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HYDRALAZINE: EFFECT ON THE OUTFLOW OF NORADRENALINE
AND MECHANICAL RESPONSES EVOKED BY SYMPATHETIC NERVE

STIMULATION OF THE RAT TAIL ARTERY

C. CHEVILLARD, M.N. MATHIEU, B. SAIAG* & M. WORCEL*l
INSERM FRA. 37 (Med. D), H6opital St Charles, 34059 Montpellier, and INSERM U.7*,
H6pital Necker 75015, Paris, France

1 The effects of hydralazine on the vasoconstrictor responses to field stimulation of sympathetic
nerves were studied in the isolated proximal segments of the rat tail artery. Vasoconstrictor responses
to transmural stimulation were depressed by superfusion of hydralazine (0.3, 3 and 30pM) in a
concentration-dependent manner. The inhibition appeared slowly and was not easily reversed by
washing.
2 Hydralazine (30 nm, 0.3 and 3 gM) reduced the stimulation-induced overflow of tritium from proxi-
mal and distal segments of the tail artery labelled with [3H]-noradrenaline in a concentration-
dependent manner. This phenomenon appeared rapidly and was easily reversed by washing.
3 Theophylline (0.5 mM) did not affect the inhibitory effect of hydralazine on the stimulation-induced
tritium efflux from the distal segment of the rat tail artery.
4 The present results indicate that hydralazine has, in addition to its action on vascular smooth
muscle, a very marked effect on sympathetic nerve terminals. The mechanism of this presynaptic
inhibition appears to be different from the postsynaptic effect, in view of the much shorter delay, the
shape of the dose-effect curve, and the lack of interaction with theophylline.

Introduction

Hydralazine (1-hydrazino-phtalazine: Hyd) has long
been used as an antihypertensive drug, but its mech-
anism(s) of action remain(s) obscure (see review by
Gross, 1977). In a previous paper (Worcel, 1978), we
demonstrated that the effect of Hyd in vitro was mod-
ified by the state of the sympathetic innervation: in
fact Hyd inhibited reversibly the contractions induced
by phenylephrine in the distal segment of the rat tail
artery, whereas the proximal segment, which was nor-
mally unresponsive, was relaxed by Hyd only after
in vitro sympathectomy with 6-hydroxydopamine.
Moreover, it was previously shown that adenosine tri-
phosphate (ATP) completely blocked the response to
Hyd (Worcel, 1978). ATP is associated with nor-
adrenaline (NA) as a normal component of vesicular
material in sympathetic nerve terminals (De Potter,
1971) being released together with the catecholamines
following stimulation of the sympathetic nerves
(Ribeiro, 1978). ATP and related substances may
modify adrenergic transmission, inhibiting NA release
in adrenergically innervated organs (Verhaeghe, Van-
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houtte & Shepherd, 1976; Enero & Saidman, 1977;
Su, 1978) by acting on presynaptic inhibitory purine
receptors. On the other hand, it has been shown pre-
viously that the effects of Hyd on arterial smooth
muscle are modulated by the release of ATP and/or
other purine compounds from sympathetic nerve
terminals (Worcel, 1978; Worcel, Saiag & Chevillard,
1980).
In view of this, it appeared interesting to explore

the possibility of the existence of a similar interaction
between Hyd and endogenous purines at a presynap-
tic site. In this study, we have examined the effects of
Hyd on the stimulation-induced (S-I) increase in per-
fusion pressure in the proximal part of the rat tail
artery. We also studied the effects of Hyd on the tri-
tium efflux evoked by transmural stimulation of rat
tail arteries prelabelled with tritiated NA, in absence
or in presence of theophylline (Theo).

Methods

Male Wistar rats (300 to 350 g) were anaesthetized
with pentobarbitone (75 mg/kg; i.p.). After excision,
the tail artery was divided in three parts measuring
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5 cm each i.e.: the segment next to the body (proximal
segment), the intermediate one which was discarded
and the distal segment.

Vasoconstrictor responses to sympathetic nerve stimu-
lations effect of hydralazine

The proximal part of the caudal artery was excised
after ligation of all collateral vessels, and cannulated
at each end. Each segment was perfused with a
physiological salt solution (PSS). The flow rate was
maintained at 75 gl/min and the perfusion pressure
monitored with a strain gauge. The artery was
mounted between bipolar circular Pt electrodes, then
continuously superfused with PSS (1 ml/min). The
intramural sympathetic nerves were stimulated at
supramaximal voltage for 40 s with pulses of 2 ms
duration at 10 Hz. The intervals between stimulations
were of 15 min. Hyd was infused by means of a
Braun-Melsungen injection apparatus in the super-
fusion stream to achieve final concentrations of 30 nM,
0.3 gM, 3 gM and 30 gm; in these concentrations, Hyd
had no effect on resting perfusion pressure. Results
were expressed as % of the control (without Hyd)
contractile responses evoked by electrical stimulation.

Radiolabelling with tritiated noradrenaline and deter-
mination of stimulation-induced tritium efflux

Transmitter stores of both proximal and distal seg-
ments were labelled with [3H]-NA for I h in PSS
containing 10 pCi/ml of [3H]-NA (10 Ci/mmol). After
1 h rinsing, the arterial segments were mounted
between Pt electrodes, superfused with PSS and
stimulated as described above. Samples of the super-
fusate were collected for 5 min periods before, during
and after each stimulation for measurement of the
efflux of radioactivity. The S-I efflux of tritium was
calculated as fractional release per shock: i.e. total
radioactivity released per shock divided by radio-
activity remaining in the tissue at the onset of stimu-
lation (Langer & Enero, 1974). At the end of the ex-
periment, arterial segments were homogenized in 2 ml
of 0.2 M perchloric acid containing 0.1% disodium
edetate and 0.125% sodium sulphite, then centrifuged.
Radioactivity of 1 ml aliquots of superfusate and 0.1
ml of supernatant was estimated in 10 ml Instagel
(Packard) with a liquid scintillation counter.

Effects of hydralazine on stimulation-induced tritium
efflux

In each experiment, the S-I efflux in the second and
subsequent periods of stimulation was calculated as
ratios of the corresponding efflux during the first
stimulation period (SX/S1).

The effect of Hyd was investigated by infusion of
the drug in the superfusate 5 min before the second
period of stimulation. In order to determine the delay
of action, in a first series of experiments, Hyd (30 nm,
0.3 gM and 3 gM) was infused, each concentration
being maintained during three periods of stimulation.
In a second series of experiments, cumulative dose-
response curves were obtained by increasing the con-
centration of Hyd in the superfusate (3 nm, 30 nM,
0.3 gM and 3 JIM) every 15 min. The concentrations of
Hyd were changed 5 min before each stimulation. In
both cases, to evaluate the return to basal release, the
Hyd infusion was terminated 5 min before the last
stimulation.

Interaction of theophylline with hydralazine

To investigate the possible interaction of Hyd with
endogenous purines at the presynaptic site, cumula-
tive dose-response curves were obtained in the pres-
ence of 0.5 mM Theo. This drug was added to the
superfusate from the beginning of the experiment.

Solutions used

Hyd was dissolved in a solution having the following
composition (mg/ml H20): NaCl 7, NaH2PO4 3.85
and Na2 HPO4 0.2; the pH was 5 + 1.
The composition of the PSS used for radiolabelling,

rinsing, perfusion and superfusion was (mmol/l):
NaCI 137, KCI 2.5, CaCl2 1.4, MgCI2 0.49, NaHCO3
11.9, NaH2PO4 0.36, glucose 5.6, ascorbic acid 0.1
and Dextran T 70 0.31; this solution was gassed with
a 95% 02: 5% CO2 mixture and maintained at 370C.

Drugs used

Hyd was obtained from Sigma Chemical Co., St
Louis, Mo. U.S.A., Theo from Calbiochem, La Jolla,
Ca. U.S.A. [3H]-NA ((+ [7-3H]-noradrenaline hy-
drochloride) 10 Ci/mmol was obtained from the
Radiochemical Centre, Amersham.

Statistical analysis of results

Student's t test was used to test for significant differ-
ences in results. Figures given represent means + s.e.
means.

Results

Effects of hydralazine on vasoconstrictor responses to
transmural stimulation (Figure 1)

To discover whether Hyd modifies the vasoconstric-
tor responses induced by field stimulation by a pre-
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Figure 1 Effect of hydralazine on contractile responses
induced by electrical transmural stimulation (duration:
2 ms, frequency: 10 Hz, supra-maximal voltage, for 40 s
at 15 min intervals) in the isolated proximal segment of
the rat tail artery. Hydralazine: (a) 30 nM; (0) 0.3 gm;
(A) 3 gM and (A) 30 gM. Responses were obtained from
3 to 8 preparations and calculated as a mean % inhibi-
tion for each point. Vertical lines show s.e. means. Hy-
dralazine infusion was started at 45 min (Hyd); the
drug was washed out (W) at 120 min for the concen-
tration of 3 gAM hydralazine.

synaptic effect, we chose to study the action of this
drug on the proximal segments of the tail artery.
-Indeed we had observed (Worcel, 1978) that the con-
tractile responses induced by phenylephrine, 5-hy-
droxytryptamine or vasopressin in proximal segments
of innervated arteries from normotensive Wistar rats
was almost unaltered by concentrations of Hyd as
high as I 1M. However, the contractions induced by
endogenous NA released during field stimulation
were reduced in size by concentrations of Hyd of 0.3
and 3 1M (Figure 1). The maximal inhibition of the
contractile response occurred after 30 to 45 min of
Hyd exposure. After washout of the drug, the inhibi-
tion of the contractile responses was slowly reversed
(see the effect of 3 1M Hyd). It is important to note
that with the higher concentration of Hyd (30 1M), the
inhibition of the contractile response induced by field
stimulation was practically complete. This result
differs from the inhibition by Hyd of the contractile
effects of exogenous agonists which were reduced by
40%. The present result seems to indicate that Hyd
may exert part of its action at a presynaptic site.
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Figure 2 Effects of adding hydralazine to hydralazine-
free physiological salt solution on tritium efflux induced
by electrical stimulation (10 Hz, 2 ms during 40 s with
supramaximal voltage at 15 min intervals) of proximal
(a) and distal (b) segments of rat tail artery prelabelled
with tritiated noradrenaline. SX/S1 indicates the ratio
between the fractional release of 3H per shock during a
given period of stimulation (SX) and the first period
(SI). Hydralazine was added to the medium 5 min
before S2 then washed out 5 min before S6 (W). Note
that hydralazine induced a decrease of 3H release which
appeared within 15 min, was maintained at the same
level as long as the hydralazine infusion was main-
tained and was reversible by washing. (0) Hydralazine-
free medium; hydralazine: (A) 30 nM; (V) 0.3 1M and
(V) 3 gM.

Nevertheless the interpretation of these results is ob-
scured by the possibility of a change in the postsynap-
tic response to Hyd due to the simultaneous reduc-
tion of NA and ATP release that could be expected
under these circumstances.

Effect of hydralazine on stimulation-induced tritium
efflux

In order to confirm the existence of a presynaptic
effect of Hyd, we studied the actions of the drug on
tritium released during field stimulation of arteries
prelabelled with [3H]-NA. The actual experiments
were started (Sl) at a time in which the fall in the
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fusion, and was sustained as long as the Hyd infusion
was maintained (Figure 2). It can be seen that the
reduction of fractional release induced by Hyd is
dose-dependent. This effect has been confirmed dur-
ing the cumulative addition of the drug (Figure 3). In
both cases, after washout of Hyd, SX/S1 returned
within 15 min to control responses.

Theophylline and hydralazine interactions on stimu-
lation-induced tritium efflux

It has been shown previously that in the presence of
T _ Theo 0.5 mm, phenylephrine-induced responses of

innervated proximal segments of the tail artery
obtained from normotensive Wistar (NW) rats are
inhibited by Hyd. This potentiation of the postjunc-
tional response to Hyd, observed in the presence of
Theo contrasts with the poor response usually
obtained using NW proximal segments (Worcel, 1978;

** Worcel et al., 1980). Conversely, Theo appears to be
ineffective presynaptically since 0.5 mm did not alter
the inhibitory effect of Hyd on the S-I tritium efflux

S, S2 S3 S4 S's e from the rat tail artery (Figure 4).
'. I I a a

3 x 10-9 3x10-8 3x 10-7 3 x 10-6

Hydralazine (M)
Discussion

Figure 3 Cumulative dose-response curves of the
effect of hydralazine on tritium release elicited by trans-
mural stimulation of proximal (a) and distal (b) seg-
ments of the rat tail artery prelabelled with tritiated
noradrenaline. Si to S6 indicate the periods of electrical
stimulation (10 Hz, 2 ms, during 40 s with supramaxi-
mal voltage at 15 min intervals). SX/SI indicates the
ratio between the fractional release of 3H per shock
during a given period of stimulation (SX) and the first
period (SI). Hydralazine was added to the perfusion
medium 5 min before S2 at the concentration indicated;
the concentration of the drug was increased 5 min
before each subsequent period of stimulation. Note that
hydralazine induced a concentration-dependent de-
crease in tritium release, which was reversible by wash-
ing (W). (0) Controls; (o) hydralazine. Mean values of 6
or 7 experiments are shown. Vertical lines show s.e.

means. * P < 0.01; ** P < 0.001.

fractional release per shock was either stabilized (dis-
tal segments) or considerably reduced (proximal seg-
ments).

In control experiments with the distal segment of
the tail artery, SX/S1 was sustained from S2 to S6,
whereas this value decreased progressively in the
proximal segment (Figures 2 and 3). Hyd caused an

inhibition of the S-I tritium efflux, which occurred
rapidly, reaching a maximal value for a given concen-
tration of the drug after only 5 min of Hyd super-

The present investigation shows that Hyd causes a

decrease in the S-I release of NA from sympathetic
nerve endings of the rat tail artery. This assumption is
substantiated by two pieces of evidence: (1) Hyd de-
creased the S-I tritium efflux from the proximal and
distal segments of tail arteries prelabelled with tri-
tiated NA; (2) Hyd produced depression of vaso-
constrictor responses to transmural stimulation of the
tail artery excised from normotensive rats. These
innervated proximal segments were practically unres-
ponsive to Hyd when contracted by phenylephrine
(Worcel, 1978).

Nevertheless, there are numerous qualitative and
quantitative differences between the results of both
series of experiments: (a) Hyd 30 nm, which produced
a significant inhibition of the S-I tritium efflux, was
without effect on contractile response due to trans-
mural stimulation. It seems that the decrease of NA
overflow was possibly insufficient to depress the
mechanical response. A similar threshold difference
was observed for the presynaptic inhibitory action of
dopamine in the rabbit ear artery (Hope, Law,
McCulloch, Rand & Story, 1976) and the rabbit heart
(Fuder & Muscholl, 1978). (b) On the other hand, the
maximal inhibition by Hyd of the S-I tritium efflux
occurred rapidly (within 5 min) whereas more than 30
min were necessary to achieve maximal inhibition of
the mechanical response. (c) The Hyd-induced inhibi-
tion of ['H]-NA efflux was rapidly reversed by wash-
out of the drug, whilst the inhibition of the contractile
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ATP was shown to inhibit the S-I release of NA from
sympathetic nerves (Verhaeghe et al., 1976; Enero &
Saidman, 1977; Su, 1978), it could be expected that
Hyd might be able to enhance the release of the
neurotransmitter. Nevertheless, our results give evi-
dence for an inhibitory effect of Hyd on the liberation
of NA evoked by sympathetic stimulation.
Hyd does not appear to interact presynaptically

with a purine receptor site, since the inhibition of NA
release induced by Hyd was not altered by Theo, sug-
gesting that at this prejunctional site, Hyd does not
interfere with the presynaptic inhibitory purinergic
feed-back of NA release. Furthermore, this result
seems to exclude the possibility that Hyd might inter-
fere with the reuptake of purines in nerve terminals,
as dipyridamole does (Stafford, 1966).

Data available concerning the effects of Hyd on
neural cardiovascular centres and sympathetic effer-
ent pathways is scanty. A possible central mechanism
of action seems unlikely since central administration

S2 S3 S4 of the drug caused a similar hypotensive response to
an intravenous injection (Reis & Van Zwieten, 1967).

3 x
........J

1o-8 3 x103x Hyd was observed to produce ganglionic blockade by3 x 10611 3 x 10O7 3 x 10-a acting at a non-muscarinic site (Gomer & Hilton,
Hydralazine (M) 1978). At the level of the postganglionic sympathetic

nerves, Hyd caused an early depletion of catechol-
amine concentration in several organs (Bydgeman &

lulative dose-response curves to hydrala- Stjarne, 1959; 1960; Linet, Van Zwieten & Hertting,
of theophylline 0.5 mm. Si to S4 indi- 1969) which had been attributed to a reflexly induced

s of electrical stimulation (10 Hz, 2 ms overactivity of the sympathetic nerves due to the fall
h supramaximal voltage at 15 min inter- in blood pressure. On the other hand, Hyd did not
tail artery prelabelled with tritiated nor- induce any alteration of tyrosine-hydroxylase activity
dralazine was added to the perfusion in vessels (Kohler, Berkowitz & Spector, 1975) but

ion of the drug was increased 5 min caused an inhibition of dopa-decarboxylase (Werle,
bsequent period of stimulation. Theo- Schauer & Hartung, 1955; Sano, Taniguchi, Gamo,
t was added to the perfusion medium at Takesada & Kakimoto, 1960) and dopamine f-hy-
experiment. SX/Sl indicates the ratio droxylase activity (Liu, Shen & Loken, 1974). Never-

,ctional release per shock during a given theless, the prejunctional negative effect of Hyd inhi-
lation (SX) and the first period (S1). (9) biting NA release which is suggested by the present
ose-response curve to hydralazine; (V) work is probably independent of the inhibition of NA
c-response curve to hydralazine in the synthesis, since this phenomenon occurs rapidly and
ophylline. Mean values of 5 to 7 experi- s esly sed.
n. Vertical lines show s.e. means.was easily reversed.

In conclusion, the present results indicate that Hyd
has, in addition to its action on vascular smooth
muscle, a very marked effect on sympathetic nerve
terminals. The mechanism of this presynaptic inhibi-

)t easily reversed. This fact is not sur- tion appears to be different from the postsynaptic
D inhibition by Hyd of the S-I muscu- effect, in view of the much shorter delay, the shape of
is a mixed phenomenon, in which a the dose-effect curve and the lack of interaction with
iibition occurs (the present work) as Theo. More work is necessary to reveal the nature of
:synaptic inhibition, which was pre- this prejunctional action and its significance for the
o be very difficult to reverse following overall antihypertensive effect of Hyd.

the washout of the drug (Worcel, 1978).
The present results are unexpected considering our

working hypothesis: in fact, since ATP and some
other purines antagonized the postsynaptic action of
Hyd (Worcel, 1978; Worcel et al., 1980) and since
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