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1 Longitudinal muscle-myenteric plexus preparations from the guinea-pig ileum were superfused
at a constant rate while isotonic contractions were monitored.

2 The preparations were superfused with [3H]-choline while stimulated supramaximally at 0.1
Hz followed by washout in the presence of hemicholinium-3. The evoked release of the label due
to a second 0.1 Hz stimulation in the absence of an anticholinesterase was measured.

3 Evoked efflux of the label was initially fast followed by a slower phase.

4 Morphine reduced the size of the pool and the rate of the initial fast efflux and the size of
the pool but not the rate of the slow efflux evoked by supramaximal stimulation.

5 Submaximal stimulation reduced only the size of the pools from which the fast and slow efflux
originated.

6 Naloxone reversed the depression of contractions and evoked release produced by morphine.
7 Results suggest that 0.1 Hz stimulation releases [*H]-acetylcholine simultaneously from two
pools. The fast release may originate from spontaneously firing units whose rate of discharge is
depressed by morphine, while the slow release originates from neurones which do not fire spon-

taneously and whose threshold to field stimulation is increased by morphine.

Introduction

The myenteric plexus-longitudinal muscle of the
guinea-pig ileum is one of the most extensively inves-
tigated in vitro models for the action of opiates and
their antagonists (Kosterlitz & Waterfield, 1975).
Opiate agonists reduce in a stereo-specific manner the
spontaneous release of acetylcholine (ACh) as well as
the release of ACh and twitches evoked by low fre-
quency stimulation (Cox & Weinstock, 1966; De La
Lande & Porter, 1967; Paton & Zar, 1968 ; Lees, Kos-
terlitz & Waterfield, 1973). This action of opiates is
assumed to be the result of their combination with
opiate receptors in this tissue which are similar to
those found in the central nervous system (Pert &
Snyder, 1973).

Two types of morphine-sensitive neuronal elements
have been identified in the myenteric plexus: spon-
taneously active units recorded extracellularly, whose
firing rate is depressed by morphine (Sato, Tak-
ayanagi & Takagi, 1973) and by enkephalins (North
& Williams, 1976). The firing rate of these units is
enhanced by ACh (Ehrenpreis, Sato, Takayanagi,
Comaty & Takagi, 1976). The spontaneous firing and
the depressant effect of morphine are maintained in
Ca?*-free high Mg?>* solutions in which synaptic
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transmission is absent (Dingledine & Goldstein,
1976), suggesting that morphine inhibits the activity
of these units directly by raising their firing threshold.
The other type of morphine-sensitive neurone,
recorded intracellularly, does not fire spontaneously
and is hyperpolarized by morphine (North & Tonini,
1977). This hyperpolarization which is accompanied
by a decrease in input resistance, increases the firing
threshold of these neurones to intracellularly applied
depolarizing pulses and to focal stimulation. From
these observations, North & Tonini (1977) concluded
that in the myenteric plexus, opiates depress ACh
release resulting from field stimulation by preventing

-some of the neurones from reaching their firing

threshold.

Two methods have been used to assess the effect of
opiates on ACh release in the myenteric plexus-longi-
tudinal muscle preparation: measurement of twitches
resulting from low frequency (0.1 Hz or less) field-
stimulation (Paton, 1957; Cox & Weinstock, 1966;
Paton & Zar, 1968; Ehrenpreis, Greenberg & Belman,
1973; Kosterlitz & Waterfield, 1975; Sawynok & Jha-
mandas, 1976) or the assay of endogenous ACh
released in the presence of an anticholinesterase
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(Paton, 1957; De La Lande & Porter, 1967; Paton
& Zar, 1968; Paton, Vizi & Zar, 1971). Anticholines-
terases cause a prolonged contracture of the prep-
aration (Cox & Lomas, 1972). Therefore, it is imposs-
ible to measure simultaneously the effect of opiates
on twitch height and on ACh release. Since under
most conditions drugs that depress endogenous ACh
release also reduce contractions, results from these
two kinds of experiments are accepted to be equival-
ent. However, recently it has become evident that this
interpretation is not always correct. For instance, hex-
amethonium reduced ACh release but not twitch
height. This discrepancy was interpreted by Water-
field & Kosterlitz (1973) as due to the depressant
effect of hexamethonium on the repetitive firing of
ganglion cells in the plexus due to cholinesterase inhi-
bition (North & Nishi, 1973).

In the experiments described here, the effect of mor-
phine on the evoked release of labelled ACh from the
myenteric plexus was measured in the absence of cho-
linesterase inhibition. This approach was based on
previous observations that after labelling ACh stores
with [3H]J-choline, electrical stimulation at low fre-
quencies enhances the release of only [*H]-ACh
(Szerb, 1976; Wikberg, 1977). The advantages of
measuring [*H]-ACh release without inhibiting cho-
linesterase were the following: it allowed the simul-
taneous measurement of release and contractions; the
stimulant effect of accumulated extracellular ACh on
opiate-sensitive units (Ehrenpreis et al., 1976) and on
postganglionic neurones (North & Nishi, 1973) was
avoided; the possible inhibitory effect of accumulated
extracellular ACh on further ACh release (Sawynok
& Jhamandas, 1977; Kilbinger, 1977) was probably
reduced. Furthermore, by measuring the release of
labelled instead of endogenous ACh, the effect of mor-
phine on the kinetics of ACh release could be estab-
lished.

Methods
Experimental

The myenteric plexus-longitudinal muscle prep-
arations were separated from approximately 4cm
long segments of ilea of multi-coloured guinea-pigs
according to the method of Paton & Zar (1968). The
preparations were weighed (average weight 41 mg, s.d.
6 mg) and then mounted in perfusion baths made up
of 45 mm long pieces of 2 ml pipettes (i.d. 4 mm). For
mounting, two threads tied to the two ends of the
preparation were clamped by inserting the bottom of
the bath into a groove on a No. 6 rubber stopper
through which a stainless steel electrode and an 18
gauge needle serving as inflow tubing had been

passed. A third long piece of thread tied to the middle
of the myenteric plexus-longitudinal muscle prep-
aration was placed around the larger wheel of a jew-
elled double pulley located above the bath and 0.6 g
weight was attached to the end of the thread. The
preparation when mounted was therefore folded in
two, in the shape of an inverted V in order to accom-
modate more tissue in a small bath. The outflow at
the top of the bath was through another 18 gauge
tube, next to which the other stimulating electrode
was placed but whose tip extended 5 mm beyond the
tip of the outflow tube. The distance between the two
electrodes was 35 mm and the bath contained 0.5 ml
fluid. The bath was perfused at a rate of 0.4 ml/min
with Krebs solution by two peristaltic pumps, one to
deliver and the other to remove the solution from the
bath. Two such perfusion baths were set up side by
side and after the tissue was mounted in them, they
were immersed in a 37°C constant temperature bath.

Stimuli (0.1 Hz, 1 ms, square wave) were delivered
from the S; channels of two Grass S8 stimulators,
while the S, channels closed and opened relays to
provide pulses of alternating polarity. Stimulation
with alternating polarity was used to avoid possible
polarization of the electrodes during prolonged stimu-
lation. The mechanical activity of the preparation was
measured isotonically by means of L.V.D. transducers
(Sanborn). For this purpose the moving core of the
transducer was suspended on the smaller wheel of
the double pulley and was balanced against an identi-
cal weight.

After setting up the preparation, it was con-
tinuously superfused with Krebs solution containing
1 puMm choline. After 30 min superfusion at rest the
tissue was stimulated for 1 h at 47 V, during which
time contractions slowly increased. Then by increas-
ing the voltage stepwise from submaximal, the voltage
required to obtain maximal contractions was estab-
lished. This maximal voltage was found to be between
30 and 38 V in different preparations. Then the prep-
aration was stimulated at 1.3 times this voltage
(supramaximal stimulation) for a further 30 min in
all experiments. During the last 15 min of this supra-
maximal stimulation, the perfusion fluid contained 4
uCi/ml [*H]-choline while maintaining the total cho-
line concentration at 1 um. After the labelling stimu-
lation was stopped, superfusion with Krebs solution

+containing | pM unlabelled choline and 10 um hemi-
cholinium-3 (HC-3) was started. This drug was in-
cluded in the perfusion fluid after labelling to prevent
the uptake of [3H]J-choline originating from released
[*H]-ACh.

Collection of samples was begun 55 min after the
end of labelling when spontaneous efflux approached
an exponential rate. Samples were collected according
to the following schedule: first, five 4 min samples
were collected at rest to obtain the spontaneous out-



flow of the label. Then the tissue was stimulated for
64 min at either the same supramaximal voltage as
during labelling or at submaximal voltage which was
2/3 of the maximal voltage. During the first 24 min of
stimulation, twelve 2 min samples were collected fol-
lowed by ten 4 min samples. After the stimulation was
turned off, a further eight 4 min samples were col-
lected. Morphine (I uM) was present in the perfusion
fluid from the end of labelling till the end of the ex-
periment. Half ml of the samples was counted and
conversion of ct/min to d/min was carried out by the
external channel ratio method. Radioactivity released
was expressed as pmol g~! wet tissue, based on the
specific activity of the [*H]-choline solution used for
labelling.

Drugs used were: [*H-methyl]choline chloride 10.1
Ci/mmol (Amersham-Searle); morphine sulphate
(BDH); hemicholinium-3 (Aldrich); naloxone (Endo);
choline chloride (Eastman). The composition of the
Mg-free Krebs solution was (mm): NaCl 120, CaCl,
2.6, KC14.7, KH,PO, 1.2, NaHCO, 25, and glucose
10. Krebs solution to be delivered to the bath was
constantly bubbled with 95% O, and 5% CO,.

Calculation of the parameters of release

Evoked release It has been shown previously that
the radioactivity released at rest from the myenteric
plexus which had been incubated with [3H]J-choline
can be separated into three components in the pres-
ence of physostigmine: a fraction not precipitated by
ammonium reineckate, [*H]-choline and [*H]-ACh
(Szerb, 1976; Wikberg, 1977). The fraction not preci-
pitated by ammonium reineckate is probably
[*H]-phosphorylcholine (Szerb, 1975). Low-frequency
(0.1 Hz) stimulation increases only the release of
[*HJ-ACh measured in the presence of physostigmine
(Szerb, 1976; Wikberg, 1977). Therefore, it can be
assumed that the difference between the total radioac-
tivity of stimulated and unstimulated samples
measured in the absence of cholinesterase inhibition
equals the amount of [*H]-choline derived from
released [*H]-ACh. Previous observations have
shown that the spontaneous release of radioactivity
declines in an exponential fashion after an initial fast
washout (Wikberg, 1977) and this exponential decline
in release can be calculated by interpolating the spon-
taneous release measured at the beginning and at the
end of stimulation (Szerb, 1976). Therefore, spon-
taneous release was calculated in each experiment
from the first five samples obtained before stimulation
and the last five samples when the effect of stimu-
lation had subsided. Such calculated spontaneous
efflux curves are shown in Figures 1 and 2. Evoked
release was obtained by subtracting the calculated
spontaneous release from the total release in samples
collected during stimulation.
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Rate constant and initial pool size It became appar-
ent early in the experiments that the evoked release
did not proceed at a single exponential rate: at the
beginning of stimulation the efflux of radioactivity de-
clined faster than towards the end. It was assumed
that the reason for the initial fast and later slow efflux
was that [*H]-ACh was released from two parallel
and independent pools. A further assumption was
that release from each pool followed first order kin-
etics, that is the rate of release was proportional to
the amount of [3H]-ACh, n; (i = 1,2), in the given
pool:

dn;, ’

— = —kn; (i=12 1
dt i (@ ) (1)
where k; for i =1 is the rate constant of the fast
and for i = 2 of the slowly releasing pool. Integration
of equation (1) gives the amount of [*H]-ACh (n,) in
either pool at time t as:

n, =nge ' (i=12) @)

where nyo (i = 1, 2) are the respective initial pool sizes.
The observed evoked release relates to the total pool
size, n = n, + n, and is presented as the amount, An,
of [3H]-ACh released per unit time interval At. Since
At is small relative to the overall course of efflux dur-
ing the experiment, the ratio An/At is a reasonable
approximation to the derivative dn/dt. By eqns. (1)
and (2) each of the two components dn,/dt and dn,/dt
gives the following:

dn;

at = —nike~ k!

(i=12) (3)

From eqn. (3)
log(—dn;/dt) = log(n,ok;) — kit (i=1,2) (4)

Therefore, plotting the logarithm of efflux from
each pool per unit time against time will give a
straight line with a zero intercept log (n;ok;) and a
slope of —k;.

However, the observed data are the sum of the
effluxes from the two pools. To obtain the rate of

-efflux of the label from each pool, first the slow efflux

was analysed according to eqn. (4) by least square
fitting of the logarithm of the efflux per min against
time during the last 32 min of stimulation. As shown
in Figure 4, these points fitted a straight line, the
slope of which was the rate constant of the slow
release. To obtain the efflux from the fast pool, the
initial values of the slow efflux were calculated and
these were subtracted from the total observed evoked
release. The least square fitting of the logarithm of
these differences against time during the first 12 min
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Figure 1 The effect of supramaximal stimulation on
contractions and [*H]-acetylcholine ([*H]-ACh)
release in the absence or presence of 1 pM morphine;
(a) and (b) are examples of isotonic contractions
recorded while measuring [*H]-ACh release. Contrac-
tions shown at the beginning of the tracings are those
caused by supramaximal stimulation during labelling.
(a) Contractions in the absence of morphine, stimu-
lation with 45 V during labelling and release; (b) con-
tractions in the presence of 1uM morphine, stimulation
with 47 V during labelling and release. Superfusion
with morphine started after labelling: (c) release of the
label (@——@) in the absence, (O——O) in the presence
of morphine. Mean values of 6 experiments, bars
denote se. mean: (——:) calculated spontaneous
release in the absence and (----) in the presence of
morphine (see Methods).

(six 2 min samples)'after zero time gave the values
for the fast efflux according to eqn. (4). As shown
in Figure 4, these points followed a straight line, the
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Figure 2 The effect of submaximal stimulation on
contractions and [*HJ-acetylcholine ([3H]-ACh)
release in the absence or presence of 1 uM morphine;
(a) and (b) examples of isotonic contractions recorded
while measuring [3H]-ACh release. (a) In the absence
of morphine, stimulation with 45 V during labelling
and 22 V during release; (b) in the presence of mor-
phine after labelling, labelling with 47 V, releasing with
24 V; (c) release of label (@——@) in the absence or
(O---0) presence of morphine. Mean values of 6 ex-
periments, bars denote s.e. mean; (——-—) calculated
sponteneous release in the absence and (----) in the
presence of morphine.

slope of which gave the rate constant of the fast
release.

The size of the individual initial pools (n,,) was
obtained from eqn. (3) which shows that the efflux at
t = 0, ny(0), is:

dn,(0) _
dt

—nok; (i=1.2) )

Thus, according to eqn. (5) the initial pool size (n;o)
is obtained in units of pmol g~ ! by dividing the extra-

Table 1 Size of contractions and evoked release of [*H]-acetylcholine ([*H]-ACh) during 64 min stimulation

Releasing
stimulation Drug At the start
Supramaximal — 117+ 5
Supramaximal Morphine 75+7
I pum
Submaximal — 95+3
Submaximal Morphine 37+4
I um

Size of contractions*

% of release

Evoked release with supramax

At the end (pmol g™ ') stimulation
102 + 4 276 + 24 100
36 +5 151 + 18 S5
60 + 3 131 + 31 47
17+ 1 36+5 13

* 9% of contractions by supramaximal stimulation during labelling. Means + s.e. mean of 6 observations.
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Figure 3 Effect of 0.5 uM naloxone on contractions
and [*H]-acetylcholine ([*H]-ACh) release evoked by
supramaximal stimulation in the absence or presence
of 1 uM morphine. When naloxone was applied in the
presence of morphine, superfusion with morphine was
continued together with naloxone. (a) and (b) examples
of isotonic contractions recorded while measuring
[3H]-ACh release. (a) Labelling and release with 42 V
stimulation; (b) labelling and release with 47 V stimu-
lation; (c). release of the label (®) in the absence or (O)
presence of morphine. Mean values of 4 experiments:
bars denote s.e. mean.

polated intercept, n;ok;, from eqn. (4), given in pmol
g~ ! min~! by the rate constant, k;, given in min~'.
Because of the delay in the appearance in the col-
lection vials of the label resulting from stimulation,
zero time was chosen not to be the start of the stimu-
lation but 4 min after it (Figure 4). Evoked release
appearing in the vials between the start of stimulation
and this zero time was apportioned to the fast and
slowly releasing pools by extrapolating backward the
calculated regression lines beyond zero time.

Results

The radioactivity in the samples collected before
stimulation declined slowly with time (Figures 1 to 3).
Stimulation caused a rapid increase in the efflux of
radioactivity and this increase coincided in time with
the twitches produced by the stimulation (Figures |
to 3). At the beginning of the releasing stimulation
without morphine being present, the preparation con-
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tracted more vigorously than during labelling: supra-
maximal stimulation caused significantly greater con-
tractions than during labelling, while submaximal
releasing stimulation was almost as effective initially
as supramaximal stimulation during labelling
(Table 1). However, the size of contractions declined
during the 64 min releasing stimulation due to the
presence of HC-3. This decline was much more
marked with submaximal releasing stimulation or
with morphine than with supramaximal stimulation
(Table 1, Figures 1 and 2).

The release of [*H]-ACh evoked by 64 min stimu-
lation did not correspond completely with the size
of contractions during release: in the absénce of mor-
phine, submaximal stimulation caused the release of
less than half of the amount released by supramaxi-
mal stimulation yet contractions were reduced by less
than half (Table 1). On the other hand, morphine
reduced contractions caused by supramaximal stimu-
lation somewhat more than the total evoked release
(Table 1).

The depression by morphine of twitch size and
evoked release was overcome by naloxone which,
when applied during the last 40 min of supramaximal
stimulation, caused a simultaneous increase in the
tone and twitch size and a large efflux of the label.
The same concentration of naloxone in the absence
of morphine had no effect on either contractions or
rate of release of the label (Figure 3). This indicated
that the observed depressant effects of morphine were
due to its action on opiate receptors.

Atropine (1 uM) caused a 909, reduction in contrac-
tions due to supramaximal stimulation but had no
effect on the release of the label. On the other hand,
perfusion with physostigmine (6.2 um) in the absence
of stimulation caused a transient increase in the efflux
of the label and a prolonged contraction. This loss
of the label was probably due to the stimulation of
postganglionic cholinergic neurones and of the spon-
taneously firing units by accumulating ACh and pre-
vented the identification of the released label as
[3H]-ACh under the same conditions as these experi-
ments were carried out.

Kinetics of release of [>H]-acetylcholine

The evoked release of the label declined during the
64 min stimulation, indicating that the pool from
which this evoked release occurred was being de-
pleted by the stimulation. Plotting the logarithm of
the evoked release against time did not give a straight
line because the initial efflux exceeded that expected
from the release observed during the last 32 min of
stimulation (Figure 4). This suggested that the evoked
release originated from two pools of [*H]-ACh, one
releasing faster than the other. The rate constants of
release from these two pools and the initial sizes of
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Figure 4 Semilogarithmic plots of the average evoked
release of [*H]-acetylcholine against time: (a) and (b)
supramaximal releasing stimulation, (a) in the absence,
(b) in the presence of 1 pM morphine; (c) submaximal
releasing stimulation in the absence of morphine. (@)
Total release, (O) calculated fast release. Lines show
the calculated regression lines for slow and fast release.
Time shown has been used for kinetic analysis (see
Methods).

the pools in each experiment involving supramaximal
stimulation or submaximal stimulation in the absence
of morphine were obtained by the procedure de-
scribed in the Methods. The evoked release with sub-
maximal stimulation in the presence of morphine was
too small and erratic to allow kinetic analysis.

As shown in Figure 4 and in Table 2, the rate con-
stant of the late, slow release with supramaximal
releasing stimulation was about 0.02 min~' and was
not reduced significantly either by morphine or
when submaximal releasing stimulation was applied.
However, morphine reduced the initial size of the
slow pool to 55% of the control and this reduction
was highly significant (Table 2). Submaximal re-
leasing stimulation in the absence of morphine
reduced the initial size of this pool slightly more,
being only 44% of that observed with supramaximal
stimulation.

The initial fast release with supramaximal stimu-
lation originated from a pool whose size was only
1/6 of that of the slow pool but release from this
pool occurred more than 8 times faster than from
the slow pool with supramaximal releasing stimu-
lation. In distinction to the slow pool, morphine
slowed the rate of release from this fast pool by more
than 50%, and reduced the size of this pool slightly
but significantly (Table 2). The size of the fast pool
was also less with submaximal stimulation than with
supramaximal stimulation, but the rate of release
from this pool was not reduced significantly and was
significantly higher than with supramaximal stimu-
lation in the presence of morphine (Table 2).

Discussion

The somewhat larger contractions observed at the
beginning of the releasing stimulation than during
labelling, could have been due to the 75 min rest
period between the two. During the 64 min releasing
stimulation, the size of the contractions declined due
to the presence of HC-3 which prevented the resyn-
thesis of ACh released by stimulation (Szerb, 1976;
Somogyi, Vizi & Knoll, 1977). However, the rate of
decline was less with supramaximal stimulation in the
absence of morphine than in its presence or with sub-
maximal stimulation. Since supramaximal stimulation
in the absence of morphine evoked the largest release
of [®H]-ACh, loss of ACh should have been more
than in other conditions and therefore decline in con-
tractions should also have been greater. The observa-
tion that the decline in twitch size was the least with
supramaximal stimulation suggests that supramaxi-
mal stimulation releases more than adequate amounts
of ACh from post-ganglionic nerve terminals hence
provides a greater safety factor for contractions than
submaximal stimulation or when morphine is present.
Morphine appeared to decrease the size of contrac-
tions somewhat more than it depressed the evoked
release of [*H]-ACh with supramaximal stimulation

Table 2 Kinetic parameters of the evoked release of [ *H]-acetylcholine ([*H]-ACh)

Slow release

Fuast release

Releasing Initial pool Rate constant Initial pool Rate constant
stimulation Drug (pmol g™ 1) (min~") (pmol g™ ") (min™")
Supramaximal — 322 + 31 0.0215 + 0.0013 557 +53 0.1811 + 0.0167
Supramaximal Morphine 182 + 18** 0.0201 + 0.0011 346 + 7.2* 0.0862 + 0.0072***}
I um
Submaximal — 142 + 20*** 0.0197 + 0.0010 349 + 6.3* 0.1460 + 0.0216

Means + s.e. mean of 6 observations. Significance of differences (P) from supramaximal control: *P < 0.01;
***xp < 0,001.  Significantly different (P < 0.05) from submaximal control.
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while submaximal stimulation in the absence of mor-
phine produced larger contractions with less evoked
release (Table 1). It is possible that morphine in addi-
tion to reducing the evoked release of ACh has a
postjunctional non-specific depressant effect (Lewis,
1960).

The initial fast and the later slow rate of the
exponential decline in evoked release suggests that
stimulation releases [3H]-ACh from two pools. The
two pools are likely to release [*H]-ACh in parallel
because under the three conditions in which kinetic
analysis of the efflux could be carried out, the esti-
mated pool sizes and rate constants of the two pools
varied independently from each other. The rate con-
stant of release from the slowly releasing pool was
the same with supra- or submaximal stimulation or
in the presence of morphine. The reduction in release
from the slow pool with the two latter conditions
was due solely to a decrease in the size of the pool
that could be released. Since in all experiments label-
ling of ACh stores was carried out under identical
conditions (supramaximal stimulation in the absence
of morphine) the portion of the slowly releasing pool
which could not be released with submaximal stimu-
lation or in the presence of morphine must have
remained in the preparation. This portion of the pool,
unavailable for release by stimulation, could have
been the source of the larger spontaneous efflux of
the label after the end of stimulation which was
observed in these conditions (Figures 1 and 2). Nalox-
one reversed simultaneously the depression of twitch

size and of release produced by morphine. It appears .

that naloxone caused this reversal by making avail-
able for release the part of the slowly releasing pool
which could not be released when only morphine was
present. This is suggested by the results in Figure 3
which show that the total evoked release with both
morphine and naloxone present was about the same
as in the absence of both, although naloxone was
present only after most of the fast pool has been
released.

The observation that only the size of the pool from
which supramaximal stimulation evokes slow release
but not the rate of this release was reduced by mor-
phine, strongly supports the conclusions of North &
Tonini (1977). They suggested that in the myenteric
plexus the amount of ACh released by field stimu-
lation is reduced in the presence of morphine because
some of the postganglionic neurones are hyperpolar-
ized to such an extent that they fail to produce an
action potential, hence fail to release ACh. The major-
ity of these neurones (type 1 of Nishi & North, 1973;
S cells of Hirst, Holman & Spence, 1974) do not show
spontaneous activity and usually fire only once with
either orthodromic or antidromic focal stimulation
(North & Tonini, 1977). Therefore an increase in the
firing threshold by morphine in a population of neur-

ones having different thresholds of firing will result
in some not firing at all while others will continue
to produce one action potential with every stimulus.
Those which continue to fire in the presence of mor-
phine will deplete their [3H]-ACh store at the same
rate as without morphine, while the [3H]-ACh store
of those neurones which cease to generate action
potentials as a result of hyperpolarization wili not
be available for release. The observation that submax-
imal stimulation which also activates only a fraction
of neurones, has the same effect on the kinetics of
the slow evoked release as morphine, supports the
above interpretation. The absence of any significant
reduction in the rate of the slow release of [*H]-ACh
by morphine makes it unlikely that a reduction in
the release from this pool is a result of any change
in the excitation-release coupling such as a decrease
in the depolarization-induced influx of Ca?*. Such
an effect would be expected to reduce primarily the
rate of release but not the releasable pool size.

The initial fast release originates from a pool which
is only about 1/6 of the slowly releasing pool but
with supramaximal stimulation this release occurs
more than 8 times faster than the slow release. Mor-
phine reduced the rate of this fast release by more
than 509, and decreased somewhat the size of the
fast pool available for release. On the other hand,
submaximal stimulation reduced only the available
pool size but not the rate of the fast release. The
small spontaneously-firing morphine-sensitive units
(Sato et al., 1973; Ehrenpreis et al., 1976; Dingledine
& Goldstein, 1976) which may be the terminal vari-
cosities of post-ganglionic cholinergic neurones
(North & Henderson, 1975) may be the origin of this
fast releasing pool. If an action potential in these units
results in the release of a given fraction of ACh
present, a reduction in their rate of firing will result
in a slower rate of release of [3H]-ACh. Since the
inhibitory effect of morphine in these units is prob-
ably the result of hyperpolarization (Dingledine &
Goldstein, 1976) some of these units may fail to fire
altogether in the presence of morphine and their
[*H]-ACh content will not be available for release,
in the same way as submaximal stimulation may not
activate all of these units. However, because these
units fire spontaneously they may have lost some of
their [*H]-ACh content prior to the releasing stimu-
lation. Therefore, the size of the fast releasing pool
obtained here may have been underestimated by an
unknown factor.

The labelling of ACh stores with a low concen-
tration (I pum) of [*H]-choline in these experiments
also underestimates the size of the ACh pools. It has
been shown previously (Szerb, 1975) that the amount
of [*H]-ACh formed from [*H]-choline increased
about 10 times when the concentration of [*H]-cho-
line used for labelling ACh stores was increased from
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1 to 50 puM. No further increase occurred with 250 um
[*H]-choline. The smaller amount of [*H]-ACh
formed from low concentration of [3*H]-choline was
ascribed to the dilution of [*H]-choline by the large
amount of endogenous unlabelled choline (Szerb,
1975). Thus, the true size of the two pools observed
here is about 10 times larger than these results indi-
cate, that is about 3.2 nmol g~' for the slow and
0.55 nmol g~ for the fast pool If labelling of the
slow pool proceeded at the same rate as release, dur-
ing the 15 min exposure to [3H]-choline, 279 of the
pool should have been labelled. This would make the
size of slowly releasing pool about 12 nmol g~! or
129, of the approximately 100 nmol g~! ACh present
in the myenteric plexus (Szerb, 1975; Hutchinson,
Kosterlitz & Gilbert, 1976). An additional pool of 7.5
nmol g~' turns over only with high frequency stimu-
lation (Szerb, 1976) while at least 55 nmol g~! ACh
turns over spontaneously even in the presence of
tetrodotoxin or MnCl, (Szerb, 1975). These identified
pools account for 75 nmol g~! ACh. Thus the fast
reI?asing pool is not likely to be larger than 25 nmol

The observation that [*H]-ACh is released from
a fast and a slowly releasing pool is consistent with
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