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SUMMARY
The effect of 1 ,2-dioctanoyl-sn-glycerol (DiC8), a diacylglycerol
and potent protein kinase C (PKC) activator, on the voltage-
dependent slow (L-type) Ca2� current [lCa(L� was examined
using whole-cell voltage clamp of myometrial cells freshly iso-
lated from late pregnant rats. Bath application of DiC8 (25 �M)
decreased ‘Ca(L) by 50.7 ± 2.4% (n = 22). The effect was
reversible and dose dependent (IC50 of 1 5.3 p.M). The effect of
DiC8 was not reversed or prevented by application of caiphos-
tin C, a selective PKC inhibitor. In addition, 1-oleoyl-2-acetyl-
sn-glycerol, another PKC activator, did not produce an inhibi-
tory effect on 1Ca(L)’ even at a concentration of 1 00 �M; ‘Ca(L) was
actually slightly stimulated (10.6 ± 5.1 %, n = 6). The steady

state inactivation curve for ‘Ca(L) was shifted to the left by DIC8
application (by approximately 1 5 mV at 25 �tM), whereas the
activation curve was not affected; the shift should produce a
voltage-dependent block. DiC8 decreased ‘Ca(L) progressively
dunng repetitive step depolarizations (use-dependent block).
We conclude from these results that (a) DiC8 inhibits 1Ca(L)

independently of PKC in uterine muscle cells and (b) DiC8
preferentially acts on the inactivated state and/or open state of
the L-type Ca2� channels. Therefore, caution must be exer-
cised when studying PKC actions on ion channel regulation
using DC8 as a PKC activator.

PKC activation produced by DAG, which is formed through

P1 turnover, is known to be an important intracellular signal
transduction system for diverse hormones and transmitters
and plays important roles in various cell functions (1). In

uterine smooth muscle, several hormones appear to exert

their actions through P1 metabolism and resulting PKC ac-
tivation (and production of inositol phosphates). For exam-

ple, oxytocin increases inosititol phosphate production and

[Ca2�]1 (2-5). Prostaglandins (4, 6), carbachol (2, 6, 7), and
endothelin (8) were also reported to increase P1 turnover in

myometrium. Although it is obvious that [Ca2�]� increases
produced by these hormones are an important factor for their

uterotonic action, it remains unclear whether PKC activation

is involved.

DAG analogs and phorbol esters are popularly used as
potent PKC activators. In vascular smooth muscle cells,
phorbol esters are known to elicit contractions (9, 10). Both
DAG analogs and phorbol esters increase Ca2� influx (11-

13). In uterine smooth muscle, phorbol esters were reported

to augment electrically induced or KC1-induced myometrial
contractions during pregnancy (14, 15). We previously dem-
onstrated that activation of PKC by a phorbol ester increases

This work was supported by Grant HL26170 from the National Institutes of

Health.

‘Ca(L) in cells isolated from pregnant rat myometrium (16).
These results suggest that PKC activation modulates Ca2�
channel activity and increases [Ca2�1. in smooth muscles,
including uterine smooth muscle cells.

To further study this effect, we used DiC8, which is a DAG

analog and a potent PKC activator. However, we unexpect-

edly found that DiC8 dose-dependently reduces ‘Ca(L) in myo-

metrial cells. This effect of DiC8 was independent of PKC

activation. The results indicate that DiC8 directly inhibits

Ca2� channels, and therefore care should be exercised when
this agent is used as a PKC activator.

Materials and Methods

Cell preparation. Freshly isolated, single, smooth muscle cells
were prepared from the longitudinal layer of late-pregnant (18-19-
day) rat (Sprague-Dawley; Zivic-Miller) uterus as described previ-

ously (17). The rats were anesthetized with CO2 and decapitated.

The distal part of the uterine horn was excised and the longitudinal
layer was carefully isolated by removing the endometrium and cir-

cular muscle layer under a binocular microscope. The tissues were
incubated in nominally calcium-free solution (140 miss NaC1, 6 mM
KC1, 10 mM glucose, 10 mM HEPES, pH 7.35) for 20 mm and then

with 0.2-0.3% collagenase (Worthington Biochemical Co., Freehold,

NJ) for 80 mm at 37#{176}.After digestion, the tissues were rinsed twice

in fresh calcium-free solution and cut into small pieces. They were
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agitated in modified KB solution (18) (50 mM potassium glutamate,

40 mM KC1, 20 mM KOH, 20 mM KH2PO4, 3 mM MgC12, 10 m�i

glucose, 20 mM taurine, 10 mM HEPES, 1 mM EGTA, pH 7.4) and

stored at 4#{176}.Cells were used for experiments within 4 hr after cell
dispersion. Most of the cells obtained were spindle-shaped, 50-200
pm long, and 20-30 �tm wide, as reported previously (19).

Patch-clamp recording. Whole-cell voltage-clamp recording

was carried out with a suction pipette and a patch-clamp amplifier

(Axopatch-1D; Axon Instruments, Foster City, CA), using standard

techniques (20). The patch electrodes (2-5 Mfl) were made from

borosilicate glass capillary tubing (World Precision Instruments).
The cell suspension was placed into a small chamber (0.2 ml) on the

stage of an inverted microscope (TMD-Diaphoto; Nikon, Tokyo, Ja-

pan). To isolate the ‘Ca(L)’ the pipette was filled with high-Cs�

solution (110 mr�i CsOH, 20 mM CsCl, 110 m�i glutamic acid, 5.2 mM

MgC12, 10 mM HEPES, 5 mM Na�ATP, 10 mM EGTA, pH 7.2). The

bath solution contained 140 mM tetraethylammonium chloride, 2 mM

CaCl2, 10 IflM glucose, 10 mM HEPES, and 3 mM 4-aminopyndine,
pH 7.35. Series resistance was partly compensated electrically. Leak
current and residual capacitive current were subtracted using the
P14 protocol. Current and voltage signals were filtered at 2 kHz,

digitized with an analog/digital converter (11-1; Axon Instruments),
and analyzed on an IBM-AT personal computer using pCLAMP

software (Axon Instruments). The membrane capacitance was deter-

mined from the current amplitude elicited in response to a hyperpo-

larizing voltage ramp pulse of0.2 V/sec, from a HP of 0 mV, to avoid

interference from any time-dependent ionic currents. All expen-

ments were carried out at room temperature (22-24#{176}).

Data are presented as means ± standard errors. The significance

of differences between mean values was evaluated using Student’s

test. A value ofp < 0.05 was considered to be significant.

Drugs. All drugs used were obtained from Sigma Chemical Co.
(St. Louis, MO). DiC8, OAG, staurosporine, and calphostin C were

dissolved in dimethylsulfoxide for stock solutions, prepared in ali-
quota, and frozen until use. The final maximal concentration of

dimethylsulfoxide was 0.2%, which had no effect on ‘CaL#{149}

Results

The mean membrane capacitance ofuterine smooth muscle
cells was 118.2 ± 4.5 pF (n = 35) and was not affected by
application of DiC8 or other drugs used in this study. Unless
stated otherwise, the ‘Ca(L) was elicited by 300-msec depolar-
izing step pulses from a HP of -60 mV every 20 sec. The

current was completely inhibited by 1 � nifedipine (data not

shown), and the kinetic properties, including the inactivation
time course and current-voltage relationship (Fig. 1), were

consistent with those we reported previously for ‘CaL in
uterine smooth muscle cells (17, 19).

Bath application of DiC8 (25 p.M) reduced ‘Ca(L) by 50.7 ±

2.4% (n = 22). Fig. IA shows superimposed current traces
before (Fig. lAa) and 8.5 mm after (Fig. lAb) DiC8 applica-

tion. Note the marked inhibition of the peak inward current
produced by DiC8. The current-voltage relationship for peak

‘Ca(L) was not significantly shifted by DiC8; there was no
obvious change in voltages for threshold or peak currents

(Fig. 1B).

Fig. 2 shows the time course of the effect of DiC8 in one

representative experiment. ‘Ca(L) was evoked by depolarizing
pulses to + 10 mV (from a HP of -60 mV, every 20 sec), and

peak current amplitude was measured. ‘Ca(L) decreased grad-

ually and reached a stable level within 10 mm. The effect of
DiC8 on ‘Ca(L) was reversed by washout, and a second addi-
tion of DiC8 again produced marked inhibition (Fig. 2).

I
-0- Control I,

-.-DIC8 �

(25 MM)

Fig. I . Effect of DiC8 on 1Ca(L) in 19-day pregnant rat uterine smooth
muscle cells. A, Superimposed current traces elicited by 300-msec
depolarizing pulses (-50 mV to + 10 mV in 10-mV increments) from a
HP of -60 mV, before (a) and 8.5 mm after (b) bath application of 25 �u�i
DiC8. B, Current-voltage relationships for � obtained before (0) and
8.5 mm after (#{149})DiC8 application. The pipette solution contained Cs�
to inhibit K� current and the bath solution contained 2 m� Ca2�.

Time (mm)

a��’

�r� 25 pM � �b�#{246}825 MM]

Fig. 2. Time course of the inhibition of l� by 25 �tM DiC8. The effect
reached a stable level within 10 mm after application of DiC8, was

reversed by washout, and could be repeated. Currents were elicited
from a HP of -60 mV to a step potential of +10 mV every 20 sec. Inset,
superimposed current traces showing the � recorded before (a) and
1 2 mm after (b) the first application of DiC8, after washout (c), and
during the second application of DiC8 (d).

Washout of the effect was not complete when DiC8 was

applied for a long period (data not shown).

Fig. 3 shows the dose-response curve for the inhibitory
effect of DiC8. Data points were fitted to the Hill equation,

‘DiC8��’contro1 (�) Em,J[1 + ([DiC8}IIC50Y”I + (100
where � is the maximal inhibitory effect, �H is the Hill

coefficient, and IC50 is the half-inhibitory concentration of
the drug. The �H value was 1.43 and the IC50 value was 15.3

p.M. The maximal inhibitory effect was calculated to be 74.8%

and was almost attained at the concentration of 100 �tM (70.0

± 2.0%, n = 5).

To investigate the effects of DiC8 on the voltage depen-

dence of activation and inactivation, steady state activation
and inactivation (h�) curves were obtained before and after

DiC8 application (Fig. 4). Activation curves were derived

from the current-voltage relationships (Fig. 4, right inset).

Conductance (G) was calculated from the equation G = ‘Ca’

(Vm Vrev), where ‘Ca is the peak current elicited by depo-
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Fig. 3. Dose-response relationship for DiC8 inhibition of ‘Ca(L) Num-
bern in parentheses, number of cells for each data point. The lC� and
Hill coefficient (nH) were 1 5.3 �tM and 1 .43, respectively.
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Fig. 4. Activation and inactivation curves for ‘Ca(L) before and after
DiC8 (25 ,.tM) application. Steady state inactivation (hj curves were
obtained by a double-pulse protocol. Preconditioning pulses of 3-sec
duration were applied in 10-mV steps between -100 mV and + 10 mV,
from a HP of -60 mV, and then the test pulse of 300-msec duration
was applied to + 10 mV (interpulse duration, 5 msec). The inactivation
curve in the presence of DiC8 was shifted toward a negative potential
by about 15 mV, compared with the control. Activation curves were
obtained from the current voltage relationships, and the voltage depen-
dence was not changed by DiC8. Insets, pulse protocols; protocols and
experimental conditions were the same as in Fig. 2.

lanzing test pulses to the various potentials and Vrev �5 the

reversal potential (+60.6 ± 1.3 mV, n = 18; obtained from

the extrapolated current-voltage curves) (Fig. 1). Gm,,j� is the

maximal Ca2� conductance (calculated at potentials above

+ 10 mV). The points for G/Gm� were plotted against the

membrane potential as a relative amplitude. These data

were fitted to the Boltzmann equation, 141 + exp[(V�

V#{189})/k]], where Vm 15 the conditioning potential, Vv2 is the

potential required for half-activation of current, and k is the

slope factor. Vvz and k were -3.3 mV and -6.5 mV in controls

and - 1. 1 mV and - 7.4 mV (n = 7) after DiC8 application,

respectively. There is no apparent significant difference

among these values.

The h� curves were obtained with a double-pulse protocol

(Fig. 4, left inset). The peak current elicited by test pulses was

normalized to the maximal current (evoked by a prepulse
from - 100 mV) and plotted against the conditioning poten-

tial. Resulting inactivation curves were also fitted to the

Boltzmann equation. The values ofVv2 (half-inhibition poten-
tial) and k were -28.2 mV and 8.0 mV in controls and -43.4

mV and 9.5 mV (n = 5) in the presence of DiC8, respectively.

The inactivation curve was shifted in the negative direction

by 15.2 mV, thereby indicating that DiC8 has a voltage-

dependent inhibitory action.
To examine the possible use-dependent inhibition by DiC8

of ‘Ca(L)’ a train of test pulses (-60 mY to + 10 mV for 40

msec) were applied at different pulse intervals, ranging from
0.25 to 5 sec (Fig. 5). In the absence of DiC8, ‘CaL remained

stable at 5-sec intervals, but when a pulse interval of 2 sec or
shorter was applied there was progressive inhibition of cur-
rent amplitude during the repetitive stimulation (Fig. 5A).

Recovery to the initial current amplitude occurred within 1

mm after cessation of the train of stimulation. In the pres-

ence of 25 p.M DiC8, an additional decrease in ‘CaL was

observed even with stimulation at 5-sec intervals; the inhi-

bition increased with each pulse and the blockage was cumu-

lative (Fig. SB). This effect of DiC8, in which an increase in

the rate of stimulation facilitates the inhibition of the cur-

rent, indicates use-dependent block.
To examine whether the effect of DiC8 on ‘CaL was medi-

A Control

I .0

0.8

0.6

+10 mV

At

-60 my
40 me

2 4 6 8 10 12 14 16

Time (sec)

B D’C8 (25 �M)

0 2 4 6 8 10 12 14 16

Time (5cc)

Fig. 5. Use-dependent inhibition by DiC8 of Ca(L) The development of
use-dependent inhibition of ‘Ca(L) in the presence of DiC8 is shown. The
peak current amplitude of 1Ca(L) was measured during repetitive stimu-
lation at intervals (st) of 5, 2, 1 , 0.5, and 0.25 sec, before (A) and 10 mm
after (B) bath application of DiC8 (25 p.�i). The peak current amplitudes
were normalized to that induced by the first step pulse. Inset, pulse
protocol. Each point is the mean ± standard error of five cells.
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Fig. 6. Lack of prevention or reversal of DiC8 effects by the PKC
inhibitor calphostin C. A, Calphostin C (0.5 �M) did not reverse the
inhibition of l� produced by DiC8 (25 pi�i). B, Pretreatment with
caiphostin C for 5 mm did not prevent the effect of DiC8. Experimental
conditions were the same as in Fig. 2.

DiC8 Inhibition of ‘C.(L) In Myometrial Cells 845

ated by PKC, experiments were performed using PKC inhib-

itors. The specific PKC inhibitor calphostin C (0.5 �ar�O, when
added to the bath after the DiC8 effect became stable, did not
reverse the effect of DiC8 (n = 3) (Fig. 6A). In addition, even
when cells were pretreated with calphostin C (0.5 p�) for
5-iS mm, DiC8 could still reduce the current (Fig. 6B). This
type of experiment was performed in four cells. We observed
that 0.5 �.LM calphostin C could reverse the enhancement of

‘Ca(L) produced by a phorbol ester.’ Staurosporine (0.5 �.tM), a
potent inhibitor of protein kinases including PKC, also did

not reverse the inhibition OfICa(L) produced by DiC8 (data not

shown).
We also tested the effect of OAG, another DAG analog and

PKC activator, on ‘CaL#{149} Bath application of OAG (25 �M)

actually slightly increased 1Ca(L)’ by 10.6 ± 5. 1% (n = 6),
rather than reducing the current. OAG did not inhibit ‘CaL

even at a concentration of 100 ,.�M for up to 10 mm. Subse-

quent application of DiC8 (100 p.�i) after washout of OAG
markedly reduced the current (Fig. 7).

Discussion

In the present study, we found that DiC8 dose-dependently

inhibits ‘Ca(L) in freshly isolated, uterine smooth muscle cells
from late-pregnant rats. DiC8 shifts the inactivation curve

for ‘Ca(L) in the negative direction and produces use-depen-

dent inhibition. The effect of DiC8 was not affected by PKC
inhibitors, and another DAG analog, OAG, did not produce a
decrease of the current, indicating that ‘CaL inhibition by
DiC8 is independent of PKC activation.

DAG analogs are widely used to study the effect of PKC on
various cell functions, including modulation of ‘CaL#{149} For

example, in myocardial cells OAG was reported to increase

1 M. Kusaka and N. Sperelakis, unpublished observations.
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Fig. 7. Lack of effect of OAG, another DAG analog and a PKC activa-
tor, on ‘Ca�U- Experimental conditions were the same as in Fig. 2. Bath
application of OAG (1 00 �M) did not inhibit � up to 1 0 mm. Subse-
quent application of DiC8 (100 �.tM) markedly reduced the current. Inset,
superimposed current traces recorded dunng the control period (a) and
in the presence of OAG (b) and DiC8 (c).

‘Ca(L) (21, 22), whereas in neuronal cells OAG was reported to
reduce ‘Ca(L) (2326). PKC activators, including DiC8, were
reported to inhibit Ca2� channel activity in GH3 pituitary

cells (27). In contrast, in neuronal cells DiC8 was reported to

increase Ca2� influx through L-type Ca2� channels (28) and
to recruit silent (covert) Ca2� channels with higher single-
channel conductance (29). For smooth muscle cells, it was
reported that DiC8 enhances ‘Ca(L) in myocytes of toad stom-

ach (12) but inhibits Ca2� channel activity in the A7r5 cell
line derived from rat aortic cells (30). In all of these reports,

it was considered that the effects of these agents are medi-
ated by PKC activation. One possible explanation for the
differences in the effects on ‘Ca(L) produced by DAG analogs
is the diversity of the tissues used, and DAG analogs could
activate different subtypes of PKC in the different tissues.

In the present study, we showed that DiC8 directly inhibits

‘Ca(L)’ independently of PKC, in myometrial cells from late-
pregnant rats. The concentration range of DiC8 that affected

‘Ca(L) (IC50 = 15.3 ELM) �5 similar to that used in previous
studies and is comparable to the concentration needed for
PKC activation. Therefore, this direct effect of DiC8 on Ca2�

channels may contribute to the discrepancy in the results

from the previous reports described above. Consistent with

our present findings, several PKC activators, including DiC8,
were reported to reduce ‘Ca(L) independently of PKC activa-
tion in neuronal cells (31). However, 5 �M OAG was sufficient
to give about 58% inhibition of ICfl(I.), whereas DiC8 (50 .tM)

and phorbol esters reduced the current by only 18%. As
discussed below, the inhibitory effect ofDiC8 is dependent on
the conformational state of the channels; thus, the different
pulse protocols used in the two studies could affect the re-

sults.

DiC8 shifts the steady state inactivation curve to the left,
indicating that the effect of DiC8 is voltage dependent and
therefore should be more prominent when the membrane is

held at depolarized potentials (Fig. 4). Increases in the stim-
ulation rate accentuated the inhibition of ‘CaL produced by
DiC8. This phenomenon is well known as use or frequency
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2 M. Kusaka and N. Sperelakis, unpublished observations.

dependence, similar to the effects oflocal anesthetics on Na�

channels (32) and of most Ca2� antagonist drugs on Ca2�

channels (33). The leftward shift of the steady state macti-

vation curve suggests that DiC8 binds more strongly to the
inactivated state than to the resting state of the Ca2� chan-

nels, and the use dependence indicates that DiC8 prefers the

open state and/or the inactivated state. Therefore, these re-
sults suggest that DiC8 acts directly on the L-type Ca2�
channels and preferentially binds to the open and/or macti-
vated states of the channels in uterine muscle cells.

OAG (25 �LM) increased ‘CaL by only 11%. We previously

reported, using the nystatin-perforated patch, whole-cell,
voltage-clamp technique to maintain the cytosol components,

that a phorbol ester (phorbol-12,13-dibutyrate) enhanced

‘Ca(L) by 34% through PKC activation in myometnal cells
(16). In the present study, using the conventional whole-cell

clamp technique, the small stimulatory effect of OAG (11%)

may be due to possible loss of substances needed for optimal

activation ofPKC. Furthermore, the phorbol esters enhanced

‘Ca(L) only at high Ca2� concentrations (in the pipette solu-
tion) when the conventional whole-cell clamp technique was
used.2 In vascular smooth muscle cells, a phorbol ester was

reported to activate the nonselective cation channel only

when guanosine-5’-O-(3-thio)triphosphate was present in the
pipette (34). The strong direct inhibitory effect of DiC8 could

mask a relatively small stimulatory effect via PKC activa-
tion. If OAG, at 100 �LM, also exerted a small inhibitory effect
on ‘Ca(L)’ it could cancel a small stimulation ofthe current. It

is also possible that the DAG analogs and phorbol esters may
activate different subtypes of PKC that have diverse effects
on Ca2� channels. For example, it was reported that the
depolarization-induced Ca2� influx in neuronal cells could be

differentially modulated by DiC8 and the phorbol esters (28).

There are some other possible explanations for the inhibi-

tory effect of DiC8. Possible changes in cell surface area

(capacitance) could affect ‘Ca(L); however, in our study, the
cell capacitance was not different before and after DiC8 ap-

plication. Phorbol esters were reported to inhibit oxytocin-

stimulated contraction in nonpregnant rat uterine muscle by

causing rapid down-regulation of PKC (35). However, this
effect has not been shown for DAG analogs, and inhibition of

‘Ca(L) occurred within a few minutes after application of
DiC8.

In conclusion, DiC8 inhibits ‘CaL in uterine smooth mus-

cle cells by directly acting on the channels. This effect is not
mediated by PKC activation and is voltage and use depen-

dent. Because the concentration range for producing the in-
hibitory effect is comparable to that needed for activation of

PKC, care should be taken in studies of PKC action using
DiC8 as a PKC activator.
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