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Abstract:

The influence of adenosine receptor ligands on ketamine-induced locomotor activity was studied in mice. Ketamine-induced

hyperactivity (10 mg/kg) was significantly and dose-dependently attenuated by CGS 21680 (selective A�� receptor agonist), and

NECA (A�/A� adenosine receptor agonist), but not by CPA (cyclopentyladenosine, selective A� adenosine receptor agonist). Motor

activity produced by subthreshold dose (2.5 mg/kg) of ketamine was significantly increased by DMPX (selective A�� receptor

antagonist) and caffeine (A�/A� adenosine receptor antagonist), but not by DPCPX (selective A� adenosine receptor antagonist).

These results suggest that adenosinergic system is involved in ketamine-induced motor activity and seem to indicate a predominant
role of A�� adenosine receptor in this effect.
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Introduction

Adenosine (A) is known to play a neuromodulatory role
in the central nervous system (CNS) acting via four
types of receptors: A1, A2A, A2B and A3 [10]. Adeno-
sine A1 receptors are widely distributed in the brain,
with the highest densities in the hippocampus, cere-
bellum and neocortical areas [5]. Functional studies
indicate that the striatal adenosine A1 receptors modu-
late dopamine release [21]. Moreover, D1 and A1 re-
ceptors are present on GABAergic terminals of stri-
atal origin in the substantia nigra, and an inhibitory
A1/D1 receptor interaction, with respect to GABA-
ergic striatonigral transmission, has been demon-
strated [6, 9]. Anatomical studies have shown that the
adenosine A2A receptor subtype has a relatively high
concentration in the striatum [17, 35], particularly in

the striatopallidal GABAergic neurons [32], where
these receptors are co-localized with D2 receptors [8].

The data indicate that adenosine plays an opposite
role to dopamine in the brain [6, 7]. Adenosine A2A

receptor agonists produce behavioral effects similar to
those induced by D2 receptor blockers (neuroleptics),
and adenosine A2A antagonists can reverse various
dopamine-related motor impairments, such as loco-
motor suppression, catalepsy or muscular rigidity [4,
16, 26, 33]. In the previous paper, we observed that
a selective adenosine A1 receptor agonist had some
attenuating influence on the development of ampheta-
mine dependence in the conditioned place preference
test in rats [30].

Some experimental data suggest the possibility of
interaction between adenosine, dopamine and excita-
tory amino acid systems. For example, subconvulsant
doses of N-methyl-D-aspartate (NMDA) in mice in-
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duce an initial motor depression followed by motor
activation [12, 13]. The latter effect of NMDA is
partly related to its dopamine-releasing action [12, 18,
36]. However, depressant effects of NMDA are sug-
gested to be mediated by adenosinergic mechanisms
since they are antagonized by adenosine receptor an-
tagonist, theophylline [13], and stimulation of NMDA
receptor has been shown to increase the striatal extra-
cellular levels of adenosine [3, 27]. Moreover, en-
dogenous adenosine plays a crucial role in neurode-
generation, protects against ischemic or excitotoxic
neuronal damage [38].

Ketamine is a phencyclidine analogue with non-
competitive NMDA receptor antagonist activity. It is
used clinically as a “dissociative anesthetic”. How-
ever, emergency use of ketamine anesthesia is often
accompanied by restlessness, mood changes, psycho-
motor agitation and hallucinations in humans [37]. In
animals, low doses of ketamine induce locomotor
stimulation, which is the behavioral parameter classi-
cally considered to mimic psychotic symptoms in hu-
mans, while its higher doses are associated with
ataxia and stereotyped behaviors [25, 39].

Biochemical data have shown that ketamine en-
hances dopamine and noradrenaline release [34], and
inhibits dopamine [22] and norepinephrine [34] up-
take in the striatum and cortex, respectively. It has
been suggested that ketamine may have an indirect
dopamine agonist activity, and ketamine-induced be-
havioral stimulation may be connected with the dopa-
mine system [19]. Moreover, the motor activating effects
of phencyclidine, another non-competitive NMDA recep-
tor antagonist, were dose-dependently inhibited by CGS
21680, a selective A2A adenosine receptor agonist [31].

The abovementioned dopamine-adenosine interac-
tions seem to indicate that the ketamine-induced motor
activity may be modulated by the ligands of adenosine
receptors. For that reason, the effects of adenosine re-
ceptor agonists and antagonists on ketamine-induced
motor activity were estimated in the present studies.

Materials and Methods

Animals

The experiments were carried out on male albino
Swiss mice (18–28 g). The animals were kept 8–10 to
a cage at room temperature of 20 ± 1°C and under

a 12 h light/dark cycle. Standard food (Murigran pel-
lets, Bacutil, Motycz, Poland) and tap water were
available ad libitum. All experiments were performed
between 9 a.m. and 3 p.m.

The experiments were performed in accordance
with the opinion of Local Ethics Committee.

Drugs

The following drugs were used: adenosine receptor
agonists: N6- cyclopentyladenosine (CPA) – A1 receptor
agonist, 2-p-(carboxyethyl)-phenethylamino-5’-Nethyl-
carboxamidoadenosine (CGS 21680) – A2A receptor
agonist, 5’-N-ethylcarboxamidoadenosine (NECA) –
A2/A1 adenosine receptor agonist (all from RBI,
USA); adenosine receptor antagonists: 8-cyclopentyl-1,
3-dimethylxanthine (DPCPX) – A1 receptor antago-
nist, and 3, 7-dimethyl-1-propargylxanthine (DMPX)
– A2 receptor antagonist (both from RBI, USA), caf-
feine – a nonselective adenosine receptor antagonist
(Polfa, Poland), and NMDA receptor antagonist: keta-
mine (Ketanest, Parke-Davis, Germany).

All drugs were dissolved in saline. Adenosine re-
ceptor ligands and ketamine were administered
intraperitoneally (ip). Control animals received the
same volumes of saline.

Procedure

Locomotor activity was measured in mice always
10 min after the injection of adenosine receptor
ligands and immediately after the ketamine admini-
stration. The animals were placed singly in round ac-
tometer cages (32 cm in diameter, two light beams)
for 30 min and motor activity was recorded without
any acclimatization period.

Ketamine was used at the following doses: 2.5 mg/kg
– the subthreshold dose, and 10 mg/kg – the dose in-
creasing significantly locomotor activity in compari-
son with the control (saline) group.

The results presented in figures include total activity
count from 30-min period.

Statistics

Results are shown as the means ± SEM. Statistical
significance of differences between the groups was
determined by Student’s t-test; p values < 0.05 were
considered as statistically significant.
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Results

Effect of adenosine receptor agonists on keta-

mine-induced hypermotility in mice

Ketamine, given alone at the dose of 10 mg/kg, sig-
nificantly increased the locomotor activity of mice
(Fig. 1A, B, C).

Locomotor activity in mice was significantly de-
creased by all adenosine receptor agonists. CPA,
given alone, reduced motor activity dose-dependently,
and statistically significant effect was observed at the
dose of 0.05 mg/kg (Fig. 1A). CGS 21680 signifi-
cantly decreased the motor activity only at the higher
dose of 0.1 mg/kg (Fig. 1B). NECA, given at the dose
of 0.005 and 0.01 mg/kg, significantly but not dose-
dependently diminished motility of mice (Fig. 1C).

Hypermotility induced by ketamine (10 mg/kg)
was significantly decreased by the higher dose
(0.1 mg/kg) of CGS 21680 (Fig. 1B) but not by CPA
(Fig 1A). NECA significantly and dose-dependently
reduced ketamine hyperactivity (Fig. 1C).

Effect of adenosine receptor antagonists on

motility produced by the subthreshold dose of

ketamine

Locomotor activity in mice was not changed by keta-
mine, given at the subthreshold dose of 2.5 mg/kg
(Fig. 2A, B, C).

Adenosine receptor antagonists DPCPX (1 and
3 mg/kg) and DMPX (3 and 6 mg/kg), given alone,
did not change the motility of control mice (Fig. 2A
and B, respectively). Caffeine (10 and 20 mg/kg),
given alone, slightly but not significantly enhanced the
locomotor activity of saline-treated mice (Fig. 2C).

DPCPX (1 and 3 mg/kg) did not influence the loco-
motor activity in mice evoked by the subthreshold
dose of ketamine (Fig. 2A), whereas DMPX (3 and
6 mg/kg) and caffeine (20 mg/kg) significantly in-
creased this ketamine action (Fig. 2B and C).

Discussion

Our present results have shown that ketamine-induced
motor activity is influenced by the adenosinergic sys-
tem. In this paper, we confirm that ketamine adminis-

tered at small, subanesthetic dose of 10 mg/kg in-
duces hyperactivity in mice. It is well known that do-
paminergic mechanisms play an important role in
mediating the locomotor activity. Ketamine has been
shown to exert its action via multiple mechanisms.
Apart from being a non-competitive NMDA receptor
antagonist, it may influence dopamine transmission
and receptors. For example, some reports demonstrate
that ketamine inhibits uptake and enhances the release
of dopamine [19], and hyperlocomotion induced by
this drug is potently antagonized by the low dose of
haloperidol, a dopamine receptor antagonist, in mice
[20] and rats [39]. Moreover, Kapur and Seeman [23,
24] have found that ketamine shows an affinity for
dopamine D2 receptor as strong as for the NMDA re-
ceptor.

These results indicate that interactions between do-
pamine and NMDA receptors are involved in hyperlo-
comotion produced by ketamine. However, our pres-
ent experiments with adenosine receptor ligands have
shown that the adenosine system is also involved in
ketamine-induced hypermotility of mice. Namely,
a motor activating effect of ketamine (10 mg/kg) was
inhibited by CGS 21680 (A2A receptor agonist) and
NECA (A1/A2 receptor agonist) but not by CPA, a se-
lective A1 receptor agonist. It means that A2A adeno-
sine receptors play a more important role in ketamine
hyperactivity.

Adenosine and related compounds can induce such
effects as depression of motor behavior, motor defi-
ciences, anticonvulsant actions and analgesia [2]. Mo-
tor depressant effects were observed after administra-
tion of both A1 and A2A adenosine receptor agonists,
however, A2A receptors seem to be more involved in
the modulation of motor behavior [28]. A2A receptors
are selectively expressed and co-localized with dopa-
mine D2 receptors in the striatopallidal neurons [8,
32]. It has been shown that adenosine A2A receptors
interact directly with dopamine D2 receptors in the
striatopallidal neurons, and that stimulation of A2A re-
ceptors can decrease the affinity of D2 receptors for
dopamine [11]. Our findings confirm that adenosine
receptor agonists produce motor depressing effects,
and they antagonize ketamine-induced hyperactivity
mainly by the stimulation of A2A receptor.

In contrast to a depressant effect of adenosine ago-
nist on motor behavior, the antagonists of adenosine
receptors, especially of sites A2A [14], produce motor
stimulant effects, particularly in animals with dopa-
mine hypofunction [15, 28]. In our experiments, mo-
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tor behavior of mice was not significantly changed by
adenosine receptor antagonists, given alone at the
used doses. Nevertheless, the DMPX, a selective A2

adenosine receptor antagonist, significantly increased
locomotor effects produced by the subthreshold dose
(2.5 mg/kg) of ketamine. Intensification of the motor
activity was also observed after administration of caf-
feine at the dose of 20 mg/kg. Similarly to the lack of
effects of CPA (A1 receptor agonist) on motor activat-
ing effects of ketamine, the blockade of A1 adenosine
receptor by DPCPX did not influence the motor ef-
fects of the threshold dose of ketamine. It means that
A1 adenosine receptors do not play an important role
in ketamine-induced motor activity. Our finding that
A2A receptor is involved in control of motor activity is
in line with the reports of other authors. Nagel et al.
[28] have shown that adenosine A2A receptor antago-
nists lead to stimulation of behavioral activity, and se-
lective A2A antagonists are able to reverse dopamine
receptor blockade-mediated catalepsy [16, 26] and lo-
comotor suppression [4]. Moreover, blockade of A2A

receptor alleviates the impaired locomotion in the do-
pamine D2 receptor-deficient mice [1], and these re-
sults show that adenosine A2A and dopamine D2 re-
ceptors have antagonistic and independent activities
in controlling neuronal and motor functions. Nash and
Brotchie [29] have shown that NMDA-induced in-
crease in striatal cAMP was completely blocked by
DMPX. It means that NMDA receptors modulate
cAMP levels via adenosine A2A receptors within the
striatum.

Summing up, our results have shown that the
adenosinergic system is involved in ketamine-induced
motor activity and seem to indicate a predominant
role of A2A adenosine receptors in this effect since
adenosine A2A receptor agonists decrease ketamine-
induced hyperactivity, and adenosine A2A receptor an-
tagonists increase the motor effects of subthreshold
dose of ketamine. It means that, apart from NMDA
and dopamine receptors, also adenosine A2A receptors
are involved in ketamine-induced motor activity.
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