
Br. J. Pharrmac. (1979), 67, 165-171

INTERACTIONS OF (+)-AMPHETAMINE AND CHLORPROMAZINE ON
NEURONES IN THE LOWER BRAIN STEM OF THE RAT

R.J. BOAKES, P.B. BRADLEY & J.M. CANDY
MRC Neuropharmacology Unit, Department of Pharmacology,
The Medical School, Birmingham B15 2TJ

1 The ability of chlorpromazine to antagonize the effects of iontophoretic application of( + -ampheta-
mine to single neurones in the medulla and lower pons of anaesthetized rats has been studied.
2 Chlorpromazine, administered systemically or iontophoretically, consistently and specifically anta-
gonized the excitatory actions of (+)-amphetamine, but not those of noradrenaline on the same
neurone.
3 It is concluded that chlorpromazine reduces the effect of (+ )amphetamine by a presynaptic
mechanism.
4 (+ )Amphetamine did not mimic the prolonged inhibitory response of some neurones to nor-
adrenaline but often excited these neurones and chlorpromazine blocked these excitatory responses
to (+ )amphetamine.

Introduction

The stimulant effect of amphetamine is generally
thought to involve catecholamines in the CNS. Ros-
sum, Schoot & Hurkmans (1962) suggested that
amphetamine acts directly on catecholamine recep-
tors and iontophoretic studies in the cerebellar cortex,
hippocampus and caudate nucleus have supported
this (Hoffer, Siggins & Bloom, 1971; Feltz & de
Champlain, 1972; Segal & Bloom, 1974). However,
an indirect mechanism of amphetamine action involv-
ing release of endogenous catecholamines has also
been proposed (Weissman, Koe & Tenen, 1966) and
experiments in this laboratory (Boakes, Bradley &
Candy, 1972) demonstrated that the effects of ionto-
phoretically applied (+ )amphetamine on neurones in
the brain stem of anaesthetized rats were dependent
on the presence of endogenous noradrenaline. It has
been suggested that amphetamine produces electro-
cortical desynchrony and behavioural alerting by an
action on the reticular formation of the brain stem
(Bonvallet, Dell & Hiebel, 1954; Bradley & Elkes,
1957).
The actions of amphetamine on the electrocortico-

gram and behaviour are antagonized by chlorproma-
zine (Hiebel, Bonvallet & Dell, 1954; Bradley &
Hance, 1957), which also has been found to interact
with noradrenaline receptors in the brain stem reticu-
lar formation (Bradley, Wolstencroft, Hosli & Avan-
zino, 1966). Experiments have, therefore, been carried
out to determine whether (+ )-amphetamine and
chlorpromazine interact when applied by iontophor-

esis to neurones in the brain stem. Noradrenaline,
acetylcholine, 5-hydroxytryptamine and glutamate
have been used as control agonists to determine the
specificity of the effects of chlorpromazine since this
drug has a wide range of pharmacological actions.
A preliminary account of some of this work has been
published (Boakes, Bradley & Candy, 1973).

Methods

Experiments were performed on 28 male albino rats
(300 to 400 g) anaesthetized either with halothane (1.0
to 1.5%) or with urethane (1.6 to 1.8 g/kg i.p. after
induction with halothane). Body temperature was
maintained at 360 to 38°C. After removal of the cere-
bellum, 5-barrelled micropipettes were inserted into
the medulla and lower pons for iontophoretic studies
of spontaneously active neurones. The drugs used
were: (+)amphetamine sulphate (K & K Labora-
tories, 54 mM, pH 5.0 to 6.0); (-)-noradrenaline hy-
drochloride (Sigma, 243 mm, pH 5.0 to 6.0); serotonin
(5-hydroxytryptamine) bimaleinate (Koch-Light, 171
m¶, pH 5.0 to 6.0); chlorpromazine hydrochloride
(May & Baker, 14 mM, or 56 mM, acidified to pH
4.0 to 5.0 with HCI); sodium glutamate (Koch-Light,
267 mm, pH adjusted to 8.0 to 9.0 with NaOH); ace-
tylcholine hydrochloride (Sigma, 275 mm, pH 5.0 to
6.0); dopamine hydrochloride (Sigma, 263 mm, pH 5.0
to 6.0).
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Systemic injections of chlorpromazine hydrochlor-
ide were made either intraperitoneally or intra-
venously into the saphenous vein. The interactions
of (+)amphetamine and systemically administered
chlorpromazine were only examined on one neurone
in each animal studied. During iontophoretic ejec-
tions of chlorpromazine, care was taken to ensure
that the spike height did not decrease, and the eject-
ing currents were adjusted for each neurone. As far
as possible, care was taken to maintain a regular cycle
of agonist applications to reduce possible variations
in response size (Bradshaw, Szabadi & Roberts, 1973;
Candy, Boakes, Key & Worton, 1974). A response
was considered to be antagonized if its vertical height
was reduced by 50% or more. Current effects were
monitored by passing appropriate currents through
a barrel of the electrode containing Pontamine Sky
Blue (Boakes, Bramwell, Briggs, Candy & Tempesta,
1974). Penetrations into the brain stem were made
with reference to the obex, and were directed at the
following reticular nuclei: parvocellularis, parame-
dianus, gigantocellularis and lateralis. The positions
of some neurones on which systemic effects of chlor-
promazine were studied were marked with Pontamine
Sky Blue (Godfraind, 1969; Boakes et al., 1974).

Results

Comparison of the effects of(+ )amphetamine and nor-
adrenaline applied to the same neurones

A total of 76 neurones was studied. The actions of
iontophoretically applied (- )noradrenaline on these
neurones were qualitatively similar to those described
in previous reports of its effects in the cat and rat
(Boakes, Bradley, Brookes, Candy & Wolstencroft,
1971; Boakes et al., 1972): excitatory, inhibitory and
mixed effects were observed. (+ -Amphetamine some-
times caused depression of spike height during ejec-
tion and neurones showing marked spike depression
have not been included. (+ )-Amphetamine excited 33
out of 43 neurones excited by noradrenaline (Table 1).
The excitatory response to (+ -amphetamine was
usually shorter in duration (Figure la) or smaller in

amplitude than that to noradrenaline, despite the fact
that (+ )amphetamine was usually applied for a
longer time. The latency of the excitatory response
to (+)-amphetamine was usually similar to that for
noradrenaline (Figure la). On 2 neurones noradrena-
line elicited a mixed response: this consisted of an
excitatory phase followed by a prolonged inhibitory
phase. (+ )Amphetamine mimicked the excitatory but
not the inhibitory phase on both neurones. Nor-
adrenaline produced a prolonged inhibitory response
on 23 neurones; (+ )amphetamine excited 10 of these
neurones (Figure lb) and had no effect on the remain-
ing 13 neurones (Figure ic). Only 2 neurones were
observed where noradrenaline elicited a short-lasting
inhibitory response that was clearly distinguishable
from the effects of current; (+)-amphetamine pro-
duced a short-lasting inhibitory response on 1 of these
neurones. (+ -Amphetamine had no effect on 3 out
of 6 neurones unaffected by noradrenaline but excited
the remaining 3 neurones.

Interactions of iontophoretically applied chlorproma-
zine with (+ -amphetamine

(+ )-Amphetamine excitations The interactions of
iontophoretic chlorpromazine and excitatory re-
sponses to (+ )amphetamine were studied on 29
neurones. On some cells, more than one control
agonist was used. The results are summarized in
Table 2. Chlorpromazine antagonized 26 (+ -
amphetamine excitations: expelling currents ranged
from 0 to 50 nA and the duration of the ejections
were from 50 s to 30 min. None of the effects of
the other compounds on these neurones were
blocked, viz. acetylcholine excitations 5/5 (Figure 2);
glutamate excitations 7/7; 5-hydroxytryptamine exci-
tations 2/2 and 1 inhibition not blocked. On 2 neur-
ones the excitatory response to (+ )amphetamine was
blocked only when the response to a control agonist
was reduced. Only 1 of the (+ )amphetamine exci-
tations could not be blocked by chlorpromazine. Nor-
adrenaline was used as a control agonist on 22 of
the 29 neurones on which (+ )-amphetamine exci-
tation was studied. Of those, 16 were excited by nor-
adrenaline, 5 gave a long-lasting inhibitory response

Table 1 Comparison of the effects of (- -noradrenaline and (+)-amphetamine on brain stem neurones

Excitation
(-)-Noradrenaline Mixed effect

Long inhibition
Short inhibition
No effect

(+ )Amphetamine
Excitation Inhibition

33

2
10
0

3

No effect

9
0

13
1
3

I

0

0

1
0

Total No. of
neurones

43
2

23
2
6
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and 1 showed a mixed response (excitation followed
by inhibition). Twelve out of the 16 noradrenaline
excitations were not reduced by chlorpromazine
(Figure 3) while all the noradrenaline inhibitions were
blocked.

iy v
._,(+)-Amphetamine inhibitions In only 2 cases could
(+ -amphetamine inhibition be clearly distinguished
from the effects of current. One of these responses

* was blocked by iontophoretically applied chlorpro-
20 mazine (Table 2).

Systemic chlorpromazine and (+ )-amphetamine
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Figure I Effects of noradrenaline (NA) and
(+ )amphetamine (Am) on the spontaneous firing rates
of 3 neurones. The mean firing rate f in spikes/s in
successive 5 s epochs are plotted against time in min-
utes. lontophoretic applications are shown by the hori-
zontal bars. (a) A neurone excited by NA, 50 nA and
Am, 50 nA. The same current passed through Pont-
amine Sky Blue (PSB) had no effect. (b) A neurone
where NA, 50 nA and Am, 50 nA elicited opposite
effects; NA produced a long-lasting inhibitory response
while Am elicited excitation. Glutamate (G) 20 nA did
not have a marked excitatory action on this neurone.
(c) Am, 50 nA had no effect on this neurone that gave
a long-lasting inhibitory response to NA, 50 nA and
was excited by dopamine (DA) 50 nA.

The interactions between systemically applied chlor-
promazine and the excitatory effects of iontophoreti-
cally applied (+)amphetamine were studied on 10
neurones (Table 2), in 7 cases after intraperitoneal
injection and in the other 3 cases after intravenous
injection. Chlorpromazine selectively antagonized the
excitatory action of (+ -amphetamine on 6 out of the
7 neurones (Figure 4) where it was injected intraperi-
toneally in doses ranging from 0.15 mg/kg to 1.5
mg/kg. In one experiment, even after a dose of 5.5
mg/kg, the effect of the control agonist was unaltered.
The positions of 4 neurones, on which actions of
intraperitoneal chlorpromazine were determined,
were confirmed histologically: 3 were in reticular nu-
clei: (1 each in r.n. gigantocellularis, parvocellularis,
and paramedianus); 1 neurone was on the border
between parvocellularis and the median vestibular nu-
cleus. The 3 intravenous injections of chlorpromazine
(0.1, 1.0 and 2.0 mg/kg) resulted in a block of the
effect of (+-amphetamine but not of the effect of
the control agonist in one experiment, and in two
experiments (+ )amphetamine excitation and the
effects of control agonists were reduced together. The
control agonists used were acetylcholine (Figure 4,
7 neurones) and glutamate (3 neurones). Noradrena-
line was also used as a control agonist on 8 neurones,
7 of which were excited and one showed a mixed
effect. The excitatory effects of noradrenaline were not
reduced by chlorpromazine (Figure 4) while the in-
hibitory phase of the mixed response was blocked.

(+ -Amphetamine excitation and dopamine

In the present study 23 neurones showed a long-last-
ing inhibitory response to noradrenaline and 10 of
these were excited by (+ )-amphetamine. The possibi-
lity that these excitatory responses to (+)-ampheta-
mine were mediated by dopamine was investigated
by determining the responses to dopamine of nine
of these neurones. Dopamine mimicked 5 noradrena-
line inhibitions, had no effect on one neurone and
excited 3 neurones: none of the 3 neurones excited
by dopamine were affected by (+ )amphetamine.
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Figure 2 The effect of iontophoretically applied chlorpromazine (Cpz) on excitatory responses to (+ )-ampheta-
mine (Am) and acetylcholine (ACh). Cpz, applied for 7.5 min at 10 nA initially blocked both the excitatory
responses to Am and to ACh, (not shown), but 45 min after the Cpz application the response to Am was

still markedly reduced while the ACh response had recovered. Recovery of the response to Am was not observed
with this neurone. Axes as in Figure 1.
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Figure 3 Upper trace: the effect of iontophoretically applied chlorpromazine (Cpz) on the excitatory response
to (+)-amphetamine (Am) and (-)-noradrenaline (NA). Am and NA consistently elicited prolonged excitatory
responses from this neurone, which was otherwise almost silent. A prior application of NA for 15 s, which
is not shown, elicited a response which was greater and longer than those shown, indicating that the responses
shown were not supramaximal. Cpz was applied for 1.5 min at 50 nA and completely abolished the response
to (+)amphetamine 45 s after the Cpz application while the response to NA was unaffected. Recovery of
the response to (+ )amphetamine was seen 17 min after the Cpz application. Axes as in Figure 1. Lower record:
oscillograms of the spike activity of the neurone plotted in the upper trace. Sections (a), (b), (c) and (d) correspond
to oscillograms (a), (b), (c) and (d). Note that the film speed was halved in oscillograms (b) and (c) because
of the long latency of the (+)amphetamine response. Calibration bar = 200 pV.
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Figure 4 Specific antagonism of the excitatory action of (+ )amphetamine (Am) by systemic chlorpromazine
(Cpz). Acetylcholine (ACh) 50 nA, Am 50 nA, and (-)-noradrenaline (NA) 50 nA consistently elicited strong
excitatory responses. Cpz 0.5 mg/kg administered intraperitoneally reduced the response to Am 6 min after
injection of Cpz and almost completely abolished the response 32 min later without affecting the response
to either NA or ACh. Axes as in Figure 1.

Discussion

The observations presented in this paper extend those
of Boakes et al. (1972) in which a correlation was
found between the actions of (- )noradrenaline and
of (+ )amphetamine on brain stem neurones. In the
present study, 77% of neurones excited by (- -nor-
adrenaline were also excited by (+ )amphetamine:
three neurones unaffected by (- )noradrenaline were
excited by (+ )amphetamine but this is a small
sample. The failure of (+ )amphetamine to mimic the
prolonged inhibitory responses to (- -noradrenaline,
reported by Boakes et al. (1972), has been confirmed
and it has also been found that (+ )amphetamine
excites over half the neurones which show long inhibi-
tory responses to (- )noradrenaline. It appears un-
likely that these (+ )-amphetamine excitations are
related to dopamine as dopamine excited few neur-
ones which were inhibited by noradrenaline and none
of those were excited by (+ )amphetamine. A possible
explanation is that there are both excitatory and in-
hibitory receptors for noradrenaline on the same
neurone (Boakes et al., 1971) but the involvement of

another neurotransmitter, e.g. 5-hydroxytryptamine,
in these responses cannot be excluded.

Twenty-six out of twenty-nine (+ )amphetamine
excitations studied were blocked or reduced by ionto-
phoretically applied chlorpromazine. This antagonism
was selective since the effects of a range of other com-
pounds were not altered by chlorpromazine.
Although in one case iontophoretically applied chlor-
promazine blocked (+ )amphetamine inhibition it is
difficult to draw any conclusions as this inhibition
was only rarely distinguishable from the effect of cur-
rent. The results obtained with systemic administra-
tion of chlorpromazine are in good agreement with
the results obtained with iontophoretic applications.
Intraperitoneal injections of chlorpromazine pro-
duced blockade of (+ )amphetamine excitation on all
except one neurone, whereas blockade of control
agonist was only seen after intravenous injections. In
the only other study of (+)-amphetamine/chlorpro-
mazine interactions at the neuronal level, Graham &
Aghajanian (1971) found that intravenous injection of
(+ )amphetamine inhibited locus coeruleus neurones
and that this effect was reversed by intravenous chlor-

Table 2 Comparison of the number of (+ -amphetamine effects blocked by iontophoretic and systemic chlorpro-
mazine (Cpz)

(+)-Amphetamine effect

Excitation

Cpz route

lontophoretic
Systemic
lontophoretic

26
7 1

1 1

f

Number of neurones
Non-specific

Blocked Not blocked block

2
2

0

Total

29
10
2

- v~~~~~~~~~~~~~~~~~~ N s A A
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promazine. The systemic doses of chlorpromazine
used were similar to those described here, but it is
not clear whether the antagonism observed by
Graham & Aghajanian (1971) was due to direct
effects on the locus coeruleus, or whether it was
specific.

In view of the fact that (+ )amphetamine exci-
tations were blocked while noradrenaline excitations
remained largely unaffected, it seems unlikely that
chlorpromazine blocks the effects of (+)ampheta-
mine by an action at the postsynaptic receptors which
mediate the excitatory actions of noradrenaline. Thus
it appears that the chlorpromazine/( + )amphetamine
antagonism which was observed may be due to a pre-
synaptic action of chlorpromazine. There is evidence
that neuroleptics can affect presynaptic processes in
other brain regions. Suppression of spike activity in
dopaminergic terminals has been proposed as a mech-
anism for the action of neuroleptics (Seeman, Staiman
& Chau-Wong, 1974) and Iversen, Miller & Rogawski
(1975) found that butyrophenones reduced protovera-
trine-induced dopamine release from striatal synapto-
somes. Thus, it is possible that chlorpromazine blocks
(+ )amphetamine by preventing noradrenaline

release from noradrenaline-containing terminals.
Another possibility is that chlorpromazine blocks the
uptake of (+ )amphetamine into presynaptic ter-
minals: chlorpromazine blocks noradrenaline uptake
(Iversen, 1967) but it is not known whether
(+-amphetamine has to enter the presynaptic ter-
minals to exert its releasing actions.
The results presented in this paper demonstrate a

direct antagonism between (+ )-amphetamine and
chlorpromazine, probably involving actions of both
of these substances on presynaptic noradrenergic sites
in the brain stem. The participation of an adrenergic
component in the brain stem arousal system has been
suggested from a number of studies (Cordeau,
Moreau, Beaulnes & Laurin, 1963).
According to Key (1975) the electroencephalo-

graphic alerting caused by stimulation of noradrena-
line receptors in the brain stem is dependent on the
level of ambient sensory stimulation. Antagonism of
this noradrenergic 'sensitization to environmental
stimuli' (Key, 1975) by chlorpromazine may be signifi-
cant in the selective depression by chlorpromazine of
the effects of sensory stimulation on the electrocorti-
cogram and behaviour.
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