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ax-FLUPENTHIXOL: AN ANTAGONIST OF DOPAMINE-EVOKED FLUID
SECRETION BY AN INSECT SALIVARY GLAND PREPARATION

J. BREWARD, C.R. HOUSE & R.K. SMITH
Department of Physiology, Royal (Dick) School of Veterinary Studies, University of Edinburgh

1 We have demonstrated inhibition of secretory responses of cockroach salivary glands to
dopamine, adrenaline, noradrenaline and neurotransmitter by a-flupenthixol. This inhibition was slow
in onset (60 min) and in reversal (> 2 h).
2 Inhibition of responses to adrenaline and noradrenaline was non-competitive, since the-maxima
and slopes of dose-response curves of these agonists were reduced.
3 Although at low concentrations (<3 gM) the antagonism of responses to dopamine showed some

characteristics of competitive inhibition, at higher doses non-competitive inhibition was clearly
demonstrated.
4 These results are explained in terms of different efficacies of the agonists for the receptors antag-
onized by a-flupenthixol.
5 /3-Flupenthixol was shown to antagonize responses to dopamine; however it was 10 to 100 times
less potent than a-flupenthixol.

Introduction

There is considerable interest in the ability of neuro-
leptic drugs to inhibit dopamine-evoked responses in
the mammalian brain. It has been shown that many
neuroleptics are potent antagonists of dopamine-
sensitive production of cyclic adenosine 3',5'-mono-
phosphate (cyclic AMP) by homogenates of certain
regions of rat brain (Clement-Cormier, Kebabian,
Petzold & Greengard, 1974). Among the most potent
are the thioxanthenes which exhibit geometric isomer-
ism, the cis isomers being more effective than the
trans isomers (Miller, Horn & Iversen, 1974). The dif-
ference in potency is particularly marked in the com-
pound flupenthixol; the cis isomer, a-flupenthixol, is a
powerful antipsychotic drug (Reiter, 1969; Gottfries,
1971) and inhibitor of dopamine-stimulated cyclic
AMP formation whereas the trans isomer, ,3-flupen-
thixol, is virtually ineffective.

Behavioural (M0ller Nielsen, Pedersen, Nymark,
Franck, Boeck, Fjalland & Christensen, 1973) and
biochemical studies (Miller et al., 1974) suggest that it
would be productive to examine the actions of a-flu-
penthixol on cellular preparations responsive to
dopamine. House & Ginsborg (1976), for example,
have shown that the electrical responses to dopamine
and nerve stimulation of acinar cells in the cockroach
salivary gland are suppressed by a-flupenthixol. Iso-
lated salivary glands of cockroaches also secrete fluid
when stimulated by nervous activity or bath appli-

cations of adrenaline, noradrenaline and dopamine
(House & Smith, 1978). The aim of the present inves-
tigation was to study the mechanism of flupenthixol's
inhibition of the secretory responses to these agonists.

Methods

Experiments were carried out at room temperature on
the isolated salivary glands of adult cockroaches,
Nauphoeta cinerea Olivier, of either sex allowed free
access to food and water. The preparation consisted
of the paired glands, ducts and reservoirs mounted in
a perspex chamber as described previously (Smith &
House. 1977). The composition of the bathing fluid
(pH 7.6) was (mM): NaCl 160, KCI 10, CaC12 5, Tris 5,
HCl 4 and glucose 20. One of the salivary ducts was
freed from its adherent reservoir duct, ligatured near
its cut end with enamelled Ag wire and pulled
through an orifice in a celluloid barrier into an
adjacent paraffin pool. Fluid secreted at the cut end of
the salivary duct was drawn into a siliconized glass
micropipette and transferred to a paraffin pool where
its diameter was measured by a microscope with a
micrometer eyepiece (House & Smith, 1978).
The reservoir duct bearing the salivary nerve on the

same side as the ligatured duct was drawn into a
suction electrode for electrical stimulation. Rectangu-
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Figure I Time course of antagonism produced by a-flupenthixol. In this figure and all others the horizontal bars
indicate periods of drug application. (a) Antagonism of secretory response to prolonged stimulation by 0.05 pM
dopamine (unlabelled bar). (b) Antagonism of secretory response to 10 min applications of 10 pM adrenaline (0)
and 600 nerve stimuli (o) by 0.3 and 0.1 pM a-flupenthixol respectively. (c) Inhibition and recovery of secretory
responses to 10 min exposures to 0.1 LM dopamine (unlabelled bars); a-flupenthixol concentration was 0.05 pM.

lar pulses (0.5 ms duration, 50 V) were delivered at 5
or 10 Hz to the nerve from either a Grass stimulator
(SD 5) or an isolated stimulator (Devices Ltd.) driven
by a gated pulse generator (Devices Type 2533) and a

Digitimer.
Concentrated stock solutions of drugs were made

before each experiment, stored at 4°C and diluted into
volumes of the bathing fluid immediately before per-

fusion. The drugs used were: (--adrenaline bitar-
trate, (- -noradrenaline hydrochloride, dopamine hy-
drochloride (Sigma), cis and trans isomers of flupen-
thixol (Lundbeck).
The chamber (volume 1.5 ml) was normally per-

fused at a rate of about 2 ml/min by a Watson-
Marlow flow inducer (MHRE 200); this was increased
to 20 ml/min for perfusion of agonist solutions.

When solutions containing flupenthixol were

applied to the preparation these were perfused ini-
tially at 20 ml/min for about 2 min to ensure rapid
mixing in the chambers and thereafter at 2 ml/min.
Because the inhibition of agonist responses by flupen-
thixol was slow it was found necessary to remake
solutions at high dilutions (<0.1 lM) at frequent
intervals (10 min) to avoid loss of potency.

Results

Inhibition of responses to nerve and dopamine stimu-
lation

In previous electrophysiological experiments (House
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Figure 2 Surmountability of antagonism produced by
a-flupenthixol. (a) Responses to nerve stimulation;
number of stimuli given above each response. (b) Re-
sponses to bath applications of dopamine (DA) at con-
centrations shown.

& Ginsborg, 1976) on cockroach salivary gland it was
noted that a-flupenthixol acted slowly and that its
inhibition of the intracellular responses of acinar cells
to nerve and dopamine stimulation had not reached a
maximum within a 30 min period of exposure. There-
fore, in the present study it was necessary to
determine the exact time course of flupenthixol's anta-
gonism. Because the rate of development of this inhi-
bition was slow, solutions of flupenthixol had to be
remade frequently especially at low concentrations
(see Methods).

a-Flupenthixol Prolonged exposure to dopamine
evokes fluid secretion at a steady rate which is not
markedly reduced by fatigue or desensitization
(House & Smith, 1978). When a-flupenthixol was
added to the bathing solution during a maintained
application of dopamine the secretory rate fell slowly
(Figure la). A slow onset of inhibition was also found
when the antagonist was applied to glands responding
to nerve stimulation or relatively short (10 min) expo-
sures to agonists, such as adrenaline (Figure lb).

These results indicate that a-flupenthixol requires
about 30 to 60 min to obtain its maximal blocking
action.
Some experiments were done to determine whether

the antagonism caused by a-flupenthixol was revers-
ible. Many of these necessarily lasted more than 6 h
and hence their interpretation was complicated by the
possible presence of fatigue of the secretory system.
Figure lc shows the results of an experiment where
recovery from the suppression caused by 0.05 gM
a-flupenthixol was complete within 2 h of washout. In
three other experiments, however, with higher concen-
trations of the antagonist the recovery was only par-
tial even after 4 h, nor was there satisfactory recovery
of responses to nerve stimulation. It may be con-
cluded that recovery is generally very slow.
The possibility that ox-flupenthixol intervenes di-

rectly in the transport systems underlying salivary
secretion seems to be ruled out because the block it
produces can be surmounted by increasing the
number of nerve stimuli or the concentration of ago-
nist. Figure 2 illustrates two examples where match-
ing responses before and during application of the
antagonist were achieved by increasing the number of
nerve stimuli four fold and by raising the agonist con-
centration from 0.3 to I gM. Thus it seems highly
likely that x-flupenthixol inhibits fluid secretion by
combining with postjunctional receptors for the trans-
mitter and dopamine.
A quantitative study of the suppression of the secre-

tory response by a-flupenthixol was attempted by
monitoring the displacement of the log dose-response
curves for dopamine. At concentrations of x-flupen-
thixol up to 3.0 gM there was a parallel shift of the
curve and the maximum response to dopamine could
be matched. The initial experiments at low antagonist
concentrations (<0.3 JiM) gave the misleading im-
pression that the antagonism was competitive since
the size of the displacement of the dose-response
curve appeared to be closely related to the inhibitor
concentration. In a typical experiment (Figure 3),
where the oe-flupenthixol concentration was 0.01 gM,
the equipotent dose-ratio was estimated to be about
4. In addition to this series (over the range 0.01 to 3.0
gM) (Figure 4a) two further experiments were carried
out with 5 gM x-flupenthixol. In neither case could the
maximum response to dopamine be attained in the
presence of the antagonist, and in each case the slope
of the linear portion of the dose-response curve was
depressed. One of these experiments is illustrated
(Figure 4b). These results suggest that a-flupenthixol
may be a non-competitive antagonist of dopamine-
evoked fluid secretion.

fi-Flupenthixol Like the cis isomer the trans form,
f,-flupenthixol, also slowly blocked secretory re-
sponses to nerve and dopamine stimulation. However,
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Figure 3 Antagonism by 7-flupenthixol of secretory responses to dopamine. Typical responses to 10 min
exposures of dopamine before (a) and during (b) the application of 0.01 gM o-flupenthixol are illustrated in the
inset; the dopamine concentrations (gM) used are given on left. Note that in this figure the results are plotted as log
dose-response curves where the response was measured as the secretory volume produced during exposure to
dopamine (see House & Smith. 1978).

the trans isomer is considerably less potent than a-flu-
penthixol. Concentrations of fl-flupenthixol exceeding
0.1 gM were required to inhibit responses to nerve
stimulation but as with the more potent cis isomer the
block could be overcome by delivering more nerve
stimuli (Figure Sa). Moreover, fi-flupenthixol pro-
duced a parallel shift of the log dose-response curve
for dopamine (Figure 5b), the equipotent dose-ratio
being about 6. Thus 13-flupenthixol is about 10 to 100
times less potent as an antagonist than a-flupenthixol
but a detailed study of this difference in potency has
not been made.

Inhibition of responses to noradrenaline and adrenaline

Isolated cockroach salivary glands also secrete fluid
in response to noradrenaline and adrenaline. These
agonists are about 50 times less potent than
dopamine and moreover there is evidence suggesting
that they interact with receptors distinct from those
combining with dopamine (House & Smith, 1978). It
was, therefore, of interest to examine the ability of
a-flupenthixol to inhibit responses to adrenaline and
noradrenaline.

Adrenaline The antagonism by a-flupenthixol of re-

sponses to adrenaline was quantitatively different

from that exerted on dopamine responses. In only one

experiment out of six was there a parallel shift of the
log dose-response'curve, corresponding to an equipo-
tent dose-ratio of 7.6 for 0.2 gmM a-flupenthixol. The
other experiments indicated a pronounced decrease in
the slope of the log dose-response curve and in four
cases there was also a marked reduction in the maxi-
mal response during application of a-flupenthixol.
Two examples of these changes in the adrenaline
curves are illustrated in Figure 6.

Noradrenaline a-Flupenthixol caused a parallel shift
of the log dose-response curve in only two experi-
ments out of nine. An example is shown in Figure 7a.
The gland was exposed to 6 gM oa-flupenthixol and the
estimated equipotent dose-ratio was 37. In the other
experiment where the antagonist concentration was

3 gM, the equipotent dose-ratio was 31. All of the other
experiments with noradrenaline showed a significant
reduction in the slope of the log dose-response curve

in the presence of a-flupenthixol at concentrations in
the range 0.1 to 10 gM. In several cases it was not
possible to match maximal responses; an example is
illustrated in Figure 7b. However, failure to achieve a

maximal response was not an invariable finding
(Figure 7c).

Evidently there is considerable variation in the sen-
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Figure 4 (a) The effect of a-flupenthixol concentration
on the equipotent dose-ratio for responses to
dopamine. (b) Antagonism of secretory responses to
dopamine by 5 JIM a-flupenthixol. Log dose-response
curves before (0) and during (0) the presence of the
antagonist.
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Figure 5 Antagonism by fl-flupenthixol of responses
to nerve and dopamine stimulation. (a) Responses to
nerve stimulation; number of stimuli given above re-
sponse. (b) Log dose-response curves before (0) and
during (0) the presence of 3 gM fl-flupenthixol. The
response was measured as the peak secretory rate pro-
duced during exposure to dopamine.

sitivity of glands to a-flupenthixol. For example in
Figure 7a the antagonist at 6 gIM caused a parallel
displacement of the dose-response curve whereas in
another experiment 0.5 gM produced a pronounced
alteration in the shape of the curve (Figure 7b).
Similar variations occurred when adrenaline was the
agonist (cf. Figure 6). Although differences in sensi-
tivity to a-flupenthixol were not so obvious when
dopamine was applied the scatter of points in Figure 4a
may be due to such a source. It seems unlikely that
the variability is caused by some feature of the meth-
ods since a corresponding study of the antagonist
phentolamine gave no similar discrepancies (Bowser-
Riley, House & Smith, 1978).

Recovery of responses to noradrenaline was not
observed even several hours after washout of the an-
tagonist. In contrast the responses to dopamine
showed partial recovery over a similar period.
BJ.P. 69/1-i

Discussion

The present results add further support to the accu-
mulated evidence that flupenthixol is a dopamine an-

tagonist. In disparate circumstances, where responses
to dopamine reflect changes in conditioned behaviour
(Moller Nielsen et al., 1973), neuronal firing rate (Ben-
Ari & Kelly, 1976), formation of cyclic AMP (Miller
et al., 1974), prolactin secretion (Meltzer, Paul &
Fang, 1977), membrane potential (House & Ginsborg,
1976) and fluid secretion (present study), the cis
isomer is markedly more effective than the trans
isomer. Evidently the onset of oa-flupenthixol's antag-
onism of the electrical and secretory responses of
cockroach salivary glands is slow and the inhibition
of the secretory response is poorly reversible. These
findings may be relevant to the prolonged reduction
in dopamine sensitivity which has been observed in
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animal behaviour testing after administration of a-flu-
penthixol (Moller Nielsen et al., 1973).

o(-Flupenthixol inhibits dopamine-evoked fluid se-
cretion by cockroach salivary glands probably in a
non-competitive manner by combining with post-
junctional receptors. However, the possibility that this
antagonist also acts presynaptically to reduce trans-
mitter output (cf. Seeman & Lee, 1975) has not been
excluded. Its high potency as an antagonist of re-
sponses to dopamine is similar to that found for
inhibition of cyclic AMP formation by brain hom-
ogenates (Miller et al., 1974). These values may be
relevant to the empirical observation that a-flupen-
thixol is one of the most powerful antipsychotic drugs
(cf. Seeman & Lee, 1975).
An interesting feature of the present results is that

there is a quantitative difference in the blocking
action of a-flupenthixol against responses to
dopamine and the other agonists. It is clear that at

concentrations sufficient to produce parallel shifts of
the dopamine dose-response curves there are usually
striking changes in slopes and maxima of the curves
for adrenaline and noradrenaline. This differential
effect may be due to very low efficacies of noradrena-
line and adrenaline compared with that of dopamine.
Thus responses to the former agonists would be more
sensitive to the presence of a non-competitive antag-
onist (Stephenson, 1956). A further consequence, com-
patible with our results, would be that sufficiently
high concentrations of ot-flupenthixol would change
the slope and depress the maximum of the dose-
response curve for the most potent agonist, dopamine.

This work was supported by the S.R.C. We wish to thank
Lundbeck for the gift of flupenthixol, and are indebted to
Professor B.L. Ginsborg and Mr R.P. Stephenson for help-
ful comments on this work.
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