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Abstract:
This study examines the anticonvulsant profile of interactions between 2-chloro-N$-cyclopentyladenosine (CCPA, a selective
adenosine A receptor agonist) and four conventional antiepileptic drugs (AEDs: carbamazepine – CBZ, phenobarbital, phenytoin
and valproate) in the mouse maximal electroshock seizure (MES) model. Acute adverse effects produced by AEDs in combination
with CCPA were determined in the chimney test (motor performance) and passive avoidance task (long-term memory).
Results indicate that CCPA administered alone at 0.25 and 0.5 mg/kg significantly elevated the electroconvulsive threshold in mice.
Additionally, the agent at a sub-threshold dose of 0.125 mg/kg potentiated the anticonvulsant activity of CBZ by reducing its ED# in
the MES test from 11.2 to 7.7 mg/kg (p < 0.01). In contrast, 8-cyclopentyl-1,3-dimethylxanthine (DPCPX, a selective adenosine A
receptor antagonist at 5 mg/kg) abolished the enhanced anticonvulsant effects offered by the combination of CBZ with CCPA
(0.125 mg/kg). Moreover, CCPA (0.125 mg/kg) co-administered with other tested AEDs had no significant impact on their
antiseizure properties in the MES test in mice. Neither CCPA (0.125 mg/kg) administered singly, nor in combinations with
conventional AEDs (at their ED#s) affected motor performance in the chimney test and long-term memory in the passive avoidance
task. No pharmacokinetic alterations in brain CBZ concentrations were observed after administration of CCPA at 0.125 mg/kg.
It may be concluded that CCPA, acting selectively on adenosine A receptors, enhances pharmacodynamically the antiseizure effect
of CBZ in the MES test.
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Abbreviations: AED – antiepileptic drug, CBZ – carbamazepine, CCPA – 2-chloro-N6-cyclopentyladenosine, CNS –
central nervous system, DPCPX – 8-cyclopentyl-1,3dipropylxanthine, GABA – g-aminobutyric acid, MES – maximal electroshock, MEST – maximal electroshock seizure
threshold, NMDA – N-methyl-D-aspartate, PB – phenobarbital, PHT – phenytoin, VPA – valproate.

Introduction
Overwhelming evidence indicates that endogenous
adenosine and its analogues possess the anticonvulsant activity and reduce convulsions induced by a variety of chemical and electrical stimuli in various in
vivo and in vitro models of epilepsy [8, 11, 15, 16, 18,

)

The results of this study were presented in part at “15th International Congress of the Polish Pharmacological Society” held in Poznañ, Poland,
on September 12–14, 2004 (abstract available in Pol J Pharmacol, 2004, 56, Suppl, 71–72).
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57]. To date, four adenosine receptor subtypes, named
A1, A2A, A2B, and A3, have been identified and
cloned from mammalian tissues [20]. Electrophysiological and neurochemical studies revealed that activation of adenosine A1 receptors inhibited the release of
excitatory amino acids [9], which then contributed to the
suppression of seizure and neuroprotection [2, 9, 16, 17,
19]. In the central nervous system (CNS), the adenosine
A1 receptors are mainly localized in the cerebral cortex,
cerebellum and in the hippocampus [20, 42] and their
activation results in opening K+ channels, which induces
hyperpolarizing effects and reduction in excitability of
postsynaptic neurons [20, 50].
Experimental evidence indicates that 2-chloroN6-cyclopentyladenosine (CCPA – the most selective
adenosine A1 receptor agonist) reduces convulsions in
various models of epilepsy. For instance, it has been reported that CCPA, administered both singly and repeatedly (twice daily for 7 days), possesses the antiseizure
activity, protecting genetically-prone DBA/2 mice against
sound-induced seizures [12]. Moreover, the protective
effects of CCPA have been shown in pentetrazoleinduced seizures [1] and against pilocarpine-induced
convulsions [26] in rats. Relatively recently, CCPA has
been found to suppress seizures in the rat model of audiogenic brainstem epilepsy [24], as well as in the mouse
model of pharmacoresistant epilepsy induced by intrahippocampal injection of kainic acid [22].
The present study was aimed at determining the influence of CCPA on the anticonvulsant activity of four conventional antiepileptic drugs (AEDs: carbamazepine –
CBZ, phenobarbital – PB, phenytoin – PHT, and valproate – VPA) against maximal electroshock-induced seizures (MES) in mice. Additionally, the effects of CCPA
and its combinations with conventional AEDs in relation
to motor impairment and long-term memory alteration
were evaluated by the use of the chimney test and stepthrough passive avoidance task, respectively. Finally, total
brain CBZ concentrations were measured so as to ascertain whether the observed effects were consequent to
a pharmacodynamic and/or a pharmacokinetic interaction.

Materials and Methods
Animals and experimental conditions

All experiments were performed on adult male albino
Swiss mice weighing 22–26 g. The mice were kept in
colony cages with free access to food and tap water ad
788
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libitum, under standardized housing conditions (12 h
of a light-dark cycle, temperature was 21 ± 1°C, relative humidity of 55 ± 5%). After 7 days of adaptation
to laboratory conditions, the animals were randomly
assigned to experimental groups consisting of eight
mice. Each mouse was used only in one experiment.
All tests were performed between 9.00 a.m. and
3.00 p.m. Procedures involving animals and their care
were conducted in conformity with the European
Communities Council Directive of 24 November
1986 (86/609/EEC) and Polish legislation on animal
experimentation. Additionally, all efforts were made
to minimize animal suffering and to use only the
number of animals necessary to produce reliable scientific data. The experimental protocols and procedures
described in this manuscript were approved by the Local
Ethics Committee at the Medical University of Lublin.
Drugs

The following AEDs and substances were used in this
study: CBZ (gift from Polfa, Starogard, Poland);
CCPA [2-chloro-N6-cyclopentyladenosine] and DPCPX
[8-cyclopentyl-1,3-dipropylxanthine] (both from RBI,
Natick, MA, USA), PB (Polfa, Kraków, Poland), PHT
(Polfa, Warszawa, Poland) and VPA (gift from ICNPolfa, Rzeszów, Poland). All drugs (except for VPA)
were suspended in a 1% solution of Tween 80 (Sigma,
St. Louis, MO, USA) in saline, whereas VPA was dissolved in sterile saline. All drugs were administered
systemically by ip injection in a volume of 0.005 ml/g.
Fresh drug solutions of conventional AEDs, CCPA
and DPCPX were prepared ex tempore on each day of
experimentation and administered as follows: PHT –
120 min, DPCPX and PB – 60 min, CBZ, CCPA and
VPA – 30 min before electroconvulsions, motor coordination, long-term memory tests, as well as, before
brain sampling for the measurement of CBZ concentrations. These pretreatment times were chosen based
upon information about their biological activity from
the literature and from our previous study [4].
Maximal electroshock seizure threshold
(MEST)-test

Electroconvulsions were produced by means of an alternating current (0.2 s stimulus duration, 50 Hz) delivered via ear-clip electrodes by a Hugo Sachs stimulator (Rodent Shocker, Type 221, Freiburg, Germany). The electrical system of the stimulator was
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self-adjustable so that changes in impedance did not
result in alterations of current intensity (i.e. the system provides constant current stimulation). The criterion for the occurrence of seizure activity was the
tonic hindlimb extension (i.e. the hind limbs of animals outstretched 180° to the plane of the body axis).
In order to evaluate the threshold for electroconvulsions, at least 4 groups of mice, consisting of 8 animals per group, were challenged with electroshocks
of various intensities to yield 10–30%, 30–50%,
50–70%, and 70–90% of animals with seizures. Then,
a current intensity-effect curve was constructed, according to a log-probit method by Litchfield and Wilcoxon [29], from which a CS50 (median current
strength in mA with 95% confidence limits) was estimated. Each CS50 value represents the current intensity required to induce tonic hindlimb extension in
50% of the mice challenged. The threshold for electroconvulsions was denoted for 3 different doses of
CCPA, as follows: 0.125, 0.25 and 0.5 mg/kg. The experimental procedure has been described in more detail in our earlier studies [32, 33, 44].

mogenizer (Staufen, Germany). The homogenates
were centrifuged at 10,000 × g for 10 min and the supernatant samples (75 µl) were analyzed by fluorescence polarization immunoassay using a TDx analyzer and reagents exactly as described by the manufacturer (Abbott Laboratories, North Chicago, IL,
USA). The total brain CBZ concentrations were expressed in µg/ml of brain supernatants as the means ± SD
of at least eight separate brain preparations.

Chimney test

The effects of conventional AEDs, CCPA and their
combinations on motor performance were quantified
with the chimney test of Boissier et al. [3]. In this test,
animals had to climb backwards up a plastic tube (3 cm
in inner diameter, 25 cm long), and motor impairment
was indicated by the inability of the animals to climb
backward up the transparent tube within 60 s.

Light-dark, step-through passive avoidance task
Maximal electroshock seizure (MES)-test

The anticonvulsant activities of conventional AEDs
administered alone and in combination with CCPA
were evaluated as their median effective doses (ED50s
in mg/kg) against maximal electroconvulsions (fixed
current intensity of 25 mA, maximum stimulation
voltage of 500 V). The animals were administered
with different AED doses to obtain a variable percentage of protection against MES-induced seizures, allowing the construction of a dose-effect line. Subsequently, the ED50s with their 95% confidence limits
were calculated according to the log-probit method by
Litchfield and Wilcoxon [29]. The experimental procedure has been described in more detail in our earlier
studies [32, 34, 44].
Measurement of total brain CBZ concentrations

Brain CBZ concentrations were determined in mice
that were administered CBZ + vehicle and the combination of CBZ + CCPA. Mice were killed by decapitation at times chosen to coincide with that scheduled
for the MES test and whole brains were removed from
skulls, weighed, and homogenized using Abbott
buffer (2:1 vol/weight; Abbott Laboratories, North
Chicago, IL, USA) in an Ultra-Turrax T8 ho-

Animals were administered conventional AEDs either
singly or in combination with CCPA on the first day
before training. The time before the commencement
of the training session (after the drug administration)
was identical to that for the MES test. Subsequently,
the animals were placed in an illuminated box (10 ×
13 × 15 cm) connected to a larger dark box (25 × 20 ×
15 cm) equipped with an electric grid floor. The animals entering the dark box were punished by an adequate electric footshock (0.6 mA for 2 s). The mice
that did not enter the dark compartment were excluded from the experiment. On the next day (24 h
later), the pre-trained animals (without treatment)
were placed again into the illuminated box and observed up to 180 s. Mice that avoided the dark compartment for 180 s were considered to remember the
task. The time that elapsed before the mice entered
the dark box, was recorded and subsequently, the median latencies with 25th and 75th percentiles were calculated. The step-through passive avoidance task
gives information about ability to acquire the task
(learning) and to recall the task (retrieval). Therefore,
it may be regarded as a measure of long-term memory
[56]. This experimental procedure has been described
in detail in our earlier study [35, 36].
Pharmacological Reports, 2005, 57, 787794
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Tab. 1. Effect of 2-chloro-N -cyclopentyladenosine (CCPA) on the
anticonvulsant action of carbamazepine (CBZ) in the mouse maximal
electroshock-induced seizure model

Statistical analysis

Both median current strengths (CS50s) and median effective doses (ED50s) with their 95% confidence limits were calculated and statistically analyzed by computer log-probit analysis according to Litchfield and
Wilcoxon [29]. Total brain CBZ concentrations were
analyzed using the unpaired Student’s t-test. Qualitative variables from the chimney test were compared
with Fisher’s exact probability test, whereas, the results obtained in the step-through passive avoidance
task were statistically evaluated using the KruskalWallis nonparametric ANOVA test followed by
Dunn’s multiple comparisons test.

CS50 (mA)

9
8
7
6
5
4
3
2
1
0

ED# (mg/kg)

CBZ + vehicle

11.2 (9.8–12.9)

CBZ + CCPA (0.0675)

9.7 (8.1–11.8)

CBZ + CCPA (0.125)

7.7 (6.0–9.8)**

CBZ + CCPA (0.125) + DPCPX (5)

10.4 (8.7–12.5)

Data are presented as median effective doses (ED#s with 95% confidence limits in parentheses) protecting 50% of animals tested
against MES-induced seizures. CBZ and CCPA were administered
30 min, whereas DPCPX (8-cyclopentyl-1,3-dipropylxantine) was
given 60 min prior to the maximal electroconvulsions. Statistical
analysis was performed using log-probit method according to
Litchfield and Wilcoxon [29]. ** p < 0.01 vs. control ([CBZ + vehicle]-treated) animals

Effect of CCPA in combinations with conventional AEDs on MES-induced seizures

CONTROL

CCPA (0.125)

CCPA (0.25)

CCPA (0.5)

$
Fig. 1. Effect of 2-chloro-N -cyclopentyladenosine (CCPA) on the
electroconvulsive threshold in mice. Data are presented as median
current strengths (CS#s with 95% confidence limits as the error bars)
required to evoke tonic hindlimb extension in 50% of animals subjected to the maximal electroshock seizure threshold (MEST)-test.
$
CCPA (2-chloro-N -cyclopentyladenosine) was administered ip
30 min before the MEST-test. Statistical analysis of data was performed using log-probit method [29]; * p < 0.05; *** p < 0.001 vs.
control (vehicle-treated) animals

Results
Effect of CCPA on the electroconvulsive threshold

CCPA (administered ip, 30 min prior to the test) raised
the threshold for electroconvulsions in a dosedependent manner. It was found experimentally that
CCPA at 0.25 mg/kg significantly elevated the electroconvulsive threshold in mice from 5.6 (5.4–5.9) to 6.2
(5.8–6.7) mA (p < 0.05; Fig. 1). Similarly, the A1
adenosine receptor agonist – CCPA, administered at
0.5 mg/kg, significantly increased its CS50 value from
5.6 (5.4–5.9) to 7.9 (7.3–8.5) mA (p < 0.001; Fig. 1). In
contrast, CCPA administered at a lower dose of 0.125
mg/kg had no impact on the electroconvulsive threshold in mice (Fig. 1).
790
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CCPA (at a sub-threshold dose of 0.125 mg/kg) potentiated the anticonvulsant effects of CBZ by reducing its ED50 value from 11.2 (9.8–12.9) to 7.7
(6.0–9.8) mg/kg (p < 0.01; Tab. 1). The agent, administered at a lower dose of 0.0625 mg/kg did not enhance the protective action of CBZ against MESinduced seizures, leaving the ED50 of the latter drug
almost intact (Tab. 1). To prove a specific adenosine
A1 receptor-mediated potentiation of the antiseizure

$
Tab. 2. Influence of 2-chloro-N -cyclopentyladenosine (CCPA) on
the anticonvulsant action of phenobarbital (PB), phenytoin (PHT) and
valproate (VPA) against maximal electroconvulsions in mice

Treatment (mg/kg)

ED# (mg/kg)

PB + vehicle

26.1 (22.4–30.5)

PB + CCPA (0.125)

21.7 (17.5–26.8)

PHT + vehicle

11.1 (9.4–13.2)

PHT + CCPA (0.125)

10.7 (9.0–12.7)

VPA + vehicle

281.3 (255.4–309.9)

VPA + CCPA (0.125)

257.5 (217.9–304.4)

Data are presented as median effective doses (ED#s with 95% confidence limits in parentheses) protecting 50% of animals tested
against MES-induced seizures. All AEDs and CCPA were administered ip at the times corresponding to their time of peak drug effect,
as follows: PHT at 120 min, PB – 60 min, VPA and CCPA – 30 min prior
to the MES test. Statistical evaluation of the data was performed using log-probit method according to Litchfield and Wilcoxon [29]
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effects of CBZ by CCPA, the animals were coadministered with CBZ, CCPA (0.125 mg/kg) and
DPCPX (5 mg/kg). In such cases, the anticonvulsant
effects offered by the combination of CBZ and CCPA
were reversed by DPCPX (Tab. 1).
In contrast, CCPA (0.125 mg/kg) co-administered
with the remaining AEDs (PB, PHT and VPA) did not
enhance their antiseizure properties in the MES test in
mice. The experimentally-derived ED50s for AEDs
administered alone and in combination with CCPA
(0.125 mg/kg) are presented in Table 2.

Brain CBZ concentrations

Total brain concentration of CBZ administered singly
at 7.7 mg/kg was 3.72 ± 0.46 µg/ml and did not differ
statistically significantly from that observed for the
combination of CBZ (7.7 mg/kg) with CCPA
(0.125 mg/kg), which amounted to 4.04 ± 0.52 µg/ml.

Discussion
Motor coordination impairment and long-term
memory testing

The combinations of CCPA (0.125 mg/kg) and AEDs
(at their ED50s) had no impact on motor coordination
in the chimney test in mice (Tab. 3). Likewise, the
co-administered drugs did not alter long-term memory in animals challenged with the step-through passive avoidance task (Tab. 3).

$
Tab. 3. Influence of 2-chloro-N -cyclopentyladenosine (CCPA) in
combination with conventional antiepileptic drugs on motor performance and long-term memory in mice

Treatment (mg/kg)

Motor deficits (%) Retention time (s)

Control (vehicle)

0

180 (180–180)

CCPA (0.125) + vehicle

0

180 (180–180)

CBZ (7.7) + vehicle

0

180 (180–180)

CBZ (7.7) + CCPA (0.125)

0

180 (180–180)

PHT (10.7) + vehicle

0

180 (180–180)

PHT (10.7) + CCPA (0.125)

0

180 (180–180)

PB (21.7) + vehicle

0

180 (180–180)

PB (21.7) + CCPA (0.125)

0

180 (180–180)

VPA (257.5) + vehicle

20

180 (165.5–180)

VPA (257.5) + CCPA (0.125)

30

175.5 (120–180)

Data are presented either as percentage of mice showing motor impairment or as median retention time (in s; with 25th and 75th percentiles in parentheses) of 10 animals challenged with the chimney and
step-through passive avoidance tests, respectively. Motor deficits in
mice in the chimney test were expressed as the inability of the animals to climb backwards up the plastic tube within 60 s. In the passive avoidance task, the mice should avoid the entrance into the
darkened compartment within 180 s. Impairment of long-term memory is evident if the mice enter the dark box before this cutoff time.
Statistical analysis of the data was performed using either the Fisher’s
exact probability test (chimney test) or nonparametric Kruskal-Wallis
ANOVA followed by post-hoc Dunn’s test (passive avoidance task)

Results presented in this study indicated that CCPA
(administered at a sub-threshold dose of 0.125 mg/kg)
potentiated the anticonvulsant activity of CBZ against
maximal electroconvulsions, leaving the antiseizure
effects offered by other AEDs (PB, PHT, and VPA)
almost unchanged. The enhancement of CBZ anticonvulsant action by CCPA resembles that previously reported for the combination of 2-chloroadenosine
(a non-selective adenosine A1/A3 receptor agonist)
with CBZ in the MES-induced seizures [4]. In contrast, the preferential adenosine A1 receptor agonist
L-phenylisopropyladenosine had no effect on the anticonvulsant property of CBZ against electroconvulsions in mice [10]. Noteworthy, the observed enhancement of anticonvulsant effects of CBZ by CCPA
was reversed by systemic administration of DPCPX,
a selective adenosine A1 receptor antagonist, indicating
the involvement of adenosine A1 receptor-mediated
events in CCPA-induced enhancement of CBZ anticonvulsant activity.
One can try to explain the selective enhancement of
antielectroshock effect of CBZ by CCPA considering
molecular mechanisms of action of the studied AED.
Accumulating evidence indicates that CBZ acts by
preventing sustained high-frequency repetitive firing
of action potential in depolarized neurons via use-,
time- and voltage-dependent blockade of Na+ channels [37]. The drug produces the blockade of Na+
channels through the binding to inactive state and by
slowing the rate of recovery of these channels from
inactivation [37]. CBZ reduces also N-methyl-Daspartate (NMDA)-activated currents in cultured spinal cord neurons [27] and, at relatively low concentrations, the drug limits NMDA-induced elevation of intracellular Ca2+ concentration in primary cultures of
cerebellar granule neurons [6, 23]. At therapeutic concentrations, CBZ inhibited the binding of the adenoPharmacological Reports, 2005, 57, 787794

791

sine analogues [3H]L-phenylisopropyladenosine and
[3H]cyclohexyladenosine to synaptosomal membranes prepared from rat brain [40, 52]. The drug inhibited also second messenger-responses mediated by
adenosine A1 receptors, but not those mediated by
high-affinity adenosine A2A receptors [55]. Moreover,
CBZ reduced the adenosine A2B receptor-mediated
increase in cAMP content in cultured astroglia cels
[55]. To date, there is still no consensus whether CBZ
is an adenosine receptor agonist or antagonist. Some
authors have classified CBZ as a partial agonist [40,
52, 58], whereas the others have claimed that the drug
acts as an antagonist at adenosine receptors [21, 46].
With regard to molecular mechanisms of action of
PB, experimental evidence indicates that PB exerts its
anticonvulsant effect by facilitating g-aminobutyric acid
(GABA)-mediated inhibition through the allosteric
modulation of neuronal postsynaptic GABAA receptors
[49]. The drug enhances the activation of GABAA receptors by increasing the mean channel open duration,
having no impact on open frequency and channel conductance [39]. Moreover, PB is able to directly activate
the GABAA receptors in the absence of GABA [48].
In case of PHT, the drug at therapeutic concentrations produces a use-dependent blockade of voltagegated Na+ channels [38]. PHT regulates Na+-K+
ATP-ase activity and thus, the drug has a neuronal stabilizing effect on excitable neurons [13]. The drug
limits neurotransmitter release from synaptosomes
during the action potential by minimizing and limiting
Ca2+ entry [14]. PHT inhibits also L- and T-type Ca2+
channels in neurons [51, 54], as well as it reduces uptake and sequestration of Ca2+ in the nerve terminal
after Ca2+ entry [47]. Moreover, PHT was shown to
inhibit adenosine uptake into presynaptic terminals
which resulted in an increase in the extracellular level
of this neurotransmitter [46].
As for the molecular mechanisms of action of VPA,
the drug increases GABA in whole brain and nerve
terminals, although its precise mechanisms of action
are still unknown [30]. VPA inhibits enzymes involved in GABA degradation including GABAtransaminase and succinic semialdehyde dehydrogenase [28, 30, 45]. In addition, VPA increases the activity of glutamic acid decarboxylase, the enzyme responsible for GABA synthesis [31, 43, 45] and blocks
Na+ channels in a voltage-dependent manner [41]. In
both in vivo and in vitro experiments VPA suppressed
NMDA-induced excitation in rat neocortical neurons
[59]. The drug reduced the level and release of the ex792
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citatory amino acid aspartate in rat and mouse brains
[7, 30]. Additionally, VPA (at high concentrations) activates K+ conductance and blocks low-threshold T-type
Ca2+ channels in peripheral ganglion neurons [25].
Considering the above-mentioned mechanisms of
action of conventional AEDs one can easily ascertain
that only CBZ is able to interact directly and specifically with adenosine receptors in the brain. Thus,
CCPA through the activation of A1 receptors may cooperate with CBZ in reduction of seizure activity in
the MES-test in mice. Noteworthy, PB, PHT and VPA
did not enhance adenosine receptor-mediated events
in the brain and, therefore, CCPA did not affect their
anticonvulsant activities in the MES-test in mice.
Additionally, our findings support evidence that the
enhancement of antiseizure effect offered by combination of CBZ with CCPA may allow for the reduction of CBZ dose. Noticeably, the decreased dose of
CBZ in combination with CCPA did not interfere with
the normal behavior of animals, since neither motor
coordination nor long-term memory were altered.
This fact may be of pivotal importance for further
clinical practice, especially, since it became evident
that the adenosine agonists cannot be used separately as
anticonvulsant agents because of their cardiovascular side
effect [5, 53]. Moreover, it was found experimentally that
CCPA did not affect the total brain CBZ concentrations,
and thus, the observed potentiation of antiseizure effect of
CBZ by CCPA was pharmacodynamic in nature.
Summing up, the enhancement of anticonvulsant action of CBZ by CCPA against maximal electroconvulsions, the lack of potential harmful adverse effects and no
pharmacokinetic interaction within the brain make the examined combination of CBZ with CCPA of pivotal importance from clinical point of view. Considering that
adenosine is a recognized endogenous anticonvulsant
agent, a concept of combining AEDs with adenosine receptor agonists deserves special attention.
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