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The dependence of excitatory junction potential
amplitude on the external calcium concentration in
mouse vas deferens during narcotic withdrawal
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1 The dependence of neurotransmitter release on calcium was evaluated in adrenergic terminals
from mice that were acutely withdrawn from chronic morphine treatment (CMT).

2 A two fold increase in the number of writhes in response to an i.p. injection of acetylcholine was
induced in mice by CMT and subsequent withdrawal.

3 A shift to the left in the relationship between the excitatory junction potential (e.j.p.) amplitude
and extracellular calcium concentration ([Ca],). was induced in vasa deferentia from CMT-
withdrawn mice.

4 A reduction in the degree of facilitation of transmitter release during a short low-frequency train
of impulses and an increase in the amount of transmitter release during a high-frequency train of
impulses was induced in vasa deferentia from CMT-withdrawn mice.

5 The adaptive mechanism of the terminals to the sustained presence of morphine may involve an
increase in the probability that the release sites will release transmitter either via increase in calcium

influx or an increase in the affinity of calcium to the hypothetical X-receptor.

Introduction

Washed ileum preparations from morphine-tolerant
animals showed increased sensitivity to electrical
stimulation (Schulz & Cartwright, 1974; Cox, 1978;
Collier et al., 1981). Since there is no change in the
sensitivity of muscle to transmitter (Ehrenpreis etal.,
1975; Frederickson et al., 1976; Johnson et al.,
1978), it is likely that the increased response is due to
an increase in the quantity of neurotransmitter re-
leased by each stimulus in tolerant preparations.
When vasa deferentia from mice implanted with
morphine pellets were placed in a solution of Krebs
containing naloxone, a marked shift to the left of the
stimulus-response curve was observed (Illes &
Schulz, 1980). These changes suggest that some com-
pensation for the depression in transmitter release
induced by the opiates occurs, thereby restoring ap-
parently normal neuronal function. Although the
increase in responsiveness of neurones to excitatory
stimuli may be mediated via a change in the opiate
receptor, there is little evidence for this (Klee &
Streaty, 1974; Holt et al., 1975) and it is more likely
that it occurs via a change in the stimulus secretion
coupling mechanism, possibly through changes in the
calcium-dependent  neurotransmitter secretory
mechanism.

The calcium-dependence of neurotransmitter re-
lease has been studied in the adrenergic nervous
system using the mouse vas deferens (Bennett &
Florin, 1975) and in the cholinergic nervous system
using amphibian skeletal neuromuscular junctions
(Dodge & Rahamimoff, 1967; Bennett & Fisher,
1977; Bennett & Lavidis, 1979). During nerve
stimulation, the excitability (p) of the terminals in
releasing transmitter at skeletal neuromuscular junc-
tions is directly dependent on the extracellular cal-
cium concentration ([Ca),) i.e. the probability that
each terminal will release neurotransmitter when
activated by the arrival of an action potential in-
creases with increasing [Ca],, assuming that not all
the release sites recorded from are participating in
release (Bennett & Lavidis, 1979; 1982). Although
the mouse vas deferens is an electronically coupled
syncytium, it is probable that similar dependence of p
on [Ca], exists at the adrenergic neuromuscular junc-
tion in this tissue. In the mouse vas deferens, at any
given external calcium concentration morphine re-
duces the amount of transmitter released during in-
tramural nerve stimulation (Bennett & Lavidis,
1980). It has been shown that the initial inhibition of
calcium uptake into release sites by morphine (Lee et
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Table1l Morphine dosing schedule

Group 2 Group 3 Group 4
Group 1 CMT CMT CMT
controls morphine morphine morphine
(saline ml) (mgkg™?) (mgkg™?) (mgkg1!)

0600h 1800h 0600h 1800h 0600h 1800h 0600h 1800h

Day 1 (Writhing test at 0500h)

0.1 0.1 10
Day2 0.1 0.1 10
Day 3 0.1 0.1 10
Day 4 0.1 0.1 10
Day 5 0.1 0.1 10
Day 6

0.1 0.1 10
Day 7 0.1 0.1 10

to
Day 10 Electrophysiological studies

al., 1975; Cardenas & Ross, 1976; Harris et al.,
1977; Yamamoto et al., 1978; Guerrero-Munoz et
al., 1978) is reversed during tolerance and enhanced
during withdrawal (Yamamoto et al., 1978). In this
study the dependence of neurotransmitter release on
calcium was evaluated in adrenergic terminals from
mice that were acutely withdrawn from chronic mor-
phine treatment.

Methods

Tissue preparation

Balb C strain male mice were used. Four groups of
twelve animals each received either physiological
saline (0.1 ml) or morphine hydrochloride, 10, 30 or
100 mgkg~! in 0.1 ml saline (s.c.) twice daily for ten
days, according to the schedule in Table 1. On the
first and sixth day of treatment all groups were tested
for nociception using the writhing test (Collier et al.,
1968). On the sixth day the test was conducted 15h
after the last morphine dose. On the 10th day of
morphine treatment the animals were injected with
the scheduled morphine dose, 5—6 hlater were killed
by a cervical fracture and both vasa deferentia re-
moved and prepared as previously described (Eins-
tein & Lavidis, 1984). In all experiments the isolated
vas deferens was placed in a modified Krebs solution
containing (mM): Na* 141, K* 4.7, Mg?* 1.2, CI”
157, H,PO,~ 1.3, SO4?~ 1.2, HCO;5™ 14.3, and glu-
cose 7.8 and the lowest extracellular calcium con-
centration to be used (0.7 mM). [Ca], was increased
by increasing the amount of CaCl, dissolved in the
Krebs solution supplying the bath. The temperature
in the bath was maintained between 33 and 35°C.

10 10 10 10 10
10 10 10 10 10
10 10 30 10 30
10 30 30 30 30
10 30 30 100 100

(Writhing test at 0900 h, morning morphine dose delayed to 1000 h)

10 30 30 100 100
10 30 30 100 100

Stimulation and recording

Intramural sympathetic nerves were stimulated with
2 platinum ring electrodes placed around the vas
deferens and about 1 mm apart. Single impulses of
60V and 0.05ms duration were used to reduce the
need for corrections due to nonlinear summation
(Martin, 1955). Over 86 % of the excitation junction
potential (e.j.p.) amplitudes were less than 12mV.
The error due to nonlinear summation was therefore
less than 11% and no correction was made since such
a small error does not affect the main conclusions. A
minimum interval of 30s between impulses and trains
of impulses was allowed (Bennett, 1973).

Intracellular potentials were recorded from
smooth muscle cells with glass microelectrodes filled
with 2M KCl and having resistances of 50—90 MQ.
The signals were passed through a high impedance
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 excitatory junction potentials (m.e.j.ps)
were present throughout the recording period.

Facilitation is defined as e.j.p. (test impulse) di-
vided by e.j.p. (conditioning or first impulse in a
train) and was measured and quantified as described
previously (Einstein & Lavidis, 1984).

Results

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

In control mice an i.p. injection of acetylcholine
(3.2 mgkg™!) caused an average of 2 writhes per min.
After 5 days of chronic morphine treatment (CMT)
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Figure 1 Effect of acute morphine withdrawal on the
response of mice to an i.p. injection of acetylcholine
(Collier et al., 1968). (®) All groups on day 0, (O) all
groups on the 6th day of chronic morphine treatment
(CMT), 15h after the last morphine injection. Each
point shows the mean and vertical lines s.e. mean.
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Figure 2 Effect of acute morphine withdrawal on the
relationship between transmitter release (measured as
e.j.p- amplitude, Burnstock & Holman, 1961) and ex-
tracellular calcium. (@) Controls, (O) chronic morphine
treatment (CMT 100 mgkg~!) followed by acute with-
drawal. Experimental data (n > 48) shown are means
and vertical lines s.e.mean; lines were fitted using equa-
tion 1.
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followed by acute withdrawal there was a period of
marked inactivity accompanied by an increased sen-
sitivity of the mice to the injection procedure. When
these mice were tested for writhing there was an
increase in the number of writhes, which varied with
the dose of morphine, such that the high CMT dose
group (100 mg kg~!) showed a greater than two fold
increase in the number of writhes (Figure 1).

Dependence of the e.j.p. amplitude of the mouse vas
deferens during withdrawal on [Ca],

Supersensitivity was also observed in the responses of
vas deferens release sites from tolerant, withdrawn
animals to single impulse electrical stimulation. A
66% increase in the amplitude of e.j.ps was observed
at any given [Ca),. This increase in sensitivity of the
release sites to [Ca], was reflected by a shift of the
e.j.p. vs [Ca], relationship to the left, without any
change in the power relationship (Figure 2). The
change occurred without any increase in the max-
imum e.j.p. amplitude that could be recorded, since
the y-intercept of the double reciprocal plot of
amount of transmitter released vs [Ca], was unal-
tered. Only the K[Ca], values were different i.e.
1.39 mM and 1.04 mM [Ca], in control and withdrawn
terminals respectively (Figure 3). The resting mem-
brane potential of the smooth muscle cells was not
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Figure 3 A double reciprocal plot of the amount of
transmitter released vs extracellular calcium in control
and acutely withdrawn mice. (@) Controls, (O) acutely
withdrawn from chronic morphine treatment (CMT;
100mgkg~'). Mean and s.e.mean (vertical lines) of
experimental results (n>>48) are shown. E.j.p.
(max) =42mV and K[Ca], values were 1.39 mMm for
controls and 1.04 mM for withdrawn mice.
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altered by CMT nor did the amplitude of miniature
e.j.ps change during this period. Using the experi-
mentally derived values for e.j.p. (maximum) and the
appropriate K[Ca], values it was possible to predict
the behaviour of the terminal to a wider range of
[Ca], using the following equation: (Dodge &
Rahaminoff, 1967; Bennet & Lavidis, 1979).

[(:a]0 l 24
ejp.-=€jPmax) (—
K[Cal, +[Cal.)

where K[Ca], is a complex constant.

Changes in facilitation of transmitter release during
low frequency stimulation of the mouse vas deferens
following withdrawal

Following a conditioning impulse the decay of facili-
tation of transmitter release by a test impulse was
unchanged by CMT (Figure 4). The time constant of
facilitation decay remained at approximately 6s. In-
creasing the [Ca], from 1.2 mM to 1.8 mM decreased
the degree of facilitation of transmitter release. CMT
and subsequent withdrawal produced a decline in the
degree of facilitation at both of these [Ca], (Figure
5). As the [Ca], of both the control and CMT vasa
deferentia was increased, there was a gradual in-
crease in the amplitude of the first impulse and
therefore a reduction in the amount of facilitation of
transmitter release that could occur (Figure 5). The
first e.j.p. was always greater for the acutely with-

Facilitation

Interval (s)

Figure 4 A comparison of the time course of facilita-
tion decay of a conditioning impulse following a test
impulse between control and acutely withdrawn (AW)
terminals. (@) Controls, 1.2 mM [Ca],; (O) AW, 1.2 mMm
[Ca],, (W) controls, 1.8 mM [Ca], and (O) AW, 1.8 mM
[Ca]o. Experimental data (n > 56) shown as means and
vertical lines s.e.mean; lines fitted using linear regres-
sion with coefficients >0.92. The time constant of
facilitation decay was approximately 6 s in all lines.
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Figure S Recordings of the facilitation in transmitter
release during low frequency stimulation in controls
(left) and acutely withdrawn (AW; right) vasa deferen-
tia. Numbers between recordings indicate the [Ca],
(mM).
drawn vasa deferentia than for the controls at any
calcium concentration (0.7 to 1.8 mM) and conse-
quently facilitation was reduced (Figure 5). At a
[Ca], of 1.8 mM very little facilitation in the control
vasa deferentia was observed and in the CMT with-
drawn vasa deferentia it was common to see spikes on
the e.j.ps and depression by the fourth or fifth e.j.p.
during a short low frequency train of impulses. Less
than 14% of the e.j.ps studied attained values greater
than 12 mV. Half of these attained e.j.p. amplitudes
which resulted in spikes. No correction for nonlinear
summation was carried out since such a small error
does not significantly affect the main conclusions.
Similar effects could be induced in control vasa de-
ferentia by increasing the [Ca],. Using the time con-
stant of decay of facilitation of transmitter release
(Figure 4) and the residual calcium receptor
hypothesis (Bennett & Fisher, 1977) it was possible
to estimate accurately the degree of facilitation of
every impulse in the train (assuming there was very
little depression) in both the control and withdrawn
vasa deferentia (Figure 6).
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Figure 6 Effect of acute withdrawal (AW) on the
facilitation observed during short (2 Hz) train of im-
pulses at various extracellular calcium concentrations.
(O) Controls, 0.9 mm [Cal,; (O) controls, 1.2 mmM [Ca),;
(A) controls, 3.6 mM [Ca],; (@) AW, 0.9 mM [Ca],; (W)
AW, 1.2 mM [Ca),; (A) AW, 3.6 mM [Ca),. Experimen-
tal data (n>> 36) are shown as means and vertical lines
represent s.e.mean; lines were fitted using the residual
calcium receptor hypothesis.

w

Depression of transmitter release during high
frequency stimulation of the mouse vas deferens
following withdrawal

During a high frequency train of impulses, in a high
[Ca)o, there was an increase in the amplitude of the
e.j.p. Facilitation of transmitter release either
reached a steady state or declined to a depressed
steady state. In comparison, CMT withdrawn prep-
arations showed less facilitation in transmitter re-
lease with a greater degree of depression and a more
depressed steady state than the controls (Figure 7).
In a [Ca], of 0.9 mM control vasa deferentia facili-
tated to a steady state, CMT withdrawn vasa deferen-
tia in the same [Ca], showed less facilitation reaching
a steady state which was less than the control. At a
higher [Ca], (3.6 mM), control animals showed very
little facilitation of transmitter release with a promi-
nent depression in transmitter output followed by a
depressed steady state. In comparison CMT with-
drawn preparations showed less facilitation in trans-
mitter release with a greater degree of depression and
a more depressed steady state in transmitter release
than the controls (Figure 7). At all extracellular
calcium concentrations used the degree of depression
in transmitter release was greater in the CMT with-
drawn vasa deferentia, the magnitude of these differ-
ences decreased with increasing [Cal,.
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Figure 7 Responses of the terminal to high frequency
(10Hz) train of impulses in control and acutely with-
drawn (AW) animals. (O) Controls, 0.9 mM [Cal],; (O)
controls, 1.2 mM [Ca],; (A) controls, 3.6 mM [Ca),; (@)
AW, 0.9mMm [Ca),; (O) AW, 1.2mM [Cal,; (A) AW,
3.6 mM [Ca),. Experimental data (n>> 36) show means
and vertical lines s.e.mean.

Discussion

Changes in the writhing response of mice to ani.p.
injection of acetylcholine during acute morphine
withdrawal

It is generally accepted that chronic morphine treat-
ment initiates adaptive mechanisms within a cell
which can be measured when morphine is acutely
withdrawn. The tissues of animals acutely withdrawn
from such tolerant states show an increased respon-
siveness to excitatory stimulation (Pollock et al.,
1972; Muir & Pollock, 1973). The two fold increase
in the number of writhes produced by ani.p. injection
of acetylcholine indicates that the dosage schedule
used in these experiments did induce a state of narco-
tic tolerance and increased responsiveness on with-
drawal.

The dependence of e.j.p. amplitude on [Ca], in mouse
vas deferens during acute withdrawal

Neuromuscular preparations isolated from animals
rendered tolerant by repetitive morphine dosing and
placed in morphine-free bathing solutions were
shown to be more sensitive to electrical stimulation
(Schulz & Cartwright, 1976; Cox, 1978), prostaglan-
din E;, (Schulz & Cartwright, 1974) and 5-
hydroxytryptamine (Schulz & Goldstein, 1973). Illes
& Schultz (1980) showed that addition of naloxone
to vasa deferentia continuously exposed to morphine
resulted in a large parallel shift to the left of the
stimulus vs e.j.p. curve. In the present study, a similar
shift to the left in the relationship between the e.j.p.
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amplitude and [Ca], was also shown i.e. the release
sites were more sensitive to [Ca],. This change occur-
red without any change in the power relationship
indicating that the dependence of the stimulus secre-
tion coupling on [Ca), was unchanged.

Generally the amount of transmitter that is re-
leased following an impulse is a product of two
components, the number of terminals in the vicinity
of the recording electrode and the average probabili-
ty of these terminals in releasing transmitter. Using a
double reciprocal plot of e.j.p./># against [Ca], it was
shown that the maximal e.j.p. amplitude that could
be recorded was unchanged in the withdrawn vasa
deferentia. K[Ca], is a complex constant involving
the entry of Ca?* and its actions within the terminal in
promoting transmitter release. The probability of
transmitter release is related to K[Ca],. The reduc-
tion in the K[Ca), induced by CMT and withdrawal
caused an increase in probability and so the amount
of transmitter released was increased for any given
[Ca], (0.7 to 1.8 mM). The probability of transmitter
release also increases during a train of impulses lead-
ing to facilitation of transmitter release (Bennett &
Lavidis, 1979).

The effect of acute withdrawal from morphine on the
release of transmitter during low frequency trains of
impulses

In control preparations, increasing the [Ca], in-
creases the probability of transmitter release and this
leads to a decrease in the degree of facilitation (Ben-
nett & Lavidis, 1982). Acute withdrawal from CMT
produced a marked increase in transmitter release
probability with e.j.p. (max) remaining constant; this
leads to a reduction in the facilitation of transmitter
release during a train of impulses. This reduction in
facilitation during a short, low frequency train of
impulses at any given [Ca], could be reproduced by
increasing [Ca], and may be due to either an increase
in the influx of calcium into the release sites following
activation of the terminal by an impulse, or an in-
crease in the binding affinity of calcium for the
hypothetical X-receptor or by a reduction in the
sequestering of Ca?* within the release sites. Any
change in the rate of Ca?* sequestering within the
terminal is unlikely, since the time constant of facili-
tation decay remained constant (6s) in the acutely
withdrawn vasa deferentia. The increase in excitabili-
ty was so large that during a short train of impulses in
1.8 mM [Ca), it was common (7%) to record spikes
on top of the e.j.ps with subsequent contraction of the
smooth muscle cells. This was never observed in the
control vasa deferentia at this [Ca], with the stimulus
parameters used. A similar increased excitability of
neurones during withdrawal has been described in

the guinea-pig ileum (Schultz & Herz, 1976; Cox &
Padhya, 1977; Collier et al., 1981), vas deferens
(Illes & Schulz, 1980) and myenteric neurones
(Takagi et al., 1965; Schulz & Goldstein, 1973;
Schulz et al., 1974; Ward & Takemori, 1976; John-
son etal., 1978).

The effect of acute withdrawal from morphine on the
release of transmitter during high frequency trains of
impulses

Following the small amount of facilitation in trans-
mitter release during high frequency trains of im-
pulses, a gradual, [Ca],-dependent depression of
transmitter output was observed. This depression in
transmitter release during the last few impulses in a
train may be due either to a depletion of transmitter
available for release or to transmitter mediated au-
toinhibition (Bennett & Fisher, 1977; Bennett &
Lavidis, 1979; 1982). CMT and acute withdrawal
produced a marked increase in the depression of
transmitter release during the last few impulses in a
high frequency train at every [Ca], tested. It is possi-
ble that the increase in excitability which occurs in
acutely withdrawn vasa deferentia results in a greater
release of transmitter during the first few impulses of
the train. This is followed by either a greater deple-
tion of available transmitter or a greater autoinhibi-
tion which enhances the depression of transmitter
release in much the same way as an increase in [Ca],
would.

The marked reduction in the excitability of nerve
release sites and the consequent reduction in trans-
mitter release by acute morphine is achieved either
by a potassium-dependent hyperpolarization of the
nerve release sites and an indirect reduction in the
amount of calcium entering the release sites (Illes &
North, 1982; Morita & North, 1982), by direct action
on the mechanism involved with calcium entry or by
an action on the linking of calcium to the secretory
mechanism (Bennett & Lavidis, 1980). Chronic ex-
posure of release sites to morphine results in an
adaptive response in which the excitability of the
release sites is returned towards the control by the
reversal of the above (Einstein & Lavidis, 1984).

Acute withdrawal from morphine unmasks the
adaptive response which is observed as a marked
increase in e.j.p. amplitude and depression, and a
marked decrease in facilitation of transmitter release
during low and high frequency trains of impulses,
making it unlikely that the adaptive changes are due
to any changes on the postsynaptic membrane.
Furthermore, the resting potential of smooth muscle
cells and the amplitude of miniature e.j.ps of with-
drawn cells were not different from those of controls
(North & Vitek, 1980). The adaptive mechanism of



the release sites to the sustained presence of mor-
phine therefore involves an increase in the ability of
the nerve release sites to release transmitter either
via an increase in calcium influx or an increase in the
affinity of calcium for the hypothetical X-receptor.
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