tested (32 cells), the NE 
effect on the Ba2+ current was not significant (Fig. 3B). 

The NE effect on the Ba" current in the 
presence of adrenoceptor antagonists 

Figure 4 shows the effect of NE (500 pM) on the Ba2+ 
current in the presence of phentolamine (10 pM), an a- 
adrenoceptor antagonist. Phentolamine by itself 
showed little effect on the Ba2+ current (not shown). In 
the most of cells tested (n = 18), NE augmented the 
Ba2' current (Fig. 4 A). In addition, it is clear that the 
smaller the magnitude of IBa(max) before application 
of NE, the greater the effect of NE. In total, the magni- 
tudes of the IBa(max) before and after application of 
NE in the presence of phentolamine were 2.7 -+ 0.3 and 
3.4 ? 0.3 pA/pF (n = 18, P < 0.01), respectively (Fig. 
4B). Figure 5 shows the effect of NE (500 pM) on the 
Ba2' current in the presence of propranolol, a P-adreno- 
ceptor antagonist (10 pM). Propranolol by itself showed 
little effect on the Ba2+ current (not shown). In most 
of cells tested (n = 171, the Ba" current reduced in 
magnitude with application of NE (Fig. 5A). The magni- 
tudes of the IBa(max) before and after application of 
NE were 3.4 2 0.4 and 2.3 5 0.3 pNpF (n = 17, P < 
0.011, respectively (Fig. 5B). 

The effect of protein kinase inhibitors 
on the NE action on the Ba" current 

Figure 6A shows the effect of NE (500 pM) on the 
Ba2+ current in the presence of phentolamine (10 pM) 
in the cells treated with Rp-CAMPS applied extracellu- 
larly or through the pipette. Before application of NE, 
the magnitude of IBa(max) was 1.9 2 0.2 pNpF (n = 
9) in the presence of phentolamine. Application of NE 
showed little effect on the IBa(max). Figure 6B shows 
the effect of NE (500 pM) on Ba2' current in the pres- 
ence of propranolol (10 pM) in the cells treated with 
staurosporine (2 pM) . Before application of NE, the 
magnitude of IBa(max) was 3.0 ? 0.6 pNpF (n = 5). 
Application of NE showed little effect on the IBa(max). 

DISCUSSION 
Heterogeneity of freshly isolated smooth 

muscle cells of vas deferens observed 
by recording the Ba2+ current 

The magnitude of the maximal Ba2+ current 
[IBa(max)l through L-type Ca2+ channels of smooth 
muscle cells freshly isolated from the guinea-pig or rat 
vas deferens has been reported to be around 300-400 
PA (Nakazawa et al., 1987; Imaizumi et al., 1991). In 
the present study, we also observed the similar size of 
IBa(max) in some cells of the guinea-pig vas deferens 
(Fig. 1). In addition to such cells, however, other cells 
showed smaller IBa(max). Since cell capacitances were 
not much different in different cells in the present 
study, the difference in magnitude of IBa(max) did not 
result from a difference in the size of the smooth mus- 
cle. Heterogeneity of the Ca2 ' channel density may be 
present in smooth muscle cells as is the case of the 
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A B 

Fig. 4. Effect of NE on the Ba" current in the presence of phenblamine. A: Percentages of change of 
IBa(max) caused by NE (500 pM) in the presence of phentolamine (10 pIt0 were plotted against the magnitude 
of IBa(max) before application of NE. B Summary showing the mean values of IBa(max) before and after 
application of NE. n = 18. 

A B 

Fig. 5. Effect of NE on the Ba2+ current in the presence of propranw 
101. A Percentages of change of IBa(max) caused by NE (500 @I) in the 
presence of propranolol(10 pM) were plotted against the magnitude of 
IBa(max) before application of NE. B Summary showing the mean 
values of IBa(max) before and after application of NE. n = 17. 

Ca2' channels on the Ca2+ stores (Hirose and Iino, 
1994). The difference in cells showing different 
IBa(max), however, provided a crucial significance 
upon the role of NE in regulating the Ba2+ current 
through L-type Ca2+ channels. 

Excitatory effect of NE on the Ba2+ current 
through L-type Ca" channels 

As shown in Figure 3A, NE showed dual (excitatory 
and inhibitory) actions on the Ba2+ current. NE in- 

creased the magnitude of IBa(max) in the cells which 
showed relatively small IBa(max). From the findings 
that application of propranolol canceled the potentiat- 
ing effect of NE (Fig. 5A) and that in the cells treated 
with Rp-CAMPS the excitatory effect of NE was minimal 
(Fig. 6A), it is clear that the excitatory action of NE on 
the Ba2' current is mediated by P-adrenoceptors and 
the subsequent cAMPPKA signaling. This idea was 
further confirmed by the finding that dbcAMP aug- 
mented the magnitude of the Ba2' current (Fig. 2A). 
The CAMP-dependent activation of the L-type Ca2+ 
channels has been demonstrated in a variety of cell 
types including the cardiac myocytes (Kameyama et 
al., 1986; Trautwein and Hescheler, 19901, skeletal 
muscles (Hamilton et al., 1991), and in the smooth mus- 
cle cells of coronary artery (Fukumitsu et al., 1990) and 
portal vein (Ishikawa et al., 1993). 

On the other hand, in the cells that showed rather 
large IBa(max), the excitatory j3-adrenoceptor action on 
the Ba2+ current was not remarkable (Fig. 4A), al- 
though application of dbcAMP caused a clear potentia- 
tion of the currents in also such a cell type (Fig. 2A). 
These indicate that in such a cell type the failure of the 
P-adrenoceptor action of potentiating the Ba2' current 
does not result from a lack of sensitivity of the L-type 
Ca2+ channels to cAMP/PKA signaling. The cells show- 
ing large Ba2+ currents seem to protect Ca2+ channels 
from an exposure to PKA-dependent phosphorylation 
attack by minimizing the production of CAMP. 

Inhibitory effect of NE on the Ba2+ current 
through L-type Ca" channels 

As shown in Figure 3A, NE decreased the Ba2+ cur- 
rent in the cells that showed relatively large IBa(max1. 
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Fig. 6. Effects of Rp-CAMPS, and staurosporine on the NE action on 
the Ba" current. A: The effect of NE (500 yM) on IBacmax) in the 
presence of phentolamine (10 pM) in the cells treated with Rp-CAMPS. 
n = 9. Rp-CAMPS was applied through the pipette in six cells (200 
pM in the pipette solution), and extracellularly in three other cells 
(20 (IM). B: The effect of NE (500 pM) on IBa(max) in the presence of 
propranolol (10 pM) in the cells treated with staurosporine (2 yM). 
n= 5. 

Since this inhibitory effect of NE was minimum in the 
presence of phentolamine (Fig. 4A), the action is medi- 
ated by a-adrenoceptors. These findings are consistent 
with previous ones obtained in the same cell type (Imai- 
zumi et al., 1991). One possible mechanism by which 
NE inhibits the L-type Ca2+ current is the Ca2+ inhibi- 
tion of the Ca2+ current through acceleration of the 
inactivation process (Droogman et al., 1987; Pacaud et 
al., 1987; Declerk et al., 1990; Imaizumi et al., 1991; 
Muraki et al., 1994). In the smooth muscle cells, there 
is evidence that the a-adrenergic activation causes 
hydrolysis of phosphatidylinositol 4,5-bisphosphate 
(PIP2), which in turn produces a second messenger ino- 
sitol 1,4,5-trisphosphate (InsP3) and diacylglycerol 
(DAG), a protein kinase C (PKC) activator (Nelemans 
et al., 1990; also see Somlyo and Somlyo, 1994). InsPs 
releases Ca2+ from the intracellular stores (Berridge, 
1993). In fact, voltage-dependent Ca" currents of the 
small-intestinal smooth muscle was blocked by Ca2+ 
released by InsPs (Komori et al., 1991; Beech, 1993), 
and the NE inhibition of the Ca2+ currents was canceled 
by intracellularly applied heparin, an InsP3 antagonist, 
in the smooth muscle of guinea-pig vas deferens (Imai- 
zumi et al., 1991). The NE inhibition of the Ba" current 
in the present study, however, is not the case of the 
Ca" inhibition mechanism, because the inactivation 
process was minimum by using Ba2' instead of Ca2+ 
in the extracellular solution (Hagiwara and Ohmori, 
1982), and even possible Ca" release was chelated by 
a high concentration (10 mm) of EGTA. 

Another possible mediator of the inhibitory a-adreno- 
ceptor action on the Ba2+ current is PKC. Application 
to the cell of PMA reduced the magnitude of IBa(max1 
(Fig. 2C), the action of which was canceled by stauro- 

sporine (Fig. 2D). In the presence of propranorol, NE 
failed to reduce Ba2+ currents of the cells treated with 
staurosporine (Fig. 6B). In the aortic smooth muscle 
cell line (A7r5), inhibition by PKC of the L-type Ca2+ 
channels was clearly shown (Galizzi et al., 1987). In 
also chick dorsal root ganglion cells (Rane and Dunlap, 
19861, pheochromocytoma cells (Messing et al., 1986; 
Harris et al., 19861, and in clonal pituitary GH3 cell 
line (Marchetti and Brown, 19881, phorbol esters de- 
creased the Caz+ channel activity. However, potentiat- 
ing effects of PKC activation on the Ca2+ channels have 
been also shown in a variety of cell types including 
Aplysia neurons (DeRiemer et al., 1985), Xenopus oo- 
cytes with injected mRNA of chick forebrain voltage- 
gated Ca2' channels (Sigel and Baur, 1988) and even 
A7r5 cells (Fish et al., 1988). 

On the other hand, as shown in Fig. 5A, the inhibi- 
tory effect of a-adrenoceptor action was not clear in the 
cells which showed relatively small IBa(max). The cells 
showing small Ba2' currents seem to protect Ca" chan- 
nels from an exposure to PKC signaling. 

In summary, NE showed dual (excitatory and inhibi- 
tory) actions on the Ba2+ current through L-type Ca2+ 
channels of the smooth muscle of guinea-pig vas defer- 
ens. Considering the crucial role of NE as a promoter 
of contraction of the smooth muscle, the excitatory ef- 
fect of NE mediated by P-adrenoceptors linked to CAMP/ 
PKA signaling seems to be reasonable. However, the 
cells which showed large Ba2' currents lacked this ex- 
citatory mechanism, and rather possessed an inhibi- 
tory mechanism through a-adrenoceptors linked to the 
PKC signaling. Ca2+ in the cell is also known to be a 
poison leading the cells to death (Ribeiro and Carson, 
1993). Accordingly, the physiological significance of the 
dual actions of NE seems to be the cellular mechanism 
by which NE controls contractility of the smooth muscle 
cell while avoiding the excess Ca2+ flow into the cell. 
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