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1 The steady state levels of the messenger RNA (mRNA) of eight GABAA receptor subunits, ®ve
glutamate receptor subunits and seven enzymes involved in the synthesis of glutamate and GABA
were measured in eight regions of rat brain in a recently developed animal model of `behavioural
dependence' on ethanol.

2 `Behavioural dependence' including loss of control was induced by o�ering the rats the choice
between ethanol and water over a 9-month period (Group A). This group was compared with a
group given the choice between ethanol and water for only 2 months (not yet `behaviourally
dependent', Group B), a group forced to consume ethanol as sole ¯uid over a 9-month period (also
not `behaviourally dependent', Group C) and ethanol-naive control rats (Group D). All groups were
sacri®ced 1 month after the ethanol was withdrawn.

3 The mRNA concentrations of all eight GABA receptor subunits, four out of the ®ve subunits of
di�erent glutamate receptors and those of seven enzymes involved in GABA and glutamate
production were reduced almost exclusively in the parieto-occipital cortex in Groups A and B, but
not Group C.

4 These data suggest that the synthesis of glutamate and GABA and the activities of their
respective neurons are selectively impaired in the parieto-occipital cortex in the groups having
consumed ethanol in a free-choice design, in which its rewarding properties can better take e�ect
than after forced administration.

5 As the parieto-occipital cortex is believed to contain emotional memory structures, it may be
hypothesized that the glutamatergic and GABAergic neuronal systems in this area are involved in
the development of memory for reward from ethanol. However, they are not speci®cally associated
with `behavioural dependence'.
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Introduction

Current strategies in the research of addiction focus mainly on
work with cell cultures, forced drug administration and
techniques of self-administration of the drug by the animals.

In these designs ethanol and other drugs of abuse have been
found to a�ect a wide variety of biochemical parameters and to
induce processes of sensitization in experimental animals and
cell cultures and long-term adaptational changes. However,

these strategies do not yet enable us to answer the important
question as to which of the numerous e�ects of the addictive
drugs are directly related to the development of addiction. In

other words, the rewarding properties and related biochemical
e�ects of an addictive drug may explain why experimental
animals and humans voluntarily consume the drug, but do not

reveal why only a small percentage of subjects become
irreversibly addicted and what underlying biochemical
mechanisms are involved in the process of addiction. An
animal model of `behavioural dependence' on ethanol was

therefore developed in order to be able to study the
biochemical changes directly related to addiction (Wol�gramm
& Heyne, 1995). In this model rats are rendered `behaviourally

dependent' on ethanol by o�ering them a choice between
ethanol and water over a period of not less than 9 months.
During this period rats of the Wistar strain, which voluntarily
consume only small amounts of ethanol (less than

1 g kg71 day71) increase their drug intake in a manner
somewhat similar to the corresponding process in humans.
When re-exposed after 3 months of `forced abstinence' the rats

immediately consume large amounts of ethanol (3 ±
5 g kg71 day71). They do not markedly reduce their ethanol
consumption even if the ethanol is adulterated with a highly

aversive substance such as quinine hydrochloride. Since the
preference for ethanol is irreversible after up to 9 months of
abstinence and loss of control occurs (no e�ect of an aversive
stimulus), it can be concluded that these rats show symptoms

of behavioural dependence on ethanol.
The dopaminergic, GABAergic and glutamatergic trans-

mitter systems are currently the focus of interest in research on

addiction (Tabako� & Ho�man, 1996; Wise 1996; Diamond &
Gordon, 1997, Grobin et al., 1998; Harris, 1999).
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Using the above animal model we recently measured the
mRNA concentrations of the ®ve cloned dopamine receptors
in di�erent rat brain areas. We found a decrease in mRNA

concentrations of dopamine three receptors exclusively in the
limbic forebrain in the rats which had been o�ered a free
choice between ethanol and water, but not in those forced to
drink ethanol over a 9-month period (Eravci et al., 1997).

In the last 15 years a large number of studies have produced
most interesting results on the e�ects of ethanol on the
characteristics of GABAergic and glutamatergic receptors (for

reviews see Tabako� & Ho�mann, 1996; Wise, 1996; Diamond
& Gordon, 1997; Grobin et al., 1998; Harris, 1999, Mehta and
Ticku 1999).

However, no studies on the relevance of the GABAergic
and glutamatergic systems for the development of `beha-
vioural dependence' on ethanol have as yet been published.

Thus in order to investigate a possible role of these
transmitter systems in general and of speci®c receptor
subunits in particular, we measured the mRNA concentra-
tions of eight GABA-A receptor subunits, six subunits of

di�erent glutamate receptors and seven enzymes involved in
the production and recycling of glutamate and GABA. As
the results of all these experiments clearly indicated an

impairment of the production of both glutamate and GABA
in the parieto-occipital cortex, we also measured the mRNA
concentrations of several parameters involved in glycolysis,

since glucose is the precursor of both neurotransmitters. The
results of this study have already been reported (Eravci et

al., 1999). Finally, as an impairment of glutamatergic and
GABAergic neurotransmission may be associated with
disturbed energy metabolism we determined the mRNA

levels of parameters involved in mitochondrial energy
production.

Methods

Materials

All chemicals and bu�er reagents employed were of the highest
purity or molecular biology grade and were obtained from

Sigma Chemical Co. (St. Louis, MO, U.S.A.). T4 polynucleo-
tide kinase and S1 nuclease were purchased from Gibco BRL
(U.K.). g32-ATP with a speci®c activity of 47000 Ci mmol71

was purchased from ICN Biochemicals, Inc. (Costa Mesa, CA,
U.S.A.). HPLC-puri®ed oligonucelotide probes were obtained
from TIB Molbiol (Berlin, Germany). The oligonucelotide
sequences were chosen to be complementary to the part of the

coding region with the least sequence homology with other
sequences in the Genebank database. Details of the sequences
of all oligonucelotide probes determined in this study are given

in Table 1.
Autoradiography was carried out with Hyper®lm MP plus

Hyperscreen from Amersham (U.K.), and autoradiography

cassettes from the Sigma Chemical Co. (St. Louis, MO,
U.S.A.).

Table 1 Oligonucleotide probes used in this study

Oligonucleotide probe Size Accession Bases Reference Authors

GABAA receptors
GABAA receptor a1 subunit 57mer L08490 96 ± 152
GABAA receptor a2 subunit 45mer L08491 1 ± 45 Seeburg et al., 1990
GABAA receptor a3 subunit 51mer L08492 1485 ± 1535
GABAA receptor a5 subunit 39mer X51992 1482 ± 1526 Malherbe et al., 1990
GABAA receptor b1 subunit 51mer X15466 92 ± 142
GABAA receptor b2 subunit 45mer X15467 90 ± 134 Ymer et al., 1989
GABAA receptor g2S subunit 39mer L08497 522 ± 554 Shivers et al., 1989
GABAA receptor g2L subunit 33mer Speci®c g2L sequence* Whiting et al., 1990

Glutamate-receptors
NMDA-receptor 1 45mer U11418 1890 ± 1934 Sullivan et al., (unpublished)
NMDA-receptor 2A 45mer M91561 1993 ± 2037 Monyer et al., 1992

39mer 1997 ± 2035
Kainat-receptor 2 51mer Z11581 1920 ± 1970 Herb et al., 1992
Glutamate-receptor 2 33mer M85035 2147 ± 2179 Boulter et al., 1990
Glutamate-receptor 6 57mer Z11584 912 ± 968 Egebjerg et al., 1991

Enzymes, involved in GABA/Glutamate metabolism
Glutamic acid decarboxylase 65 33mer M72422 1627 ± 1658 Erlander et al., 1991
Glutamic acid decarboxylase 67 57mer M76177 188 ± 244 Michelsen et al., 1991

51mer 191 ± 241
Glutaminase 57mer M65150 1071 ± 1127 Shapiro et al., 1991
Glutamine synthetase 51mer M29579 281 ± 331 Dunnen et al., 1990
Glutamate dehydrogenase 39mer X14223 1098 ± 1136 Amuro et al., 1989
Cytosolic aspartate aminotransferase 45mer D00252 1283 ± 1327 Horio et al., 1988
Mitochondrial aspartate aminotransferase 33mer M18467 154 ± 186 Mattingly et al., 1987

Other enzymes
Cytochrome oxidase III 45mer S34106 1 ± 45 Bettini & Maggi, 1992
Cytochrome oxidase VIc 33mer M20183 619 ± 651 Suske et al., 1988
ATP synthetase subunit C 39mer D13124 357 ± 395 Higuti et al., 1993
ATP synthetase b subunit 63mer M19044 464 ± 526 Garboczi et al., 1988
Na+,K+-ATPase a 57mer M14511 1711 ± 1767 Shull et al., 1986
Na+,K+-ATPase b 51mer J02701 1000 ± 1050 Young et al., 1987
b-actin 27mer J00691 271 ± 297 Nudel et al., 1983

*The oligonucleotide probe of the GABAA receptor g2L subunit: 39mer, GTA GGG GCC TTG AAG GAA AAC ATC CGA AGA
AGA GGG TTT). The underlined part of the oligonucleotide-sequence is complementary to the speci®c g2L sequence, which is inserted
between the bases 1167 and 1168 of the g2S sequence.
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Methods

RNA isolation Total RNA was isolated by the guanidium

thiocyanate single step method described by Chomczynski &
Sacchi (1987).

Multiple oligonucleotide solution hybridization Multiple oli-

gonucleotide hybridization (MOSH) was performed as
described by O'Donovan et al. (1991). Brie¯y, oligonucleotide
probes (TIB Molbiol, Berlin, Germany) were end-labelled with

polynucelotide kinase by standard procedures, using g32P-
ATP. Probes and RNA were suspended in 30 ml hybridization
bu�er [probe concentration 1 pmol ml71, 0.4 M NaCl, 40 mM

pipes pH 6.4, 1 mM EDTA], heated at 908C for 2 min and
incubated at 658C for 2 h. Excess probe was then removed by
adding 300 ml S1 nuclease bu�er (S1 nuclease 120 U ml71, zinc

sulfate 4.5 mM, sodium acetate 50 mM, pH 4.2, sodium
chloride 0.3 M, 10 mg ml71 single stranded DNA). Digestion
was stopped after 15 min at 378C. Three hundred ml of the
reaction mixture were then transferred to a fresh tube and the

reaction terminated by the addition of 48 ml 4 M ammonium
acetate and 0.1 M EDTA. Double stranded hybrids were
precipitated with ethanol, re-suspended in 10 ml formamide

running bu�er, denatured at 908C for 2 min and subjected to
acrylamide gel (10%) electrophoresis. The dried gels were
analysed by autoradiography (exposure for 2 weeks) followed

by scanning densitometry. The speci®c activity of each probe
was adjusted empirically to give similar band intensities.

Quanti®cation of mRNA

Each rat brain RNA sample was analysed individually. All
bands measured on the autoradiographs were in the linear

range of the ®lm employed (Hyper®lm MP; Amersham, U.K.).
The ratio of band intensities of each probe relative to the b-
actin probe were calculated for each sample. b-actin is a

structural gene commonly used as an internal standard for
gene expression studies. Its expression is not a�ected by
prolonged ethanol treatment (data not shown).

Animal treatments

Thirty-two adult male Wistar rats weighing roughly 100 g on

arrival at our laboratory were employed throughout. Feed was
available ad libitum and the rats were kept under a 12 h light/
dark cycle (0600 to 1300 h). After allowing an adjustment

period of 1 month the following experiments were performed
in four groups each consisting of eight rats.

Group A ± Induction of `behavioural dependence' These rats
were housed individually throughout the 15-month study
period. They had free access to ethanol for a 9-month period

during which they were given the choice between water and
two di�erent concentrations of ethanol (5% and 20% (v v71))
in a three-bottle system. Two di�erent concentrations of
ethanol were o�ered as individual di�erences in the rats'

preferences for the low and the high ethanol concentrations,
respectively, have been noted. Furthermore, previous experi-
ments had shown that rats which initially preferred the 5%

ethanol solution sometimes later developed a preference for the
20% ethanol solution (Wol�gramm & Heyne, 1995). The
positions of the bottles were changed weekly. Over the next 3

months (months 10 ± 12) tap water only was provided. In
months 13 and 14 the rats were again given a free choice
between ethanol and water. In month 14, however, all the
ethanol solutions were adulterated with 0.1 g l71 quinine

hydrochloride. Nothing was added to the tap water. During
month 15 water only was provided.

Group B± `Controlled consumers' These rats were o�ered tap
water only for the ®rst 12 months. During this time they were
housed four to a cage. It did not seem necessary to house them
individually during this period as individual recording of each

rat's ethanol consumption was not required. In months 13 and
14 the rats were housed individually and given a choice
between water and two di�erent concentrations of ethanol, as

described for Group A. As for Group A the ethanol solutions
were adulterated with quinine hydrochloride in month 14. In
month 15 these rats all received tap water only. As these rats

were given the choice between ethanol and water (without
added quinine) for 1 month only, development of behavioural
dependence seems unlikely. We therefore included this group

in order to evaluate whether the consumption of ethanol in a
free-choice situation per se would induce biochemical changes
in any areas of the brain, even in animals not yet
`behaviourally dependent'.

Group C ± `Forced consumers' The rats in this group were
housed four to a cage and received a 5% ethanol solution as

sole ¯uid for the ®rst 9 months. This was followed by a 3-
month `abstinence period' with water as sole ¯uid. Re-
exposition, quinine adulteration and abstinence period

(months 13 ± 15) were the same as described for Groups A
and B. In previous experiments rats forced to consume ethanol
had not developed `behavioural dependence' (Wol�gramm &

Heyne, 1995). We therefore included this group in order to
di�erentiate between biochemical e�ects of ethanol consumed
in a free choice design and those occurring after forced
administration.

Group D±Drug-naive controls These rats received tap water
as sole ¯uid during the whole 15-month period.

All animal experiments were approved by the Berlin
regional government (Senatsverwaltung fuÈ r Gesundheit und
Soziales, File No. G 0176/96). All rats were decapitated

without anaesthesia at the end of month 15. Various areas of
the brain were dissected according to Glowinski & Iversen
(1966) and stored immediately at 7708C.

Statistical analysis

The data are given as means+s.e.mean. P-values of less than

0.05 were considered signi®cant. Comparisons of the results
for speci®c parameters and brain regions in the di�erent
groups of rats were performed by analysis of variance. Where

signi®cant main e�ects were found, individual rankings were
calculated with the aid of the Newman-Keuls test.

Results

Ethanol consumption and induction of `behavioural
dependence'

The data on ethanol consumption in Groups A, B and C are

shown in Table 2. It can be seen from the table that the
consumption of ethanol was signi®cantly higher in Group C
(forced consumers) than in Group A (`behaviourally depen-

dent' rats) during the ®rst 9 months. Group B had a
signi®cantly lower ethanol consumption than Group A during
the ®rst month of re-exposition. The mean ethanol intake of
Group A during the ®rst week of re-exposition was
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signi®cantly higher than that measured in the last week before
ethanol withdrawal (P50.001). In contrast to Group A the
rats in Groups B and C drastically reduced their ethanol intake

during the month of adulteration with quinine, thus the
consumption of ethanol in Group A was signi®cantly higher
than in Groups B and C. During the period of alcohol intake,
feed consumption was reduced by an amount equivalent to the

caloric value of the ethanol, as already described previously
(Wol�gramm & Heyne, 1995). However, there were no
di�erences between either total ¯uid intake or body weight in

Groups A, B and C at any of the four measuring times shown
in Table 2. This lack of signi®cant di�erences may in some
cases be due to the large standard deviations found for

individual groups (e.g. Group C at the end of month 14), for
which we have no explanation.

According to our criteria a rat of the Wistar strain used in

this study was considered `behaviourally dependent' when its
ethanol consumption exceeded 2 g ethanol kg71 day71 during
month 14 (ethanol re-exposure and quinine adulteration). On
the basis of this criterion seven out of the eight rats in Group A

were `behaviourally dependent'. One rat consumed on the
average only 0.09 g ethanol kg71 day71 during month 14 and
was therefore excluded from all biochemical investigations. In

contrast, one of the eight rats in Group B consumed more than
1 g ethanol kg71 day71 during month 14 (mean 1.2 g ethanol
kg71 day71). This rat was also excluded from further tests. In

Group C two rats also consumed more than 1 g ethanol kg71

day71 during month 14 and were therefore considered
`behaviourally dependent' and excluded from the biochemical
investigations. Thus all statistical calculations on di�erences

between the mRNA concentrations in the four di�erent groups
of rats were based on seven rats from Group A, seven rats
from Group B, six rats from Group C and eight rats from

Group D.

GABA receptor subunits

The mRNA concentrations of eight subunits of the GABA-A
receptors were measured in between six and eight brain

regions, depending on the areas in which they are expressed.
The most pronounced e�ects of ethanol treatment were seen in
the parieto-occipital cortex. In this area the mRNA levels of all
eight GABA-A subunits were signi®cantly reduced in the

`behaviourally dependent' group (Group A, Figure 1).
However, the changes in this group were speci®c only for the
a1 and b1 subunits. The mRNA levels of the other six subunits

Table 2 Body weight, food and ¯uid intake and ethanol consumption in Groups A±D

Group A Group B Group C Group D

Month/parameter
(`behaviourally
dependent')

(`controlled
consumers')

(`forced
consumers')

(drug naive
controls)

Main e�ects
(P)

End of month 9
Body weight (g)a 612.0+55.0 700.0+135.0 675.0+141.0 706.0+81.0 n.s.
Food intake (g)b 20.4+3.7 26.0+2.3 20.8+2.3 28.2+2.6 n.c.
Total ¯uid intake (ml)b 35.5+10.7 42.7+12.4 53.2+19.2 61.1+15.0 n.c.
Ethanol consumption (g kg71 day71)b 1.6+0.8e Ð 3.6+1.2c Ð 50.01

End of month 13 (retest ethanol)
Body weight (g)b 625.0+48.0 688.0+122.0 664.0+150.0 695.0+22.0 n.s.
Food intake (g)b 27.2+1.7f 31.3+2.8 34.9+14.6 38.4+4.5c 50.05
Total ¯uid intake (ml)b 35.8+8.9 35.7+3.3 46.2+19.0 45.2+10.3 n.s.
Ethanol consumption (g kg71 day71)b 3.1+0.8d 1.1+0.7c 1.9+1.2 Ð 50.01

End of month 14 (restest ethanol and quinine)
Body weight (g)a 626.0+48.0 690.0+125.0 666.0+149.0 699.0+69.0 n.s.
Food intake (g)b 26.2+3.7f 33.3+6.9 32.6+6.2 35.2+2.8c 50.05
Total ¯uid intake (ml)b 36.3+11.6 35.7+5.0 47.9+30.3 45.9+13.0 n.s.
Ethanol consumption (g kg71 day71)b 2.1+1.0de 0.4+0.4c 0.7+0.7c Ð 50.01

End of month 15 (water only)
Body weight (g)a 617.0+46.0 670.0+118.0 651.0+154.0 685.0+67.0 n.s.
Food intake (g)b 31.4+1.7f 34.2+3.1 37.3+6.3 36.9+3.0c 50.01
Total ¯uid intake (ml)b 40.3+13.5 37.0+5.5 45.7+16.0 49.4+17.2 n.s.

n.s.=not signi®cant; n.c.=not calculated, as rats in groups B±D were housed four in one cage. aValue represents one measurement/
animal at the end of the indicated month; bvalue represents mean food, ¯uid or ethanol intake during a 7-day period at the end of the
indicated month; csigni®cantly di�erent from group A; dSigni®cantly di�erent from Group B; esigni®cantly di�erent from Group C,
fsigni®cantly di�erent from Group D.

Figure 1 Steady-state mRNA concentrations of GABA2 receptor subunits in the parieto-occipital cortex in the four experimental
groups.
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were also signi®cantly reduced in the `controlled consumers'
(Group B), although the e�ects were was less marked than in
Group A. Forced consumption of ethanol (Group C) induced

a fall in the mRNA levels in the a3 subunit only (Figure 1). No
e�ects of ethanol on mRNA levels were found for any subunit
in the frontal cortex, hippocampus, amygdala, hypothalamus
or cerebellum (data not shown). In the limbic forebrain, which,

in our preparation technique (Glowinski & Iversen, 1966)
includes the nucleus accumbens, the levels for the g21 subunit
were signi®cantly reduced, but only in Group B. In the

midbrain the mRNA levels in the a1 and g21 subunits were
signi®cantly reduced in Groups A and C. The mRNA levels of
all other subunits were unchanged (data not shown).

Glutamate receptor subunits

The mRNA levels of the NMDA-R1 and NMDA-R2A
receptors and GluR2, GluR6 and KA2 receptor were
determined in six to eight brain regions. As the amount of
available tissue was limited, particularly in small brain regions,

we were unable to measure the mRNA concentrations of more
glutamate receptor subunits.

As with the GABA-A receptor subunits, the most

pronounced e�ects of ethanol on the mRNA levels of
glutamate receptor subunits were seen in the parieto-occipital
cortex (Figure 2). The mRNA concentrations in the NMDA-

R1 subunit were signi®cantly reduced in Group B, whereas the
decreases seen in Group A failed to reach statistical
signi®cance (P=0.1). The mRNA levels of the NMDA-R2A

and KA2 subunits were signi®cantly lower than in the controls
in Groups A and B, while the levels of GluR2 mRNA were
reduced in Group B only (Figure 2). No signi®cant changes in

the mRNA concentrations of any of the ®ve subunits were
observed in the frontal cortex, hippocampus, hypothalamus or
cerebellum (data not shown). The selective e�ect on the

parieto-occipital cortex is demonstrated by the results for the
KA2 receptor subunit in Figure 3. Only the mRNA levels of
the NMDA-R1 subunits were a�ected by ethanol treatment in
brain areas other than the parieto-occipital cortex. They were

signi®cantly reduced in the amygdala and midbrain in Groups
A and B and enhanced in the limbic forebrain in all groups
(Groups A, B and C, data not shown).

Enzymes involved in the synthesis and neuronal
astrocytic shuttle of glutamate and GABA

The steady state levels of the mRNA of the two glutamate
decarboxylase isoenzymes (GAD-65 and GAD-67) were

investigated in eight brain regions. The mRNA levels of the
GAD-65 subunit were signi®cantly reduced in the parieto-
occipital cortex in Group A and signi®cantly enhanced in the
limbic forebrain in Groups A and B (Figure 4). The mRNA

concentrations of GAD-67 were selectively reduced in the
parieto-occipital cortex (P=0.04) in Group A, but not a�ected
in the hippocampus, limbic forebrain, midbrain or cerebellum

(data not shown). The mRNA concentrations of the enzymes
glutaminase, glutamate dehydrogenase, glutamine synthetase
and aspartate aminotransferase were measured in the parieto-

occipital cortex and limbic forebrain only. While in the latter
area no signi®cant e�ects of ethanol were found (data not
shown), the mRNA levels of all ®ve enzymes were signi®cantly

reduced in the parieto-occipital cortex in Groups A and B. The
mRNA levels of glutaminase were reduced in this brain region
in Group A only (Figure 5).

Mitochondrial energy production

Changes in GABAergic and glutamatergic neurotransmission

have been reported to be associated with changes in
parameters of mitochondrial energy production such as
cytochrome oxidase (Hendry et al., 1990; Wong-Riley, 1989).

We therefore determined the mRNA concentrations of two
subunits of cytochrome oxidase, the mitochondrially encoded
subunit III and the nuclear genome encoded subunit VIc. The
mRNA concentrations of two subunits of ATP synthetase,

subunit b (of the catalytic sector F1) and subunit C (of the
membrane sector F0) were also measured. Finally, Na+/K+

ATPase, like cytochrome oxidase, is a marker of neuronal

activity (Hevner et al., 1992). We therefore also determined the
mRNA concentrations of the a1 and b1 subunits of this
enzyme. All these mRNA levels were determined in six to eight

Figure 2 Steady-state mRNA concentrations of glutamate receptor
subunits in the parieto-occipital cortex in the four experimental groups.

Figure 3 Steady-state mRNA concentrations of the kainate 2 receptor in seven brain regions in four experimental groups.
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regions of the brain. In the parieto-occipital cortex the mRNA
concentration of the b subunit of ATP synthetase was reduced

in Groups A and B and the b1 subunit of Na+/K+ ATPase in
Group A only (Figure 6). No e�ects of ethanol treatment
occurred in any other brain region (data not shown).

Discussion

The main results of the present study are a decrease in the
expression in all eight subunits of the GABA-A receptor, four
out of ®ve subunits of the glutamate receptors and all seven

enzymes involved in the production and recycling of glutamate
and GABA in the parieto-occipital cortex in the rats in Groups
A and B. These results raise three main questions: (1) What are

the implications of the fact that the changes in mRNA

concentrations occurred selectively in Groups A and B, but not
in Group C?; (2) What role does the parieto-occipital cortex
play in the development of addiction? and (3) What is the

physiological signi®cance of the e�ects mentioned above?
The above-mentioned reductions in mRNA concentrations

were seen in `behaviourally dependent' (Group A) and non-
dependent rats (Group B). The only common variable in these

two groups was the fact that they were both able to choose
freely between ethanol and water. In the free-choice situation
the rats learned to consume as much ethanol as necessary to

elicit a pleasant, reinforcing e�ect of the drug. Theoretically,
when tolerance of the rewarding e�ects of ethanol develops,
the rats can also learn to increase the dose correspondingly. In

contrast, when rats are forced to drink a solution of ethanol as
sole ¯uid, sedation and other unpleasant or toxic e�ects may
predominate. Interestingly, the biochemical e�ects of `reward-
ing doses' of ethanol do di�er widely from those induced by

forced ethanol administration. It would seem striking that the
consumption of approx. 1 g kg71 day71 in the free-choice
situation during a 4-week period (Group B) induced numerous

long-lasting e�ects on biochemical parameters, whereas after
forced administration of 3.5 g kg71 day71 over a 9-month
period (Group C, Table 2) hardly any persisting biochemical

e�ects were found. The mechanisms underlying these di�erent
e�ects of forced and free-choice ethanol consumption are
unknown. They may be in some way related to the factor

`dose', since it is well known that low doses of ethanol often
have the opposite e�ects of high doses (Pohorecky, 1977).

Some GABAergic parameters were selectively reduced in
Group A, although trends towards a reduction were also seen

in Group B. This was true for the GABA-A subunits a1 and
b1, the GAD65 and 67 subunits and also for glutaminase. We
cannot therefore completely exclude the possibility that these

di�erences may re¯ect the transition to behavioural depen-
dence.

At ®rst glance it would seem surprising that reward-related

changes in GABAergic and glutamatergic mRNA concentra-
tions should occur in the parieto-occipital cortex. However,
several studies have now reported that glucose metabolism,

which is said to re¯ect neuronal activity, is most markedly
reduced in parieto-cortical areas in abstinent alcoholics (e.g.
Wik et al., 1988; Volkow et al., 1992). Furthermore, both Abi-
Dargham et al. (1998) and Lingford-Hughes et al. (1998)

reported a selective reduction of GABA-benzodiazepine
binding sites in abstinent human alcoholics in the frontal,
cingulate, parieto-occipital and temporal cortices. There thus

seems to be a considerable overlap between the ®ndings of
studies in human alcoholics and our results measured in an
animal model of behavioural dependence. Of special im-

portance for the interpretation of our data are the ®ndings that

Figure 4 Steady-state mRNA concentrations of glutamate decarboxylase 65 in eight brain regions in four experimental groups.

Figure 5 Steady-state mRNA concentrations of enzymes involved in
glutamate and GABA production and recycling in the parieto-
occipital cortex in four experimental groups.

Figure 6 Steady-state mRNA concentrations of cytochrome oxidase
subunits, ATP synthetase subunits and Na+/K+ ATPase subunits in
the parieto-occipital cortex in the four experimental groups.
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in humans, at least, the right hemisphere appears to contain a
memory for emotion. The recognition of visually or auditively
mediated emotions is severely impaired in patients with lesions

of the right parieto-occipital cortex following stroke (Kolb,
1981; Bowers et al., 1991; Blonder et al., 1991). Further
evidence for the representation of emotions in this region of
the brain has been furnished by numerous reports that severe

depressive symptoms may occur in patients following stroke-
induced lesions of the right parieto-occipital cortex (e.g.
Starkstein et al., 1989).

There is little conclusive data on the location of memory for
reward. Arguments both in favour of and against the
amygdala as locus of the memory for reward have been put

forward (Aggleton & Passingham, 1982; Ga�an, 1992).
Interestingly, associated learning is not possible when lesions
of the connections between the amygdala and cortical sensory

areas are present (Ga�an, 1992). Furthermore, the processing
of complex emotional stimuli may involve circuits from the
thalamus to the cortical sensory areas and amygdala (Rogan &
LeDoux, 1996). It may therefore be hypothesized that circuits

connecting the parieto-occipital cortex with the amygdala and
probably also other brain regions such as the limbic forebrain
and midbrain may process reward-induced emotional informa-

tion and memory formation. It should therefore not be
overlooked that discrete changes in GABAergic and glutama-
tergic parameters occurred also in the amygdala, limbic

forebrain and midbrain in Groups A and B. However, we
performed a large number of statistical calculations. The
signi®cant results found in the parieto-occipital cortex are so

highly consistent with regard to brain area, groups of rats
a�ected (Groups A and B only) and direction (decreases only)
that we can de®nitely rule out the possibility that they are
statistical artefacts due to the large number of calculations

performed. The isolated signi®cant results in the other brain
regions, however, could well re¯ect statistical artefacts and
must therefore be replicated in further experiments.

What is the functional signi®cance of our ®ndings? mRNA
levels do not, of course, necessarily re¯ect protein concentra-
tions or activities. However, our results are highly consistent in

so far as we found only reductions in mRNA concentrations in
20 parameters of the glutamatergic and GABAergic systems.
This makes it quite likely that the functioning of these
transmitter systems is indeed impaired. Moreover, it has also

been shown that the mRNA concentration of GAD65 may
re¯ect GABAergic activity (Benson et al., 1991). Even if the
reduction in all these mRNA concentrations should later prove

not to be re¯ected by changes in the same direction in protein
levels, the fact remains that o�ering ethanol to rats in a free-
choice situation induces speci®c changes in the GABAergic

and glutamatergic systems exclusively in the parieto-occipital
cortex. However, the exact nature of these changes remains to
be determined.

The functional implication of our results is that the
production of GABA and glutamate and the activities of their
cortical interneurons may have been reduced in Groups A and
B. However, we cannot draw any conclusions regarding the

glutamatergic e�erents to other brain areas which may
synthesis glutamate in their nerve terminals.

The combination of results obtained in our study is

reminiscent of the ®ndings reported in the visual cortex of
the monkey after monocular deprivation. GABA immunor-
eactivity, receptor binding, GAD levels, mRNA concentra-

tions and glutamate immunoreactivity have all been shown to
be reduced (Hendry & Jones, 1986; Hendry et al., 1990; Carder
& Hendry, 1994). The same manipulation has also been
demonstrated to reduce the levels and activities of cytochrome

oxidase (Wong-Riley & Carroll, 1984). This enzyme is of
particular interest since it is said to be a marker of neuronal
activity (Wong-Riley, 1989). The activity of cytochrome

oxidase is also closely related to that of Na+/K+ ATPase, an
enzyme that also plays a key role in neuronal activity (Hevner
et al., 1992). However, in the present study no e�ects of
ethanol on the mRNA levels of two subunits of cytochrome

oxidase were observed. Decreases were seen in the b1 subunit
of Na+/K+ ATPase in Group A and the b subunit of ATP
synthetase in Groups A and B. These data are indicative of an

impairment in both mitochondrial energy production and
overall neuronal activity in the parieto-occipital cortex in the
respective groups of rats. However, the data are much less

consistent than those obtained for the GABAergic and
glutamatergic systems and thus more information is needed
before a sound interpretation can be made. Finally, as no

e�ects of ethanol were found on the mRNA concentrations of
the six parameters involved in glucose uptake and glycolysis,
the decreased synthesis of glutamate and GABA is probably
not due to an impairment of glycolytic ¯ux (Eravci et al.,

1999).
If we compare our results with those obtained by other

groups it becomes apparent that forced acute and subchronic

administration of ethanol and in vitro experiments produce
results that are somewhat di�erent from those obtained in a
free-choice situation. For example, it was reported by Mhatre

& Ticku (1992), that after 6 days' intoxication with ethanol,
the levels of a1, a2 and a5 mRNAs in the cortex were reduced,
while that of the a6 subunit in the cerebellum increased. The

same authors (Mhatre & Ticku, 1994) found that chronic
administration of ethanol induced a rise in the mRNA levels of
the b1, b2 and b3 subunits in rat cortex. Devaud et al. (1995)
found an increase in the concentrations in the a4, g2s and g1
subunits, but a fall in that of a1 subunit, and no change in that
of the a5, b1, b2, b3, g3 or d subunits. In mouse cerebellar
neurons Wu et al. (1995) reported a fall in the mRNA levels of

the a1 subunits, an increase in those of the a6 and g2 subunits,
and no change in those of the b2 and b3 subunits following
chronic administration of ethanol. Charlton et al. (1997)

reported a reduction in the mRNA concentrations of the a1
subunit and an increase in those of the a5 unit in the
hippocampus.

In summary, these results are somewhat contradictory,

which may be attributable to the duration of ethanol
application, the brain area under investigation, the sex of the
experimental animals and the use of di�erent cell culture

systems.
Interestingly, the e�ects of forced ethanol administration

have been shown to be completely reversible only 36 h after

withdrawal (Mhatre & Ticku, 1992). Similarly, the upregula-
tion of NMDA receptor subunit polypeptide levels after
chronic ethanol administration has been found to be reversible

4 h after the last dose (Kalluri et al., 1998). These results may
explain why we failed to ®nd any changes in the mRNA levels
of GABA-A or glutamate receptor subunits in the `forced
consumers' (Group C) after 1 month of abstinence, apart from

a decrease in mRNA in the GABA-A a3 subunit.
Our results for the subunits of the di�erent glutamate

receptors also di�er from those obtained after forced

administration of ethanol. The main di�erence is that
prolonged ethanol administration was found to induce an
upregulation of the mRNA levels, immunoreactivity and

functioning of NMDA receptor subunits. Follesa & Ticku
(1995) found no e�ect of chronic ethanol administration on the
NMDA-R subunit-1 in the cortex, hippocampus or cerebel-
lum. The NMDA-R subunits 2a and 2b were, however,
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increased in the cortex and hippocampus. Trevisan et al. (1994)
also reported an increase in immunoreactivity of the NMDA-
subunit 1 in the hippocampus, but not in the nucleus

accumbens, cortex or striatum. No e�ects were seen on the
glutamate receptor subunits 1 and 2. Kalluri et al. (1998)
reported an upregulation of NMDA receptor subunit
polypeptides in rat cortex and hippocampus after chronic

ethanol administration.
In contrast to all the above results, the free-choice situation

induced mainly a decrease in the mRNA levels in glutamate

receptor subunits. Our data therefore indicate that the e�ects
of ethanol on a given biochemical parameter observed in in
vitro experiments and studies with forced administration of

ethanol are not necessarily of relevance for the development of
`behavioural dependence'.

The post-mortem investigation of the mRNA concentrations

of GABA-A receptor subunit in the frontal cortex of human
alcoholics has revealed that the expression of the a1 subunit
mRNA and polypeptide remains unchanged (Mitsuyama et
al., 1998). Again, these results di�er from those of most studies

performed with forced ethanol administration to rats (see
above), but are in agreement with our results.

It therefore seems possible that the biochemical changes

detected in the brains of animals rendered behaviourally
dependent on ethanol may better re¯ect the situation in the
brains of human alcoholics than forced ethanol administration.

In conclusion, our results showed that the GABAergic and
glutamatergic transmitter receptors in rat parieto-occipital
cortex remained a�ected by chronic consumption of rewarding

doses of ethanol in a free-choice design even when the animals
were sacri®ced after 1 month of abstinence. In contrast, after
forced administration of ethanol over a period of not less than
9 months no irreversible e�ects were demonstrated. The

changes in the mRNA levels of receptors found in this study
may therefore be somehow related to the development of the
memory for reward. Ethanol a�ected all GABA and glutamate

receptor subunits under investigation in a nonspeci®c manner
and did not show speci®c e�ects on distinct subunits such as
the GABA-A g21 subunit. The lack of evidence that the

changes in GABA or glutamate receptor mRNA were
speci®cally related to `behavioural dependence' would seem
to be of potential relevance. However, this is the very ®rst

study to investigate an involvement of the GABAergic and
glutamatergic transmitter systems in the development of
addiction. Future studies should clarify whether other
parameters of these transmitter systems (e.g. polypeptide

concentrations, functional experiments) arrive at the same
results.

This study was supported by Deutsche Forschungsgemeinschaft
(DFG grant Ba 932/6-1).
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