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HELLEVUO, K. AND K. KIIANMAA. GABA turnover in the brain of rat lines developed for differential ethanol-induced motor
impairment. PHARMACOL BIOCHEM BEHAV 34(4) 905-909, 1989.—The role of GABAergic neurons in the differential
sensitivity to ethanol between the AT (Alcohol Tolerant) and ANT (Alcohol Nontolerant) rat lines developed for low and high degree
of motor impairment from ethanol, was studied by comparing the effect of ethanol (2 or 4 g/kg, IP) on GABA tumover in different
regions of the brain in these rat lines. GABA turnover was estimated from the accumulation of GABA after inhibition of GABA
aminotransferase with aminooxyacetic acid (AOAA, 50 mg/kg, IP) given 10 min after administration of ethanol. The rats were killed
two hours after the AOAA treatment with focused microwaves. The concentrations of GABA, aspartate, glutamate, glutamine and
taurine were analyzed with HPLC. The saline-treated ANT rats were found to have a higher concentration of GABA in the striatum
and a higher rate of GABA accumulation in the cerebellum than the AT rats. Ethanol suppressed the accumulation of GABA in both
lines, but the suppression was significantly greater in the AT rats than in the ANT rats. In specific regions, this line difference was
significant in the cerebral cortex and cerebellum with the higher ethanol dose. No line differences were found in the brain or tail blood
ethanol concentration. AOAA increased the concentration of glutamine, decreased that of aspartate and glutamate, and did not modify
that of taurine. The AOAA-induced changes in the concentrations of these amino acids were, however, minor relative to those found
in the concentrations of GABA. The results that GABAergic mechanisms are involved in the differential sensitivity to the
motor-impairing effects of ethanol between the AT and ANT rats.

Ethanol Intoxication GABA Genetics

Selected lines

Amino acid neurotransmitters

A role for GABAergic mechanisms in the actions of ethanol is
suggested by several behavioral, electrophysiological and neuro-
chemical studies. For instance, +y-aminobutyric acid (GABA)
antagonists, such as picrotoxin and bicuculline, have been shown
to potentiate the locomotor stimulatory effects of ethanol, but to
antagonize ethanol-induced motor impairment and to decrease the
duration of the loss of the righting reflex (9, 14, 22, '27).
Similarly, increasing the concentration of GABA with aminooxy-
acetic acid (AOAA), and the GABA agonist, muscimol, has been
found to enhance the sedative effects of ethanol (3, 9, 14, 27). In
electrophysiological studies, ethanol has been shown to augment
GABA-mediated inhibition in the cerebral cortex and substantia
nigra (28,30). Neurochemical studies indicate that ethanol reduces
GABA accumulation (3, 36, 38) and increases GABA , receptor-
linked chloride flux in brain synaptoneurosomes in a picrotoxin-
sensitive manner [cf. (37)].

Animal lines selected for ethanol-related behaviors have been
widely used to elucidate the mechanisms for actions of ethanol [cf.
(13)]. In our laboratory, selective outbreeding has been used to
develop the AT (Alcohol Tolerant) line of rats with very low
sensitivity to the motor-impairing effect of 2 g/kg ethanol in the
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tilting plane test and the ANT (Alcohol Nontolerant) line with high
sensitivity to this effect (7,19). Further studies have shown that
these rat lines also differ in the same way in their sensitivity to the
behavioral effects of two GABAergic drugs, barbital and lorazepam,
the AT rats showing significantly less motor impairment than the
ANT rats (16,34). These findings suggest that GABAergic neu-
ronal mechanisms may be involved in the differential sensitivity to
ethanol between these rat lines. This supports the hypothesis of a
role for GABAergic mechanisms in the expression of ethanol-
induced motor impairment, and suggests furthermore, that the
functioning of the GABAergic system is influenced by genetic
factors.

The purpose of the present study was to elucidate the involve-
ment of the GABA neuronal systems in the differential sensitivity
to ethanol between the AT and ANT rats by comparing the effects
of ethanol on GABA accumulation in the brain of these rat lines.
In addition, it was hoped to get information about the role of the
presynaptic GABAergic mechanisms in ethanol-induced motor
impairment. Changes in GABAergic activity were examined by
measuring the rate of GABA accumulation after inhibition of
GABA metabolizing enzyme GABA aminotransferase (GABA-T)
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with AOAA after ethanol administration. To evaluate the speci-
ficity of the AOAA treatment, the concentrations of aspartate,
glutamate, glutamine, and taurine were also analyzed. We also
checked whether differences in brain ethanol levels might play a
role in the differential effect of ethanol in the lines.

METHOD

Male AT and ANT rats of generation F;, were used in the
experiments. The body weights were 389+4 g (mean=+SEM,
N=40) in the AT rats and 377 =4 g (N =40) in the ANT rats. The
animals were housed in stainless steel wire mesh cages in groups
of 4-6 rats with free access to tap water and standard R 3 rat food
(Ewos Ab, Sodertilje, Sweden). The ambient temperature was
22 +2°C, relative humidity 50-55%, and light/dark cycle 12 hr/12
hr (lights on at 6:00 a.m.).

Neurochemical Studies

GABA turnover was estimated from the accumulation of
GABA after inhibition of GABA-T by AOAA. Saline or ethanol
[2 g/kg (12% v/v in saline) or 4 g/kg (15% v/v)] was administered
intraperitoneally 10 min prior to saline or AOAA (50 mg/kg, IP,
in a concentration of 12 mg/ml in saline). In pilot experiments this
dose of AOAA caused a linear increase of about 250% in the brain
GABA concentration in 3 hours. The rats were killed 120 min after
AOAA with focused microwaves (NJE 2603, 10 kW microwave
device, New Japan Radio Co. Ltd., Tokyo, Japan).

The head was allowed to cool in crushed ice and then the brain
was dissected into cerebral cortex, striatum, limbic forebrain
(containing tuberculum olfactorium, nucleus accumbens and sep-
tum), and cerebellum. The tissue samples were stored at —80°C
until the amino acid assay with high performance liquid chroma-
tography.

The sample preparation and chromatographic procedures were
modified from methods published earlier (8, 20, 32). The tissue
samples were sonicated for 3x2 sec in 10 volumes of 0.2 M
perchloric acid (PCA) (Sonifier B 12, Branson Sonic Power
Company, Danbury, CT), and centrifuged at 16,000 X g at +4°C
for 20 min. The internal standard, 100 pl of 1.25 mM norvaline in
absolute methanol, was added into 100 i of the supernatant, and
diluted with absolute methanol up to 2.2 ml. This dilution fitted
within the linear range of the fluorescence detector (10-600
pmol/amino acid/injection). The chromatographic analyses were
performed immediately after tissue extraction.

Amino acid standards containing GABA, aspartate, glutamate,
glutamine and taurine were constructed from stock solutions of
individual amino acids (10 mM in 0.2 M PCA stored at —80°C).
The mixture of amino acids was constructed from 100 pl of each
stock solution, which was then diluted with absolute methanol up
to 4.8 ml. To obtain a standard curve, 100 pl of 1.25 mM
norvaline (internal standard) was added to 55, 110, 220 and 440 pl
of the amino acid mixture and the solutions were filled up to 2.2
ml with absolute methanol.

The concentrations of the amino acids were analyzed as
precolumn o-phthaldialdehyde (OPA) derivatives by high perfor-
mance liquid chromatography with fluorescence detection. The
derivatization reagent was made weekly from 50 mg OPA, 5 mi
absolute methanol, 5 ml saturated H;BO,-buffer pH 9.5 and 50 pl
2-mercaptoethanol. The samples were automatically derivatized
and run by a Waters Intelligent Sample Processor, WISP 710B,
equipped with an OPA valve using the Auto.Tag OPA method
(32). The two Model 510 pumps were controlled by an Automated

HELLEVUO AND KIIANMAA

Gradient Controller (Waters Associates, Milford, MA). The de-
tector was a Waters 420AC Fluorescence Detector, equipped with
a standard UV lamp, a 338 nm excitation filter, and a 455 nm
emission filter.

The samples were first run through a glass-bead column to
insure a proper mixing of the derivatized samples, followed by a
Bondapak C,g precolumn (Waters Associates) and finally sepa-
rated by an Altex Ultrasphere ODS 5 pm (250 X 4.6 mm i.d.)
column (Beckman Instruments Inc., San Ramon, CA) during a
gradient run using phosphate- and phosphate-acetonitrile buffers
described by Korpi and Wyatt (20). The gradient profile was
adjusted to separate the amino acids of interest.

Brain and Blood Ethanol Concentration

The AT and ANT rats were injected with 2 g/kg of ethanol
(12% v/v, IP). Blood samples of 100 pl were collected from the
tip of the tail after 30 min. The rats were immediately decapitated
and their brains removed. The ethanol concentration was deter-
mined by head space gas chromatography (5) from the superna-
tants after protein precipitation with 0.6 M perchloric acid and
centrifugation.

Drugs

The amino acid standards, ~y-aminobutyric acid (free), L-
aspartic acid (free), L-glutamic acid (free), L-glutamine, L-
taurine, L-norvaline, aminooxyacetic acid hemihydrochloride, and
o-phthaldialdehyde were purchased from Sigma Chemical Co. (St.
Louis, MO). All other reagents were of analytical grade.

Statistical Analysis

Differences between the groups were studied using Student’s
t-test or analysis of variance followed by the Student-Newman-
Keuls test.

RESULTS

The concentration of GABA was significantly higher in the
striatum of the ANT rats than in that of the AT rats (Fig. 1). No
significant differences between the rat lines in the concentration of
GABA were found in the cerebral cortex, the cerebellum, or the
limbic forebrain (Fig. 1).

The AOAA-induced accumulation of GABA was significantly
higher in the cerebellum of the ANT rats than in that of the AT
rats, as indicated by a significant rat line X AOAA effect
interaction, F(1,32)=5.93, p=0.0206 (Fig. 1). There were no
significant line differences in the accumulation of GABA in other
brain parts.

The ethanol-induced reduction in the GABA accumulation was
generally greater in the AT line than in the ANT line (Fig. 1), as
indicated by a significant rat line X ethanol effect interaction over
all brain areas together, F(2,28)=3.93, p=0.0312. Additional
analyses of variance showed that this line difference reached
significance in the cerebral cortex, F(1,28)=5.68, p=0.0242,
and cerebellum, F(1,28)=4.96, p=0.0341, with the 4 g/kg dose
and approached significance in the striatum, F(1,30)=4.08,
p=0.0525, and cerebral cortex, F(1,28)=3.42, p=0.0752, with
the 2 g/kg dose.

The effect of ethanol on the concentrations of aspartate,
glutamate, glutamine, and taurine in the different brain regions of
the AT and ANT rats treated with AOAA is shown in Table 1.
AOAA alone decreased significantly the concentrations of aspar-
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FIG. 1. The concentrations of GABA in different parts of the brain of the
AT and ANT rats treated with saline (SAL) or ethanol (EtOH) without or
with aminooxyacetic acid (AOAA) administration. A significant rat line X
AOAA effect interaction was found. in the cerebellum, and significant rat
line X ethanol effect interactions were found in all areas together, and
specifically in the cerebral cortex and cerebellum (see the Results section).
Mean + SEM of 810 rats are given. AA p<0.01 from the AT line (¢-test);
%% p<0.01 from the saline-saline control; ¥r3r p<0.01, ¢ p<0.05 from
AOAA-saline control (Newman-Keuls test).

tate and glutamate in the cerebellum and limbic forebrain of both
rat lines, but increased the concentration of glutamine in every
analyzed region of the brain. A significant rat line X AOAA-
effect interaction was found in the striatum, in which AOAA
increased the concentration of glutamine, F(1,30)=7.97, p=
0.0084, and taurine, F(1,30)=7.27, p=0.0114, significantly
more in the AT rats than in the ANT rats. Otherwise, the
concentration of taurine was not modified by AOAA.

Ethanol fusther decreased significantly the concentration of
aspartate in the cerebellum of both rat lines (Table 1). The higher
dose of ethanol significantly raised the concentration of glutamine
in every apalyzed brain part of the ANT rats. The rat lines did not,
however, differ significantly in this effect. A line difference in
response to ethanol was found in the concentration of taurine in the
cerebral cortex, F(2,42)=5.25, p=0.0092, although the ethanol-
induced changes were not significant.

There were no significant differences between the AT and ANT
rats in ethanol concentrations in the brain or in the tail blood
(Table 2).
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DISCUSSION

The functional relationship between ethanol-induced changes
in GABA neurotransmission and impairment of motor perfor-
mance during ethanol intoxication was studied using two rat lines
selected for differential sensitivity to ethanol. The concentration of
GABA in the striatum and the AOAA-induced GABA accumula-
tion in the cerebellum were higher in the ethanol-sensitive ANT
rats than in those of the ethanol-insensitive AT rats, suggesting
higher GABAergic tone in the cerebellum of the ANT rats.

Ethanol was found to reduce GABA accumulation after AOAA.,
This finding is in agreement with most previous studies (3, 36,
38), but see (9,10), using similar ethanol doses to those used in this
study and measuring GABA accumulation after AOAA, y-allenyl-
GABA, or gabaculine in the brains of rats and mice. With a
different method, using a radioactive glucose precursor, ethanol
did not, however, affect the rate of GABA synthesis (31).

The ethanol-induced reduction in GABA accumulation after
AOAA was greater in the ethanol-insensitive AT line than in the
ethanol-sensitive ANT line. This effect cannot be accounted for by
differences in the distribution of ethanol, because brain ethanol
concentrations were found to be similar in both rat lines. Interest-
ingly, significant differences in the basal concentrations of GABA
and after AOAA were found only in the cerebral cortex, striatum,
and cerebellum, i.c., brain parts closely related to the control of
motor performance (11,18).

The rate of GABA accumulation after inhibition of GABA
metabolism with AOAA has been used as an index of the
utilization of the GABA releasing neurons, and thus of the amount
of GABA released into synaptic clefts (23, 26, 39). If this is
correct, ethanol suppresses GABA release more in the brain of the
ethanol-insensitive AT rats than in that of the ethanol-sensitive
ANT rats. On the other hand, both in electrophysiological and in
vitro slice studies, ethanol has been found to suppress GABAergic
activity more in the brain of the ethanol-sensitive long-sleep (LS)
than ethanol-insensitive short-sleep (SS) mice, developed for
differences in the duration of ethanol-induced loss of righting
reflex (17,35). An explanation for the contrasting results between
the AT/ANT rats and LS/SS mice is difficult to give.

The assumption that the level of GABA accumulation after
AOAA reflects the amount of GABA release can be criticized. The
level of GABA accumulation after AOAA probably reflects
GABA in other compartments in addition to that released as a
transmitter, and for this reason may not be an accurate measure of
the absolute rate of GABA release (1, 12, 24). Nevertheless, it
should be correlated to the rate of GABA release and suitable for
making a comparison between the AT and ANT rats. Conse-
quently, the conclusion that AT rats have a greater ethanol-
induced decrease in GABA release than do ANT rats seems to be
justified even if the figures do not represent the absolute release
rates.

The estimation of GABA release from the accumulation of
GABA can also be justified by the present finding that AOAA had
considerably less effect on the concentrations of aspartate, gluta-
mate, glutamine, and taurine than that of GABA. Thus, the dose
of AOAA used in this study inhibited GABA-T much more than
other enzymes, in spite of being a nonspecific enzyme inhibitor
(29,39).

AOQAA causes hypothermia (3) and thus could affect GABA
accumulation through the change in body temperature. It should be
noted, however, that the AT and ANT rats are not differentially
sensitive to the hypothermic effects of ethanol (6,21).

The ability of ethanol to reduce the accumulation of GABA is
probably not caused by a direct inhibitory effect of ethanol on
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TABLE 1
THE EFFECT OF ETHANOL ON THE CONCENTRATIONS OF ASPARTATE (Asp), GLUTAMATE (Glu), GLUTAMINE (Gln) AND TAURINE (Tau) IN
DIFFERENT AREAS OF THE BRAIN OF THE AT AND ANT RATS TREATED WITH AOAA
Cerebral Cortex Cerebellum Limbic Forebrain Striatum
EtOH
(g/kg) ANT AT ANT AT ANT AT ANT AT
Asp
0 91 + 5(@8) 91+ 78 69 7(8)* 87 68 6968 69=x 9(7
2 86 = 6(8) 86+ 7(8) S8+ 6(8) 60+ 538° 78x9@® 3= 6(8) N.D.
4 100 = 9¢(8) 890+ 8(8) 30 5(8°> 58z 708 61 *x8Q® T=x12(D
Glu 0 100 £ 11(8) 103 x11(8) 74 4(B8° 8 = 4(8 92=x5@) 75 7(08)?
2 95+ 98 99 =108 81 = 4(8) 89 + 3(8) 111 =88 76= 4(8) N.D.
4 75+ 68 94 =138 67 5(8) 88+ 5(8) 98 x3(8) 84 7(8)
Gln
0 145 = 8(8) 142 = 9(8)* 156 = 9(8)* 152 + 5(8)" 130 = 7(8)* 132 = 9 (8 126 = 3 (8 149 = 4 (8)°
2 133 £ 10(8) 138+ 8(8) 132 = 7(8) 146 9(8) 124 +x6(@8) 121 = 5(]) 118 =3 130 = 610
4 229 = 21(7)® 171 = 12(7) 194 = 16(8)° 174 = 17(8) 171 = 9(8)" 145 = 9(8) 145 = 7(8)" 158 = 12(9)
Tau
0 101 = 3(8) 98 = 3(8) 101 = 3(8) 9 + 3(10) 101 =4(8) 105+ 6(8) 98 + 3(®)* 114 = 3(8)p
2 95 = 4(8)% 101 = 3(8) 95+ 4(10) 100 = 6(10) 101 £4(8) 101 = 4(8) 91 =3(@) 110 = 3(8)
4 109 = 4(8)F 94 = 4(8) 110 = 4(10) 106 = 6(10) 101 £3(8) 98+ 5(8) 8 =37 107 = 3(8)

Results are expressed as percent of the saline-saline control [mean = SEM, (N)]. N.D.

=not determined. The concentrations (pmol/g tissue weight)

of the amino acids of the saline-treated AT and ANT rats, respectively, were: cerebral cortex: Asp 4.2 = 0.4 (8), 3.7 = 0.2 (8); Glu 5.8 = 0.6 (7),
5.8 £ 0.5(8);GIn4.3 = 0.2(8),3.5 £ 0.2 (8);Tau5.4 = 0.2 (8),5.8 = 0.2 (8);cerebellum: Asp3.6 = 0.3 (8),3.7 = 0.2 (8);Glull.6 = 0.9 (8),
12.5 = 0.7 (8); Gin 4.9 = 0.3 (10), 4.7 = 0.3 (10); Tau 6.1 = 0.4 (8), 7.0 = 0.2 (8); limbic forebrain: Asp 3.3 = 0.3 (7), 2.7 = 0.2 (6); Glu
94 £03(N,7.7 £09(7);Gln6.0 = 0.2 (8), 5.4 £ 0.2(8); Tau 5.1 = 0.3 (8), 5.7 = 0.2 (8), striatum: GIn 2.8 = 0.1 (8), 2.8 = 0.1 (10);
Tau 6.1 = 0.2 (8), 7.4 = 0.2 (10). *p<0.01 difference from saline-saline control; "p<<0.01 difference from AOAA-saline (Newman-Keuls test):
*p<<0.05, tp<<0.01 AOAA effect X rat line interaction; £p<C0.01 ethanol effect X rat line interaction (ANOVA).

GAD, since the activity of the enzyme has not been found to be
decreased (15,36). Based upon the suggestion by Frye and Fincher
(10), the reduced GABA accumulation produced by ethanol may,
however, involve the negative-feedback produced by presynaptic
GABA autoreceptors, although it is not clear whether they are of
type GABA , or GABAg (2,4). There is evidence suggesting that
ethanol potentiates GABA , receptor-mediated chloride influx [cf.

TABLE 2

BRAIN AND TAIL-BLOOD ETHANOL CONCENTRATIONS IN THE AT
AND ANT RATS

Ethanol Concentration (mM)

Rat

Line Brain Tail-Blood
AT 432 = 1.4 (6) 48.2 = 1.9 (6)
ANT 41.1 £ 2.0 (5 46.0 = 2.7 (5)

Mean = SEM (n) are given. The determinations were made 30 min
after administration of ethanol 2 g/kg IP.

(33,37)). If it also potentiates or mimics GABA actions on
autoreceptors it would decrease GABA release. Consequently, if
the AT rats have more autoreceptors than the ANT animals, the
AT rats would show a greater reduction of GABA release when
given ethanol and thus would show less overt intoxication. In
support of this hypothesis, less GABA release (in this study) and
a larger total number of muscimol binding sites in the AT rats than
in the ANT rats has been found in the cerebellum (25).

The present study has provided further evidence that there are
genetically determined differences in central GABAergic mecha-
nisms between the AT and ANT rats, and that the mechanisms
differ in their sensitivity to ethanol. This is in accord with the
earlier findings showing that the ANT rats are more sensitive than
the AT rats to the motor impairing effects of barbital and
lorazepam (16,34), suggesting a role for GABAergic mechanisms
in the differential sensitivity to ethanol between the lines and in
ethanol-induced motor impairment.
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