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In vitro denervation of the rat vas deferens through
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1 The rat vas deferens was excised, stored at 4-6°C and tested after 24, 48, 72 or 96 h for its
contractile activity and for the presence of innervation.
2 The maximal contractile capacity of the vas, tested through cumulative concentrations of barium
chloride (3 x 1O2 M) was progressively reduced from about 110 mm to about 63 mm after 72 h, without
further decay after 96 h. Spontaneous rhythmic contractions were practically absent.
3 A loss of endogenous pools of catecholamines was indicated by four parameters: (a) a decline of
about 80% after 24 h and of more than 95% after 48 h of the contractile effect of the indirect
sympathomimetic agonist tyramine; (b) a fall of about 20%, 50% and 85% on the concentration of
noradrenaline, respectively after 24, 48 and 72 h; (c) a fall of about 25% and 90% after respectively 24
and 48 h, of the activity of dopamine-p-hydroxylase (DBH); (d) a decline of noradrenaline-induced
histofluorescence on cross sections of the vas.

4 A loss of neuronal uptake capacity was indicated by: (a) a progressive variation of the apparent
affinity for adrenaline, expressed as pD2 values, that increased by about 1.5 log units (corresponding to a

30 fold potentiation) after 72 h, and (b) a reduction of the ability of cocaine to potentiate the contractile
effects of adrenaline.
5 The pD2 values for barium chloride, 5-hydroxytryptamine (5-HT) and histamine were not
significantly changed, while the corresponding value for acetylcholine was slightly but significantly
reduced by about 0.8 log units.
6 The maximal heights of concentration-response curves for noradrenaline, acetylcholine, histamine
and 5-HT were reduced by 42-66% in relation to controls. However, when this reduction was measured
in relation to the corresponding barium effect, by means of the relative responsiveness ratio (p), a small
though significant increase was observed for noradrenaline, and a fall for the other drugs.
7 It is concluded that: (1) the values for the various biochemical and pharmacological parameters
decline at different rates, though revealing altogether that denervation is completed by at least 85% after
72 h of hypothermic storage; (2) two of the results, i.e., the lack of spontaneous rhythmic contractions
and the lack of increased contractile effects for acetylcholine, 5-HT and histamine, indicate that in these
conditions the vas is devoid of the so-called nonspecific signs of denervation.
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Introduction

It is known that adrenergic innervation can influence con-
tractile effects induced by drug-receptor interactions in rat
vas deferens (Jurkiewicz et al., 1977; 1991). Thanks mainly to
surgical denervation (Kasuya et al., 1969; Birmingham,
1970), a number of biochemical, pharmacological and his-
tochemical alterations could be ascribed to the degeneration
of nerve terminals in this organ: a decrease of the cate-
cholamine-storing vesicles can be detected by a decrease of
the activity of dopamine-3-hydroxylase (DBH), an enzyme
that is known to be present only in these vesicles (Klein,
1982); a decrease in the pools of neurotransmitter, by a fall
of noradrenaline (NA) concentration, and by a decrease in
the amplitude of contractions induced by the indirect agonist
tyramine; a decrease of neuronal uptake, by an increase of
the apparent affinities for noradrenaline and adrenaline, and
by a decrease of the ability of cocaine to potentiate the
contractile effects of these agonists; in addition, two other
effects, the causes of which are not totally known, have been
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observed in denervated preparations: a non-specific increase
of the maximal effect of some agonists, that can be accom-
panied by a leftward shift of concentration-response curves
(Kasuya et al., 1969; Westfall et al., 1975; Kasuya & Suzuki,
1978), and the presence of spontaneous rhythmic contrac-
tions (Lee et al., 1975; Goto et al., 1976). Several of these
changes have also been observed after other denervation
procedures in vas, as for instance after treatment with 6-
hydroxydopamine (Westfall & Fedan, 1975), bretylium (Mur-
dock et al., 1977), colchicine (Wakade, 1978; Goto et al.,
1979) and vinca alkaloids (Wakade, 1979).

In a pioneering publication, Martins & Valle (1939) repor-
ted that the vas deferens maintains its responsiveness to
drugs for as much as 13 days, if stored in a regular ref-
rigerator up to the moment of the experiment. In addition,
they reported that responses to adrenaline were almost
always the last to disappear, in relation to other agonists.
Since this could indicate a potentiation of adrenaline effects
due to nerve degeneration, experiments were carried out on
the rat vas deferens submitted to hypothermic storage, to
examine its innervation characteristics. This examination was
performed by checking the presence, or not, of the foremen-
tioned changes described for the denervated vas.
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Methods

Vas deferens excision and hypothermic storage

Wistar male rats of our own colony, BAW2 (Festing, 1980)
were used. After laparotomy under ether anaesthesia, one vas

deferens was cleared of surrounding tissues, and removed as
previously described (Jurkiewicz et al., 1977). The organ was
placed in a Petri dish between two cotton layers embedded in
nutrient solution of the following composition (mM): NaCl
138, KCl 5.7, CaCl2 1.8, NaH2PO40.36, NaHCO3 15.0 and
glucose 5.5, prepared in distilled water. The covered Petri
dish was placed in a regular refrigerator for hypothermic
storage (about 4-6°C). After 24, 48, 72 or 96 h, vasa deferen-
tia were placed in gassed nutrient solution to be processed
for biochemical, pharmacological and histological analysis.
Usually the contralateral vas deferens was excised under
ether anaesthesia shortly before the experiment, and used as

a control. In some experiments normal vasa were also used
as controls.

Tissue content of noradrenaline
NA content was estimated following the fluorometric method
of Anton & Sayre (1962).
Assay of tissue dopamine-13-hydroxylase activity

Tissue DBH activity was assayed according to the procedure
described by Molinoff et al. (1971). Treated or control vasa
deferentia were individually homogenized in 25 volumes (w/v)
0.005 M cold Tris-HCl buffer, pH 7.4, containing 0.2%
Triton-X-100. The homogenates were centrifuged at 27,000g
at 2°C and the enzyme activity assayed in 200 ,ul aliquots of
the supernatants. Several concentrations of CUSO4 were
tested to obtain adequate inactivation of the endogenous
inhibitors of the enzyme. Maximal DBH activities were
repeatedly found at 1.6 x 10-4 M (final concentration of
CUSO4 in the reaction mixture). The optimal pH for maximal
DBH activity was 5.0. Results are expressed as nmol of
octopamine formed from tyramine per hour, per g of wet
tissue weight (nmol h- g-1).

Localization of noradrenaline by histofluorescence
Cooled and control vasa deferentia were frozen, freeze-dried,
treated with paraformaldehyde, infiltrated in vacuo with
paraffin, and cut for examination on a fluorescence micro-
scope, according to the technique of Falck (1962). The dis-
tribution and intensity of fluorescence were measured by eye,
through an arbitrary score, by comparison with the green
fluorescence of normal preparations. The background fluor-
escence had a homogeneous distribution, pallid yellow col-
our, low intensity, and could be easily differentiated from
that due to NA.

Concentration-response curve studies

Cooled and control organs were washed with nutrient solu-
tion, weighed and mounted in 10 ml organ chambers contain-
ing continuously aerated nutrient solution at 30°C. Isotonic
contractions were recorded on smoked drums with frontal
levers, with 6 fold amplification and a load of 0.5 to 1 g.

After an initial equilibration period of 60 min, cumulative
dose-response curves were obtained at 30 min intervals for
the agonists under study. In some preparations, after achiev-
ing stable responses to adrenoceptor agonists, dose-response
curves were repeated in the presence of cocaine. Shifts to the
left of dose-response curves were always measured as dose-
ratios, or log dose-ratios among EC50 values. At the beginn-
ing of most experiments a dose of tyramine (10-5 M) was
given to check the release of endogenous catecholamines.

Values of pD2 were measured as the negative logarithms of
EC50 to express apparent affinities.

The relative responsiveness ratio (p) was measured as pre-
viously described (Jurkiewicz et al., 1976), as the relation
between the maximal effect of a full agonist (Em) and the
overall maximal effect induced through the effector system of
the vas deferens (EM):

p = Em/EM
The value of EM was arbitrarily taken as the maximal con-
traction induced by barium chloride (10-2-3 X 10-2 M), in
the same experiment in which a full agonist was used. The
maximal cumulative contractions for noradrenaline, acetyl-
choline, 5-hydroxytryptamine (5-HT) or histamine were
taken as the respective values of Em. In general the resting
length of the control vas deferens (42.1 ± 1.4 mm, n = 8) was
reduced by about 40% when the organ was stimulated by a
maximal concentration (10-2 M) of BaCl2 (length = 24.5 +
2.1 mm).

Drugs

The following drugs were used: acetylcholine chloride (E.
Merck), adrenaline ((-)-epinephrine-D-bitartrate, Sigma);
noradrenaline ((-)-arterenol chloride, Sigma); 5-hydroxy-
tryptamine (serotonin, Sigma), histamine (Sigma), tyramine
(Schuchardt); barium chloride (J.T. Baker); cocaine hydro-
chloride (Sigma), and phenoxybenzamine (SKF). Stock solu-
tions of drugs were kept in the freezer and discarded after
about 15 days. Working solutions were prepared shortly
before each experiment from the stock solution. EDTA
(1O fig ml-') was added to catecholamine solutions to prevent
catalytic oxidation by traces of heavy metals. All the
chemicals used were ACS certified reagent grade.

Statistics

Significance of differences of contractile and NA release
values were analyzed according to an unpaired t test (Sne-
decor & Cochran, 1967).

Results

General characteristics of the vas after hypothermic
storage

Drug-induced contractions could be obtained in vas deferens
after hypothermic storage, though with a lower amplitude.
For instance, cumulative concentration-response curves for
barium chloride, obtained after 24, 48, 72 and 96 h showed a
progressive decline of the maximal heights, leading to a
reduction of about 40% after 72-96 h (Figure 1). However,
contrary to the expectations for denervated vasa, spontan-
eous rhythmic contractions were absent, except for occas-
ional twitches in some preparations. In contrast to barium,
the effects for the indirect agonist, tyramine, were reduced to
less than 20% after 24 h, and were practically absent after
48 h (Figure 1), indicating a reduction of endogenous nora-
drenaline. In fact, noradrenaline content was lower than 20%
after 72 h, and the activity of DBH had practically disap-
peared after 48 h (Figure 1). It is noteworthy that after 24 h,
when the effects of tyramine had been strikingly reduced, the
contents of noradrenaline and DBH were still relatively high,
at about 80%, when compared to controls.
The reduction of endogenous NA was corroborated by

fluorescence microscopy studies. It was difficult to see a
smooth decline of fluorescence at 24 h intervals, due to
limitations of our method of measurement and to some
individual variation between preparations, but noradrenaline-
induced fluorescence was clearly absent after 96 h (not
shown).
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Figure 1 Variation of four pharmacological and biochemical
parameters in rat vas deferens, after hypothermic storage: maximal
cumulative contraction (under I g load and with a 6 fold
amplification) for barium chloride (3 x 10-2 M, *), contraction
induced by tyramine (10-5 M, 0), concentration of endogenous
noradrenaline (NA, A) and dopamine-f-hydroxylase activity (DBH,
*). Parameters were measured at 24 h intervals, as indicated on the
abscissae. Each value represents the mean from at least 4
experiments; s.e.mean shown by vertical bars. All values were
significantly lower (P <0.05) than the respective control (O h).
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Concentration-response curves

Figure 2 shows that after 72 h, the concentration-response
curves for various full agonists, except NA, were reduced
after hypothermic storage, when the effects were expressed as

percentage values of barium maximal contraction. In addi-
tion, a shift to the left was observed for the curve for NA. As
a consequence, the value of pD2 for NA was increased by
1.3 log units, corresponding to a 20 times potentiation. The
values of pD2 for barium chloride, 5-HT and histamine were

not significantly changed, while the pD2 for acetylcholine was

slightly reduced (Table 1).
The reduction of maximal effects (Table 2) was not similar

for all the agonists studied, ranging between 42 and 66%,
when considering absolute contractions (mm). A propor-

tionally larger reduction was observed for acetylcholine, 5-
HT and histamine. Because of the partial loss of contractile
capacity of the vas deferens after hypothermic storage
(Figure 1), these differences in absolute contractions have a
limited significance. Therefore, contractions were mostly
analysed in relation to the maximal effects of the respective
preparations, by using the relative reponsiveness ratio (p), as

shown below. By means of this ratio, a very small though
significant increase, of 10%, was obtained for noradrenaline
(Table 2). Concerning the maximal effects of the other three
agonists, a reduction was observed for the respective p ratios
(Table 2), as it occurred for the absolute values.

Neuronal uptake

A reduction of neuronal uptake activity was shown indirectly
by measuring two parameters: the reduction of the potentia-
tion induced by cocaine on adrenaline (Ad) concentration-
response curves, and the increase of the apparent affinity for
the latter agonist. Figure 3 shows a progressive shift to the
left of concentration-response curves for Ad, that was pro-
portional to the duration of hypothermic storage. As a con-
sequence, after 72 h the potency of Ad was increased by
about 1.5 log units. The same figure shows a decline, from 28
fold to 3 fold, of the ability of cocaine to shift the curves for

Figure 2 Mean cumulative dose-response curves for noradrenaline
(A), 5-hydroxytryptamine (0), acetylcholine (0), histamine (A)
and barium chloride (0) in 72h cold-stored (a) and contralateral
control (b) vas deferens. The effects were plotted as percentages of
the respective maximum effect of barium chloride. The 100% con-
traction was decreased from about 110mm in controls, to about
63 mm after hypothermic storage. Note that the maximal effect of
noradrenaline in relation to barium chloride, was increased after
hypothermic storage. Values of pD2, Emas and relative responsiveness
(p) were measured from these experiments and are shown in Tables 1
and 2. Points are means ( s.e., vertical bars) of at least 5
experiments.

Ad to the left, after 72 h. As shown in Figure 3a, this decline
was simultaneous with the increase of pD2 values for the
latter agonist.

Discussion

Neurochemical, histological and pharmacological parameters
were used to show that the rat vas deferens is practically
denervated within 72 h of hypothermic storage. In addition,
it has been demonstrated that the changes in these para-
meters follow different time courses, indicating that some
properties of the nerve terminals can be more stable than
others, during the progression of nerve degeneration. Finally,
it was shown that the secondary indicators of denervation, as
spontaneous contractions and nonspecific sensitization (Kas-
uya et al., 1969) could not be detected, contrary to the
expectations for the denervated vas deferens.
The decrease of endogenous NA and DBH, the disappear-

ance of fluorescent nerve terminals, and the sharp decline of
the contractile activity of tyramine, are strong indications of
a degeneration of nerve terminals (Jurkiewicz et al., 1977;
1991). Another characteristic of sympathetic nerves, the
ability to take up exogenous catecholamines, has been
indirectly shown to be strikingly decreased, through the pro-
gressive growth of pD2 values for adrenaline (Figure 3). The
latter values are expected to increase after denervation, since
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Table 1 Variation of pD2 values, expressed as dose-ratios (DR), after hypothermic storage of the vas deferens at 4-6°C for 72 h

Agonist

Barium chloride
Noradrenaline
Acetylcholine
Histamine
5-Hydroxytryptamine

pD2 for pD2 after
control (A) hypothermic

storage (B)
3.0 ± 0.1 3.1 ± 0.1
6.3 ± 0.1 7.6 ± 0.1*
4.0±0.1 3.2±0.1*
3.3±0.1 3.3±0.2
5.1 ±0.1 5.2±0.2

Log DR DR (antilog
(B-A) (B-A))

0.1
1.3

-0.8
0.0
0.1

1.2
20.0
-6.2

1.0
1.2

All the values are means ± s.e. of at least seven experiments.
*Significantly different from corresponding control value, P< 0.05.

Table 2 Maximum cumulative effects (Em) and relative responsiveness ratios (p) after hypothermic storage of the vas deferens at
4-6°C for 72h

After
hypothermic % Decrease

Control (A) storage (B) (A-B)/A x 100

108.7 ± 4.7
77.6 ± 2.6
54.9 ± 4.3
50.3 ± 3.1
67.3 ± 6.0

0.69 ± 0.02
0.50 ± 0.02
0.48 ± 0.03
0.63 ± 0.06

62.7 ± 4.7*
41.3 ± 3.7*
18.9 ± 2.8*
18.0 ± 2.2*
28.8 ± 4.5*

0.76 ± 0.03*
0.31 ± 0.03*
0.30 ± 0.03*
0.40 ± 0.06*

42
47
66
64
57

lot
38
37
36

tA percentage increase was observed in this case.
All the values are means ± s.e. of at least seven experiments.
*Significantly different from corresponding control value, P< 0.05.

the loss of neuronal uptake permits higher concentrations of
exogenous Ad to be available in the vicinity of receptors.
This result was corroborated by a parallel decline in the
potentiation induced by the neuronal uptake blocker, cocaine
(Jurkiewicz & Jurkiewicz, 1976). The increase of pD2 values
or related parameters for NA and Ad, and the loss of
cocaine-induced potentiation after inactivation of neuronal
uptake, have been exhaustively described in vas, with changes
ranging typically between 1.0 and 1.5 log units (Kasuya et
al., 1969; Birmingham, 1970; Birmingham et al., 1970; West-
fall & Fedan, 1975; Westfall, 1977; Jurkiewicz et al., 1977;
1991). A variation on the time needed for the completion of
these changes has also been reported by different authors,
ranging from 24 h (Birmingham, 1970) to 4 days, or more

(Westfall, 1977; Degaris & Pennefather, 1987).
Although unequal time courses could be seen for different

parameters (Figures 1 and 3), most of the values were

roughly stabilized within 72 h. The fastest decay was

observed for tyramine contractions (Figure 1). It is note-
worthy that after nerve regeneration following 5-month
transplantation of the vas, the effect of tyramine is the
parameter that shows the lowest (practically absent) recovery
(Jurkiewicz et al., 1991). Therefore, it can be concluded that
the tyramine-induced contraction is the most sensitive indic-
ator of neuronal integrity, in the vas deferens. However, it
fails to indicate whether some of the nerve functions, as for
instance uptake of catecholamines, are still present.

It is suprising that about 50% of NA was still present after
48 h, since several authors described a loss of at least 90% of
NA within the initial 24-48 h after different types of dener-
vation (Kasuya et al., 1969; Lee et al., 1975; Westfall &
Fedan, 1975; Westfall et al., 1975). This is probably due to
the fact that enzymatic and other types of degradation of NA
are diminished during hypothermic storage, thus increasing
the stability of NA even if this mediator is freed into the
extraneuronal space. As a matter of fact, a similar prolonged
presence of NA was observed in guinea-pig taenia caecum

after cold storage (Hattori et al., 1972).
An additional unexpected result was the absence of the

secondary indicators of denervation, such as spontaneous
contractions, and nonspecific potentiation. The latter is ex-

pressed as a shift to the left and an increase of the maximal
height of concentration-response curves of various unrelated
agonists (Kasuya et al., 1969). The shift to the left induced in
NA curves cannot be included here because it is a specific
phenomenon related to the blockade of neuronal uptake, as

discussed. Another specific alteration would be a small shift
to the left of acetylcholine curves, due to the loss of cholin-
esterase (Westfall et al., 1974). However, it has been shown
that this enzyme is still active even after 7-day cold storage of
the guinea-pig taenia caecum (Hattori et al., 1972), a possi-
bility that can be extended to the vas deferens.

Regarding rhythmic contractions, it is known that the
amplitudes attain a maximum after 7 days, but that 30% and
60% of these values are already observed respectively 24 h
and 48 h after denervation (Lee et al., 1975). The presence of
spontaneous contractions is a nonspecific phenomenon, since
it can also be observed in the vas deferens of castrated rats
(Martins & Valle, 1939). It can also be seen in the vas

deferens from 30 to 90min after injecting 6-hydroxydopa-
mine, probably because of the release of NA (Furness et al.,
1970).

In relation to nonspecific sensitization, the only alteration
observed here was a trivial increase of 10% on p value for
NA receptors. This contrasts with the high rises described for
the height of concentration-response curves for NA (from
about 30% to 400%) and, to a lesser degree, for acetyl-
choline (Kasuya et al., 1969; Kasuya & Suzuki, 1978; West-
fall et al., 1972; 1974; Goto et al., 1976; 1979; Lee et al.,
1975; Murdock et al., 1977). Increases were also observed for
5-HT (Goto et al., 1976) and for histamine in guinea-pig vas

(Westfall et al., 1972), but not for potassium (Lee et al.,
1975). An increased maximal effect can either indicate an

increase in the density of receptors or a change in the chain

Parameter Agonist

Em Barium chloride
Noradrenaline
Acetylcholine
Histamine
5-Hydroxytryptamine

p ratio Noradrenaline
Acetylcholine
Histamine
5-Hydroxytryptamine
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Figure 3 Concentration-response curves (a) for adrenaline in cont-
rols (-) or after hypothermic storage for 24 h (A), 48 h (0) or 72 h
(-). In (b) are shown the increase of pD2 values for adrenaline,
measured from the respective curves (complete line), as well as the
decay of the potentiation induced in the respective curves by 10-5 M
cocaine (dotted line). This potentiation was expressed as the
logarithm of a dose ratio (log DR) for adrenaline, representing the
leftward shift induced by cocaine on adrenaline curves. Points are
means (+ s.e., vertical bars) of at least 5 experiments. *P <0.05
compared with controls.

of events leading from drug-receptor interaction to the effect.
A theoretical analysis of the meaning and limitations of the
changes of maximal effects, measured through the p ratio,

has been presented previously (Jurkiewicz et al., 1976). A few
situations have been described in which a nonspecific poten-
tiation was not observed: DeGaris & Pennefather (1987)
could not detect increases in maximal effects for adrenergic
and cholinergic agents by denervating only the epididymal
part of the vas deferens. Kasuya & Suzuki (1978) have shown
that the effect of ACh is practically abolished in the prostatic
part of the vas, after denervation. In addition, Sannomiya &
DeMoraes (1979), using the denervated guinea-pig vas, could
not show an increased maximal effect for NA when recording
contractions in situ, contrary to experiments in vitro. The
results of Kasuya & Suzuki (1978) are compatible with our
finding that the effects of acetylcholine are reduced (Tables 1
and 2). The reasons for this specific reduction remain to be
explained.
The presence of nonspecific changes, such as spontaneous

movements and sensitization, is probably due to complex
mechanisms. It was previously shown that the primary
changes represented by nerve degeneration are followed by
secondary changes on smooth muscle tissue, that can be
represented: (a) morphologically, by an increase of the
number of cell-to-cell close junctions, or nexuses, that are
twice as many as in controls (Westfall et al., 1975); (b)
electrophysiologically, by a growth of electrical coupling
between cells and improved synchronization during drug-
induced contractions (Lee et al., 1975; Goto et al., 1976); (c)
histochemically, by an increase of non-neuronal ATP from
the 2nd day on (Westfall et al., 1975) and of endogenous
peptides, such as vasoactive intestinal peptide and calcitonin
gene-related peptide (Aberdeen et al., 1992). The discussion
of these points, as well as of the reinnervation that com-
mences after about 4 days and takes several months to be
completed (Burnstock, 1981; Jurkiewicz et al., 1991), is out of
the scope of the present publication.
A fall of the maximal contractile ability of the preparation

(Figure 2 and Table 1) shows that smooth muscle cells were
also injured during hypothermic storage denervation. When
the vas undergoes hypothermic storage, the secondary
mechanisms stated above are probably blocked, because of
the lack of irrigation and nutrition, added to hypoxia and
absence of the trophic influence of testosterone. However,
one could argue that this damage is not simply due to the
cooling process, since storage at room temperature would
lead to a faster degeneration and loss of function. In this way
cooling can be seen as a tool to slow down the degeneration
process. On the other hand, since cold storage causes some
changes in ionic balance in smooth muscle (Fukuda & Shi-
bata, 1972), it is still unknown whether these electrolyte
variations do influence drug-induced responses in vas.

It is concluded that hypothermic storage of the vas defer-
ens differs from other proposed methods for denervation in
at least two properties: (a) the primary pharmacological signs
of nerve degeneration are not followed by the secondary
indicators of denervation, such as spontaneous contractions
and nonspecific sensitization; (b) from a methodological
standpoint, this procedure seems to be easier to perform than
in vivo denervations, since it avoids the postoperative main-
tenance of the rats, and a second surgical procedure for the
removal of the vas.
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