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Muscimol has been regarded as a universal agonist for all g-aminobutyric acid type A receptor (GABAA-R) subtypes. However,

brain regional distribution of muscimol’s high-affinity binding sites greatly differs from those of other binding sites of the GABAA-R.

To test whether behavioral effects of muscimol correlated with the density of high-affinity [3H]muscimol binding, we examined several

GABAA-R subunit gene-modified mouse lines: a1, a4, or d-knockouts (KO), a4 + d-double KO, and Thy1.2 promoter-driven

a6 transgenic mice (Thy1a6). We determined the high-affinity [3H]muscimol binding in brain sections by quantitative autoradiography

and sedative/ataxic effects induced in vivo by muscimol using a constant speed rotarod. a4-KO mice had reduced [3H]muscimol binding in

the caudate-putamen, thalamus, and hippocampus, and were less sensitive to the behavioral impairment by muscimol. Similarly, d-KO

mice also had reduced binding to forebrain regions and a lower behavioral sensitivity to muscimol than their wild-type controls. In

contrast, a1-KO mice had unaltered behavioral sensitivity to muscimol and unaltered [3H]muscimol binding, even though previous

studies have demonstrated dramatically reduced binding to various other GABAA-R sites in these mice. Finally, Thy1a6 mice exhibited

increased behavioral sensitivity to muscimol, and to another direct GABA-site agonist gaboxadol, and increased [3H]muscimol binding

in the cerebral cortex and hippocampus. Thus, the differences in sedative and motor-impairing actions of muscimol in various

mouse models correlated with the level of forebrain high-affinity [3H]muscimol binding. These data suggest that a small special population

of GABAA-Rs, most likely extrasynaptic non-a1-containing receptors, strongly contributes to the in vivo pharmacological effects

of muscimol.
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INTRODUCTION

g-Aminobutyric acid (GABA) is the major inhibitory
neurotransmitter in the mammalian central nervous system
and it acts primarily through the GABA type A receptor
(GABAA-R). GABAA-Rs are pentameric complexes that
function as ligand-gated anion channels. They can be
modulated by a number of clinically used sedative,
hypnotic, and anesthetic drugs. There are a variety of
subunit families that make up GABAA-Rs; a total of 19
distinct subunit genes have been cloned, a1–6, b1–3, g1–3,
d, e, p, y, and r1–3 (Barnard et al, 1998). The subunit

stoichiometry is usually two a-subunits + two b-subunits +
one g- or d-subunit (Backus et al, 1993; Boileau et al, 2005).
The diversity in GABAA-R subunit composition results in
substantial, anatomical, functional, and pharmacological
heterogeneity. For example, GABAA-Rs containing a1, a2, or
a3, with b and g2 are typically found at subsynaptic sites,
where they mediate fast synaptic inhibition by synaptically
released GABA and show potentiation by benzodiazepines,
as these drugs bind to a/g2 subunit interface (Sigel and
Buhr, 1997). In contrast, GABAA-Rs containing a4 or a6,
with b and d are typically found at extrasynaptic or
perisynaptic locations, where they mediate a tonic form of
inhibition by virtue of their ability to respond to low
concentrations of spill-over GABA and show insensitivity to
classical benzodiazepines. Thus, receptors containing g2
along with a1, a2, a3, or a5 are potentiated by benzodia-
zepines, whereas those containing a4 or a6 are not, but all
receptor subtypes respond to GABA (Luddens and Wisden,
1991; Sieghart, 1995).

Muscimol, a constituent and psychoactive ingredient
of the mushroom Amanita muscaria, is regarded
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as a compound that activates all GABAA-R subtypes
(Krogsgaard-Larsen et al, 1979), and it is described as the
prototypic exogenous agonist for GABAA-Rs in current
textbooks (Meyer and Quenzer, 2005; Brunton et al, 2006).
Thus, its effects on behavior and brain metabolism
should be similar or at least comprise all those effects that
allosteric benzodiazepines produce. In agreement, musci-
mol differs from benzodiazepines in its more global actions
on brain metabolism; eg, muscimol reduces cerebral
glucose metabolism more strongly than the benzodiazepine
clonazepam that actually shows a ceiling effect at higher
receptor occupancy (Ito et al, 1994). However, muscimol
and benzodiazepines affect glucose metabolism in different
brain regions (Brett and Pratt, 1991; Kelly et al, 1986;
Kelly and McCulloch, 1982), and behavioral effects of
muscimol and benzodiazepines are often different, even up
to the level that benzodiazepines have been concluded to
act through some other mechanism than facilitation
of GABAA-R function (Mendelson and Monti, 1993). Spatial
distribution of high-affinity [3H]muscimol binding at
low nanomolar concentrations differs from that of benzo-
diazepine site ligands throughout the rodent brain
(Korpi et al, 2002a; Mans et al, 1992; Olsen et al, 1990;
Palacios et al, 1981). [3H]Muscimol and [3H]GABA bind
to two kinds of agonist binding sites on the GABAA-Rs
with three- to twenty-fold difference in affinity (Browner
et al, 1981; Burch et al, 1983; Wang et al, 1979), with the
binding site being formed at a/b-interfaces (Sigel and
Buhr, 1997).

Biochemical and pharmacological experiments have
suggested that high- and low-affinity conformations might
be interchangeable forms of the same GABAA-R complex
(see for discussion, Agey and Dunn, 1989; Maksay, 1996;
Sieghart, 1995). Interestingly, in most studies, functional
responses to GABA have been observed only at micromolar
concentrations, as opposed to nanomolar concentrations
that are needed to occupy the high-affinity binding sites,
and, therefore, the high-affinity sites have been interpreted
to represent a desensitized form of GABAA-R or otherwise
non-functional binding sites (DeLorey and Brown, 1992;
Dunn and Thuynsma, 1994; Edgar and Schwartz, 1992;
Maconochie et al, 1994; Maloteaux et al, 1987; Mennini and
Gobbi, 1990; Uusi-Oukari and Korpi, 1992; but see Birnir
and Korpi, 2007). Recently, the high-affinity [3H]muscimol
binding has been associated with a6- and d-subunits of
GABAA-R in the cerebellum and with d-subunits in the
forebrain (Korpi et al, 2002b; Mihalek et al, 1999; Quirk
et al, 1995); ie, this pharmacological fingerprint might
be specific to subtype(s) of GABAA-R not containing
g2-subunit.

To understand the possible behavioral significance of
GABAA-Rs forming high-affinity [3H]muscimol binding
sites, we used novel genetic mouse lines with known or
predicted differences in forebrain high-affinity [3H]musci-
mol binding, and tested them for sedative/ataxic behavioral
effects of muscimol. The mice either lack GABAA-R a1, a4, d
or a4 and d-subunits (knockout models) or they ectopically
overexpress the cerebellar a6-subunit in the forebrain
(a transgenic model). Behavior was measured by fixed-speed
rotarod test with muscimol, and brain regional high-affinity
binding of [3H]muscimol was assessed by quantitative
ligand autoradiography.

MATERIALS AND METHODS

Animals

Five different GABAA-R subunit mutant mouse strains were
used: (1) a1-subunit knockout (KO) (Vicini et al, 2001), (2)
a4-subunit KO (Chandra et al, 2006), (3) d-subunit KO
(Mihalek et al, 1999), (4) a4 + d-double KO, and (5) Thy1.2
promoter-driven a6-subunit transgenic mice (Wisden et al,
2002). Thy1a6 mice express ectopically extrasynaptic
a6b±g2 GABAA-R in the forebrain, especially in the
hippocampus (Sinkkonen et al, 2004; Wisden et al, 2002),
which results in increased tonic GABAA-R current in their
hippocampal CA1 principal neurons. All KO mice were
compared with their wild-type littermate controls and were
created by heterozygous interbreeding. Genetic back-
grounds of the single KO lines are as follows: a4-KO (mixed
C57BL/6J and Strain 129S1/X1, F2-F6 generations), d-KO
(mixed C57BL/6J and Strain 129S1/X1, 4F20 generations),
and a1-KO (mixed C57BL/6J, FvB, and Strain 129S1/X1
from 4F15 generations). a4 + d-double KOs were produced
by mating the aforementioned a4-KO and d-KO mice and
interbreeding their double heterozygous offspring. Thy1a6
transgenic mice were on a C57BL/6 background (410
generations; Saarelainen et al, 2008). Mice were produced
for experiments by mating within a homozygous line, and
compared with C57BL/6NHsd controls (Harlan Netherland,
Horst, Netherlands), which were purchased at the age of
5 weeks and housed in the same facility until experiments
took place.

At weaning, mice were genotyped using Southern blot
analysis of tail DNA. Mice were group housed, given free
access to standard rodent chow and water, and maintained
on a 12-h alternating light/dark schedule with lights on at
0700 hours, with the temperature of 20–221C. Autoradio-
graphic experiments used mice at the age between 2 and 3
months. Behavioral experiments used both male and female
drug-naive mice that were age matched and between 2 and 6
months old. Gender differences were observed in some
cases (noted below). Wherever no gender differences were
observed, data were pooled across gender.

The animal care and use committees of the Universities
of Pittsburgh and Helsinki approved all experimental
procedures.

Ligand Autoradiography

In the first set of autoradiography experiments, we
compared the GABAA-R a4-KOs (n¼ 3), d-KOs (n¼ 3),
a4 + d-KOs (n¼ 5), and their common wild-type controls
(n¼ 4); in the second set, the a1-KOs (n¼ 5) and their wild-
type littermate controls (n¼ 6). In the last set, we compared
the Thy1a6 (n¼ 6) mice to their wild-type controls (n¼ 6).
Mice were decapitated, the brains were carefully dissected
out, rinsed in ice-cold saline and frozen on dry ice. The
frozen brains were wrapped airtight in plastic, and then
stored at �801C.

The autoradiographic procedures for GABA-sensitive
high-affinity [3H]muscimol binding were as previously
described in detail (Korpi et al, 2002a). Fourteen-mm-thick
horizontal sections were cut with a Leica CM 3050 S
cryostat, thaw-mounted onto gelatine-coated object glasses
(Menzel GmbH, Braunsweig, Germany) and stored at �801C
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until used in the experiments. For autoradiography, the
sections were preincubated in an ice–water bath for 15 min
in 0.17 M Tris-HCl (pH 7.4). Final incubations in the same
buffer were performed with 15 nM [3H]muscimol (Perkin-
Elmer, Boston, MA) at 0–41C for 30 min. All binding signal
was sensitive to 100 mM GABA (Sigma, St Louis, MO; data
not shown). After incubation, the sections were quickly
washed in ice-cold incubation buffer twice for 30 s. Sections
were then dipped into distilled water, air-dried at room
temperature, and exposed with plastic 3H-microscales
standards (GE Healthcare, Little Chalfont, Buckingham-
shire, UK) to Kodak Biomax MR films (Eastman Kodak,
Rochester, NY) for 4 months.

Representative images from autoradiography films were
scanned using an EPSON Expression 1680 Pro scanner and
EPSON Scan v. 1.11e program and finalized in CorelDraw
X3 (Corel Corporation, Ottawa, Canada). For quantification
of binding densities, the films were first scanned with the
standards and then analyzed with Scion Image analysis
program (Scion Corporation, Frederick, Maryland). Binding
densities for each brain area were referenced to the
standards, converted to radioactivity levels estimated for
gray matter areas (nCi/mg), and given as means±SE.

For each experimental set, one-way analysis of variance
(ANOVA) and/or Bonferroni corrected t-test were used to
assess the statistical significance of the differences using
SPSS program (version 15.0; SPSS, Chicago, IL, USA).

Fixed Speed Rotarod

a1, a4, and d-KO mice were tested using the Ugo Basile 7650
(Varese, Italy) apparatus with a rod diameter of 6 cm,
rotating at a fixed speed of 6 r.p.m. Thy1a6 transgenic mice
were tested on a Rotamex 4/8 (Columbus Instruments,
Ohio, USA) with a rod diameter of 4 cm, rotating at
15 r.p.m. Mice were acclimated to the apparatus by
pretraining them on the rotarod 1–3 times on the day
before testing muscimol or gaboxadol. Only mice that were
capable of walking on the rotarod for 180 s were used for
drug-induced ataxia experiments. No difference in rotarod
performance between mutant mice and their wild-type
controls were observed during this training. Mice were
evaluated once again before drug injection. Muscimol (Tocris-
Cookson, Avonmouth, UK or Ellisville, MO, USA) or
gaboxadol hydrochloride (4,5,6,7-tetrahydroisoazolo(5,4-c)
pyridin-3-ol; THIP; H. Lundbeck A/S, Copenhagen, Denmark)
was diluted in saline and administered into the intraperitoneal
(i.p.) cavity in a volume of 10 ml per kg of body weight.
Mice were then placed on the rotarod every 30 min before
injection. The time a mouse was able to stay on the rotarod
was recorded. Data were analyzed by repeated measures
ANOVA.

Open Field

To test the effect of muscimol (0.75 mg/kg, i.p.) on
exploratory locomotor activity, the mice were individually
placed 30 min after drug administration on a novel arena
(box with a 50� 50-cm white floor and 50-cm-high gray
walls) for 5 min. The animal was monitored and its
movements were analyzed using a CCD video camera above

the arena and EthoVision Color-Pro 3.0 software (Noldus
Information Technology, Wageningen, The Netherlands).

RESULTS

High-Affinity [3H]Muscimol Binding in the Brain
Sections of Mouse Models

Distribution of high-affinity [3H]muscimol binding in
various brain regions in all control mouse lines using the
autoradiographic assay preferentially followed the expres-
sion pattern of GABAA-R d- and a6-subunits (Korpi et al,
2002b; Makela et al, 1997; Quirk et al, 1995; Wisden et al,
1992), being abundant in the cerebellar granule cell layer
and thalamus, but absent, eg, in the brainstem (Figure 1,
Table 1).

The wild-type brains differed from the a4, d, and a4 +
d-KO brains (F3,11¼ 7.9, po0.005 for the cerebral cortex;
F3,11¼ 126.3, po0.001 for the caudate-putamen, F3,11¼ 59.0,
po0.001 for the thalamus; F3,11¼ 4.4, po0.05 for the
hippocampus, and F3,11¼ 6.1, po0.05 for the granule cell
layer of cerebellum), except for the olfactory bulb
(F3,9¼ 0.3, p40.05). In keeping with Korpi et al (2002b),
we confirmed the reduced binding in the d-KO brains,
especially in the caudate-putamen and thalamus (Figure 1,
Table 1). The binding levels in the caudate-putamen,
thalamus, and hippocampus were also reduced in the
a4-KO brains, and the greatest reductions were found in
the double a4 + d-KO brains. Conversely, the binding in the
cerebellar granule cell layer was significantly reduced only
in the double KO brains, suggesting that the main
differences in the high-affinity [3H]muscimol binding took
place in the forebrain regions.

GABAA-R a1-subunit does not seem to be important for
the high-affinity [3H]muscimol binding, as there was no
significant reduction of the binding in the a1 KO brains
as compared with the control brains in any brain region

Figure 1 Regional distribution of 15-nM [3H]muscimol binding in
representative horizontal brain sections from various mouse lines. (a) a4 +
d-KO, a4-KO, and d-KO compared with their wild-type (WT) brain images,
(b) a1-KO and the corresponding WT images, and (c) the Thy1a6 and
C57BL/6 WT control images. OB, olfactory bulb; CPu, caudate putamen;
Ctx, cerebral cortex; Th, thalamus; Hi, hippocampus; Gr, granule cell layer
of the cerebellum.
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(F1,9 o0.8, p40.05; Figure 1, Table 1). This contrasts
strongly with the great reduction in ligand binding to the
ion channel and benzodiazepine sites of GABAA-R of the
a1-KO brains (Halonen et al, 2009; Kralic et al, 2002).

Transgenic Thy1a6 mice express the cerebellar granule
cell-specific a6-subunit gene under pan-neuronal Thy1.2
promoter, especially in the cerebral cortex and hippocam-
pus (Wisden et al, 2002). [3H]Muscimol binding appears to
be markedly increased in these areas of the transgenic mice
(Figure 1, Table 1), increasing to 155 and 256% of the values
for the wild-type mice in the cerebral cortex (F1,10¼ 14.7,
po0.005) and hippocampus (F1,10¼ 19.3, po0.005), respec-
tively. This change in the binding contrasts to the unaltered
binding of an ion channel ligand in the Thy1a6 mice
(Saarelainen et al, 2008).

Decreased Behavioral Sensitivity to Muscimol in Both
a4-KO and d-KO Mice

Recovery from ataxia induced by 1.5, 2.0, and 3.0 mg/kg
muscimol was measured in a4-KO and control mice by fixed
speed rotarod (Figure 2). a4-KO mice were significantly less
sensitive to 1.5 mg/kg (Figure 2a; repeated measures
ANOVA (F1,64¼ 4.6, po0.05)), 2.0 mg/kg (Figure 2b;
F1,100¼ 8.3, po.05), and 3.0 mg/kg (Figure 2c; F1,100¼ 6.1,
po0.05). There were no significant effects of gender
(p40.05) at any of the three doses and, therefore, the data
from males and females were collapsed in the analysis.
However, at 2.0 mg/kg, there was a trend toward a gender
effect (F1,100¼ 2.8, 0.05 o po0.10), with females possibly
being more sensitive to muscimol than males.

In the analysis of the d-KO mice, there was a significant
gender effect at the muscimol dose of 1.5 mg/kg (F1,45¼ 4.9,
po0.05). Analysis of data split between genders revealed a
significant effect of genotype in female mice (Figure 3a;

po0.01) but not in male mice (Figure 3b). Neither d-KO
nor wild-type males were affected by 1.5 mg/kg muscimol.
At 2.0 and 3.0 mg/kg, no gender effect was observed. d-KO
mice recovered faster than the wild-type mice, following
2.0 mg/kg (Figure 3c; F1,104¼ 17.8, po0.001) and 3.0 mg/kg
(Figure 3d; F1,104¼ 21.5, po0.0001).

These data demonstrate that both a4-KO and d-KO mice
are less sensitive to the ataxic effects of muscimol than the
wild-type mice.

Unchanged Behavioral Sensitivity to Muscimol
in a1-KO Mice

Muscimol-induced ataxia was assessed in a1-KO mice and their
wild-type littermate controls. Recovery from ataxia induced by
2.0 (Figure 4a) and 3.0 mg/kg (Figure 4b) muscimol was not
different between a1-KO and wild-type mice.

Behavioral Supersensitivity to Muscimol in Thy1a6
Transgenic Mice

Ataxia induced by 1.0 or 1.5 mg/kg muscimol was compared
between Thy1a6 transgenic mice and C57BL/6 wild-type
control mice (Figure 5). There were significant effects of

Table 1 Brain Regional [3H]muscimol Binding at 15 nM
Concentration in Various GABAA Receptor Gene-Modified
Mouse Lines

Mouse
line

Brain region

Ctx CPu Th Hi Gr OB

WT1 16.4±1.2 9.3±0.3 15.9±0.6 9.3±0.8 60.5±6.1 15.4±4.3

d-KO 10.6±1.5a 4.3±0.5b 7.2±0.9b 6.6±1.0b 49.2±2.5 14.6±2.5

a4-KO 12.1±1.3 3.5±0.2b 6.9±1.1b 6.9±0.8b 59.2±7.7 14.4±0.8

a4+d-KO 9.7±0.6b 3.0±0.1b,c 5.0±0.2b 6.2±0.5b 35.8±3.3a,d 13.0±0.9

WT2 10.8±1.6 5.6±0.6 11.2±1.3 6.7±0.6 56.7±4.8 14.9±2.0

a1-KO 7.3±0.7 4.9±0.9 8.7±1.6 5.1±0.8 57.4±7.0 11.8±1.5

WT3 13.3±1.2 6.3±0.4 13.1±1.0 7.9±0.5 58.5±4.9 20.2±1.9

Thy1a6 20.7±1.5b 7.7±0.8 13.5±1.1 20.1±2.7b 56.6±3.9 17.6±1.8

Data are given as mean (in nCi/mg) ± SE for 3–6 mice per group. WT1 is the
wild-type control for a4, d, and a4 + d-subunit KO mice, WT2 for a1-KO mice
and WT3 for Thy1a6 mice. Ctx, cerebral cortex; CPu, caudate putamen; Th,
thalamus; Hi, hippocampus; Gr, cerebellar granule cell layer; OB, olfactory bulb.
apo0.05.
bpo0.01, for the significance of the difference from the corresponding WT
control.
cpo0.05, from the corresponding d-KO value.
dpo0.05, from the corresponding a4-KO value (Bonferroni post hoc test).

Figure 2 a4-KO mice have reduced sensitivity to the behavioral effects
of muscimol. The fixed speed rotarod measured effects of muscimol on
motor performance at 1.5 mg/kg (n¼ 7 KO and 11 WT) (a), 2.0 mg/kg
(n¼ 12 KO and 15 WT) (b), and 3.0 mg/kg (n¼ 12 KO and 15 WT) (c).
Effect of muscimol was reduced in a4-KO mice (white squares) compared
with WT mice (black squares) at 1.5 (po0.05), 2.0 (po0.05), and
3.0 mg/kg (po0.05) (repeated measures ANOVA).
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gender at both 1.0 mg/kg (F2,117¼ 17.69, po0.001) and
1.5 mg/kg (F2,117¼ 2.67, po0.05). Therefore, analysis of data
was split by gender. At both doses and between both
genders, Thy1a6 mice were more sensitive to muscimol
than the control mice (Figure 5c: 1.0 mg/kg, females,
F1,58¼ 25.76, po0.001; Figure 5d: 1.0 mg/kg, males,
F1,58¼ 10.51, po0.001; Figure 5e: 1.5 mg/kg, females, F1,58¼
2.79, po0.05; Figure 5f: 1.5 mg/kg, males, F1,58¼ 3.72,
po0.05).

To test a lower dose, which had no significant effect on
rotarod performance (Figure 5a and b), we used an open
field test and determined exploratory locomotor activity
after 0.75 mg/kg muscimol (Figure 6). Thy1a6 mice were
more sensitive to muscimol than the control mice, as
muscimol increased their total movements (Figure 6a,
genotype � drug interaction F1,36¼ 12.62, po0.01) and
the time they spent in the periphery (10-cm zone from the
wall) (Figure 6b, interaction F1,36¼ 24.86, po0.001), and
reduced the number of rears (Figure 6c, interaction
F1,36¼ 7.49, po0.05).

To test whether Thy1a6 mice are more sensitive to
gaboxadol in the fixed-speed rotarod test, we administered
a slightly sedating dose of gaboxadol (6 mg/kg) and
determined the latency of falling from the rod (Figure 7).
The transgenic mice were significantly more sensitive to
gaboxadol than the wild-type controls (genotype effect
F1,117¼ 58.55, po0.001).

DISCUSSION

The present data using novel mouse models suggest that the
prototypic direct GABAA-R agonist muscimol preferentially
acts through high-affinity GABA sites. Ataxic/sedative
responses to muscimol were measured using the rotarod.
We observed that a4 or d-KO mice, but not a1-KO mice,
were less sensitive to muscimol-induced impairment, and in
Thy1a6 mice, the sedative/ataxic and locomotor stimulating
responses of muscimol were significantly increased com-
pared with the wild-type mice. Importantly, these bidirec-
tional behavioral differences from the corresponding wild-
type mice could be correlated with the bidirectional
alterations in density of high-affinity [3H]muscimol binding
sites in the forebrain regions, such as the cerebral cortex,
hippocampus, caudate-putamen, and thalamus of the gene-
modified mice. Importantly, we did not find any consistent
alterations in the cerebellar high-affinity [3H]muscimol
binding in the mouse models, although the rotarod
performance can be affected by selective modulation of
the cerebellar circuits (Wulff et al, 2007).

Our finding is striking particularly if we consider that the
a1-KO mice with unchanged high-affinity [3H]muscimol
binding in brain sections have dramatic overall changes in
their GABAA-Rs: (1) a 55% reduction in total GABAA-Rs,
(2) a 35% reduction in muscimol-stimulated chloride
uptake in cortical neurosynaptosomes, and (3) a 55%
reduction in [3H]muscimol binding in cerebellar homo-
genates (Kralic et al, 2002). a1-subunit-containing GABAA-
Rs are widely expressed throughout the brain, in far greater
number than GABAA-Rs containing a4- or d-subunits
(Bencsits et al, 1999; Fritschy et al, 1992; Pirker et al,
2000; Quirk et al, 1995). It should be also noted that
autoradiography showed no differences in high-affinity

c

Figure 3 d-KO mice have reduced sensitivity to the behavioral effects of
muscimol. The fixed speed rotarod measured effects of muscimol on
motor performance in d-KO mice (white squares) and WT mice (black
squares). At 1.5 mg/kg, there was a significant effect of gender (po0.05)
and therefore, data were split between (a) females and (b) males. Motor
impairment by the dose of 1.5 mg/kg in female d-KO mice was greatly
reduced (po0.01) compared with female WT mice (n¼ 5 KO and 5 WT).
Male mice were not affected by muscimol at this dose (n¼ 3 KO and
4 WT). d-KO mice were less sensitive to the effects of muscimol at
(c) 2.0 mg/kg (po0.001; n¼ 16 KO and 12 WT) and (d) 3.0 mg/kg
(po0.0001; n¼ 16 KO and 12 WT) (repeated measures ANOVA).

Figure 4 a1-KO mice are equally sensitive as WT mice to the behavioral
effects of muscimol. The fixed speed rotarod measured effects of muscimol
on motor performance in a1-KO mice (white squares) and WT littermate
controls (black squares). No differences in genotypes were observed at
2.0 mg/kg ((a), n¼ 10 KO and 12 WT) or 3.0 mg/kg ((b), n¼ 10 KO and 12
WT) (repeated measures ANOVA).
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[3H]muscimol binding in a conditional a1-knockout mouse
model (Sonner et al, 2005). Therefore, the behavioral
differences we observed in other mouse models in response
to muscimol very likely implicate the high-affinity non-a1
subunit-containing GABAA-Rs.

Reduced sensitivity to muscimol in a4-KO and d-KO mice
is consistent with in vitro studies of GABAA-Rs and
molecular pharmacological studies using these KO lines.
Muscimol has a 40% greater maximal effect on extrasynap-
tic GABAA-Rs than on synaptic GABAA-Rs (Ebert et al,
1997; Storustovu and Ebert, 2006). In addition, d-KO mice
have a greatly reduced number of high-affinity [3H]musci-
mol sites as measured by ligand autoradiography (Mihalek
et al, 1999; this study). A similar reduction in the forebrain
was also observed in a4-KO mice (this study). Therefore,

reduced behavioral sensitivity of a4-KO and d-KO mice may
be because of the loss of the high-affinity [3H]muscimol
binding sites.

Muscimol is structurally similar to GABA and has been
used extensively as a lead compound for the design of
several other GABA analogs, such as gaboxadol (Krogsgaard-
Larsen et al, 2004). It is important to notice that changes in
sensitivity to muscimol of transgenic mouse lines resemble
closely the changes seen in sensitivity to gaboxadol, which
mediates its action mainly directly on GABA sites of
extrasynaptic receptors (Belelli et al, 2005; Jia et al, 2005).
a4 and d-KO mice are significantly less sensitive to
gaboxadol (Boehm et al, 2006; Chandra et al, 2006), a1-
KO mice have unaltered response to it (Herd et al, 2009)
and Thy1a6 mice display increased sensitivity to it
(Saarelainen et al, 2008). The regional distribution of

Figure 5 Thy1a6 transgenic mice have increased sensitivity to the ataxic
effects of muscimol. The fixed speed rotarod measured the ataxic effects of
0.75, 1.0, or 1.5 mg/kg muscimol in Thy1a6 transgenic mice (white squares)
and C57BL/6 WT controls (black squares). Muscimol impaired the
performance of neither mouse line at the dose of 0.75 mg/kg (a, b).
Because of significant differences between genders at the two higher doses,
data were split between females and males. At those doses and between
both genders, Thy1a6 mice were more sensitive to muscimol than controls
((c), females, 1.0 mg/kg, po0.001; (d), males 1.0 mg/kg, po0.001; (e), females,
1.5 mg/kg, po0.05; (f), males, 1.5 mg/kg, po0.05) (repeated measures
ANOVA). n¼ 6 per gender and genotype.

Figure 6 Thy1a6 transgenic mice have increased sensitivity to the
locomotor stimulating effect of muscimol in the open field test. Male
Thy1a6 transgenic and C57BL/6 WT control mice were treated with saline
or 0.75 mg/kg muscimol 30 min before being transferred to an open arena.
Total locomotor activity (a), time spent in the periphery of the arena (b),
and the number of rears (c) were determined for 5 min. Locomotor activity
was increased by muscimol in Thy1a6 mice as compared with saline-
treated mice (po0.001) and muscimol-treated WT mice (po0.001),
especially in the periphery of the arena. Muscimol treatment reduced the
number of rears in Thy1a6 mice (po0.01). (Two-way ANOVA followed
by Newman–Keuls post hoc test). n¼ 10 males per genotype and
treatment.
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high-affinity [3H]gaboxadol binding in the rat brain
recapitulates that of [3H]muscimol binding (Friemel et al,
2007), both of them being very different from low-affinity
GABAA-Rs detected, eg, by GABA-stimulation of benzodia-
zepine agonist binding (Mennini and Gobbi, 1990). This is
consistent with gaboxadol and benzodiazepine agonists
acting on behavior by different mechanisms and showing
little cross-tolerance (Michelsen et al, 2007; Voss et al,
2003). Interestingly, the present findings suggest that at
least some of the gaboxadol-induced behavioral effects may
not be specific for that compound, but may be general
properties of directly acting GABAA-R agonists. This idea
was supported in this study by enhanced sensitivity to
ataxic/sedative effects of both muscimol and gaboxadol in
Thy1a6 mice (Figures 5 and 7). However, even if muscimol
seems to show preferential behavioral activity through its
high-affinity binding sites, our data demonstrate that
residual effectiveness can be observed in our ataxia/sedation
test by higher muscimol doses even in mouse lines with
reduced high-affinity binding. This suggests that muscimol
is a prototypic GABAA-R agonist with preferential efficacy
and selectivity, but not specificity, to high-affinity receptor
subtypes.

No pharmacokinetic data on muscimol are available at
present for mice. In rats, it has been estimated using
intravenous administration of [3H]muscimol (1 mg/kg) that,
although it is quickly metabolized, the drug passes into the
brain, resulting in a peak brain concentration of about
200 nmol/kg 30 min after administration (Baraldi et al, 1979;
Moroni et al, 1982). Therefore, it is conceivable that in
this study the concentrations achieved after i.p. dosing of
0.75–3.0 mg/kg muscimol would be remaining only at
nanomolar levels. Thus, also the brain levels would be
consistent with preferential action on high-affinity extra-
synaptic vs low-affinity synaptic GABAA-Rs.

The exact subunit composition of GABAA-Rs mediating
the high-affinity [3H]muscimol binding in autoradiography
and the ataxic/sedative effect of muscimol remains to be
solved in later studies. Biochemically, low- and high-affinity
binding sites can be selectively and independently inter-
conversed by chaotropic agents or chemicals modifying
histidine or tyrosine residues (Browner et al, 1981; Burch
et al, 1983; Maksay and Ticku, 1984). Presently, it is not
known whether the sites recognized by [3H]muscimol in

brain sections could be transformed to low-affinity binding
sites. In recombinant a1b2g2 GABAA-Rs, there are two
agonist binding sites in one GABAA-R, both having different
agonist binding properties (Baumann et al, 2003; Baur and
Sigel, 2003). Specific amino-acid residues in the N-terminal
extracellular domains of various a (and b) subunits are
responsible for agonist binding and for differences in
binding affinity and functional sensitivity between recom-
binant receptor subtypes (Amin and Weiss, 1993; Baur and
Sigel, 2003; Bohme et al, 2004; Boileau et al, 1999, 2002).
The agonist binding sites are most likely between a- and
b-subunits. Because of the pentameric structure of GABAA-
Rs, these two agonist binding sites are not symmetrically
positioned, which forms basis to their functional difference.
The fact, that a significant proportion of GABAA-Rs contain
two different a-subunits (Benke et al, 2004) makes the
number of possible agonist binding sites with different
properties even larger. However, all recombinant GABAA-Rs
display high-affinity agonist binding, and the difference in
agonist binding affinity even between abd and abg2-
subunit-containing GABAA-Rs has been modest (Hevers
and Luddens, 1998; You and Dunn, 2007). It has been
suggested that also the d-subunit participates in the
formation of agonist binding site (Kaur et al, 2009), eg, a
domain containing the transmembrane regions 1 and 2 of
the d-subunit explains at least partly the high efficacy of
various agonists, such as gaboxadol, in abd GABAA-Rs (You
and Dunn, 2007). These molecular structural and functional
data together with the data on mouse models (see above)
make it very likely that the amino-acid compositions of
various subunits, rather than posttranslational modifica-
tions, have the most important role in defining the agonist
sensitivity. There still remains the mismatch between the
autoradiographic signal for nanomolar [3H]muscimol
binding and the rather similar agonist binding affinities of
various recombinant ‘synaptic’ and ‘extrasynaptic’ GABAA-
Rs. Part of that difference might be explained, eg, by the
effects of auxiliary proteins in neurons (Everitt et al, 2004;
see for review, Birnir and Korpi, 2007).

In conclusion, the present results point to a correlation
between high-affinity agonist binding sites of the GABAA-R
in the forebrain and behavioral sensitivity to muscimol, and
thus suggest that the behavioral effects of muscimol are
preferentially mediated through high-affinity agonist bind-
ing sites of the forebrain GABAA-Rs. Most likely these
receptors are non-a1 extrasynaptic GABAA-Rs containing d
and a4-subunits. It should be noted that muscimol is not a
specific agonist for these receptor subtypes, as at higher
doses it was effective even in the absence of d or a4-
subunits. Importantly, the experimental transgenic model
on ectopic upregulation of extrasynaptic a6-subunit-con-
taining GABAA-Rs in the forebrain provided evidence for a
correlation between increased high-affinity binding and
increased behavioral effects of GABA-site agonists. Further
dissection of GABAA-Rs to synaptic and extrasynaptic
receptors mediating phasic and tonic inhibition, respec-
tively, might enable pharmacological manipulation of
different components of inhibitory circuits. In addition to
molecular and pharmacological profiling of these specific
GABAA-R populations, their physiological roles and beha-
vioral effects caused by their manipulation need to be
further studied.

Figure 7 Thy1a6 transgenic mice have increased sensitivity to the ataxic
effects of the GABA-site agonist gaboxadol. The fixed speed rotarod
measured the ataxic effects of 6.0 mg/kg gaboxadol in Thy1a6 transgenic
mice (white squares) and C57BL/6 WT controls (black squares). There
were no significant differences between the genders. Thy1a6 mice were
more sensitive to muscimol than controls (po0.001) (repeated measures
ANOVA). n¼ 6 per gender and genotype.
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