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Effects of phorbol 12,13-diacetate on human isolated bronchus
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Abstract

Ž .Protein kinase C appears to be involved in the regulation of airway contractility. Phorbol 12,13-diacetate PDA; 0.01–10 mM , a
protein kinase C activator, produced a transient relaxation followed by a sustained contraction of human isolated bronchus. Different

Ž Ž . . Ž . Ž .protein kinase C inhibitors calphostin C, staurosporine and 1- 5-isoquinolinesulfonyl -2-methylpiperazine H-7 , nifedipine NIF; 1 mM
2q Ž .or incubation with Ca -free medium, inhibited the spasmogenic response to phorbol, while ouabain 10 mM suppressed only the initial

relaxation. These results indicate that the initial relaxation, in response to PDA, is related to the activation of NaqrKq-ATPase, while the
ensuing contraction depends on extracellular Ca2q entry.

Ž .Incubation with PDA 1–5 mM depressed the maximal relaxation to theophylline and caffeine obtained at 378C but augmented the
Ž .spasmogenic responses to methylxanthines 10 mM obtained in cooled preparations. These effects do not result apparently from

increased extracellular entry of Ca2q, but instead, from facilitation of the release of Ca2q from intracellular stores. q 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

A considerable body of evidence suggests that protein
kinase C has a role in the regulation of airway smooth

Ž .muscle contractility Hakonarson and Grunstein, 1998 .
Most of this evidence stems from the use of active phorbol
esters, which directly bind to, and activate, protein kinase
Ž .C Castagna et al., 1982 . The results from in vitro experi-

ments conducted in airway smooth muscle from a variety
Žof animal species, including bovine Park and Rasmussen

. Ž1985; Knox et al., 1993 , guinea pig Menkes et al., 1986;
Huang et al., 1987; Obianime et al., 1989; Cortijo et al.,

. Ž . Ž1994 , rabbit Schramm and Grunstein, 1989 , swine Baba
. Ž .et al., 1989 and canine Gunst et al., 1994 , indicate that

the effects of phorbol esters are tissue- and species-depen-
dent, comprising both contractile and relaxing responses,
and that they are of complex nature since different mecha-
nisms appear to contribute to their effects.

) Corresponding author. Tel.: q34-96-386-46-23; fax: q34-96-386-46-
22.
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Compared to animal studies, little work has so far been
carried out on the effects of phorbol esters in airway

Ž .smooth muscle from humans. Rossetti et al. 1995 found
Ž .that phorbol 12,13-dibutyrate 1 nM–3 mM produces a

concentration-dependent contraction of human isolated
Ž .bronchus, and Yang and Black 1995 reported that phor-

Ž .bol 12,13-dibutyrate 10 mM produced a biphasic re-
Ž .sponse relaxation followed by contraction . These two

studies concluded that phorbol-induced contraction of hu-
man bronchus is largely dependent on extracellular cal-
cium, and that protein kinase C activation plays a role in
the maintenance of contraction in human airway smooth
muscle.

Several authors have investigated the interaction be-
tween phorbol esters and spasmogenic and relaxant agents

Žacting on airway smooth muscle Menkes et al., 1986;
Huang et al., 1987; Schramm and Grunstein, 1989; Cortijo

.et al., 1994; De Diego et al., 1995; Pype et al., 1998 , but
little research has been conducted in human airway smooth
muscle.

The object of the present work was, therefore, to deter-
mine the effects of acute activation of protein kinase C by

Ž .phorbol 12,13-diacetate PDA on the spontaneous tone of
human isolated bronchus, and the influence of different

0014-2999r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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pharmacological interventions on the phorbol-induced re-
sponses. This active phorbol ester was selected based on

Žprevious studies Cortijo et al., 1994; De Diego et al.,
.1995 . In addition, we examined the influence of PDA on

the relaxant and spasmogenic responses to methylxan-
thines obtained in human isolated bronchus under the
appropriate experimental conditions. Isoprenaline and lev-
cromakalim were used as reference relaxant drugs.

2. Methods

2.1. Human bronchial tissue preparation

Lung tissue was obtained from patients who were un-
dergoing surgery for lung carcinoma. None of the patients
had a history of asthma. The experimental protocol of this
study was approved by the local ethics committee and
conforms to the recommendations of the Declaration of
Helsinki. After the resection of one or more lung lobes, a
piece of macroscopically normal tissue was supplied by
the hospital pathologist, submerged in physiological salt

Ž Ž .solution composition mM : NaCl 118.4, KCl 4.7, CaCl2

2.5, MgSO 0.6, KH PO 1.2, NaHCO 25.0 and dextrose4 2 4 3
.11.1, equilibrated with 5% CO in O , at 48C and trans-2 2

ported to the laboratory. Then, parts of the bronchus were
dissected free from parenchymal lung tissue and prepara-

Ž .tions cut 3–4 mm length=3–4 mm internal diameter as
Ž .previously described Cortijo et al., 1992b . Preparations

were stored at 48C in oxygenated physiological salt solu-
tion until used. Experiments were routinely completed
within 24 h of initiating storage. Previous experience in
this laboratory and published data has demonstrated that
overnight storage of tissues does not alter its reactivity
Ž .Sarria et al., 1995 .

Bronchial rings were suspended on tissue hooks in 10
ml organ baths containing physiological salt solution,

Ž .gassed with 5% CO in O at 378C pH 7.4 . Each2 2

preparation was connected to a force displacement trans-
Ž .ducer Grass FTO3 and isometric tension changes recorded

w Žon a computer by means of the software Proto5 Letica,
.Barcelona, Spain . The preparations were equilibrated for

60–90 min with changes in bath solution every 20 min
before any pharmacological intervention occurred. A load
of 2 g was maintained throughout the equilibrium period
and a stable resting level of spontaneous tone was present

Žin all preparations at the end of this period Cortijo et al.,
.1997; Watson et al., 1998 . In all experiments, human

Ž .bronchi were first contracted with acetylcholine 1 mM to
obtain reference values to normalise the tension changes of
the preparations. The level of spontaneous tone after the
equilibration period was 1.89"0.12 g, and the additional

Ž .increase in tension generated by acetylcholine 1 mM was
Ž .1.67"0.09 g 64 preparations from 27 patients . These

values are within the range of those previously reported
Ž .Cortijo et al., 1997 . When the increase in tension pro-

Ž .duced by acetylcholine 1 mM was less than 0.5 g, the
bronchi were considered to be abnormal and they were not

Ž .used for the experiments Bjorck and Dahlen, 1993 .¨ ´

2.2. Assessment of the effect of PDA on the spontaneous
bronchial tone and its modification by different pharmaco-
logical interÕentions

Following tissue equilibration with physiological salt
Ž .solution, PDA 0.01, 0.1, 1, 5 or 10 mM or its vehicle was

added to the tissue bath and changes in tissue tone were
monitored for up to 30 min. In separate experiments, the

Ž .response to PDA 1 mM was obtained in time-matched
control tissues and in tissues subjected to different drug
treatments: a combination of atropine, phentolamine and

Ž . Ž .mepyramine each at 1 mM , indomethacin 2.8 mM ,
Ž . Ž . Žzileuton 10 mM , calphostin C 1 mM , staurosporine 0.1

. Ž . . ŽmM , 1- 5-isoquinolinesulfonyl -2-methylpiperazine H-7;
. Ž . Ž .10 mM , nifedipine NIF; 1 mM , amiloride 10 mM or
Ž .ouabain 10 mM . The response to PDA was obtained after

30 min of incubation and in the presence of the mentioned
drug treatments. In a group of bronchial rings, the epithe-

Žlium was removed as previously outlined Iriarte et al.,
. Ž .1990 , and the response to PDA 1 mM was obtained and

compared to that produced in paired intact preparations.
Ž .The response to PDA 1 mM was also obtained in prepa-

rations bathed in Ca2q-free medium prepared by substitut-
Ž . Xing ethyleneglycol-bis b-amino-ethylether -N, N -tetra-

Ž .acetic acid EGTA; 0.1 mM for CaCl . The period of2

exposure to the Ca2q-free, EGTA-containing solution was
for 30 min before and during the generation of the re-
sponse to PDA.

2.3. Assessment of the effects of PDA on the contractile
responses to CaCl and on precontracted human isolated2

bronchus

Cumulative concentration–effect curves to CaCl2
Ž .0.01–30 mM were constructed in preparations equili-

q Ž . 2qbrated with K -rich 40 mM , Ca -free medium, as es-
Ž .sentially described by Advenier et al. 1986 , in the ab-

Ž . Žsence control tissues and presence of PDA 1 or 5 mM,
.30 min incubation . In separate experiments, after equili-

bration in physiological salt solution, the preparations were
contracted by the addition of equieffective concentrations

Ž . Ž . Žof KCl 75 mM or acetylcholine 50 mM , and PDA 1
.mM or its vehicle was added on top of the plateau

contraction obtained in response to these spasmogens. The
q Ž .K -rich 40 or 75 mM solutions were prepared by raising

the KCl concentration to the desired level and reducing the
concentration of NaCl to preserve the osmolarity of the

Ž .solution, as previously outlined Cortijo et al., 1997 .
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2.4. Assessment of the effects of PDA on the actions of
caffeine, theophylline and isoprenaline in suppressing the
spontaneous and histamine-induced tone of the human
isolated bronchus

Following equilibration, the tissues were allocated ran-
domly in equal numbers to test and control groups and

Ž .incubated with PDA 1 or 5 mM; test tissues or vehicle
Ž .time-matched control tissues ; 30 min later, a cumulative

Žconcentration–relaxation curve for caffeine 10 mM–3
. Ž . ŽmM , theophylline 10 mM–3 mM , isoprenaline 1 nM–1
. Ž .mM or levcromakalim 10 nM–30 mM was constructed

in each tissue. In a further series of experiments, test
Ž . Ž .tissues were treated with PDA 1 mM and NIF 1 mM for

30 min before and during construction of the log concen-
tration–effect curve to theophylline. Time-matched control
tissues were treated identically to test tissues but were not
exposed to PDA and NIF.

In separate experiments, following equilibration, the
Ž .tissues were treated with PDA 1 mM and after 20 min,

Ž .histamine 50 mM was added, and 10 min later, a cumula-
Žtive concentration–response curve for theophylline 10

. Ž .mM–3 mM or isoprenaline 1 nM–1 mM was con-
structed on the plateau contraction to histamine. Time-
matched control tissues were treated identically to test
tissues but were treated with vehicle instead of PDA.

2.5. Assessment of the effect of PDA on the spasmogenic
effects of caffeine and theophylline in human bronchus
maintained at low temperature

In these experiments, the bath temperature was lowered
Ž .to 108C by a circulator Selecta 398, Barcelona, Spain as

Ž .previously described Cortijo et al., 1992a . The tempera-
ture and the pH of the bath solution were monitored as

Ž .previously described Ortiz et al., 1991 . Cooled control
tissues were incubated for 30 min with physiological salt

Žsolution and the response to caffeine or theophylline each
.at 10 mM was obtained. Bath temperature and concentra-

tion of methylxanthines were selected from previous re-
Ž .sults obtained in this laboratory data not shown . For the

present study, responses to methylxanthines were obtained
Žin the absence control tissues incubated for 30 min with

. Ž .physiological salt solution and presence of NIF 1 mM or
2q Ž . ŽCa -free, EGTA 0.1 mM -containing medium 30 min

. Ž .incubation . In additional experiments, PDA 1 mM was
added to test tissues bathed in physiological salt solution
30 min before challenge with methylxanthines, while
time-matched control tissues were treated identically to
test tissues, but were not exposed to PDA. Further experi-
ments were carried out to obtain responses to methylxan-

Žthines in the combined presence of PDA and NIF each at
.1 mM .

2.6. Statistical analysis of results. Drugs and solutions

Contractile and relaxant responses are expressed in
Ž .absolute values g or as percentage of the response to

Ž .acetylcholine 1 mM . Each cumulative concentration–re-
Žlaxation curve was computer fitted GraphPad Prism ver-

.sion 3.00 by using a four parameter logistic equation as
Ž . Ž ŽŽfollows: Ysbottomq topybottom r 1q10 ^ logEC50

. ..yX ) n , where X is the logarithm of the agonistH

concentration and Y is the response, bottom is the starting
level and top is the maximum response developed to the
agonist, EC is the molar concentration producing half50

maximal response, and n is the apparent Hill slope. TheH
Žmaximum relaxation and potency expressed as ylog EC50

.values of agonists were calculated by this procedure for
each response curve. Data are presented as means"S.E.M.
of nrp experiments, where n represents the number of
preparations examined and p is the number of patients
from which those tissues were derived. The significance of
differences between means was assessed by the application
of analysis of variance followed by Bonferroni multiple
comparison test or by Student’s t-test as appropriate. Dif-
ferences were considered significant when P-0.05.

The following drugs were used: atropine sulphate, caf-
feine, EGTA, H-7, histamine hydrochloride, indomethacin,
Ž .y -isoprenaline hydrochloride, mepyramine maleate,

Ž .PDA, theophylline each from Sigma, Madrid, Spain , NIF
Ž . ŽBayer, Madrid, Spain , and zileuton gift from Lab. Dr.

.Esteve, Barcelona, Spain . A stock solution of PDA was
prepared in dimethylsulphoxide and stored at y208C until
used. A stock solution of isoprenaline was prepared in 0.1
M HCl and dilutions made into physiological salt solution

Ž .containing ascorbic acid 0.57 mM . Stock solutions of
NIF and zileuton were prepared in absolute ethanol. Final
bath concentrations of the solvents did not themselves
affect the mechanical activity of the tissues. Other sub-
stances were dissolved in physiological salt solution imme-
diately before use. Drug concentrations are expressed
throughout as the bath concentrations of the active species.
Calphostin C, NIF and staurosporine were protected from
light exposure.

3. Results

3.1. The effects of PDA on the spontaneous tone of human
isolated bronchus and the influence of different pharmaco-
logical interÕentions

ŽAt 378C, PDA produced a small and transient ;5
.min reduction in the spontaneous tone of the bronchus,

followed by a sustained contraction to a level above that
existing at the beginning of the experiment. This biphasic

Ž .response was concentration-dependent Fig. 1A . Preincu-
bation of bronchial rings with a combination of atropine,

Ž .phentolamine and mepyramine each at 1 mM , indo-
Ž . Ž .methacin 2.8 mM or zileuton 10 mM , or removal of the

epithelium did not alter the effects of PDA on bronchial
Ž .tone nrps3r3 for each group; data not shown .

Protein kinase C inhibitors produced inhibition of the
spontaneous tone of preparations. The relaxation was small
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Ž .Fig. 1. Effect of PDA on the mechanical activity of human isolated bronchus. Panel A: biphasic response to PDA 0.01–10 mM as indicated consisting of
Žan initial relaxation followed by contraction. Panels B to D show the effect of protein kinase C inhibitors 1 mM calphostin C, 0.1 mM staurosporine, and

. 2q Ž . Ž . Ž . Ž . Ž .10 mM H-7 , Ca -free, EGTA 0.1 mM -containing medium, NIF 1 mM , ouabain 10 mM and amiloride 10 mM on the response to PDA 1 mM .
Ž .Tension changes are expressed as percentages of the reference response to acetylcholine 1 mM . Data are presented as mean"S.E.M. of nrps5r3 for

each group. Panel A: ) P-0.05 compared to 0.1 mM PDA; †P-0.05 compared to 1 mM PDA. Panels B to D: aP-0.05 compared to control tissues.
ŽAnalysis of variance showed no statistically significant difference among the control responses to 1 mM PDA in the different experimental groups panels

.A–D .

Žfor 0.1 mM staurosporine 5"2% of acetylcholine 1 mM,
. Žnrps5r3 and 1 mM calphostin C 12"3% of acetyl-

.choline 1 mM; nrps5r3 while 10 mM H-7 produced a
Žmarked relaxation 49"10% of acetylcholine 1 mM; nrp

.s5r3 . In tissues incubated with these protein kinase C
inhibitors for 30 min, the subsequent addition of PDA
produced an additional relaxation, followed by a contrac-

Ž .tile response that was significantly reduced Fig. 1B .
Change of the physiological salt solution by a Ca2q-free,

Ž .EGTA 0.1 mM -containing medium produced a signifi-
Žcant reduction of spontaneous tone 63"12% of acetyl-

. Žcholine 1 mM; nrps5r3 , while incubation with NIF 1
. ŽmM produced a small inhibition of baseline tone 11"6%

.of acetylcholine 1 mM; nrps5r3 . In tissues incubated
with Ca2q-free medium or NIF for 30 min, the subsequent
addition of PDA produced an additional relaxation, but the

Ž .contractile response was virtually abolished Fig. 1C .
Ž .Ouabain 10 mM produced a sustained increase of

Žbaseline tone of human bronchus 62"7% of acetyl-
.choline 1 mM; nrps5r3 . In tissues incubated with

ouabain for 30 min, the initial relaxation in response to
PDA was abolished, but the subsequent contraction was

Ž . Ž .unaltered Fig. 1D . Amiloride 10 mM had no effect on
the spontaneous tone of preparations and did not modify

Ž .the subsequent biphasic response to PDA Fig. 1D .

3.2. The effect of PDA on the concentration–response
curÕe to CaCl and on precontracted human isolated2

bronchus

Ž . qThe addition of CaCl 0.01–30 mM to the K -rich2
Ž . 2q40 mM , Ca -free medium, caused concentration-depen-

Ž .dent contractions as reported by Advenier et al. 1986 .
The values for potency and maximal effect, as well as the
shape of the log concentration–response curve for CaCl ,2

Žwere not altered by the presence of PDA ylog EC50

values were 2.75"0.09, 2.88"0.12 and 2.79"0.11 in
control, 1 and 5 mM phorbol-treated tissues, respectively;

.nrps3r3 for each group; P)0.05 .
Ž . Ž .Acetylcholine 50 mM and KCl 75 mM , each pro-

duced a sustained contraction of human isolated bronchus
Žof approximately the same size 0.89"0.12 g for acetyl-

choline and 0.74"0.13 g for KCl; nrps5r3 for each
.group; P)0.05 acetylcholine vs. KCl . Addition of PDA

to precontracted tissues produced a contractile response
not preceded by relaxation. The PDA-induced contraction

Žwas significantly larger in KCl-contracted tissues 0.53"
.0.11 g; nrps5r3 than in those contracted by acetyl-

Ž .choline 0.24"0.07 g; nrps5r3; P-0.05 from KCl .

3.3. Influence of PDA on the relaxant and spasmogenic
responses to methylxanthines

At 378C, theophylline and caffeine produced concentra-
tion-related relaxations of human isolated bronchus, either

Ž .with spontaneous tone Fig. 2A,B or precontracted with
Ž .histamine 50 mM; Fig. 3A . The values for maximal

relaxation produced by theophylline and caffeine in prepa-
rations with spontaneous tone were 1.79"0.08 and 1.71

Ž ."0.08 g, respectively nrps5r3 . In tissues incubated
with PDA for 30 min, the maximal relaxant activity of
methylxanthines on the spontaneous tone was significantly

Ž .reduced Fig. 2A,B , although the potency was not changed
Žylog EC values were 3.73"0.05, 3.83"0.08 and50

3.95"0.07 for theophylline, and 3.14"0.04, 3.19"0.10
and 3.28"0.06 for caffeine, in control, 1 and 5 mM
phorbol-treated tissues, respectively; nrps5r3 for each

.group; P)0.05 control vs. treated for each xanthine . In
Žpreparations contracted with histamine 50 mM; 1.41"

0.07 and 1.44"0.05 g in control and phorbol-treated
.tissues, respectively , the maximal relaxation produced by

Ž .theophylline 3.13"0.11 g was also reduced in the pres-
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ŽFig. 2. Influence of PDA on the relaxant responses to theophylline panel
. Ž . Ž . ŽA , caffeine panel B , isoprenaline panel C and levcromakalim panel
.D in human isolated bronchus with spontaneous tone. PDA depressed the

maximal relaxation of the methylxanthines without affecting those of
Ž .isoprenaline and levcromakalim. NIF 1 mM reversed the inhibitory

Ž . Ž .effect of PDA 1 mM on the relaxation to theophylline panel A . Data
are mean"S.E.M. of nr ps5r3 for each group; ) P -0.05 compared
to control tissues.

Ž .ence of PDA 1 mM as shown in Fig. 3A, without altering
Žylog EC values 3.66"0.09 and 3.60"0.11 in control50

.and phorbol treated tissues, respectively . Pretreatment
Ž . Žwith NIF 1 mM restored the relaxation of PDA 1

.mM -treated tissues in response to theophylline to levels
Ž .similar to those seen in control tissues Fig. 2A .

Isoprenaline produced concentration-related relaxation
of preparations with spontaneous and histamine-induced
tone giving maximal values of 1.82"0.15 and 3.09"0.11

Ž .g, respectively nrps5r3 , which are similar to maximal
relaxations obtained for methylxanthines. Neither the max-

Ž .imal relaxation nor the potency values data not shown of
isoprenaline were altered in tissues treated with PDA
Ž .Figs. 2C and 3B .

The maximal relaxation of spontaneous tone produced
Ž .by levcromakalim was 1.37"0.06 g nrps5r3 . This

Ž .value is significantly P-0.05 smaller than maximal
relaxation obtained for methylxanthines and isoprenaline

Žin this preparation as previously reported by others Black
.et al., 1990; Cortijo et al., 1992b . The maximal relaxation

ŽFig. 3. Influence of PDA on the relaxant responses to theophylline panel
. Ž .A and isoprenaline panel B in human isolated bronchus contracted with

Ž .histamine 50 mM . PDA depressed the maximal relaxation of theo-
phylline without affecting that of isoprenaline. Data are mean"S.E.M. of
nr ps5r3 for each group; ) P -0.05 compared to control tissues.
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Fig. 4. Spasmogenic responses to caffeine and theophylline in human
isolated bronchus at 108C. The contractile responses to methylxanthines

2q Ž .were resistant to Ca -free, EGTA 0.1 mM -containing medium and NIF
Ž .1 mM . Spasm to methylxanthines was augmented in the presence of

Ž . Ž .PDA 1–5 mM and this enhancing effect was reversed by NIF 1 mM .
Data are mean"S.E.M. of nr ps5r3 for each group; ) P -0.05 com-
pared to control responses; aP -0.05 compared to 1 mM PDA.

Ž .and potency values data not shown of levcromakalim
Ž .remained unaltered in PDA-treated tissues Fig. 2D .

Ž . Ž .When caffeine 10 mM or theophylline 10 mM were
applied to preparations maintained at 108C, the two meth-

Ž .ylxanthines each produced contraction Fig. 4 . This con-
traction was unaltered when obtained after 30 min incuba-

2q Ž .tion with Ca -free, EGTA 0.1 mM -containing medium
Ž .or in the presence of NIF 1 mM . Tested in cooled

Ž . Žpreparations, PDA 1 and 5 mM produced spasm 0.19"

0.05 and 0.31"0.06 g, respectively; nrps9r5 for each
.group . The contraction evoked by PDA was not preceded

by relaxation. When phorbol-treated tissues were chal-
Ž .lenged with caffeine or theophylline each at 10 mM , the

spasmogenic response to these methylxanthines was signif-
icantly increased compared with the equivalent response

Ž .observed in time-matched control tissues; NIF 1 mM
Ž .reduced the ability of PDA 1 mM to enhance the spasm

Ž .evoked by caffeine and theophylline Fig. 4 .

4. Discussion

4.1. The biphasic response to PDA in human isolated
bronchus

Ž .The present observation that PDA 1–5 mM transiently
inhibits but then increases the spontaneous tone of human

isolated bronchus, confirms and extends the findings of
earlier workers with a different active phorbol ester, phor-

Žbol 12,13-dibutyrate Rossetti et al., 1995; Yang and Black
.1995 . The biphasic response, relaxation followed by con-

traction, elicited by active phorbols in human airway
smooth muscle differs from the pattern of responses de-
scribed in non-human airway smooth muscle preparations
ŽPark and Rasmussen, 1985; Menkes et al., 1986; Huang et
al., 1987; Schramm and Grunstein, 1989; Knox et al.,

.1993; Cortijo et al., 1994; Gunst et al., 1994 , as well as
from responses observed in human pulmonary artery
Ž .Savineau et al., 1991 , thereby confirming the existence of
tissue- and species-dependent differences in the respon-
siveness to phorbol esters.

The lack of effect of blockade of muscarinic receptors,
histamine H -receptors, and a-adrenoceptors on PDA-in-1

duced contraction indicated that it did not act via these
receptors or indirectly by releasing the corresponding me-
diators. Inhibition of prostaglandin synthesis by indo-
methacin or inhibition of 5-lipoxygenase with zileuton had
no effect on PDA responses, indicating that they were not
due to prostaglandin or leukotriene production. The re-
sponse to PDA was also independent of the presence of
epithelium; therefore, epithelium-derived factors are not
presumably involved.

Since phorbol esters directly activate protein kinase C
Ž .by binding to the enzyme Castagna et al., 1982 , we

decided to study the effects of three structurally unrelated
inhibitors of this kinase. Staurosporine and H-7 are widely
used as inhibitors of protein kinase C, but may not be

Ž .specific inhibitors Wilkinson and Hallam, 1994 ; hence,
calphostin C, a more specific inhibitor with less effect on

Ž .other kinases Kobayashi et al., 1989 , was also used in
these experiments. Calphostin C and staurosporine had
little effect on spontaneous tone of human bronchus com-
pared to relaxation promoted by H-7, a finding that con-
firms and extends previous results from Yang and Black
Ž . Ž .1995 and Rossetti et al. 1995 . Incubation with each of
these three protein kinase C inhibitors significantly re-
duced the contractile response to PDA, thus, suggesting
that activation of protein kinase C is involved in this
response. These results are consistent with those reported

Ž . Ž .by Yang and Black 1995 and Rossetti et al. 1995 for
staurosporine against responses to phorbol 12,13 dibu-
tyrate. The specificity of action of the active phorbol esters
on protein kinase C activation is further supported by the
finding that the inactive phorbol ester 4a-phorbol 12,13
didecanoate had no contractile or relaxant effect in human

Ž .isolated bronchus Rossetti et al., 1995 .
The contractile response to PDA was virtually abolished

2q Ž .in Ca -free medium or in the presence of NIF 1 mM .
These findings are consistent with a reduced contraction of
human bronchus in response to phorbol 12,13 dibutyrate
after removal of external Ca2q or addition of verapamil
Ž .Rossetti et al., 1995; Yang and Black, 1996 . Therefore,
the initiation of contraction of human airway smooth mus-
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cle that follows acute activation by phorbol esters of
protein kinase C, appears supported by Ca2q-influx through
L-type voltage-dependent channels. The finding that the
contraction promoted by PDA in KCl-contracted tissues
was greater than the contraction observed on acetyl-

Ž .choline-contracted tissues this study is in agreement with
Ž .a similar observation of Yang and Black 1996 for phor-

bol 12,13-dibutyrate in human bronchi and may be inter-
preted as giving further support to this notion.

However, the sensitivity of PDA-induced spasm to in-
hibitors of L-type Ca2q-channels does not imply that the
source of activator Ca2q for contraction is exclusively of

Ž .extracellular origin. Bourreau et al. 1993 have suggested
that in airway smooth muscle, spasmogenic agents which
promote the release of Ca2q from intracellular stores are
also sensitive to inhibitors of L-type Ca2q channels due to
refilling of intracellular stores by extracellular Ca2q entry
through such channels.

Neither of the pharmacological intervention cited above
reduced the initial relaxation observed in response to PDA.
NaqrKq-ATPase is a substrate for protein kinase C
Ž .Nishizuka, 1986 , and it may be that, by activating protein
kinase C, phorbol esters can stimulate the activity of
NaqrKq-ATPase, thus, producing hyperpolarisation, clo-
sure of voltage-dependent channels and relaxation. The
presence of an active electrogenic Naq pump has been
described in human airway smooth muscle, and ouabain
Ž .10 mM is a selective inhibitor of this mechanism
Ž .Chideckel et al., 1987; Cortijo et al., 1997 . Cooling of
preparations also results in inhibition of the Naq pump
Ž .Souhrada and Souhrada, 1981 . The finding that PDA
produced a contractile response not preceded by relaxation
in ouabain-treated, as well as in cooled preparations, indi-
cated that activation of NaqrKq-ATPase is likely to be the
mechanism involved in the relaxation observed immedi-
ately after addition of PDA to human isolated bronchus.

In different human cells, activation of protein kinase C
by phorbol esters stimulates an amiloride sensitive

q q Ž .Na rH antiport Besterman et al., 1985 . However,
Ž .amiloride 10 mM did not alter the relaxation or the

contraction in response to PDA, suggesting that the
NaqrHq exchange system is not involved. This finding
would be consistent with results reported for other phorbol

Žesters in rabbit and bovine trachea Schramm and Grun-
.stein, 1989; Knox et al., 1993 .

4.2. Effects of PDA on the relaxant and spasmogenic
responses of methylxanthines

Ž .Treatment of human bronchus with PDA 1–5 mM
resulted in a reduction of the maximal relaxation produced
by caffeine and theophylline in preparations with sponta-
neous tone at 378C. The inhibition of the maximal relax-
ation in response to methylxanthines produced by PDA
was not a simple consequence of PDA having increased
the tissue tone, since this reduced relaxation by PDA was

not observed for isoprenaline and levcromakalim under
similar experimental conditions. Furthermore, the differen-
tial effects of PDA on the relaxations produced by theo-
phylline and isoprenaline were also observed in prepara-
tions precontracted with histamine.

Methylxanthines, but not isoprenaline, have been shown
capable of releasing Ca2q from intracellular stores in

Žairway smooth muscle Chopra et al., 1991; Takuwa et al.,
.1987 . Therefore, we considered the possibility that PDA

reduced the relaxant activity of methylxanthines by facili-
tating the methylxanthine-induced release of Ca2q from
intracellular stores, as previously suggested to occur in

Ž .guinea pig tracheal muscle Cortijo et al., 1994 . As
mentioned above, the susceptibility of the interaction be-
tween PDA and the methylxanthines to inhibition by NIF
found in this study may be a reflection of the fact that
refilling of the intracellular Ca2q store requires the entry
of extracellular Ca2q directly into the store via L-type

2q Ž .Ca -channels Bourreau et al., 1993 . Alternatives, such
as augmented influx of Ca2q through L-type channels or
increased sensitivity to Ca2q of the intracellular contractile

Ž .machinery Bremerich et al., 1998; Yoshii et al., 1999
appear unlikely since PDA neither potentiates the contrac-
tile responses to Ca2q acting on Kq depolarized human

Ž .bronchus this study nor sensitizes Triton X-100 skinned
2q Ž .trachealis muscle fibres to Ca Cortijo et al., 1992a . In

the look for a further support for the hypothesis of facili-
tated release of intracellular Ca2q by phorbol esters, we
explore the influence of PDA on the spasmogenic re-
sponses to methylxanthines in human airway smooth mus-
cle.

By contrast with the relaxant effects obtained at 378C,
Ž . Ž .Small et al. 1988 and Ortiz et al. 1988, 1991 have

shown that methylxanthines evoke spasm of cooled guinea
pig trachea and that such spasmogenic effect results from
methylxanthine-induced release of Ca2q from intracellular
stores. In the present study, we have extended these obser-
vations to show that relaxation to methylxanthines at 378C
was reversed to a contraction in cooled human airway
preparations. The spasmogenic response produced by caf-

Ž .feine or theophylline 10 mM at 108C was not reduced by
2q Ž .incubation in Ca -free, EGTA 0.1 mM -containing

Ž .medium, or in the presence of NIF 1 mM , thus, indicat-
ing that activator Ca2q was mainly of intracellular origin.
This finding would be consistent with the report by

Ž . Ž .Chideckel and Anireddy 1991 that caffeine 25 mM
releases intracellular Ca2q from a ryanodine-sensitive pool,
thus, producing a very small and transient contraction,
followed by relaxation of the human trachealis at 378C.

PDA augmented the spasmogenic response to methylx-
Ž .anthines in cooled preparations this study . As suggested

above, this enhancing effect of PDA on methylxanthines-
induced contraction may be due to the facilitation by
phorbol esters of the intracellular Ca2q release triggered
by methylxanthines. This would be consistent with the
finding that PDA augments the spasmogenic responses to
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methylxanthines and ryanodine in guinea pig isolated tra-
Ž .chea Cortijo et al., 1994 . Also, the inhibition by NIF of

the enhancing effect of PDA suggests that refilling of
internal Ca2q stores requires Ca2q entry via L-type chan-

Ž .nels, as mentioned above Bourreau et al., 1993 .
In summary, these findings indicate that protein kinase

C activation modulates the tone of human airways and
alters their responsiveness to therapeutically relevant drugs,
such as theophylline. An inappropriate protein kinase C
activation may be involved in the pathogenesis of asthma
Ž .Bradshaw et al., 1993 , but the potential value of protein
kinase C inhibitors in asthma treatment is presently uncer-
tain.
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