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SUMMARY

1. An anatomical basis was sought for the biphasic motor nerve response
of the rat vas deferens. The motor nerve pathway to the tissue was
stimulated at different points between the vertebral outflow and the intra-
mural fibres, in the pithed rat and in isolated tissues, to examine the possi-
bility of two anatomically separate groups of neurones. Different prepara-
tions of the isolated tissue were devised to detect whether different groups
of smooth muscle fibres contributed to the two phases.

2. The fibres mediating both phases of the response arose from the
upper lumbar vertebral outflows. Both phases were elicited by pre- or
post-ganglionic stimulation and could be depressed by hexamethonium.
In the pithed rat or with hypogastric nerve stimulation in the isolated
tissue, however, the initial 'twitch' phase was relatively resistant to such
blockade.

3. When the rat vas deferens was perfused through the lumen in 8atu
or in vitro, the perfusion pressure response to motor nerve stimulation
exhibited two phases similar to those of the longitudinal contractile
response.

4. Isolated rat vasa were bisected into portions, each of which was
stimulated and longitudinal tension was recorded. The proportions of the
two phases of the response varied along the length of the tissue. At the
prostatic end the total response was relatively weak with a dominant
'twitch' and at the epididymal end the two phases were comparable in
magnitude. The distribution of adrenergic nerve terminals within the
muscle layers also varied along the length of the rat vas deferens.

5. The effects of drugs were investigated on the motor responses of the
above preparations. The 'twitch' phase was relatively susceptible to
blockade by reserpine and lysergic acid diethylamide and the 'secondary'
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phase to phentolamine with both equally sensitive to guanethidine. Each
phase had similar susceptibilities to blockade irrespective of which part
of the tissue was involved.

6. It was concluded that two types of nerve-muscle transmission may
be involved in the rat vas deferens with the proportion of each varying
along the length of the tissue but both displaying pharmacological
characteristics of adrenergic fibres.

INTRODUCTION

Langley & Anderson (1895) demonstrated in several species that
stimulation of the upper lumbar nerves produced contraction of both
longitudinal and circular muscle of the ipsilateral vas deferens and that
this motor pathway ran via the hypogastric nerve. Subsequently it was
found that the ganglia in this pathway lay along the hypogastric nerve
within a few cm of the effector tissue (Sjostrand, 1962; Kuriyama, 1963;
Ferry, 1967) so that although the pathway was anatomically sympathetic,
the post-ganglionic fibres were unconventionally short. In most species
examined, the smooth muscle of the vas deferens receives a dense plexus
of adrenergic fibres (Sjostrand, 1965), noradrenaline contracts the tissue
(Hukovic, 1961) and stimulation of the hypogastric nerve results in an
overflow of endogenous noradrenaline from the tissue concomitant with
the contraction of the longitudinal muscle (Hughes, 1972). Together with
the observation that adrenergic neurone blockers, such as guanethidine,
block this motor response (Bentley & Sabine, 1963; Birmingham & Wilson,
1963) these findings indicate that in this tissue, as in the majority of others
the transmitter released from the post-ganglionic sympathetic nerve
terminals is noradrenaline.
Swedin (1971), however, demonstrated that in rat and guinea-pig the

mechanical response of the vas deferens to motor nerve stimulation is
complex, consisting of two phases, an initial rapid 'twitch' response which
declines to be replaced by a slower better maintained 'secondary' re-
sponse. These two responses display differences in their pharmacological
properties, being differentially blocked by prostaglandins (Euler &
Hedquist, 1969), phentolamine (Swedin, 1971), reserpine (Gillespie &
McGrath, 1974) and lysergic acid diethylamide (Gillespie & McGrath,
1975). Both components are blocked by guanethidine (Swedin, 1971). In
addition the two components are differentially affected by modification
of the bath temperature when the tissues are examined in vitro (Birming-
ham & Freeman, 1976).
The purpose of the present investigation was to determine whether

there is an anatomical basis for the two components of the mechanical
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response in the rat vas deferens. First the motor nerve pathway was
examined by observing the response of the whole vas deferens to electrical
stimulation of the nerves at different sites. Secondly, the possibility was
investigated of the longitudinal and circular muscle layers being dif-
ferentially involved in the production of the biphasic longitudinal response
to motor nerve stimulation. Thirdly, the tissue was cut transversely into
portions to determine whether the two components of the response were
present in equal proportions along its length. With each preparation the
effects of some blocking drugs on the responses were analysed.
A preliminary communication ofsome ofthese results has been published

(Duncan & McGrath, 1976).

METHODS
Pitched rat
Male Wistar rats (250-300 g) were pithed by the method of Gillespie, MacLaren

& Pollock (1970) under nitrous oxide/halothane anaesthesia.
The moveable 10 mm long stainless steel electrode at the tip of the pithing rod

was placed to stimulate the appropriate vertebral outflows as described in the
Results. (stimulation parameters; 1 msec pulses, supramaximal voltage, frequencies
in text). The position of the electrode within each rat was estimated during the
experiment and verified post-mortem by radiography.
The isometric tension in the anococcygeus muscles was recorded as described by

Gillespie & McGrath (1973). Systemic blood pressure was recorded from one femoral
artery and heart rate was extracted electronically from this.

Isometric tension in one or both vasa deferentia was recorded from the freed
epididymal end. The prostatic end was fixed to the underlying cork board by means
of a steel pin. In some experiments the isometric tension in one vas was recorded
and a polythene cannula was introduced into the lumen of the contralateral vas at
the epididymal end allowing perfusion towards the prostatic end. Krebs bicarbonate
solution was perfused at a constant rate of 20 or 40 ,ul./min using a Palmer slow
injection apparatus and perfusion pressure was recorded from a side branch 1 cm
from the vas using a Statham P23A pressure transducer. The perfusate usually
escaped via the penis without obstruction, the vas itself providing almost all of the
resistance, but in a few cases an incision was made at the base of the adjacent
seminal vesicle to allow egress of the perfusate.
Throughout the experiment both vasa lay within a pool of prewarmed liquid

paraffin formed within the abdomen. Drugs were administered via a cannulated
femoral vein. Pancuronium bromide (1 mg/kg; i.v.) was given to prevent skeletal
muscle twitching. All parameters were displayed on a Grass Polygraph.

Isolated vaea deferentia

Whole vasa were isolated from male Wistar rats (250-300 g) killed by a blow on
the head and exsanguination.

All vasa were placed either whole or divided transversely into sections, as de-
scribed in the Results, in a Perspex bath (cross-sectional area 16 mm2) heated to
37 'C, through which Krebs bicarbonate solution preheated to 37 0C and gassed
with 95% 02: 5% CO2 was perfused at a constant rate of 1-5 ml./min. In this way
the solution bathing the tissues was constantly renewed. Threads were sewn through
the wall of the vas at each end so that the lumen was not obstructed. One end was
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attached to a fixed point near the inflow of Krebs and the other to either an isometric
tension transducer (initial resting tension of 0-5-1-0 g) or to an isotonic length
transducer (Mercury Electronics; load 0-5--10 g, sufficient to return preparation
to pre-stimulus length without constant lengthening).
Where appropriate, vasa were cannulated via the fixed end with polyethylene

cannulae (o.d. 0-75 or 1-02 mm) and Krebs bicarbonate solution pre-warmed to
37 'C was perfused through the lumen using a slow injection apparatus. In this
case a pressure transducer with a small volume dome (Elcomatic EM 750) was
placed in series with the flow of the perfusate in order to reduce the dead-space.

Drugs were administered by pre-mixing them to the required value in Krebs
solution and substituting this for the normal flow through the organ bath.

Field stimulation of the intramural nerves was achieved via parallel silver: silver
chloride plate electrodes placed on either side of the tissue using a stimulator with
a low output impedance (0.2 msec pulses, supramaximal voltage). This type of
electrode was employed since preliminary experiments indicated that ring electrodes
were unsuitable due to the variation in the response along the length of the tissue.
In consequence it was necessary to ensure that the electrode ran parallel to the full
length of the tissue to obtain a maximal response.

In six experiments rat vasa deferentia were removed with the hypogastric nerve
attached, as described by Graham, Al Katib & Spriggs (1968). The vasa were placed
in the bath in the usual way with the prostatic end fixed but the nerve was drawn
through a side hole over bipolar platinum electrodes for stimulation (0-1 msec
pulses, supramaximal voltage). In this way the tissue could be stimulated in alternate
periods via the hypogastric nerve or by field stimulation. All responses were recorded
on a Devices M2 recorder.

Histology
In order to identify the direction of the smooth muscle layers, tissues were stained

with haematoxylin and eosin. Fluorescent adrenergic nerve terminal were located
by exposure of freeze-dried tissues to formaldehyde vapour by the method of
Hillarp and Falck as modified by Gillespie & Kirpekar (1966).

Measurement of responses
The maximum tensions developed by the 'twitch' and 'secondary' responses

were measured separately as shown in Text-fig. 1 B. In the whole vas and in the
absence of drugs this was straightforward. Where the two components were not
clearly distinguishable, the two measurements were taken at the same time after the
start of stimulation as was found in control responses for that tissue. In measuring
each of the 'twitch' and 'secondary' responses part of both components will be
contained in each measurement. This results in a distortion not only of the height
but also of the time of the maxima, especially for the 'twitch'. For this and other
reasons, when the tissue is bisected into segments the 'twitch' and 'secondary'
responses cannot be simply summed for comparison with the 'whole' vas response.
An adequate perfusion rate and sensitivity of the recording system was critical

for the development of the two phases of the perfusion pressure response to motor
nerve stimulation. In some preliminary experiments, where the 'dead space'
volume between the perfusion syringe and the tissue was greater and the perfusion
pressure was monitored via a side tube, no clear 'twitch' component was detected.
In an earlier study in anaesthetized rats, Chang, Chang & Su (1967) measured the
intraluminal pressure in a blind sac of vas deferens as described by Langley &
Anderson (1895) and found only one component to the response during hypogastric
nerve stimulation. Evidently this latter preparation also did not respond rapidly
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enough to detect the twitch component. An analogous situation applies to the
interpretation of longitudinal muscle responses when they are recorded isotonically.
Whether or not the two phases are distinctly separable will depend on the frequency
response characteristics of the recording system and on the relative rate of rise and
magnitude of the two components of the response. As Fig. 4 shows, isometric record-
ing gives a clearer measure of each response in the rat vas deferens. The 'twitch'
response may, however, still be submerged within the 'secondary' response if the
latter is larger and this will particularly apply to the epididymal end of the tissue.
The suitability of the recording system is thus crucial when interpreting the relative
responses obtained between species and by different workers. In the present case
the high frequency 'twitch' component of the isometric response signal was unaf-
fected by a single stage Sallen and Key low-pass filter of 3 db down at 33 Hz but
was attenuated and prolonged by a similar filter of 3 db down at 10 Hz. No filters
of lower frequency than the former example were, therefore, employed.

Statistical comparison between groups was made with Student's t test. The num-
bers of tissues employed were as mentioned in the text or where qualitative results
are quoted were verified on tissues from at least four animals.
The following drugs were used and concentrations are expressed as grams of the

base in the experiments in the pithed rat and as molar in the experiments in vitro:
pancuronium bromide (Organon), reserpine (crystalline, Koch-Light), guanethidine
suphate (Ciba), hexamethonium bromide (Koch-Light), lysergic acid diethylamide
(Sandoz), noradrenaline bitartrate (Koch-Light) and phentolamine mesylate (Ciba).
The Krebs bicarbonate solution employed had the following composition (mm):

NaCl, 119; KCl, 4*7; MgSO4, 1-0; KH2PO4, 1-2; CaCl, 2-5; NaHCO3, 25-0; glucose,
11 1; and was gassed with 95% 02: 5% CO2.

RESULTS

Anatomical origin of the motor pathway
Pithed rat - vertebral origin of motor response
The vertebral outflows were stimulated by placing the pithing rod

electrode at successive 10 mm intervals along the spinal canal and stimu-
lating at each position for 10 sec with 1 msec pulses at 30 Hz. Records
were made of the response of vas deferens, of the anococcygeus muscles
and of the arterial blood pressure. Each response at each position was
expressed as a percentage of the maximum response. In the case of the
vas deferens the two components of the response were analysed separately.
Text-fig. 1 shows that the position for the maximum responses were dif-
ferent for the blood pressure (T9), anococcygeus (T12-L1) and vas deferens
(L2-3) but that the two components of the vas deferens response were
evoked from a common location. The only difference between the two
components was that at L4 a relatively larger proportion of the 'twitch'
component was present (0.01 > P > 0.001).
In five rats the lumen of one vas deferens was perfused with Krebs

solution at a constant rate and the perfusion pressure recorded, while in
the contralateral vas the isometric longitudinal tension was recorded.
Text-fig. 2 shows that under these conditions, both responses of both
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vasa were biphasic and shared an optimum vertebral origin. Also visible
in Text-fig. 2 is a late rise in perfusion pressure at L1-2 and T12-L1 which
parallels a rise in heart rate. This is a response due to the release of
catecholamines from the adrenal medulla and at more rostral positions
within the thoracic vertebrae, where no direct response to stimulation is
found, is the only vas deferens response.

A B

-'100
E

E~~~~
D6.-\'Twitch' 'Secondary'~50 ., 1

8 9 10 11 12 13 1 2 3 4 ' -
Thoracic Lumbar 30 sec

Electrode position
Text-fig. 1. A, pitched rat. Stimulation of vertebral outflow at different
levels giving pressor responses and longitudinal isometric responses of
anococcygeus and vas deferens represented as a percentage of maxial
responses. Stimulation; l0 see at 30Hz (n = 6). * *, mean arterial
blood pressure; E) ...... isometric anococcygeus tension;A-/\
isometric, longitudinal vas deferens, tension, 'twitch'; 0- 0, isometric,
longitudinal vas deferens tension, 'secondary'. B. typical longitudinal
isometric response of rat vas deferens. Stimulation 30 see at 30Hz at
L2-3. Measurement of 'twitch' and 'secondary' responses is indicated.

Effects of blocking drugs
Blocking drugs were tested against the isometric tension responses of

the vas deferens to stimulation at the optimal position: L2-3.
Reserpine (3 mg/kg) and lysergic acid diethylamide (200 ,ug/kg) pre-

ferentially inhibited the initial ' twitch ' component of the response
(Text-fig. 3A, B). In the case of reserpine this blockade was not complete
until two to five stimulation periods after administration. Repetitive
stimulation after reserpmne resulted in a reduction and change of shape
of the 'secondary' response also (Text-fig. 3A). Hexramethonium (1 mg/
kg) preferentially inhibited the 'secondary' component of the response
but recovery was rapid (Text-fig. 3C). Guanethidine (IO mg/kg) or hexra-
methonium (5 mg/ kg) depressed both components of the response
and phentolamine (2 mg/kg) preferentially inhibited the 'secondary'
component.
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As a control on the efficacy of these blocking drugs, responses of the

anococcygeus muscles and blood pressure to upper lumbar sympathetic
stimulation were always recorded. These responses were either abolished
or considerably reduced by the doses employed of hexamethonium,
guanethidine and phentolamine but were not acutely affected by
reserpine or LSD.

Electrode L4-5 L2-3 Ll-2 T1 2-L1
position V__ V_ [-- I I - 50

Left vas deferens mlperfusion pressure L I f mmHg
Jo

Right vas deferens
isometric tension

1300

Heart rate min-
-1200

Arterial blood
pressure

_1]/ 100

-J40

mmHg

Text-fig. 2. Pithed rat. Comparison of longitudinal isometric response with
perfusion pressure response in vas deferens. Stimulation at 30 Hz for 10 sec
at 5 min intervals with electrode in different vertebral positions. Trace was
interrupted between periods of stimulation.

Isolated rat hypoga8tric nerve-vas deferens in vitro
Motor responses (isometric longitudinal) were produced in isolated vasa

deferentia by alternately stimulating the hypogastric nerve (20 Hz
0 1 msec pulses, 20 sec) and stimulating the intramural nerves by field
stimulation (20 Hz, 0-2 msec pulses, 20 sec). Both components of the
response to hypogastric nerve stimulation were inhibited by hexame-
thonium in a dose dependent manner but the initial 'twitch' component
was relatively more resistant to blockade. In contrast neither component
of the response to field stimulation was inhibited by hexamethonium in
doses up to 104 M (Table 1).

Comparison of the size of responses following different methods of stimulation
Table 2 shows the size of both components of the isometric longitudinal

response of vasa to stimulation at 30 Hz at different points in the motor
pathway.
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The responses in the pithed rat and to field stimulation in vitro were of

similar magnitude whereas those to stimulation of the hypogastric nerve
were smaller and were more variable.

Longitudinal compared with circular responses
In the pithed rat the vas deferens perfusion pressure response to field

stimulation was biphasic (Text-fig. 3). The biphasic nature of this response
was dependent on the rate of perfusion and hence on the sensitivity of
the recording system as shown in vitro in Text-fig. 4. At low rates of

10 sec 10 sec

10 sec

3 g

6 -17'<.
10 sec

B

jKqSDfy~Rtj] 39

C ~~~~~~~~~10sec

Text-fig. 3. A, the effect of reserpine (R: 3 mglkg, i.v.) on the response of the
rat vas deferens (isometric longitudinal tension) to stimulation in the ver-
tebral canal at L2-3, for 10 sec at 30 Hz every 4 min. Two control responses
are shown (C) and the responses following reserpine are numbered (1-18).
At the first control and nos. 6 and 17 the paper speed was increased to
illustrate the time course of the response. B, the effect of lysergic acid
diethylamide (LSD: 200 #sg/kg, i.v.). Stimulation at L2-3 for 10 sec
at 10Hz. C, the effect of hexamethonium (C6:1 mg/kg, I.v.). Stimulation
as in A.

perfusion the 'twitch' component was absent from the perfusion pressure
records but not from the longitudinal response. As the perfusion rate
was increased the 'twitch' component gradually emerged until an opti-
mum was reached at which the 'twitch' and 'secondary' components were
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present in similar proportions to those found in the longitudinal response.
Further increases in perfusion rate beyond this level produced no further
change in the response.

This difference in sensitivity of the 'circular' muscle response with
different perfusion rates is similar to the difference in the longitudinal
muscle response found when comparing isometric with isotonic recording.
A comparison of Text-fig. 4A and B illustrates that with isotonic recording

TABLE 1. Effect of hexamethonium on the isometric longitudinal responses of the
rat, isolated, whole vas deferens preparation to (1) hypogastric nerve stimulation,
20 Hz, 0-1 msec pulses, supramaximal voltage, 20 sec, (2) field stimulation, 20 Hz,
0-2 msee pulses, supramaximal voltage, 20 see. Stimulation was alternately (1) or
(2) with 4 min intervals. Steady-state responses are expressed as a percentage of
pre-drug controls + S.E. of mean (n = 6).

Response (% of control)
Concn. of A

hexa- (1) (2)
methonium , -A

(M) Twitch Secondary Twitch Secondary

10-8 93+4 90+3 100+2 99+2
10-7 99+4 69+4 98+3 94+2
10-6 94+3 61±6 100+2 98+3
10-i 83+3 49±4 102+3 98+2
10-4 43 +6 24+ 4 101+ 3 99+ 3

TABLE 2. Comparison of the amplitude of responses of the whole rat vas deferens to
stimulation of its motor nerves at different sites. Stimuli were at 30 Hz for 10 sec.
Mean responses + s.E. of mean are indicated

Preparation ... Pithed rat In vitro In vitro
Site of
stimulation ... L2-3 Hypogastric Field

nerve stimulation
n 12 6 12

Twitch (g) 4-1+0-3 2-9+0-6 5-5+0-4
Secondary (g) 3-3 + 0-3 2-3 +0-8 3-7 + 0-3

the separation of the two components of the motor response is less distinct.
The two components are clearly visible by their different rates of rise and
are obvious from the perfusion pressure record, but compared with the
isometric recording in Text-fig. 4A, the 'twitch' component is greatly
attenuated. It is to be expected that an isotonic record will respond less
rapidly to a fast-onset, short-lived event such as the 'twitch' response and
this emphasizes the importance of the recording method when investigat-
ing such phenomena.
The frequency/response characteristics of the 'longitudinal' and 'circu-
2 PHY 273
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lar' muscle responses are illustrated in Text-fig. 4B. Both responses are
produced by single pulses but, as a proportion of the maximal responses
at high frequencies, the circular responses are relatively weak at low
frequencies compared with the corresponding longitudinal responses.
This was true whether the longitudinal response was isometric or isotonic.
Both circular and longitudinal muscle contracted in a dose dependent

manner to noradrenaline 106-10- M and these responses were inhibited

A 10 sec!~~~~~~~~~~~~~ g
I 30 mmHg

A A A A A
0-03 0-12 045 ml./min

B 10 sec 10 sec

V~T1 1l mm 10 mm

J1 mmHg ]30 mmHg
o o O 8 O A A A A

0-2 1 10Hz
Text-fig. 4. The effect of perfusion rate and of stimulation frequency on the
response of the isolated rat vas deferens to field stimulation between
triangles. A, longitudinal isometric tension (upper) and perfusion pressure
(lower) were recorded at various perfusion rates. Stimulation: 0-2 msec
pulses at 1O Hz for 30 sec. The 'twitch' phase of the perfusion pressure
response became apparent at higher perfusion rates. B, longitudinal isotonic
shortening (upper) and perfusion pressure (lower) were recorded. Perfusion
rate 0-45 ml./min. Stimulation: 0-2 msec pulses at 0-2-10 Hz for 30 sec. In
the left hand panel the recorder sensitivity was increased to illustrate
responses to single pulses (0). Note that the 'twitch' is less apparent
in the isotonic recording compared with the isometric recording in A.

by phentolamine 106 M. The onset of the contraction to noradrenaline
and of the blockade by phentolamine was relatively more rapid in the
case of the longitudinal response as would be expected since the outer
layer is of longitudinal muscle.

Lysergic acid dithylamide (10-7 M) preferentially inhibited the 'twitch'
components, phentolamine (106 M) preferentially inhibited the 'secondary'
components while guanethidine (10-7-10-5 M) inhibited all components
of the circular and longitudinal responses.
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The perfusion pressure responses to field stimulation were similar

whether the vas was perfused through the prostatic end or the epididymal
end. If the vas was perfused through the prostatic end and the tissue was
transversely bisected leaving only the prostatic half, no response or only
a very small response to field stimulation could be obtained. In contrast if
the vas was perfused through the epididymal end and the prostatic half
was removed the response was hardly altered. This indicates that most of
the 'circular' muscle response originates in the epididymal half.

A B C
Whole vas Epididymal half Prostatic half

5 (100% weight)[ (33±2% weight) (67±2% weight)

g3
Co

I -~
1 1

1 2 34 10 20 40 1 2 34 10 20 40 1 2 34 10 20 40
30 30 30

Frequency Hz (log scale)

Text-fig. 5. Frequency/response curve for the isolated rat vas deferens when
whole or bisected transversely into two pieces ofequal length. Field stimula-
tion, 0 2 msec pulses, for 20 sec period. At all frequencies 20 sec was
sufficient to allow maximal development of both phases of the isometric
longitudinal tension response: A--AE 'twitch'; 0-0O 'secondary'.
The relative mean weights of the portions are indicated above the graphs
(n = 8). Bars represent s.E. of mean.

Variation of tae motor response along the length of the rat vas deferent
Transverse bisection

Since the perfusion pressure response to field stimulation in the rat vas
had been found to be due mainly to the 'circular' muscle in the epididymal
end of the tissue, vasa deferentia were transversely bisected into two
equal lengths to examine the possibility of differences in the longitudinal
responses. The contralateral vasa were left intact and frequency/response
(longitudinal isometric) curves constructed comparing the whole vasa
with the halves (Text-fig. 5). At each frequency the responses were largest
in the whole vasa but comparing the two halves, the responses in the
epididymal half were larger. The proportions of the two components of
the response also differed markedly between preparations. In the whole

2-2
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vasa the 'twitch' component dominated at all frequencies (Text-fig. 5A).
In the epididymal half, however, the two components were of equivalent
size with the 'secondary' component larger at all except the highest
frequencies (Text-fig. 5B), while in the prostatic half, the 'twitch' com-
ponent dominated (Text-fig. 5C).

Distribution of the response along the length of the vas deferens
The above established that the relationship between the two com-

ponents of the motor nerve response was different in the two halves of

A B
1oo0 M M

0%A

0)
C
0

0.

0 20 40 60 80 0 20 40 60 80
% by weight removed from % byweight removed from

prostatic end epididymal end

Text-fig. 6. The effect of removing portions from the rat vas deferens on the
response of the remainder to field stimulation (20 Hz, 0*2 msec pulses for
20 sec period). Five portions were consecutively removed from each vas by
transverse bisection, each approximately 15% of the weight of the whole
vas. Tissue was removed from the prostatic end of one vas (A) and from
the epididymal end of the contralateral vas (B). Responses of the isometric
longitudinal tension are expressed as a percentage of those found initially
in the whole vasa. Results from six rats were meaned with respect to the
percentage response remaining and to the total weight of tissue removed
at each stage. A---/A, 'twitch'; O O. 'secondary'. The vertical dashed
line (M) indicates the mean longitudinal linear mid-point of the vasa.

the tissue. In order to determine whether this relationship had two distinct
forms or whether it changed gradually along the length of the tissue, whole
vasa were set up and successive portions were removed from either the
epididymal or prostatic ends. After each bisection, a response was produced
to field stimulation of the remainder at 20 Hz for 20 see and each com-
ponent of the response was expressed as a percentage of the corresponding
component found in the whole vas (Text-fig. 6).
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Text-fig. 6 illustrates that as the tissue was removed from the prostatic

end of the vas the 'secondary' component declined less and that when
tissue was removed from the epididymal end, the 'secondary' component
declined more than did the 'twitch' component. This demonstrates that
both components are distributed along the length of the vasa, but that the
'secondary' component becomes relatively greater towards the epididymal
end.

If the points are considered where half of the 'length' of the tissue has
been removed it can be seen that when the epididymal half is left (Text-
fig. 6A) a relatively large proportion of the 'secondary' component will
remain, whereas when the prostatic half is left (Text-fig. 6B) only a small
proportion of the 'secondary' component remains. This correlates with
the observations in Text-fig. 5.

10 sec 10 sec 10 sec
IQ0.5g J0.5g

AP \_ 2 <_J E
A A A A A A

Text-fig. 7. The responses to field stimulation of isolated portions of rat vas
deferens divided transversely into three portions of equal resting length.
Recordings are of the isometric longitudinal tension. Stimulation para-
meters; 0-2 msec pulses at 5 Hz between triangles. P, prostatic third; C,
central third; E, epididymal third. Note that the sensitivity of the recorder
is greater for the prostatic third.

The gradually changing relationship of the two components of the
response to field stimulation are illustrated in Text-fig. 7 which shows the
responses obtained in three sections of equal length taken from one rat
vas deferens.

Effect of blocking drugs on the two halves of the vas deferens
In order to demonstrate whether the two components, 'twitch' and

'secondary' possessed similar pharmacological properties in the two halves
of the vas, the effects of blocking drugs were assessed in the two halves
against the longitudinal isometric responses to field stimulation at
5 and 20 Hz. The drugs chosen were phentolamine, lysergic acid diethyl-
amide (LSD) and guanethidine since their effects on the whole tissue were
known.
The effects of the drugs were similar against responses to 5 Hz and those

to 20 Hz. Text-fig. 8 illustrates dose-response curves for the effects
against 20 Hz stimulation.

Phentolamine had a similar effect on the responses in the two halves of
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the tissue. Both components of the response to 20 Hz were inhibited in
a dose dependent manner, but the 'secondary' response was inhibited by
lower doses (Text-fig. 8 A). The responses to 5 Hz stimulation were
inhibited in a qualitatively similar manner with the degree of inhibition
of both components being greater at each dose.

A
Phentolamine

Mn C V80

.r- o 0-
0 _

M~~~~~~~

60
> 0)
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Text-fig. 8. The effects of phentolamine, LSD and guanethidine on the re-
sponses of the two halves of isolated rat vas deferens to field stimulation
(20 sec period, 20 Hz 0-2 msec pulses). Reproducible control responses were
obtained before addition of drug and stimulation periods were repeated at
4 min intervals. Isometric, longitudinal tension responses were measured
when equilibrium was reached between consecutive stimulation periods and
are expressed as a percentage of the initial controls. A----/A, 'twitch';
0-0 'secondary'. Asterisks denote the significance of the difference
between the degree of inhibition of the 'twitch' and 'secondary' responses
at each drug concentration. *, 0-05 > P > 0-01; **, 0-01 > P. Bars repre-
sent s.E. of mean.

LSD had a similar effect on both halves of the tissue. The 'twitch'
component to stimulation at 20 Hz was selectively inhibited by LSD
10-7 M (Text-fig. 8B). The 'twitch' response to 5 Hz stimulation was also
selectively inhibited but the degree of inhibition at each dose was greater.
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Guanethidine had a similar effect on both halves of the tissue. Both
components of the response to stimulation at 20 Hz (Text-fig. 8C) and
5 Hz were equally inhibited in a dose dependent manner.
With each of the drugs tested, therefore, the effects on each component

were as would be predicted from the effects on the whole vas.

Histological comparison of the two halves of vas deferens
Staining with H and E revealed two major differences between the

epididymal and prostatic ends of the rat vas deferens. First, as would be
expected from the external dimensions of the tisue the smooth muscle
layers were thinner at the epididymal end (50-70% of width at prostatic
end). Secondly as has been demonstrated by previous authors (Dixon &
Gosling, 1972; Pennefather, Vardolov & Heath, 1975) the inner circular
and outer longitudinal layers were relatively discrete at the epididymal
end while at the prostatic end bundles of circular and longitudinal fibres
tended to be distributed within the longitudinal and circular layers
respectively.
Formaldehyde-induced fluorescence revealed differences between the

two ends of the tissue with respect to the distribution of adrenergic nerve
terminals. At the prostatic end, a dense network of varicose fluorescent
terminals was distributed evenly through the muscle layers. At the
epididymal end however, the distribution of endings was less dense and
concentrated towards the lumen so that the inner circular layer was
relatively more densely innervated than the outer longitudinal layer
(P1. 1). The change in the distribution of the adrenergic terminals took
place mainly within the epididymal half of the vas, the tissue in the centre
of the organ being in this respect similar to that near the prostatic end.

DISCUSSION

These results demonstrate that in the rat vas deferens the biphasic
mechanical response has an anatomical basis. The nerves mediating the
two components are anatomically sympathetic sharing a similar vertebral
origin. The smooth muscle at different points along the length of the vas
however exhibits the two components in varying proportions, the 'second-
ary' component being relatively dominant at the epididymal end. The
biphasic nature of the response is not due to differences in the circular and
longitudinal muscle layers. The 'circular' muscle layer shows a biphasic
response similar to that in the longitudinal layer and this response corre-
lates with the longitudinal response at the corresponding point along the
length of the vas. The two components of the response in the whole vas
do not therefore reflect two post-synaptic events subsequent to release
of transmitter from a single junction (Swedin, 1971) but rather indicate
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differences in the nature of the junctional events at different points along
the tissue.
Using the relatively specific pharmacological blockade of the 'twitch'

component by LSD, the 'secondary' component by phentolamine and
both components by guanethidine, each component exhibited a similar
disposition towards blockade irrespective of (1) whether stimulation was
pre- or post-synaptic, (2) whether recording was in vivo or in vitro and
therefore whether the blocker was supplied via the blood stream or from
diffusion from a physiological medium, (3) whether recording was of
longitudinal or circular responses and (4) the relative proportions of the
two components present at the given point along the length of the vas.
This indicates that each component of the mechanical response has the
same basis irrespective of where it occurs and suggests that the relative
proportion of the two bases for the two components varies along the length
of the tissue. The site of differentiation of the two components could,
however, be either pre- or post-junctional.
Swedin (1971) proposed a post-junctional basis with the transmitter

acting consecutively at two different sites on the smooth muscle. In this
hypothesis the 'twitch' is due to receptors within the synaptic cleft while
the 'secondary' response is due to more distant receptors on the muscle
membranes. A major stumbling block to this latter hypothesis is the
selective inhibition of the 'twitch' component by several drugs such as
reserpine (Gillespie & McGrath, 1974) and lysergic acid diethylamide
(Gillespie & McGrath, 1975) in the rat and prostaglandins (Euler &
Hedqvist 1969) in the guinea-pig. These drugs are known to inhibit nor-
adrenaline release from adrenergic nerves in vas deferens (Stjarne, 1973;
Hughes, 1973), yet they can reduce the 'twitch' response but not the
'secondary' response. This suggests that there are differences in the pre-
junctional events giving rise to the two components, those giving rise to
the 'twitch' component being relatively sensitive to reserpine, LSD or
prostaglandins. These pharmacological observations also reinforce the
view that the 'twitch' as well as the 'secondary' response is mediated by
noradrenaline.

Pre-junctional differences could exist either side by side in one type of
nerve or in two nerve types as suggested by Ambache, Dunk, Verney &
Zar (1972). The present results cannot finally answer this point. One
observation which is difficult to explain in terms of one nerve type is
however, the selective ganglionic blockade of the 'secondary' response by
hexamethonium. This suggests that different ganglion cells are involved in
the pathway leading to the 'secondary' response and that these are
relatively sensitive to blockade by hexamethonium. The possibility of
two anatomically distinct sets of ganglion cells is supported by the
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observations of Graham et al. (1968) who found two groups of ganglion
cells at different distances from the rat vas deferens: and differential
sensitivity of different groups of ganglion cells to ganglion blockers is well
documented (Paton & Zaimis, 1951; Hertzler, 1961; Volle, 1966).
The present observation with hexamethonium thus suggests the exist-

ence of two sets of post-ganglionic fibres mediating respectively the
'twitch' and 'secondary' components. Further investigation of the
ganglion cells involved is indicated since Graham et al. (1968) demonstrated
that 'twitch' responses of the rat vas deferens to hypogastric nerve
stimulation were inhibited by atropine. Although this latter study did
not distinguish between the two components, a muscarinic basis for the
ganglion synapses mediating the 'twitch' cannot be excluded.
Ambache et al. (1972) suggested that the fibres mediating the 'twitch'

are non-adrenergic whereas those mediating the 'secondary' component
are adrenergic. While the present results confirm the relative resistance of
the 'twitch' response to a-adrenoceptor blockers (Boyd, Chang & Rand,
1960) those drugs which did block the 'twitch' response, namely guanethi-
dine, reserpine and LSD, are known to affect adrenergic mechanisms.

Guanethidine blocked the 'twitch' responses in doses identical to those
blocking the 'secondary' response, which is assumed to be adrenergically
mediated (Swedin, 1971; Ambache et al. 1972). Guanethidine is a highly
specific drug owing part of its action to its accumulation by adrenergic
terminals via the neuronal uptake process for noradrenaline (Chang,
Costa & Brodie, 1965; Trendelenburg, 1972) and inhibits non-adrenergic
neurones only in doses higher than those effective against adrenergic
nerves (Dixit, Gulati & Gokhale, 1961).
The acute effect of reserpine was also indicative of an adrenergic

mechanism for the 'twitch' response. Both in the present study with
intravenous reserpine (3 mg/kg) to the pithed rat and in an earlier study
(Gillespie & McGrath, 1974) where reserpine (200 ,ug/kg) was given intra-
peritoneally to the rat 4 hr before stimulation, the 'twitch' response was
not abolished at once but declined with each subsequent train of pulses
until it had disappeared. Von Euler (1969) made a similar observation on
the 'twitch' response of guinea-pig vas deferens in vitro and suggested
that reserpine prevented the refilling of a functional extra-granular
noradrenaline pool from the granular pool, thereby explaining why this
blockade was progressive. This might explain why the 'twitch' response
declines after rapidly reaching its peak. With chronic administration of
large doses of reserpine, both components of the vas deferens response
are depressed and the residual response declines following each train of
impulses (Hukovic, 1961; McGrath, 1963) as would be expected from the
classical effects of reserpine.
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The present finding that the motor fibres to the rat vas deferens origi-

nate from the upper lumbar nerves confirms the observation made by
Langley & Anderson (1895) in other species, and also demonstrates that
both mechanical components of the motor response are anatomically
sympathetic. No clear separation of the two components of the vas de-
ferens response could be made by selective stimulation of the vertebral
outflow although responses in other tissues were clearly differentiated. One
small difference was that with stimulation at L4 a relatively large 'twitch'
component was found. This could indicate a difference in the origin of
two types of fibre but the possibility of selective stimulation of fibres to
the prostatic end of the tissue cannot be ruled out.
The response of the vas deferens to field stimulation was always larger

than the corresponding response to hypogastric nerve stimulation in
both the present study and whenever quantitative comparisons have been
shown (Graham et al. 1968; Birmingham & Freeman, 1976). The responses
of the pithed rat vas deferens to stimulation of the pre-ganglionic vertebral
outflow were, however, of the same order as the responses of the isolated
vas to post-ganglionic field stimulation, despite the contrasting mechanical
and metabolic arrangements. This suggests that the relatively small
responses from stimulation of the isolated hypogastric nerve are not a
result of pre-ganglionic stimulation per se but due to the loss of part of
the population of pre-ganglionic fibres during dissection.
The experiments with the perfused vas deferens were designed primarily

to determine whether the two components of the longitudinal muscle
response were also present within the circular layer. Macht (1917) demon-
strated that circular or longitudinal strips cut from the vasa of several
species react to spasmogens in a different manner from the whole organ.
The present results, however, indicated no striking differences between
the two layers in the rat vas, both 'twitch' and 'secondary' components
being present.
Of the species tested so far, only human vas deferens displayed no

'twitch' component but rat, guinea-pig, mouse and rabbit vas deferens
display similar distributions along their length of the two components of
the longitudinal response with the 'secondary' response always dominant
at the epididymal end and the 'twitch' component more obvious at the
prostatic end (Anton & McGrath, 1977). Thus, whatever is the explanation
for this, it is common to at least four species.
No simple correlation is evident between the mechanical response and

either the thickness of the muscle layers or the distribution of adrenergic
nerves through the tissue. For example the relative sparsity of adrenergic
terminals in the longitudinal layer compared with the circular layer in the
epididymal end of the rat vas deferens does not correlate with the powerful



BASIS FOR VAS DEFERENS RESPONSE
adrenergic 'secondary' response in the longitudinal muscle. In addition,
the noradrenaline content in flg/g tissue of the epididymal half is only
70% of that in the prostatic half yet the former produces the larger motor
nerve responses (J. C. McGrath & G. Powis, unpublished observations).

In conclusion, these results suggest that the biphasic motor nerve re-
sponse of the rat vas deferens has an anatomical basis in that the time
course of the response varies along the length of the tissue with two com-
ponents being present to relatively different extents. The response of the
whole vas depends, therefore, on the algebraic sum of these components.
Two different types of synaptic transmission are suggested from the
pharmacological experiments yet the properties of both are consistent
with noradrenaline being the transmitter. Irrespective of the transmitter,
however, caution is indicated in interpreting longitudinal responses of
whole vas deferens in respect of the differences shown to exist along its
length.

We are grateful to the Medical Research Funds of the University of Glasgow for
apparatus, to the staff of the Radiography Department of Glasgow Western Infirm-
ary for processing X-rays, to Mrs E. R. Baister of Sandoz Ltd, for the gift of LSD,
to the Wellcome Trust for an Interdisciplinary Fellowship for J. C. McGrath, to
Miss H. McCaffery for technical assistance and to Professor J. S. Gillespie for his
advice and criticism.

REFERENCES

AAMBACE N., DuIN, L. P., VERNEY, J. & ZAR, M. ABoo (1972). Inhibition of post-
ganglionic motor transmission in vas deferens by indirectly acting sympatho-
mimetic drugs. J. Physiol. 227, 433-456.

ANTON, P. G. & McGRATH, J. C. (1977). Further evidence for adrenergic trans-
mission in the human vas deferens. J. Physiol. 273, 45-55.

BENTLEY, G. A. & SABINE, J. R. (1963). The effects of ganglion-blocking and post-
ganglionic sympatholytic drugs on preparations of the guinea-pig vas deferens.
Br. J. Pharmac. 21, 190-201.

BIRMINGHAM, A. T. & FREEMAN, M. A. (1976). The relation between the stimulus
frequency and the relative size of the components of the biphasic response of the
vas deferens to electrical stimulation at different temperatures. J. Physiol. 256,
747-759.

BIRMINGHAM, A. T. & WILSON, A. B. (1963). Pre-ganglionic and post-ganglionic
stimulation of the guinea-pig isolated vas deferens preparation. Br. J. Pharmac.
21, 569-580.

BOYD, H., CHANG, V. & RAND, M. J. (1960). Anticholinesterase activity of some
anti-adrenaline agents. Br. J. Pharmac. 15, 525-531.

CHANG, C. C., CHANG, J. C. & Su, C. Y. (1967). Studies on the interactions of guan-
ethidine and bretylium with noradrenaline stores. Br. J. Pharmac. 30, 213-223.

CHANG, C. C., COSTA, E. & BRODIE, B. B. (1965). Interaction of guanethidine with
adrenergic neurons. J. Pharmac. exp. Ther. 147, 303-312.

DIXIT, B. N., GuLATI, 0. D. & GOKUALE, S. D. (1961). Action of bretylium and
guanethidine at the neuromuscular junction. Br. J. Pharmac. 17, 372-379.

41



42 P. G. ANTON, M. E. DUNCAN AND J. C. McGRATH
DIXON, J. S. & GOSLING, J. A. (1972). The distribution of autonomic nerves in the

musculature of the rat vas deferens. A light and electron microscope investigation.
J. comp. Neurol. 146, 175-188.

DUNCAN, M. E. & McGRATirH, J. C. (1976). Observations on the origin of the complex
mechanical response to motor nerve stimulation of the rat vas deferens. J. Phyaiol.
259, 54-55P.

EULER, U. S. VON (1969). Acute neuromuscular transmission failure in vas deferens
after reserpine. Acta phy8iol. 8cand. 76, 255-256.

EULER, U. S. VON & HEDQVIST, P. (1969). Inhibitory action of prostaglandins E1 &
E2 on the neuromuscular transmission in the guinea-pig vas deferens. Acta phy8iol.
8cand. 77, 510-512.

FERRY, C. B. (1967). The innervation ofthe vas deferens ofthe guinea-pig. J. Phyuitol.
192, 463-478.

GIT.T.ESPIE, J. S. & KIRPEKAR, S. M. (1966). The histological localization of nor-
adrenaline in the cat spleen. J. Phys/ol. 187, 69-79.

GILLESPIE, J. S. & McGRATH, J. C. (1973). The spinal origin of the motor and in-
hibitory innervation of the rat anococcygeus muscles. J. Physiol. 230, 659-672.

GILLESPIE, J. S. & McGRATH, J. C. (1974). The effect of pithing and of nerve stimu-
lation of the depletion of noradrenaline by reserpine in the rat anococeygeus
muscle and vas deferens. Br. J. Pharmac. 52, 585-590.

GIL.T.ESPIE, J. S. & McGRATH, J. C. (1975). The effects of lysergic acid diethylamide
on the response to field stimulation of the rat vas deferens And the rat and cat
anococcygeus muscles. Br. J. Pharmac. 54, 481-488.

GTTiT ssiEr, J. S., MAcLAREN, A. & POLLOcK, D. (1970). A method of stimulating
different segments of the autonomic outflow from the spinal column to various
organs in the pithed cat and rat. Br. J. Pharmac. 40, 257-267.

GRAHAM, J. D. P., AL KATIB, H. & SPRIGGS, T. L. B. (1968). The isolated hypo-
gastric nerve vas deferens preparation of the rat. Br. J. Pharmac. 32, 34-45.

HERTzLER, E. C. (1961). 5-Hydroxytryptamine and transmission in sympathetic
ganglia. Br. J. Pharmac. 17, 406-413.

HUGHES, J. (1972). Evaluation of mechanisms controlling the release and inactiva-
tion of the adrenergic transmitter in the rabbit portal vein and vas deferens.
Br. J. Pharmac. 44, 472-491.

HUGHES, J. (1973). Inhibition of noradrenaline release by lysergic acid diethyl-
amide. Br. J. Pharmac. 49, 706-708.

Hutovic, S. (1961). Responses of the isolated sympathetic nerve - ductus deferens
preparation of the guinea-pig. Br. J. Pharmac. 16, 188-194.

KURIYAMA, H. (1963). Electrophysiological observations on the motor innervation
of the smooth muscle cells in the guinea-pig vas deferens. J. Phy.iol. 169, 213-228.

LANGLEY, J. N. & ANDERSON, H. K. (1895). The innervation of the pelvic and ad-
joining viscera. III. The external generative organs. J. Phygiol. 19, 85-121.

MAcHT, D. I. (1917). Action of opium alkaloids on the ducts of the testis. J. Pharmac.
exp. Ther. 9, 121-127.

McGRATH, J. C. (1973). The Inhibitory and Motor Innervation of the Anococcygeus
Muscle. Ph.D. Thesis, University of Glasgow.

PATON, W. D. M. & ZAIMIS, E. J. (1951). Paralysis of autonomic ganglia by meth-
onium salts. Br. J. Pharmac. 6, 155-168.

PENNEFATHER, J. N., VARDOLOV, L. & HEATH, P. (1975). Regional variation in the
response of the rat vas deferens to field stimulation, to noradrenaline and to
tyramine. Clin. exp. Pharmac. Phygiol. 1, 451-462.

STJARNE, L. (1973). Prostaglandin- versus a-adrenoreceptor-mediated control of
sympathetic neurotransmitter secretion in guinea-pig isolated vas deferens. Eur.
J. Pharmac. 22, 233-238.



The Journal of Physiology, Vol. 273, No. 1 Plate 1

C
0

P. G. ANTON, M. E. DUNCAN AND J. C. McGRATH (Facing p. 43)



BASIS FOR VAS DEFERENS RESPONSE
SJosTRpNr, N. 0. (1962). Inhibition by ganglionic blocking agents of the motor

response of the isolated guinea-pig vas deferens to hypogastric nerve stimulation.
Acta phy8iol. 8canfd. 54, 306-315.

SJosTRAND, N. 0. (1965). The adrenergic innervation of the vas deferens and the
accessory male genital glands. Acta phy8iol. 8cand. 65, supply. 257.

SWEDI, G. (1971). Studies on neurotransmission mechanisms in the rat and guinea-
pig vas deferens. Acto phy8iol. 8cand. supply. 369.

TRENDEILENBURG, U. (1972). Classification of sympathomimetic amines. In Hand-
book of Experimental Pharmacology, vol. xxxT 'Catecholamines' ed. BL~scio,
H. & MuscIrzoL, E., chap. 10, pp. 336-362. Berlin: Springer-Verlag.

VOILE, R. L. (1966). Modification by drugs of synaptic transi on in autonomic
ganglia. Pharmac. Rev. 18, 839-869.

EXPLANATION OF PLATE

Photomicrographs of the fluorescent adrenergic terminals in transverse sections
from opposite ends of the rat vas deferens. A, tissue 5 mm from the prostatic end
of the vas deferens. A dense plexus of adrenergic terminals extends evenly through-
out the muscle layers. The boundaries of the muscle layers are marked by the limits
of the fluorescence.

B, tissue 5 mm from the epididymal end of the same vas deferens as in A. Here
the density of adrenergic terminals is greatest at the inner boundary of the smooth
muscle layers and decreases towards the outside. The outer boundary of the smooth
muscle is indicated by the dashed line. Both sections have the lumen visible at the
bottom centre and were cut 6/jm thick.

Calibration for A and B 100 ,um.
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