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Abstract

The effects of loreclezole and La3q on native cerebellar GABA receptors were compared between GABA receptor a6A A
Ž yry. w35 xsubunit-deficient a6 and wildtype mouse lines, produced through homologous recombination, using t- S butylbi-

Žw35 x .cyclophosphorothionate S TBPS autoradiography in brain sections. In the a6 subunit-deficient mice, the GABA receptor antagonistic
ability of La3q was abolished in the cerebellar granule cell layer, consistent with its opposite actions on a6- and a1 subunit-containing
receptors. La3q significantly potentiated the action of GABA in the molecular layer of the a6yry mice, but not in that of the wildtype

w35 x yrymice. The potentiation of agonistic GABA inhibition of S TBPS binding by loreclezole in a6 granule cells was reduced,
suggesting an emergence of low-affinity GABA receptors. The present results thus identified two ligands that may be useful in studyingA

functional roles of cerebellar a1 and a6 subunit-containing GABA receptor subtypes. q 1999 Elsevier Science B.V. All rights reserved.A
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1. Introduction

GABA receptors are the major inhibitory neurotrans-A

mitter receptors in the mammalian brain. They are com-
posed of homologous subunits belonging to different
groups: a1–a6, b1–b3, g1–g3, d and ´, and assemble to

Žform pentameric GABA-gated chloride ion channels Mac-
donald and Olsen, 1994; Sieghart, 1995; McKernan and

.Whiting, 1996; Davies et al., 1997 . Although GABAA

receptor subunits are widely and heterogenously expressed
in the brain, the necessity for receptor subtypes is not
known.

The pharmacological features of the various GABAA

receptor subtypes are determined by the subunit composi-
tion of each receptor. Among the known GABA receptorA

subunits, the a6 subunit displays the most unique features:
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cerebellar and cochlear nucleus granule cell-restricted ex-
Žpression Luddens et al., 1990; Varecka et al., 1994;¨

.Wisden et al., 1996 , benzodiazepine agonist-insensitive
Žpharmacology Malminiemi and Korpi, 1989; Wieland et

al., 1992; due to the critical arginine residue at position
. Ž .100 , high GABA sensitivity Korpi and Luddens, 1993¨

Ž .and selective furosemide sensitivity Korpi et al., 1995 .
These characteristics are missing in the granule cell layer
of ‘a6 gene knockout’ mouse lines, produced by disrupt-
ing the a6 subunit gene through homologous recombina-

Žtion Jones et al., 1997; Homanics et al., 1997; Makela et¨ ¨
.al., 1997 . A connection between benzodiazepine-induced

ataxia and the lack of a6-containing GABA receptors inA
yry Ža6 mouse line has also been established Korpi et al.,
.1998 . In addition to the striking pharmacological alter-

ations in the a6yry cerebella, other minor alterations have
been detected. In the presence of low GABA concentra-
tions that fail to activate a1 subunit-containing receptors,

Ž .methyl-6,7-dimethoxy-4-ethyl-b-carboline DMCM , allo-
pregnanolone and Zn2q were less efficacious in modulat-

w35 x w35 xing the t- S butylbicyclophosphorothionate S TBPS
binding in the granule cell layer of the a6yry than a6qrq
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Ž .animals Makela et al., 1997 . These findings suggest¨ ¨
alterations in the receptor subtypes in the granule cell layer

Žin response to the loss of the a6 subunit Jones et al.,
.1997; Makela et al., 1997 . In fact, removal of the a6¨ ¨

protein leads to a large reduction in granule cell GABAA

receptors in a6yry cerebellum: the d subunit disappears
from the granule cell plasma membrane and b2, b3 and
g2 protein levels decrease by 53%, 15% and 41%, respec-

Ž .tively Nusser et al., 1998a . However, no up-regulation of
the a1 protein is detected in the Golgi cell to granule cell
synapses, although our autoradiography reveals increased
w35 xS TBPS binding component with low sensitivity to
GABA and other agonists in the granule cell layer of the

yry Ž .a6 mice Makela et al., 1997 .¨ ¨
In this report, we describe the extension of the phar-

macological profiling of the native cerebellar cortical
GABA receptors in the a6yry mice. The trivalent cationA

Ž 3q.lanthanum La inhibits recombinant a6b3g2L and
a6b3d receptor currents, whereas it potentiates a1b3g2L

Ž .subunit-containing receptor current Saxena et al., 1997 .
wŽ . wThe anticonvulsant and antiepileptic loreclezole Z -1- 2-

Ž . xchloro-2- 2,4-dichlorophenyl ethenyl -1,2,4-triazole or
x Ž .R72063 Wauquier et al., 1990; Ashton et al., 1992

discriminates between b1 and b2 or b3 subunit-containing
receptors, b2r3 containing receptors being )300 times

Žmore sensitive than b1 containing receptors Wafford et
.al., 1994; Wingrove et al., 1994 . Here, we examine the

w35 xmodulation of S TBPS binding in the absence and pres-
ence of a low exogenous GABA concentration by lorecle-
zole and La3q to cerebellar GABA receptors in a6yry

A

mice.

2. Materials and methods

2.1. Animals

A 129Sv=C57BLr6 mouse line, in which the exon 8
Ž .of the a6 subunit gene was disrupted Jones et al., 1997 ,

was maintained as a colony in Turku. The brains of 6
Ž qrq.homozygous wild type a6 and 6 homozygous mutant

Ž yry.a6 adult mice of the F and F generations were3 4

used.
The animals were maintained under a 12r12-h

Ž .lightrdark cycle lights on at 0600 h at ambient tempera-
ture of 22"28C and a relative humidity of 55"5%. The

Žanimals had free access to R3 rodent pellet feed Ewos,
.Sodertalje, Sweden and tap water.¨ ¨

2.2. Preparation of cryostat sections

All animals were killed by decapitation, and the whole
brains were rapidly dissected out and frozen on dry ice.
For autoradiography, 14-mm horizontal serial sections were

cut from six a6qrq and six a6yry mouse whole brains
using a Leitz 1720 cryostat, thaw-mounted onto gelatin-
coated object glasses, and stored frozen under desiccant at
y208.

2.3. Ligand autoradiography

The autoradiographic procedure for regional localiza-
w35 x Žtion of S TPBS Dupont-New England Nuclear, Dreie-

.ich, Germany binding was as in Makela et al., 1997.¨ ¨
Briefly, serial cryostat sections were preincubated in an

3q Ž . Ž .Fig. 1. Effect of La B,I and loreclezole v,` on the picrotoxin-
w35 x qrq Ž .sensitive S TBPS binding in cerebellar sections of a6 B,v and

yry Ž . Ž . Ža6 I,` mice in the absence A, B, E, F and presence C, D, G,
.H of exogenous 0.5 mM GABA. The autoradiographic results are

Žexpressed as percentages mean"S.E.M. of three or six mice in each
. w35 x Ž .group of basal S TBPS binding 100% determined in the absence of

added La3q, loreclezole or GABA. The results are shown for the granule
Ž . Ž .cell layer A, C, E, G and for the molecular layer B, D, F, H . Values to

the left of the gaps were obtained in the absence of added drugs.
ŽStatistical significance of differences between the mouse lines Student’s

.t-test : ))) P -0.001, )) P -0.01, ) P -0.05.
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ice–water bath three times for 10 min in 50 mM Tris–HCl
supplemented with 1 mM EDTA, pH 7.4. Incubation with
w35 x ŽS TBPS ;200 dpmrml, adjusted to 6 nM with cold

.TBPS was performed for 90 min at 228C in 50 mM
Tris–HCl supplemented with 120 mM NaCl buffer, pH
7.4, using 750 ml liquid bubbles over sections on object

Žglasses in a humid chamber. Effects of loreclezole Janssen
. 3q ŽPharmaceutica, Beerse, Belgium and La Sigma, St.

.Louis, MO in the presence or absence of 0.5 mM GABA
Ž . w35 xSigma were tested on S TBPS binding. After the incu-
bations, the sections were washed three times for 15 s in
an ice-cold 10 mM Tris–HCl buffer, pH 7.4, dipped into
distilled water, air-dried at room temperature, and exposed

w14 x Žwith plastic C -standards to Hyperfilm-b Amersham,max
.Buckinghamshire, UK for 5 days.

2.4. Data analysis

Regional labeling intensities were quantitated from the
autoradiography films by using MCID M4 image analysis

Ždevices and programs Imaging Research, St. Catharines,
.Canada as described in Korpi et al., 1995. Binding densi-

ties for each brain area were averaged from measurements
w14 x Žof one to three sections. The C -standards Amersham,

.UK exposed simultaneously with the brain sections were
used as a reference with resulting binding values convert-
ing to radioactivity levels estimated for gray matter areas
Ž .nCirg .

Statistical significance of the differences between the
mouse lines were assessed using two-way analysis of
variance with Tukey post test and between two group

Žmeans using Student’s t-test with Prism 2 GraphPAD
.Software, San Diego, CA .

3. Results

3.1. Decreased GABA receptor antagonism by lanthanumA

in the a 6 yry mice

w35 xThe basal S TBPS binding to the granule cell layer of
yry Ž .a6 mice 236"60 nCirg, mean"S.D., ns3 was

Ž .significantly P-0.05 lower than the binding to granule
qrq Ž .cells of a6 mice 364"51 nCirg, ns3 . There was

Žno difference in the binding to the molecular layer 248"

32 vs. 281"30 nCirg for a6yry and a6qrq mice,
. 3q Ž . w35 xrespectively . La 1 mM elevated basal S TBPS bind-

ing at the absence of exogenous GABA in the granule cell
layer of a6qrq mice, whereas it decreased the binding in

yry Ž . 3q Ž .the a6 mice Fig. 1A, Fig. 2 . La 1 mM decreased
w35 xS TBPS binding to the molecular layer of both mouse
strains, being significantly more efficient in the a6yry

Ž .mice Fig. 1B, Fig. 2 . In the presence of 0.5 mM exoge-
nous GABA, La3q at 10 mM–1 mM concentrations had
little effect on the binding, except that 1 mM La3q signifi-

yry Žcantly decreased the binding in the a6 mice Fig. 1C,
.Fig. 2 .

[35 ]3.2. Reduced inhibition of S TBPS binding by lorecle-
zole in the a 6 yry mice

Ž . w35 xLoreclezole 1–100 mM inhibited S TBPS binding
qrq Ž .to the granule cells of a6 mice Fig. 1E, Fig. 3 in the

w35 xabsence of exogenous GABA, whereas the S TBPS
binding to the granule cell layer of a6yry mice was
inhibited only in the presence of 100 mM loreclezole. In
the presence of added 0.5 mM GABA, loreclezole potenti-

w35 xated the inhibition of S TBPS binding by GABA simi-
larly to the granule cell layer of both a6qrq and a6yry

w Ž . x Ž .mice F 1,40 s0.89, P)0.05 Fig. 1G, Fig. 3 . There

3q Ž . w35 x yryFig. 2. Action of La in the absence and presence of low GABA concentration 0.5 mM on picrotoxin-sensitive S TBPS binding in serial a6 and
a6qrq mouse cerebellar sections as revealed by autoradiography. Brain sections were washed extensively before incubation to remove endogenous GABA
as described in Materials and methods. Concentration of lanthanum was 1 mM. Gr, granule cell layer; Mol, molecular layer.
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Ž . w35 x yryFig. 3. Action of loreclezole in the absence and presence of low GABA concentration 0.5 mM on picrotoxin-sensitive S TBPS binding in serial a6
and a6qrq mouse cerebellar sections as revealed by autoradiography. Brain sections were washed extensively before incubation to remove endogenous
GABA as described in Materials and methods. Concentration of loreclezole was 10 mM. Gr, granule cell layer; Mol, molecular layer.

was no difference in the effect by loreclezole between the
molecular layers of a6qrq and a6yry mice.

4. Discussion

Normal cerebellar granule cells express abundantly the
GABA receptor a1, a6, b2, b3, g2 and d subunitsA
ŽLaurie et al., 1992; Wisden et al., 1996; Nusser et al.,

. yry1996, 1998b . In a6 granule cells, in addition to the
loss of the a6 subunits, also the peptide levels of b2, b3,
g2 and d subunits are reduced both synaptically and
extrasynaptically, whereas the level of the a1 subunit is

Ž .reduced only extrasynaptically Nusser et al., 1998a . In
spite of the normal d subunit mRNA levels in the granule
cells of the a6yry mice, immunostaining and immuno-
precipitation revealed a great loss of the d subunit protein,
indicating the coassembly of a6 and d subunits in normal

Ž .native GABA receptors Jones et al., 1997 . Therefore,A

the a6yry mice have effectively lost two subunits, the
pharmacological significance of which has now been
demonstrated with two ligands with GABA receptorA

subtype-differentiating properties, loreclezole and La3q.
ŽIn the absence of exogenous GABA, loreclezole 1–100

. w35 x qrq
mM clearly inhibited S TBPS binding in the a6
cerebella, whereas in the a6yry cerebella inhibition was
detected only with 100 mM loreclezole. The same kind of
binding profile as in a6yry granule cells was detected in
the molecular layer of both mouse lines. This could indeed
mean that in normal cerebella, the pharmacology of
a1b2g2 receptors is masked by the highly GABA-sensi-

Žtive a6 subunit-containing receptors Korpi and Luddens,¨
.1993 . Loreclezole has also been shown to activate GABAA

Ž .receptors directly Sanna et al., 1996 , but in our case, this
would mean that a6-containing receptors are more sensi-
tive to loreclezole’s direct action than the a1-containing

Ž .receptors. However, Wafford et al. 1994 have reported a
slightly less efficient potentiation of a6b2r3g2 than
a1b2r3g2 receptor currents by loreclezole. In the pres-
ence of 0.5 mM exogenous GABA, there was no difference
in the effects of loreclezole between the mice; only GABA
itself was less efficient in a6yry mice, as expected due to

Žthe lack of highly GABA-sensitive a6 subunit Korpi and
.Luddens, 1993; Makela et al., 1997 . Actually, the low-af-¨ ¨ ¨

finity GABA sites were more abundant in the granule cell
layer of the a6yry than a6qrq mice, as illustrated by less

Žefficient loreclezole action in Fig. 3 panels Lor 10 mM
.and GqLor 10 mM . This confirms the apparent emer-

gence of low-affinity sites in the absence of a6 and d

Ž .subunits see Makela et al., 1997 .¨ ¨
Recombinant GABA receptor isoforms, expressed inA

L929 fibroblasts, have been shown with the whole cell
recording technique to display differential sensitivity to
La3q in an a subunit variant-dependent manner. La3q

potentiates a1b3g2L receptor currents, whereas a6b3gL
and a6b3d currents are inhibited, the latter being more

3q Ž .sensitive to La Saxena et al., 1997 .
In the cerebellar granule cell layer of a6qrq and

a6yry mice, an effect of the a6 subunits on the properties
3q 3q Ž .of La was clearly demonstrated. A high La 1 mM

w35 xconcentration increased the basal S TBPS binding in
a6qrq mice, but decreased it in a6yry mice. With a low

Ž .GABA 0.5 mM concentration, the same difference was
Ž .detected. Saxena et al. 1997 have suggested, that in the

presence of native a1b2r3g2L, a6b2r3g2L and
a6b2r3d receptor subtypes, it is likely that at lower

3q Ž .concentrations of La 1–100 mM , the enhancing effect
of La3q could dominate, whereas at higher concentration

3q Ž .of La 1 mM and higher , loss of potentiation of the
a1b2r3g2L receptor by La3q could result from unmask-
ing of the inhibitory effect of La3q on the a6b2r3d

receptor.
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Unexpectedly, La3q was more efficient in displacing
w35 x yryS TBPS in the molecular layer of the a6 than
a6qrq mice, suggesting that also this cerebellar cortical
layer has altered GABA receptor population in the mu-A

tant mice. Similar results were recently obtained with
Ž .diazepam Makela et al., 1997 . GABA receptors in the¨ ¨ A

molecular layer might have undergone adaptive alterations
due to limited inhibition at the Golgi neuron–granule cell
synapses or at the granule cell soma in the a6yry mice.

In conclusion, La3q and loreclezole revealed specific
features that a6 subunit-containing native GABA recep-A

tors are playing in native cerebellar pharmacology, con-
firming the results on recombinant receptors. Since these
compounds differentiate the a6 and a1 subunit-containing
receptors, which have at least partly varying localizations

Žin the granule cell soma and dendrites Nusser et al.,
.1998b , they might be utilized in functional tests to gain

understanding of the inhibitory processes in the cerebellar
cortex.
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