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The dependence of excitatory junction potential
amplitude on the external calcium concentration in
narcotic tolerant mouse vas deferens
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1 The dependence of neurotransmitter secretion on external calcium ions during development of
opiate tolerance in the mouse vas deferens was studied.

2 The writhing response of mice to an i.p. injection of acetylcholine was inhibited by morphine.
Reversal of this antinociceptive effect of morphine during chronic treatment signalled the develop-
ment of tolerance.

3 Tolerance to morphine at the neuromuscular junction was shown as a reversal of the initial shift
of the size of the excitatory junction potential (e.j.p.) vs extracellular calcium concentration
relationship back towards the control without any change in the power of 2.4.

4 Facilitation in the amplitude of the e.j.p. occurs with low frequency (2 Hz) stimulation. The initial
increase in facilitation induced by morphine was reversed by chronic morphine treatment without
any change in the plateau e.j.p. amplitude achieved after a long low frequency train of impulses.

5§ Athigh frequencies (10 Hz) the initial increase in e.j.p. amplitude was followed by a depression.
Acute morphine administration decreased the size of the e.j.p., this was followed by an increase in
facilitation and a decrease in depression. These effects were reversed after chronic morphine
treatment.

6 Tolerance to morphine involves a counteradaptive process which restores the normal entry of

calcium ions or its actions within the release sites in promoting transmitter release.

Introduction

Acute administration of morphine to isolated tissues
results in a reduction of transmitter release from
nerve terminals during electrical stimulation (Paton,
1957; Schaumann, 1957; Henderson et al., 1975;
Bornstein & Fields, 1979; Bennett & Lavidis, 1980).
In the inferior mesenteric ganglion, the morphine-
induced depression of the amplitude of the synaptic
potential has been shown to be due entirely to a
reduction in the number of quanta released rather
than a decrease in quantal size and, although the
spontaneous quantal release frequency is depressed
by morphine (Bornstein & Fields, 1979), the size of
spontaneously released quanta is unaltered (Borns-
tein & Fields, 1979; Illes & North, 1982). Morphine
is therefore thought to act directly on the stimulus
secretory coupling mechanism (Henderson & North,
1976; Bomnstein & Fields, 1979; North & Viteck,
1980; Marshall er al., 1981; Collier et al., 1981).
Mudge et al., (1979) showed that the voltage depen-
dent calcium current produced during stimulation of
cultured dorsal root ganglion cells is shortened by

enkephalin and that this effect is reversed by nalox-
one. It is likely therefore, that the morphine-induced
inhibition of the evoked release of noradrenaline
from the mouse vas deferens is mediated via an
inhibition of the voltage-dependent calcium channels
directly or indirectly by a K*mediated hyperpolariza-
tion of the terminal (Morita & North, 1982) or by
preventing the association of calcium to an intracellu-
lar X-receptor involved in transmitter release (Ben-
nett & Lavidis, 1980; Illes et al., 1980).

The development of tolerance to opiates is well
documented and can be measured either in vivo or in
vitro. Schulz & Herz (1976) demonstrated a marked
tolerance in the ileum from guinea-pigs which had
been treated with large doses of morphine before
being killed. Similar tolerance was observed in the
mouse vas deferens (Cox, 1978). The mechanism of
the development of tolerance and dependence is still
unclear. No change in opiate receptor binding has
ever been observed in tolerant tissues and there is no
evidence of any conformational changes in these
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receptors (Klee & Streaty, 1974; Holt et al., 1975).
However, it has been shown that following acute
administration of morphine there is a marked reduc-
tion in the calcium content of brain (Ross, 1977) and
synaptosomes (Cardenos & Ross, 1976; Harris etal.,
1977; Yamamoto et al., 1978). This initial reduction
is reversed by chronic morphine treatment (Lee et al.,
1975; Harris et al., 1977; Ross 1977; Yamamoto et
al., 1978; Guerrero-Munoz et al., 1978). Schmidt &
Way (1980) suggested that tolerance is a coun-
teradaptive process which restores the normal entry
of calcium or its action within the release sites in the
promotion of transmitter release. We have examined
this hypothesis by evaluating the development of
opiate tolerance in the mouse vas deferens.

Methods
Tissue preparation

Male mice (Balb C) were divided into four groups of
12 animals each and received either physiological
saline (0.1 ml) or morphine, 10, 30 or 100 mgkg~!in
a volume of 0.1ml (s.c.) twice daily for 10 days.
Before commencement of chronic morphine treat-
ment (CMT) and 11 h after the evening dose on day
five, each group was tested for nociception using the
writhing test of Collier et al. (1968). One hour after
this test the mice were injected with morphine
(2 mgkg™!) (controls received saline) and were then
retested after 30 min. Electrophysiological studies
were conducted on isolated vasa deferentia removed
from the mice less than Sh after the last dose of
morphine after 10 days of CMT. The animals were
killed by cervical fracture and the tissues immediately
mounted in a perspex organ bath (capacity 4 ml),
perfused with modified Krebs-Henseleit solution
(composition in mM: Na*141, K+4.7, Mg?*1.2,
Cl~ 157, H,PO4~ 1.3, SO,2~ 1.2, HCO;~ 16.3, Ca?*
0.9, glucose 7.8) at a rate of 3mlmin~! and gassed
continuously with 95% O, and 5% CO,. The ex-
tracellular calcium concentration was varied between
0.7 and 5.0 mM by altering the amount of CaCl, in the
bathing fluid. The temperature in the bath was main-
tained between 33° and 35°C.

Stimulation

The intramural sympathetic nerves were stimulated
with two platinum ring electrodes placed around the
vas deferens and about 1 mm apart. The number of
nerves stimulated was kept approximately constant
by stimulating with single impulses of 60mV and
0.05 ms duration. With these stimulation parameters
the amplitude of the excitatory junction potentials
(e.j.ps) did not exceed 18 mV. At low frequency

stimulation the e.j.p. amplitude was less than 12 mV
(error due to nonlinear summation, 11%). In 20% of
the studies involving high frequency stimulation the
e.j.p. amplitude after 2—4 impulses reached 18 mV
(error due to nonlinear summation, 24%). No cor-
rection due to nonlinear summation was carried out
since 84% of the e.j.p.s had less than 11% distortion
and therefore the main conclusions are not affected
(Martin, 1955; Bennett et al., 1976). It was also
possible to combine the results from different cells
and tissues (Bennett, 1972). There was a minimum
interval of 30 s between successive impulses or trains
of impulses to allow for the slowest component of
decline of facilitation (Bennett, 1973).

Recording

Intracellular potentials were recorded from the
smooth muscle cells with glass microelectrodes filled
with 2M KCl and having resistances of 50—90 MQ.
The signals were passed through a high impedence
unity gain amplifier and photographed from an oscil-
loscope display. The quality of intracellular impale-
ment was judged to be adequate if there was a
negative shift of at least 50 mV in the recording and if
miniature e.j.ps (m.e.j.ps) were present. Facilitation
of transmitter release of a conditioning impulse when
compared to a test impulse is defined as:

e.j.p. (test)

Facilitation = e.j.p. (conditioning)

The degree of facilitation during a short train of
impulses was compared with the predictions based on
the residual Ca-receptor hypothesis (Bennett &
Fisher, 1977) according to:

i—i
Facilitation= X { [+ [ —DAL])24—1]+1 } 2
i=1

where At is the interval between the jth and ith test
and conditioning impulses respectively, so that
fn(j — i)At was determined using Figure 4 and repres-
ents the amount of facilitation between the ith and jth
impulses. The sum of such increments in facilitation
represent the overall facilitation.

Drugs

Morphine hydrochloride was dissolved in saline for
administration to mice or in the modified Krebs
solution for the isolated organ studies. The Krebs
solution containing morphine hydrochloride
(5 x 1077 M) continually perfused the isolated CMT
tissues throughout the experiment. For the acute
morphine studies, in the controls morphine
(5 x 1077 M) was added to the modified Krebs solu-
tion following control recordings.



Results

Effect of tolerance on the writhing response of mice to
ani.p. injection of acetylcholine

The effects of initial doses of morphine included a
marked increase in spontaneous motor activity,
Straub tail, ptosis and piloerection. The obvious re-
duction of all of these responses during CMT gave a
qualitative indication of the development of toler-
ance. Intraperitoneal injections of acetylcholine be-
fore CMT elicited characteristic writhing behaviour,
with approximately 6 writhes per 3 min (Figure 1).
This response was abolished following acute mor-
phine administration (2mgkg™!). After 5 days of
CMT there was a dose-dependent reversal of the
antinociceptive effect of morphine, to the extent that
the group receiving the highest chronic dose showed
a slight degree of hypernociception in the writhing
test (Figure 1).

Effect of tolerance on the amplitude of the e.j.p.

Increasing the external calcium concentration from
0.7 to 1.3 mM increased the amplitude of the e.j.p.
recorded from single smooth muscle cells, the amp-
litude of the e.j.p. was proportional to approximately
the second power (2.4) of the extracellular calcium
concentration ([Ca),). Acute addition of morphine
shifted this relationship to the right (Figure 2), indi-
cating that a greater [Ca], was required in the pres-
ence of morphine to elicit equivalent e.j.p. amp-

[

€ 121

™

o

Q

s J| L L
o

5 4f

Ke]

e

c

c wx $
g 0 u * *
g TR WY W A NN SN S SR SR N N |

0 20 40 60 80 100
Chronic morphine dose (mg kg™")

Figure 1 Effect of chronic morphine treatment on the
response of mice to an i.p. injection of acetylcholine
(Collier et al., 1968). (O) All groups on day 0; (@) all
groups on day 0, 30 min after an injection of morphine
2mgkg~! and (A) at the end of day S, 30 min after an
injection of morphine 2 mgkg~!. Means (n =12 for each
point) are shown with vertical lines representing
s.e.mean.
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e.j.p. (mV)
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Figure 2 Effect of chronic morphine treatment (CMT)
on the relationship between transmitter release (meas-
ured as e.j.p. amplitude, Burnstock & Holman, 1961)
and extracellular calcium. (@) Controls; (O) controls
with morphine; (A) CMT with morphine. Experimental
data (n>48) are shown as mean and vertical lines
represent s.e.mean. Lines were drawn using equation 3.

litudes. CMT induced a partial reversal of the shift to
the right (Figure 2). At no stage was there any
alteration of the power relationship between trans-
mitter release and [Ca), (Figure 2). The amplitude of
spontaneous e.j.ps was unaltered by the acute ad-
ministration of morphine to both control and CMT
vasa deferentia.

A double reciprocal plot of (e.j.p.) /** vs [Ca], for
control tissues with added morphine and CMT tissues
with added morphine showed that the y-intercept
was the same, indicating no change in the e.j.p.
(max.) (Figure 3). The reciprocal of the x-intercept
represents an equilibrium constant (K[ca),)- The
changes in K[c,), (controls:1.39 mMm, controls plus
morphine:5.56 mM, CMT plus morphine:3.37 mMm)
indicated that morphine was acting as a competitive
antagonist of calcium and that after CMT the effect of
acute morphine was reduced. The lines shown in
Figure 2 were drawn by substituting these values for
e.j.p. (max) and Kjc,), in the equation:

} 2.4

[Cal,
Kica}, + [Ca],

(Dodge & Rahamimoff, 1967; Bennett & Lavidis,

1979).

ej.p.= e.j.p.(m){
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Figure 3 A double reciprocal plot of the amount of
transmitter released vs extracellular calcium in control
and tolerant mice. (@) Controls; (O) controls with mor-
phine; (A) chronic morphine-treated (CMT) mice
(100mgkg~') with morphine (5 x 10~7M). Means and
s.e.mean (vertical lines) of experimental data (n > 48)
are shown. E.j.p. (max) = 42mV and K{c,) values were:
1.39mM, controls; 5.56 mM, controls with morphine;
and 3.37 mM, CMT mice with morphine.

Changes in facilitation of transmitter release during
low frequency stimulation in the mouse vas deferens
throughout the development of tolerance

Facilitation of transmitter release during low fre-
quency stimulation has been described in terms of
residual calcium left inside the release sites after each
impulse. This calcium is bound to calcium receptors
involved in transmitter secretion (Bennett & Florin,
1975). The time constant of facilitation decline (de-
termined using equation 1) was unaltered (approxi-
mately 6s) by acute or chronic morphine treatment
(Figure 4). Addition of morphine to the control
preparations increased the degree of facilitation. Re-
ducing the extracellular concentration of calcium
from 1.8 mM to 1.2 mM in the presence of morphine
resulted in a further increase in facilitation. CMT
decreased the degree of facilitation of transmitter
release so that the CMT preparations maintained in
1.2 mM [Ca], and morphine (5 x 10~7 M) were identi-
cal to the controls maintained in 1.8 mM [Ca], and
morphine (5 x 1077 M) (Figure 4).

Following a short train of impulses the initial re-
duction of transmitter release produced by morphine

was reversed (Figure 5). The rate of reversal was
dependent on extracellular calcium, since increasing
calcium from 1.8mM to 5.0mM progressively in-
creased the amplitude of the first e.j.p. and decreased
the degree of facilitation. CMT produced a marked
increase in the amplitude of each e.j.p. at any given
calcium level and decreased the degree of facilitation
(Figure 5). Using the time constant of facilitation
decline, at various [Cal,, in the absence and presence
of morphine and equation 2 (residual calcium-
receptor hypothesis), it was possible to predict (Fig-
ure 6) the response of the release sites to a train of
impulses. The initial increase in the degree of facilita-
tion produced by acute morphine was partially re-
versed by CMT (Figure 6).

Depression in transmitter release from vasa deferentia
of tolerant mice

During high frequency stimulation, the first few im-
pulses released greater amounts of transmitter after
which there was a decrease in the amount of transmit-
ter released until a steady state was reached. The
decrease observed was dependent on the total
amount of transmitter released by the first few im-
pulses, which was indirectly dependent on the
amount of extracellular calcium. In the vas deferens
of non-CMT animals, during a high frequency train

Facilitation
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Figure 4 A comparison of the time course of facilita-
tion decay of a conditioning impulse following a test
impulse between control and tolerant terminals. (A)
Controls, 1.8 mM [Ca),; (O) controls, 1.8 mm[Ca], and
morphine; (O) controls, 1.2 mM [Ca], and morphine;
(®) chronic morphine treated mice (CMT), 1.2 mm
[Ca], and morphine; (W) CMT, 1.8 mm [Ca], and mor-
phine. Experimental data (N > 56) are shown by means
and vertical lines show s.e.mean; lines fitted using linear
regressions; coefficients >>0.92. The time course of
facilitation decay was approximately 6 s.



Control CMT

dl l

3.6

10 mV

5.0
5s

Figure 5 Recordings showing the effect of chronic
morphine treatment (CMT) on the facilitation of trans-
mitter released during a short, 2 Hz, train of impulses in
various extracellular calcium concentrations (the num-
bers shown between recordings give the concentration in
mM) in the presence of morphine. The CMT dose was
100 mgkg!.

of impulses in 1.8 mM [Ca], following a slight facilita-
tion by the first three impulses there was a gradual
decline in the amplitude of the e.j.ps until a steady
state was reached, which had the same amplitude as
the response to the first impulse. Following addition
of morphine to this preparation the first impulse was
depressed, but this was quickly reversed by an in-
crease in facilitation and eventually a steady state was
reached which was similar in amplitude to the control
vasa deferentia (Figure 7). Vasa deferentia from
CMT mice in a morphine-free bathing solution con-
taining 1.8 mM [Ca], showed a marked increase in the
amplitude of the first e.j.p. Subsequent e.j.ps showed
some facilitation, after which there was a marked
decline in the amount of transmitter released leading
to a depressed steady state, which was not observed
in the controls at this [Ca], (Figure 7). Addition of
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morphine to these preparations reduced the amp-
litude of the first e.j.p.; this reduction was greater in
the control preparations. Subsequent impulses facili-
tated transmitter release to a lesser extent in the
CMT tissues than in control tissues. The initial in-
crease in transmitter released by the first few im-
pulses was followed by a greater depression of trans-
mitter release from CMT terminals. The notable
increase in the facilitation produced by morphine
(Figure 8) was effectively reduced by CMT.

Discussion

The dependence of the e.j.p. amplitude on [Ca], in
vasa deferentia from tolerant mice

The 2.4 power relationship between [Ca], and norad-
renaline release observed in these studies confirms
the findings of others (Bennett & Florin, 1975; Ben-
nett & Lavidis, 1980; Milner et al., 1982) and possi-
bly arises because of the effect of [Ca); on the
neurosecretory mechanism. For simplicity, a
hypothetical receptor binding to Ca?* (Ca-receptor

Facilitation
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Figure 6 Effect of chronic morphine treatment (CMT)
on the facilitation observed during short (2 Hz) trains of
impulses in the presence of morphine. (@) Controls,
1.8 mM [Ca], without morphine; (M) controls, 0.9 mM
[Ca], without morphine; (O) controls, 1.8mM [Ca],
with morphine; (00) CMT, 1.8 mM [Ca], with morphine.
Experimental data (n>36) are shown as means and
vertical lines represent s.e.mean, lines were fitted using
equation 2.
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Figure 7 Recordings showing the effect of chronic morphine treatment (CMT) on the responses of the terminal to
high frequency (10 Hz) train of impulses. Before (control) and after CMT in the absence (O) and presence (M) of

morphine in the bathing Krebs solution.

Facilitation
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Figure 8 Responses of the terminals to high frequency
(10 Hz) train of impulses. (®) Controls, 1.8 mM [Cal,;
(M) controls, 0.9 mM [Cal,; (O) controls in 1.8 mM [Ca],
with morphine; (O) chronic morphine-treated (CMT)
mice in 1.8 mM [Ca], with morphine. Experimental data
(n > 36) are shown as means and vertical lines represent
s.e.mean.

complex) has been used to describe and predict the
amount of transmitter released under various condi-
tions (Bennett & Florin, 1975) using the mass action
law derived by Jenkinson (1957).

The effect of morphine on e.j.p. amplitude and the
antagonism of this effect by naloxone (North & Hen-
derson, 1975; Henderson &, North, 1976) has also
been measured in noradrenaline overflow experi-
ments during nerve stimulation (Henderson &
Hughes, 1976; Marshall et al., 1981). The depression
of transmitter release by morphine is mediated by an
effect on Ca?* (Bennett & Lavidis, 1980). This is
consistent with the present findings, where acute
morphine induced a shift of the e.j.p. vs [Ca], rela-
tionship to the right without any change in the power
relationship. In the myenteric plexus morphine has
been shown to cause a hyperpolarization of myen-
teric neurones and so prevent excitation (North &
Tonini, 1977; Morita & North, 1982). This hyper-
polarization has not been observed in the inferior
mesenteric ganglion (Bornstein & Fields, 1979) nor
in the smooth muscle cells of vasa deferentia (North
& Vitek, 1980; unpublished observation). Alterna-
tively, morphine may inhibit voltage-dependent cal-
cium channels or prevent the association of intracel-



lular calcium with the receptor which triggers norad-
renaline release (Bennett & Lavidis, 1980; Illes et al.,
1980). These possibilities are supported by the find-
ing that acute administration of morphine in mice and
rats decreases Ca?* levels in synaptosomes and in
synaptic vesicles (Harris et al., 1977; Yamamoto et
al., 1978). Also Guerrero-Munoz et al. (1978)
showed that synaptosomes have a viable Ca?* uptake
mechanism that can be blocked in a dose-dependent
manner by morphine.

Chronic morphine treatment produced a marked
elevation of Ca?* in the synaptosomes of both rats
and mice (Lee et al., 1975; Harris et al., 1977; Ross,
1977; Yamamoto et al., 1978). An enhancement of
the synaptosomal Ca?* uptake was shown in animals
rendered tolerant and dependent by morphine pellet
implantation (Guerrero-Munoz et al., 1978). Toler-
ance to morphine at the adrenergic neuromuscular
junction was shown as a reversal of the initial shift of
the e.j.p. vs [Ca], relationship back towards the
control, indicating that morphine was less effective at
reducing the amount of noradrenaline released for a
given [Ca],. This reversal of the inhibitory action of
morphine was achieved without alteration of the
amplitude of spontaneous miniature excitatory junc-
tion potentials (Illes & North, 1982; personal obser-
vation) and without alteration to the resting mem-
brane potential of the smooth muscle cells (North &
Vitek, 1980). It is unlikely therefore that changes in
the postsynaptic sensitivity to transmitter occur dur-
ing tolerance. During the development of tolerance
the maximum e.j.p. that could be recorded remained
constant: it is possible that the increase in e.j.p.
amplitude is due to an increase in the probability of
transmitter release via a reduction in the Kjc, value.

Facilitation of transmitter release during low-
frequency stimulation in vasa deferentia from tolerant
mice

During a low frequency train of impulses the amount
of transmitter released by successive impulses has
been shown to be facilitated, and the degree of
facilitation is calcium-dependent (Bennett & Fisher,
1977; Bennett & Lavidis, 1980). Smith & Zucker
(1980) have shown that there is no facilitation of the
entry of calcium into the terminal during a train of
impulses but there is a prolonged rise in the internal
calcium concentration. The facilitation of transmitter
release has been explained on the basis that each
impulse leaves residual calcium bound to the
hypothetical receptor (X) involved in linking internal
calcium with the secretory mechanism (Bennett,
1973). The results of the present studies show that in
a low calcium concentration the amount of transmit-
ter released during a train of impulses can be accu-
rately predicted by the residual calcium receptor
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hypothesis. As the external calcium concentration
increases and the amount of transmitter released by
the first impulse increases, the amount of facilitation
that can be achieved by subsequent impulses de-
creases and the steady state in transmitter release is
reached sooner.

Morphine reduces the evoked release of transmit-
ter from adrenergic nerve release sites in the mouse
vas deferens during short, low frequency trains of
impulses (Henderson et al., 1972). This reduction is
reversed either by increasing extracellular calcium,
by reducing the extracellular magnesium, or by
naloxone (Bennett & Lavidis, 1980; Illes et al.,
1980). The action of morphine on the release site
during trains of impulses can be explained as follows:
by reducing the number of Ca-X that are formed, the
amount of noradrenaline released by the first impulse
in the train is reduced (Bennett & Lavidis, 1980).
This results in an increase in the Ca-receptors free to
bind to calcium entering the terminal with subse-
quent impulses and therefore facilitation is en-
hanced. With the development of tolerance the acute
action of morphine was reversed and the responses
were similar to those which would be expected in the
presence of increased extracellular calcium, de-
creased extracellular magnesium or naloxone. The
increase in facilitation of transmitter release during
low frequency stimulation produced by acute mor-
phine was partially reversed by CMT. This reversal
could not be explained by a reduction in the seques-
tering capacity of intraterminal organelles since the
time constant of facilitation was unaltered by either
acute morphine treatment (Bennett & Lavidis, 1980)
or CMT. It is possible, however, that CMT increases
the amplitude of the first e.j.p. and reduces facilita-
tion by increasing the affinity of Ca?* for the X-
receptor or by increasing the amount of calcium
entering the release sites. The observed six fold in-
crease in the rate of 43Ca?* uptake by synaptosomes
of animals implanted with morphine pellets (Harris et
al., 1977; Guerrero-Munoz et al., 1978; Yamamoto
et al., 1978) supports the latter possibility.

Depression in transmitter release during high
frequency stimulation in vasa deferentia from tolerant
mice

During a high frequency train of impulses facilitated
release of neurotransmitter is observed for the first
few impulses. After this either a steady state is
reached or a depression follows, leading to a depre-
ssed steady state, depending on the external calcium
concentration (Bennett, 1973; Bennett & Florin,
1975; Bennett & Lavidis, 1980). Facilitation can be
explained by residual calcium within the release site
and the facilitated steady state by saturation of the
secretory mechanism. Depression of transmitter re-
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lease is likely to be due to either depletion of the
amount of transmitter readily available for release
(Mallart & Martin, 1968; Bennett & Fisher, 1977) or
to autoinhibition via presynaptic a-adrenoceptors
(Stjarne, 1975; Bennett & Middleton, 1975; Starke,
1977; Drew, 1978).

The acute action of morphine on transmitter re-
lease during high frequency stimulation reduces the
amount of internal calcium which binds to the cal-
cium receptors (Bennett & Lavidis, 1980). This in-
creases the free calcium receptors available for bind-
ing with newly entering calcium during successive
impulses and so leads to a greater degree of facilita-
tion. Because of the reduction in the total amount of
transmitter released by the first few impulses, the
depression in transmitter release is reduced. Also, a
less depressed steady state develops (Bennett &
Lavidis, 1980). All these actions of morphine were
similar to those which would result from a lowering of
extracellular calcium concentration. Development of
tolerance to morphine resulted in a gradual reversal
of all these effects. The amount of transmitter re-
leased by the first impulse was increased, possibly
because of a greater influx of calcium and therefore
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