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INIBICAO DA TRANSMJSSAO MOTORA POS-GANGLIONAR NOS VASOS
DEFERENTES POR ACAO INDIRETA DE DROGAS SIMPATOMIMETICAS

RESUMO:

1 — Usando um campo elétrico estimulador, com séries curtas de
pulsos (menor que 10 por série), a transmissdo motora po6s-ganglionar
nos vasos deferentes de mamiferos foi posteriormente analisada do
ponto de vista farmacoldgico.

2 — Em preparacdes feitas de cobaia, ratos e coelhos os efeitos de
drogas indiretamente simpatomiméticas, tiramina e cocaina puderam
ser explicados totalmente na base da acdo de liberacdo de noradre-
nalina endégena.

3 —a Tiramina produziu uma contracdo em vasa retirada de ratos
normais, mas ndo agiu em cobaias normais. A contracdo causada
pela tiramina foi devida a liberagdo de noradrenalina enddgena por-
gque ndo é observada em ratos reserpinizados e porque foi abolida na
vasa normal pela fenoxibenzamina ou fentolamina, assim negando a
suposta inacessibilidade aos «-bloqueadores dos «-adrenoreceptores mo-
tores ativados pela noradrenalina endoégena.

4 — Fenoxibenzamina ou fentolamina, foi incapaz de bloquear a
transmissdo motora po6s-ganglionar em vasa de ratos e cobaias.

5 — Tiramina inibe intensamente a transmissdo motora em vasa de
cobaids normais, ndo agindo nos reserpinados.

6 — Tiramina produz inibicdo da transmissdo motora nas prepara-
cdes tratadas com fenoxibenzamina obtidas de ratos normais, porém
ndo inibe as de ratos reserpinizados.
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7 — Cocaina inibe a transmissdo motora nos vasa de cobaia e ratos.
Este efeito ndo foi devido a anestesia local ou a acdo depressora
sobre a musculatura lisa porque isto ndo ocorre nas preparagdes fei-
tas com animais reserpinizados.

8 — O efeito inibidor da tiramina ou cocaina n&o foi abolido pelo
bloqueio dos /3-adrenoreceptores com propranolol.

9 — Embora a reserpinacdo neutralize a inibicdo da tiramina e cocaina,
ndo afeta a agdo inibidora da noradrenalina ou do PGE2

10 — A indometacina e meclofenamato de sodio, as quais bloqueiam
a sintese de prostaglandina, ndo afetam a acdo inibidora contratil
da noradrenalina, tiramina ou cocaina.

11 —Estes resultados fornecem bases suplementares para se con-
cluir que a transmissdo motora pés-ganglionar para os vasos defe-
rentes é nao adrenérgica nestas espécies e assegura a noradrenalina
liberada endégenamente uma funcdo inibidora sobre a transmisséo
motora.

SUMMARY

1. Using field stimulation with short trains of pulses (<10 per
train), the post-ganglionic motor transmission in the mammalian
was deferens has been further analysed pharmacologically.

2. In preparations taken from guinea-pigs, rats and rabbits the
effects of the indirectly sympathomimetic drugs, tyramine and co-
caine, could be explained entirely on the basis of the actions of
released, endogenous noradrenaline.

3. Tyramine produced a contraction in vasa taken from normal
rats but not from normal guinea-pigs. The tyramine contraction
was due to release of endogenous noradrenaline because it was not
seen in preparations taken from reserpinized rats and because it
was abolished in normal vasa by phenoxybenzamine or phentolamine,
thus denying the supposed inaccessibility, to «-blockers, of the motor
«-adrenoceptors activated by endogenous noradrenaline.

4. Phenoxybenzamine or phentolamine failed to block post-ganglionic
motor transmission in rat and in guinea-pig vasa.

5. Tyramine strongly inhibited motor transmission in vasa taken
from normal but not from reserpinized guinea-pigs.

6. Tyramine produced inhibition of motor transmission in phenoxy-
benzamine-treated preparations taken from normal but not from reser-
pinized rats.

7 Cocaine inhibited motor transmission in guinea-pig and in rat
vasa. This effect was not due to a local anaesthetic or to a smooth-
muscle depressant action because it did not occur in preparations
taken from reserpinized animals.

8. The inhibitory effect of tyramine or cocaine was not abolished
by /3-adrenoceptor blockade with propranolol.

9. Whereas reserpinization abolished the tyramine- and cocaine-
inhibitions, it did not affect the inhibitory actions of noradrenaline
or of PGE2.



10. Indomethacin and sodium meclofenamate, which suppress pro-
staglandin synthesis, did not affect the twitch-inhibiting actions of
noradrenaline, tyramine or cocaine.

11. These results provide further support for the conclusion that
post-ganglionic motor transmission to the vas deferens is non-adre-
nergic in these species and assign to endogenously released noradre-
naline an inhibitory role upon motor transmission.

INTRODUCTION

In a previous investigation the conclusion was reached that the
post-ganglionic motor transmitter in the guinea-pig vas deferens is
not noradrenaline (Ambache & Zar, 1971). Yet there is incontro-
vertible evidence for the presence of a rich adrenergic innervation
in this organ and for its exceptionally high noradrenaline content in
many species (Sjostrand, 1962, 1965; Blakeley, Dearneley & Harri-
son, 1970). Noting that noradrenaline actually inhibited post-gan-
glionic motor transmission, Ambache & Zar (1970b, 1971) made the
suggestion that the adrenergic innervation in the vas of this species
might serve an inhibitory role, modulating the motor transmission.
Since it is, as yet, not feasible to achieve a selective electrical stimulation
of the adrenergic fibres running to the vas, an alternative approach
based upon the use of two indirectly acting sympathomimetic drugs,
tyramine and cocaine, has been adopted in the present investigation
in an attempt to determine the physiological role of these fibres.

It is known that tyramine mimics the physiological effects of
adrenergic nerve stimulation by releasing endogenous noradrenaline
from its stores at adrenergic nerve terminals. It was therefore
interesting to find that in the guinea-pig and rabbit vas deferens tyra-
mine did, in fact, produce a pure inhibition of the post-ganglionic
motor transmission, without any trace of contraction; reserpinization
abolished this inhibition, thus relating it to the release of endogenous
noradrenaline.

A reserpine-susceptible tyramine-inhibition of motor transmission
could be detected also in rat vasa although, in this species, tyramine
elicited a distinct contraction of the vas at the same time as it inhibited
the twitches. However, the significant finding was made that, whe-
reas the tyramine contraction (also reserpine-susceptible) was readily
abolished by phenoxybenzamine or phentolamine, post-ganglionic mo-
tor transmission remained unaffected by these «-adrenoceptor blocking



agents or by reserpinization. This is a clear indication that the
«-adrenoceptors which are activated by endogenous noradrenaline are
fully accessible to «-blockers; hence, the resistance of post-ganglionic
motor transmission to «-blockade can no longer be explained away
by invoking an inaccessibility of these adrenoceptors to «-blocking
drugs. The new findings with tyramine therefore confirm the exis-
tence of a non-adrenergic motor transmission in the rat as in the
guinea-pig and rabbit vas. Similar results with cocaine support these
conclusions and also strongly suggest a predominantly inhibitory role
for the adrenergic innervation.

The brevity of the train length (< 10 pulses per train) used
throughout this and in most of our earlier investigations on the vas
deferens needs to be emphasized. From a survey of the literature
it appears that much longer trains of stimuli (in some cases more
than 300 pulses per train) have been in general use. This fact should
be kept in mind when considering the discrepancy between some of
our results and those of other workers; stimulation with single pulses
or with short trains appears to give a less complicated and perhaps
more physiological picture of events at these nerve-muscle junctions
than does stimulation with long trains of pulses.

A preliminary account of these results has appeared elsewhere
(Ambache, Dunk, Verney & Zar, 1972).

METHODS

Albino guinea-pigs (0.3-1 kg), killed by concussion, and albino
Wistar rats (0.2-0 45 kg), anaesthetized with ethyl chloride, were
bled out; a few rabbits and two hamsters were also used. The me-
thod for desheathing and setting up the isolated vas deferens prepa-
rations in vitro at 35°C and a full description of essential experimental
details, including the composition of the Krebs-Henseleit solution, have
been given previously (Ambache & Zar, 1971). In particular, the
reader is referred to the earlier paper for procedural details of the
intermittent field stimulation and for the evidence, given in Figs. 1
and 2 of that paper and based upon the use of a ganglion blocker or
of tetrodotoxin, that the twitch responses were due entirely to excita-
tion of post-ganglionic fibres. In most of the present experiments
the pulse width was fixed at 1 msec and the intermittence at 50 or
60 sec intervals. As before, the train length was kept short: for the



guinea-pig vasa, 3-8 pulses per train; and for the rat vasa, usually
single pulses. All recordings were isometric at a resting tension of ca.
0.3 g, achieved by setting up the preparations at an initial tension
of 0.5 g.

Reserpinization. The animals received two injections of reserpine
phosphate solution (5 mg/ml. in distilled water) in a daily dose of
5 mg/kg, s.c. on the first and i.p on the second, and were Killed on
the third day.

Drugs. With the exception of indomethacin (I-(p-chlorobenzoyl)-
-5-methoxy-2-methyl-indole-3-acetic acid) and PGE2 all other dosages
refer to the respective salts, namely: atropine sulphate, cocaine hydro-
chloride, (- )-noradrenaline bitartrate, phenoxybenzamine hydrochlo-
ride, phentolamine mesylate, propranolol hydrochloride, sodium meclo-
fenamate and tyramine hydrochloride. We are indebted to Professor
J. R. Vane for the gift of indomethacin and sodium meclofenamate;
and to Dr. A. J. Plummer, Ciba, Summit, N. J., US.A,, for the reser-
pine phosphate.

RESULTS
Effects of tyramine in vas deferens preparations from normal animals
Guinea-pig vasa

The vas deferens is reported to possess the highest noradrenaline
content of any tissue (lversen, 1967, Table 4.1). In the guinea-pig
vas deferens the noradrenaline content is given as 10 ftg/g by Sjos-
trand (1965) and as 7.65-26.82 Mj/g by Blakeley et al. (1970). In
all other situations the indirectly acting sympathomimetic drug, tyra-
mine, is known to release endogenous noradrenaline from its stores at
adrenergic nerve-endings (for references, see lversen, 1967, pp. 181-
185). It is therefore reasonable to expect that in the vas deferens,
too, tyramine would release adrenergic transmitter and thereby mimic
its physiological action. If noradrenaline were the motor transmitter,
the administration of tyramine should induce a contraction of adre-
nergic origin in the vas and should facilitate the motor transmission.
Yet, we never succeeded in evoking the slighest contraction in guinea-
-pig vas deferens preparations with tyramine in doses of 0.5-50 jug/ml.
In fact, tyramine had the opposite action: it exerted an inhibitory



effect upon the height of the twitch responses elicited by post-gan-
glionic field stimulation.

Fig. 1 — Inhibition by tyramine of post-ganglionic motor transmission in guinea-
pig vas deferens. The twitches were elicited at 1 min intervals by field stimulation
with trains of 8 pulses (10 Hz) of 1 msec duration and constant voltage. Between
the arrows: tyramine, 0.5, 2.5, 10 or 50 ¢tg/ml, produced graded inhibition;
noradrenaline, 0.5-10 jug/ml., likewise inhibited the twitches but evoked small
contractions of the vas at the same time; lastly, twitch inhibition by PGE2
2 ng/ml. All drug contacts, 3 min. See text.

In six experiments the inhibitory action of tyramine was examined
at four dose levels, namely 0.5, 2.5, 10 and 50 pg/ml., the contact
time being 3 min for each dose. The degree of inhibition was related
to the concentration of tyramine in the organ-bath, as shown in Fig. 1L
The results of these six experiments are summarized in the middle
column of Table 1; the degree of inhibition at each dose level has
been expressed as the mean per cent twitch-reduction (+ s.e. of the
mean). The respective values for the degree of inhibition at the four
dose levels were: 20.9% +5.5; 38.4% + 9.15; 58% + 7.56; and
64.1% + 8.85. The pattern of deepening inhibition with increasing
doses of tyramine is clear.



TABLE 1 — % Twitch-inhibition t produced by noradrenaline, tyramine, cocaine
and PGE2 in desheathed vas deferens preparations from normal and reserpinized
guinea-pigs

‘Normal’ ‘Reserpinized’
Noradrenaline 0.5 fig/ml.  29.1 £+ 3.7 (6) 26.3 +10.3 (3)
Noradrenaline 2.5 /¢g/ml. 39.05+ 4.6 (6) 38.3 £ 8.4 (3)
Noradrenaline 10 /¢g/ml.  48.5 + 5.5 (5) 55.1 +£13.3 (3)
Tyramine 0.5 ng/ml. 209 £ 5.5 (6) 0.6 + 0.6 (3)
Tyramine 2.5 fig/ml. 384 % 9.1 (6) 0.7 + 0.7 (3)
Tyramine 10 fig/ml. 58.0 = 7.6 (6) 49 £ 49 (3)
Tyramine 50 ¢¢g/ml. 64.1 + 8.8 (6) 9.0 £ 4.6 (3)
Cocaine 0.5 fig/ml. 60.0 (2) 0.0 (2)
Cocaine 5 /¢g/ml.  78.5 (2) - 12*(2)
Cocaine 50 /¢g/ml. 99.0 (2) 7.5 (2)
pge?2 2 ng/ml.  90.5 + 3.9 (4) 100.0 (3)

Values are means + S.E. of mean. Number of experiments in brackets. The
negative value, marked with an asterisk, indicates % twitch-protentiation by cocaine.

t The twitches were elicited by trains of eight 1 msec pulses (10 Hz).

It was of interest to compare this effect of tyramine with the
twitch-inhibiting actions of noradrenaline and of PGEZ2 described
earlier by Ambache & Zar (1970a, b). Noradrenaline was examined
at three dose levels, namely 0.5, 2.5 and 10 ,/xg/ml. (contact times of
3 min for each dose); the respective values for the mean % twitch-
inhibitions were 29.1 + 3.73; 39.05 + 4.65 and 485 + 55. As
with tyramine, the noradrenaline-inhibition was dose-related.

In preparations which were insensitive to the motor action of nor-
adrenaline, a pure inhibition of the twitches was recorded; but, in
more sensitive preparations noradrenaline often produced small con-
tractions in the guinea-pig vasa, as well as the inhibition of the elec-
trically induced twitches (see Fig. 1). Large doses of noradrenaline,
in excess of 10 /xg/ml., produced so much contraction of the vas as
to render difficult the accurate assessment of the twitch inhibition.

PGE2was tested as a single dose-level of 2 ng/ml. For this drug
a longer contact-time of 4-6 min was sometimes needed for the full
development of the inhibitory effect; the degree of inhibition at this
dose level was 90.5% + 3.9 (Fig. 1 and Table 1).

The «-adrbnoceptor blocking drugs, phentolamine, 1-2 x 10-8 g/ml.,
and phenoxybenzamine, 10~6:10-5 g/ml., partially or completely blo-
cked the twitch inhibitions produced by noradrenaline and by tyra-



mine; on the other hand, the twitch inhibition produced by PGE2was
not antagonized by phentolamine or by phenoxybenzamine.

Rat vasa

Two important species differences were noted. First, the marked,
often total, inhibition of post-ganglionic transmission by 1-2 ng/ml.
of PGE2 which occurred unfailingly in the guinea-pig vasa, could not
be obtained in the rat vas deferens preparations; the maximum inhi-
bition ever recorded was 10%. This was seen in one experiment
only, at the unusually high dose-level of 10 ng/ml. of PGEZ2, and
there was no further increase in the degree of inhibition as the dose
was stepped up to 50 ng/ml. In several other experiments these doses,
and even 500 ng/ml., of PGE2 failed to produce any twitch inhibition
whatsoever.

Secondly, whereas tyramine had never produced a contraction in
the guinea-pig vasa, it strongly contracted all the rat preparations.
This difference is probably due to the greater sensitivity of the rat
vas deferens to the motor action of noradrenaline. Thus, in our expe-
rience, rat vasa without exception responded with strong contractions
to noradrenaline, 1-2 /xg/ml., whereas the noradrenaline sensitivity of
guinea-pig vasa was, as reported previously (Ambache & Zar, 1971),
extremely variable, ranging between 3.75 and > 125 pg/ml.; the
noradrenaline contractions shown in Figs. 1, 2, 7 and 9 illustrate this
species difference.

The tyramine contraction was accompanied by a simultaneous
inhibition of the motor transmission; this could be detected by the
fact that the height of the electrically induced twitches, now supe-
rimposed upon the tyramine contraction, was considerably reduced.

As in guinea-pig vasa, post-ganglionic motor transmission in the
rat vas deferens preparations was not affected by phenoxybenzamine
or by phentolamine, indicating the presence of a non-adrenergic motor
transmitter in both species. On the other hand, the contractions
elicited by tyramine were completely abolished, in parallel with nora-
drenaline contractions, by «-adrenoceptor blockade sep up either by
phenoxybenzamine or by phentolamine.

Fig. 2 illustrates several features of the actions of tyramine on
the rat vas deferens in an experiment on the two vasa from the
same animal; the experiment was conducted in the presence of atro-



pine, 10~6 g/ml., and propranolol, 2 X 10-6 g/ml. The first panel
shows the twitches elicited by post-ganglionic field stimulation with
single 1 msec pulses delivered at 1 min intervals and, at A, the motor
response to noradrenaline, 2.5 /;g/ml., administered for 1 min. Ty-
ramine, 25 ixg/ml., left in the organ-bath for 6 min, evoked the
powerful contraction seen at B. The peak of this contraction was
reached in ca. 1 min and was followed by a gradual relaxation asso-
ciated with pronounced rhythmic activity. When electrical stimulation
was resumed during this relaxation phase, the twitches, which were
now superimposed upon the tyramine contraction and the rhythmic
movements, showed a progressive decline in height (asterisks in Fig.
2). On the other hand, the motor response to noradrenaline, given
again at C in a dose of 2.5 jtg/ml. during the last 1 min of the
exposure to tyramine, was as great as, or even greater than, before.

The preparation was then treated with phenoxybenzamine, 10_6
g/ml., for 10 min (between C and D). The total disappearance, the-
reafter, of the tyramine contraction, as illustrated at D, made it much
easier now to assess the inhibitory effect of tyramine upon the
twitches. The motor response to noradrenaline was also abolished
by the phenoxybenzamine treatment (see E), again uncovering a
slight inhibitory effect of noradrenaline upon the twitches. The pre-
sence of propranolol in the bath fluid throughout these experiments
should exclude the involvement of /3-adrenoceptors in the causation
of inhibition by tyramine and by noradrenaline.

It was noticed that the inhibitory effect of tyramine and of
noradrenaline was much more pronounced if a lower concentration of
phenoxybenzamine was used for the induction of «-adrenoceptor blo-
ckade. For instance, in the experiment of Fig. 2 (lower record) a
10 min treatment of the contralateral vas with phenoxybenzamine,
10“7 g/ml., was quite adequate to extinguish the motor actions of
tyramine and of noradrenaline (cf. H, I, J with F and G). The use
of this lower dosage of phenoxybenzamine appears to have the advan-
tage of revealing better the inhibitory actions of tyramine and of
noradrenaline, which were much more pronounced than at D and E
after the exposure of the other vas to the higher concentration of
phenoxybenzamine (10-6 g/ml.). Thus, higher concentrations of
phenoxybenzamine appear to antagonize slightly the inhibitory action
of tyramine and of noradrenaline. Another «-blocking agent, phento-



Fig. 2 — For legend see opposite page.



lamine, 2 x 10~6 g/ml., antagonized the inhibitory action of tyramine
and of noradrenaline to a much greater extent than phenoxybenzamine.

Loss of tyramine activity in vas deferens preparations
from reserpinized animals

Guinea-pig vasa: absence of tyramine-inhibition

In the vasa from guinea-pigs pre-treated with reserpine phosphate
(hereafter termed ‘reserpinized vasa’) twitches were readily elicited
by trains of 3-8 pulses of 1 msec duration delivered at 10 Hz, though
their height was often reduced (cf. Fig. 3 with Fig. 1). The sensi-
tivity of the reserpinized vasa to the motor action of noradrenaline
and to other spasmogens was markedly higher than that of the nor-
mal vasa, as reported by Westfall (1970). Nevertheless, tyramine
never produced a contraction of the reserpinized guinea-pig vasa.

Reserpinization profoundly affected the inhibitory action of ty-
ramine on the electrically induced twitches; the tyramine inhibition,
which had never failed to occur in the normal vasa, was virtually absent
in all the ‘reserpinized’ preparations. Table 1 summarizes the results
of three such experiments and shows that in the ‘Teserpinized’ vasa

Legend to Fig. 2.

Fig. 2 — Tyramine contracts the rat vas deferens and inhibits the twitches elicited
by post-ganglionic stimulation; the tyramine contraction is abolished by pheno-
xybenzamine, 10—6 g/ml. (upper record) or 10-7 g/ml. (lower). Upper record
from the left, and lower record from the right vas of the same animal; atropine,
10-6 g/ml., and propranolol, 2 x 10-6 g/ml., present throughout. The twitches
were elicited at 1 min intervals by single 1 msec pulses of constant voltage.

Upper record: noradrenaline (N), 2.5 ¢¢g/ml, administered at A and C for
1 min during interruption of electrical stimulation. At B, tyramine (T), 25 &/ml.,
administered for 6 min with interruption of stimulation during the first and last
1 min of this exposure; the twitches elicited by electrical stimulation during the
intervening 4 min are marked by asterisks. Between C and D, 10 min treatment
with phenoxybenzamine, 10~6 g/ml. No interrruption of electrical stimulation
during subsequente exposures to tyramine, 25 ¢¢g/ml, for 6 min at D and to
noradrenaline, 2.5 ¢¢g/ml., for 3 min at E.

Lower record: contractions elicited, during interruptions of electrical stimu-
lation, by 1 min exposures to noradrenaline, 2.5 ¢¢g/ml, at F and tyramine,
10 ¢¢g/ml. at G. Between G and H, 10 min treatment with phenoxybenzamine,
10-7 g/ml. No interruption of electrical stimulation during subsequent exposures
to noradrenaline, 2.5 ¢¢g/ml. for 3 min at H and 10 ¢¢g/ml. for 5 min at J; and
to tyramine, 10 ¢¢g/ml, for 6 min at I. Note the greater inhibitions produced
by tyramine and noradrenaline after treatment with the lower concentration of
phenoxybenzamine. See text.



the mean 0.6-9% twitch inhibition which tyramine produced at the
four dose levels was insignificant when compared with the inhibitions
of 20.9-64.1% found in the normal vasa.

A representative record obtained in a fourth experiment (not
included in Table 1) is shown in Fig. 3; none of the four doses of
tyramine (0.5, 2.5, 10 and 50 /;g/ml.) brought about any inhibition
of the twitches. The unlikely possibility that the loss of the tyra-

Tyramine A
(/¢ g/ml.) (
Noradrenaline

(I'g/ml-)

Fig. 3 — Effect of reserpinization in guinea-pig vas: the inhibition of post-
ganglionic motor transmission by tyramine is lost, but noradrenaline and PGE2
retain their usual inhibitory action. The twitches were elicited at 1 min inter-
vals by trains of eight 1 msec pulses (10 Hz) of constant voltage: recorder
sensitivity twice that used in the experiment of Fig. 1, which serves as a control
to this experiment. Drug contacts, 3 min.

mine inhibition after reserpinization was due to a non-specific anta-
gonism to all drugs producing inhibition in this preparation was dis-
counted by the finding that the twitches could still be powerfully inhi-
bited by noradrenaline and by PGEZ2 in the reserpinized as in the
normal preparations.

In some of the experiments on reserpinized vasa the assessment
of twitch inhibition by noradrenaline was hindered by the concurrent
increase in sensitivity of the preparations to the motor effect of nor-
adrenaline; this difficulty was overcome by a 10 min treatment with



phenoxybenzamine, 10-7 or 10-6 g/ml., which abolished the motor
response to noradrenaline and unmasked its inhibitory action. However,
recourse to phenoxybenzamine was not necessary in the experiment
illustrated in Fig. 3 because the preparation, even though reserpinized,
failed to contract to noradrenaline, 10 /;.g/ml.; this is a good instance
of the wide variation, among guinea-pigs, in the sensitivity of the
vas to the motor action of noradrenaline, as mentioned on p. 48.

Rat vasa: (a) absence of tyramine-contraction

In vasa taken from reserpinized rats the twitch responses to
single pulses were comparable in size to those recorded from normal
vasa (cf. upper and lower panels of Fig. 8, obtained at the same
recorder sensitivity).

‘Reserpinized’ rat vas

Fig. 4 — Effect of reserpinization in rat vas: loss of the tyramine contraction.
The twitches were elicited at 1 min intervals by single 1 msec pulses; atropine,
10-6 g/ml., and propranolol, 2 x 10-6 g/ml., present throughout. Field stimu-
lation was interrupted during drug contacts (1 min). At A, usual motor response
to noradrenaline, 0.5 /¢,g/ml. At B and C, absence of response to tyramine,
10 or 25 /,g/ml.



Whereas normal rat vas deferens preparations had never failed
to contract in response to tyramine, three reserpinized rat vasa all
displayed a loss of the motor response to tyramine, 10-25 yg/ml.
Thus, in the experiment of Fig. 4, although the reserpinized vas pre-
paration was more sensitive than usual to the motor action of nora-
drenaline (0.5 jug/ml. at A), it was not contracted by tyramine, 10
jug/ml. at B and 25 jug/ml. at C. These results on reserpinized vasa indi-
cate that the motor effect of tyramine found in normal rat vasa is due to
an indirectly sympathomimetic action, i.e. to a release of endogenous
noradrenaline from adrenergic endings. If we take this result in con-
junction with the finding, mentioned earlier, that phenoxybenzamine
abolishes the tyramine contraction of normal rat vasa as readily as
it abolishes noradrenaline contraction, then it is clear that phenoxy-
benzamine is capable of blocking released, endogenous noradrenaline
as easily as it blocks exogenous noradrenaline.

‘Reserpinized’ rat vas

Fig. 5 — Effect of reserpinization in rat vas: loss of the tyramine inhibition
of post-ganglionic motor transmission and restoration of the tyramine inhibition
after treatment with large doses of noradrenaline. Contralateral vas to that
used in the experiment of Fig. 4. The twitches were elicited at 1 min intervals
by single 1 msec pulses of constant voltage; atropine, 10~6 g/ml., and propra-
nolol, 2 x 10-6 g/ml., present throughout. The preparation was treated for
10 min with phenoxybenzamine, 10-6 g/ml., before panel 1. At T, tyramine,
25 fig/ml., for 6 min. At N, noradrenaline, 2.5 or 10 ¢¢g/ml., for 5 min. See text.

(b) Absence of tyramine-inhibition. Unless preceded by several
large doses of noradrenaline, tyramine never induced inhibition of
the motor transmission in the reserpinized rat vasa; this is all the



more significant in the absence of a motor response to tyramine, which
should have rendered easier the detection of any inhibition. In fact,
tyramine sometimes produced a slight potentiation of the twitches,
which could be due to a direct stimulation of «-adrenoceptors in the
smooth muscle by the tyramine molecule per se, because this poten-
tiation was abolished by phenoxybenzamine. Since in the normal rat
vasa the tyramine inhibition of the twitches had been recorded more
satisfactorily after the motor action of tyramine was blocked by
phenoxybenzamine, the reserpinized vasa were also treated with phe-
noxybenzamine, 10~6 g/ml., for 10 min. Fig. 5 shows the absence
of tyramine inhibition in a reserpinized rat vas after such a treatment
with phenoxybenzamine, and illustrates a further point of interest,
namely the restoration of tyramine inhibition by exposures to large
doses of noradrenaline. Thus, when tyramine was administered for
6 min at A it produced a negligible degree of twitch inhibition. By
contrast, there was a substantial inhibition of twitches when noradre-
naline was administered (2.5 ,/tg/ml. at B and 10 /;g/ml. at C; both
for 5 min). These prolonged exposures to high concentrations of
noradrenaline apparently led to some repletion of the noradrenaline
stores in the preparation, because when tyramine, 25 /;g/ml., was
repeated at D it now produced considerable inhibition of the twitches.

The inhibitory action of cocaine

The sympathomimetic action of cocaine, unlike that of tyramine,
is largely attributable to a prevention of the re-uptake or noradrena-
line after its release by nerve impulses (lversen, 1967). Field stimu-
lation should excite all the fibres and endings in the vas, including
those that are adrenergic. It is logical to expect that for the detec-
tion of this sympathomimetic action of cocaine, repetitive stimulation
would be preferable to single pulses, because at higher noradrenaline
outputs the re-uptake mechanism would become more important in
the termination of adrenergic transmission. In the following experi-
ments the vasa were therefore stimulated at 50 or 60 sec intervals
with trains of 3-8 pulses at 10 Hz.

Guinea-pig vasa

Post-ganglionic motor transmission in vas deferens preparations
from normal guinea-pigs, i.e. untreated with reserpine, was inhibited



by cocaine in remarkably low concentrations. For instance, in the
experiment shown in the upper panel of Fig. 6, a 30% reduction in
twitch-height was produced by the lowest concentration of cocaine
used, namely 5 x 10“s g/ml. As the cocaine concentration was raised
stepwise, the twitch reduction became more and more pronounced
until, when a final concentration of 5 x 10“5 g/ml. was reached, the
twitches were completely abolished.

The following results show that this inhibitory effect of cocaine,
particularly in lower concentrations, is due to a sympathomimetic
rather than to its local anaesthetic action. When this experiment was
repeated on reserpinized guinea-pig vasa (lower panel of Fig. 6), no
trace of inhibition could be detected with cocaine in concentrations
ranging between 5 x 10“8 and 5 x 10“5 g/ml. Only when the con-
centration of cocaine reached 10“4 g/ml., was there any twitch re-
duction; it is probable that at this high concentration cocaine was
beginning to exert a local anaesthetic action upon the motor nerve
fibres.

It is unlikely that the inhibition of the motor transmission by
low concentrations of cocaine was due to a smooth-muscle depressant
action because, at the height of the cocaine inhibition, noradrenaline
contractions were in fact potentiated. This is illustrated in Fig. 7.
The constancy of the motor response to noradrenaline, 20 jug/ml., is
shown at A and B, before the administration of cocaine. A 5 min
exposure to cocaine, 5 ,/xg/ml., produced an 86% reduction in twitch
height at C, which was not reflected by any diminution in the motor
response to noradrenaline; indeed, when noradrenaline was repeated
at D during the last 1 min of exposure to cocaine, its motor effect
was greater than before.

Rat vasa

The results with cocaine in rat vasa were qualitatively similar
to those obtained in guinea-pig vasa. In preparations taken from
normal animals, i.e. untreated with reserpine, the inhibitions were
seen best after a 10 min treatment with phenoxybenzamine, 10“7
g/ml. Even under these conditions the rat vasa proved to be con-
siderably less sensitive to the inhibitory action of cocaine than guinea-
pig vasa. As with guinea-pigs, reserpinization virtually abolished the
inhibitory response of the rat vasa to cocaine. These features of the
action of cocaine are illustrated in Fig. 8. The inhibition of the



Fig. 6 — Guinea-pig vasa: comparison of the inhibitory effect of cocaine in a
normal (upper record) and in a ‘reserpinized’ preparation (lower;. The twitches
were elicited at 50 sec intervals by trains of 3 pulses (10 Hz) of 1 msec duration
and constant voltage. Both preparations were exposed to increasing concentrations
of cocaine, as indicated, and washed between successive doses. With 5x 10-H
to 5 X 10-5 g/ml. there is a marked inhibition of post-ganglionic motor trans-
mission in the normal but none in the reserpinized vas. See text.

twitch responses produced in a normal preparation by cocaine at
three concentration levels, 5 10 and 50 ,ug ml., is shown in panels
A-C. In a corresponding experiment conducted under identical condi-
tions on a preparation taken from a reserpinized rat, the most notable
feature was the total lack of inhibition by cocaine, 5-10 ug ml. (panels



Cocaine (5 //g/ml.)

Fig. 7 — Guinea-pig vas: cocaine inhibits post-ganglionic motor transmission but
potentiates the motor action of noradrenaline. The twitches were elicited at
50 sec intervals by trains of 8 pulses (20 Hz) of 1 msec duration and constant
voltage. At the dots, noradrenaline, 20 ¢ig/ml., for 1 min. Between the arrows,
cocaine, 5 ¢tg/ml., for 5 min. See text.

D and E) and the negligible inhibitory response to 50 ,ftg/ml. at F;
this was followed by a potentiation when the drug was washed out.

Failure of inhibitors of *prostaglandin synthesis to diminish the
inhibitory actions of noradrenaline, tyramine and cocaine

The high inhibitory potency of some prostaglandins towards post-
ganglionic motor transmission in the guinea-pig vas deferens was noted
by Euler and Hedqvist (1969) and by Ambache and Zar (1970a). It
has been suggested by Swedin (1971) that the inhibitory effect of
noradrenaline in the vas deferens might be due to an indirect action
involving an intermediate release of endogenous prostaglandin by
noradrenaline. This possibility has been put to the test by the use
of two drugs which are known to suppress the synthesis of prosta-
glandin, namely indomethacin and sodium meclofenamate; it has been
reported by Gryglewski & Vane (1971) that tissue prostaglandin-
synthesis is totally abolished in vitro by both these drugs.

WV- W,
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Fig. 8 — Rat vasa: comparison of the inhibitory effect of cocaine in a normal
(upper record) and in a ‘reserpinized’ (lower) preparation. The twitches, recorded
at the same sensitivity in both experiments, were elicited at 1 min intervals by
trains of eight 1 msec pulses (10 Hz) of constant voltage; atropine, 10-6 g/ml.,
and propranolol, 10~6 g/ml., present throughout. Between the arrows, 7 min
exposures to cocaine, 5-50 /;g/ml., as indicated. Reserpinization has completely
abolished or reversed the inhibitory effect of the 5 and 10 ¢ig/ml. doses, and
has greatly reduced the effect of the 50 pg/ml. dose.



Prolonged treatment of guinea-pig vas deferens preparations with
indomethacin or sodium meclofenamate, during which the intermittent
electrical stimulation was continued, did not diminish the inhibitory
effect of noradrenaline; likewise, the inhibitions produced by the indi-
rectly acting sympathomimetic drugs, tyramine and cocaine, remained
undiminished or were even enhanced.

Fig. 9 illustrates two such experiments. Both preparations were
subjected to field stimulation at 1 min intervals with trains of 8 pulses
(10 Hz) of 1 msec duration. The effect of tyramine and of noradrena-
line on postganglionic motor transmission was tested at approximately
hourly intervals, both before and during exposure to indomethacin
or sodium meclofenamate. It can be seen that the inhibitory actions
of noradrenaline and of tyramine were not diminished even after ca.
3 hr exposure to 2 X 10~6 g/ml. of indomethacin (upper record) or
of sodium meclofenamate (lower record). Indeed, the upper record
shows that there has been a substantial enhancement of the inhibitory
actions of noradrenaline and of tyramine.

Action of tyramine and of cocaine in other species

A few experiments were carried out on rabbit vas deferens pre-
parations. In vasa taken from normal rabbits noradrenaline, 1-5 /;g/
ml., produced a contraction followed by inhibition of the twitches
elicited by electrical stimulation with trains of 1-5 pulses (10 Hz).
The response to tyramine, 2.5-25 /;g/ml., was the same as in guinea-
pig vasa, i.e. tyramine inhibited post-ganglionic motor transmission
without eliciting any contraction of the smooth muscle. Cocaine,
5-50 /¢g/ml., also inhibited motor transmission. In preparations taken
from reserpinized rabbits post-ganglionic motor transmission persisted
but the inhibitory effects of tyramine and cocaine were substantially
reduced or abolished.

On the other hand, a preparation taken from a normal hamster
behaved like the rat vasa in that it was contracted by tyramine, 25
iig/ml.; phenoxybenzamine, 10~6 g/ml., abolished this contraction and
revealed an inhibitory effect of tyramine upon motor transmission. In
a preparation taken from a reserpinized hamster both the motor and
inhibitory effects of tyramine were lost; the reserpinization did not
affect motor transmission.






DISCUSSION

Hotta (1969) has reported a tyramine inhibition of twitches elicited
by preganglionic stimulation of the hypogastric nerve in the guinea-
pig vas deferens; the interpretation of his results is complicated by
the possibility of an action on the ganglionic synapses present in his
preparations. This drawback has been avoided by the desheathing of
our preparations, which renders them ganglion-free and restricts
pharmacological effects on transmission to the post-ganglionic junc-
tions.

The present investigation has been based upon the assumption
that in the vas, as elsewhere, tyramine and cocaine act predominantly
as indirect sympathomimetic agents: tyramine, by releasing endoge-
nous noradrenaline, and cocaine, by prolonging the action of endoge-
nous noradrenaline after its release by electrical stimulation; in each
case, the efficacy of these drugs would depend upon functional inte-
grity of the adrenergic nerve-endings. This assumption is fully su-
pported by our finding that after reserpinization tyramine and cocaine
lost their effectiveness. Hence, their actions in normal vasa can be
justifiably interpreted in terms of an intermediate release of endo-
genous noradrenaline, and thereby provide a strong hint of the pro-
bable physiological function of the adrenergic innervation in the vas.

For a proper understanding of the physiological role of these adre-
nergic nerves it must be kept in mind that there is a wide variation,
not only between species but also within a species, in the sensitivity
of the vas longitudinal muscle to the motor action of noradrenaline
(Ambache & Zar, 1971); such variation is perhaps explicable on the
basis of a variable number of available motor «-adrenoceptors. Of the
species examined in this paper the guinea-pig and rabbit were the
least sensitive to the vascontracting action of noradrenaline and there-
fore provided a clearer picture of the physiological role of endogenous

Legend to Fig. 9.

Fig. 9 — Vasa from two guinea-pigs. The inhibitory effects of noradrenaline
and of tyramine remain unaffected by exposures for > 3 hr to the inhibitors of
prostaglandin synthesis, indomethacin or sodium meclofenamate, 2 x 10-6 g/ml.
(upper and lower records, respectively). In both preparations the twitches were
elicited at 1 min intervals by trains of eight 1 msec pulses (10 Hz) of constant
voltage. The inhibitions produced by fixed doses of noradrenaline or of tyramine
(3 min contacts) are shown before, and at approximately hourly intervals during,
the exposure to indomethacin or sodium meclofenamate. The first panel of the
lower tracing was recorded at twice the usual paper speed.



noradrenaline, which here appears to be purely inhibitory. Thus, in
the guinea-pig and rabbit vasa tyramine never evoked a contraction;
unfailingly, its action was to inhibit motor transmission and it is
significant that this inhibition was absent from the reserpinized pre-
parations. Hence, it would follow that in these two species post-gan-
glionic motor transmission to the vas cannot be adrenergic and that
the likeliest function of the adrenergic innervation is to inhibit the
motor transmission. The fact that the inhibition produced by tyra-
mine or by cocaine was obtained in the presence of propranolol indi-
cates that /5-adrenoceptors play no part in its genesis; this is in keeping
with our earlier finding that noradrenaline-inhibition is not mediated
by ,/5-adrenoceptors (Ambache & Zar, 1971).

In the rat vas deferens the picture is more complex. The greater
sensitivity, in this species, of the muscle fibres to the motor action
of noradrenaline resulted in a dual effect of tyramine: there was a
propranolol-resistant inhibition of motor transmission, but this was
accompanied by a contraction of the smooth muscle. Both effects
were due to endogenous noradrenaline because they were absent after
reserpinization. This raises the question as to which of these two
effects of tyramine, the inhibition of transmission or the contraction
of the muscle, is mimicking the physiological function of the adrener-
gic nerves in the rat vas deferens. In this context, the differential
effect of «-adrenoceptor blocking drugs on the tyramine contraction,
on the one hand, and on the electrically induced twitches, on the other,
acquires more importance. The tyramine contraction of the normal
rat vasa was completely blocked by low concentrations of phenoxyben-
zamine or of phentolamine, but post-ganglionic motor transmission
remained unaffected by these «-blockers. This finding has the follow-
ing theoretical implications. Post-ganglionic motor transmission in the
vas deferens has hitherto been widely considered to be adrenergic
and, in order to account for its resistance to «-adrenoceptor blockade,
it has been suggested (e.g. Holman, 1970) that the motor «-adreno-
ceptors which are activated by endogenous noradrenaline in the longi-
tudinal muscle of the vas are inaccessible to «-blockers. Our present
finding does not support this view. The contraction induced by endo-
genous noradrenaline in rat vasa on administration of tyramine is
fully susceptible to «-blockade by phentolamine or phenoxybenzamine,
and there is therefore no ground for the belief that the «-adrenoceptors
in this smooth muscle possess anomalous properties of inaccessibility
or resistance to «-blocking agents. Furthermore, it has been pointed



out by Hotta (1969) that electron microscopy of the guinea-pig vas
deferens has failed to provide histological evidence for any structure
acting as a diffusion barrier which would prevent the entry of drugs
into the junctional area.

Besides its post-synaptic action due to combination with motor
«-adrenoceptors in the smooth muscle, phenoxybenzamine can also
act presynaptically, on noradrenaline re-uptake. It is conceivable that
phenoxybenzamine might block the action of tyramine by preventing
its entry into the adrenergic nerves. However, such a presynaptic
basis for the extinction of the tyramine contraction in our experiments
appears unlikely, because phentolamine was as efficient as phenoxy-
benzamine in abolishing this tyramine contraction and because nor-
adrenaline-depletion by reserpine also abolished the motor effect of
tyramine. But perhaps the clearest indication of a post-synaptic locus
for this phenoxybenzamine action was our finding that, at a concen-
tration of 10~7 g/ml., phenoxybenzamine did not prevent the release
of noradrenaline by tyramine and the consequent inhibition of motor
transmission. Therefore, the presynaptic action of tyramine on the
adrenergic nerves appears to remain unimpaired by the treatment with
phenoxybenzamine and the absence of a motor effect of tyramine under
these selfsame conditions should be attributed to «-adrenoceptor blo-
ckade in the smooth muscle.

At the same time as it contracted the rat vas deferens tyramine
inhibited the twitches elicited by electrical stimulation. After «-blo-
ckade by phenoxybenzamine this inhibition of post-ganglionic motor
transmission was seen more clearly, as it was now unaccompanied by
the tyramine contraction. Therefore, it appears that there is no
essential difference between the rat and the guinea-pig with regard
to the inhibitory action of endogenous noradrenaline on motor trans-
mission. Since there is this clear correspondence in susceptibility of
post-ganglionic motor transmission to inhibition by endogenous nora-
drenaline in both species, it is tempting to assign a primarily inhi-
bitory role to the adrenergic innervation of the rat as of the guinea-
pig vas. At the same time it is evident that, when the muscle fibres
are exceptionally sensitive to noradrenaline, e.g. in rat and a propor-
tion of guinea-pig vasa, the overspill of endogenous noradrenaline to
the motor «-adrenoceptors in the muscle engenders a second effect,
exemplified by the spasm seen in rat vasa. Such an effect could
occur not only after the administration of tyramine but also after



hypogastric nerve or field stimulation with long trains of pulses, e.g.
the ‘second phase’ of Swedin (1971). This recent work by Swedin on
the neurotransmission mechanism in the rat and guinea-pig vas de-
ferens is of considerable relevance to our results. Field stimulation
with short trains of 10-40 pulses induced ‘immediate’ rapid twitches,
which should correspond to the responses studied by us, using few
pulses, in the present and in earlier investigations (Ambache & Zar,
1970a, b, 1971); indeed, Swedin has confirmed our finding that these
twitches are resistant to «-adrenoceptor blocking agents and are inhi-
bited by PGE2 With much longer trains of 120 pulses, another motor
component (‘the second, slower phase’) appeared in Swedin’s records;
unlike the twitches, this component was susceptible to «-adrenoceptor
blockade but was not inhibited by PGE2 Swedin considered that both
components were due to the same transmitter substance, noradrenaline;
he attributed the initial twitch to activation of functional’ receptors
close to the nerve endings and presumed to be inaccessible to «-blockers,
and the second, slow phase to an activation of more distant ‘extra-
junctional’ receptors susceptible to «-blockade.

Swedin’s hypothesis is contradicted by our tyramine results, which
in fact negate the existence of adrenoceptors inaccessible to «-blocking
agents. Since his hypothesis assumes the mediation both of the ‘imme-
diate’ twitch and of the second, slow phase by a single neurotrans-
mitter, i.e. noradrenaline, it would also fail to explain his own findings
that prostaglandin selectively inhibited the first phase and reserpine
selectively abolished the second. This hypothesis also leads to the
contradiction that prostaglandin, at the same time as it suppresses
the noradrenaline output sufficiently to abolish the first phase (pre-
sumed due to the activation of junctional adrenoceptors), allows the
much greater release of noradrenaline needed for the activation of
the more distant extrajunctional adrenoceptors. Swedin’s findings are
easier to understand if we assume that the first phase is due to the
non-adrenergic motor transmission proposed earlier by us, and the
second phase to an overspill of noradrenaline. Our latest results
suggest that the principal function of endogenous noradrenaline is to
inhibit the post-ganglionic motor transmission; but that after a very
large number of pulses the release of endogenous noradrenaline assumes
such proportions as to cause an overspill to motor «-adrenoceptors in
the smooth muscle (Swedin’s ‘extrajunctional receptors).

The work by Hotta (1969) mentioned above includes an electro-
physiological investigation of the excitatory junction potentials (e.j.p.s.)



in the guinea-pig vas deferens, which lends strong support to these
views. The application of exogenous noradrenaline, 3 x 10-6 g/ml.,
caused a reduction in the amplitude of e.j.p.s without any change in
resting potential, i.e. without depolarization or hyperpolarization; this
inhibitory effect of noradrenaline was not antagonized by nethalide,
a /3-adrenoceptor blocking agent, nor by dibenamine in doses adequate
to block the other action of noradrenaline, exerted directly on «-adreno-
ceptors in the smooth muscle fibres. The inhibitory action of noradre-
naline on the e.j.p.s appears to provide the basis for the inhibitory
effects described here.

Histologically, a synaptic relationship between adrenergic and non-
adrenergic nerve terminals in the cat and guinea-pig vas deferens has
been revealed by electron microscopy. Thoenen, Tranzer, Hiirlimann
& Haefely (1966) have referred to the presence, in close juxtaposition,
of (a) adrenergic nerve terminals, characterized by dark granular ve-
sicles which filled with osmiophilic material after incubation of the
tissue with noradrenaline; and (b) non-adrenergic nerve terminals cha-
racterized by vesicles which remained ‘empty’ and did not take up any
osmiophilic material after noradrenaline incubation. The two types of
endings were found lying membrane to membrane, enclosed in the
same Schwann cell’; this close arrangement is clearly illustrated in
Figs. 6 and 7 of their paper. In interpreting these observations, Thoe-
nen et al. (1966) made the assumption that the non-adrenergic termi-
nals with the empty vesicles were cholinergic because of their resem-
blance to nerve endings found in the cat iris. However, an empty
appearance of synaptic vesicles is no sure guide to the chemical identity
of the transmitter within them. Our previous findings with atropine
and anticholinesterases rule out any significant cholinergic component
in the motor transmission at the post-ganglionic endings in the vas;
it would seem therefore, that the empty-vesicled non-adrenergic termi-
nals might well be the post-ganglionic motor nerve endings containing
the unknown motor transmitter and that the closeness to them of the
‘osmiophilic’ adrenergic terminals would allow easy access to them
for the endogenous noradrenaline released by the other endings,
thus permitting a synaptic interplay between the two types of nerve
terminals.

We wish to thank our colleague Dr. G. C. R. Morris for reading the manuscript
and Messrs P Miall, P. Smith and P. Richardson for valuable assistance.
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