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THE EFFECTS OF
MORPHINE ON THE RELEASE OF
NORADRENALINE FROM THE MOUSE VAS DEFERENS

G. HENDERSON & J. HUGHES
Unit for Research on Addictive Drugs, Marischal College, University of Aberdeen

I Electrical field stimulation of the mouse vas deferens (TO and C57/BL strains) caused the release
of noradrenaline into the bathing medium.
2 Phenoxybenzamine (30 jM) or phentolamine (36 gM) plus cocaine (13 gM) caused a considerable
increase in the noradrenaline output.
3 In the vasa deferentia from TO mice the output per pulse of noradrenaline was constant at
frequencies of stimulation from 0.5 to 15 Hz whereas in the vasa deferentia from C57/BL mice the
output per pulse of noradrenaline increased two-fold from 1.5 to 15 Hz.
4 Morphine (2 ,uM) inhibited the contractions of the vasa deferentia from TO mice. This effect was
greater at low (0.1-1 Hz) than at high (10 Hz) frequencies of stimulation. Morphine (2 jiM) did not
inhibit the response of the tissue to exogenous noradrenaline.
5 Morphine (1 gM) reduced the noradrenaline output from the vasa deferentia ofTO mice stimulated
at 1.5 Hz but did not reduce the noradrenaline output at 15 Hz. At 1.5 Hz the reduction of
noradrenaline output was reversed by naloxone (0.05 gM).
6 Morphine (5 gM) did not inhibit the uptake of [3H]-noradrenaline into the vasa deferentia from TO
mice.
7 Only in high concentrations (ID50 30.88 gM) did morphine inhibit the contractions of the vasa

deferentia from C57/BL mice.
8 Normorphine (100 gM) did not reduce the noradrenaline output from vasa deferentia of C57/BL
mice.

Introduction

Morphine and its cogeners have been shown to inhibit
noradrenaline release in the cat nictitating membrane
(Henderscsn, Hughes & Kosterlitz, 1975) and in the
mouse vas deferens (Henderson, Hughes & Kosterlitz,
1972; Hughes, Kosterlitz & Leslie, 1975). In the cat
nictitating membrane the output of noradrenaline is
constant over the frequency range 0.2-15 Hz whereas
at morphine-insensitive adrenergic junctions the
output of noradrenaline increases as the frequency of
nerve stimulation is increased (Hughes, 1972; Hughes
& Roth, 1974; Henderson et al., 1975). Similarly, the
relationship between acetylcholine output and
frequency of stimulation is different at morphine-
sensitive and morphine-insensitive peripheral
cholinergic junctions (Greenberg, Kosterlitz &
Waterfield, 1970). Inhibition of noradrenaline release
by narcotic analgesics has been demonstrated in rat
cerebral cortex slices (Montel, Starke & Weber, 1974);
in this preparation the noradrenaline output was
greater at low (0.3 Hz) than at high (10 Hz)

frequencies of stimulation. The purpose of this in-
vestigation was to determine whether the
noradrenaline output from the mouse vas deferens
shows a similar relationship with respect to
stimulation frequency as that previously observed at
other morphine-sensitive junctions.
A preliminary report of these results has been made

to the British Pharmacological Society (Henderson &
Hughes, 1975).

Methods

Mouse vas deferens

Two strains of mice were used; TO and C57/BL. Male
mice weighing 25-35 g were killed by cervical
dislocation; the vasa deferentia connected by a small
portion of seminal vesicle were dissected out and
placed in Krebs solution. The semen was gently
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expressed from the lumen and the tissue mounted
vertically, under 0.5-1 g tension, in a 2.5 ml organ
bath containing Krebs solution at 37°C. In those
experiments in which the noradrenaline output from
the vas deferens was measured, 4-6 pairs of vasa
deferentia were mounted in a single organ bath.

Nerve stimulation

Electrical field stimulation was used to excite the
intramural nerves. The cathode consisted of a ring of
platinum foil (5 mm in depth) fixed to the top of the
bath; the anode consisted of a fine coil of platinum
wire inserted through the base of the bath.
Supramaximal stimuli (1.3 x current required to
produce the maximum mechanical response of the
tissue) of 0.5-2 ms duration rectilinear pulses were
used throughout. The contractions of the tissue to
nerve stimulation were recorded isometrically and
displayed on a pen oscillograph.

Determination of noradrenaline

The methods used to determine the tissue content of
noradrenaline and the amount of noradrenaline
released from the vas deferens by nerve stimulation
were as described by Henderson et al. (1975). In
several experiments the noradrenaline released from
the vas deferens was estimated fluorimetrically by the
method of O'Hanlon, Campuzano & Horvath (1970)
without first being concentrated by alumina chromato-
graphy. No difference was observed between results
obtained with or without alumina chromatography.

The vasa deferentia were stimulated at 15-30 min
intervals with trains of 240 pulses. After nerve
stimulation the fluid surrounding the vasa was left for

3 min (non-pretreated preparations) or 5 min (tissues
pretreated with phenoxybenzamine or phentolamine
plus cocaine) to permit the released noradrenaline to
diffuse from the tissue into the surrounding bath fluid.
The values for noradrenaline output after nerve
stimulation have been corrected for the spontaneous
output of noradrenaline during the collection period.
Experiments in which the stimulated output of
noradrenaline from the tissues declined by more than
10% per stimulus train were rejected. In any one
experiment the output of noradrenaline at a single
frequency is the mean of at least two observations. As
described previously (Henderson et al., 1975)
electrical field stimulation did not produce any
destruction of noradrenaline added to the organ bath.

Determination of [3HI-noradrenaline uptake

Vasa deferentia were incubated at 37°C in Krebs
solution containing 0.059 gM [3H]-noradrenaline
(specific activity 6.76 Ci/mmol) for various periods of
time. After incubation, surface moisture was removed,
the tissues homogenized and the noradrenaline
extracted and purified as described by Henderson et
al. (1975). The purified noradrenaline was added to
20 ml scintillation fluid. All samples were counted in a
Packard Liquid Scintillation Counter for 10 min, with
a counting efficiency 20-25%.

Drugs and solutions

The bathing fluid was a modified Krebs solution of the
following composition (mM): NaCl 118, KCI 4.75,
CaCl2 2.54, MgSO4 1.19, NaHCO3 24, KH2PO4 0.93,
glucose 1 1, tyrosine 0.25, ascorbic acid 0.1 and
disodium edetate 0.027; it was bubbled with 95% 02
plus 5% CO2.

Table 1 Fractional noradrenaline output per pulse from the mouse vas deferens due to stimulation at 0.5, 1.5
or 1 5 Hz with trains of 240 pulses

Treatment

0.5 Hz

Fractional noradrenaline release per pulse
(x105)at

1.5Hz 15Hz

(a) TO mice

(i) None
(ii) Phenoxybenzamine, 30 gM

(iii) Phentolamine, 36 gM plus
cocaine, 13 gM

(b) C57/BL mice

Phentolamine, 36 gM plus
cocaine, 13 gM

0.83 ±0.16 0.66 +0.13 0.71 +0.15
6.47 +0.62 7.73 +0.97 9.16 +0.94

4.83 + 0.85 5.62 +0.91

1.78 +0.26 3.65 ±0.76 (P < 0.0125)

The tissues were incubated with drug solutions for 1 h before stimulation. The noradrenaline outputs from
untreated and phenoxybenzamine-treated tissues were measured by biological assay; the noradrenaline
outputs from phentolamine and cocaine-treated tissues were measured by fluorimetric assay. The values are
the means±s.e. of 4 experiments.
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The drugs used were cocaine hydrochloride
(Paterson), morphine hydrochloride (Macfarlan
Smith), naloxone hydrochloride (Endo Laboratories),
(-)-noradrenaline bitartrate (BDH), normorphine
hydrochloride (Dr E. L. May), phenoxybenzamine
hydrochloride (Smith, Kline & French) and phentol-
amine hydrochloride (Ciba). A conventional dioxane-
toluene scintillation fluid was used.

Results

Noradrenaline output

(a) TO mice. The noradrenaline content of the vas
deferens was 4.95 + 0.39 gg/g tissue (n= 11). After
stimulation with trains of 240 pulses, the fractional
noradrenaline output per pulse from the untreated
vasa deferentia was not significantly different at 0.5,
1.5 and 15 Hz (Table 1). The noradrenaline output
from tissues incubated with phenoxybenzamine
(30 gM) for 1 h was between 8 and 13-fold greater
than that from untreated preparations (Table 1). After
phenoxybenzamine the noradrenaline output was
slightly higher at 15 Hz than at 0.5 Hz. In tissues
which had been incubated with phentolamine (36 gM)
plus cocaine (13 ,M) for 1 h there was no significant
increase in the noradrenaline output per pulse between
1.5 and 15 Hz (Table 1).

(b) C57/BL mice. The noradrenaline content of the
vas deferens was 4.36 + 0.16 ,ug/g tissue (n= 8). In the
vasa deferentia of this strain of mice the noradrenaline

frequency output relationship after stimulation with
trains of 240 pulses at 1.5 and 15 Hz was different
from that observed in the vas deferens from TO mice.
After exposure of the vas deferens from C57/BL mice
to phentolamine (36 gM) plus cocaine (13 gM) for 1 h
the fractional noradrenaline output per pulse at 15 Hz
was twice that at 1.5 Hz (Table 1).

Effect ofmorphine on contractions ofthe vas deferens

(a) TO mice. The contractions of the vas deferens
from this strain of mice due to stimulation at 0.1 Hz
were inhibited by morphine in a dose-dependent
manner (Figure 1). As previously described, the
minimum concentration of morphine required to
inhibit the contraction at 0.1 Hz was 0.05 ,uM; 50% of
the total contraction was inhibited by 0.47 + 0.03 gM;
concentrations of morphine greater than 5,M
produced a maximum inhibition of the contraction
(Henderson et al., 1972). In all preparations tested,
normorphine was equiactive with morphine in
depressing the contraction. The inhibition of
contraction produced by morphine was completely
reversible by naloxone. Naloxone (0.3-0.9 gM) did
not itself alter the contractions of the vas deferens.
A comparison of the effects of a single concentra-

tion of morphine (2 gM) on the responses due to
stimulation at various frequencies showed that
morphine produces a greater inhibition of the
contractions at low (0.1-1 Hz) than at high (1O Hz)
frequencies of stimulation (Figure 2a, n= 3). Morphine
(2 gM) did not alter the response of the vas deferens to
exogenous noradrenaline whereas the response to

Table 2 Fractional noradrenaline output per pulse from the mouse vas deferens due to stimulation at 1.5 and
1 5 Hz with trains of 240 pulses before and after exposure to morphine and naloxone

Treatment 1.5 Hz

Fractional noradrenaline release per pulse
(x 105J at

15Hz

(a) TO mice

(i) None
Morphine, 1 gM
Morphine, 1 ,UM plus naloxone,

0.05 gM
(ii) None

Naloxone, 0.05 gM
(b) C57/BL mice

None
Normorphine, 100 gM

1.72+0.27 (5)} P<0.01
0.77 +0.15 (5))

P<0.025
1.49 +0.15 (5)
1.84+ 0.22 (4)
1.83 ±0.33 (4)

4.95 ± 0.76 (4)
3.24 + 0.70 (4)

All tissues were pretreated with phentolamine 36 gM plus cocaine 13 gM for 1 hour. The tissues were exposed
to morphine for 6 min and to naloxone for 20 min before stimulation. The noradrenaline outputs were assayed
fluorimetrically. The results were obtained from paired observations. The values are the means±s.e.; the
numbers in parentheses are the number of observations. Fractional noradrenaline output per pulse is the
output as a fraction of the total tissue content of noradrenaline after completion of the experiment.

1.66±0.21 (4)
1.37+0.12 (4)

1.46 + 0.20 (4)
1.80± 0.31 (4)
1.78+0.12 (4)



554 G. HENDERSON & J. HUGHES

electrical stimulation (0.1 Hz) was depressed by
75-85% (Figure 2b, n= 3).

0.05 0.1 0.2 0.5 1
Morphine (pM)

Figure 1 Effect of morphine on contractions of the
mouse (TO) vas deferens stimulated continuously at
0.1 Hz. Mean results from 6 experiments. Vertical
lines show s.e. mean. Ordinate scale: inhibition of
twitch as a percentage of the initial response.
Abscissa scale: morphine concentration.

(b) CS 7/BL mice. The contractions due to
stimulation at 0.1 Hz of the vas deferens from this
strain of mice were not inhibited by morphine or
normorphine until concentrations of 3-10lM were
used. Attempts were made to construct dose-response
curves for morphine against contractions at 0.1 Hz
but in only 4 out of 10 experiments was the maximum
inhibition obtained greater than 50% of the initial
contraction. In these 4 experiments the concentration
of morphine required to produce 50% inhibition of the
initial contraction ranged from 12-47 gM with a mean
of 30.88 + 9.47 gM. Naloxone (2.5 gIM) completely
reversed the inhibition of contraction produced by
normorphine (50 gM, n= 4, Figure 3). This
concentration of naloxone did not alter the response of
the vas deferens to electrical field stimulation or to
exogenous noradrenaline.

Effect of morphine on the noradrenaline output from
the vas deferens

Since there was considerable variation in the
noradrenaline outputs of different preparations, these
results were obtained from paired observations.

(a) TO mice. Exposure of the vas deferens to
morphine (1 gM) for 6 min before stimulation resulted
in a 55% depression of the fractional noradrenaline
output per pulse at 1.5 Hz (Table 2). The fractional
noradrenaline output per pulse at 15 Hz was not
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Figure 2 Effect of morphine on the responses of the mouse (TO) vas deferens to nerve stimulation or to
exogenous noradrenaline. (a) The effect of morphine on the response to nerve stimulation was greater at low
(0.1-1 Hz) than at high (10 Hz) frequencies; (b) Morphine did not alter the response to exogenous
noradrenaline (NA) whereas the response to nerve stimulation was inhibited.
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1 min
Naloxone (2.5pM)

Normorphine (50pM)

Figure 3 Effect of normorphine on the responses of the mouse (C57/BL) vas deferens to nerve stimulation at
0.1 Hz. Naloxone reversed the inhibition produced by normorphine.

significantly altered (Table 2). The depression by
morphine of the noradrenaline output at 1.5 Hz was
prevented by pretreatment of the tissue with naloxone
(0.05 gtM) for 20 min whereas naloxone (0.05 gM)
itself did not alter the noradrenaline output from the
vas deferens (Table 2).

(b) C57/BL mice. Exposure of the vas deferens to
normorphine (100 gM) for 6 min prior to stimulation
did not significantly alter the noradrenaline output at
1.5 Hz (Table 2).

Effect of morphine on [3H]-noradrenaline uptake

Vasa deferentia from TO mice were incubated in
Krebs solution containing [3H1-noradrenaline
(0.059 gM) for 0, 2 and 5 min; the [3H1-noradrenaline
was actively taken up and concentrated in the tissue.
There was no difference at 2 and 5 min between the
[3H]-noradrenaline uptake into tissues incubated with
[3H]-noradrenaline alone and tissues incubated with
[3H]-noradrenaline plus morphine (5 gM) (Table 3).

Discussion

We believe that the motor innervation of the mouse
vas deferens is adrenergic and that morphine acts by
inhibiting the release of noradrenaline from the motor
nerve terminals. The adrenergic nature of the
innervation has been questioned (Ambache & Zar,
1971; Jenkins, Marshall & Nasmyth, 1975) and it is
true that the vasa deferentia of several species exhibit
anomalous pharmacological responses, particularly in
respect of a-adrenoceptor blocking agents. We
attribute these anomalous responses to the dense
nature of the adrenergic innervation and in particular
to the very close apposition of nerve endings and
smooth muscle cells in this type of tissue (Lane &
Rhodin, 1964; Yamauchi & Burnstock, 1969; Furness
& Iwayama, 1971). The evidence in favour of
adrenergic motor transmission is considerable; thus
bretylium (Hughes, 1972), lysergic acid diethylamide
(Hughes, 1973), and morphine (Henderson et al.,
1972; Hughes et al., 1975) all inhibit noradrenaline
release in the vas deferens by different mechanisms
and also inhibit contractions of the tissue to nerve

Table 3 Effect of morphine on [3H]-noradrenaline uptake into the mouse (TO) vas deferens

Treatment

None
Morphine, 5 gM

IPHI-noradrenaline uptake (d min-1 g-
tissue x 1Q4) at

2 min 5 min

68.6 + 2.1
63.9 + 4.7

99.9 + 3.6
102.3 + 9.0

Tissues were incubated with [3H1-noradrenaline, 0.059 gM (specific activity 6.76 Ci/mmol). The values are the
means + s.e. of 3 observations.

37
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stimulation. Also, it has been shown that in the mouse
vas deferens both guanethidine and 6-hydroxy-
dopamine block motor responses to nerve stimulation
(Furness, Campbell, Gillard, Malmfors, Cobb &
Burnstock, 1970; Jones & Spriggs, 1975).

There is no evidence for the presence of ganglion
synapses within the smooth muscle of the vas deferens
or for a cholinergic component in the release of
noradrenaline. The contractions and noradrenaline
output of the vas deferens are unaffected by exposure
of the tissue to hexamethonium (490 gM), hyoscine
(0.23 gM) or eserine (7.7 gM) (Henderson et al., 1972;
Henderson, 1974). Thus, since morphine inhibits the
response to nerve stimulation but not the response to
exogenous noradrenaline the site of action of
morphine must be on the postganglionic sympathetic
nerve fibre to inhibit directly the release of
noradrenaline as in the cat nictitating membrane
(Henderson et al., 1975). Intracellular recording from
the smooth muscle of the mouse vas deferens during
nerve stimulation has demonstrated the presynaptic
site of action of morphine (North & Henderson, 1975;
Henderson & North, 1976).
Using similar experimental procedures the charac-
teristics of noradrenaline release have been examined
from two tissues in which the noradrenaline output is
inhibited by morphine, i.e. the mouse (TO) vas
deferens (this paper) and cat nictitating membrane
(Henderson et al., 1975), and from four tissues in
which the noradrenaline output is not inhibited by
morphine, i.e. mouse (C57/BL) vas deferens (this
paper), guinea-pig ileum myenteric plexus-longitudinal
muscle preparation (Henderson et al., 1975), rabbit
portal vein and vas deferens (Hughes, 1972; Hughes
& Roth, 1974). Within each group the characteristics
of noradrenaline release are very similar. In the
morphine-sensitive tissues the fractional noradrenaline
output per pulse is constant over a wide range of
frequencies (0.2-15 Hz for the nictitating membrane
and 0.5-15 Hz for the vas deferens). In these tissues,
inhibition of neuronal and extraneuronal
noradrenaline uptake and inhibition of pre- and post-
junctional a-adrenoceptors by phenoxybenzamine or
phentolamine plus cocaine increased the noradrenaline

output at each frequency of stimulation but did not
greatly alter the relationship between noradrenaline
output and frequency of stimulation. Therefore this
relationship appears to reflect directly the properties of
the noradrenaline release process. In the mouse
(C57/BL) vas deferens, as in the other morphine-
insensitive tissues, the noradrenaline output is not
constant over a range of frequencies but increases as
the frequency of stimulation is increased. In morphine-
insensitive tissues the output of noradrenaline per
pulse may increase as much as 10-fold between 0.5
and 16 Hz (Hughes & Roth, 1974).

In the adrenergic system the major difference
between morphine-sensitive and morphine-insensitive
tissues is the relatively high noradrenaline output at
low (< 1 Hz) frequencies of stimulation observed in
morphine-sensitive tissues. A similar relationship
between morphine sensitivity and a high transmitter
output at low frequencies of stimulation has been
observed in the cholinergic system (Greenberg et al.,
1970; Lees, Kosterlitz & Waterfield, 1972). It may be
significant that in all morphine-sensitive tissues
morphine has its greatest effect at low frequencies of
stimulation.

It remains to be seen whether there is a causal
relationship between the existence of functional opiate
receptors and the frequency-output relationship of a
particular neuronal system. Enkephalin, an
endogenous ligand for opiate receptor sites (Hughes,
1975; Hughes, Smith, Morgan & Fothergill, 1975)
also inhibits noradrenaline and acetylcholine release
(Hughes, Kosterlitz & Waterfield, unpublished results)
and is present in the guinea-pig ileum where it may
have a functional role (Waterfield & Kosterlitz, 1975).
It remains to be seen if enkephalin is present at other
morphine-sensitive sites and thereby modulates neuro-
transmitter release.
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