
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Kusljic, S;van den Buuse, M;Gogos, A

Title:
Reassessment of amphetamine- and phencyclidine-induced locomotor hyperactivity as a
model of psychosis-like behavior in rats

Date:
--

Citation:
Kusljic, S., van den Buuse, M. & Gogos, A. (). Reassessment of amphetamine- and
phencyclidine-induced locomotor hyperactivity as a model of psychosis-like behavior in
rats. Journal of Integrative Neuroscience,  (), https://doi.org/./j.jin.

Persistent Link:
https://hdl.handle.net//

License:
CC BY

CC%20BY


J
o
u
rn

a
l

o
f

In
te

g
ra

ti
v
e

N
e
u
ro

sc
ie

n
ce

J. Integr. Neurosci. 2022 vol. 21(1), 1-8
©2022 The Author(s). Published by IMR Press.

Communication
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Locomotor hyperactivity induced by psychotomimetic drugs, such as
amphetamine and phencyclidine, is widely used as an animalmodel
ofpsychosis-likebehaviour and is commonlyattributed toan interac-
tion with dopamine release and N-methyl-D-aspartate (NMDA) re-
ceptors, respectively. However, what is oȻten not suȞficiently taken
into account is that the pharmacological profile of these drugs is
complex and may involve other neurotransmitter/receptor systems.
Therefore, this study aimed to assess the eȞfect of three antago-
nists targeting diȞferent monoamine pathways on amphetamine-
and phencyclidine-induced locomotor hyperactivity. A total of 32
ratswerepre-treatedwith antagonists aȞfectingdopaminergic, nora-
drenergic and serotonergic transmission: haloperidol (0.05 mg/kg),
prazosin (2 mg/kg) and ritanserin (1 mg/kg), respectively. AȻter 30
min of spontaneous activity, rats were injected with amphetamine
(0.5 mg/kg) or phencyclidine (2.5 mg/kg) and distance travelled,
stereotypy and rearing recorded in photocell cages over 90min. Pre-
treatmentwith haloperidol or prazosin both reduced amphetamine-
induced hyperactivity although pre-treatment with ritanserin had
only a partial eȞfect. None of the pre-treatments significantly altered
the hyperlocomotion eȞfects of phencyclidine. These findings sug-
gest that noradrenergic as well as dopaminergic neurotransmission
is critical for amphetamine-induced locomotor hyperactivity. Hyper-
locomotion eȞfects of phencyclidine are dependent on other factors,
most likely NMDA receptor antagonism. These results help to inter-
pret psychotomimetic drug-induced locomotor hyperactivity as an
experimentalmodel of psychosis.
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1. Introduction
Psychosis is a common clinical manifestation ofmany psy-

chiatric conditions including schizophrenia, bipolar disor-
der and depression [1]. Amphetamine and phencyclidine are
psychotomimetic drugs, extensively used to study the patho-

physiology of psychosis as they produce behavioral changes
in animals that can model psychosis-like behaviors in hu-
mans [2]. The behavioral and biochemical effects of am-
phetamine and phencyclidine in animals have close paral-
lels in humans. For example, acute administration of am-
phetamine and phencyclidine results in increased locomo-
tor activity in animals and psychomotor agitation in humans
[2, 3]. In many studies, amphetamine-induced hyperactiv-
ity is used as a model of dopamine release [2] whereas the
action of phencyclidine is usually assumed to be related to
N-methyl-D-aspartate (NMDA) receptor antagonism [4, 5].
However, the literature on the pharmacology of these drugs
is quite inconsistent reflecting multifaceted complexities as-
sociated with psychotomimetic drug molecular actions that
remain unresolved.

Some studies conclude that amphetamine-induced loco-
motor hyperactivity is critically dependent on dopamine re-
lease in the nucleus accumbens and can therefore be used
to model a psychosis-like hyperdopaminergic state [6, 7].
These studies must be interpreted with caution as other ev-
idence points to a variety of independent mechanisms in-
volved in the effect of amphetamine on dopamine transmis-
sion. For example, amphetamine can reduce the release of
dopamine, it can block vesicular monoamine transporter ac-
tivity and activate dopamine D2 receptor feedback inhibi-
tion [8]. Moreover, other studies show that dopamine re-
lease itself is not sufficient to elicit all amphetamine-induced
behavioral responses. Amphetamine also stimulates nora-
drenaline and serotonin release from presynaptic terminals
[9, 10] and serotonin 5-HT2A receptors regulate the activa-
tion of dopaminergic neurons in the nucleus accumbens and
striatum [6]. A recent study has shown that noradrenaline re-
lease from the reticular nuclei in the brainstem contributes to
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amphetamine-induced locomotor hyperactivity and stereo-
typy [11]. Additionally, noradrenaline and dopamine form a
highly interconnected systemwithin the central nervous sys-
tem and this connectivity allows amphetamine to produce a
number of behavioral effects [11].

In contrast to amphetamine, it is generally accepted that
the action of phencyclidine on psychosis-like behaviors is due
to NMDA receptor hypofunction [4, 5, 12]. Acute phen-
cyclidine administration in rats produces hyperlocomotion
that has translational relevance to positive symptoms in hu-
mans [12, 13]. However, there is evidence attributing at
least part of phencyclidine’s action to dopaminergic, nora-
drenergic and serotonergic transmission [14, 15]. Several
studies suggest dopaminergic involvement in hyperlocomo-
tion effects of phencyclidine [16–19] and, according to one
of these studies, phencyclidine is able to cause dysregula-
tion in frontal dopamine release [17]. Moreover, serotoner-
gic neurotransmission seems to be critical for the regulation
of phencyclidine-induced locomotor hyperactivity [20], and
phencyclidine-induced glutamate efflux in frontal cortical re-
gions is modulated by serotonin 5HT2A receptors [4, 21].
Thus, it remains unclear how to interpret pharmacological
mechanisms involved in the hyperlocomotion effects associ-
ated with amphetamine and phencyclidine administration.

The aim of this study was to re-evaluate dopaminergic,
noradrenergic and serotonergic involvement in hyperloco-
motion induced by amphetamine or phencyclidine, specifi-
cally by examining the inhibitory effects of haloperidol, pra-
zosin and ritanserin, which target dopaminergic, noradren-
ergic and serotonergic activity, respectively [22–24].

2. Materials andmethods
2.1 Animals

The experimental protocol was carried out in 32 male
Sprague-Dawley rats (Department of Pathology, University
of Melbourne). The rats were housed under standard con-
ditions in groups of 2–3, with free access to food and wa-
ter. They were maintained on a 12 h: 12 h light/dark cy-
cle (lights on at 0700 h) at a constant temperature of 21 ± 2
ºC. One week prior to experiments, rats were handled each
day over a five-day period. At the time of the first exper-
iment, rats weighed between 250–300 g. All experiments
were conducted at the Behavioral Neuroscience Laboratory
at theMental Health Research Institute (Parkville, VIC, Aus-
tralia). The experimental protocol was approved by the Ani-
mal Experimentation Ethics Committee of the University of
Melbourne, Australia.

2.2 Drugs and solutions
D-amphetamine sulfate (Sigma Chemical Co., St. Louis,

MO, USA; 0.5 mg/kg) and phencyclidine HCl (PCP, Sigma;
2.5 mg/kg) were dissolved in 0.9% saline and injected sub-
cutaneously (s.c.) in the nape of the neck using an injection
volume of 1 mL/kg of body weight. Haloperidol (Serenace®,
5mg ampoules, Searle Laboratories, CrowsNest, NSW,Aus-
tralia) was diluted to the required doses (0.05 mg/kg) in

saline; vehicle treatment was saline. Prazosin (Sigma) was
dissolved in hot water and then diluted to 2 mg/kg in saline,
while ritanserin (Sigma) was dissolved in DMSO (1%) and
then diluted in saline to give a dose of 1 mg/kg; vehicle treat-
ment consisted of half the rats receiving saline and half re-
ceiving 1% DMSO in saline. The three drugs were admin-
istered intraperitoneally (i.p.) in an injection volume of 1
mL/kg of body weight. The dose selection for each drug was
based on the unpublished and published work completed in
our laboratory [25–27] as well as the literature [23, 24].

2.3 Behavioral testing

All experiments were carried out in the morning be-
tween 08:30 and 11:30. To minimise the impact of circa-
dian rhythms on drug action, the same time of the light
phase i.e., morning was chosen for the study. The study in-
cluded 4 groups of n = 8 rats/group; 2 groups were treated
with amphetamine and 2 groups with phencyclidine. Using a
repeated-measures design, these groups were randomly pre-
treated with either (1) vehicle and haloperidol (0.05 mg/kg),
or (2) vehicle, prazosin (2 mg/kg) and ritanserin (1 mg/kg),
before being treated with amphetamine or phencyclidine,
with 3 days clearance allowed between each pre-treatment.
Rats were pre-treated i.p. with either vehicle or drug 15
min before being placed in the photocell cages. After 30
min of spontaneous activity in the photocell cages, rats were
injected with either 0.5 mg/kg amphetamine or 2.5 mg/kg
phencyclidine and behavioral responses recorded over a fur-
ther 90 min. Behavioral responses such as distance travelled,
stereotypy and vertical counts/rearing were monitored using
eight automated photocell cages (43 × 43 × 31 cm, ENV-
520, MED Associates, St. Albans, VT, USA) as previously
described [20, 26]. Briefly, the position of the rat at any time
was detected with sixteen evenly-spaced infrared sources and
sensors on each of the four sides of the monitor. These in-
frared sources/sensors form an array of invisible (virtual)
boxes that have a dimension of 4× 4 sources/sensors (~10.75
× 10.75 cm). Stereotypy, which is considered repetitive be-
haviours such as circling and head weaving, was automat-
ically determined by the system as small, repetitive beam
breaks within a virtual box of 4 × 4 sources/sensors around
the rat. The addition of a photobeam array above a rat added
a second plane of detection to the system to detect rearing
i.e., vertical beam breaks or vertical counts. Every 50 msec,
the software checked for the presence or absence of the in-
frared beam at each sensor, allowing to very precisely track
the movement of a rat.

2.4 Data analysis

Data were expressed as the mean ± the standard error
of the mean (SEM). All data were analyzed with analysis of
variance (ANOVA) with repeated measures where appro-
priate, using the statistical software package SYSTAT 13.0
(SPSS Inc., Chicago, IL, USA). Data were considered signif-
icant at p < 0.05. Locomotor activity data were summed in
30 min blocks (baseline, 30 min of pre-treatment only; 0–30
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min, 30–60 min and 60–90 min blocks are pre-treatment and
treatment) and these four blocks (‘Time’; repeated measures)
were used to assess the main effect of ‘Pre-treatment’ (vehi-
cle, haloperidol, prazosin and ritanserin), on amphetamine-
or phencyclidine-induced locomotor hyperactivity. The 5–
10 min interval during which rats were removed from loco-
motor monitors to be injected was excluded from data analy-
sis; all other data was included. For significant ‘pre-treatment
× time’ interactions, post-hoc tests consisted of further pair-
wise ANOVAs comparing vehicle and pre-treatment for each
30 min block. ANOVA comparing the effects of vehi-
cle, prazosin and ritanserin pre-treatment on amphetamine-
induced locomotor hyperactivity revealed a main effect of
pre-treatment (F2,14 = 12.5, p = 0.001), thus we separated the
pre-treatments in the Results. Effect size is estimated with
partial eta squared (η2; IBM SPSS Statistics 26.0, (IBMCorp.,
Chicago, IL, USA)), where η2 = 0.01 indicates a small effect,
η2 = 0.06 a medium effect and η2 = 0.14 a large effect.

3. Results
3.1 Haloperidol - amphetamine

When analyzing the time course of distance travelled,
there was a significant pre-treatment × time interaction
(F3,21 = 4.9, p = 0.010, η2 = 0.41) as well as main effects of
haloperidol pre-treatment (F1,7 = 6.4, p = 0.04, η2 = 0.48)
and of time (F3,21 = 34.9, p< 0.001, η2 = 0.83). These results
reflect a significant reduction in amphetamine-induced dis-
tance travelled caused by haloperidol (Fig. 1A). When com-
paring vehicle and 0.05 mg/kg haloperidol at each 30 min
time block, haloperidol pre-treatment significantly reduced
amphetamine-induced hyperactivity at the 0–30 and 30–60
min time blocks (F1,7 = 17.0, p = 0.004, η2 = 0.71 and F1,7
= 6.1, p = 0.042, η2 = 0.47, respectively) but not at the 60–90
min block (Fig. 1A). Furthermore, haloperidol did not signif-
icantly reduce baseline.

Analysis of stereotypic scores supported the distance trav-
elled findings. There was a pre-treatment× time interaction
(F3,21 = 3.8, p = 0.04, η2 = 0.33) aswell as amain effect of time
(F3,21 = 41.7, p < 0.001, η2 = 0.86), reflecting a haloperidol-
induced reduction in amphetamine-induced stereotypy at the
0–30 and 30–60 min time blocks only (F1,7 = 5.7, p = 0.05,
η2 = 0.45 and F1,7 = 5.3, p = 0.05, η2 = 0.43, respectively;
Fig. 2A). Similarly, when analyzing vertical scores, there was
a significant pre-treatment × time interaction (F3,21 = 4.8,
p = 0.01, η2 = 0.41) as well as main effects of pre-treatment
(F1,7 = 5.0, p = 0.06, η2 = 0.42) and of time (F3,21 = 50.9,
p < 0.001, η2 = 0.88). The significant interaction was due
to a haloperidol-induced reduction in amphetamine-induced
rearing at the 0–30 and 30–60 min time blocks only (F1,7 =
6.8, p = 0.04, η2 = 0.49 and F1,7 = 6.0, p = 0.04, η2 = 0.46,
respectively; Table 1).

3.2 Haloperidol - phencyclidine
Analysis of the time course of distance travelled revealed

a main effect of time (F3,21 = 27.6, p < 0.001, η2 = 0.80)
reflecting an increase in distance travelled after phencycli-

Table 1. Cumulative vertical counts after treatment with
amphetamine and phencyclidine.

Amphetamine Phencyclidine

Vehicle 2060± 206 710± 170
Haloperidol 1452± 118* 503± 108

Vehicle 1730± 290 726± 119
Prazosin 697± 233* 575± 132
Ritanserin 1702± 264 957± 231*

Ratswere pre-treatedwith vehicle, haloperidol (0.05mg/kg),
prazosin (2 mg/kg) or ritanserin (1 mg/kg) and vertical
counts/rearing were obtained during 90 min after injec-
tion of amphetamine (0.5 mg/kg) or phencyclidine (2.5
mg/kg). Differences between pre-treatments were analyzed
by ANOVA. Data are expressed as total counts (group aver-
age)± SEM. *p< 0.05 compared to vehicle pre-treatment.

dine. Therewas no significantmain effect of haloperidol pre-
treatment or pre-treatment × time interaction, reflecting a
lack of effect of 0.05 mg/kg haloperidol on phencyclidine-
induced hyperactivity (Fig. 1B), despite this dose being ef-
fective against amphetamine-induced hyperactivity. Simi-
larly, when analyzing stereotypic and vertical scores, there
was a main effect of time (F3,21 = 38.3, p < 0.001, η2 = 0.85
and F3,21 = 6.5, p = 0.003, η2 = 0.48, respectively), but no
other significant effects, again confirming the lack of effect of
haloperidol on phencyclidine-induced hyperactivity (Fig. 2B;
Table 1).

3.3 Prazosin - amphetamine

Analysis of distance travelled showed a significant pre-
treatment × time interaction (F3,21 = 7.2, p = 0.002, η2 =
0.51) andmain effects of prazosin pre-treatment (F1,7 = 13.5,
p = 0.008, η2 = 0.66) and time (F3,21 = 16.0, p < 0.001, η2 =
0.70). When comparing vehicle and prazosin at each 30 min
time block, they all showed a significant prazosin-induced re-
duction in distance travelled (baseline: F1,7 = 12.5, p = 0.01,
η2 = 0.64; 0–30 min: F1,7 = 12.2, p = 0.01, η2 = 0.64; 30–60
min: F1,7 = 10.4, p = 0.015, η2 = 0.60; 60–90min: F1,7 = 15.6,
p = 0.006, η2 = 0.69) (Fig. 1C).

There were significant main effects of prazosin pre-
treatment (F1,7 = 8.8, p = 0.021, η2 = 0.56) and time (F3,21
= 15.9, p < 0.001, η2 = 0.69) on stereotypy scores, but no
pre-treatment × time interaction, suggesting that prazosin
pre-treatment reduced stereotypy regardless of the presence
of amphetamine (Fig. 2C). In regards to vertical scores, there
was a significant pre-treatment × time interaction (F3,21 =
8.3, p = 0.001, η2 = 0.54) and main effects of prazosin pre-
treatment (F1,7 = 18.9, p = 0.003, η2 = 0.73) and time (F3,21
= 14.5, p < 0.001, η2 = 0.68). When comparing vehicle and
prazosin at each time block, prazosin pre-treatment did not
alter baseline rearing, but did reduce amphetamine-induced
rearing (0–30 min: F1,7 = 21.5, p = 0.002, η2 = 0.75; 30–60
min: F1,7 = 12.4, p = 0.01, η2 = 0.64; 60–90 min: F1,7 = 23.6,
p = 0.002, η2 = 0.77).
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Fig. 1. Distance travelled after amphetamine (top panels: A, C, E) or phencyclidine (bottom panels: B, D, F) in rats pre-treated with vehicle
(white bars) or psychotomimetic-drug (black bars; A, B: haloperidol 0.05 mg/kg, C, D: prazosin 2 mg/kg, E, F: ritanserin 1 mg/kg). Spontaneous
activity (‘Baseline’) was recorded for 30 min before rats were injected with amphetamine (0.5 mg/kg) or phencyclidine (2.5 mg/kg) and activity recorded for
a further 90 min (time blocks: 0–30 min, 30–60 min, 60–90 min). Bars represent total distance travelled in 30 min (group average; cm) ± SEM; *p < 0.05
compared to vehicle pre-treatment of that time block (this analysis was only done if there was a significant pre-treatment× time interaction).

3.4 Prazosin - phencyclidine

There were significant main effects of prazosin pre-
treatment (F1,7 = 7.1, p = 0.032, η2 = 0.50) and time (F3,21
= 45.9, p < 0.001, η2 = 0.87) on distance travelled, but no
pre-treatment × time interaction. This suggests that the
reduction in distance travelled caused by 2 mg/kg prazosin
occurred similarly with or without phencyclidine treatment
(Fig. 1D).

Analysis of stereotypy scores showed a significant pre-
treatment × time interaction (F3,21 = 7.6, p = 0.001, η2 =
0.52), a trend for amain effect of prazosin pre-treatment (F1,7
= 5.6, p = 0.05, η2 = 0.44), and a significant main effect of
time (F3,21 = 47.5, p < 0.001, η2 = 0.87). Further analysis of
the interaction revealed a significant effect of prazosin pre-
treatment on baseline (F1,7 = 19.4, p = 0.003, η2 = 0.74) but
no effect on the phencyclidine-induced increase in stereotypy
scores (Fig. 2D). When analyzing vertical scores, there was a
significant main effect of time (F3,21 = 18.1, p < 0.001, η2
= 0.72), but no other significant effects, suggesting that pra-
zosin pre-treatment had no effect on rearing (Table 1).

3.5 Ritanserin - amphetamine

When analyzing distance travelled, there was a signifi-
cant pre-treatment × time interaction (F(3,21) = 4.5, p =
0.014, η2 = 0.39), a main effect of time (F3,21 = 17.7, p
< 0.001, η2 = 0.72), but no significant main effect of ri-
tanserin pre-treatment (Fig. 1E). Comparing vehicle and 1

mg/kg ritanserin at each time block revealed that ritanserin
pre-treatment did not alter baseline, but significantly reduced
amphetamine-induced hyperactivity at the 0–30 min time
block only (F1,7 = 7.6, p = 0.028, η2 = 0.52).

Analysis of stereotypy scores revealed amain effect of time
(F3,21 = 21.2, p < 0.001, η2 = 0.75), but no significant main
effect of ritanserin pre-treatment or a time × pre-treatment
interaction suggesting that ritanserin did not affect stereo-
typy (Fig. 2D). When analyzing vertical scores, there was
a main effect of time (F3,21 = 30.7, p < 0.001, η2 = 0.81),
and a weak pre-treatment × time interaction (F3,21 = 3.1,
p = 0.047, η2 = 0.31), but no significant main effect of ri-
tanserin pre-treatment (Table 1). Further analysis of the in-
teraction revealed a trend for a reduction in amphetamine-
induced rearing occurred at the 0–30 min time block (F1,7 =
5.0, p = 0.06, η2 = 0.42).

3.6 Ritanserin - phencyclidine

Analysis of distance travelled revealed amain effect of time
(F3,21 = 27.5, p < 0.001, η2 = 0.80) but no other signifi-
cant effects, suggesting that 1 mg/kg ritanserin had no ef-
fect on baseline or phencyclidine-induced distance travelled
(Fig. 1F).

Analysis of stereotypy scores revealed a pre-treatment ×
time interaction (F3,21 = 3.9, p = 0.024, η2 = 0.36) and a main
effect of time (F3,21 = 32.1, p < 0.001, η2 = 0.82), but no
significant main effect of ritanserin pre-treatment (Fig. 2F).
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Fig. 2. Stereotypic counts after amphetamine (top panels: A, C, E) or phencyclidine (bottom panels: B, D, F) in rats pre-treated with vehicle
(white bars) or psychotomimetic-drug (black bars; A, B: haloperidol 0.05 mg/kg, C, D: prazosin 2 mg/kg, E, F: ritanserin 1 mg/kg). Spontaneous
activity (‘Baseline’) was recorded for 30 min before rats were injected with amphetamine (0.5 mg/kg) or phencyclidine (2.5 mg/kg) and activity recorded for a
further 90 min (time blocks: 0–30 min, 30–60min, 60–90min). Bars represent total stereotypic counts in 30 min (group average)± SEM; *p< 0.05 compared
to vehicle pre-treatment of that time block (this analysis was only done if there was a significant pre-treatment× time interaction).

When comparing vehicle and ritanserin at each time block,
ritanserin pre-treatment did not alter baseline stereotypy, but
did enhance phencyclidine-induced stereotypy (30–60 min:
F1,7 = 7.0, p = 0.033, η2 = 0.50; 60–90 min: F1,7 = 12.0, p =
0.011, η2 = 0.63). Similarly, when analyzing vertical scores,
there was a pre-treatment × time interaction (F3,21 = 3.3, p
= 0.04, η2 = 0.32) and a main effect of time (F3,21 = 11.7, p
< 0.001, η2 = 0.63; Table 1). Further analysis of the interac-
tion revealed there was only a trend for ritanserin to enhance
phencyclidine-induced rearing at the 60–90 min time block
(F1,7 = 4.0, p = 0.087, η2 = 0.36).

4. Discussion
In this study, we used three different antagonists to

evaluate their inhibitory effects on amphetamine- and
phencyclidine-induced locomotor hyperactivity. The prin-
cipal findings of this study were that: (1) amphetamine-
induced locomotor hyperactivity was attenuated by pre-
treatment with haloperidol and prazosin; (2) amphetamine-
induced locomotor hyperactivity was partially reduced by ri-
tanserin; (3) phencyclidine-induced locomotor hyperactivity
was not affected by either antagonist. These findings suggest
that dopaminergic as well as noradrenergic neurotransmis-
sion is critical for the regulation of hyperlocomotion effects
of amphetamine while phencyclidine-induced hyperactivity
is dependent on other factors, most likely NMDA receptor

antagonism or other not yet knownmechanisms but, impor-
tantly, not dopaminergic or noradrenergic mechanisms.

Psychotomimetic drug-induced locomotor hyperactivity
is generally attributed to limbic-striatal modulation of brain-
stem motor circuits [2]. Classic micro-injection and lesion
studies have highlighted the role of dopamine in the nucleus
accumbens (ventral striatum) in modulating the ambulatory
locomotor response to amphetamine, while dopamine in the
caudate putamen (dorsal striatum) is instead involved in the
stereotypy/rearing induced by amphetamine [28–31]. The
nucleus accumbens is an important regulatory interface be-
tween limbic andmotor systems in driving adaptive behavior
through inputs from the prefrontal cortex, hippocampus and
amygdala, and outputs to the ventral pallidum and substantia
nigra [32]. Recent advances in human neuroimaging tech-
niques call into question the involvement of the mesolimbic
system in relation to psychotic symptoms and instead point
to the importance of dopaminergic nigrostriatal pathways,
specifically in the dorsal striatum [33, 34].

Haloperidol, the predominantly dopamine D2 receptor
antagonist, and prazosin, an adrenergic α1 receptor antag-
onist, attenuated amphetamine-induced locomotor hyperac-
tivity, including distance travelled, stereotypy and rearing.
While the present study found that prazosin reduced baseline
activity, suggesting that some of its effect on amphetamine
may be due to non-specific effects, importantly, prazosin also
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significantly attenuated amphetamine-induced ambulatory
locomotion. This is consistent with literature showing that
haloperidol reverses hyperlocomotion [35, 36] and prazosin
attenuates locomotor hyperactivity induced by amphetamine
[37] or methamphetamine [38, 39]. In terms of rearing, it
was expected that haloperidol pre-treatment would reduce
amphetamine-induced rearing given haloperidol’s mecha-
nism of action and the role of dopamine in mediating hy-
perlocomotion/rearing. The attenuation of amphetamine-
induced hyperlocomotion/rearing by prazosin may be at-
tributed to the activation of postsynaptic adrenergic α1 re-
ceptors and the strong interplay between noradrenaline and
dopamine in amphetamine-induced behaviors [11, 38]. For
example, noradrenergic axons from the locus coeruleus reg-
ulate dopamine release throughout the brain, including the
ventral striatum and dorsal striatum [11]. The (partial) effect
of ritanserin on amphetamine-induced locomotor hyperac-
tivity and no effect on rearing is in line with earlier studies
showing that 5-HT2A receptors modulate dopamine release
in the nucleus accumbens and ventral striatum [6] and that
a specific serotonin 5HT2A receptor antagonist (SR46349B)
inhibited amphetamine-induced hyperactivity in rats [38,
39].

Our findings suggest a complex overlap of dopaminergic
D2 and adrenergicα1 receptors in the brain in the hyperloco-
motion effects of amphetamine. High levels of dopamine D2

receptors are found in the striatum, nucleus accumbens and
olfactory tubercle [40], whereas high levels of adrenergic α1

receptors are located in hypothalamic nuclei, substantia ni-
gra, but also in the nucleus accumbens [41]. It was shown
that dopamine release is controlled by noradrenaline stim-
ulation of α1 adrenergic receptors in the prefrontal cortex
[42] and that stimulation of postsynaptic adrenergic α1b re-
ceptors increases dopamine-mediated locomotor responses
[43]. Thus, activation ofα1b adrenoceptors by noradrenaline
in the frontal cortex modulates dopamine release in the nu-
cleus accumbens and thus hyperlocomotion effects of am-
phetamine. The effect of prazosin in the present study could
be explained by an action on this frontal cortical pathway.
However, an alternative, or additional mechanism by which
α1 receptorsmay be involved in amphetamine locomotor hy-
peractivity is by a more direct interaction in the nucleus ac-
cumbens [37, 44, 45]. Both α1 receptors located presynapti-
cally on noradrenergic terminals in the nucleus accumbens as
well as α1 receptors located postsynaptically from these ter-
minals, are involved in the regulation of dopamine release
[46]. Blockade of the receptors by prazosin could then in-
hibit evoked dopamine release [46] and, hence, the effect of
amphetamine [45].

The effect of ritanserin via 5-HT2A receptor antagonism
is most likely located in the basal ganglia where these recep-
tors are found in high levels [47]. It cannot be excluded that
the lack of complete inhibition by ritanserin could be due to
the dose being too low to occupy adequate level of 5HT2A/2C

receptors and/or a possibility of ‘wearing off’ effect (signifi-

cantly inhibited amphetamine’s effects during the 0–30 min
time block only). Future studies should examine different
doses of acutely administered ritanserin on amphetamine-
induced hyperlocomotion as well as the kinetics of ritanserin
including itsmetabolism and elimination, to establish the role
of serotonergic transmission in amphetamine-induced hy-
perlocomotion.

In contrast to amphetamine, phencyclidine-induced hy-
peractivity was not affected by any of the three antagonists
used. Given that dopamine D2, adrenergic α1, or sero-
tonin 5-HT2A/2C receptor antagonism did not markedly al-
ter phencyclidine-induced hyperactivity, the role of gluta-
mate NMDA receptors in phencyclidine’s action remains the
dominating hypothesis for now. However, there may be
other mechanisms not yet known involved. Hence, to rule
out or confirm selective NMDA receptor involvement, fu-
ture studies must consider including glutamate NMDA re-
ceptor agonists/antagonists in the pharmacological profiling
of phencyclidine-induced locomotor hyperactivity. There
was, however, a slight effect for ritanserin to enhance
phencyclidine-induced stereotypy and rearing. This finding
is in linewith the above-mentioned notion that othermecha-
nisms including serotonin-glutamate interactions may be in-
volved [26]. Given that stereotypy/rearing, but not distance
travelled, were affected by ritanserin, it is possible that the
dorsal striatum rather than the ventral striatum is involved,
however further studies are required. Moreover, this high-
lights that distance travelled, stereotypy and rearing may all
have different brain regions and circuitry governing them
and, consequently, different pharmacology.

There are several limitations of this study. Firstly, only
male rats were used in this study. Given that we and others
have shown sex differences in psychotomimetic-induced be-
haviors in animals [48, 49], future studies should include both
male and female rats. Second, future studies should consider
circadian rhythms and whether testing should occur during
the light or dark phase. However, doses of amphetamine (0.6
mg/kg) similar to that used in this study were found to in-
crease locomotor activity regardless of the large difference
in baseline activity between the light and dark phases [50].
Third, the locomotor photocell system automatically mea-
sured ‘stereotypy’ as any repetitive beam breaks within a vir-
tual box, however the exact behaviour within the virtual box,
such as circling and/or head weaving, was not well-defined.
Finally, we have not directly examined NMDA receptor an-
tagonism in phencyclidine-induced behaviours, hence, at this
stage we can only assume that NMDA receptor hypoactivity
is involved. Future research should use selective NMDA re-
ceptor agonists and antagonists to dissociate the role of glu-
tamatergic NMDA receptors in phencyclidine-induced loco-
motor hyperactivity.

5. Conclusions
This study shows that the noradrenergic, as well

as the dopaminergic system, is involved in mediating
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amphetamine- but not phencyclidine-induced locomotor hy-
peractivity. In addition to dopamine D2 and adrenergic α1

receptors, our study showed that serotonin 5-HT2A/2C re-
ceptors also play a small role in amphetamine-induced hy-
peractivity. By contrast, hyperlocomotion induced by phen-
cyclidine is likely dependent on NMDA receptors. Future
studies should explore the role of other neurotransmitter sys-
tems, such as the cholinergic system [11], inmediating the lo-
comotor effects induced by amphetamine and phencyclidine.
These findings highlight the complex pharmacology involved
in the commonly-used psychosis model of psychotomimetic
drug-induced locomotor hyperactivity, and suggest caution
is warranted in the interpretation of the neurotransmitter-
receptor systems involved.
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