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Distinctive pharmacological profile of a nonadrenergic
inhibitory system in bullfrog lung
Hall Downes & Stephen M. Taylor'

Department of Pharmacology, School of Medicine, Oregon Health Sciences University, Portland, Oregon,
97201, U.S.A.

1 Bullfrog hemilungs, pretreated with atropine, are markedly relaxed on addition of carbachol.
Since the relaxant effect is inhibited by tetrodotoxin or hexamethonium, it is neurally mediated and
involves stimulation of nicotinic receptors with release of an unknown inhibitory transmitter.
2 Carbachol-induced relaxation is nonadrenergic since: (a) it considerably exceeds the maximal
effects of isoprenaline or the effect of 10-3M adrenaline or noradrenaline; (b) it elicits marked
further relaxation in preparations already relaxed by high concentrations of catecholamines; (c) it is
not attenuated by low concentrations of propranolol (10-6 and 3 x 10-6M) that competitively
antagonize isoprenaline-induced relaxation.
3 Carbachol-induced relaxation has multiple distinguishing characteristics, which serve as a
fingerprint for the unknown inhibitory transmitter. These include an exceptionally rapid onset of
action, a ceiling effect at 50% of maximal relaxation, and minimal retardation by concentrations of
procaine that block or markedly retard relaxant responses to all other agonists.
4 This distinctive pharmacological profile cannot be reproduced by addition of exogenous
catecholamines, 5-hydroxytryptamine, adenosine triphosphate (ATP) or adenosine, or by addition
ofATP or adenosine following pretreatment with indomethacin. Furthermore, addition of carbachol
to preparations previously relaxed with 10-3M concentrations of these agents produced marked,
additional relaxation.
5 Maximally effective concentrations of vasoactive intestinal peptide produced a barely detectable
relaxant response equivalent to 8% of maximal relaxation. The response was totally prevented by
pretreatment with procaine.
6 Carbachol-induced relaxation was not impaired by pretreatment with 10-4M indomethacin.
7 Carbachol-induced relaxation of bullfrog lung therefore involves a postganglionic inhibitory
transmitter that in nonadrenergic, non-5-hydroxytryptaminergic, and nonpurinergic, and whose
effects are not dependent on prostaglandin synthesis. Although a peptide may function as the
inhibitory transmitter, it is not vasoactive intestinal peptide.

Introduction

A nonadrenergic, noncholinergic inhibitory system
innervating lung, gut and other viscera has been
demonstrated in all vertebrate classes (Burnstock,
1969; 1972), and is believed to be the major inhibit-
ory innervation to anuran lung (Burnstock, 1969).
Ultrastructural studies (Robinson, McLean & Burn-
stock, 1971; Campbell, Haller& Rogers, 1978) show
that about 50% of the efferent terminals in toad lung
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contain the distinctive large opaque vesicles regarded
as characteristic of the nonadrenergic, noncholiner-
gic inhibitory system.

Previous studies in toad (Bufo marinus) lung have
shown that the inhibitory innervation accompanies
the vagus nerve (Wood & Burnstock, 1967; Camp-
bell, 1971), and that the inhibitory effects of vagal
stimulation can be prevented by ganglionic blockade
(Wood & Burnstock, 1967; Campbell & Duxson,
1978), but not by atropine (Wood & Burnstock,
1967; Campbell, 1971). Similar inhibitory effects
have been elicited in toad (B. maninus) and frog
(Rana esculenta) lungs with ganglionic stimulants
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(Wood & Burnstock, 1967; Schnizer, Hoang &
Brecht, 1968) such as dimethylphenylpiperazinium
(DMPP). Although the response is easily elicited,
very little is known about the inhibitory transmitter
or transmitters involved.
Exogenously administered adrenaline (Carlson &

Luckhardt, 1920; Brecht & Fraessle, 1944; Meves,
1953; Kobayasi & Yoda, 1960; Wood & Burnstock,
1967, Holmgren & Campbell, 1978), 5-
hydroxytryptamine (Schnizer et al., 1968) and
adenosine triphosphate (ATP) (Meves, 1953) pro-
duce some degree of relaxation of anuran lung, and
there is evidence from previous studies supporting
each of these agents as a putative transmitter for
neurally mediated inhibition. Vasoactive intestinal
peptide, which has been proposed as the transmitter
for nonadrenergic, noncholinergic inhibition in
mammalian airways (Matsuzaki, Hamaski & Said,
1980) has not been studied in anurans. Adrenaline
and 5-hydroxytryptamine have been identified in
frog lung (R. esculenta) in relatively high concentra-
tions (0.2 to 0.9 tig/g) and are released into perfu-
sates during vagal stimulation (Schnizer et al., 1968).
Both ,B-adrenoceptor antagonists (Wood & Burn-
stock, 1967; Schnizer et al., 1968) and drugs with
anti-5-hydroxytryptamiine actions (Schnizer et al.,
1968) have depressed neurally mediated relaxation
of anuran lung. However, since the concentrations of
P-adrenoceptor antagonists used (approximately
10-4M), were considerably above those that produce
selective effects on P-receptors, the observed an-
tagonism could have resulted from depressant effects
on ganglionic transmission or inhibitory transmitter
release. These same considerations also apply to the
effects of 5-hydroxytyptamine antagonists, which
included drugs such as chlorpromazine and prom-
ethazine. Finally, although Burnstock (1972) has
proposed that ATP is stored in the large opaque
vesicles of the nonadrenergic, noncholinergic inhibit-
ory system, the composition of these vesicles has not
been determined, and the relaxant effects of ATP
have not been compared with neurally mediated
inhibition in anuran lung.

In order to assess the importance of a particular
autacoid in the overall inhibitory response, it is
necessary to establish both that it is present and
released during inhibition, and that its pattern of
pharmacological effects accurately reproduces the
effects of the nonadrenergic, noncholinergic inhibit-
ory system. The present study is concerned with the
latter aspect, and employs nicotinic agonists in iso-
lated preparations of bullfrog (R. catesbeiana) lung
to elicit a highly consistent, postganglionic inhibitory
response with a distinctive pharmacological profile.
This profile cannot be reproduced by
catecholamines, 5-hydroxytryptamine, ATP,
adenosine or vasoactive intestinal peptide.

Methods

The lungs were removed from pithed Rana cates-
beiana (weighing 150-350 g) and split longitudinally
to provide four hemilungs. These were mounted
vertically in jacke.ted 50 ml baths filled with a solu-
tion of the following composition (mM): NaCl 89,
NaHCO3 20, KH2PO4 2.5, CaCl2 2.0, MgSO4 1.5
and glucose 10. The ionic composition is close to that
reported for frog plasma (Fenn, 1936; Conway,
1957). To reduce spontaneous activity, the solution
was maintained at 15°C with a Lauda K-2/R cir-
culator and thermoregulator. The solution was aer-
ated with a mixture of 1.3% CO2 and 98.7% 02 to
give a pH of 7.8 (Downes & Taylor 1982), approx-
imating the physiological values of CO2 tension and
blood pH for intact, unanaesthetized bullfrogs at
15°C (Howell, Baumgardner, Bondi & Rahn, 1970).
Changes in muscle length were recorded with

isotonic transducers (Harvard 356) under a 2 g ten-
sion, and at a usual gain of 1 x . Higher gains were
employed in some experiments with catecholamines
in order to measure their relatively slight inhibitory
effect. The hemilungs were equilibrated for 2 to 3 h,
until a stable resting length had been achieved, be-
fore testing drug effects. At the end of the experi-
ment, the hemilungs were maximally relaxed by incu-
bation overnight with 10-2M theophylline; preceding
drug effects were expressed as a percentage of this
maximal effect (IM.). Results from different
hemilungs from the same frog ('matched' hemilungs)
were compared by the ttest for paired observations.
Drugs used were adenosine (Sigma), adenosine

5'-triphosphate disodium salt (ATP; Sigma), (-)-
adrenaline bitartrate (Sigma), atropine sulphate
(Sigma), carbamylcholine chloride (carbachol;
Sigma), dipyridamole (Boehringer Ingelheim), 1-1-
dimethyl-4-phenylpiperazinium (DMPP; Sigma),
hexamethonium bromide (Sigma), 5-
hydroxytryptamine HCI (Sigma), indomethacin
(Sigma), (±)-isoprenaline HCl (Sigma), methyser-
gide maleate (Sandoz), (-)-noradrenaline HCl
(Sigma), procaine HCl (Sigma), propranolol HCl
(Ayerst), quinidine sulphate (Sigma), tetrodotoxin
(Sigma), theophylline (Sigma), and vasoactive intes-
tinal peptide (MW 3326; Peninsula Laboratories).
Indomethacin was dissolved in absolute ethanol and
125 LI of the ethanolic solution was added to a 50 ml
bath to achieve indomethacin and ethanol concentra-
tions of 10-4M and 4.3 x 10-2M, respectively; an
equivalent concentration of ethanol was added to the
matched hemilungs used as controls for indometha-
cin experiments. All other drugs were dissolved in
distilled water and appropriately diluted with bath
solution before addition to the baths. Dipyridamole
was dissolved in a weakly acidic solution.
Catecholamines were prepared as 10-1 or-2M solu-
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tionsmwater with 10-2M ascorbic acid. Ascorbic acid
was added to the baths in experiments employing
catecholamines for a final concentration of 10-4M.
Unless the experiment was specifically testing the
muscarinic effects of carbachol or the P-
adrenoceptor effects of catecholamines, 10-5M at-
ropine and 10-6M propranolol were added to the
bath solution during the incubation period to prevent
contraction on the subsequent addition of carbachol,
and to prevent the possible inhibitory effects of en-
dogenously released catecholamines, respectively.
Atropine and propranolol had no effect on resting
length. Other drugs used as potential antagonists of
carbachol or autacoid effects were added to the bath
solution at times indicated in the appropriate figure
legends.

Results

Intrinsic tone

Bullfrog hemilungs slowly contracted during the first
2 to 3 h of incubation and thereafter maintained a
stable resting length in the range of 1.5 to 2.5 cm. As
previously reported, (Downes & Taylor, 1982), pro-
caine has a paradoxical stimulant effect on bullfrog
lung, and at 10-4M concentration elicits maximal

a

10-6 10-5 3 X -5

Carbachol

b

Procaine 10-4

contraction. In the present experiments procaine
produced only 0.34 ± 0.13 cm (mean ± s.e., n = 13)
of contraction, indicating that the hemilungs were
almost fully contracted in the resting state. Subse-
quent addition of 10-2M theophylline to the same
preparations caused 3.58 ± 0.24cm of relaxation
from the maximally contracted state.

Carbachol-induced relaxation

In the absence of other drugs, carbachol caused
dose-related contraction from 10-8 to 10-M, and a
variable degree of relaxation as the concentration
was increased to 3 x 10-5 or 10-4M. Hemilungs were
routinely pretreated with 10-5M atropine to prevent
contractile responses to the lower concentrations of
carbachol. Under these conditions, carbachol pro-
duced a threshold relaxant effect at 10-5M, and
marked relaxation at 3 x 10-5M (Figure la). Increas-
ing the concentration to 10-4M elicited the maximal
relaxant response to carbachol, which was frequently
of a biphasic nature (Figure la); only the initial
relaxation was employed for measurement of dose-
response relationships at this concentration. In-
creasing the concentration above 10-4M elicited a
variable degree of contraction (Figure la). The maxi-
mal relaxant response to carbachol was equivalent to
about half of Im,,, and showed no evidence of seasonal

3 x 10-4

Maximal relaxation

Carbachol

30 min

Maximal relaxation
Figure 1 Carbachol-induced relaxation of bullfrog hemilungs. Trace (a) shows a typical response to carbachol.
Trace (b) shows the carbachol response in a matched hemilung which has been maximally contracted with procaine.
Propranolol (10-6M) and atropine (10-5M) were added to the baths in the initial equilibration period, about 60 min
before testing carbachol. Addition of drug is indicated by an arrow with the cumulative drug concentration (M)
appended. Large vertical arrows to the right show Imax, as obtained after subsequent relaxation with theophylline
(10-2M). The dashed line indicates length (baseline) before addition of carbachol.

10-3
10 -4

10-4



342 HALL DOWNES & STEPHEN M. TAYLOR

Table 1 Lack of seasonal variation for carbachol-induced relaxation*

Sept-Oct Jan-Feb April-May July-Aug
(n= 10) (n= 6) (n= 16) (n= 15)

Carbachol 10-4M,
% of Imat
Ima,mm of
relaxationt

49±5 50±5 51±4 52±5
(33-75) (34-63) (26-68) (36-77)

34±2 30± 1 30±2 30±2
(28-40) (28-34) (21-42) (15-36)

*Hemilungs pretreated with atropine 10-5M and propranolol 10-6M.
tMean ± s.e. (range).

variation (Table 1). Repeated administration did not
produce tachyphylaxis (Table 2). However, the ex-
tent of the contractile response to high concentra-
tions of carbachol (> 1O-4M) showed considerable
variation between animals, and occasional batches of
frogs demonstrated little or no contraction (Figure 2b
and f).

Effects ofatropine, hexamethonium, tetrodotoxin,
quinidine and dipyridamole on carbachol-induced
relaxation

Varying the concentration of atropine from 10-' to
3 x 1O-5M (Figure 2a) did not alter either carbachol-
induced relaxation or the contractile response to
carbachol concentrations above 1O-4M. Hex-
amethonium surmountably antagonized both
carbachol-induced relaxation (Figure 2b), and the
virtually identical relaxation elicited by DMPP (Fig-
ure 3). Tetrodotoxin (Figure 2c) and quinidine (Fig-
ure 2d) produced an insurmountable block of
carbachol-induced relaxation. Dipyridamole (Figure
2f) had no effect on carbachol-induced relaxation.

Procaine resistance

In hemilungs contracted with a subanaesthetic con-
centration of procaine, 10-4M, the relaxant effects of
most inhibitory agonists were greatly retarded or
blocked (Figure 4). Carbachol-induced relaxation
had a slightly slower onset in procaine-treated
hemilungs, but by 15 min after addition, the response
to 1O-4M carbachol was not significantly different in
control hemilungs and hemilungs contracted with

procaine (Figure 4). At this time, the relaxant re-
sponses to theophylline, isoprenaline, 5-

hydroxytryptamine and vasoactive intestinal peptide
were barely detectable or absent in the procaine-
treated preparations. In other experiments (n = 3),
increasing the concentration of procaine to 10-3M, a
local anaesthetic level (Dohadwalla, Freedberg &
Vaughan Williams, 1969), resulted in a blockade of
carbachol-induced relaxation.

Procaine, 1O-4M, had no effect on the dose-
response relationships for carbachol-induced relaxa-
tion (Figure 2e), but prevented the contractile re-
sponse to carbachol concentrations above 1O-4M
(Figure lb and 2e), demonstrating that these two
effects of carbachol could be separated by phar-
macological means. Despite the block of the high
dose contractile response, increasing the carbachol
concentration above 1O-4M (Figure lb and 2e) pro-
duced little or no further relaxation.

Comparison with catecholamines and5-
hydroxytryptamine

Relaxant responses to catecholamines and 5-
hydroxytryptamine required high drug concentra-
tions, were of relatively small magnitude, and were
highly variable from preparation to preparation. Ad-
renaline (n = 7) and noradrenaline (n = 5) caused
dose-related relaxation from 1O-6M to 1O-3M, pro-
ducing peak effects at the highest concentration
which were equivalent to 14 ± 2 and 19 ± 2% of Ima,.,
respectively. Isoprenaline elicited a clear maximal
effect at 10-5 or 1O-4M concentration (Figure Sa).
Relaxation elicited by isoprenaline averaged

Table 2 Relaxant responses* to five successivet administrations of 3 x 10-5M carbachol

1st dose 2nd dose 3rd dose 4th dose 5th dose

45±6 44±8 43±8 47±8 46±7

* % of Ima,, mean ± s.e. (n = 4)
tPreparations were incubated with carbachol for 1 h at each exposure, and then washed and allowed to return to
resting length before addition of next dose.
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Figure 2 Cumulative concentration-effect curves for carbachol-induced relaxation of bullfrog hemilungs. (a) Lack
of effect of varying concentrations of atropine; (b) antagonism by hexamethonium; (c) antagonism by tetrodotoxin;
(d) antagonism by quinidine; (e) procaine spares relaxant effect; (f) lack of potentiation by dipyridamole. Responses
are expressed as % of the maximal relaxation (Ima) subsequently elicited by theophylline. Propranolol (10-6M) and
atropine (10-5M) were added during the initial equilibration period for series (b) to (f). Series (a) was not pretreated
with propranolol. Atropine (a) and dipyridamole (f) were added to the baths at least 45 min before carbachol;
hexamethonium (b) and quinidine (d) at 30 min before carbachol; tetrodotoxin (c) and procaine (e) at 15 min before
carbachol. Each series represents matched hemilungs from the same animals. Means with s.e. (a) and (b), n = 5. (c)
to (f), n = 4.
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21 ± 4% of Ima. (n = 9; Figures 4 and 5). Propranolol
surmountably antagonized isoprenaline-induced re-
laxation (Figure 5a). In control hemilungs (n = 5),
10-6M isoprenaline elicited 44 ± 8% of the maximal
effect of isoprenaline; in matched hemilungs pre-
treated with 10-6, 3 x 10-6 and 10-5M propranolol,
the response to this concentration of isoprenaline was
reduced to 20 ± 7 (P< 0.05), 14 ±5 (P< 0.05) and
6 ± 2 (P< 0.01) % of the isoprenaline maximum.
The lower concentrations of propranolol (10-6 and
3 x 10-6M) had no effect on carbachol-induced re-
laxation (Figure Sb); the highest concentration
(10-5M) produced a slight but statistically significant
(P< 0.05) reduction in the carbachol response. In

other experiments (n = 3), a still higher concentra-
tion of propranolol (10-4M) entirely prevented
carbachol-induced relaxation.

5-Hydroxytryptamine had purely relaxant actions
in bullfrog hemilungs, and had no effect at all at
concentrations below 10-5M. A clear maximal effect
was not elicited in most experiments, despite the high
concentrations employed (Figure 6a). The highest
concentration tested, 10-3M, (n = 9; Figures 4 and 6)
elicited relaxation equivalent to 24±4% of Imax.
Methysergide, 3 x 10-5M, consistently reduced
(P< 0.01) the response to 10-3M 5-
hydroxytryptamine to 45 ± 12% of that seen in
matched hemilungs (Figure 6a), but did not signific-
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Figure 3 Cumulative concentration-effect curves for
DMPP-induced (0) relaxation of bullfrog hemilungs.
Hexamethonium, (10-3M) (0) added 30min before
DMPP, surmountably antagonized DMPP-induced re-
laxation of matched hemilungs. Propranolol (10-6M)
and atropine (10-5M) were added during the initial
equilibration period. Means of., n =5; vertical lines
indicate s.e. DMPP: 1-1-dimethyl-4-phenyl-
piperazinium.

antly depress the response to carbachol (Figure 6b).
Hemilungs that were maximally relaxed with isop-

renaline (10-4M), or relaxed with 10-3M adrenaline,
noradrenaline or 5-hydroxytryptamine were further
relaxed by addition of carbachol (Figure 7a and
Table 3). The extent of further carbachol-induced
relaxation was at least equal to that of the initially
tested agonist.

Vasoactive intestinalpeptide

From 0.1 to 3 Ag/ml, vasoactive intestinal peptide
(n = 4) produced a slight dose-related relaxation. At
3 Ag/ml (Figure 4), relaxation corresponded to
8 ± 2% of I,; this was not increased by raising the
concentration to 6 jig/ml.

ATP and adenosine

At concentrations between 10-6 and 10-4M, the only
effect of ATP and adenosine was to elicit a slight
contraction. Increasing the concentration to 10-3M
produced an initial contraction followed by some
degree of relaxation in most preparations. The relax-
ant effect of 10-3M ATP began at about 15 min after
addition, and reached a peak effect at 30 to 120 min

(Figure 8a). Peak relaxant effects ranged from 1 to
19% of Ima,, (9 ± 3%, n = 5), and subsequent addi-
tion of carbachol produced a further marked relaxa-
tion (Figure 8a, and Table 3). The relaxant effect of
10-3M adenosine slowly increased throughout the
experimental period, following an approximately ex-
ponential time course (Figure 9a). At 120 min after
addition, adenosine-induced relaxation varied from
0 to 25% of Imax (12±6%, n=5). Addition of
carbachol at this time (Figure 9a, and Table 3) pro-
duced a further, marked relaxation.

Pretreatment with 10-4M indomethacin reduced or
prevented the initial contractile response toATP and
adenosine, but caused a slow relaxation of the
hemilungs (Figures 8b, and 9b). Hemilungs that re-
ceived both indomethacin and either 10-3M ATP
(Figure 8b) or 1O-3M adenosine, (Figure 9b), showed
a greater relaxation than that produced by AT? or
adenosine alone. However, the time course for relax-
ation was much slower than the effect of carbachol
(Figure 4). Addition of carbachol to these hemilungs
(Figures 7-9) greatly accelerated the rate of relaxa-
tion.

Discussion

Three separate actions ofcarbachol

Carbachol produces its effects in bullfrog hemilungs
through three separate actions. At low concentra-
tions (10-8 to 3 x 10-6M) stimulation of muscarinic
receptors elicits contraction, which can be blocked by
atropine. At intermediate concentrations (10-5 to
10-4M) the predominant effect is relaxation, and at
high concentrations (> 1O-4M) carbachol again
elicits contraction. Neither of the last two responses
are altered by pretreatment with high concentrations
of atropine (Figure 2a).

Since the relaxant response to carbachol orDMPP
is antagonized by hexamethonium, it represents an
action at nicotinic receptors. The concentration of
hexamethonium (10-3M), which was required to shift
the dose-response curve for carbachol-induced re-
laxation of hemilungs, is similar to the threshold
concentration (3 x 1O-3M) for transmission block in
bullfrog sympathetic ganglia (Kosay, Riker & Guer-
rero, 1972). Although some nicotinic receptors also
might be present on smooth muscle or on secretory
cells, such receptors play little or no role in the
inhibitory response, since relaxation is almost com-
pletely prevented by tetrodotoxin (Figure 2c), which
selectively blocks the fast sodium channel associated
with nerve conduction (Narahashi, 1972). Tet-
rodotoxin has no effect on the responsiveness of
smooth muscle (Kao, 1966; Bortoff & Muller, 1975),
and only a slight effect on glandular secretion
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Figure 4 Time-action curves for agonist-induced relaxation of matched bullfrog hemilungs, in the presence (0) and
absence (0) of 10-4M procaine added 15 min before the agonist. Propranolol (10-6M) and atropine (10-5M) were

added to the baths during the initial equilibration period; propranolol was omitted in isoprenaline experiments.
Control hemilungs, with and without procaine, maintained a constant length throughout the experimental period.
Each agonist was tested in a different series of matched hemilungs. Means of n = 6 for carbachol; n = 4 for
theophyiline, isoprenaline, 5-hydroxytryptamine (5-HT), control hemilungs and vasoactive intestinal peptide
(VIP); vertical lines show s.e.

(Donatsch, Lowe, Richardson & Taylor, 1977;
Kidokoro, Ritchie and Hagiwara, 1979).
The contractile response to high concentrations of

carbachol (> 10-4M) in the presence of atropine can
be pharmacologically dissociated from the inhibitory
response (Figures lb and 2e) by 10-4M procaine,
which selectively blocks the contraction. Further,
since a high dose contractile response is still evident
in hemilungs pretreated with tetrodotoxin (Figure
2c), the contraction is not neurally mediated. APUD-
like cells or monoamine-containing neuroepithelial
bodies, which have been demonstrated in mor-

phological studies of frog (Wasano & Yamamoto,
1978) and toad (Rogers & Hailer, 1978) lungs, rep-

resent a possible site of action for this effect.

Distinctive characteristics of the relaxant response

Furchgott & Zawadzki (1980) have recently shown
that acetylcholine-like agonists can relax vascular
smooth muscle by releasing an unknown inhibitory
mediator from endothelial cells of the intima. This
effect is blocked by atropine. Carbachol-induced re-

laxation of bullfrog lung is fundamentally different in
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Figure 5 Effect of propranolol on isoprenaline- and carbachol-induced relaxation of bullfrog hemilungs. Isop-
renaline effects were tested in one series of matched hemilungs (a), and carbachol in a separate series of matched
hemilungs (b). Three concentrations of propranolol were tested in both series; the middle concentration
(3 x 10-6M), which produced an antagonism of isoprenaline of intermediate intensity, is not shown in (a).
Propranolol concentrations: (O) none; (0) 10-6M; (0) 3 X 10-6M; (U) 10-5M. Propanolol was added to the bath
solution 60 min before testing the response to isoprenaline or carbachol. Atropine (10-5M) was added during the
initial equilibration period. Means of n = 5; vertical lines show s.e.
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Figure 6 Effect of methysergide on 5-hydroxytyptamine (5-HT)- and carbachol-induced relaxation of bullfrog
hemilungs. The effects of 5-HT (a) and carbachol (b) were tested in matched hemilungs from the same animals: (O)
controls; (0) methysergide 3 x 10-5M. Methysergide was added to the bath solution 30 min before testing the effects
of 5-HT or carbachol. Atropine (10-5M) was added during the initial equilibration period. Means of n = 5; vertical
lines show s.e.
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Figure 7 Carbachol-induced relaxation in bullfrog hemilungs partially relaxed with high concentrations of
adrenaline (a) or indomethacin and ATP (b). Addition of drug is indicated by an arrow, with the cumulative drug
concentration (M) appended. Large vertical arrows to the right show Im. as obtained after subsequent relaxation
with theophylline (10-2M). Propranolol (10-6M) and atropine (10-5M) were added during the initial equilibration
period for (b) and atropine (10-5M) alone for (a). In trace (a), cumulative addition of adrenaline from 10-6 to 10-3M
produced relaxation equivalent to 11% of I.n; subsequent addition of carbachol elicited a rapid relaxation of much
greater intensity. In (b), the slow relaxation following addition ofATP achieved 10% of In. after 120 min exposure;
subsequent addition of carbachol elicited a rapid relaxation of much greater intensity. Addition of indomethacin
alone in a matched hemilung (not shown) produced relaxation equivalent to 5% of Im. after 140 min exposure.

that it is elicited by stimulation of neural nicotinic inhibitory transmitters reproduce these
receptors with release of an inhibitory neuro- tics.
transmitter from postganglionic nerve terminals. The
resulting inhibitory response has multiple disting- Comparison with effects of other agonists
uishing characteristics which serve as a fingerprint for
the unknown inhibitory transmitter. These include a Bullfrog lung demonstrates a hierarchy c
ceiling effect at 50% of Ima,,, a fast onset of action, and with marked differences in efficacy betw
a distinctive pattern of drug interactions. Neither ory agonists. With the exception of ti
P-adrenoceptor agonists nor putative nonadrenergic carbachol elicited the most intense relax,

characteris-

of responses
;een inhibit-
heophylline,
.ation of any

Table 3 Carbachol-induced relaxation* in preparations already relaxed with other agonists

Agonist
Agonist + carbachol +c
alone 3 x 10-5M

Adrenaline 10-3Mt 14 ± 2 66 ± 2
Noradrenaline 10-3Mt 19 ± 2 68 ± 3
Isoprenaline 1004Mt 23 ±5 50 8
5-Hydroxytryptamine 3M$ 32 4 47 3
ATP10 Mt 9+31 40±6
Adenosine 10-3M* 12+ 6 59 8

* % of Ima, mean± s.e. (n= 5 to 7)
pretreated with atropine 10-5M; tpretreated with atropine 105M and propranolol 106M.
'Two hours incubation, time courses shown in Figures 8 and 9.

Agonist
carbachol
10-4M
68±2
69±3
59±7
64 ± 3
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Figure 8 ATP-induced relaxation, with (b) and without (a) indomethacin pretreatment. Propranolol (10-6M) and
atropine (10-5M) were added during the initial equilibration period and carbachol (CCh, 3 x 10-5M) at the end of
the experiment. Matched hemilungs treated with no other drug (a,@), ATP 10-3M (a,O), indomethacin 10-4M
(b,A), or indomethacin 10-4M plus ATP 10-3M (b,A). Horizontal axes show time after addition of ATP or

equivalent elapsed time in the parallel control series (control or indomethacin alone). In series (a), ATP elicited a

biphasic response with delayed relaxation; subsequent addition of carbachol elicited a rapid relaxation of much
greater intensity. In series (b), indomethacin was added 20 min before the time of addition of ATP; indomethacin by
itself produced a slow relaxation; subsequent addition of ATP produced relaxation with little or no initial
contraction; and carbachol accelerated the rate of relaxation. Means with s.e., n= 5.

agonist tested. In comparison, catecholamines (Fig-
ures 5 and 7a) 5-hydroxytryptamine (Figure 6), ATP
(Figure 8) and adenosine (Figure 9) required very
high concentrations (10-3M) to elicit effects that were
consistently less than those of carbachol. Responses
to vasoactive intestinal peptide were barely detecta-
ble. Thus, simply on the basis of intensity of the
response, it is unlikely that any of the agonists tested
plays a major role in carbachol-induced relaxation.
This conclusion is further supported by the ability of
carbachol to produce a marked, further relaxation in
preparations that are already relaxed with high con-
centrations of catecholamines, 5-hydroxy-
tryptamine, ATP or adenosine (Figures 7-9, Table
3).

In addition to its greater intensity, carbachol-
induced relaxation occurred more rapidly than that
of any other agonist (Figures 4, 8 and 9). In part, this
may be explained by release of the endogenous in-
hibitory transmitter in close proximity to its site of
action. However, the much slower time course for
relaxation following addition of ATP (Figure 8) or

adenosine (Figure 9) are unlikely to result from
access limitations alone, and probably reflect actions
mediated by fundamentally different effector path-
ways.

ATP and adenosine usually produced an initial
contraction preceding relaxation. Adenine nuc-

leotides are known to increase synthesis of prostag-
landins (Needleman, Minkes, & Douglas, 1974) and
high concentrations of indomethacin (2 to
5 x 1O-5M) have been shown to block the 'rebound
contraction' following stimulation of non-adrenergic,
non-cholinergic inhibitory nerves (Burnstock,
Cocks, Paddle & Staszewska-Barczak, 1975). Since
increased formation of stimulant prostaglandins
could obscure the intrinsic relaxant activity of purine
derivatives, hemilungs were pretreated with 1O-4M
indomethacin to inhibit prostaglandin synthesis (Fer-
reira, Moncada & Vane, 1971). This reduced the
contractile responses to ATP and adenosine, but did
not enhance their relaxant effects, which were ap-
proximately additive with those of indomethacin.

Drug interactions

The interpretation of propranolol effects in bullfrog
hemilungs is complicated on the one hand by the very
high concentrations of catecholamines needed to
elicit relaxation, and on the other by the nonspecific
depressant or quinidine-like effects of high concent-
rations of propranolol. Low concentrations (10-6M

G1)
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c
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4._
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Fgure 9 Adenosine-induced relaxation, with (b) and without (a) indomethacin pretreatment. Propranolol
(10-6M) and atropine (10-5M) were added during the initial equilibration period and carbachol (CCh, 3 x 10-5M) at
the end of the experiment. Matched hemilungs treated with no other drug (a,-), adenosine 10-3M (a,O),
indomethacin 10-4M (b,A), or indomethacin 10-4M plus adenosine 10-3M (b,A). Horizontal axis show time after
addition of adenosine or equivalent elapsed time in parallel control series (control or indomethacin alone). In series
(a), adenosine elicited a slow relaxation following an exponential time course; subsequent addition of carbachol
elicited a rapid relaxation of much greater intensity. In series (b), indomethacin was added 20 min before addition of
adenosine; indomethacin by itself produced a slow relaxation; indomethacin plus adenosine produced approximate-
ly additive effects; subsequent addition of carbachol accelerated the rate of relaxation. Means with s.e., n = 5.

and 3 x 10-6M) of propranolol antagonized the re-

laxant effects of a low concentration of isoprenaline
(10-6M), but did not impair carbachol-induced relax-
ation (Figure 5). Similar low concentrations of prop-
ranolol have been shown to antagonize the P-
adrenergic effects of nerve stimulation in the isolated
innervated frog heart preparation (Tripathi & Gam-
bhir, 1978), and to block exercise-induced tachycar-
dia in man (Chidsey, Pine, Favrot, Smith, Leonetti,
Morselli & Zanchetti, 1976).The lack of effect of low
concentrations of propranolol on carbachol-induced
relaxation is further evidence that release of en-

dogenous catecholamines makes little or no con-

tribution to the carbachol response. As the prop-
ranolol concentration was increased to 10-5M and
1O-4M, carbachol-induced relaxation was slightly re-

duced and blocked, respectively. Since this is the
concentration range in which, nonspecific depressant
effects of propranolol have been demonstrated in
heart (Morales-Aguilera & Vaughan Williams,
1965; Davis & Temte, 1968; Coltart & Meldrum,
1971; Tarr, Luckstead, Jurewicz & Haas, 1973) and
nerve (Wu & Narahashi 1973), the inhibition of
carbachol-induced relaxation by high concentrations
of propranolol probably represents an action unre-

lated to P-adrenoceptor blockade.

With the exception of quinidine, drugs affecting
autacoid pathways had no effect on carbachol-
induced relaxation. Carbachol responses in the pres-

ence of indomethacin were at least as great as in
control hemilungs (Figures 8 and 9), indicating that
prostaglandin formation did not contribute to the
inhibitory effect. Dipyridamole (Figure 2f), which
inhibits adenosine uptake (Kolassa, Pfleger & Rum-
mel, 1970) and enhances the relaxant effects of
adenosine, ATP and the non-adrenergic inhibitory
system in guinea-pig trachealis muscle (Coleman &
Levy, 1974; Coleman, 1976), did not alter the car-

bachol response in bullfrog lung. Methysergide (Fig-
ure 6) also was ineffective against carbachol-induced
relaxation.

Carbachol-induced relaxation can be blocked
either by drugs such as hexamethonium and tet-
rodotoxin that act on the neural pathways leading to
release of the inhibitory transmitter, or by drugs that
act directly on smooth muscle to depress its response
to the transmitter. Quinidine has been shown to
antagonize 'purinergic inhibition' in some prepara-
tions (Burnstock, 1972), but the quinidine block of
carbachol-induced relaxation (Figure 2d) could rep-
resent a depressant action at ganglia or nerve termi-
nals rather than antagonism of the inhibitory trans-
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mitter. The concentration of quinidine, 3 x 10-4M,
that was needed to prevent carbachol-induced relax-
ation has been shown to suppress sodium and potas-
sium conductance changes in squid giant axon (Yeh
& Narahashi, 1976).
At local anaesthetic concentrations, procaine also

blocks carbachol-induced relaxation. However, at a
lower concentration, 1O-4M, procaine spares the re-
laxant response to carbachol while greatly retarding
responses to other inhibitory agonists. This procaine
resistance may be particularly useful as a marker of
the inhibitory transmitter in bullfrog lung, since the
differential effect clearly is at muscle rather than at
nerve. It should be emphasized that the high potency
stimulant effect of procaine in bullfrog lung is an
anomalous response of unknown mechanism, which
is not typical of effects in mammalian tissues, and
which is dependent on a procaine-like structure
rather than local anaesthetic activity (Downes &
Taylor, 1982). Since the procaine contracted lung
shows retarded responses to a wide variety of inhibit-
ory agonists (Figure 4), the antagonism is indepen-

dent of specific receptors and probably involves an
intracellular effector pathway common to the action
of many inhibitory agonists. This pathway is not
essential to the action of the inhibitory transmitter
released by nicotinic stimulation, which elicits a rapid
relaxation in both control and procaine-treated prep-
arations.

In summary, nicotinic agonists elicit a neurally
mediated relaxation of bullfrog hemilungs that great-
ly exceeds the relaxant effects of exogenously ad-
ministered catecholamines or the putative transmit-
ters for the nonadrenergic inhibitory system. The
relaxant effect appears to involve release of an in-
hibitory transmitter from postganglionic neurones.
This transmitter, which remains to be identified,
operates independently of adrenergic, 5-
hydroxytryptaminergic or purinergic pathways.

This study was supported in part by NIH Grant ROI GM
24524, and by a grant from the Medical Research Founda-
tion of Oregon.
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