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Abstract

All benzodiazepines and benzodiazepine site agonists impair motor performance dose-dependently and potentiate the effects of ethanol. In
order to evaluate the risk of benzodiazepine and ethanol interaction with the direct acting GABA, receptor agonist 4,5,6,7-
tetrahydroisoxazolo (5,4-c) pyridin-3-ol (gaboxadol), we studied impairment of motor coordination for combinations of gaboxadol, ethanol
and a series of benzodiazepines (flunitrazepam, zolpidem and indiplon) in a rat rotarod model. All compounds produced a dose-dependent
motor impairment and, in agreement with earlier data, a supra-additive effect of the benzodiazepine ligands and ethanol 1 g/kg was seen. In
contrast, no significant potentiation of the effects of gaboxadol by ethanol was detected, and furthermore, no synergistic interaction between
gaboxadol and any of the benzodiazepines was seen. A 30-day tolerance study was conducted with daily injections of gaboxadol (7.9 mg/kg)
and zolpidem (1.25 mg/kg), respectively. A time-dependent tolerance developed to the motor impairment produced by both compounds. On
day 31, cross-tolerance studies between zolpidem/gaboxadol and gaboxadol/zolpidem were conducted. No cross-tolerance was observed,
indicating that the motor coordination effects observed with gaboxadol and zolpidem may arise from interaction with different receptor

populations.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Benzodiazepines are widely used as hypnotics and in the
treatment of anxiety and epilepsy. It is a group of drugs with
low toxicity, but is also known to produce a number of side
effects such as sedation, muscle relaxation, memory impair-
ment, tolerance, dependence and risk of interaction with
alcohol (Haefely, 1986; Woods et al., 1992). Efforts to
overcome some of the unwanted effects have led to the
development of a new class of benzodiazepine site agonists,
including zolpidem, zaleplon and zopiclone (Goa and Heel,
1986; Langtry and Benfield, 1990; Sanger et al., 1996;
Rosen et al., 1999; Drover et al., 2000).

These compounds are structurally different from the
classical benzodiazepines; however, the pharmacological

* Corresponding author. Tel.: +45-36301311; fax: +45-36459356.
E-mail address: Bjeb@lundbeck.com (B. Ebert).

0014-2999/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejphar.2003.10.007

effect is mediated via the benzodiazepine site, located at
the GABA, receptor complex. (Sanger et al., 1996;
Rudolph et al.,, 1999; Crestani et al., 2000; McKernan
et al., 2000).

Benzodiazepines and benzodiazepine site agonists exert
their pharmacological effects via an allosteric modulation
of the GABA /benzodiazepine receptor complex resulting
in an enhanced GABAergic activity. GABA, receptors
have a pentameric structure formed by co-assembly of
different subunits. At present, at least 20 different subunits
are known (o; _¢, B1_4, Y13, 0, €, T, 0 and p;_3) (Barnard
et al., 1998; McKernan and Whiting, 1996; Bonnert et al.,
1999). The subunit composition of GABA, receptors
varies throughout the brain. Most, but not all, GABA,
receptors are formed by two a-subunits, two (-subunits
and a v-, €- or O-subunit (reviewed by Sieghart et al.,
1999). The benzodiazepines actions are conferred to the
interface between the o;-, ar-, az- or as-subunits and
adjacent y-subunit (Gtinther et al., 1995; Wingrove et al.,
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1997). Two pharmacologically distinct benzodiazepine
binding sites exist at the GABA, receptor, called BZ,
and BZ, (Squires et al., 1979; Sieghart and Schuster,
1984) or ®; and ®, (Langer and Arbilla, 1988). Photo-
affinity labelling experiments indicate that the BZ, site
corresponds to GABA 4 receptors containing the o-subunit
whereas the BZ, site corresponds to a population of
receptors containing a,-, az- or as-subunits. (Pritchett et
al., 1989; Sieghart, 1995). The site to which GABA and
other GABA, agonists binds is located at the interface
between the «- and B-subunits (Pritchett et al., 1989;
Pritchett and Seeburg, 1990). Reports have shown that
the sedative/hypnotic effects may be mediated primarily
by GABA, receptors containing the o;-subunit (Sanger et
al.,, 1994, 1996; Rudolph et al., 1999; McKernan et al.,
2000), and the anxiolytic effects are believed to be primar-
ily mediated by receptors containing o,-, az- and os-
subunits (McKernan et al., 2000).

In a series of sleep studies in animals and humans,
Lancel and co-workers have characterised gaboxadol as a
novel hypnotic with an effect distinctly different from that
seen with benzodiazepines. Thus, in contrast to benzodiaz-
epine site agonists, gaboxadol increases non-rapid eye
movement (non-REM) sleep without suppressing REM
sleep, improves the subjective quality of sleep and has no
rebound effect after 5 days of treatment (Faulhaber et al.,
1997; Lancel, 1997, 1999; Lancel and Faulhaber, 1996;
Lancel et al., 1996; Lancel and Langelbartels, 2000).
Evidence therefore suggests that gaboxadol may produce
an activation of the GABA, receptor system, which is
significantly different from allosteric GABA, receptor
modulators like benzodiazepines.

In order to test if this unique mode of action of gaboxadol
is translated into a novel interaction potential, the present
study was carried out. In a rat model of motor performance,
the rotarod model, the interactions between gaboxadol and
chemically different types of benzodiazepine site agonists
and the potentiation effects of ethanol on gaboxadol and
benzodiazepine site agonists were characterised. Further-
more, in order to address the mechanisms underlying fading
in tolerance to the motor impairment at high repeated dosing,
long-term treatment with zolpidem and gaboxadol was car-
ried out. These studies were designed so that a possible cross-
desensitisation between gaboxadol and zolpidem could be
investigated.

Compounds were chosen so that the classical benzodi-
azepine flunitrazepam, and the novel benzodiazepine
ligands zolpidem and indiplon were included.

2. Materials and methods

2.1. Animals

Male Wistar rats (M&B, Denmark) weighing 150-200 g
at the beginning of the studies were housed in macrolon

cages, type III (425 x 266 X 180 mm) with two to four rats
per cage (two per cage for animals weighing more than 200
g). Animals were acclimated for at least 4 days prior to
experimentation and they were housed under a 12-h light—
dark cycle (lights on 6 a.m.) and had standard pellet food
and tap water available.

2.1.1. Acute studies

Rats were tested repeatedly allowing for at least a 72-
h washout period between experiments.

Ethical permission for the studies were granted by the
animal welfare committee, appointed by the Danish
Ministry of Justice, and all animal procedures were
carried out in compliance with the EC Directive 86/609/
EEC and with the Danish law regulating experiments on
animals.

2.1.2. Chronic studies

Animals included in chronic studies were treated as
described above (Section 2.1.1) with the exception that
access to food was restricted. This was done in order to
ensure that the rats did not exceed a weight of 300 g, which
is the limit for conducting studies on the rotarod. The
animals were allowed a weight gain of 3.02 + 0.09 g/day
corresponding to 10—14 pellets/day/rat.

2.2. Drugs

Ethanol (Danisco, Denmark) and gaboxadol, HCI
(Department of Medical Chemistry, H. Lundbeck, Den-
mark) were dissolved in 0.9% saline. Zolpidem and
indiplon (Department of Medical Chemistry, H. Lund-
beck) were dissolved in saline with a few drops of 0.1 N
HCI added. Drug solution pH was then adjusted to pH>5
with 0.1 N NaOH. No adverse or toxic effects were
observed at the injection site or behaviourally. Flunitra-
zepam (Department of Medical Chemistry, H. Lundbeck,
Denmark, H. Lundbeck) was suspended in 10% methyl-
cellulose. Control animals were injected with the
corresponding vehicle.

Gaboxadol and zolpidem were injected subcutaneous
(s.c.) while ethanol and flunitrazepam were injected intra-
peritoneal (i.p.) in an injection volume of 5 ml/kg.

Table 1
Motor performance deficits on the rotarod produced by gaboxadol and
various GABA, receptor modulators

Treatment EDso mg/kg (95%

confidence interval)

Gaboxadol, s.c. 6.4 (5.1-7.9)
Ethanol, i.p. 1600 (1300—2100)
Flunitrazepam, i.p. 4.63 (2.5-8.8)

Zolpidem, s.c.
Indiplon, s.c.

0.56 (0.38-0.83)
0.58 (0.31-0.87)

EDs, values were calculated by log-probit analysis. 95% confidence
intervals are shown in brackets.
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Fig. 1. Interaction studies between ethanol and gaboxadol and ethanol and a series of benzodiazepine site ligands measured in the rotarod model. Following
administration of the test compounds, the acute effects on motor performance were measured. Results are shown as the percentage of the maximum possible
running time on the rotarod with error bars indicating S.E.M. P-values refer to the effect of ethanol at the individual dose.

2.3. Rotarod motor coordination test

Motor performance was assessed by means of an auto-
mated rotarod (Rotamex 4/8, Columbus Instruments,
Columbus, OH, and software and database developed by
Ellegaard Systems, Faaborg, Denmark). The rats were
trained and tested using a constant speed of 25 rpm
(diameter of the rod: 75 mm). Before drug testing, the rats
were trained daily for a 3-day period applying the follow-
ing schedule: The first day, the rats were trained for 3 min
with an unlimited number of trials on the rod followed by
four trials of maximum 30 s with a 30-s inter-trial interval.
On the second day, the rats were given five trials of
maximum 30 s with a 30-s inter-trial interval. On the third
day, the rats were given three trials of maximum 30 s with
a 30-s inter-trial interval. On the third day, the accumulated
time spent on the rod was measured and had to be at least
85 s to allow inclusion in the study. Drug testing was
conducted at least 24 h after the final training trial.
Pretreatment times were 15 min for ethanol, 30 min for
gaboxadol, indiplon and zolpidem, and 45 min for fluni-

Flunitrazepam (5 mg/kg)
120

Zolpidem (0.31 mg/kg)

trazepam. During the tests, rats were given three trials of
maximum 30 s with a 30-s inter-trial interval in the home
cage. Latency to falling off the rod was recorded automat-
ically for each animal by photocell detection.

Dose—response relationships were determined for etha-
nol (0.5-2.5 g/kg), gaboxadol (1.0—7.9 mg/kg), flunitraze-
pam (0.16—10 mg/kg), indiplon (0.08—0.63 mg/kg) and
zolpidem (0.16—10 mg/kg).

Interaction studies were conducted between ethanol and
gaboxadol or the benzodiazepine site ligands, and between
gaboxadol and benzodiazepine site ligands.

The effects of repeated administration of gaboxadol
(vehicle and 7.9 mg/kg) and zolpidem (vehicle and 1.25
mg/kg) were studied on the rotarod every 3—4 days for 30
days. Development of cross-tolerance was subsequently
studied on day 31 in these groups of animals. Gaboxa-
dol-treated rats were injected with 2.5 mg/kg zolpidem,
whereas zolpidem-treated rats were injected with 7.9 mg/
kg gaboxadol. When given acutely, these doses induced
close to 100% impairment of the performance at the
rotarod.
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Fig. 2. Interaction studies between gaboxadol and a series of benzodiazepine site agonists measured in the rotarod model. Following administration of the test
compounds, the acute effects on motor performance were measured. O: gaboxadol; @: gaboxadol plus benzodiazepine site agonist; O: vehicle; M:
benzodiazepine site agonist. For illustrative purposes, data for flunitrazepam have been corrected for the sedative effect of flunitrazepam, which is a 58%
reduction. Results are shown as the percentage of the maximum possible running time on the rotarod with error bars indicating S.E.M.
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Fig. 3. Effect of repeated administration of gaboxadol or zolpidem on motor performance in the rotarod model. Single doses of gaboxadol (left) or zolpidem
(right) were administrated each day throughout the 30-day period. O: vehicle; @: gaboxadol 7.9 mg/kg (left) or zolpidem 1.25 mg/kg (right). Results are shown
as the running time on the rotarod with error bars indicating S.E.M. *Significantly different from starting value (P <0.05).

2.4. Statistics

EDsq values were calculated by means of log-probit
analysis for the dose—response studies. The data from the
dose response studies were further analysed by means of
one-way analysis of variance (ANOVA) on ranked data
since most data failed to be normally distributed or show
homogeneity of variances. Where relevant, post hoc com-
parison was performed using Dunn’s test.

Data from acute interaction studies were analysed by a
two-way ANOVA.

The chronic data were evaluated using repeated measures
one-way ANOVA, followed by pairwise comparisons of
means using Dunn’s method using the response on day 1 as
control group. Missing values were replaced by group mean.
Cross-tolerance studies were evaluated using a one-way
ANOVA on ranks. A level of P<0.05 was considered
statistically significant.

Chronic Zolpidem

3. Results
3.1. Dose—response relationship

Gaboxadol, flunitrazepam, zolpidem and indiplon all
produced a dose-dependent reduction in time spent on the
rotarod. EDsq values are shown in Table 1.

3.2. Interaction studies

Flunitrazepam 0.63 mg/kg (P <0.01), zolpidem 0.31 mg/
kg (P<0.001) and 0.63 mg/kg (P<0.005), and indiplon
0.31 mg/kg (P <0.05) all produced a significant facilitation
of ethanol-induced motor deficits (1.0 g/kg, i.p.) (Fig. 1).
Gaboxadol produced an additive rather than a potentiating
effect of the ethanol-induced motor deficits (1.0 g/kg, i.p.)
(Fig. 1) and no significant overall effects were observed
between dose—response curves for gaboxadol and gabox-
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Fig. 4. Evaluation of cross-tolerance in rats previously treated with gaboxadol or zolpidem for 30 days. Rats treated with gaboxadol 7.9 mg/kg/day (left) or
zolpidem 2.5 mg/kg/day were challenged with zolpidem or gaboxadol. In the graphs are included the effects of acute doses (dotted bar) of zolpidem and
gaboxadol in groups of animals handled in parallel with the chronically treated animals. Results are shown as the percentage of the maximum possible running

time on the rotarod with error bars indicating S.E.M.
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adol plus ethanol (1.0 g/kg i.p.). Furthermore, gaboxadol did
not significantly potentiate motor deficits produced by
flunitrazepam, zolpidem and indiplon (Fig. 2).

3.3. Tolerance studies

As illustrated in Fig. 3, tolerance to the motor-impair-
ment effects induced by 7.9 mg/kg gaboxadol and 1.25 mg/
kg zolpidem developed during a 30-day treatment period.
The speed by which tolerance developed was faster for
zolpidem than for gaboxadol (Fig. 3).

3.4. Cross-tolerance studies

Following 31 days of treatment and the induction of
tolerance to gaboxadol and zolpidem, cross-tolerance stud-
ies were conducted in the two treatment groups. No cross-
tolerance between gaboxadol and zolpidem was observed,
since the effect of a single dose of gaboxadol in rats tolerant
to zolpidem did not differ significantly from the acute effect
of the same dose in zolpidem- and gaboxadol-naive rats
(Fig. 4) (H(3)=5.342, P=0.148; ANOVA on ranks (NS)).
Similarly, the effect of zolpidem in gaboxadol-tolerant rats
was not significantly different from that observed in gabox-
adol- and zolpidem-naive rats (Fig. 4) (H(3)=1.279,
P=0.734; ANOVA on ranks (NS))

4. Discussion

Gaboxadol has been used as a pharmacological tool
within the GABA, receptor field for more than 20 years.
From the original notion that gaboxadol was an agonist at
the GABA, receptor, a much more complex pattern has
emerged over the last 10 years. In vitro electrophysiolog-
ical studies in Xenopus oocytes and cell lines have shown
that the activity of gaboxadol is highly dependent on the
receptor subunit composition. Thus, at the primarily syn-
aptically located a1 R3y2-containing receptors gaboxadol is
a weak partial agonist with a maximum response of 70%
(Ebert et al., 1997), relative to GABA and at the primarily
extrasynaptically located a4P36 containing receptors
gaboxadol is a high potent agonist with a maximum
response of 200% relative to GABA (Brown et al.,
2002; Adkins et al., 2001). In a more complex system
like the rat cortical wedge preparation (Ebert et al., 2002;
Storustovu and Ebert, 2003), where modulation of spon-
taneous activity has been characterised, gaboxadol acted as
a highly potent agonist and, quite interestingly, did not
show any synergistic interaction with the benzodiazepines.
The interpretation of these findings was that, although
gaboxadol as an agonist is able to activate all types of
GABA, receptors, interaction with the highly abundant,
highly gaboxadol sensitive and benzodiazepine insensitive
extrasynaptic a4p30 containing receptors would determine
the functional output (here: suppression of spontaneous

activity) and thus produce an effect which is insensitive to
modulation by benzodiazepines. However, qualitatively
similar results and conclusions have been made with
subtype selective benzodiazepines, so although in vitro
data suggested receptor selectivity compared to the classi-
cal benzodiazepines, animal and human studies clearly
demonstrated that this did not transform into any function-
al superiority (Landolt and Gillin, 2000). Therefore, in
order to further characterise the interaction of gaboxadol
with GABA receptors in the whole animal, and determine
if gaboxadol and benzodiazepines in rats do interact
synergistically, the current study was conducted.

The classical benzodiazepine site agonist flunitrazepam,
as well as the two novel benzodiazepine site agonists
zolpidem and indiplon, produced a supra-additive enhance-
ment of ethanol-induced motor coordination deficits (Fig.
1). These observations are in accordance with existing data
in the literature, where the potentiating effect has been
observed in humans (Chan, 1984; Woods et al., 1992;
Roehrs et al., 2001) and in animals (Chan, 1984; Vanover
et al., 1999). Ethanol is described to potentiate the effects
of the classical benzodiazepines such as diazepam, triazo-
lam and flunitrazepam to a greater extend than novel
benzodiazepine site ligands such as zaleplon and zopi-
clone. (Seppélé et al., 1983; Kuitunen et al., 1990; Roehrs
et al., 2001). However, in the present study, no difference
in the degree of potentiation by the different benzodiaze-
pine site ligands is seen. Our data therefore clearly suggest
that under our test conditions, there is no difference in the
interaction between ethanol and the different classes of
benzodiazepine site agonists.

In contrast to these findings, gaboxadol was in the present
study found to be devoid of any significant ethanol or
benzodiazepine potentiating properties. Even at concentra-
tions of gaboxadol where significant effects were observed,
only additive effects of ethanol and the benzodiazepines
were seen (Fig. 1).

Ethanol is believed to exert its effects on the GABAA
receptor complex through allosteric modulation of the
GABA,4 receptor (Davies et al.,, 1996, 1999) though the
exact mechanism of action is unknown. Since both benzo-
diazepines and ethanol acts through allosteric modulation of
the GABA 4 receptor, it is possible that concomitant admin-
istration results in further enhancement of GABA receptor
gating resulting in a supra-additive response. An alternative
explanation could be that ethanol enhances the penetration
of the benzodiazepines into the brain thereby producing an
apparent rightward shift in the dose—response curve. In
favour of this hypothesis are earlier studies where co
administration of ethanol and most benzodiazepines signif-
icantly increased the AUC of the benzodiazepine measured
in peripheral blood (MacLeod et al., 1977; Sellers et al.,
1980). However, others have shown that the concentration
in brain of diazepam and chlordiazepoxide is only margin-
ally affected by ethanol (Guthrie et al., 1987; Moriya and
Ishizu, 1992). Furthermore, data for zolpidem have shown
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that an increase in zolpidem binding is seen in the presence
of ethanol (Devaud and Morrow, 1994; Devaud et al.,
1995); however, in these studies, no brain levels are mea-
sured. Rastogi et al. (1986) suggest that the interaction takes
place only at the receptor level, and in line with this are data
from Klotz (1988) who reports that the concentration of
flumazenil in the CNS is not affected by ethanol. In our
opinion, data are therefore in favour of a pharmacological
interaction at the receptor level and not a pharmacokinetic
interaction leading to an increased level of benzodiazepine
in the CNS. The increased binding of zolpidem in the CNS,
reported by Devaud and co-workers, therefore most likely is
a consequence of a conformational change in the GABA
receptor complex leading to an increased affinity for ben-
zodiazepines without affecting the number of receptors. This
type of mechanism has been reported by, e.g. Wafford et al.
(1992) or Ticku et al. (1983). In contrast, gaboxadol as a
direct acting GABA, receptor agonist (e.g. Ebert et al.,
1994) does not work through allosteric coupling and thus
possesses a mechanism of action different from that of
benzodiazepines and ethanol. Although previous studies
(Ebert et al., 1997) have shown that gaboxadol binds with
equal affinity to different GABA, receptor subunit combi-
nations and therefore the potential for a nonselective action
is present, other studies (Ebert et al., 1994, 1997, 2002;
Brown et al., 2002) have demonstrated that the functional
consequences of GABA receptor binding are highly depen-
dent on the actual subunit composition. Part of the expla-
nation for differences between benzodiazepine site ligands
and gaboxadol may therefore be ascribed to the differences
in site of action at the receptor level.

In order to further test the hypothesis that the pharma-
cological effects of gaboxadol and zolpidem are mediated
via different subpopulations of GABA 4, receptors, we there-
fore carried out a tolerance study in which very high doses
of gaboxadol (7.9 mg/kg) and zolpidem (1.25 mg/kg) were
used. If the mechanism underlying tolerance for the two
compounds indeed were different, the prediction would be
that no cross-tolerance would be present. As illustrated in
Fig. 3, both compounds were able to induce tolerance. The
sedative effects of zolpidem faded rapidly, whereas the
effects of gaboxadol faded gradually over the 30 days.
The mechanism underlying this induction of tolerance is
still enigmatic, but has been ascribed to down-regulation of
receptor number (Miller et al., 1988; Fahey et al., 2001) or
reduced functional coupling (Tietz et al., 1989). In case of
zolpidem, it could be hypothesised that the tolerance would
be a consequence of enzyme induction and thus an altered
overall bioavailability. However, 28 days of treatment with
zolpidem in rats did not show any altered peak concentra-
tion in the brain or AUC (Trenque et al., 1994), ruling out a
pharmacokinetic basis for the induction of tolerance.
Gaboxadol is mainly excreted via the kidney (Schultz et
al., 1981), so it is unlikely that changes in liver enzymes
would affect the bioavailability. However, no studies have
yet been reported with the aim of characterising induction of

enzymes, so it cannot fully be ruled out that pharmacoki-
netic parameters, in part, are underlying the induction of
tolerance.

As illustrated in Fig. 4, no cross-tolerance between
gaboxadol and zolpidem was observed. Although not sta-
tistically significant, a trend towards a reduced acute effect
of gaboxadol in animals chronically treated with zolpidem
was present. It could be argued that complete cross-toler-
ance between gaboxadol and zolpidem in a complex model
as the rotarod is very hard to demonstrate. However,
Ramsey et al. (1991) using a similar paradigm were able
to demonstrate cross-desensitisation between different clas-
ses of benzodiazepines. Furthermore, it can be argued that
although gaboxadol under normal circumstances may exert
its main action via extrasynaptic receptors, the very high
doses used in the present experiment may activate synaptic
receptors as well, wherefore some degree of cross-desensi-
tisation might be expected. Despite of these caveats, when it
still is possible to obtain a statistical significant lack of
cross-tolerance, this clearly indicates that gaboxadol and
zolpidem may mediate their effects via different transduc-
tion pathways, probably reflecting different receptor pop-
ulations. Elegant studies by Rudolph et al. (1999) and
McKernan et al. (2000) have shown that the sedative effects
of benzodiazepines are mediated primarily via al-contain-
ing GABA, receptors, which are supposed to be synapti-
cally located. In light of our previous findings in the rat
cortical wedge preparation (Ebert et al., 2002; Storustovu
and Ebert, 2003), where a strong indication of extrasynaptic
activity was the main responsible parameter for the activity
of GABA 5 receptor agonists, it is very tempting to speculate
that the two different GABA 4 receptor populations respon-
sible for the action of zolpidem and gaboxadol are synaptic
and extrasynaptic receptors, respectively. However, it still
needs to be established if the receptor populations mediating
impairment of motor coordination are identical to those
mediating the sedative effects. Before these questions can
be addressed, it still is a hypothesis that gaboxadol and
zolpidem in the rotarod are interacting with distinctly
different receptor populations.

References

Adkins, C.E., Pillai, G.V., Kerby, J., Bonnert, T.P., Haldon, C., McKernan,
R.M., Gonzalez, J.E., Oades, K., Whiting, P.J., Simpson, P.B., 2001.
Alphadbeta3delta GABA(A) receptors characterized by fluorescence
resonance energy transfer-derived measurements of membrane poten-
tial. J. Biol. Chem. 276, 38934—-38939.

Barnard, E.A., Skolnick, P., Olsen, R.W., Mohler, H., Sieghart, W., Biggio,
G., Braestrup, C., Bateson, A.N., Langer, S.Z., 1998. International
union of pharmacology: XV. Subtypes of gamma-aminobutyric acid-
A receptors: classification on the basis of subunit structure and receptor
function. Pharmacol. Rev. 50, 291-313.

Bonnert, T.P., McKernan, R.M., Farrar, S., le Bourdelles, B., Heavens, R.P.,
Smith, D.W., Hewson, L., Rigby, M.R., Sirinathsinghji, D.J., Brown,
N., Wafford, K.A., Whiting, P.J., 1999. Theta, a novel gamma-amino-



J. Voss et al. / European Journal of Pharmacology 482 (2003) 215-222 221

butyric acid type A receptor subunit. Proc. Natl. Acad. Sci. U. S. A. 96,
9891-9896.

Brown, N., Kerby, J., Bonnert, T.P., Whiting, P.J., Wafford, K.A., 2002.
Pharmacological characterization of a novel cell line expressing human
4330 GABA, receptors. Br. J. Pharmacol. 136, 965—-974.

Chan, A.W.K., 1984. Effects of combined alcohol and benzodiazepine: a
review. Drug Alcohol Depend. 6, 341—-349.

Crestani, F., Martin, J.R., Mdohler, H., Rudolph, U., 2000. Mechanism of
action of the hypnotic zolpidem in vivo. Br. J. Pharmacol. 131,
1251-1254.

Davies, D.L., Benjanian, M., Parker, E.S., Morland, J., Bolger, M.B.,
Brinton, R.D., Alkana, R.L., 1996. Low-level hyperbaric antagonism
of diazepam’s locomotor depressant and anticonvulsant properties in
mice. J. Pharmacol. Exp. Ther. 276, 667—675.

Davies, D.L., Bolger, M.B., Brinton, R.D., Finn, D.A., Alkana, R.L., 1999.
In vivo and in vitro hyperbaric studies in mice suggest novel sites of
action for ethanol. Psychopharmacology 141, 339—350.

Devaud, L.L., Morrow, A., 1994. Effects of chronic ethanol administration
on [*H]zolpidem binding in rat brain. Eur. J. Pharmacol. 267, 243 —247.

Devaud, L.L., Morrow, A.L., Criswell, H.E., Breese, G.R., Duncan, G.E.,
1995. Regional differences in the effects of chronic ethanol adminis-
tration on [*H]zolpidem binding in rat brain. Alcohol., Clin. Exp. Res.
19, 910-914.

Drover, D., Lemmens, H., Naidu, S., Cevallos, W., Darwish, M., Stanski,
D., 2000. Pharmacokinetics, pharmacodynamics, and relative pharma-
cokinetic/pharmacodynamic profiles of zaleplon and zolpidem. Clin.
Ther. 22, 1443-1461.

Ebert, B., Wafford, K.A., Whiting, P.J., Krogsgaard-Larsen, P., Kemp, J.A.,
1994. Molecular pharmacology of y-aminobutyric acid type A receptor
agonists and partial agonists in oocytes injected with different alpha,
beta and gamma receptor subunit combinations. Mol. Pharmacol. 46,
957-963.

Ebert, B., Thompson, S.A., Saounatsou, K., McKernan, R., Krogs-
gaard-Larsen, P., Wafford, K.A., 1997. Differences in agonist/antag-
onist binding affinity and receptor transduction using recombinant
human +y-aminobutyric acid type A receptors. Mol. Pharmacol. 52,
1150-1156.

Ebert, B., Storustovu, S.I., Mortensen, M., Frelund, B., 2002. Charac-
terisation of GABA, receptor ligands in the rat cortical wedge
preparation—evidence for action at extrasynaptic receptors. Br. J.
Pharmacol. 137, 1-8.

Fahey, J.M., Pritchard, G.A., Grassi, J.M., Pratt, J.S., Shader, R.I., Green-
blatt, D.J., 2001. Pharmacodynamic and receptor binding changes during
chronic lorazepam administration. Pharmacol. Biochem. Behav. 69, 1 —8.

Faulhaber, J., Steiger, A., Lancel, M., 1997. The GABA, agonist THIP
produces slow wave sleep and reduces spindling activity in NREM
sleep in humans. Psychopharmacology 130, 285-291.

Goa, K.L., Heel, R.C., 1986. Zopiclone. A review of its pharmacodynamic
and pharmacokinetic properties and therapeutic efficacy as an hypnotic.
Drugs 32, 48—65.

Giinther, U., Benson, J., Benke, D., Fritschy, J.M., Reyes, G., Knoflach, F.,
Crestani, F., Aguzzi, A., Arigoni, M., Lang, Y., 1995. Benzodiazepine-
insensitive mice generated by targeted disruption of the gamma 2 sub-
unit gene of gamma-aminobutyric acid type A receptors. Proc. Natl.
Acad. Sci. U. S. A. 92, 7749-7753.

Guthrie, S., Cooper, R.L., Thurman, R., Linnoila, M., 1987. Pharmacody-
namics and pharmacokinetics of ethanol, diazepam and pentobarbital in
young and aged rats. Pharmacol. Toxicol. 61, 308—-312.

Haefely, W., 1986. Biological basis of drug-induced tolerance, rebound and
dependence. Contribution of recent research on benzodiazepines. Phar-
macopsychiatry 90, 353-361.

Klotz, U., 1988. Drug interactions and clinical pharmacokinetics of fluma-
zenil. Eur. J. Anaesthesiol.(Suppl. 2), 103—108.

Kuitunen, T., Mattila, M.J., Seppéld, T., 1990. Actions and interactions of
hypnotics on human performance: single doses of zopiclone, triazolam
and alcohol. Int. Clin. Psychopharmacol.(Suppl. 2), 115—-130.

Lancel, M., 1997. The GABA » agonist THIP increases non-REM sleep and

enhances non-REM sleep-specific delta activity in the rat during the
dark period. Sleep 20, 1099—1104.

Lancel, M., 1999. Role of GABA, receptors in the regulation of sleep:
initial sleep responses to peripherally administered modulators and
agonists. Sleep 22, 33-42.

Lancel, M., Faulhaber, J., 1996. The GABA, agonist THIP (gaboxadol)
increases non-REM sleep and enhances delta activity in the rat. Neuro-
Report 7, 2241-2245.

Lancel, M., Langelbartels, A., 2000. y-Aminobutyric acidy (GABA,) ag-
onist 4,5,6,7-tetrahydroisoxazolo (4,5-c)pyridin-3-ol persistenly in-
creases sleep maintenance and intensity during chronic administration
to rats. J. Pharmacol. Exp. Ther. 293, 1084—1090.

Lancel, M., Cronlein, T.A.M., Faulhaber, J., 1996. Role of GABA4 recep-
tors in sleep regulation; different effects of muscimol and midazolam on
sleep in rats. Neuropsychopharmacology 15, 63—74.

Landolt, H.P., Gillin, J.C., 2000. GABA, al receptors: involvement in
sleep regulation and potential of selective agonists in the treatment of
insomnia. CNS Drugs 13, 185—199.

Langer, S.Z., Arbilla, S., 1988. Imidazopyridines as a tool for the character-
ization of benzodiazepine receptors: a proposal for a pharmacological
classification as omega receptor subtypes. Pharmacol. Biochem. Behav.
29, 763-766.

Langtry, H.D., Benfield, P., 1990. Zolpidem. A review of its pharmacody-
namic and pharmacokinetic properties and therapeutic potential. Drugs
40, 291-313.

MacLeod, S.M., Giles, H.G., Patzalek, G., Thiessen, J.J., Sellers, E.M.,
1977. Diazepam actions and plasma concentrations following ethanol
ingestion. Eur. J. Clin. Pharmacol. 11, 345-349.

McKernan, R.M., Whiting, P.J., 1996. Which GABA ,-receptor subtypes
really occur in the brain. Trends Neurosci. 19, 139—143.

McKernan, R.M., Rosahl, T.W., Reynolds, D.S., Sur, C., Wafford, K.A.,
Atack, J.R, Farrar, S., Myers, J., Cook, G., Ferris, P., Garrett, L., Bris-
tow, L., Marshall, G., Macaulay, A., Brown, N., Howell, O., Moore,
K.W., Carling, R.W., Street, L.J., Castro, J.L., Ragan, C.I., Dawson,
G.R., Whiting, P.J., 2000. Sedative but not anxiolytic properties of
benzodiazepines are mediated by the GABA-A receptor alpha-1 sub-
type. Nat. Neurosci. 3, 587—592.

Miller, L.G., Greenblatt, D.J., Barnhill, J.G., Shader, R.I., 1988. Chronic
benzodiazepine administration: I. Tolerance is associated with benzo-
diazepine receptor downregulation and decreased y-aminobutyric acids
receptor function. J. Pharmacol. Exp. Ther. 246, 170—176.

Moriya, F., Ishizu, H., 1992. Interactive effects of ethanol on benzodiaze-
pines levels in blood and brain of rat. Arukoru Kenkyt to Yakubutsu
Izon 27, 254-265.

Pritchett, D.B., Seeburg, P.H., 1990. y-Aminobutyric acid A receptor os-
subunit creates novel type Il benzodiazepine pharmacology. J. Neuro-
chem. 54, 1802-1804.

Pritchett, D.B., Liiddens, H., Seeburg, P.H., 1989. Type I and type 1I GA-
BA —benzodiazepine receptors produced in transfected cells. Science
245, 1389-1392.

Ramsey, V.A., Tietz, E.I., Rosenberg, H.C., 1991. Chronic flurazepam
differentially regulates a behavioral effect of GABA agonists. Pharma-
col. Biochem. Behav. 38, 659—-663.

Rastogi, S.K., Thyagarajan, R., Clothier, J., Ticku, M.K., 1986. Effect of
chronic treatment of ethanol on benzodiazepine and picrotoxin sites on
the GABA receptor complex in regions of the brain of the rat. Neuro-
pharmacology 25, 1179—1184.

Roehrs, T., Rosenthal, L., Koshorek, G., Mangano, R.M., Roth, T., 2001.
Effects of zaleplon or triazolam with or without ethanol on human
performance. Sleep Med. 2, 323—-332.

Rosen, A.S., Fournie, P., Darwish, M., Danjou, P., Troy, S.M., 1999. Za-
leplon pharmacokinetics and absolute bioavailability. Biopharm. Drug
Dispos. 20, 171-175.

Rudolph, U., Crestani, F., Benke, D., Briinig, 1., Benson, J.A., Fritschy,
J.-M., Martin, J.R., Bluethmann, H., Mdhler, H., 1999. Benzodiaze-
pines actions mediated by specific gamma-aminobutyric acid-A recep-
tor subtypes. Nature 401, 796—800.



222 J. Voss et al. / European Journal of Pharmacology 482 (2003) 215-222

Sanger, D.J., Benavides, J., Perrault, G., Morel, E., Cohen, C., Joly, D.,
Zivkovic, B., 1994. Recent developments in the behavioral pharmacol-
ogy of benzodiazepine (w) receptors: evidence for the functional sig-
nificance of receptor subtypes. Neurosci. Biobehav. Rev. 18, 355-372.

Sanger, D.J., Morel, E., Perrault, G., 1996. Comparison of the pharmaco-
logical profiles of the hypnotic drugs, zaleplon and zolpidem. Eur. J.
Pharmacol. 313, 35-42.

Schultz, B., Aaes-Jorgensen, T., Bogeso, K.P., Jorgensen, A., 1981. Pre-
liminary studies on the absorption, distribution, metabolism, and excre-
tion of THIP in animal and man using 14C-labelled compound. Acta
Pharm. Toxicol. (Cph.) 49, 116—124.

Sellers, E.M., Naranjo, C.A., Giles, H.G., Frecker, R.C., Beeching, M.,
1980. Intravenous diazepam and oral ethanol interaction. Clin. Pharma-
col. Ther. 28, 638—645.

Seppild, T., Nuotto, E., Dreyfus, J.F., 1983. Drug—alcohol interactions on
psychomotor skills: zopiclone and flunitrazepam. Pharmacology 27
(Suppl. 2), 127-135.

Sieghart, W., 1995. Structure and pharmacology of gamma-aminobutyric
acida receptor subtypes. Pharmacol. Rev. 47, 181-234.

Sieghart, W., Schuster, A., 1984. Affinity of various ligands for benzodia-
zepine receptors in rat cerebellum and hippocampus. Pharmacol. Bio-
chem. Behav. 33, 4033-4038.

Sieghart, W., Fuchs, K., Tretter, V., Ebert, V., Jechlinger, M., Hoger, H.,
Adamiker, D., 1999. Structure and subunit composition of GABA(A)
receptors. Neurochem. Int. 34, 379—385.

Squires, R.F., Benson, D.I., Braestrup, C., Coupet, J., Klepner, C.A.,

Myers, V., Beer, B., 1979. Some properties of brain specific benzodia-
zepine receptors: new evidence for multiple receptors. Pharmacol. Bio-
chem. Behav. 10, 825-830.

Storustovu, S., Ebert, B., 2003. Gaboxadol: in vitro interaction studies with
benzodiazepines and ethanol suggest functional selectivity. Eur. J. Phar-
macol. 467, 49-56.

Ticku, M.K., Burch, T.P., Davis, W.C., 1983. The interactions of ethanol
with the benzodiazepine—GABA receptor—ionophore complex. Phar-
macol. Biochem. Behav. 18 (Suppl. 1), 15-18.

Tietz, E.I., Chiu, T.H., Rosenberg, H.C., 1989. Regional GABA/benzodia-
zepine receptor/chloride channel coupling after acute and chronic ben-
zodiazepine treatment. Eur. J. Pharmacol. 167, 57-65.

Vanover, K.E., Suruki, M., Robledo, S., Huber, M., Wieland, S., Lan,
N.C., Gee, K.W., Wood, P.L., Carter, R.B., 1999. Positive allosteric
modulators of the GABA, receptor: differential interaction of benzo-
diazepines and neuroactive steroids with ethanol. Psychopharmacology
141, 77-82.

Wafford, K.A., Whiting, P., Kemp, J.A., 1992. Functional modulation of
cloned GABAA receptors expressed in Xenopus oocytes. Adv. Bio-
chem. Psychopharmacol. 47, 75-79.

Wingrove, P.B., Thompson, S.A., Wafford, K.A., Whiting, P.J., 1997. Key
amino acids in the y-aminobutyric acida receptor that determine ligand
binding and modulation at the benzodiazepine site. Mol. Pharmacol. 52,
874—881.

Woods, J.H., Katz, J.L., Winger, G., 1992. Benzodiazepines: use, abuse and
consequences. Pharmacol. Rev. 44, 151-348.



	Rotarod studies in the rat of the GABAA receptor agonist gaboxadol: lack of ethanol potentiation and benzodiazepine cross-tolerance
	Introduction
	Materials and methods
	Animals
	Acute studies
	Chronic studies

	Drugs
	Rotarod motor coordination test
	Statistics

	Results
	Dose-response relationship
	Interaction studies
	Tolerance studies
	Cross-tolerance studies

	Discussion
	References


