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ABSTRACT Cholinergic contraction of canine trachealis
muscle, a contraction that primarily utilizes membrane poten-
tial-independent mechanisms for activating contractile pro-
teins (pharmacomechanical coupling), is associated with a de-
cline in the phosphatidylinositol pool, an increase in the phos-
phatidic acid and diacylglycerol pools, and an increased
incorporation of 32P04 into phosphatidylinositol. We found
that these changes occur during development of the contrac-
tion and during maintenance of tension and are independent of
membrane depolarization or increases in cytosolic Ca21 con-
centration. These findings suggest that phosphatidylinositol
turnover may be part of a receptor transduction process con-
trolling receptor-operated Ca2+ channels or other membrane
potential-independent mechanisms involved in pharmacome-
chanical coupling in smooth muscle.

Smooth muscle, unlike skeletal or cardiac muscle, can be
activated to contract by using mechanisms that are indepen-
dent of membrane depolarization (1, 2). The unknown pro-
cess by which receptor occupancy by an agonist can trigger,
in a membrane potential-independent manner, activation of
contractile proteins has been termed "pharmacomechanical
coupling" (2). There is scarcely any information about mech-
anisms involved in such coupling. In some smooth muscles,
agonist receptor occupancy can activate both membrane po-
tential-dependent and -independent coupling mechanisms
(1). There is evidence for at least two types of plasma mem-
brane Ca2+ channels, a fast potential-dependent channel and
a slower, less selective, receptor-operated, potential-inde-
pendent channel (3, 4). That pharmacomechanical coupling
may be at least partially dependent on extracellular Ca2+ (5,
6) suggests that receptor-operated potential-independent
channels may be activated in pharmacomechanical coupling
contractions. Devine et al. (7) found that different drugs
evoked unequal maximal contractions of the rabbit main pul-
monary artery and that unequal contractions persisted when
the tissue was bathed in Ca2+-free high-potassium depolariz-
ing solution. This suggests that pharmacomechanical cou-
pling in rabbit main pulmonary artery may involve intracellu-
lar Ca2' release. At present, details are not available about
relative roles of Ca2+ release or influx or possible effects of
altering cytosolic Ca2+-tension relationships during pharma-
comechanical coupling contractions.
Numerous studies in nonmuscle tissues indicate that re-

ceptor activation of phosphoinositide turnover [the phospha-
tidylinositol (PtdIns) cycle] might be involved in the trans-
duction of a "signal" between the receptor and a channel or
mechanism that is supplying Ca2+ to the cytosol (8-11). In
this paper we use the term "PtdIns turnover" to indicate the
metabolism of phosphoinositides. Recent data indicate that
the polyphosphoinositides, phosphatidylinositol 4-phos-
phate and phosphatidylinositol 4,5-bisphosphate, may be in

equilibrium with PtdIns, and that the activation of phosphati-
dylinositol 4,5-bisphosphate diesterase may initiate "turn-
over" (12-14). The phosphoinositide cycle appears to in-
volve the following metabolites: PtdIns, phosphatidylinosi-
tol 4-phosphate, phosphatidylinositol 4,5-bisphosphate,
diacylglycerol, phosphatidic acid (PtdOH), cytidine diphos-
phodiacylglycerol, inositol 1,4,5-trisphosphate, inositol 1,4-
bisphosphate, inositol 1-phosphate, and inositol (12-14). The
link between PtdIns turnover and Ca2+ transport or release
from internal stores is unknown. Unsaturated diacylglycerol
has been shown to be a specific activator of kinase C, which
may phosphorylate regulatory enzymes and proteins (15-
17). PtdOH or inositol 1,4,5-trisphosphate may function in
Ca2+ transport or release (18-20). Other possible relation-
ships between inositol lipids and membrane function have
been discussed by Allan (21).
The PtdIns cycle has not been completely studied in any

smooth muscle. 32P and [3H]inositol labeling experiments
and studies in which PtdIns or PtdOH has been measured
chemically indicate that PtdIns turnover occurs with activa-
tion by various agonists (22-26), may parallel development
of contraction (22-24), and may be independent of both
membrane depolarization and increases in cytosolic Ca2+
(22-24). To our knowledge, PtdIns turnover has not been
previously studied during contraction of smooth muscle acti-
vated through pharmacomechanical coupling.

In the present study PtdIns turnover was investigated dur-
ing a cholinergic muscarinic contraction of canine trachealis
muscle. There is previous evidence that this contraction in
canine trachealis muscle is dependent on pharmacomechani-
cal coupling mechanisms for activation (5, 6). New tech-
niques for quantitation of lipids have allowed us precisely to
measure phospholipid pool sizes in small quantities of
smooth muscle and easily to perform serial measurements of
the content of major phospholipids and diacylglycerol during
tension development and during the tonic phase of this con-
traction.

MATERIALS AND METHODS
Preparations. Strips were dissected from the tracheae of

mongrel dogs as described (27), using great care to remove
fascia and fat. In six experiments, 5-10 strips weighing a to-
tal of 50-500 mg were placed, free floating, in tubes contain-
ing 10 ml of medium composed of 137 mM Na+, 5.9 mM K+,
2.5 mM Ca2+, 1.2 mM Mg2+, 134 mM Cl, 1.2 mM H2PO4,
20.0 mM HCO, and 1.5 mM glucose. Solutions containing
the tissue were incubated at 37°C and gassed continuously
with 02/CO2 (97:3, vol/vol), giving a pH of 7.30-7.35. The
medium was changed two times at 30-min intervals. The gen-
eral protocol was to add carbamoylcholine to give 5.5 ,uM
and allow the incubation to proceed for 0, 1, 3, or 5 min. The

Abbreviations: Ptdlns, phosphatidylinositol; PtdOH, phosphatidic
acid; PtdSer, phosphatidylserine; PtdCho, phosphatidylcholine;
PtdEtn, phosphatidylethanolamine.
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FIG. 1. Thin-layer chromatography of phospholipids. (A) RFs of phospholipid standards on 20 x 20 cm boric acid-impregnated LK-5 plates.
Parts a and b indicate use of mobile phase a and mobile phase b. (B and C) Data obtained from tissue under control conditions (0 min) and after
1, 3, and 5 min of carbamoylcholine (5.5 AM). Data shown in B were obtained with mobile phase a. The samples contained 100 nmol of lipid for
phosphorus stain and 50 nmol for charring. Data shown in C were obtained with mobile phase b. Samples contained 35 nmol of lipid. Note that
lyso-PtdCho (L-PC) appeared between PtdSer (PS) and sphingomyelin (SP) but was observed in only /3 of the experiments. PA, PtdOH; PE,
PtdEtn; PC, PtdCho; PG, phosphatidylglycerol; PI, PtdIns; and L-, a lysolipid.

solution containing the tissue was rapidly filtered through
two layers of cotton gauze [previously washed with chloro-
form/methanol (2:1, vol/vol)]. The gauze containing the
strips was plunged into liquid N2 and stored under liquid N2
until further processing.

In four experiments, 20- to 30-mg single strips were
mounted in an organ bath that allowed measurement of iso-
metric tension (27). The organ bath was constantly perfused
with aerated modified Krebs solution (described above). Af-
ter a 60-min incubation, the strips were briefly stretched to
0.5 g tension (1 g tension = 9.8 millinewtons) and allowed to
relax. The strips were then slowly stretched to 1.3 times
slack length. By using tongs cooled in liquid N2, strips were
freeze-clamped under control conditions or after injection of
carbamoylcholine. The organ bath was mounted on an appa-
ratus and could be rapidly lowered, allowing freeze-clamping
within 1 sec.

Lipid Analysis. The tissue was ground to a fine powder
under liquid N2 and the lipids were extracted (28) and fil-
tered through glass wool. Lipids were analyzed by using
thin-layer chromatography and charring densitometry.
Methods used for resolving phospholipids and quantitating
them are given more completely elsewhere.* Thin-layer
chromatography of phospholipids was performed on 20 x 20
cm (15-cm scored lanes) boric acid-impregnated (29) LK-5
plates by using chloroform/ethanol/triethylamine/water
(30:34:30:8, vol/vol) (30) (mobile phase a) and chloro-

*Baron, C.B. & Coburn, R.F. 22nd Eastern Analytic Symposium,
New York, N.Y., Nov. 16-18, 1983, p. 146.

form/ethanol/concentrated ammonium hydroxide/water
(30:50:9:6, vol/vol) (mobile phase b). Neutral lipids were an-
alyzed on LK-5 plates by successive developments with ben-
zene/diethyl ether/ethyl acetate/acetic acid (80:10:10:0.2,
vol/vol) (31) to 3/4 of the final solvent front and hexane/
diethyl ether (94:6, vol/vol) (32) or with chloroform/meth-
anol (47:3, vol/vol) to 1.5 cm above the origin and hexane/
diethyl ether/acetic acid (62/13/0.75, vol/vol) to the top of
the plate (33). Samples were spotted and the plate was dried
under reduced pressure at 250C for 20 min prior to develop-
ment. After development, plates were dried under reduced
pressure at 100'C for 20 min, sprayed with 10% CuS04 in 8%
H3PO4 (29), and charred by successive incubations at 120'C
and 170'C. Some plates were stained for phosphorus by
spraying with 12% ammonium molybdate/0.43 M HCl/13%
HCl04 and heating at 105'C for 20 min (34, 35). Each plate
contained a set of the following quantitated standards: phos-
phatidylserine (PtdSer), sphingomyelin, phosphatidylcholine
(PtdCho), phosphatidylethanolamine, (PtdEtn), PtdIns, and
PtdOH, and experimental values are expressed as nmol/100
nmol of these six phospholipids in the samples. The lower
limit of charring densitometry is about 0.02 nmol (15 pg) of
lipid.

Charring densitometry using CuSO4 in H3PO4 was chosen
for two reasons. First, this procedure stains both saturated
and unsaturated acyl chains equally, whereas Cu(OAc)2 in
H3PO4 (under the charring conditions used) does not detect
saturated acyl chains and gives increased staining with in-
creased numbers of double bonds (36). Second, the back-
ground of phosphorus-stained plates varied too much from
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plate to plate for consistent quantitation during densitome-
try. Densitometry was performed with a fiber optic scanner
(Kontes, model 800), equipped with either a 506 ± 45 nm or a
440 ± 150 nm filter for charred plates and a 740 ± 40 nm
filter for phosphorus-stained plates, and an integrator (Hew-
lett Packard, model 3390A). Fig. 1 illustrates the ability of
the two mobile phases employed in the thin-layer chromato-
graphic analyses to resolve the phospholipids.

32P Experiments. Free-floating strips were incubated in
one tube with 32P04 (150-200 ,uCi/ml; 1 Ci = 37 GBq) for 30
min and then washed until the radioactivity in the bathing
solution became constant. Uptake of 32p varied from 0.1% to
0.5% in the 30-min incubation period. The strips were

weighed and placed in multiple tubes, as above, and were

further incubated for 60 min prior to addition of carbamoyl-
choline. Lipids were visualized by spraying with 0.05% rho-
damine 6G in 95% (vol/vol) methanol followed by viewing
under ultraviolet light. Lipid fractions were scraped into vi-
als and their radioactivities were measured with a liquid scin-
tillation counter and Biofluor.

Materials. Phospholipid standards were from Avanti Bio-
chemicals and Sigma. Neutral lipid standards were from Nu
Chek Prep. H332P04 and Biofluor were from New England
Nuclear. Carbamoylcholine chloride was from Sigma. Lin-
ear-K silica gel (LK-5) plates were from Whatman. Rho-
damine 6G was from Supelco (Bellefonte, PA). All solvents
were glass distilled or nanograde.

RESULTS
Carbamoylcholine-induced isometric contractions showed
an initial fast phase over the first 50-70 sec resulting in ap-

proximately 80% of maximal tension, followed by a slow
phase that reached maximal tension after 4-5 min. Tension
was then maintained nearly constant for at least 30 min.
Thus, the 1-min samples that were analyzed for lipid compo-
sition and radioactivity were taken at the end of the rapid
contractile phase, whereas the 3- and 5-min analyses gave

information during the slow phase and at the time of maximal
tension. Fig. 2 shows mechanical effects of 5.5 ,uM carba-
moylcholine on canine trachealis muscle tension.
Table 1 and Fig. 3 summarize results of the lipid analyses.

Phospholipid phosphorus (37) in this tissue was found to be
10.3 ± 0.7 nmol/mg wet wt (n = 24). There were, in both

A B

t t

60 sec

FIG. 2. Isometnc carbamoylcholine contractions. Arrows indi-
cate addition of carbamoylcholine. The run shown in A was freeze-
clamped at 1 min and the run in B was freeze-clamped at 3 min.

free-floating and isometric experiments, large progressive
increases in PtdOH pool size that stoichiometrically paral-
leled falls in PtdIns during the first 3-5 min. These changes
were observed with both mobile phases in charred and phos-
phorus-stained plates (Fig. 1). There were no significant
changes in other phospholipids (Table 1). In a separate free-
floating experiment in which duplicate tissue samples were

incubated for 20 min, the rise in PtdOH, from 0.02 to 0.80
nmol/100 nmol of phospholipid, and the fall in PtdIns, from
5.04 to 3.96 nmol/100 nmol of phospholipid, suggested that
there was no further change in pool size after 5 min. The
diacylglycerol pool size increased slightly, but significantly,
in the isometric experiments. A similar increase was seen

also in the free-floating experiments, but this was not signifi-
cant. In analyzing tissue from isometric experiments, we uti-
lized an improved method of separating neutral lipids (chlor-
oform/methanol followed by hexane/diethyl ether/acetic
acid) that allowed detection of smaller changes in diacylgly-
cerol; thus, these data that showed significant changes in
diacylglycerol pool size were more valuable evidence of a

change in this lipid. 32p was incorporated into PtdIns during
development of carbamoylcholine contractions (Fig. 3B).
Atropine, 1-10 ,uM, completely inhibited 5.5 ,uM carbamoyl-
choline contractions, 32p incorporation into PtdIns, and in-
creases in PtdOH and falls in Ptdlns. There was no increase
in 32p incorporation into PtdIns (Fig. 3B) or changes in
PtdIns or PtdOH during 5-min 29 or 59 mM K+ contractions.
Fig. 4 illustrates effects of varying carbamoylcholine con-
traction on PtdOH increases.

Table 1. Phospholipid and diacylglycerol composition of carbamoylcholine-stimulated canine
trachealis muscle

Lipid, nmol/100 nmol of phospholipid
Lipid Control 1 min 3 min 5 min

Free floating
PtdIns 4.52 ± 0.58 4.22 ± 0.72* 4.07 ± 0.47* 3.84 ± 0.71*
PtdOH 0.13 ± 0.13 0.51 ± 0.47* 0.63 ± 0.30* 0.85 ± 0.30*
PtdSer 9.95 ± 1.98 9.63 ± 1.69 9.55 ± 1.66 9.73 ± 1.86
Sphingomyelin 16.4 ± 0.9 16.3 ± 0.9 17.2 ± 0.9 16.6 ± 0.9
PtdCho 42.1 ± 5.7 42.6 ± 4.8 42.8 ± 4.8 42.5 ± 5.0
PtdEtn 26.9 ± 4.9 26.4 ± 5.3 25.5 ± 4.9 26.0 ± 4.8
Diacylglycerolt 0.29 ± 0.16 0.27 ± 0.10 0.39 ± 0.18* 0.32 ± 0.17

Isometric
PtdIns 4.03 ± 0.09 3.68 ± 0.15* 3.58 ± 0.27* 3.71 ± 0.15*
PtdOH 0.10 ± 0.08 0.32 ± 0.04* 0.78 ± 0.13* 0.77 ± 0.13*
PtdSer 12.1 ± 1.0 11.5 ± 0.8 11.9 ± 0.8 11.9 ± 0.9
Sphingomyelin 13.9 ± 1.3 13.8 ± 1.7 14.2 ± 1.7 13.9 ± 1.1
PtdCho 36.7 ± 0.5 37.2 ± 0.8 36.2 ± 0.8 36.4 ± 1.0
PtdEtn 33.2 ± 2.5 33.5 ± 2.3 33.5 ± 1.9 33.3 ± 1.4
Diacylglycerolt 0.15 ± 0.05 0.17 ± 0.03 0.24 ± 0.02* 0.23 ± 0.03*

The data were obtained by thin-layer chromatography and charring densitometry. Values are ex-
pressed as mean ± SD. For free-floating muscle, n = 6; for isometric, n = 4.
*P < 0.05 compared to control (calculated only for PtdIns, PtdOH, and diacylglycerol.
tAssuming the molecular weight of diacylglycerol is that of 1,2-dioleoyl glycerol.
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FIG. 3. Changes in PtdIns, PtdOH, and diacylglycerol and 32p incorporation after addition of carbamoylcholine. (A) Mean ± SEM of six
free-floating experiments (e-e) and four isometric experiments (m---u). Values were obtained by subtracting the value of the control, in
individual experiments, from values at 1, 3, and 5 min. (B) 32P incorporation into PtdIns during exposure to 5.5 AM carbamoylcholine (open
symbols) and during 29-59 mM K+ contractions (closed symbols). In these experiments 59 mM K+ contractions had amplitudes similar to those
of 5.5 AtM carbamoylcholine contractions, and 5.5 AM carbamoylcholine evoked contractions that were 80-90% of maximal carbamoylcholine
contractions. Data obtained in the same experiments are connected. Stars indicate that only one measurement was made in a given experiment.
Broken line indicates mean values.

DISCUSSION
The major findings in the present study are the decline in
Ptdlns, an increase in PtdOH and diacylglycerol pool sizes,
and incorporation of 32P04 into Ptdlns that occurred during
development and maintenance of the 5.5 AM carbamoylcho-
line contraction of canine trachaelis muscle. These findings
establish that Ptdlns degradation and resynthesis occur dur-
ing contraction in a smooth muscle that primarily utilizes
membrane potential-independent mechanisms for activating
contractile proteins.

Previous data have shown that canine trachealis muscle
depolarized with 126 mM K+ contracts on addition of acetyl-
choline (5). At least 5-10 times more tension development
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FIG. 4. Effects of varying carbamoylcholine concentration on

PtdIns hydrolysis to PtdOH. Lines connect data obtained at 1- and
at 5-min drug exposure.

for a given membrane depolarization occurs with acetylcho-
line compared to that seen with increased extracellular K+
(5). Membrane potential-acetylcholine concentration plots
show that incremental drug concentrations greater than 1
,uM cause additional contraction without further membrane
depolarization (6). Reversal of 5.5 gM acetylcholine-evoked
membrane depolarization by current injection does not re-
verse the contraction, even though a similar procedure com-
pletely reverses K+ contractions (5). That contractions
evoked with high acetylcholine concentrations are resistant
to Ca2' entry blockers (5, 6) in this muscle as well as in other
airway smooth muscle (38) suggests that membrane poten-
tial-dependent Ca2+ channels are of small importance in
these contractions. Thus, it seems established that at least
the tonic phase of 5.5 ,uM acetylcholine contractions is de-
pendent on pharmacomechanical coupling mechanisms.
Although cholinergic contractions of canine trachealis

muscle may not be mediated entirely by pharmacomechani-
cal coupling mechanisms, the demonstration in this study
that PtdIns turnover was not activated during K+ contrac-
tions suggests that PtdIns metabolism is not involved in
membrane potential-dependent mechanisms for activation of
this muscle. This evidence includes both lack of an increase
in 32p incorporation into PtdIns and lack of changes in
PtdIns, PtdOH, or diacylglycerol pool sizes.

Considering the previous studies from other tissues dis-
cussed above, data obtained in the present study all are con-
sistent with a hypothesis that PtdIns turnover is part of a
receptor transduction mechanism in pharmacomechanical
coupling smooth muscle contractions. These data include: (i)
the kinetic changes in PtdIns, PtdOH, and diacylglyercol and
in 32p incorporation into PtdIns; (ii) the correlation between
these changes and development of tension; and (iii) the inde-
pendence of membrane potential and cytosolic Ca2+ (de-
duced from results of K+ experiments). Because of the lag
time for activation due to diffusion of the drug into tissue, we

Proc. NatL Acad Sci. USA 81 (1984)
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cannot be certain that lipid changes precede tension
changes. However, we can conclude from the finding of a
progressive fall in the PtdIns pool, increase in the PtdOH
pool, and incorporation of isotope in PtdIns that PtdIns turn-
over continued during the tonic phase of the carbamoylcho-
line contraction.

It was possible, using our sensitive techniques of lipid
analysis, to study lipid metabolism in single smooth muscle
strips held under known mechanical conditions. Comparison
of data obtained by using the free-floating and isometric
preparations suggests that the amount of stretch or whether
the strip contracts isotonically or isometrically may not
markedly influence PtdIns turnover.
Our experiments were designed to determine if PtdIns

turnover occurs during development and maintenance of a
pharmacomechanical coupling contractions and we did not
measure, in this series of experiments, changes in polyphos-
phoinositides or inositol phosphates. Such measurements in
smooth muscle would, of course, be of great interest because
these metabolites may function as second messengers (19,
20). The 6.5- to 7.7-fold increase in PtdOH pool size (3- to 5-
min carbamoylcholine exposures) implies a rapid rise in
membrane concentrations of this lipid, which could then
elicit effects on membrane proteins, Ca2+ transport, or
Ca2+-tension relationships. However, the increase in
PtdOH pool may reflect, in part, increases in PtdOH in the
endoplasmic reticulum as a result of transfer from the plasma
membrane. The large increase in PtdOH pool size during the
tonic phase of contraction suggests that either those en-
zymes that use PtdOH as a substrate or the processes in-
volved in transfer of PtdOH from the plasma membrane to
the endoplasmic reticulum have become limiting. The rise in
diacylglycerol pool (about 1.6 fold) is consistent with a hy-
pothesis that activation of kinase C could have a role in cho-
linergic muscarinic contractions in the canine trachealis
muscle.

In summary, this study provides measurements of PtdIns
and PtdOH pool sizes and 32PO4 incorporation into PtdIns
during a cholinergic muscarinic contraction of canine tra-
chealis muscle, a contraction that appears to be primarily
mediated by pharmacomechanical or membrane potential-in-
dependent coupling mechanisms. These measurements show
that PtdIns degradation and resynthesis occur during a phar-
macomechanical-mediated contraction and that changes in
PtdIns, PtdOH, and diacylglycerol pool sizes occur during
development and maintenance of tension.
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