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Abstract
In order to determine if protein kinase C (PKC) plays a

significant role in the stimulant action of thromboxane

A2 (TxA2) on pulmonary vascular smooth muscle, TxA2-

induced contractile responses were measured following

inhibition of PKC. Rabbits were sacrificed and segments

of the main trunk of the pulmonary artery were removed

and placed within a temperature-controlled (37°C) organ

bath. Contractile responses that were evoked by a TxA2

mimetic (U46,619, 0.5 ÌM) decreased by 27 and 35% fol-

lowing treatment with the PKC inhibitors, calphostin C

(2 ÌM) and staurosporine (200 nM), respectively. These

results account for the effect of the vehicle, DMSO, which

was also found to have a concentration-dependent inhib-

itory effect on the U46,619-induced contractions. The

effects of DMSO alone was subsequently subtracted

from the previously measured responses to PKC inhibi-

tors that were dissolved in DMSO to obtain effects attri-

butable to the PKC inhibitor alone. It can therefore be

concluded that inhibition of PKC results in partial attenu-

ation of U46,619-induced responses supporting the hy-

pothesis that activation of PKC plays a partial role in

TxA2-induced contraction of pulmonary arterial smooth

muscle.

Thromboxane A2 (TxA2) is an unstable metabolic of
arachidonic acid and a potent constrictor of pulmonary
vascular smooth muscle. Although activation of protein
kinase C (PKC) is a component of signal transduction
pathways for this eicosaniod in some systems [4–6], there
is disagreement as to whether PKC plays an important
role in TxA2-induced vascular smooth muscle contrac-
tion. Jiang et al. [1] reported a decrease in TxA2 contrac-
tile force in the porcine aorta following inhibition of
PKC with 1-(5-isoquinolinyl-sulfonyl)-2-methylpipera-
zine (H-7), while Kaye et al. [2] reported that inhibition of
PKC with staurosporine did not influence the pulmonary
pressor response to TxA2 in isolated, perfused rat lungs.
Because of the importance of TxA2 in the regulation of
pulmonary arterial blood pressure and the uncertainty of
the role of PKC in TxA2-induced pulmonary arterial vaso-
constriction, the present study was desinged to test the
effect of two different inhibitors of PKC, calphostin C and
staurosporine, on contractile responses of isolated rings of
the pulmonary artery to the TxA2 mimetic, U46,619.

Methods for removal of the main trunk of the pulmo-
nary artery from New Zealand white rabbits as well as
procedures for the measurement of contractile responses
of isolated vessels have been described in a previous pub-
lication [3].

In the first series of experiments, the main trunk of the
pulmonary artery was removed from 7 rabbits and di-
vided into 2 rings. The paired rings were placed in sepa-
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Fig. 1. Mean contractile response of the pulmonary artery to increas-
ing concentrations of calphostin C on U46,619-induced contractions
of the pulmonary artery (n = 6). Asterisks indicate significant reduc-
tions in contractile force following incubation with calphostin C
when compared to incubation with the vehicle.

rate heated organ baths for measurements of contractile
responses. Following measurement of control responses to
U46,619, one vessel was incubated for 45 to 60 min in
calphostin C (0.1 ÌM) while the paired vessel was incu-
bated in the vehicle (DMSO, 0.008%). Responses to
U46,619 were measured following incubation with either
calphostin C or DMSO and the entire procedure repeated
with increasing concentrations of either calphostin C (0.5,
1.0 and 2.0 ÌM) or DMSO (0.04, 0.079 and 0.158%).
U46,619 responses are reported as a percent of a contrac-
tion induced by high KCl concentration (120 mM) at the
start of the experiment.

The effect of a single concentration of either calphostin
C (2 ÌM) or DMSO (0.158%) was also tested in a separate
series of experiments (n = 5). The efficacy of calphostin C
was verified by measuring the attenuation of the contrac-
tile response to phorbol ester, a known activator of PKC.
Contractile responses to phorbol ester were measured fol-
lowing incubation of paired vessels (n = 5) in either cal-
phostin C (2 ÌM) or vehicle (DMSO, 0.158%).

U46,619-induced responses were measured before and
following incubation of the vessel in selected concentra-
tions of staurosporine (n = 7). Using the protocol de-
scribed above, vessels were incubated in increasing con-
centrations of staurosporine (5, 50, 100, 150 and 200 nM)
for 30 to 40 min. The influence of the vehicle, i.e., DMSO,
on the contractile activity of the MPA was not tested in

this series of experiments because minimal amounts of
DMSO, less than 0.005% (0.5 mM ), were needed to dis-
solve the PKC inhibitor.

The composition of regular buffer has been previously
reported [3]. U46,619 was dissolved in ethanol and
diluted with 0.9% saline as previously described [3]. The
final concentration of ethanol in the organ bath was
0.0175% which had no effect on U46,619-induced con-
tractions. 1 mg of calphostin C (BioMol, Plymouth Meet-
ing, Pa.) was diluted in 100% DMSO to yield the working
stock solution (1 mg/ml). Staurosporine was dissolved in
100% DMSO (5 mg/ml) and then diluted with 100 ml of
regular buffer to obtain a substock solution. Prior to the
experiment, 1 ml of the substock was diluted with 9 ml of
buffer to yield a final working solution. Finally, 1 mg of
phorbol ester (2-myristate-13-acetate, PMA) was diluted
in 2.5 ml of 100% ethanol to obtain the working stock
solution. All data are reported as the mean B SEM.
Paired t statistics were calculated to determine significant
differences at the p ! 0.05 level.

The inhibitory effect of calphostin C on the U46,619-
induced contractions is illustrated in figure 1. Note that
the inhibitory effect of calphostin C is concentration-
dependent and plateaus at a concentration of 1.0 ÌM (i.e.,
25% inhibition at 1.0 ÌM and 27% inhibition at 2.0 ÌM).
We observed that the vehicle (DMSO) for calphostin C
also inhibited the U46,619-induced contraction. The in-
hibition by the vehicle alone was 20, 36, 47 and 58% of
the initial U46,619 contraction at the four incremental
concentrations of DMSO. This inhibitory effect of DMSO
was subtracted from the inhibitory effect of calphostin C/
DMSO (24, 43, 72, 85%) to yield the data presented in
figure 1. The inhibitory effect of calphostin C (dissolved
in DMSO) was significantly greater than the control (vehi-
cle alone) at the two highest concentrations of calphostin
C, namely 1.0 and 2.0 ÌM (fig. 1).

A single exposure to a concentration of DMSO
(0.158%, 22.4 mM) resulted in only a 4% decrease in the
U46,619-induced response while the 2.0 ÌM of calphostin
C (dissolved in the same amount of DMSO) reduced the
response by 32% (p ! 0.05, one-tailed test). If the effects of
DMSO are subtracted from the inhibition measured fol-
lowing exposure to calphostin C dissolved in DMSO, the
inhibition of U46,619-induced contractile responses by
calphostin C was the same when administered as a single
dose (28%) or when given in a cumulative fashion (27%)
which supports the validity for calculating the data that
are presented in figure 1.

Calphostin C was effective in blocking the contractile
response to phorbol ester. The nature of the contractile
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response to phorbol ester differed from the responses
induced by U46,619 and high KCl. U46,619- and KCl-
induced contractions plateaued within 2–3 min. Phorbol
ester-induced (10 ÌM) contractions, on the other hand,
were slow to develop and required several hours to reach a
steady state. If one examines steady state responses that
were achieved several hours after the phorbol ester was
added to the organ bath, contractile force induced by
phorbol ester was 43 B 9% of the initial KCl contraction.
Incubation in 2 ÌM calphostin C reduced the contractile
response to 9 B 3% of the control KCl contraction which
represents a significant reduction in the ‘control’ phorbol
ester response (p ! 0.05).

The inhibitory effect of staurosporine plateaued at a
concentration near 50 nM and did not increase signifi-
cantly with higher concentrations of the inhibitor. At the
highest concentration (200 nM ), the contractile response
to U46,619 was 65% of the ‘control’ contraction (p !
0.05). The inhibition of U46,619 responses by staurospo-
rine (F35%) was slightly greater than the maximal inhibi-
tory effect that was achieved with calphostin C.

The present experiments support the observations
made by Jiang et al. [1] who reported that inhibition of
PKC leads to a 20–30% attenuation of the TxA2-induced
constriction of guinea pig aortic strips. The design of the
current experiments was strengthened by the use of two
different inhibitors of PKC and the care that was taken to
account for any attenuation of the contractile response
that was caused by the vehicle. Staurosporine and cal-
phostin C are accepted inhibitors of PKC and have been
used by a number of laboratories to investigate the role of
PKC in physiological responses.

Inhibition of the U46,619-induced contraction by
staurosporine was slightly greater than that of calphostin
C which can be attributed to the decreased specificity of
staurosporine. The stronger inhibition by staurosporine
may point to the involvement of additional protein
kinases in this contractile response.

The effect of DMSO on the vascular smooth muscle
responses to TxA2 was an unexpected and novel finding.
These data indicate that DMSO has significant inhibitory
effects on U46,619-induced responses. The effect of re-
peated exposures to DMSO is additive and not reversible
within the time frame of these experiments. Recall, that
the U46,619 inhibition after incubation in DMSO
(0.158%, 22.4 mM) was near 4% in the single dose study
as compared to approximately 58% when this concentra-
tion of DMSO was preceded by incremental increases in
the DMSO concentration during the dose response proto-
col. The mechanism by which DMSO inhibits the con-
tractile response to TxA2 agonists is unknown and would
seem worthy of further investigation.

In summary, we conclude from these experiments that
PKC plays a partial role in the TxA2-induced contraction
of pulmonary arterial smooth muscle.
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