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Abstract

A characteristic feature of airway smooth muscle is its relative
sensitivity to relaxant effects of beta adrenergic agonists when
contracted by inflammatory mediators, such as histamine, vs.
resistance to these relaxant effects when contracted by musca-
rinic agonists. Because contractions presumably depend upon
the hydrolysis of membrane phosphoinositides (PI) and the
generation of inositol phosphates (IP), our goal was to test for
the effects of forskolin, isoproterenol, and dibutyryl cAMP on
histamine- vs. methacholine-induced IP accumulation in ca-
nine tracheal smooth muscle. Methacholine (1073 M) was a
more effective stimulant of IP accumulation (9.6+2.1-fold in-
crease) than equimolar histamine (3.6+0.5-fold increase) in
this tissue. When responses to equieffective methacholine (4
X 107 M) and histamine (10~ M) were compared, neither
forskolin, isoproterenol, nor dibutyryl cAMP significantly de-
creased IP accumulation in response to methacholine. In con-
trast, each of these three agents significantly decreased re-
sponses to histamine (by 5629, 52+2, and 61+2%, respec-
tively). We concluded that, in canine tracheal smooth muscle,
increased cAMP is associated with inhibition of PI hydrolysis
in response to histamine but not methacholine. The findings
suggest a novel mechanism for selective modulation by cAMP
of receptor-mediated cellular activation.

Introduction

Beta adrenergic agonists are the mainstay of treatment for
bronchospastic diseases. The relaxant effects of these agents on
airway smooth muscle presumably depend upon their ability
to increase intracellular cAMP in the muscle, but the precise
ways in which increased cAMP inhibits muscular contraction
are not known.
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A characteristic feature of airway smooth muscle is that its
sensitivity to the relaxant effects of beta adrenergic agonists
depends importantly on the specific contractile agonist used to
induce tone (1, 2). For example, in canine airway smooth
muscle, contractions induced by muscarinic cholinergic ago-
nists are relatively resistant to relaxation by isoproterenol
compared with contractions induced by histamine (1, 3).

The mechanisms underlying the differential effects of beta
adrenergic stimulation on histaminergic vs. muscarinic airway
smooth muscle tension are not known (1). One possibility is
that increased CAMP in the smooth muscle cell inhibits the
mobilization of calcium by histamine but not by muscarinic
agonists (4). Increasing evidence indicates that calcium mobi-
lization in many cells; including airwdy smooth muscle cells, is
mediated by the products of phosphoinositide (PI)! hydrolysis
(5-10). In neutrophils, platelets, and lymphocytes, agents that
increase intracellular cAMP have been shown to decrease PI
hydrolysis (11-13), and these results suggest that CAMP may
regulate calcium mobilization by inhibiting the generation of
inositol phosphates (IP) (14).

To explain the differential effects that beta adrenergic stim-
ulation has on airway smooth muscle contractions, we hy-
pothesized that increased intracellular CAMP in this tissue in-
hibits PI hydrolysis in response to histamine but has less effect
on the PI hydrolysis induced by muscarinic agonists. As the
initial step in testing this hypothesis, we quantified the accu-
mulation of IP as an indirect measure of PI hydrolysis (15, 16)
in canine tracheal smooth muscle. The effects of forskolin, a
potent stimulant of cCAMP synthesis (17, 18), as well as isopro-
terenol and dibutyryl cAMP, were examined on histamine- vs.
methacholine-induced PI hydrolysis in this tissue.

Methods

Adult mongrel dogs (n = 30) were anesthetized with pentobarbital (30
mg/kg) and the cervical tracheas were excised and placed immediately
into ice-cold Krebs-Henseleit buffer (pH = 7.4) containing 107> M
indomethacin (KHI). Smooth muscle was cut transversely into 1-mm-
wide strips. After being weighed, strips of muscle totaling ~ 100 mg
wet wt (range 80-120 mg) were added to tubes each containing 200 ul
KHI and 15 pCi/ml [*H]myo-inositol (American Radiolabeled Chemi-
cals, St. Louis, MO). The muscle strips were incubated for 2 h at 37°C.

1. Abbreviations used in this paper: IP, inositol phosphates; IP,, myo-
inositol phosphate; IP,, myo-inositol bisphosphate; IP; . myo-inositol
trisphosphate; KHI, Krebs-Henseleit buffer (pH = 7.4) containing in-
domethacin; PI, phosphoinositide.



In preliminary experiments, we determined that incubating tissues in
[*H]myo-inositol for an additional 1 h did not increase the increment
in radiolabeled IP recovered after agonist stimulation. Also, after
loading for 2 h, the accumulation of IP in response to histamine or
methacholine was linear with respect to time for 15 min.

After loading, the strips of muscle were washed three times with 2
ml of KHI, then placed in KHI containing 10 mM lithium chloride
and either vehicle alone or vehicle plus 107-10~5 M forskolin,
10~8-10"5 M isoproterenol, or 10> M dibutyryl CAMP. When the
effects of isoproterenol were tested, 8 X 10~* M ascorbate was included.
After a 30-min preincubation at 37°C, 10-"-10"* M methacholine,
10~°~10~3 M histamine, or vehicle alone was added to the tubes (final
vol 200 ul) and incubation was continued for an additional 10 min.
The reaction was stopped by adding 1 ml ice-cold chloroform/metha-
nol (1:2 vol/vol).

The muscle strips in each sample were homogenized for 10 s with
an homogenizer (Tissumizer; Tekmar Co., Cincinnati, OH). The
aqueous soluble IP were extracted with chloroform/methanol/HCl and
separated by anion-exchange chromatography using columns contain-
ing 1.2 ml of AG 1-X8 anion exchange resin (formate form) (Bio-Rad
Laboratories, Richmond, CA) according to the method of Berridge et
al. (15). Myo-inositol and glycerophosphoinositol were eluted by
washing the columns with 20 ml of water followed by 6 ml of S mM
NaBO,/60 mM NaCOOH. Myo-inositol phosphate (IP,), myo-inositol
bisphosphate (IP,), and myo-inositol trisphosphate (IP;) then were
eluted sequentially by washing each column with 15 ml of 0.2 M
NH,COOH/0.1 M HCOOH, 15 ml! of 0.4 M NH,COOH/0.1 M
HCOOH, and 7 ml of 1 M NH,COOH/0.1 M HCOOH. Between the
collection of fractions containing IP, and IP;, the columns were
washed with an additional 10 ml of 0.4 M NH,COOH/0.1 M
HCOOH. A 2-ml aliquot of each fraction was combined with 18 ml
Scintiverse E (Fisher Scientific, Springfield, NJ) and counted in a lig-
uid scintillation counter (Beckman Instruments, Inc., Fullerton, CA).
We defined total IP accumulation as the sum of the radiolabeled IP
recovered as IP,, IP,, and IP;. To correct for small differences in the
amount of tissue in each sample, we normalized data obtained from
each sample to 100 mg tissue wet wt. All experiments were performed
in duplicate.

Data were expressed as the mean+SEM. For all experiments, n
represents the number of different dogs. Mean values were compared
by analysis of variance, and a Newman-Keuls test was applied for
multiple comparisons (19). A value of P < 0.05 was considered statis-
tically significant.

Results

Stimulation of PI hydrolysis by histamine and methacholine.
Both methacholine (10-7-10~* M) and histamine (1071073
M) stimulated PI hydrolysis in a concentration-dependent
manner (Fig. 1). In response to either methacholine or hista-
mine, IP,, IP,, and IP; each increased and constituted ~ 55,
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Figure 1. Effects of histamine (leff) or methacholine (right) on total
IP accumulation in canine tracheal smooth muscle. Muscle strips
preincubated in [*H]}myo-inositol for 2 h were exposed to either his-
tamine or methacholine for 10 min in the presence of lithium chlo-
ride (10 mM). IP were extracted and separated by anion-exchange
chromatography (15). Each data point is the mean+SEM (n = 3).
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Figure 2. Differential effects of forskolin on IP accumulation. Con-
centration-response curves to histamine (/eff) or methacholine (right)
were determined in the absence (m) or presence (#) of forskolin (10~3
M) (n = 3). In this figure, 100% IP accumulation is that increment in
total IP caused by histamine (10~ M). Total IP accumulation in the
absence of agonists is designated as 0% accumulation. *Responses
that were significantly less than those attained in the absence of fors-
kolin.

42, and 3% of total IP, respectively. Methacholine was a more
effective stimulant of PI hydrolysis than histamine. Metha-
choline (10~ M) caused a 9.6+2.1-fold increase in IP, but
histamine (10~ M) caused only a 3.6+0.5-fold increase in IP
(n = 3). In two experiments, PI hydrolysis in response to
methacholine (10”3 M) was inhibited by atropine (107¢ M)
(mean decrease of 80%), but not by pyrilamine (107 M). In
contrast, pyrilamine (10~® M), but not atropine (10~ M), in-
hibited PI hydrolysis in response to histamine (10~3 M) by
84+7% (n = 3).

Effects of forskolin, isoproterenol, and dibutyryl cAMP on
PI hydrolysis. The effects of forskolin (10~° M) on responses to
histamine and methacholine are shown in Fig. 2. Forskolin
decreased histamine-stimulated PI hydrolysis, but had no sig-
nificant effect on methacholine-stimulated PI hydrolysis.
Forskofin (10~ M) significantly decreased the responses to
10~* and 1073 M histamine by 55+15% and 56+9% (n = 3),
respectively.

Since methacholine was much more effective than hista-
mine as a stimulant of PI hydrolysis, we compared the effects
of forskolin (10~ M) on responses to approximately equief-
fective concentrations of histamine and methacholine (Fig. 3,
left). Achieving identical responses for histamine and metha-
choline in each of three experiments was difficult and, there-
fore, the mean response to methacholine (4 X 107% M) was
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Figure 3. Differential effects of forskolin (/eff), isoproterenol (mid-
dle), and dibutyryl cCAMP (right) on IP accumulation. In these exper-
iments, IP accumulation in response to histamine (10~ M) or meth-
acholine (4 X 1076 M) was compared in the absence or presence of
forskolin (10~% M), isoproterenol (10~° M), and dibutyryl cAMP
(1073 M) (n = 3). In this figure, 100% IP accumulation is that incre-
ment in total IP caused by histamine (10~3 M). Total IP accumula-
tion in the absgnce of agonists is designated as 0% accumulation.
*Responses that were significantly less fhan responses to histamine
(1073 M) alone.

Differential Regulation of Phosphoinositide Hydrolysis 1483



slightly higher (7,273+450 cpm) than the response to hista-
mine (1073 M) (6,822+1,323 cpm). Forskolin significantly at-
tenuated the response to histamine by 59+11% (n = 3), but
decreased the response to methacholine by only 14+8% (NS).
In these same experiments, forskolin did not affect basal (un-
stimulated) levels of IP. The effects of forskolin on responses to
histamine (103 M) were concentration dependent (Fig. 4, lef?).

In tissues treated with histamine, ~ 65% of the forskolin-
induced decrease in total IP was due to a decrease in IP,, but
there also were decreases in IP, and IP;. The amount of 1P,
recovered was small in these experiments using whole tissue,
lithium, and 10-min incubations; therefore, detecting forsko-
lin-induced decreases in the specific IP; fraction was difficult.
However, when data were pooled for analysis from all of the
experiments shown in Figs. 2-4, forskolin (105 M) caused
significant decreases of 63+4, 48+6, and 29+7% in the hista-
mine-stimulated IP,, IP,, and IP; fractions, respectively.

Isoproterenol (10~ M) and dibutyryl cAMP (1073 M) each
significantly decreased histamine-stimulated PI hydrolysis by
52+2% (n = 3) and 61+2% (n = 3), respectively (Fig. 3, middle
and right). Isoproterenol and dibutyryl cCAMP caused small
mean decreases of 15+5 and 1+12%, respectively, in responses
to methacholine, but these decreases were not significant. In
these same experiments, basal values for IP accumulation were
not significantly changed either by isoproterenol (4+27% in-
crease) or by dibutyryl cAMP (11+6% decrease). The effect of
isoproterenol on histamine-stimulated PI hydrolysis was con-
centration dependent, with a maximal effect occurring at 10~°
M and a half-maximal effect occurring at ~ 2 X 107 M (range
5% 107%-4 X 107 M, n'= 4) (Fig. 4, righ).

Discussion

In this study, as an index of agonist-induced PI hydrolysis in
airway smooth muscle, we measured the accumulation of IP in
lithium-treated strips of canine tracheal smooth muscle. Fors-
kolin, isoproterenol, and dibutyryl CAMP each inhibited the PI
hydrolysis that occurred in response to histamine by as much
as 50%, but had little or no effect on responses to methacho-
line. To our knowledge, this differential regulation of agonist-
stimulated PI hydrolysis by agents acting via the cCAMP cas-
cade has not been described previously. The finding suggests a
novel mechanism by which cAMP may selectively modulate
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Figure 4. Concentration-response curves for the effects of forskolin
(left) and isoproterenol (right) on histamine-induced IP accumula-
tion. Accumulation of IP under basal conditions (#) and in response
to histamine (10~3 M) (m) was determined in the absence (control)
and presence of different concentrations of either forskolin or isopro-
terenol (n = 4). In this figure, 100% IP accumulation is that incre-
ment in total IP caused by histamine (1073 M). Total IP accumula-
tion in the absence of agonists is designated as 0% accumulation.
*Responses that were significantly less than control.
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receptor-mediated activation of cells. Furthermore, in airway
smooth muscle, these differential effects of forskolin, isopro-
terenol, and dibutyryl CAMP on PI hydrolysis are paralleled by
previous demonstrations that each of these agents much more
effectively relaxes histaminergic than muscarinic contraction
(1, 20). Taken together, the findings suggest, but do not estab-
lish, that modulation of PI hydrolysis is one mechanism by
which increased cAMP relaxes airway smooth muscle.

In our experiments, the fact that forskolin, isoproterenol,
and dibutyryl cAMP each decreased PI hydrolysis in response
to histamine suggested that increased intracellular cAMP me-
diated the inhibition of histamine-induced PI hydrolysis in
canine tracheal smooth muscle (17, 18, 21). Similar observa-
tions have been made previously in neutrophils, platelets, and
lymphocytes (11-13). It has been proposed that increased
cAMP inhibits phosphatidylinositol kinase, the enzyme that
catalyzes the conversion of the membrane lipid phosphatidy-
linositol into phosphatidylinositol monophosphate (22, 23).
Thus, increased CAMP may regulate the avaxlablhty of sub-
strates for hydrolysis by phospholipase C.

The ways by which cAMP differentially attenuates PI hy-
drolysis in response to histamine, but not methacholine, are
not known. Recently, we showed that muscarinic agonists de-
creased adenylate cyclase activity in membranes prepared
from canine tracheal smooth muscle (18). Muscarinic inhibi-
tion of adenylate cyclase would decrease the amount of cAMP
generated in response to isoproterenol and forskolin and,
therefore, blunt the ability of isoproterenol or forskolin to reg-
ulate PI hydrolysis. However, in our experiments, a large con-
centration of an applied cAMP analogue also caused differen-
tial attenuation of PI hydrolysis, inhibiting responses to hista-
mine but not to methacholine (Fig. 3, right). This result
suggests that inhibition of CAMP synthesis by methacholine
may not explain the lack of effect of forskolin and isoproter-
enol on methacholine-stimulated PI hydrolysis.

Our experiments have not addressed other important pos-
sibilities. Potentially, the selective effect of CAMP on PI hydro-
lysis may be due to differential regulation by cAMP of ago-
nist-specific pools of membrane polyphosphoinositide sub-
strates, or may reflect compartmentation of phospholipase C
(24). Also, cAMP may differentially modulate calcium fluxes
induced by different agonists; transmembrane calcium flux, in
turn, may be important in regulating portions of the phospha-
tidylinositol cycle (25). Selective effects of cCAMP on mem-
brane receptors (26) or on GTP-binding proteins that couple
the receptors to phospholipase C also are possible. Finally, a
large muscarinic receptor reserve may contribute to the ob-
served differences in sensitivity to cAMP between responses to
histamine and responses to methacholine (27, 28).

Our findings do not agree with those of a prior study in
which exposure of bovine tracheal smooth muscle to isopro-
terenol did not alter the PI hydrolysis that occurred in response
to histamine, carbachol, or serotonin (29). We cannot account
for this discrepancy. One methodologic difference was a rela-
tively prolonged (45-min) stimulation of the tissues with hista-
mine in the previous study vs. the 10-min stimulation used in
our study.

In summary, we have shown that in airway smooth muscle,
histamine-stimulated PI hydrolysis was attenuated by forsko-
lin, isoproterenol, and dibutyryl cAMP. In contrast, compara-
ble levels of methacholine-stimulated PI hydrolysis were not
affected significantly by any of these agents. Based on our



measurement of total IP accumulation as an index of PI hy-
drolysis in whole tissue, we cannot exclude a small, but poten-
tially important, effect of isoproterenol on methacholine-in-
duced PI hydrolysis. However, our study has established that
there are very large differences between the modulatory effects
of CAMP on muscarinic vs. histaminergic PI hydrolysis in ca-
nine tracheal smooth muscle. The findings suggest a novel
mechanism for selective modulation by cAMP of receptor-
mediated activation of cells. The extent to which inhibition of
PI hydrolysis is important in cAMP-mediated relaxation of
airway smooth muscle, and the precise way in which the selec-
tive modulation occurs, remain to be determined.
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