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Clinical observations indicate that seizures induced by hypoxia are com-
mon kind of convulsive activity in both infants and elderly patients. The oc-
currence of seizure episode during hypoxia is important risk factor of epi-
lepsy development in the future. Experimental hypoxia was obtained by ex-
posure of adult (20–23 g) Albino Swiss mice to spontaneous breathing in gas
mixture composed of 5% oxygen and 95% nitrogen. The latency time to con-
vulsive activity was determined. Single sublethal episode of seizures in-
duced by hypoxia (HS) resulted in higher susceptibility to pentetrazol (PTZ),
bicuculline (BCC), N-methyl-D-aspartic acid (NMDA) but not in electri-
cally induced convulsions. Adenosine A1 receptor agonist, R(–)N6-(2-phe-
nyl-isopropyl)adenosine (R-PIA) (0.01; 0.05; 0.1 mg/kg, ip) prolonged the
latency to HS-induced convulsions. A1 receptor antagonist, 8-cyclopentyl-
theophylline (CPT), reversed the protective action of R-PIA. A2 receptor
agonist, N(6)-[2-(3,5-dimethoxyphenyl)-2-(2-methylphenyl)]ethyladenosine
(DPMA), only at the highest dose (5 mg/kg ip) prolonged the latency time to
convulsive activity. This effect was only partially reversed by A2 antagonist
3,7-dimethyl-1-propargylxanthine (DMPX). Administered immediately after
episode of HS R-PIA diminished the higher susceptibility to PTZ, BCC,
NMDA at 3rd day after HS, while DPMA appeared to be ineffective.

These results confirm the important role of adenosine A1 receptor ago-
nist in protection against acute and chronic epileptogenic effect of hypoxia.
The role of adenosine A2 receptors seems to be of minor importance.
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Abbreviations: BCC – bicuculline, CPT – 8-cy-
clopentyltheophylline, DMPX – 3,7-dimethyl-1-pro-
pargylxanthine, DPMA – N(6)-[2-(3,5-dimethoxy-
phenyl)-2-(2-methylphenyl)]ethyladenosine, NMDA
– N-methyl-D-aspartic acid, PTZ – pentetrazol,
R-PIA – R(–)N6-(2-phenyl-isopropyl)adenosine

INTRODUCTION

Adenosine is considered as one of the most im-
portant endogenous anticonvulsive factors [16, 18,
33]. Experimental investigations and clinical obser-
vations proved that convulsions significantly in-
creased the level of endogenous adenosine in the
brain and cerebrospinal fluid [13, 19, 49]. Adeno-
sine and its analogues (mainly A1 receptor ago-
nists) showed anticonvulsive activity in many mo-
dels of experimental epilepsy. Adenosine A1 ago-
nists appeared to be protective in convulsions
induced by leptazole [34], picrotoxin [18], NMDA
[47, 48] kainic and quisqualinic acid [46], pilocar-
pine [45] and activator of Ca�- channels Bay
k-8644 [14]. Moreover, adenosine A1 agonists are
effective in kindling model of experimental epi-
lepsy [2, 9, 16] and maximal electroshock seizures
(MES) [12].

Considerably less data refers to anticonvulsive
activity of A2 receptor agonists. Adenosine A2a
agonists in dose-dependent manner acted against
convulsions induced by pentetrazol (PTZ) [2],
sound in DB2 mice [15] and inverse agonist of ben-
zodiazepine receptor [30]. Hypoxia itself can be
a factor, which induces convulsive activity. This
special kind of convulsions constitutes about
30–65% of all cases in neonatal period [7, 40] and
their occurrence is important risk factor of future
epilepsy [6, 31, 35]. Seizures induced by hypoxia
develop also in adult people in the course of stroke
[5, 24, 28] or during sudden cardiac/respiratory ar-
rest [41]. Clinical observations allowed to conclude
that occurrence of convulsive episode in the course
of brain hypoxia worsened prognosis and signifi-
cantly increased the chance of epilepsy develop-
ment in the future.

In the present study we wished to characterize
the influence of hypoxia-induced seizures on further
long-term susceptibility to convulsions induced by
PTZ, bicuculline (BCC), N-methyl-D-aspartic acid
(NMDA) and electrical shock (ES). Furthermore,
we wished to test the possibility of preventing

acute and chronic epileptogenic role of hypoxia by
adenosine A1 and A2 receptors agonists.

MATERIALS and METHODS

Animals

Female Albino Swiss mice weighing 20–25 g
were used in the studies. The animals were allowed
to settle under standard conditions: at the tempera-
ture of 20 ± 1°C, under a natural light-dark cycle
with free access to food and water. The animals
were used only once in an experiment.

Drugs

The following substances were used in the ex-
periments: adenosine A1 receptor agonist, R(–)N6-
-(2-phenyl-isopropyl)adenosine, (RBI, Natick, USA);
adenosine A1 receptor antagonists, 8-cyclopentyl-
theophylline, (RBI, Natick, USA); adenosine A2
receptor agonists, N(6)-[2-(3,5-dimethoxyphenyl)-
-2-(2-methylphenyl)]ethyladenosine, (RBI, Natick,
USA); adenosine A2 receptor antagonist, 3,7-di-
methyl-1-propargylxanthine, (RBI, Natick, USA).
Moreover we used: pentetrazol, (Sigma, St. Louis,
USA); bicuculline, (Sigma, St. Louis, USA); N-me-
thyl-D-aspartic acid, (Sigma, St. Louis, USA). Sub-
stances were dissolved in water and administered
intraperitoneally (ip) or subcutaneously (sc) in con-
stant volume of 10 ml/kg and NMDA intracere-
broventricularly (icv) in constant volume of 2 � l.
Animals in the control groups received adequate
volumes of vehicle.

Seizures induced by hypoxia

Mice (n = 10) were placed in special observa-
tion, airtight chamber in which the gas mixture (5%
oxygen and 95% nitrogen) was maintained at steady
flow of 10 l/min, and observed up to the appear-
ance of the generalized clonic seizures (alternate
limbs flexion and extension connected to loss of
posture). The latency time to onset of seizures was
measured. Adenosine A1 receptor agonist R-PIA,
(0.01; 0.05; 0.1 mg/kg), adenosine A1 receptor an-
tagonist CPT, (5; 10 mg/kg), as well as adenosine
A2 receptor agonist DPMA, (1; 2.5; 5 mg/kg) and
adenosine A2 receptor antagonist DMPX, (2.5;
5 mg/kg) were administered to mice, alone or in
combination, 30 min before subjecting them to hy-
poxia. The latency time from the moment of plac-
ing the animals in hypoxic conditions to the occur-
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rence of first episode of clonic convulsions was
measured. Experimental and control groups con-
sisted of 10 animals.

Clonic seizures induced by PTZ, BCC, NMDA

Mice were injected with PTZ (sc), BCC (sc) or
NMDA (icv) at the doses equal to their ED�(, i.e.
65 mg/kg, 2.8 mg/kg, 0.8 nmol/mice, respectively.
The proportion of mice in which clonic convul-
sions occurred (alternate flexion and extension of
the limbs lasting at least 3 s, connected with loss of
posture) within 30 min after the injection of the
convulsant, was noted. Seizures were always in-
duced between 11:00 and 16:00 hour to minimize
possible inconsistencies arising from circadian
rhythms. Experimental groups consisted of 15 mice.

Electrically induced seizures

Electrical seizures were induced by alternating
current (50 Hz, 0.2 s) applied by ear-clip electro-
des, according to the method of Swinyard et al.
[43]. The intensity of current used, i.e. 5mA, corre-
sponded to CS�(, which is the current strength in
mA necessary to produce convulsions in 16% of
control animals. The criterion of the convulsions
was the tonic extension of the hind limbs. Further-
more ES test, with a current of 25 mA, was per-
formed. The proportion of mice exhibiting tonic
convulsions was noted. In both tests seizures were
induced between 11:00 and 16:00 hour to minimize
circadian effects. Experimental groups consisted of
15 mice

Testing of further seizure susceptibility induced

by PTZ, BCC, NMDA, and electrical current in

animals after hypoxia-induced convulsion epi-

sodes

Animals were subjected to hypoxia in the man-
ner described above. After the episodes of convul-
sions lasting at least 10 s followed by occurrence of
apnea and symptoms of urine incontinence, ani-
mals were evacuated from the container and trans-
ferred to home cages. After 1, 3, 10, 21 days from
episode of hypoxia-induced convulsion, the sus-
ceptibility to clonic seizures induced by PTZ, BCC,
NMDA at the doses equal their ED�( were investi-
gated. Furthermore, the animals’ excitability in
electric convulsions elicited by electric current with
an intensity equal to CS�(, and usually used for
maximal electroshock seizures (25 mA) was deter-

mined. In order to assess the influence of adeno-
sine, ligands of A1 and A2 receptors: R-PIA (0.01;
0.05; 0.1 mg/kg), DPMA, (1; 2.5; 5 mg/kg), CPT
(10 mg/kg), and DMPX (5 mg/kg) were given
alone or in combination immediately after hypoxic
seizures episodes. Seizure susceptibility in PTZ,
BCC, NMDA and electrically induced convulsions
were investigated 3 days later.

Histological analysis

Three experimental and three control animals
were randomly selected. Animals were killed 3 days
after the hypoxia-induced seizures. Their brains
were removed and postfixed with Baker solution
(1% CaCl� in 10% buffered formalin) for 2 weeks.
Then, the brains were dehydrated, embedded in
paraffin and sectioned at 6 � m thickness for stain-
ing with hematoxylin and eosine or cresyl violet for
light microscopic analysis.

Statistical analysis

Latency to hypoxia-induced seizures was ex-
pressed as arithmetic mean ± SD and ANOVA test
was used for analysis. The results from chemically
and electrically induced convulsions were com-
pared statistically by using Fisher’s exact probabi-
lity test.

RESULTS

The influence of adenosine receptor ago-

nists and antagonists on latency time to

hypoxic seizures (HS)

Adenosine A1 receptor agonist, R-PIA, admin-
istered 30 min before the hypoxia episode at the
doses of 0.01, 0.05 and 0.1 mg/kg, ip, significantly
prolonged the latency time to convulsive activity
(440.2 ± 120.3 s, 555.6 ± 205 s and 632.4 ± 258 s,
respectively) comparing with the control group
(370.2 ± 55 s). A1 receptor antagonist CPT, applied
at the doses of 5 and 10 mg/kg, 30 min before hy-
poxia, did not influence the latency time to convul-
sive activity. Moreover, CPT at 10 mg/kg dimini-
shed the protective activity of R-PIA (Fig. 1). A2
receptor agonist DPMA, administered at the doses
of 1 and 2.5 mg/kg, 30 min before hypoxic episode,
did not influence the latency time to convulsive ac-
tivity. At 5 mg/kg it significantly prolonged the la-
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tency time (430 ± 98 s) comparing with the control
group. A2 receptor antagonist, DMPX, applied at
2.5 and 5 mg/kg, 30 min before hypoxia, did not
exert any effect on latency time to convulsions, and
at the dose of 5 mg/kg it diminished the protective
activity of DPMA at the dose of 5 mg/kg (Fig. 2).

The influence of sublethal episode of HS

on susceptibility to seizures induced by

PTZ, BCC, NMDA and ES

Convulsion susceptibility was examined on 1,
3, 10, 21 day after HS. Increased susceptibility to
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Fig. 1. The influence of A1 receptor agonist R-PIA, and antagonist CPT on latency to seizures induced by hypoxia. * p < 0.05.
ANOVA test

Fig. 2. The influence of A2 receptor agonist DPMA, and antagonist DMPX on latency to seizures induced by hypoxia. * p < 0.05.
ANOVA test



convulsions induced by PTZ, BCC, NMDA was
noted during whole observation period. The differ-
ence was most significant at lower doses of chemo-
convulsants, and ED�( was selected for further in-
vestigations (Fig. 3). In case of ED# and also ED+8

for all abovementioned convulsants, the differences
were not statistically significant. Differences in
convulsive excitability, elicited by current strength
equal to CS�(, or electric shock (25 mA) during
whole period of observation were not significant.

The influence of adenosine receptor ago-

nists and antagonists on susceptibility to

convulsions induced by chemoconvulsants

3 days after HS episode

A1 receptor agonist, R-PIA, at the doses of
0.01, 0.05 and 0.1 mg/kg, administered immedia-
tely after HS, produced statistically significant low-
ering of seizure susceptibility in convulsions in-
duced by PTZ and BCC, and at the doses of 0.05
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Fig. 3. The influence of single episode of hypoxia-induced seizures on susceptibility to seizures induced by PTZ, BCC, NMDA
(at the doses equal ED�� and ES CS��).* p < 0.05 vs. respective control group. Fisher test

Fig. 4. The influence of adenosine A1 receptor agonist R-PIA on convulsive susceptibility in selected models of experimental epi-
lepsy at 3rd day after hypoxia-induced seizures. * p < 0.05 vs. respective control group. # p < 0.05 vs. respective HS group. Fisher test



and 0.1 mg/kg in NMDA-induced convulsions,
comparing with the control group (Fig. 4). A1 re-
ceptor antagonist CPT, administered at doses 5 and
10 mg/kg, did not influence the higher seizure sus-
ceptibility after HS, examined in similar experi-
ment. At the dose of 10 mg/kg, CPT co-adminis-
tered with R-PIA, reduced the protective activity of
an agonist but the difference was not statistically
significant (data not shown). A2 receptor agonist
DPMA (1, 2.5 and 5 mg/kg), administered immedi-
ately after HS did not influence the higher seizure
susceptibility in convulsions induced by PTZ, BCC
and NMDA comparing with the control group
(Fig. 5). Similarly, A2 receptor antagonist, DMPX
(5 and 10 mg/kg), was not active in this experiment
(data not shown).

Histology

In histological preparations of the brains as-
sessed 1 and 3 days after sublethal episode of HS in
light microscope at 500× no necrotic changes of
neurons were detected.

DISCUSSION

According to experimental and clinical obser-
vations, convulsions can be one of complications of
CNS hypoxia/ischemia [7, 26, 40, 44]. However,

the existing evidences shows that hypoxia is not
always the injuring or lethal factor. Hypoxic epi-
sodes of moderate intensity can induce the protec-
tive action by eliciting adaptive effects both, in
young and adult animals. It was observed that mo-
derate hypoxia can reduce later convulsion suscep-
tibility [38, 39]. The effect (protection or injury)
probably depends on intensity as well as the dura-
tion of hypoxic insult but precise conditions are dif-
ficult to establish.

In experimental model presented in this paper,
hypoxia (5% oxygen in atmosphere) appeared to be
a factor eliciting the convulsions in about 90% of
animals. According to these results and data from
other studies [21, 26, 42], it can be concluded that
occurrence of convulsions in the course of hypoxia
is a factor which determines and potentiates the
possible complications and generally worsens the
prognosis. Animals subjected to hypoxia-induced
convulsions were characterized by increased sei-
zure susceptibility in later period as determined in
several different models of experimental epilepsy.
It seems to be interesting that this phenomenon is
observed only for lower doses (ED�() of applied
convulsants. In electrically induced seizures the
differences between the control and group subjec-
ted to HS were not observed. Thus, the functional
disturbances in neurons after hypoxia-induced con-
vulsions in this experimental model are rather limi-
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Fig. 5. The influence of adenosine A2 receptor agonist DPMA on convulsive susceptibility in selected models of experimental epi-
lepsy at 3rd day after hypoxia-induced seizures. * p < 0.05 vs. respective control group. Fisher test



ted. The current results confirm previous data that
hypoxia does not exert a general influence on sei-
zure susceptibility, but rather a model-specific ef-
fect [3].

The role of adenosine in ischemic precondition-
ing phenomenon in the brain is worth noting [25,
38], however, its molecular mechanism is not fully
clarified. Administration of R-PIA, A1 receptor
agonist, before period of hypoxia significantly pro-
longed the latency time to seizure onset, in dose-
-dependent manner. The effect was abolished by
A1 receptor antagonist CPT. Administration of A1
antagonist, CPT alone, did not influence the time of
latency to convulsions. Moreover, R-PIA adminis-
tered immediately after episode of hypoxia-indu-
ced convulsions prevented the increase in suscepti-
bility in seizures induced by PTZ, BCC and
NMDA. Neuroprotective and anticonvulsive activi-
ty of adenosine and its analogues mediated via A1
receptor is widely supported by several evidences.
One of the results of A1 receptor stimulation is in-
hibition of presynaptic glutamate release [11]. As
the effect of potassium current induction [22]
adenosine maintains blockade of voltage-depen-
dent NMDA receptor, and reduces Ca�- influx. In
consequence of A1 receptor activation NMDA-
-dependent production of nitric oxide is also
reduced, that can confirm the neuroprotective pro-
file of activity [8]. Furthermore, in vitro experi-
ments revealed that adenosine neuroprotection may
result from inhibition of free radical production
in neutrophils [10], as well as from diminution of
endogenous, antioxidant enzyme activity [32].
Above-described neuroprotective activity of adeno-
sine acting via A1 receptor is also fundamental for
its anticonvulsive activity. This mechanism of ac-
tivity is dependent mostly on restrictive influence
on excitatory amino acid system in CNS. Immedi-
ate protective influence of A1 agonist CPA (N6-
cyclopentyladenosine) in convulsions induced by
NMDA administration in mice was proved. This
protective effect was not dependent on hypother-
mia, which can occur after adenosine A1 stimula-
tion [47]. Similar protection (prolonged latency and
reduced mortality) was noted after dizocilpine ad-
ministration as well as some adenosinergic com-
pounds (N6-cyclohexyladenosine, 2-chloroadeno-
sine and dipyridamol) in hypoxia-induced convul-
sions in mice. This effect was reversed in both
cases by teophylline, a non-selective adenosine re-
ceptor antagonist [44]. Another evidences for the

involvement of adenosinergic system in pathome-
chanism of convulsions induced by hypoxia are
provided by the observations of seizures elicited by
administration of caffeine in rat hippocampal slices
exposed to short period of anoxia. The effect was
prevented by A1 receptor agonist N6-cyclopentyl-
adenosine. Moreover, results similar as in the case
of caffeine treatment were obtained for selective
A1 receptor antagonist, 8-cyclopentyl-1,3-dipropyl-
xanthine [20]. These results decidedly support the
hypothesis about important role of adenosine A1
receptor in pathophysiology of hypoxia-induced
convulsions.

Adenosine A2 receptor agonist DPMA, used in
the present experiments, did not influence the la-
tency to convulsions, and only at higher dose
(5 mg/kg) it prolonged the latency time. Adenosine
A2 receptor antagonist DMPX did not change the
time to convulsion onset. Furthermore, DMPX re-
versed the protective activity of DPMA at 5 mg/kg.
Action of DPMA and/or DMPX given after hypo-
xia-induced convulsions consisting in the increased
susceptibility to PTZ-, BCC- and NMDA-induced
seizures was not observed. To date there is no
enough information about the role of adenosine A2
receptor agonists in protective action of adenosine
during ischemia or hypoxia. Stimulation of A2a re-
ceptor by specific agonists may considerably en-
hance the extracellular glutamate [37] and acetyl-
choline level [29] in the rat striatum, that perhaps is
unfavorable in hypoxia. Other data indicate that
A2a receptor activation causes diminution of elec-
tric activity of neurons [36]. A2a agonist HE-NECA,
in dose-dependent manner prolonged the latency to
convulsions elicited by PTZ in rats, and reduced
mortality of animals in an experiment [2]. Mecha-
nism of the protective action can depend on the in-
creased cerebral blood flow and reduced free radi-
cal formation [22]. Moreover, it was observed that
chronic A2 receptor stimulation was not related
with down-regulation which cannot be excluded in
case of A1 receptor [1]. Protective effect of A2a
stimulation was observed in audiogenic convul-
sions in DBA/2 mice [15]. DPMA blocked the on-
set of seizures induced by inverse agonist of benzo-
diazepine receptor [30]. It was proved that in some
experimental models, tolerance to anticonvulsive
activity develops more quickly for A1 receptor
rather than for A2a [13].

Results of the present work seem to confirm the
fact that A2 receptor agonists play minor role in an-
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ticonvulsive effect of adenosine. Moreover, acces-
sible data do not permit for identification of cellu-
lar mechanisms, by which adenosine analogues
acting via A2 receptor exert their anticonvulsive ef-
fects in individual experiments mentioned above.
As it was noted in the experiments, single, suble-
thal episode of hypoxia-induced convulsions re-
sulted in prolonged, increased susceptibility in
some models of experimental epilepsy.

Adenosine A1 receptor agonist R-PIA, adminis-
tered immediately after episode of hypoxia-indu-
ced convulsions-significantly prevented the occur-
rence of higher susceptibility in PTZ-, BCC- and
NMDA-induced seizures 3 days later. Adenosine
A1 antagonist CPT in combination with R-PIA re-
versed the protective effect of the agonist. A2 re-
ceptor agonist A2 DPMA did not influence the in-
creased susceptibility to seizures in this experi-
ment.

In previous studies concerning the relation be-
tween hypoxic conditions and epileptogenesis, it
was observed that total hypoxia in rats on postnatal
days 5–17 resulted in seizures, which induced
higher susceptibility to convulsions in future. Ad-
ministration of NBQX, AMPA/KA receptor an-
tagonist, protected against the epileptogenic effect
of hypoxia, examined in convulsions induced by
flurothyl. The authors postulated significant role of
AMPA/KA receptor activation in prolonged epilep-
togenic effect of hypoxia in this period of develop-
ment [26]. Increased seizure susceptibility after HS
in convulsions induced by PTZ and NMDA sug-
gests disturbances related to glutamergic transmis-
sion. These disturbances are connected mostly with
higher release of excitatory amino acids, which oc-
curs even after period of hypoxia. It is possible that
protective effect of A1 receptor agonist (R-PIA)
observed in the present experiments may be ex-
plained with limitation of this phenomenon in
post-hypoxic period.

In the present work, behavioral experiments
were complemented with histologic assessment of
the brain. In animals subjected to hypoxia-induced
convulsions histologic examination was performed
with light microscope. Assessment was focused
mostly on the hippocampus, the most sensitive
structure for injury under hypoxic conditions. In in
vitro studies on hippocampal slices, Kawasaki et al.
revealed that convulsions induced by hypoxia are
generated mostly in CA1 region and only at 2.5%
in CA3 [27]. In cited above Jensen’s experimental

model, no morphological indications of neuronal
injury or necrosis of neurons were found in young
rats subjected to hypoxia-induced convulsions [26].
In our experiments, existence of any morphologic
changes, which would confirm neuronal injury in
the course of hypoxia-induced convulsions at adult
mice, was not observed too. This refers only to ne-
crosis of neurons. Investigation in light microscope
does not permit to estimate possible lesions con-
nected with apoptosis. Lack of morphological signs
of brain injury suggests that the increased suscepti-
bility to convulsions in the described model has
functional character.

In conclusion we emphasize that adenosine A1
receptor agonist R-PIA and A2 receptor agonist
DPMA produce protection against convulsions in-
duced by hypoxic conditions by prolongation of
latency time but the effect of DPMA seems to be
not specific for A2 receptor. Furthermore, A1 re-
ceptor agonist R-PIA prevented the increased sei-
zure susceptibility in the selected experimental
models of epilepsy, which was observed in control
animals after short episode of hypoxia-induced
convulsions. These results confirm the important
role of adenosine A1 receptors in counteracting an
acute and chronic epileptogenic effect of hypoxia.
The role of adenosine A2 receptors seems to be of
minor importance.
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