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59

 

(3) 691–695, 1998.—In a drug discrimination para-
digm with rats trained to discriminate ethanol (1 g/kg IP) from saline we studied two substances, lamotrigine and riluzole,
which are regarded as glutamate release inhibitors concerning their ability to substitute for ethanol. Both substances have
been shown to act primarily on voltage-gated sodium channels; however, Lamotrigine dose dependently generalized to the
ethanol cue, whereas riluzole did not. These results reflect the different high-dose effects of both sustances at voltage-gated
calcium channels, where lamotrigine has inhibitory effects, but not riluzole, and provide further evidence for a role of volt-
age-gated calcium channels in the mediation of the effects of ethanol. © 1998 Elsevier Science Inc.
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THERE is accumulating evidence that glutamatergic mecha-
nisms are involved in the mediation of the discriminative stim-
ulus effects of ethanol. The effect of ethanol on glutamatergic
neurotransmission is basically an inhibitory one. For example,
noncompetitive and competitive NMDA-antagonists have
been shown to substitute fully for the ethanol cue in drug-dis-
crimination paradigms (6,8,27). Several in vitro studies further
demonstrated that ethanol also decreases the release of gluta-
mate (2,17,26), possibly via an opioid-dependent process (22,23),
by blockade of NMDA receptors mediating gluta-mate re-
lease (2) or by activation of adenosine A1 receptors (4). Etha-
nol is also thought to enhance uptake and tissue concentration
of glutamate (12).

However, it is unclear whether these neurochemical pro-
cesses produce specific behavioral effects and how they con-
tribute to the internal ethanol cue. To further elucidate the
implications of glutamate release in relation to the behavioral
effects of ethanol, we investigated the effects of riluzole and
lamotrigine, which are both regarded as glutamate release in-
hibitors, in rats trained to discriminate ethanol from saline.

 

METHOD

 

Animals

 

Male Wistar rats (Max Planck Institute of Psychiatry, Mar-
tinsried, Germany; 

 

n

 

 

 

5

 

 24), weighing 250–270 g, were housed
individually with free access to water. During the experimen-
tal period their weight was maintained at about 80% of that
under free-feeding conditions by restricting their daily food
consumption. Animals were kept in a climate-controlled
room under a 12 L:12 D cycle, with the light phase commenc-
ing at 0700 h.

 

Apparatus

 

Standard operant chambers (Coulbourn Instruments, Le-
high Valley, PA) were used. Each chamber was equipped with
two levers, one on either side of and equidistant from a food
cup. The chambers were contained in ventilated, sound-atten-
uated cubicles equipped with a house light. The experiments
were controlled by a computer connected to the chambers
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through LVB interfaces (Med Associates Inc., East Fairfield,
VT) using a modified version of the software package as de-
scribed by Spencer and Emmett-Oglesby (30).

 

Discrimination Training

 

The responding of the animals was shaped by reinforce-
ment of lever pressing using food delivery according to an in-
creased fixed ratio (FR). Once animals had reached a fixed
ratio of 10 responses for each food pellet (FR10) (45 mg pel-
lets, Bioserve, Frenchtown, NJ), drug and vehicle training ses-
sions began. Training sessions began 10 min after an injection
of either ethanol (1 g/kg IP; 12% v/v solution) or the appro-
priate volume of saline and ended after 15 min. Responses on
the correct lever were reinforced and recorded, and those on
the incorrect one were recorded only. The left lever was des-
ignated as the drug lever in 50% of the animals and the right
one for the remaining animals. During each training session,
the first 10 presses on either lever designated the “selected le-
ver” were used to ascertain acquisition of stimulus control.
Rats received a randomized sequence of training sessions
(one session per day; Monday–Friday), with a maximum of
three consecutive drug or vehicle training sessions. The crite-
rion for stimulus control was set at 8 consecutive correct lever
selections out of the last 10 sessions, with at least 90% drug-
or vehicle-appropriate responses during these sessions.

 

Discrimination Testing

 

Tests were conducted twice weekly, with either ethanol or
vehicle training on the intervening days. The day prior to test-
ing all rats were trained with saline. Testing commenced after
the rats had been placed in the chambers, which was 10 min
after either ethanol or saline administration. Test sessions
were terminated either after one FR (10 presses) had been
completed or 5 min had elapsed. No responses were rein-
forced during these sessions. Two measures of discrimination
were obtained. A quantal measure, which was derived from
the percentage of animals tested that selected the ethanol le-
ver, and a graded measure, which was calculated from the
number of responses on the drug lever and the total number
of responses on both levers until the first fixed ratio was com-
pleted (first 10 presses on either lever designated it as the se-
lected lever). Thus, 19 possible responses could be elicited,
and a percentage score was determined for each treatment. In
the figures the graded measure is used. The time required to

complete the first ratio (lever response latency) served as an
additional measure of responding, indicating a possible im-
pairment of responding by the injected substance itself. Ani-
mals that did not reach a minimum of 10 responses on either
the saline or the ethanol lever within 5 min were excluded
from the data analysis.

The following tests were conducted: (a) ethanol dose–
response test: following acquisition of discrimination, generali-
zation tests were conducted with four doses of ethanol (0.25–
1.5 g/kg, IP) to obtain a dose–response relationship for discrim-
ination. The doses were tested in a randomized order. (b) Gen-
eralization test: instead of ethanol, animals were injected IP
with a vehicle solution of the substance to be tested and were
placed into the chambers after a certain time interval that de-
pended on the substance used (Table 1). The injected volumes
were the same as during the ethanol training sessions. Drugs
and doses were injected in a randomized order in all tests.

 

Drugs

 

Dehydrated 96% ethanol was obtained from the hospital
pharmacy (Schwabing City Hospital, Munich, Germany) and
diluted to a 12% solution (v/v) with 0.9% saline. The follow-
ing drugs were used in the study: riluzole [2-amino-6-(triflu-
oro-methoxy)-benzothiazole] (RBI, Cologne, Germany) and
lamotrigine [3,5-diamino-6-(2,3-dichlorophenyl)-1,2,4-triazine]
(generously provided by Wellcome Ltd., Beckenham, UK).
Riluzole was administered at doses of 1.0, 4.0, and 6.0 mg/kg,
lamotrigine at 5.0, 10.0, and 30.0 mg/kg. The doses adminis-
tered were similar to those used in previous behavioral tests
(13,28). As pretreatment time we chose 30 min for riluzole,
because pharmacodynamic data show that glutamate release
inhibition for riluzole is maximal after 40 min (3). Lamotri-
gine, which shows rapid bioavailability (24), was given 15 min
before testing. Both substances were dissolved in saline.

 

Statistics

 

A statistical analysis of lever latency data was performed
by using a one-way-ANOVA. Where significant main factor
differences (

 

p

 

 

 

,

 

 0.05) were found, a Student–Newman–Keuls
test was performed as a post hoc test.

 

RESULTS

 

Discrimination of the ethanol stimulus from saline was
dose dependent (Fig. 1). The lowest dose, which partly gener-

 

TABLE 1
RESULTS OF SUBSTITUTION TESTS WITH LAMOTRIGINE AND RILUZOLE IN RATS

TRAINED TO DISCRIMINATE ETHANOL (1 g/kg IP)

Compound
Dose

(mg/kg)
No. Tested/

No. Responding*
Quantal 

Measure†
%

Substitution
Graded

Measure‡

 

Lamotrigine 5.0 8/8 1/8 12.5 23.1
10.0 12/12 3/12 25.0 52.2
30.0 14/8 5/8 62.5 79.8

Riluzole 1.0 6/6 0/6 0.0 15.0
4.0 8/8 0/8 0.0 21.5
6.0 8/8 0/8 0.0 20.6

*The number of animals pressing at least 10 times on either the saline or ethanol lever.
†The quantal measure indicates the number of animals tested that selected the ethanol lever by completing 10

responses.
‡The number of ethanol appropriate responses divided by the total sum of responses until completing 10 re-

sponses on either the saline or the ethanol lever.
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alized for the ethanol training dose, was 0.5 g/kg (Fig. 1). Le-
ver selection latencies with doses lower than 1 g/kg ethanol
did not differ from the training dose, and only a dose of 1.5 g/
kg increased the time taken to press the lever, 

 

F

 

(4, 35) 

 

5

 

 8.5,

 

p

 

 

 

,

 

 0.05 (Fig. 1).
Riluzole (1.0, 4.0, and 6.0 mg: 

 

n

 

 

 

5

 

 6, 8, and 8, respectively)
failed to substitute for the ethanol cue at all given doses, an
effect that seems to be independent of dosage, because even a
high dose of 8.0 mg/kg, which was definitely effective because
it drastically impaired responding (in six out of eight animals),
did not show a tendency to generalization. The response la-
tency increased dose dependently, 

 

F

 

(3, 26) 

 

5

 

 7.2, 

 

p

 

 

 

,

 

 0.05
(Fig. 2). However, lamotrigine (5.0, 10.0, and 30.0 mg: 

 

n

 

 

 

5

 

 8, 12,
and 14, respectively) showed a dose-dependent, partial (quan-
tal measure) and full (graded measure) generalization to the
ethanol cue and did also result in a remarkable increase of the
lever response latency at the highest dose, 

 

F

 

(3, 36) 

 

5

 

 14.8, 

 

p

 

 

 

,

 

0.05 (Fig. 2) with only 8 out of 14 animals completing the test.

 

DISCUSSION

 

This study showed differing effects of the glutamate re-
lease inhibitors riluzole and lamotrigine in a drug discrimina-

tion experiment with rats trained to discriminate ethanol from
saline: lamotrigine substituted for the ethanol cue, whereas ri-
luzole did not. From a superficial point of view these contra-
dictory results are somewhat surprising, as—assuming that
ethanol acts as a glutamate release inhibitor—one would ex-
pect that both substances generalize to the ethanol cue. How-
ever, uptake and release of neurotransmitters is only the re-
sult of a variety of different extra- and intracellular processes.
Consequently, if two substances decrease the release of a neu-
rotransmitter this does not necessarily mean that they bind at
the same sites, use the same second-messenger systems, and
influence release to the same extent. Nevertheless, all these
aspects may influence the interoceptive cues of these sub-
stances.

At present, few data are available on how ethanol inhibits
the release of glutamate and to what extent voltage-sensitive
cation channels are involved here. Ethanol is thought to in-
hibit primarily voltage-activated calcium channels (1,31), but
also has an—although weaker—inhibitory effect on voltage-
gated potassium and sodium channels [(1), for review see
(16,21)]. As inhibition of voltage-activated calcium channels
decreases the release of glutamate (10), one could speculate
that the release inhibition of ethanol is also mediated via volt-

FIG. 1. Results of dose–response tests with increasing doses of
ethanol (0.25, 0.5, 1.0, and 1.5 g/kg IP) and saline after consolidation
of discrimination learning in rats trained to discriminate ethanol from
saline. Values are means 6 SEM. *p , 0.05.

FIG. 2. Results of discrimination testing with increasing doses of
lamotrigine and riluzole in rats trained to discriminate ethanol from
saline: Ethanol-appropriate response is given as graded measure (%).
The compounds were given IP before testing. Values are means 6
SEM. *p , 0.05.
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age-activated calcium channels. Interestingly, it could be
shown by an in vivo study in rats using microdialysis that etha-
nol alters the release of glutamate from hippocampus and nu-
cleus accumbens dose dependently in a biphasic manner with
a stimulation of release at low and an inhibition at higher
doses of ethanol (20), whereas other authors reported a pro-
nounced glutamate release with increasing ethanol concentra-
tions from in vitro studies (29).

There is evidence that lamotrigine inhibits presynaptic
glutamate release primarily via interaction with voltage-acti-
vated sodium channels (14,19,32). In our study lamotrigine re-
vealed a dose-dependent partial or full generalization—de-
pending on the results of quantal and graded measurement
(Table 1)—which would suggest that decreased glutamate re-
lease induced by voltage-activated sodium channels may be
involved in the mediation of the subjective ethanol effects.

However, regarding the current literature there is little evi-
dence for this possibility at the moment, as the activity of eth-
anol at voltage-activated sodium channels seems to be negligi-
ble compared to its activity at L-type calcium channels. Lees
and Leach showed in an in vitro study that—in higher concen-
trations—lamotrigine also inhibits calcium currents by inter-
ference with calcium sequestration or calcium binding pro-
teins (15), which could be an explanation for the results of our
study. A previous drug discrimination study in rats trained to
discriminate phencyclidine showed that lamotrigine does not
generalize to the phencyclidine cue, indicating that it lacks di-
rect activity at the postsynaptic NMDA receptor (14). As the
doses of lamotrigine administered in this study can be regarded
as similar to those of the aforementioned study, although a dif-
ferent way of administration was chosen, a direct effect of lam-
otrigine at the NMDA-channel seems to be unlikely (14).

Riluzole failed to substitute for ethanol in our study. Sev-
eral in vitro studies show that riluzole, similarly to lamotri-

gine, selectively inhibits the release of glutamate and aspar-
tate by interacting with certain subtypes of sodium channels
(3,9,18). The failure of riluzole to generalize to the ethanol
cue does not seem to be due to the usage of ineffective doses,
because the highest dose administered had almost an hypnotic
effect in the animals. In contrast to the action of lamotrigine
at voltage-gated ion channels, riluzole does not act at calcium
channels even in higher concentrations. This result is in line
with various studies showing that, as mentioned above, volt-
age-gated sodium channels may not play an important role in
the mediation of the effects of ethanol. Various L-type cal-
cium channel antagonists have, however, been shown to po-
tentiate the acute effects of ethanol (11,25) and the calcium
channel antagonist israpidine has been shown to be involved
in the mediation of the discriminative stimulus effects of etha-
nol by antagonizing the ethanol cue (5). Further, calcium
channel antagonists effectively suppress voluntary ethanol in-
take and preference in rats (7).

In general, we do not know much about the relevance for
behavioral effects of how glutamate release inhibition occurs.
Further, we have to take into account that the effect of etha-
nol on glutamate release may be dose dependent (29) or pos-
sibly biphasic (20). The latter author reported a stimulation of
glutamate release with 0.5 g/kg ethanol, a trend to decreased
release after administration of 1.0 g/kg ethanol, which was the
training dose applied in our study, and eventually a strong re-
lease inhibition at 2.0 g/kg. This raises the question whether
the training dose of ethanol was appropiate to produce a con-
stant and relevant inhibition of glutamate release.

We conclude that dose-dependent inhibition of glutamate
release via an altered function of voltage-activated calcium
channels may be involved in the mediation of the subjective
ethanol effects, whereas voltage-activated sodium channels
seem to play a minor role in this respect.

 

REFERENCES

 

1. Camacho-Nasi, P.; Treistman, S. N.: Ethanol effects on voltage-
dependent membrane conductances: Comparative sensitivity of
channel populations in Aplysia neurons. Cell. Mol. Neurobiol.
6:263–279; 1986.

2. Carboni, S.; Isola, R.; Gessa, G. L.; Rossetti, Z. L.: Ethanol pre-
vents the glutamate release induced by 

 

N

 

-methyl-

 

D

 

-aspartate in
the rat striatum. Neurosci. Lett. 152:133–136; 1993.

3. Cheramy, A.; Barbeito, L.; Godeheu, G.; Glowinski, J.: Riluzole
inhibits the release of glutamate in the caudate nucleus of the cat
in vivo. Neurosci. Lett. 147:209–212; 1992.

4. Clark, M.; Dar, M. S.: Release of endogenous glutamate from rat
cerebellar synaptosomes: Interactions with adenosine and etha-
nol. Life Sci. 44:1625–1635; 1989.

5. Colombo, G.; Agabio, R.; Lobina, C.; Fadda, F.; Gessa, G. L.:
Blockade of ethanol discrimination by israpidine. Eur. J. Pharma-
col. 265:167–170; 1994.

6. Colombo, G.; Grant, K. A.: NMDA receptor complex antago-
nists have ethanol-like discriminative stimulus effects. Ann. NY
Acad. Sci. 654:421–423; 1992.

7. De Beun, R.; Schneider, R.; Klein, A.; Lohmann, A.; De Vry, J.:
Effects of nimodipine and other calcium channel antagonists in
alcohol-preferring AA rats. Alcohol 13:263–271; 1996.

8. Grant, K. A.; Colombo, G.: Discriminative stimulus effects of
ethanol: Effect of training dose on the substitution of 

 

N

 

-methyl-

 

D

 

-aspartate antagonists. J. Pharmacol. Exp. Ther. 264:1241–1247;
1993.

9. Hebert, T.; Drapeau, P.; Pradier, L.; Dunn, R. J.: Block of the rat
brain IIA sodium channel a subunit by the neuroprotective drug
riluzole. Mol. Pharmacol. 45:1055–1060; 1994.

10. Huston, E.; Cullen, G. P.; Burley, J. R.; Dolphin, A. C.: The
involvement of multiple calcium channel subtypes in glutamate
release from cerebellar granule cells and its modulation by
GABA-B receptor activation. Neuroscience 68:465–478; 1995.

11. Isaacson, R. L.; Molina, J. C.; Draski, L. J.; Johnson, J. E.: Nimo-
dipines interaction with other drugs. I. Ethanol. Life Sci. 36:2195;
1985.

12. Keller, E.; Cummins, J. T.; von Hungen, K. Regional effects of
ethanol on glutamate levels, uptake and release in slice and syn-
aptosome preparations from rat brain. Subst. Alcohol Actions/
Misuse 4:383–392; 1983.

13. Koek, W.; Colpaert, F. C.: Use of a conflict procedure in pigeons
to characterize anxiolytic drug activity: Evaluation of 

 

N

 

-methyl-

 

D

 

-aspartate antagonists. Life Sci. 49:PL37–PL42; 1991.
14. Leach, M. J.; Baxter, M. G.; Critchley, M. A.: Neurochemical and

behavioral aspects of lamotrigine. Epilepsia 32:S4–S8; 1991.
15. Lees, G.; Leach, M. J.: Studies on the mechanism of action of the

novel anticonvulsant lamotrigine (Lamictal) using primary neu-
roglial cultures from rat cortex. Brain Res. 612:190–199; 1993.

16. Leidenheimer, N. J.; Dildy-Mayfield, J. E.; Harris, R. A.: Effect
of ethanol on voltage-gated ion channels. In: Begleiter, H.;
Kissin, B., eds. The pharmacology of alcohol and alcohol depen-
dence. New York: Oxford University Press; 1996.

17. Martin, D.; Swartzwelder, H. S.: Ethanol inhibits release of exci-
tatory amino acids from slices of hippocampal area CA1. Eur. J.
Pharmacol. 219:469–472; 1992.

18. Martin, D.; Thompson, M. A.; Nadler, J. V.: The neuroprotective
agent riluzole inhibits release of glutamate and aspartate from slices
of hippocampal area CA1. Eur. J. Pharmacol. 250:473–476; 1993.



 

ETHANOL AND GLUTAMATE RELEASE INHIBITION 695

 

19. Meldrum, B. S.: Lamotrigine—A novel approach. Seizure 3:41–
45; 1994.

20. Moghaddam, B.; Bolinao, M. L.: Biphasic effect of ethanol on
extracellular accumulation of glutamate in the hippocampus and
the nucleus accumbens. Neurosci. Lett. 178:99–102; 1994.

21. Mullin, M. J.; Dalton, T. K.; Hunt, W. A.; Harris, R. A.;
Majchrowicz, E.: Actions of ethanol on voltage-sensitive sodium
channels: Effects of acute and chronic ethanol treatment. J. Phar-
macol. Exp. Ther. 242:541–547; 1987.

22. Nie, Z.; Madamba, S. G.; Siggins, G. R.: Ethanol inhibits glutamater-
gic neurotransmission in nucleus accumbens neurons by multiple
mechanisms. J. Pharmacol. Exp. Ther. 271:1566–1573; 1994.

23. Nie, Z.; Yuan, X.; Madamba, S. G.; Siggins, G. R.: Ethanol
decreases glutamatergic synaptic transmission in rat nucleus accum-
bens in vitro: Naloxone reversal. J. Pharmacol. Exp. Ther. 266:
1705–1712; 1993.

24. Peck, A. W.: Clinical pharmacology of lamotrigine. Epilepsia 32
(Suppl. 2):S9–S12; 1991.

25. Pucilowski, O.; Krzascik, P.; Trzaskowska, E.; Kostowski, W.:
Different effects of diltiazem and nifedipine on some central
actions of ethanol in the rat. Alcohol 6:165; 1989.

26. Reynolds, J. D.; Brien, J. F.: Effects of acute ethanol exposure on

glutamate release in the hippocampus of the fetal and adult
guinea pig. Alcohol 11:259–267; 1994.

27. Sanger, D. J.: Substitution by NMDA antagonists and other drugs
in rats trained to discriminate ethanol. Behav. Pharmacol. 4:523–
528; 1993.

28. Sanger, D. J.; Joly, D.: Effects of NMDA receptor antagonists
and sigma ligands on the acquisition of conditioned fear in mice.
Psychopharmacology (Berlin) 104:27–34; 1991.

29. Sepulveda, C.; Bustos, G.; Gysling, K.; Seguel, M.; Labarca, R.:
Effects of in vitro ethanol and chronic ethanol consumption on
the release of excitatory amino acids in the rat hippocampus.
Brain Res. 674:104–106; 1995.

30. Spencer, D. G. J.; Emmett-Oglesby, M. W.: Parallel processing
strategies in the application of microcomputers to behavioral lab-
oratories. Behav. Res. Methods Instrum. 17:294–297; 1985.

31. Tabakoff, B.; Hoffman, P. L.: Effect of alcohol on neurotransmit-
ters and their receptors and enzymes. In: Begleiter, H.; Kissin, B.,
eds. The pharmacology of alcohol and alcohol dependence. New
York: Oxford University Press; 1996.

32. Yuen, A. W.: Lamotrigine: A review of antiepileptic efficacy.
Epilepsia 35:S33–S36; 1994.


