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Evidence that apomorphine and ( + )-amphetamine produce
different types of circling in rats
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Apomorphine and (+ )-amphetamine are known to produce circling in naive rats. Frame by frame analysis of videotape
recordings of the behaviour of Wistar rats treated with a subcutaneous injection of apomorphine (1.1 mg/kg; n = 8) or
(+ )-amphetamine (0.5 and 1.0 mg/kg; n = 8 and n = 8) was used to study this behaviour in more detail. In line with previously
reported studies, apomorphine was found to change the functioning of hindlimb stepping. In contrast, ( + )-amphetamine was
found to change the functioning of forelimb stepping. These data imply that apomorphine and (+ }-amphetamine produce their

drug-specific circling via different substrates within the brain.

INTRODUCTION

In 1872 apomorphine had already been re-
ported to produce circling in dogs: this circling
was associated with paralysis of the hindlimbs,
but not of the forelimbs®2. In rats too, apomor-
phine elicits circling!219:20-35-37_ Again, this circl-
ing is closely coupled to the occurrence of a pro-
gressive dysfunctioning of hindlimb stepping: in
fact, hindlimb stepping ultimately ceases at the
peak of the drug’s action, whereas forelimb
stepping continues throughout the drug’s
action®®. It has been argued that such apo-
morphine-induced effects are due to (hyper)-
stimulation of postsynaptic dopamine receptors
of nigrostriatal dopamine neurons, resulting in a
progressive dysfunctioning of the output-stations
of the nigrostriatal dopamine neurons!®3436,

(+)-Amphetamine too is known to elicit circling
in rats'%'®. Nevertheless, (+)-amphetamine
exerts an action on dopamine neurons that signifi-
cantly differs from that of apomorphine. In con-
trast to apomorphine which stimulates D, recep-
tors and, to a lesser degree, D, receptors22->°-3%,
( + )-amphetamine, among other things, enhances
dopamine release and blocks its re-up-
take!>16:2431:42 " Moreover, apomorphine and
(+ )-amphetamine differentially affect presynap-
tic and postsynaptic dopamine receptors>7:1742,
And, finally, apomorphine and ( + )-amphetamine
differentially affect nigrostriatal and mesolimbic
dopamine neurons!6:21:23.25.28.29.33.41  Never-
theless, it is generally accepted that both agents
elicit circling via influencing the same neuronal
elements, i.e. the synapses of the nigrostriatal
dopamine neurons'?. During the course of a
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detailed study, now in progress in the laboratory
of one of the authors (I.G.) on ( + )-amphetamine-
induced behaviour in laboratory rats, as a result
of the morphogenesis-findings, which will be pub-
lished elsewhere in detail, we decided to score
(+ )-amphetamine-induced changes in hindlimb
and forelimb stepping during circling behaviour
and to compare them with those induced by apo-
morphine.

MATERIALS AND METHODS

Male Wistar rats (Central Animal Laboratory,
Nijmegen) weighing 200 + 20 g were used. Ani-
mals were grouped and housed with free food and
water in d colony room and lights on from 07.00
to 19.00h, and.were tested during the light
portion of the cycle. First, the experiments of
Szechtman and co-workers were replicated by
using an analogous experimental set-up and
paradigm®®. Thus, immediately after a sub-
cutaneous (s.c.) neck injection of apomorphine
hydrochloride dissolved in distilled water (n = 8),
each rat was placed individually onto the surface
of a flat glass table (160 x 160 cm and 95 cm
high). The behaviour displayed during the follow-
ing 45 min was recorded on videotape by means
of a closed circuit TV, and studied with the help
of frame by frame analysis. In pilot experiments
it was found that our strain of rats was slightly
more sensitive to apomorphine than that of
Szechtman and co-workers who used 1.25 mg/kg
s.c. apomorphine. For that purpose we selected a
dose of apomorphine (1.1 mg/kg s.c.) which
elicited effects similar to those described by
Szechtman et al.>%. Second, analogous experi-
ments were performed with 8§ Wistar rats treated
with an s.c. neck injection of 0.5 mg/kg (+)-
amphetamine sulfate dissolved in distilled water.
Third, the latter experiments were repeated with
8 rats treated with 1.0 mg/kg ( + )-amphetamine.
Finally, 8 rats treated with an s.c. injection of
distilled water, viz. the solvent of the chosen
drugs, were included in control experiments. For
the purpose of the present study, we merely ana-
lysed drug-induced changes in hindlimb and fore-
limb stepping during circling behaviour.

RESULTS

Since pilot experiments showed that changes in
stepping under both apomorphine and (+)-
amphetamine were especially prominent when the
rats were circling, we limited the analysis of
stepping to periods during which the rats made
body-turns of 45 degrees.or more. Solvent-treated
rats displayed highly c¢haracteristic forelimb and
hindlimb stepping during this type of circling. The
forelimb contralateral to the direction of turning
(the outer forelimb) was no longer placed in front
and ahead of the forefoot ipsilateral to the di-
rection of turning (the inner forelimb), thus
shifting the animal’s weight forward, but landed
alongside the inner forefoot almost touching it.
This so-called ‘closing’ step was then followed by
a sideward or open step of the inner forelimb. The
sequential occurrence of a closing and an open
step was called a ‘doublet’ (Fig. 1A). Both apo-
morphine and (+ )-amphetamine increased the
number of such doublets of the forelimbs as
illustrated by the means + S.E.M.: 102 + 18
(solvent); 512 + 30 (1.1 apomorphine: P < 0.01
vs controls); 291 + 55 (0.5mg (+ )-amphet-
amine: P < 0.05 vs controls); 346 + 33 (1.0 mg
(+)-amphetamine; P < 0.01 vs controls (two-
tailed Mann-Whitney U-test)). These drug-
induced increases were simply due to the fact that
both drugs enhanced the number of body-turns
made. In contrast to solvent- and apomorphine-
treated rats, however, (+ )-amphetamine-treated
rats displayed, in addition, a qualitatively differ-
ent pattern of forelimb stepping. Instead of
placing the outer forefoot alongside the inner
forefoot, they sometimes placed their outer
forefoot across the inner forefoot (Fjg. 1B). Since
the number of these so-called ‘crossing steps’ is
associated with the number of doublets made, we
expressed the number of these crossing steps as
percentage of the total number of forelimb
doublets. As shown in Fig. 2, (+)-amphetamine
dose-dependently increased this percentage of
crossing steps of the forelimbs, whereas neither
the solvent nor apomorphine had any effect in
that respect.

When solvent-treated rats made body-turns of
45 degrees or more, the hindlimb stepping was not



Fig. 1. Patterns of stepping during turning. In all examples
the rat is turning clockwise. Angle of turning 45°. The figure
shows original position of longitudinal axis of trunk (inter-
rupted straight lines and final position (solid straight line). In
all examples the outer leg in relation to the direction of
turning (left leg) steps first, and the inner leg (right leg) steps
second. Initial location of foot (interrupted line), and final
location (solid line), are represented. Arrows and numerals
represent direction and order of stepping. A:forelegs; a
doublet consisting of a closing (1), and open (2) step (typical
under apomorphine and solvent). B: forelegs; a doublet con-
sisting of a crossing (1), and open (2) step (typical under

amphetamine). C: hindlegs; a pair of forward steps (typical .

under amphetamine and solvent). D: hindlegs; a doublet
consisting of a closing (1) and open (2) step (typical under
apomorphine).

significantly different from that shown during for-
ward walking. The outer hindlimb was always
placed in front and ahead of the inside hindlimb,
even when the rate of forward progression
diminished greatly (Fig. 1C). (+ )-Amphetamine-
treated rats too showed this pattern of hindlimb
stepping as long as they turned. In contrast
to solvent- and (+ )-amphetamine-treated rats,
however, apomorphine-treated rats displayed, in
addition, a qualitative different pattern of hind-
limb stepping. Instead of placing the outer hind-
limb in front and ahead of the inner hindlimb, they
sometimes placed their outside hindlimb along-
side the inside hindlimb, touching or almost
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Fig. 2. Changing in the functioning of forelimb and hindlimb
stepping produced by apomorphine (upper panel) and
(+)-amphetamine (lower panel). The number of crossing
steps of the forelimbs is expressed as percentage of the total
number of forelimb doublets. The number of doublets of the
hindlimbs is expressed as percentage of the total number of
hindlimb steps.

touching it. This closing step of the outer hindlimb
was immediately followed by a sidewards or open
step of the inside hindlimb, thus producing
doublets of the hindlimbs. It was apomorphine, in
contrast to the solvent and (+ )-amphetamine,
that elicited such doublets (Fig. 1D). Since the
number of doublets is associated with the number
of steps made, we expressed the number of
doublets as percentage of the total number of
hindlimb steps. As shown in Fig. 2, only apomor-
phine elicited these doublets of the hindlimbs. The
performance of these hindlimb doublets was
followed by a number of additional changes in
hindlimb stepping. These are described elsewhere
in detail®®,

DISCUSSION
The present data show that the effect of

( + )-amphetamine is primarily evident in the form
of forelimb stepping in contrast to the effect of
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apomorphine which is primarily evident in the
form of hindlimb stepping. Apomorphine has
been reported to produce a dysfunctioning of
hindlimb stepping in dogs*2, rabbits'® and rats3®
(also present study). Detailed kinematic analysis
is necessary before it can be decided whether
indeed apomorphire acts exclusively on the hind-
quarter movement and amphetamine exclusively
on the forequarter movement, or whether both
drugs affect the movements of the whole animal,
but the effect is less discernible under apo-
morphinein the forequarters, and under ampheta-
mine in the hindquarters. The latter is most likely,
since Ziegler and Schechtman have already found
that both drugs act differently on hindleg stepping
in unilateral®® lesioned rats. Anyhow, the present
data imply that the effects under discussion are
mediated via different substrates within the brain,
viz. a suggestion that fits in with earlier reported
data*’, As mentioned, apomorphine and
(+ )-amphetamine differentially affect nigrostria-
tal and mesolimbic dopamine neurons. In naive
rats intracranial apomorphine injections are only
behaviourally effective when injected into the
neostriatum, i.e. the principal target organ of the
nigrostriatal dopamine neurons, but not when
injected into the nucleus accumbens, i.e. the prin-
cipal target organ of the mesolimbic dopamine
neurons3~>1127_ In contrast, intracranial (+)-

amphetamine injections are highly effective when

injected into the nucleus accumbens, but not
when injected into the neostriatum?26:27-3%,
Finally, it was reported that nigrostriatal and
mesolimbic neurons are differentially involved in
the control of hindlimb and forelimb movements.
In naive rats, dopaminergic antagonists are
reported to produce deficiencies in hindlimbs fol-
lowing injections into the dorsomedial part of the
neostriatum, but not following such injections
into the nucleus accumbens!®#-'%2!, On the other
hand, haloperidol, a dopaminergic antagonist
with an additional «-noradrenolytic effect, pro-
duces deficiencies in forelimbs following injec-
tions into the nucleus accumbens, but not follow-
ing such injections into the neostriatum®*?8-10:14.40
In view of these data, we suggest that the effect of
apomorphine which is observed in hindlimb
stepping is due to (hyper)stimulation of dopamine

receptors of nigrostriatal dopamine neurons, and
the effect of (+ )-amphetamine which is reflected
in forelimb stepping is due to drug-induced
changes in the activity within the synapses of
mesolimbic dopaminergic and/or noradrenergic
neurons. Apomorphine has been found to pro-
duce a progressive dysfunctioning of the output-
stations of nigrostriatal ‘dopamine neurons!®-3S,
Since deficiencies reflected in hindlimbs are typi-
cal for dysfunctioning output-stations of the nigra-
striatal dopamine neurons®, it is suggested that
the apomorphine-induced effects in the hindlimbs
are due to the drug-induced progressive dys-
functioning of the output-stations of the nigro-
striatal dopamine neurons. Analogously, it is
attractive to postulate that (+ )-amphetamine-
induced deficiencies in the forelimbs are due to
the drug-induced progressive dysfunctioning of
the output-stations of the mesolimbic neurons
which terminate within the nucleus accumbens.
The latter suggestion opens the perspective that
(+ )-amphetamine can be used as a tool to study
behavioural deficits typical for a progressive dys-
functioning of the output-stations of mesolimbic
neurons. Future research is required to provide
evidence in that respect.

As a final remark, it is important to note that
systemic administration of high doses of (+)-
amphetamine aré known to affect both forelimbs
and hindlimbs. Since the nucleus accumbens in-
nervates, among others, dopaminergic cells giving
rise to the nigrostriatal fibres, it is not unlikely that
high, but not low, doses of (+ )-amphetamine
transsynaptically alter the dopaminergic activity
in the neostriatum as well.
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