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Abstract 

a2-Adrenoceptors are known to be involved in a variety of physiological functions and pathological conditions, including 
epilepsy and the extent of excitotoxin-induced cell death. In this study we evaluated whether selective a2-adrenergic drugs can 
modulate the release of neurotransmitter amino acids. The effect of the a2-adrenoceptor agonist dexmedetomidine (5/zg/kg, 
s.c.) and the a2-adrenoceptor antagonist atipamezole (0.1 mg/kg and 1 mg/kg, s.c.) on the release of extracellular glutamate, 
aspartate and 7-aminobutyric acid (GABA) was studied with microdialysis in the hippocampus of freely moving rats under basal 
and K+-evoked conditions. Atipamezole (1 mg/kg) decreased K+-evoked glutamate efflux by 30% compared to the control 
group (P < 0.05) but did not affect significantly the effiuxes of aspartate and GABA. Dexmedetomidine and the lower dose of 
atipamezole (0.1 mg/kg) did not significantly alter the evoked overflow of amino acids. The results suggest that a2-adrenergic 
drugs have only modest effects on the K+-stimulated overflow of extracellular neurotransmitter amino acids in rat hippocampus. 
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I.  Introduct ion 

Glutamate,  released into the extracellular fluid as a 
neurotransmitter ,  plays an important  role in central 
nervous system (CNS) functions such as learning and 
memory (McEntee and Crook, 1993). Some glutamate 
release is thought to be regulated by the noradrenergic 
system through a2-adrenoceptors.  Kamisaki and col- 
leagues (Kamisaki et al., 1993) have found that nor- 
adrenaline and the a2-adrenoceptor  agonist, clonidine, 
decreases K+-evoked overflow of glutamate from rat 
spinal cord synaptosomes. This is interesting, because 
glutamate plays a crucial role in epilepsy and neuronal 
damage (Dingledine et al., 1990; Lasley 1991; Meldrum 
1991) and it is considered that 3,-aminobutyric acid 
(G.ABA)-mediated inhibition is diminished in epileptic 
tissue (Lasley, 1991). Additional evidence of excitatory 
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amino acid involvement in epilepsy has come from the 
microdialysis study of animal models of focal epilepsy, 
including intracerebral cobalt (Dodd et al., 1980) and 
kainate application (Wade et al., 1987) as well as in the 
electrically kindled amygdala (Minamoto et al. 1992), 
in which seizure activity is associated with an increased 
release of glutamate. Elevated extracellular concentra- 
tions of aspartate, glutamate and taurine have also 
been found in human epilepsy (During, 1991). 

a2-Adrenoceptors  mediate regulatory control over a 
wide range of physiological, behavioral and endocrine 
functions, and are thought to play a role in conditions 
such as hypertension, anxiety, endogenous depression 
and cognitive functions (Berlan et al., 1992; Ruffolo et 
al., 1993). a2-Adrenoceptors on noradrenergic nerve 
endings and cell bodies participate in autoinhibition of 
the noradrenergic system (Cedarbaum and Aghajanian, 
1977). In addition, a2-adrenoceptors  have been 
demonstrated to be located also in several neurons 
other than noradrenergic neurons. Therefore,  nor- 
adrenaline and a2-adrenergic drugs influence the re- 
lease of many other neurotransmit ters  such as 5-hy- 
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droxytryptamine (5-HT), dopamine and acetylcholine 
(Frankhuyzen and Mulder, 1982; Xu et al., 1993; Beani 
et al., 1986). 

Manipulation of central a2-adrenoceptors can influ- 
ence ischemic neuronal damage as well as the onset 
and severity of experimental seizures in many animal 
models of epilepsy (L6scher and Czuczwar, 1987; 
Gustafson et al., 1990; Shibata et al., 1992). Agonists of 
a2-adrenoceptors, like clonidine, can alleviate and an 
az-adrenoceptor antagonist, like yohimbine, can poten- 
tiate experimental convulsions in rats (Baran et al., 
1985; Tsuda et al., 1990). 

Medetomidine is a potent, highly specific and selec- 
tive a2-adrenoceptor agonist. It is a racemic mixture of 
two enantiomers and it has clearly been shown that the 
pharmacological effects of medetomidine are caused by 
its dextro enantiomer, dexmedetomidine (MacDonald 
et al., 1991; Savola and Virtanen, 1991). In receptor 
binding and isolated organ studies medetomidine has a 
higher intrinsic activity, a higher affinity for az-adre- 
noceptors and a higher relative al/a2-selective ratio 
than other tested a2-adrenoceptor agonists, detomi- 
dine, clonidine, UK 14,304 or xylazine. Medetomidine 
inhibits dose dependently the release of noradrenaline, 
serotonin and dopamine in rat brain (MacDonald et 
al., 1988). Moreover, it does not have affinity or effects 
on any tested receptors other than a2-adrenoceptors 
(Virtanen et al., 1988). Medetomidine has no selectivity 
for Ot2A- or a2B-adrenoceptor subtypes (Uhl6n and 
Wikberg, 1991). 

Atipamezole is relatively novel, highly specific and 
selective az-adrenoceptor antagonist (Scheinin et al., 
1988; Virtanen et al., 1989). In receptor binding studies 
it is reported to have about a 100 times higher affinity 
for a2-adrenoceptors and over 100 times higher 
al/a2-selective ratio than idazoxan or yohimbine. Fur- 
thermore, in studies with isolated organs atipamezole 
is a more potent a2-adrenoceptor antagonist and has 
about 200 times higher relative al/a2-blocking ratio 
than idazoxan (Virtanen et al., 1989). It has almost 
equal affinity for different a2-adrenoceptor subtypes 
(Renouard et al., 1994). Atipamezole also penetrates 
rapidly into brain (Biegon et al., 1992) and causes a 
dose-dependent increase in central noradrenaline and 
serotonin release (Scheinin et al., 1988). 

Recently dexmedetomidine has been found to sup- 
press kainic acid-induced convulsions and hippocampal 
neuronal damage in rats. In contrast, atipamezole 
slightly potentiated kainic acid2induced seizures 
(Halonen et al., Brain Res., in press). We hypothesized 
that a2-adrenergic drugs might affect the seizure 
threshold by modulating the release of neurotransmit- 
ter amino acids. In the present study we evaluated the 
effect of dexmedetomidine and atipamezole on the 
levels of glutamate, aspartate and y-aminobutyric acid 
(GABA) in the extracellular fluid under basal and 

K+-stimulated conditions. K + stimulation was chosen, 
because it is known to produce an increased release of 
glutamate (Paulsen and Fonnum, 1989; Anderson and 
DiMicco, 1992) and epileptiform activity in brain slices 
(Traynelis and Dingledine, 1988). Hippocampal micro- 
dialysis in freely moving rats was used and the amino 
acids were measured by reverse-phase high perform- 
ance liquid chromatography (HPLC) with fluorescence 
detection. 

2. Materials and methods 

2.1. Animals 

Male Han-Wistar rats (weighting 280-375 g) were 
used. The animals were kept under regular lighting 
conditions (12-h light/dark cycle) and given food and 
water ad libitum. All experiments were approved by 
the local ethics committee. 

2.2. Drugs 

Atipamezole (code MPV-1248, 4-[2-ethyl-2,3-dihy- 
dro-lH-inden-2-yl]-lH-imidazole) hydrochloride and 
dexmedetomidine (d-4-[1-(2,3-dimethylphenyl)ethyl]- 
1H-imidazole) hydrochloride were synthetized by 
Orion-Farmos, Finland. All other reagents and stan- 
dards of the highest quality were obtained from stan- 
dard commercial sources. Atipamezole (0.1 mg/kg and 
1 mg/kg) and dexmedetomidine (5 /zg/kg) were dis- 
solved in 0.9% saline and injected s.c. in a volume of 
0.5 ml/kg. Control rats received 0.9% saline in a 
volume of 0.5 ml/kg. 

2.3. Experimental procedures 

Rats were anesthetized with i.p. injection of equi- 
thesin (60 mg/kg pentobarbital, 100 mg/kg chloral 
hydrate) and positioned in a stereotaxic frame 
(Narischige) with bregma and lambda at the same 
height. A microdialysis guide  cannula (CMA/10, 
Carnegie Medicin Ab, Sweden) was implanted into the 
left hippocampus (5.8 mm posterior, 5.5 mm lateral, 4.5 
mm ventral to the bregma) according to the atlas of 
Paxinos and Watson (1986). The guide cannula was 
fixed by using screws and dental acrylic cement. A 
microdialysis probe (CMA/10, Carnegie Medicin Ab, 
Sweden, membrane 3 mm, outer diameter 0.5 mm, 
molecular cut-off 20000 daltons) was inserted slowly 
into the guide cannula after the surgery. The animal 
was allowed to recover overnight. 

All microdialysis experiments were performed in 
awake, freely moving animals. The animal was placed 
in a plexiglas cage and the probe was connected to the 
microdialysis system (CMA/100 Microinfusion Pump 
and C M A / l l 0  Liquid Switch, Carnegie Medicin, Swe- 
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den). Perfusion (2 /~l/min) was started with a Ringer 
solution containing 147 mM NaCI, 4 mM KCI and 2.3 
mM CaCI 2 (pH 6). For K ÷ stimulation (20 min) the 
medium was changed to a second solution containing 
51 mM NaCI, 100 mM KC1 and 2.3 mM CaC12. Sam- 
ples were collected at 20-min intervals, starting 60 min 
after the beginning of the microdialysis. After three 
basal samples, the experimental drug or saline was 
administered s.c. to the rat. K ÷ stimulation was started 
20 rain later. In a separate experiment, the Ca 2+ 
sensitivity of K÷-induced amino acid release was tested 
by replacing CaC12 with 20 mM MgC12. 

Motor seizure activity of the rats was rated during 
the stimulation according to the 5-stage behavioural 
scale of Racine (1972). (1) Mouth and facial clonic 
movements. (2) Head nodding. (3) Forelimb clonus. (4) 
Rearing. (5) Rearing and falling. 

2.4. Histological analysis" of the location of the probe 

After each experiment, the probe was removed and 
the anesthetized animal was killed by decapitation. 
The brain was removed from the skull and fixed in 4% 
formalin in 0.1 M phosphate buffer, pH 7.4. The brain 
was sectioned on a vibratome at 50 /xm and stained 
with thionin. The location of the probe was verified 
microscopically. 

2.5. Preparation of microdialysate samples 

Fig. 1. Representative probe placement in the ventral hippocampus; 
50 p,m coronal sections stained with thionin. 

one microdialysis sample lasted 40 min. The limit of 
detection for amino acids was 30 fmol. In vitro recov- 
ery of the probes for GABA was 16%, for glutamate 
17% and for aspartate 14%. 

The derivatization stock reagent was prepared by 
dissolving 10 p.g o-phthalaldehyde in 800/zl methanol, 
followed by 10/xl 3-mercaptopropionic acid and 100 txl 
1 M potassium borate buffer (pH 10.4). The working 
solution was prepared by dissolving 150/zl stock solu- 
tion with the double volume of 1 M potassium borate 
buffer (pH 10.4). Precolumn derivatization was accom- 
plished by mixing 15 /zl dialysate sample and 8 /xl 
working solution 4 min prior to its injection to the 
column. 

2. 7. Statistical analysis 

Data are reported as fmol/min +_ S.E.M. and as 
percentages of basal values (% + S.E.M.). The statisti- 
cal significance of the results was tested by Mann- 
Whitney U-test. A level of P < 0.05 was considered 
critical for assigning statistically significant differences. 

3. Results 

2.6. GABA, glutamate and aspartate assay 

GABA, glutamate and aspartate were measured by 
reverse-phase HPLC using a precolumn o-phthalalde- 
hyde derivatization method. Briefly, separation was 
achieved on a Nova-Pak C18 (3.9 x 150 mm, 4/xm, 60 
A, part No. 37520) column with detection by a Merck 
Hitachi F1000 Fluorescence Spectrophotometer (ex. 
330 nm/em. 450 nm). The mobile phase A was 0.10 M 
Na2HPO 4 (pH 6.4) and 10% methanol (v/v), and B 
was 62.5% methanol at a rate 1.2 ml/min. Linear 
gradient conditions were: 100% A/0% B for 3 min, 
0% B--*48% B in 17 min, 48% B for 2 min, 48% 
B ~ 1 0 0 %  B in 3 min, 100% B for 3 min, 100% 
B ~ 100% A in 3 min, 100% A for 5 min. Analysis of 

3.1. Basal and depolarization-evoked releases of amino 
acids 

The proper placement of the probes in the ventral 
hippocampus between CA1 pyramidal cells and stra- 
tum lacunosum moleculare was verified in every animal 
by histological assessment (Fig. 1). The baseline con- 
centrations of glutamate in the dialysate varied be- 
tween animals and in some animals the baseline de- 
creased without reaching a steady state level. Animals 
displaying unusually high basal levels or inconsistent 
baseline levels were excluded from this study. 

60 min after the start of microdialysis with standard 
Ringer, the basal release of extracellular amino acids 
was constant. The basal values (mean fmol/min + 
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S.E.M.; n = 24) were as follows: glutamate, 1246 + 116; 
aspartate, 218 + 30; and GABA, 62 + 6. Stimulation 
with 100 mM KCI increased glutamate release by 191%, 
aspartate by 241% and GABA by 2349% above their 
control values. Fig. 2 shows the effect of the high K ÷ 
stimulation on the dialysate levels of aspartate, gluta- 
mate and GABA in the control and drug treated 
groups. 

3.2. Effects of adrenergie agents 

The a2-adrenoceptor agonist, dexmedetomidine, and 
the az-adrenoceptor antagonist, atipamezole, did not 
affect the basal levels of amino acids in the dialysate 
(Fig. 2A,C,E). Dexmedetomidine (5 /xg/kg), atipame- 
zole (0.1 mg/kg or 1 mg/kg) or saline was injected 
subcutanously 20 min before the K + stimulation, and 
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Fig. 2. Effect of saline (El), dexmedetomidine (5 p ,g /kg)(O) ,  atipamezole (0.1 mg/kg)(zx)  and atipamezole (1 mg/kg) (~) on the basal and 
K+-evoked extracellular concentrations of glutamate, aspartate and GABA in dialysate collected by microdialysis from the rat ventral 
hippocampus. Time course of changes in extracellular levels of glutamate (A), aspartate (C) and GABA (E). High K + (100 mM) was perfused 
between 150 rain and 170 min (horizontal bar). The arrow indicates when the drug was injected into the rat. All values are expressed as 
percentages of the basal levels (mean + S.E.M., n = 5-8). The concentrations of extracellular glutamate (B), aspartate (D) and GABA (F) in the 
rat hippocampus during KCI (100 mM) stimulation in controls, dexmedetomidine (DEX)- and atipamezole (AT1)-treated animals. The 
KCl-indueed increase of amino acid overflow is expressed as a percentage of the respective basal values (means _+_ S.E.M., n = 5-8). * P < 0.05 

(Mann-Whitney U-test). 
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MgCI2, which is often used to block Ca 2+ channels. 
Perfusion with CaE+-free Ringer with 20 mM MgCi 2 
had no significant effect on the basal outflow of amino 
acids but inhibited the K+-evoked release. The K +- 
evoked release of glutamate, aspartate and GABA was 
suppressed by 31% (P  < 0.05), 44% (P  < 0.05) and 
73% (P  < 0.05) during the stimulation, respectively. 

3.4. Motor seizure activity during microdialysis 
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Control rats and dexmedetomidine-treated rats did 
not exhibit motor seizure activity. In contrasts one out 
of eight rats treated with the lower dose of atipamezole 
(0.1 mg/kg)  had facial clonic movements and head 
nodding during the stimulation and two out of seven 
with the higher dose of atipamezole (1 mg/kg)  had 
head nodding and forelimb clonus (mean seizure score 
+ S.E.M.: 0.25 +_ 0.25 and 0.71 + 0.47, respectively). 
However, there was no significant difference in the 
concentrations of amino acids between controls and 
animals with seizures. 
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Fig. 3. Microdialysis of  rat h ippocampus  showing the Ca z+ depen- 
dency of K+-evoked release of t ransmit ter  amino acids. Perfusion 
was done with (9) and without Ca 2÷ (O). High K ÷ (100 mM) was 
perfused between 130 min and 150 min (horizontal bar). All values 
are expressed as percentages of the basal levels (means :t: S.E.M., 
n= 5). Omitting Ca 2+ and adding 20 mM MgCI 2 to the ringer 
solution significantly (P < 0.05, Mann-Whitney U-test) reduced the 
extracellular levels of neurotransmitter amino acids. 

their effects on basal and evoked overflow of amino 
acids were compared with controls. Atipamezole (1 
mg/kg)  decreased significantly K+-evoked glutamate 
release by 30%, but it had no significant effect on the 
release of aspartate and GABA (Fig. 2B,D,F). 
Dexmedetomidine and the lower dose of atipamezole 
(0.1 mg/kg)  did not alter significantly the evoked over- 
flow of amino acids. 

3.3. Ca 2 +-dependent ovelflow of amino acids (Fig. 3) 

We could not see any significant suppression of 
amino acid release by simply omitting Ca 2+ from the 
perfusion solution during the basal or K+-evoked con- 
ditions. Therefore  we replaced Ca 2+ with 20 mM 

4. Discussion 

In the present study we demonstrated that the ot 2- 
adrenoceptor  agonist, dexmedetomidine (5/~g/kg),  and 
the lower dose of the OtE-adrenoceptor antagonist, ati- 
pamezole (0.1 mg/kg),  do not have any marked effect 
on the extracellular levels of glutamate, aspartate and 
GABA, under basal and K+-stimulated conditions in 
the rat hippocampus. Interestingly, the higher dose of 
atipamezole (1 mg/kg)  decreased the K+-evoked out- 
flow of glutamate. 

The basal concentrations of glutamate, aspartate 
and GABA measured in this study were within the 
range reported in previous studies (Andin6 et al., 1991; 
Minamoto et al., 1992; Lehmann, 1989), although 
methodological factors, such as probe construction, 
perfusion rates and amino acid determination produce 
some differences in the levels of amino acids analyzed 
by different groups. Similar to Morari et al. (1993), we 
found marked differences in the basal concentrations 
of glutamate between animals, whereas basal GABA 
levels were quite similar within the animals. The region 
of probe placement was chosen because the hippocam- 
pus and the CA1 region have a low threshold for 
seizure generation and neuronal damage. In addition 
the hippocampus receives noradrenergic innervation 
from the locus coeruleus (Swanson et ai., 1987). It has 
also been demonstrated that atipamezole rapidly pene- 
trates into the brain and ventral hippocampus (Biegon 
et al., 1992). 

We found in our previous study (Halonen et al., in 
press) that dexmedetomidine suppressed kainic acid- 
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induced convulsions and neurotoxicity. In the dose-re- 
sponse studies of dexmedetomidine (1, 2, 3, 5, 7.5, 10 
/zg/kg, s.c.), the most effective dose was 5 /zg/kg. 
With this dose about 60% of rats were protected from 
ally behavioural convulsions, whereas only 20% of the 
rats were protected when the dose was 1 or 10/~g/kg. 
Anticonvulsant activity has also been reported with 
another a2-adrenoceptor agonist, clonidine (Baran et 
al., 1985). Recently, dexmedetomidine has also been 
reported to improve the neurologic and histologic out- 
come in transient cerebral ischemia in the rat (Hoff- 
man et al., 1991). Moreover, another a2-adrenoceptor 
agonist, clonidine, was found to reduce the K+-evoked 
overflow of glutamate in synaptosomes from the rat 
spinal cord (Kamisaki et al., 1993). This suggests that 
activation of az-adrenoceptors by a2-adrenoceptor ag- 
onists might mediate their anticonvulsant activity partly 
by decreasing glutamate overflow. Nevertheless, 
dexmedetomidine had no effect on the basal or K +- 
stimulated release of glutamate and aspartate, nor 
could we observe any drug-related changes in the out- 
flow of inhibitory transmitter, GABA. Comparison of 
the results between in vivo and in vitro studies is 
difficult due to interrupted neuronal connections in 
cell or slice preparations. However, there are some 
factors which might have influenced our results. First, 
glutamate, aspartate and GABA in the perfusate are 
derived from both the metabolic pool and synaptic 
processes. The perfusion with CaZ+-free solution indi- 
cated that K+-evoked release only partially reflects 
ongoing neuronal activity. Second, perfusion with a 
solution of high K + concentration influences all cells in 
the vicinity of the probe. Therefore, the levels of neu- 
rotransmitter amino acids in the microdialysate reflect 
the changes in the effiux from both neurons and glia 
cells. 

Earlier findings in our laboratory have shown that 
the az-adrenoceptor antagonist, atipamezole (1 mg/kg, 
s.c.), has a proconvulsive effect in a kainic acid model 
of status epilepticus (Halonen et al., in press). The 
dose of 0.1 mg/kg also produced a slightly proconvul- 
sant effect in later studies (Valtonen et al., personal 
findings). Therefore it was thought that atipamezole 
might increase the release of glutamate during stimula- 
tion. However, the lower dose of atipamezole (0.1 
mg/kg) did not influence the release of glutamate. In 
contrast, the higher dose of atipamezole (1 mg/kg) 
suppressed glutamate outflow in the hippocampus but 
did not affect significantly the levels of extracellular 
aspartate and GABA. The exact mechanism by which 
atipamezole decreases glutamate release is not known. 
GABAergic inhibition does not seem to be involved, 
because the extracellular concentration of GABA was 
not elevated compared to controls. 

Noradrenaline exerts a complex action in the rat 
hippocampus, acting at a- and /3-receptors (Segal et 

al., 1991). It has been demonstrated that a2-adreno- 
ceptor antagonists increase the turnover of nor- 
adrenaline and produce a dose-dependent increase of 
noradrenaline release (MacDonald et al., 1988; 
Scheinin et al., 1988). Noradrenaline release is further 
enhanced by stimulation with high levels of K + (KalEn 
et al. 1988). It has been found that noradrenaline has a 
biphasic modulatory action in vitro in the hippocampus 
(Mueller et al., 1981, 1982; Mynlieff and Dunwiddie, 
1988). Low doses of noradrenaline have stimulatory 
and high doses of noradrenaline have inhibitory effects 
on neuronal excitation. Therefore, the greatly in- 
creased release of noradrenaline with the higher dose 
of atipamezole might be able to initiate the expression 
of some inhibitory mechanisms at the target neurons. 
In addition to direct effects of noradrenaline and nor- 
adrenergic drugs on glutamatergic neurons, a2-adren- 
ergic drugs modulate the release of other neurotrans- 
mitters, such as serotonin, dopamine and acetylcholine 
(G6thert et al., 1981; Frankhuyzen and Mulder, 1982; 
Beani et al., 1986; Mongeau et al. 1993; Xu et al., 
1993), which might have indirect effects on the release 
of glutamate in the hippocampus. For these reasons 
the modulation of noradrenaline release by atipame- 
zole might result in complex effects on noradrenergic 
and subsequently on glutamatergic neurotransmission. 

Increased glutamatergic excitation is thought to be 
involved in the initiation or propagation of epileptic 
seizures. However, experimental convulsions do not 
always produce noticeable changes in the extracellular 
levels of glutamate (Lehmann et al., 1985; Millan et al., 
1991) even in the presence glutamate uptake blockade 
(Meldrum, 1992). Similarly, we did not detect any 
changes in extracellular glutamate or aspartate concen- 
trations among the atipamezole-treated rats which had 
mild convulsions during K + stimulation compared to 
seizure-free animals or the control group. It is known 
that glutamate and aspartate have highly effective up- 
take mechanisms which maintain the extracellular lev- 
els of neurotransmitter amino acids below toxic con- 
centrations (Attwell et al., 1991). Thus, it seems that 
the microdialysis procedure might not be sensitive 
enough to detect rapid changes in synaptosomal neuro- 
transmitter release. 

In conclusion, this study showed that az-adrenergic 
drugs have only modest effects on the levels of extra- 
cellular neurotransmitter amino acids under basal and 
K+-stimulated conditions in rat hippocampus. 

Acknowledgements 

We wish to thank Hannele Lahtinen, Ph.D., for her 
valuable advice about the microdialysis method, Sirja 
Ruotsalainen, B. Pharm., for helping in animal experi- 
ments and Ewen MacDonald, D. Pharm., for revising 



P. Valtonen et al. / European Journal of Pharmacology 285 (1995) 239-246 245 

the English language of the manuscript. The skilful 
technical assistance of Ms. Raija Pitk~inen is greatly 
appreciated. 

References 

Anderson, J.J. and J.A. DiMicco, 1992, The use of microdialysis for 
studying the regional effects of pharmacological manipulation on 
extracellular levels of amino acids - Some methodological as- 
pects, Life Sci. 51,623. 

Andin6, P., O. Orwar, I. Jacobsen, M. Sandberg and H. Hagberg, 
1991, Changes in extracellular amino acids and spontaneous 
neuronal activity during ischemia and extended reflow in the CA1 
of the rat hippocampus, J. Neurochem. 57, 222. 

Attwell, D., M. Sarantis, M. Szatkowski, B. Barbour and H. Brew, 
1991, Patch-clamp studies of electrogenic glutamate uptake: ionic 
dependence, modulation and failure in anoxia, in: Excitatory 
Amino Acids and Synaptic Transmission, eds. H.V. Wheal and 
A.M. Thomson (Academic Press, London) p. 223. 

Baran, H., G. Sperk, H. H6rtnagl, G. Sapetschnig and O. 
Hornykiewich, 1985, a2-Adrenoceptors modulate kainic acid-in- 
duced limbic seizures, Eur. J. Pharmacol. 113, 263. 

Beani, L., S. Tanganelli, T. Antonelli and C. Bianchi, 1986, Nor- 
adrenergic modulation of cortical acetylcholine release is both 
direct and y-aminobutyric acid-mediated, J. Pharmacol. Exp. 
Ther. 236, 230. 

Berlan, M., J.-L. Montastruc and M. Lafontan, 1992, Pharmacologi- 
cal prospects for a2-adrenoceptor antagonist therapy, Trends 
Pharmacol. Sci. 13, 277. 

Biegon, A., C.A. Mathis and T.F. Budinger, 1992, Quantitative in 
vitro and ex vivo autoradiography of the a2-adrenoceptor antago- 
nist [3H]atipamezole, Eur. J. Pharmacol. 224, 27. 

Cedarbaum, J.M. and G.K. Aghajanian, 1977, Catecholamine recep- 
tors on locus coeruleus neurons: pharmacological characteriza- 
tion, Eur. J. Pharmacol. 44, 375. 

Dingledine, R., C.J. McBain and J.O. McNamara, 1990, Excitatory 
amino acid receptors in epilepsy, Trends Pharmacol. Sci. 11,334. 

Dodd, P.R., H.F. Bradford, A.S. Abdul-Ghani, D.W.G. Cox and J. 
Continho-Netto, 1980, Release of amino acids from chronic 
epileptic and subepileptic foci in vivo, Brain Res. 193, 505. 

During, M.J., 1991, In vivo neurochemistry of conscious human 
brain: intrahippocampal microdialysis in epilepsy, in: Microdialy- 
sis in the Neurosciences, eds. T.E. Robinson and J.B. Justice, Jr. 
(Elsevier, Amsterdam) p. 425. 

Frankhuyzen, A.L. and A.H. Mulder, 1982, Pharmacological charac- 
terization of presynaptic a-adrenoceptors modulating [3H]nor- 
adrenaline and [3H]5-hydroxytryptamine release from slices of 
hippocampus of the rat, Eur. J. Pharmacol. 81, 97. 

Gustafson, I., E. Westerberg and T. Wieloch, 1990, Protection against 
ischemia-induced neuronal damage by the ota-adrenoceptor an- 
tagonist idazoxan: influence of time of administration and possi- 
ble mechanisms of action, J. Cereb. Blood Flow Metab. 10, 885. 

G6thert, M., H. Huth and E. Schlicker, 1981, Characterization of the 
receptor subtype involved in alpha-adrenoceptor-mediated modu- 
lation of serotonin release from rat brain cortex slices, Naunyn- 
Schmied. Arch. Pharmacol. 317, 199. 

Hoffman, W.E., E. Kochs, C. Werner, C. Thomas and R.F. Albrecht, 
1991, Dexmcdetomidine improves neurologic outcome from in- 
complete ischemia in the rat, Anesthesiology 75, 328. 

Kal&l, P., M. Kokaia, O. Lindvall and A. Bj6rklund, 1988, Basic 
characteristics of noradrenaline release in the hippocampus of 
intact and 6-hydroxydopamine-lesioned rats as studied by in vivo 
microdialysis, Brain Res. 474, 374. 

Kamisaki, Y., T. Hamada, K. Maeda, M. Ishimura and T. Itoh, 1993, 
Presynaptic a~ adrenoceptors inhibit glutamate release from rat 
spinal cord synaptosomes, J. Neurochem. 60, 522. 

Lasley, S.M., 1991, Roles of neurotransmitter amino acids in seizure 
severity and experience in the genetically epilepsy-prone rat, 
Brain Res. 560, 63. 

Lehmann, A., 1989, Abnormalities in the levels of extracellular and 
tissue amino acids in the brain of the seizure-susceptible rat, 
Epilepsy Res. 3, 130. 

Lehmann, A., H. Hagberg, I. Jacobson and A. Hamberger, 1985, 
Effect of status epilepticus on extracellular amino acids in the 
hippocampus, Brain Res. 359, 147. 

L6scher, W. and S.J. Czuczwar, 1987, Comparison o1 drugs with 
different selectivity for central a l- and a2-aderenoceptors in 
animal models of epilepsy, Epilepsy Res. 1, 165. 

MacDonald, E., H. Scheinin and M. Scheinin, 1988, Behavioural and 
neurochemical effects of medetomidine, a novel veterinary seda- 
tive, Eur. J. Pharmacol. 158, 119. 

MacDonald, E., M. Scheinin, H. Scheinin and R. Virtanen, 1991, 
Comparison of the behavioral and neurochemical effects of the 
two optical enantimers of medetomidine, a selective alpha-2- 
adrenoceptor agonist, J. Pharmacol. Exp. Ther. 259, 848. 

McEntee, W.J. and T.H. Crook, 1993, Glutamate: its role in learn- 
ing, memory, and the aging brain, Psychopharmacology l l 1,391. 

Meldrum, B.S., 1991, Excitatory amino acid transmitters in epilepsy, 
Epilepsia 32 (Suppl. 2), $1. 

Meldrum, B.S., 1992, Excitotoxins, limbic pathology and excitatory 
amino acid antagonists, in: The Temporal Lobes and Limbic 
System, eds. M.R. Trimble and T.G. Bolwig (Wrightson Biomedi- 
cal Publishing LTD, Petersfield) p. 61. 

Millan, M.H., T.P. Obrenovitch, G.S. Sarna, S.Y. Lok, L. Symon and 
B.S. Meldrum, 1991, Changes in rat brain extracellular glutamate 
concentration during seizures induced by systemic picrotoxin or 
focal bicuculline injection: an in vivo dialysis study with on-line 
enzymatic detection, Epilepsy Res. 9, 86. 

Minamoto, Y., T. Itano, M. Tokuda, H. Matsui, N.A..Janjua, K. 
Hosokawa, Y. Okada, T.H. Murakami, T. Negi and O. Hatase, 
1992, In vivo microdialysis of amino acid neurotransmitters in the 
hippocampus in amygdaloid kindled rat, Brain Res. 573, 345. 

Mongeau, R., P. Blier and C. De Montigny, 1993, In vivo electro- 
physiological evidence for tonic activation by endogenous nor- 
adrenaline of av-adrenoceptors on 5-hydroxytryptamine termi- 
nals in the rat hippocampus, Naunyn-Schmied. Arch. Pharmacol. 
347, 266. 

Morari, M., W.T. O'Connor, U. Ungerstedt and K. Fuxe, 1993, 
N-Methyl-D-aspartic acid differentially regulates extracellular 
dopamine, GABA, and glutamate levels in the dorsolateral neo- 
striatum of the halothane-anesthetized rat: an in vivo microdialy- 
sis study, J. Neurochem. 60, 1884. 

Mueller, A.L., B.J. Hoffer and T.V. Dunwiddie, 1981, Noradrenergic 
responses in rat hippocampus: Evidence for meditation by a and 
/3 receptors in the in vitro slice, Brain Res. 214, l l3.  

Mueller, A.L., M.R. Palmer, B.J. Hoffer and T.V. Dunwiddie, 1982, 
Hippocampal noradrenergic responses in vivo and in vitro. Char- 
acterization of alpha and beta components, Naunyn-Schmied. 
Arch. Pharmacol. 318, 259. 

Mynlieff, M. and T.V. Dunwiddie, 1988, Noradrenergic depression 
of synaptic responses in hippocampus of rat: Evidence for media- 
tion by alphal-receptors, Neuropharmacology 27, 391. 

Paulsen, R.E. and F. Fonnum, 1989, Role of glial cells for the basal 
and Ca2+-dependent K+-ew~ked release of transmitter amino 
acids investigated by microdialysis, J. Neurochem. 52, 1823. 

Paxinos, G. and C. Watson, 1986, The Rat Brain in Stereotaxic 
Coordinates (Academic Press, New York). 

Racine, R.J., 1972, Modification of seizure activity by electrical 
stimulation: II. Motor seizure, Electroenceph. Clin. Neurophys- 
iol. 32, 281. 



246 P. Valtonen et al. / European Journal of Pharmacology 285 (1995) 239-246 

Renouard, A., P.S. Widdowson and M.J. Millan, 1994, Multiple 
alpha-2 adrenergic receptor subtypes. I. Comparison of 
[3H]RX821002-1abelled rat R alpha-2A adrenergic receptors in 
cerebral cortex to human H alpha-2A adrenergic receptor and 
other populations of alpha-2 adrenergic subtypes, J. Pharmacol. 
Exp. Ther. 270, 946. 

Ruffolo, Jr., R.R., A.J. Nichols, J.M. Stadel and J.P. Hieble, 1993, 
Pharmacologic and therapeutic applications of a2-adrenoceptor 
subtypes, Annu. Rev. Pharmacol. Toxicol. 32, 243. 

Savola, J.-M. and R. Virtanen, 1991, Central a2-adrenoceptors are 
highly stereoselective for dexmedetomidine, the dextro enan- 
tiomer of medetomidine, Eur. J. Pharmacol. 195, 193. 

Scheinin, H., E. MacDonald and M. Scheinin, 1988, Behavioural and 
neurochemical effects of atipamezole, a novel ct2-adrenoceptor 
antagonist, Eur. J. Pharmacol. 151, 35. 

Segal, M., H. Markram and G. Richter-Levin, 1991, Actions of 
norepinephrine in the rat hippocampus, in: Progress in Brain 
Research, Vol. 88, eds. C.D. Barnes and O. Pompeiano (Elsevier, 
Amsterdam) p. 323. 

Shibata, S., K. Kodama, K. Tominaga, S. Ueki and S. Watanabe, 
1992, Assessment of the role of adrenoceptor function in is- 
chemia-induced impairment of 2-deoxyglucose uptake and CA1 
field potential in rat hippocampal slices, Eur. J. Pharmacol. 221, 
255. 

Swanson, L.W., C. K6hler and A. Bj6rklund, 1987, The limbic 
region. The septohippocampal system, in: Handbook of Chemical 
Neuroanatomy, Vol. 5: Integrated Systems of the CNS, part I, 

eds. A. Bjfrklund, T. H6kfelt and LW. Swanson (Elsevier, Ams- 
terdam) p. 165. 

Traynelis, S.F. and R. Dingledine, 1988, Potassium-induced sponta- 
neous electrograpbic seizures in the rat hippocampus slice, J. 
Neurophysiol. 59, 259. 

Tsuda, H., M. Ito, K. Oguro, K. Mutoh, H. Shiraishi, Y. Shirasaka 
and H. Mikawa, 1990, Involvement of the noradrenergic system 
in the seizures of epileptic El mice, Eur. J. Pharmacol. 176, 321. 

Uhlgn, S. and J.E. Wikberg, 1991, Delineation of rat kidney alpha 
2A- and alpha 2B-adrenoceptors with [3H]RX821002 radioligand 
binding: computer modelling reveals that guanfacine is a alpha 
2A-selective compound, Eur. J. Pharmacol. 202, 235. 

Virtanen, R., J.-M. Savola, V. Saano and L. Nyman, 1988, Character- 
ization of selectivity, specificity and potency of medetomidine as 
an a2-adrenoceptor agonist, Eur. J. Pharmacol. 150, 9. 

Virtanen, R., J.-M. Savola and V. Saano, 1989, Highly selective and 
specific antagonism of central and peripheral a2-adrenoceptors 
by atipamezole, Arch. Int. Pharmacodyn. 279, 190. 

Wade, J.V., F.E. Samson, S.R. Nelson and T.L. Pazdernik, 1987, 
Changes in extracellular amino acids during soman- and kainic 
acid-induced seizures, J. Neurochem. 49, 645. 

Xu, K., L. N~iveri, K.U. Frerichs, J.M. Hallenbeck, G. Feuerstein, 
J.N. Davis and A.-L. Sirgn, 1993, Extracellular catecholamine 
levels in rat hippocampus after a selective alpha-2 adrenoceptor 
antagonist or a selective dopamine uptake inhibitor: evidence for 
dopamine release from local dopaminergic nerve terminals, J. 
Pharmacol. Exp. Ther. 267, 211. 


