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Abstract

Effects of ethanol on the accumbal extracellular concentrations of dopamine, as well as of the amino acid transmitters g-amino butyric

acid (GABA), glutamate and taurine, were studied in the alcohol-insensitive (alcohol-tolerant, AT) and alcohol-sensitive (alcohol-nontolerant,

ANT) rats selected for low and high sensitivity to ethanol-induced motor impairment. Ethanol (2 or 3 g/kg ip) enhanced the output of

dopamine and its metabolites in freely moving rats of both lines as measured by in vivo microdialysis. The effect of ethanol on the

metabolites of dopamine tended to be stronger in the ANT rats. The smaller dose of ethanol decreased the output of GABA only in the AT

rats, whereas the larger dose of ethanol decreased the output of GABA in rats of both lines to a similar degree. Ethanol at the dose of 2 g/kg

slightly, but statistically, significantly decreased the output of glutamate in rats of both lines, but the larger dose of ethanol decreased the

output of glutamate only in the AT rats. Ethanol at the dose of 2 g/kg induced a small transient increase in the output of taurine within 2 h

after its administration in rats of both lines, but the larger dose of ethanol was without significant effect. These results confirm the previous

findings that ethanol suppresses the release of GABA more in the AT than ANT rats. Thus, among the neurotransmitter systems we studied,

the effects of ethanol might be the most relevant on GABAergic transmission regarding the sensitivity towards ethanol. However, our

findings suggest that glutamate is also involved in this respect.
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1. Introduction

It is evident that the inhibitory and excitatory amino acid

neurotransmitters and their receptors are involved in beha-

vioural effects of ethanol. For instance, antagonists of

inhibitory GABAA receptors such as picrotoxin and bicucul-

line have been shown to enhance the stimulatory effects of

ethanol and to antagonize motor impairing effects of ethanol

(Frye and Breese, 1982; Liljequist and Engel, 1982; Martz

et al., 1983). At biochemical level, ethanol has been shown

to enhance the functional responsiveness of the GABAA

receptors and to decrease that of the N-methyl-D-aspartate

(NMDA) type of excitatory glutamate receptors (Harris and

Allan, 1989; Lovinger, 1996; Lovinger et al., 1989; Mihic et

al., 1997). Acute administration of ethanol has also been

shown to decrease the output of glutamate in the hippocam-

pus (Shimizu et al., 1998) and nucleus accumbens (Dah-

chour et al., 2000; Moghaddam and Bolinao, 1994; Yan et

al., 1998) of rat brain. Moreover, ethanol has been shown to

attenuate increased glutamate output during withdrawal

from chronic ethanol administration (Dahchour and De

Witte, 2000; Rossetti and Carboni, 1995). Thus, decrease

in the output of glutamate might contribute to the depressant

effects of ethanol.

Rodents belonging to lines differing in their sensitivity

to ethanol can be used as a model to study of the

mechanisms of action of ethanol. Alcohol tolerant (AT)

and alcohol nontolerant (ANT) lines have been selected for

their low and high sensitivity to the motor impairing effects

of ethanol (2 g/kg ip), respectively (Eriksson, 1990; Eriks-

son and Rusi, 1981). This selection appears to be relatively
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specific for motor impairing effects of ethanol, since rats of

these lines do not differ significantly in respect of hypo-

thermic and hypnotic effects of ethanol. AT rats are rather

similar to nonselected heterogeneous rats and serve as

alcohol-insensitive controls for the alcohol-sensitive ANT

rats. ANT rats also show enhanced sensitivity to benzodia-

zepine agonists and sodium barbital, which suggests a role

for GABAA receptors in ethanol sensitivity (Hellevuo et al.,

1987; Wong et al., 1996). Indeed, a point mutation in the

cerebellar GABAA receptor a6-subunit was discovered in

ANT rats (Korpi et al., 1993). This mutation alone, how-

ever, cannot explain the enhanced sensitivity of the ANT

rats to ethanol. It has also been found that the basal tissue

concentration of GABA in the striatum is higher in the

ANT than in the AT rats and ethanol suppresses the

turnover of GABA more in the cerebral cortex and cere-

bellum of AT rats than in those of ANT rats (Hellevuo and

Kiianmaa, 1989). Thus, the regulation of GABAergic

neurons in the brain of AT rats appears to be more sensitive

to the effects of ethanol than that of ANT rats. In contrast,

ethanol was found to increase the utilization of limbic

dopamine more in the ANT than in the AT rats (Hellevuo

et al., 1990). Concerning glutamatergic transmission, the

ANT rats were shown to be more sensitive to the beha-

vioural effects of an NMDA receptor antagonist than the

AT rats (Toropainen et al., 1997; Vekovischeva et al.,

2000).

The purpose of this study was to further explore the

effects of ethanol on dopamine and GABA in the nucleus

accumbens of AT and ANT rats by means of in vivo

microdialysis. Nucleus accumbens is a highly important

part of the limbic forebrain, which is thought to integrate

limbic reward information with motor output. Furthermore,

previously it was found that the differences in dopamine

turnover between the AT and ANT rats were most prominent

in the limbic forebrain among four brain areas studied

(Hellevuo et al., 1990). Also, the ethanol-induced differ-

ences in GABA turnover between the rat lines were pro-

nounced in this brain area (Hellevuo and Kiianmaa, 1989).

For comparison, we also measured the concentrations of

glutamate and taurine. Intermediate doses of 2 and 3 g/kg of

ethanol were used. A total of 2 g/kg of ethanol impairs the

motor performance in the tilting plane only in ANT rats and,

in fact, this test was used as a selection criterion in the

selection of the rat lines (Eriksson and Rusi, 1981). A total

of 3 g/kg of ethanol, however, impairs the motor perform-

ance in both rat lines (Hellevuo et al., 1989; Hellevuo and

Korpi, 1988).

2. Materials and methods

2.1. Animals

The adult male ANT and AT rats weighing 250–320 g

were used in the experiments. Before surgery, the rats were

housed in groups of four to five rats of each line per cage

under 12/12-h light/dark cycle (lights on at 6 a.m.) at an

ambient temperature of 22–23 �C. Tap water and standard

laboratory food were available ad libitum. The animal

experiments were approved by the local institutional animal

care and use committee and the chief veterinarian of the

county administrative board, and were conducted according

to the ‘‘European Convention for the Protection of Verte-

brate Animals used for Experimental and other Scientific

Purposes.’’ All animals were naive to ethanol before experi-

ments.

2.2. Surgery

The rats were implanted with guide cannulae (BAS

MD-2250, Bioanalytical Systems, IN, USA) under halo-

thane anaesthesia (3.5% during induction for 5 min and

then 2.5–1% during surgery). The placement of guide

cannulae was calculated relative to bregma and was aimed

at the point above the nucleus accumbens (NAC; A/

P= + 1.7, L/M= 1.4, D/V= 6.8) according to the atlas by

Paxinos and Watson (1986). The cannula was fastened to

the skull with dental cement (Aqualox, Voco, Germany)

and three stainless steel screws. After the surgery, the rats

were placed into individual test cages (30� 30� 40 cm)

and allowed to recover at least for 4 days before the

experiment. The rats were weighed and handled for at least

2 days before the beginning of the microdialysis experi-

ments.

2.3. Microdialysis

In the evening of the day preceding the microdialysis

experiments, a used microdialysis probe (dummy probe)

was inserted into the guide cannula and left there overnight

without dialysis. Dummy probes were used because in

preliminary experiments we found that the levels of glu-

tamate did not stabilize when the probe was inserted for the

first time. Concerning striatal dopamine, it has been shown

previously that the puncture of the striatal tissue before the

insertion of the microdialysis probes facilitates early sam-

pling and improves the impulse-flow sensitivity of dopa-

mine release (Devine et al., 1993). In the next morning, the

dummy probe was removed and replaced by the actual

microdialysis probe (BAS, MD-2200, 2-mm membrane).

Modified Ringer solution (147 mM NaCl, 1.2 mM CaCl2,

2.7 mM KCl, 1.0 mM MgCl2 and 0.04 mM ascorbic acid)

was infused through the probe at a flow rate of 2 ml/min. The

collection of microdialysis samples (every 30 min, 60 ml/
sample) was started 2.5–3 h after the probe insertion. The

samples were discarded until a stable baseline was achieved;

the average concentration of the first three to four stable

samples was used as basal level. Thereafter, the rats were

intraperitoneally administered saline or ethanol (2 or 3 g/kg

ip, in 20% w/v saline) and the samples were collected for

the next 4 h.
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Fig. 1. The placements of the probes implanted in the nucleus accumbens of AT and ANT rats. For clarity, the diameters of the probes are reduced (actual OD:

0.32 mm). The locations are drawn to the nearest corresponding slice. The figure is modified from the atlas of Paxinos and Watson (1986). AccC, nucleus

accumbens core; AccSh, nucleus accumbens shell; CPU, caudate–putamen.
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2.4. Determination of dopamine, DOPAC and HVA

Dopamine, DOPAC and HVA were analyzed from a

fraction of the collected sample with HPLC immediately

after collection. The system used for determination of the

extracellular concentrations of DA, DOPAC and HVA

consisted of an ESA Coulochem II detector (ESA, MA,

USA) equipped with a model 5014A microdialysis cell, a

Pharmacia LKB model 2248 HPLC pump (Pharmacia LKB,

Sweden) and a SSI model LP-21 pulse damper (Scientific

Systems, PA, USA). The column (Spherisorb ODS2, 3 mm,

4.6� 100 mm) was kept at 40 �C with a column heater

(model CROCO CIL, Cluzeau Info-Labo, France). The

mobile phase used consisted of 0.1 M NaH2PO4 buffer,

pH 4.0 (adjusted with 1.0 mM citric acid), 0.8–1.2 mM

octane sulfonic acid, 16% methanol and 1.2 mM EDTA.

The flow rate of the mobile phase was set at 1.0 ml/min.

Thirty microliters of the dialysate sample was injected with

a CMA/200 autoinjector (CMA, Stockholm, Sweden). Dop-

amine was reduced with an amperometric detector (poten-

tial � 80 mV) and DOPAC and HVA were oxidized with a

coulometric detector ( + 300 mV). Chromatograms were

processed with a Hitachi D-2000 chromato-integrator.

2.5. Determination of glutamate and taurine

Glutamate and taurine were analyzed from a fraction of

the microdialysates as described previously (Piepponen and

Skujins, 2001). The HPLC system consisted of a solvent

delivery pump (Pharmacia LKB Gradient pump 2249, con-

nected to Pharmacia Biotech low pressure mixer, Pharmacia

Biotech, Sweden), a refrigerated microsampler (Model

CMA/200, CMA/Microdialysis, Stockholm, Sweden), an

analytical column (Micra NPS ODS-II, 100� 4.6 mm, 3

mm particle size, Micra Scientific, IL, USA) protected by a

0.5-mm inlet filter and thermostated by a column heater

(model CROCO CIL, Cluzeau Info-Labo, France), and a

fluorescence detector (model CMA/280, CMA/Microdialy-

sis). Automated sample derivatization was carried out using

a CMA/200 refrigerated autosampler at 4 �C. Five micro-

liters of a striatal microdialysis sample was diluted with 10 ml
1.5 mM b-alanine (internal standard) in Ringer solution. The
autosampler was programmed to add 6 ml of the derivatizing
reagent [OPA/mercaptoethanol; prepared daily by mixing 1

ml OPA borate buffer solution (OPA incomplete, Sigma,

MO, USA) with 3 ml 2-mercaptoethanol solution (Sigma)] to

the sample, to mix two times and to inject 20 ml onto the

column after a reaction time of 1 min. The mobile phase A

[0.05 M disodiumhydrogen phosphate, pH 6.1 (adjusted with

85% phosphoric acid), acetonitrile 0.5% (v/v), tetrahydro-

furan 1% (v/v)] was pumped at a flow rate of 1 ml/min,

column temperature was maintained at 37 �C. The external

low pressure mixer was programmed to switch to the mobile

phase C [acetonitrile 70% (v/v), tetrahydrofuran 1% (v/v),

water 29%] after 3 min of the beginning of the run and to

switch back to the mobile phase A after 2 min (washout-

step). The detector gain was set to 10 times signal amplifica-

tion. The chromatograms were recorded on an integrator

(model C-R 4A Chromatopac, Shimadzu, Kyoto, Japan).

2.6. Determination of GABA

GABA was analyzed similarly as glutamate and taurine

in exception that 15 ml of undiluted microdialysate (without

internal standard) was derivatized, mobile phase B [0.05 M

disodiumhydrogen phosphate, pH 4.8 (adjusted with 85%

phosphoric acid), acetonitrile 7% (v/v), tetrahydrofuran 1%]

was used instead of mobile phase A and detector gain was

set to 100 times signal amplification.

2.7. Histology

After completion of the experiments, the brains were

removed from the skull and frozen (� 80 �C) until histo-
logical examination. The positions of the probes were

verified by slicing the frozen brain tissue into 80-mm coronal

sections, which were then stained with thionine. The place-

ment of the probes was examined microscopically and was

shown in the Fig. 1.

2.8. Statistical analysis

Statistical analysis was carried out on data normalized to

percentage of the preinjection baseline values for each rat

using two-way analysis of variance (ANOVA) for repeated

measures. Between-factors were the rat line (AT or ANT)

and treatment (saline or ethanol), and within-factor the time

interval where the changes were evident. The basal extrac-

ellular concentrations of estimated compound were com-

pared with Student’s t-test.

3. Results

3.1. Basal accumbal concentrations of dopamine, DOPAC,

HVA, GABA, glutamate and taurine

The basal accumbal concentrations of dopamine,

DOPAC, HVA, GABA, glutamate and taurine in the AT

and ANT rats (not corrected with in vitro recovery) are

Table 1

Basal extracellular concentrations (not corrected for in vitro recovery) of

dopamine, DOPAC, HVA, GABA, glutamate and taurine in the nucleus

accumbens of the AT and ANT rats

Compound AT rats n ANT rats n

Dopamine (pM) 407 ± 65 21 266 ± 51 20

DOPAC (nM) 101 ± 16 21 120 ± 14 20

HVA (nM) 59 ± 8 21 59 ± 6 20

GABA (nM) 57 ± 11 19 46 ± 7 19

Glutamate (mM) 0.97 ± 0.12 20 1.21 ± 0.23 21

Taurine (mM) 4.34 ± 0.43 21 4.77 ± 0.62 21

Given are means ± S.E.
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shown in Table 1. No significant differences were found in

these basal values between the rat lines.

3.2. Effects of ethanol on the output of dopamine, DOPAC

and HVA

Both doses of ethanol (2 and 3 g/kg) slightly but

significantly elevated the extracellular concentration of

dopamine in the nucleus accumbens [treatment effects,

F(1,17) = 4.65, P < .05 and F(1,16) = 5.56, P < .05, respect-

ively (two-way ANOVA); Fig. 2]. The effect of ethanol did

not differ statistically significantly between the rat lines

[Treatment�Rat Line interactions, F(1,17) = 0.17, P>.5 and

F(1,16) = 0.06, P>.5, respectively, for 2 and 3 g/kg of

ethanol]. However, the smaller dose of ethanol appeared

to elevate the output of dopamine somewhat more in the

Fig. 2. Effects of ethanol (2 or 3 g/kg ip) on the extracellular concentrations of dopamine and its metabolites, DOPAC and HVA, in the nucleus accumbens of

AT and ANT rats. Ethanol or saline was given at the time point indicated by the arrow. All results are shown as means ± S.E. (n= 5–6).
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ANT rats than in AT rats during 60–90 min after ethanol

administration. Both doses of ethanol also increased the

output of dopamine metabolites, DOPAC and HVA. The F-

values of treatment effects (1,16–17) varied between 13.91

and 36.43, P-values being less than .01. Again, there were

no significant rat line� treatment interactions [F(1,16–

17) = 0.01–0.41, P>.5]. Still, there was some tendency that

the metabolites of dopamine were increased more in the

ANT than in the AT rats after administration of ethanol

(Fig. 2).

3.3. Effects of ethanol on the output of GABA

The smaller dose of ethanol (2 g/kg) significantly

decreased the output of GABA [treatment effect, F(1,16) =

6.84, P < .05], this effect occurring only in the AT rats

[Treatment�Rat Line interaction, F(1,16) = 4.72, P < .05;

Fig. 3]. The larger dose of ethanol decreased the output of

GABA in rats of both lines [treatment effect, F(1,14) = 8.10,

P < .05] and the decreases were of the same magnitude in

both rat lines [Treatment�Rat Line interaction, F(1,14) =

0.68, P>.5].

3.4. Effects of ethanol on the output of glutamate

The smaller dose of ethanol (2 g/kg) slightly but statist-

ically significantly decreased the output of glutamate [treat-

ment effect, F(1,17) = 6.23, P < .05; Fig. 4]. The effect was

similar in both rat lines (Treatment�Rat Line interaction,

P>.5). However, the larger dose of ethanol decreased the

output of glutamate only in the AT rats [Treatment�Rat

Line interaction, F(1,16) = 8.23, P < .05], whereas the output

of glutamate was not decreased at all in the ANT rats after

administration of 3 g/kg ethanol. Profound decrease in the

output glutamate occurring only in the AT rats brought

about also significant rat line effect [ F(1,16) = 8.83,

P < .01].

3.5. Effects of ethanol on the output of taurine

Ethanol at the dose of 2 g/kg induced a small transient

increase in taurine output, which peaked at 30 min after

Fig. 3. Effects of ethanol (2 or 3 g/kg ip) on the extracellular concentration

of GABA in the nucleus accumbens of AT and ANT rats. Ethanol or saline

was given at the time point indicated by the arrow. All results are shown as

means ± S.E. (n= 4–6).

Fig. 4. Effects of ethanol (2 or 3 g/kg ip) on the extracellular concentration

of glutamate in the nucleus accumbens of AT and ANT rats. Ethanol or

saline was given at the time point indicated by the arrow. All results are

shown as means ± S.E. (n= 5–6).
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ethanol administration (Fig. 5). Two-way ANOVA revealed

a significant treatment effect when the analysis was per-

formed on the time interval 30–120 min after administration

of ethanol [treatment effect, F(1,19) = 4.61, P < .05]. The

effect was similar in both rat lines [Treatment�Rat Line

interaction, F(1,19) = 0.001, P>.5]. However, the larger dose

of ethanol was without significant effect on taurine output

[treatment effect, F(1,16) = 0.51, P>.05].

4. Discussion

In the present experiments, acutely administered ethanol

(2–3 g/kg) elevated the extracellular concentrations of

dopamine and its metabolites, but reduced the levels of

amino acid transmitters, GABA and glutamate, in the

nucleus accumbens of rats of both lines. However, there

were dose-dependent differences in the responses of the

alcohol-insensitive AT and alcohol-sensitive ANT rats to

ethanol. Thus, 2 g/kg of ethanol decreased the output of

GABA more in the AT rats than in the ANT rats, and tended

to enhance the output of dopamine and its metabolites more

in the ANT rats than in the AT rats. In addition, 3 g/kg of

ethanol was found to decrease the efflux of glutamate only

in the AT rats. No significant differences were found in the

basal extracellular concentrations of the neurotransmitters

measured.

The main finding of this study was that ethanol at the

dose (2 g/kg), which induces the most obvious behavioural

differences between the rat lines and which was used in the

selection of the lines, reduced the output of GABA signific-

antly more in the nucleus accumbens of the AT rats than in

that of the ANT rats. This finding complements previous

studies where by using indirect measurements ethanol was

found to decrease the turnover of limbic GABA more in the

AT rats than in the ANT rats (Hellevuo and Kiianmaa,

1989). As an explanation for this difference, Hellevuo and

Kiianmaa (1989) suggested that the AT rats would have

more GABA-autoreceptors than ANT rats and activation of

these autoreceptors after ethanol administration would

reduce the release of GABA. This assumption is supported

by the fact that there are more GABAA binding sites in the

cerebellum of the AT rats than the ANT rats (Malminen and

Korpi, 1988).

Besides motor impairing effects of ethanol, the alcohol-

sensitive ANT rats are also in some other respects more

vulnerable to the effects of ethanol than the AT rats. For

instance, a low dose of alcohol (1 g/kg) produces an

anxiolytic response only in the ANT rats (Tuominen et al.,

1990). In addition, diazepam produced a greater anxiolytic

response in the ANT rats than in the AT rats (Vekovischeva

et al., 2000). ANT rat line has a pharmacologically critical

point mutation in the a6-subunit of their cerebellar GABAA

receptors, which alters these normally diazepam-insensitive

receptors to diazepam-sensitive ones (Korpi et al., 1993).

This subunit is selectively expressed in the cerebellum

(Luddens et al., 1990). Indeed, no other significant bio-

chemical differences in GABAA receptor function have

been detected between the rat lines (Uusi-Oukari and Korpi,

1992). Thus, it was suggested that the enhanced anxiolytic

response of diazepam in the ANT rats as compared to the

AT rats is also mediated by cerebellar mechanisms (Veko-

vischeva et al., 2000). Our results, however, support the

view that there are functional differences in the GABAergic

mechanisms between the rat lines occurring also in other

brain areas besides cerebellum.

Previous studies have shown that ANT rats have higher

concentration of dopamine in the limbic forebrain than AT

rats, but there is no difference in the basal turnover rate of

limbic dopamine between the rat lines (Ahtee et al., 1980;

Hellevuo et al., 1990). However, it appears that ethanol

increases the utilization of cerebral monoamines more in the

ANT than in AT rats and this difference might be involved

in their differential sensitivity to motor impairing effects of

ethanol (Hellevuo et al., 1990). In this study, we found no

statistically significant differences in the output of dopamine

or its metabolites between the rat lines. Still, there was

Fig. 5. Effects of ethanol (2 or 3 g/kg ip) on the extracellular concentration

of taurine in the nucleus accumbens of AT and ANT rats. Ethanol or saline

was given at the time point indicated by the arrow. All results are shown as

means ± S.E. (n= 5–6).
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tendency towards augmented response to the effect of

ethanol in the ANT rats, especially concerning the metab-

olites of dopamine. Thus, the involvement of central dop-

aminergic mechanisms in the motor impairing effects of

ethanol can not be ruled out.

In line with previous studies, we found that ethanol

decreased the output of accumbal glutamate. The smaller

dose of ethanol used induced a similar small decrease in the

output of glutamate in rats of both lines, but, surprisingly,

the larger dose decreased the output of glutamate only in the

AT rats. In contrast, in a recent study ethanol at the dose of 2

g/kg decreased the output of accumbal glutamate in the

high-alcohol sensitive (HAS) rats, but not in the low-alcohol

sensitive (LAS) rats (Dahchour et al., 2000). This finding,

however, was not reproduced in a subsequent study (Quer-

temont et al., 2002). The discrepancy in the effect of ethanol

on glutamate may be due to the fact that there appears to be

no linear dose–response effect of ethanol on the overflow of

glutamate. Thus, ethanol at small doses (0.5–1 g/kg) has

been shown to enhance the overflow of accumbal glutamate

(Moghaddam and Bolinao, 1994; Selim and Bradberry,

1996), whereas the larger dose of 2 g/kg of ethanol was

found either to decrease (Moghaddam and Bolinao, 1994;

Yan et al., 1998) or to have no effect (Dahchour et al., 1994;

Selim and Bradberry, 1996) on accumbal glutamate output.

Therefore, it is possible that there are differences in the

responses to ethanol-induced changes in accumbal glutam-

ate between rats belonging to different lines or strains, i.e.,

the peak effect of ethanol on the extracellular glutamate

output might occur at different ethanol doses. As the

difference was found only with the larger dose of ethanol,

which impairs the motor function in both lines, it might not

be involved in the differential sensitivity of these rat lines to

ethanol. However, involvement of glutamatergic transmis-

sion cannot be ruled out in the differential effect of ethanol

between the rat lines, especially because ANT rats have

been shown to be more vulnerable to the motor impairing

effects of an NMDA receptor antagonist (Toropainen et al.,

1997).

The neuromodulatory amino acid taurine might be

involved in the modulation of the effects of ethanol. Intra-

cerebroventricularly administered taurine has been shown to

enhance the depressant effects of ethanol in mice and rats

(Ferko, 1987; Ferko and Bobyock, 1988; Mattucci-Schia-

vone and Ferko, 1985). In addition, taurine has been

suggested to modulate some of the aversive or rewarding

effects of ethanol (Quertemont et al., 1998). Ethanol has

also been shown to increase the output of taurine (Dahchour

et al., 1994, 1996; Peinado et al., 1987; Quertemont et al.,

2000, 2002) and administration of taurine has been shown to

normalize the augmented glutamate release during with-

drawal from chronic ethanol exposure (Dahchour and De

Witte, 2000). Accordingly, in the present study, we found a

small transient increase in the output of accumbal taurine.

Interestingly, this effect occurred only with the smaller dose

of ethanol (2 g/kg), whereas the larger dose was without

significant effect. This is in contrast with a recent study,

where the doses of 2 and 3 g/kg of ethanol induced a similar

increase in the output of taurine in LAS rats and in the HAS

rats the increase was larger with the dose of 3 g/kg as

compared to 2 g/kg (Quertemont et al., 2002). Thus, the

increase in the output of taurine induced by 2 g/kg of

ethanol was larger in the LAS rats than in the HAS rats

and the authors concluded that larger increase in the output

of taurine in the LAS rats might contribute to their lower

ethanol sensitivity. Our results, however, do not support the

role for taurine in the sensitivity to ethanol, since no differ-

ences in the output of taurine was found between the rat

lines.

It is not clear to what extent the extracellular concen-

trations of glutamate and GABA as measured by micro-

dialysis are of neuronal origin, thus, reflecting the vesicular

release of them. It is well known that glutamate is the

precursor in the synthesis of GABA and released GABA can

be further metabolized, via the Krebs cycle and the GABA-

transaminase enzyme, back to glutamate. These effects can

occur both in neuronal and extraneuronal compartments.

Thus, interconnection between glutamate and GABA makes

it difficult to interpret the functional roles of these trans-

mitters as measured by microdialysis. Indeed, the validity of

microdialysis in the measurement of amino acid has been

questioned (Timmerman and Westerink, 1997). Inhibition of

neural activity by tetrodotoxin or removal of calcium from

the dialysis fluid has been the most frequently used methods

for the verification of the neuronal origin of the transmitters

measured by microdialysis. Basal extracellular glutamate

appears to poorly respond to these manipulations (Abarca et

al., 1995; Hashimoto et al., 1995; Herrera-Marschitz et al.,

1996; Miele et al., 1996; Shiraishi et al., 1997), indicating

that major part of the extracellular glutamate is derived from

other sources than vesicular release. In contrast, in most

cases, the output of GABA has been shown to be sensitive

to these manipulations (Biggs et al., 1995; Campbell et al.,

1993; Herrera-Marschitz et al., 1996; Osborne et al., 1990,

1991; Smith and Sharp, 1994). Interestingly, in the anaes-

thetized rats, the output of GABA appears not to be

calcium- or tetrodotoxin-sensitive (Biggs et al., 1995;

Campbell et al., 1993; Drew et al., 1989; Osborne et al.,

1990), which may explain the discrepancy concerning the

validity of GABA measurements. Taken together, changes

in the outflow of GABA appear, at least partly, to reflect

changes in the GABAergic transmission, whereas the results

concerning the glutamate should be interpreted with caution.

In conclusion, regardless of the precise mechanism

involved, the present results suggest that AT rats can

apparently adapt more easily to the motor impairing effect

of ethanol than ANT rats by adjusting their cerebral

GABAergic tone. This difference seen between the rats is

probably the most relevant concerning the motor impairing

effects of ethanol; however, the involvement of dopaminer-

gic and glutamatergic mechanisms cannot be ruled out in

this respect. In addition, our results support the view that the

T.P. Piepponen et al. / Pharmacology, Biochemistry and Behavior 74 (2002) 21–3028



GABAergic systems of the two lines differ also in other

brain areas besides cerebellum.

Acknowledgements

The authors wish to thank Ms. Marjo Vaha for skillful

assistance in performing the microdialysis experiments. This

work was supported by the Finnish Foundation for Alcohol

Studies.

References

Abarca J, Gysling K, Roth RH, Bustos G. Changes in extracellular levels of

glutamate and aspartate in rat substantia nigra induced by dopamine

receptor ligands: in vivo microdialysis studies. Neurochem Res 1995;

20:159–69.

Ahtee L, Attila LMJ, Kiianmaa K. Brain catecholamines in rats selected for

their alcohol behaviour. In: Eriksson K, Sinclair JD, Kiianmaa K, edi-

tors. Animal models in alcohol research. London: Academic Press,

1980. p. 51–5.

Biggs CS, Fowler LJ, Whitton PS, Starr MS. Impulse-dependent and te-

trodotoxin-sensitive release of GABA in the rat’s substantia nigra meas-

ured by microdialysis. Brain Res 1995;684:172–8.

Campbell K, Kalen P, Lundberg C, Wictorin K, Rosengren E, Bjorklund A.

Extracellular gamma-aminobutyric acid levels in the rat caudate–puta-

men: monitoring the neuronal and glial contribution by intracerebral

microdialysis. Brain Res 1993;614:241–50.

Dahchour A, De Witte P. Taurine blocks the glutamate increase in the

nucleus accumbens microdialysate of ethanol-dependent rats. Pharma-

col Biochem Behav 2000;65:345–50.

Dahchour A, Quertemont E, De Witte P. Acute ethanol increases taurine but

neither glutamate nor GABA in the nucleus accumbens of male rats: a

microdialysis study. Alcohol Alcohol 1994;29:485–7.

Dahchour A, Quertemont E, De Witte P. Taurine increases in the nucleus

accumbens microdialysate after acute ethanol administration to naive

and chronically alcoholised rats. Brain Res 1996;735:9–19.

Dahchour A, Hoffman A, Deitrich R, de Witte P. Effects of ethanol on

extracellular amino acid levels in high- and low-alcohol sensitive rats:

a microdialysis study. Alcohol Alcohol 2000;35:548–53.

Devine DP, Leone P, Wise RA. Striatal tissue preparation facilitates early

sampling in microdialysis and reveals an index of neuronal damage. J

Neurochem 1993;61:1246–54.

Drew KL, O’Connor WT, Kehr J, Ungerstedt U. Characterization of gam-

ma-aminobutyric acid and dopamine overflow following acute implan-

tation of a microdialysis probe. Life Sci 1989;45:1307–17.

Eriksson CJP. Finnish selective breeding studies for initial sensitivity to

ethanol: update 1988 on the AT and ANT rat lines. In: Deitrich RA,

Pawlowski AA, editors. Initial sensitivity to alcohol. NIAAA Res

Monogr. Washington, DC: US Government Printing Office, 1990. p.

61–86.

Eriksson K, Rusi M. Finnish selection studies on alcohol-related behaviors:

general outline. In: McClearn GE, Deitrich RA, Erwin G, editors. De-

velopment of animal models as pharmacogenetic tools. NIAAA Res

Monogr. Washington, DC: US Government Printing Office, 1981. p.

87–117.

Ferko AP. Ethanol-induced sleep time: interaction with taurine and a taurine

antagonist. Pharmacol Biochem Behav 1987;27:235–8.

Ferko AP, Bobyock E. Effect of taurine on ethanol-induced sleep time in

mice genetically bred for differences in ethanol sensitivity. Pharmacol

Biochem Behav 1988;31:667–73.

Frye GD, Breese GR. GABAergic modulation of ethanol-induced motor

impairment. J Pharmacol Exp Ther 1982;233:750–6.

Harris RA, Allan AM. Alcohol intoxication: ion channels and genetics.

FASEB J 1989;3:1689–95.

Hashimoto A, Oka T, Nishikawa T. Extracellular concentration of endog-

enous free D-serine in the rat brain as revealed by in vivo microdialysis.

Neuroscience 1995;66:635–43.

Hellevuo K, Kiianmaa K. GABA turnover in the brain of rat lines devel-

oped for differential ethanol-induced motor impairment. Pharmacol Bi-

ochem Behav 1989;34:905–9.

Hellevuo K, Korpi ER. Failure of Ro 15-4513 to antagonize ethanol in rat

lines selected for differential sensitivity to ethanol and in Wistar rats.

Pharmacol Biochem Behav 1988;30:183–8.

Hellevuo K, Kiianmaa K, Juhakoski A, Kim C. Intoxicating effects of

lorazepam and barbital in rat lines selected for differential sensitivity

to ethanol. Psychopharmacology 1987;91:263–7.

Hellevuo K, Kiianmaa K, Korpi ER. Effect of GABAergic drugs on motor

impairment from ethanol, barbital and lorazepam in rat lines selected for

differential sensitivity to ethanol. Pharmacol Biochem Behav 1989;

34:399–404.

Hellevuo K, Kiianmaa K, Kim C. Effect of ethanol on brain catecholamines

in rat lines developed for differential ethanol-induced motor impair-

ment. Alcohol 1990;7:159–63.

Herrera-Marschitz M, You Z-B, Goiny M, Meana JJ, Silveira R, Godukhin

OV, Chen Y, Espinoza S, Pettersson E, Loidl CF, Lubec G, Andersson

K, Nylander I, Terenius L, Ungerstedt U. On the origin of extracellular

glutamate levels monitored in the basal ganglia of the rat by in vivo

microdialysis. J Neurochem 1996;66:1726–35.

Korpi ER, Kleingoor C, Kettenmann H, Seeburg PH. Benzodiazepine-in-

duced motor impairment linked to point mutation in cerebellar GABAA

receptor. Nature 1993;361:356–9.

Liljequist S, Engel J. Effects of GABAergic agonists and antagonists on

various ethanol-induced behavioral changes. Psychopharmacology

1982;78:71–5.

Lovinger DM. Interactions between ethanol and agents that act on the

NMDA-type glutamate receptor. Alcohol, Clin Exp Res 1996;20:

187A–91A.

Lovinger DM, White G, Weight FF. Ethanol inhibits NMDA-activated ion

current in hippocampal neurons. Science 1989;243:1721–4.

Luddens H, Pritchett DB, Kohler M, Killisch I, Keinänen K, Monyer H,

Sprengel R, Seeburg PH. Cerebellar GABAA receptor selective for a

behavioural alcohol antagonist. Nature 1990;346:648–51.

Malminen O, Korpi ER. GABA/benzodiazepine receptor/chloride iono-

phore complex in brains of rats selectively bred for differences in etha-

nol-induced motor impairment. Alcohol 1988;5:239–49.

Martz A, Deitrich RA, Harris RA. Behavioural evidence for the involve-

ment of gamma-aminobutyric acid in the actions of ethanol. Eur J

Pharmacol 1983;89:53–62.

Mattucci-Schiavone L, Ferko AP. Acute effects of taurine and a taurine

antagonist on ethanol-induced central nervous system depression. Eur

J Pharmacol 1985;113:275–8.

Miele M, Boutelle MG, Fillenz M. The source of physiologically stimulated

glutamate efflux from the striatum of conscious rats. J Physiol (Lond)

1996;497:745–51.

Mihic SJ, Ye Q, Wick MJ, Koltchine V, Krasowski MD, Finn SE, Mascia

MP, Valenzuela CF, Hanson KK, Greenblatt EP, Harris RA, Harrison

NL. Sites of alcohol and volatile anaesthetic action on GABAA and

glycine receptors. Nature 1997;389:385–9.

Moghaddam B, Bolinao ML. Biphasic effect of ethanol on extracellular

accumulation of glutamate in the hippocampus and the nucleus accum-

bens. Neurosci Lett 1994;178:99–102.

Osborne PG, O’Connor WT, Drew KL, Ungerstedt U. An in vivo micro-

dialysis characterization of extracellular dopamine and GABA in dorso-

lateral striatum of awake freely moving and halothane anaesthetised

rats. J Neurosci Methods 1990;34:99–105.

Osborne PG, O’Connor WT, Kehr J, Ungerstedt U. In vivo characterisation

of extracellular dopamine, GABA and acetylcholine from the dorso-

lateral striatum of awake freely moving rats by chronic microdialysis.

J Neurosci Methods 1991;37:93–102.

T.P. Piepponen et al. / Pharmacology, Biochemistry and Behavior 74 (2002) 21–30 29



Paxinos G, Watson C. The rat brain in stereotaxic coordinates. 2nd ed. San

Diego: Academic Press, 1986.

Peinado JM, Collins DM, Myers RD. Ethanol challenge alters amino acid

neurotransmitter release from frontal cortex of the aged rat. Neurobiol

Aging 1987;8:241–7.

Piepponen TP, Skujins A. Rapid and sensitive step gradient assays of

glutamate, glycine, taurine and gamma-aminobutyric acid by HPLC-

fluorescence detection with o-phthalaldehyde/mercaptoethanol derivati-

zation with an emphasis on microdialysis samples. J Chromatogr B

2001;757:277–83.

Quertemont E, Goffaux V, Vlaminck AM, Wolf C, De Witte P. Oral taurine

supplementation modulates ethanol-conditioned stimulus preference.

Alcohol 1998;16:201–6.

Quertemont E, Lallemand F, Colombo G, De Witte P. Taurine and ethanol

preference: a microdialysis study using Sardinian alcohol-preferring and

non-preferring rats. Eur Neuropsychopharmacol 2000;10:377–83.

Quertemont E, Linotte S, De Witte P. Differential taurine responsiveness to

ethanol in high- and low-alcohol sensitive rats: a brain microdialysis

study. Eur J Pharmacol 2002;444:143–50.

Rossetti ZL, Carboni S. Ethanol withdrawal is associated with increased

extracellular glutamate in the rat striatum. Eur J Pharmacol 1995;283:

177–83.

Selim M, Bradberry CW. Effect of ethanol on extracellular 5-HT and glu-

tamate in the nucleus accumbens and prefrontal cortex: comparison

between the Lewis and Fischer 344 rat strains. Brain Res 1996;716:

157–64.

Shimizu K, Matsubara K, Uezono T, Kimura K, Shiono H. Reduced dorsal

hippocampal glutamate release significantly correlates with the spatial

memory deficits produced by benzodiazepines and ethanol. Neuro-

science 1998;83:701–6.

Shiraishi M, Kamiyama Y, Huttemeier PC, Benveniste H. Extracellular

glutamate and dopamine measured by microdialysis in the rat striatum

during blockade of synaptic transmission in anesthetized and awake

rats. Brain Res 1997;759:221–7.

Smith SE, Sharp T. An investigation of the origin of extracellular GABA in

rat nucleus accumbens measured in vivo by microdialysis. J Neural

Transm 1994;97:161–71.

Timmerman W, Westerink BH. Brain microdialysis of GABA and gluta-

mate: what does it signify? Synapse 1997;27:242–61.

Toropainen M, Nakki R, Honkanen A, Rosenberg PH, Laurie DJ, Pelto-

Huikko M, Koistinaho J, Eriksson CJ, Korpi ER. Behavioral sensitivity

and ethanol potentiation of the N-methyl-D-aspartate receptor antagonist

MK-801 in a rat line selected for high ethanol sensitivity. Alcohol, Clin

Exp Res 1997;21:666–71.

Tuominen K, Hellevuo K, Korpi ER. Plus-maze behavior and susceptibil-

ity to 3-mercaptopropionate-induced seizures in rat lines selected for

high and low alcohol sensitivity. Pharmacol Biochem Behav 1990;35:

721–5.

Uusi-Oukari M, Korpi ER. Functional properties of GABAA receptors in

two rat lines selected for high and low alcohol sensitivity. Alcohol

1992;9:261–9.

Vekovischeva OY, Haapalinna A, Nakki R, Sarviharju M, Honkanen A,
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