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The mammalian GABA ,/benzodiazepine (GABA,/BZ) recep-
tor is comprised of several subunit isoforms: o, Bias Vi3
and 3. In the present studies, the expression of «,, 3,, and
v, subunit mRNAs was examined in cerebellar Purkinje
cells and deep cerebellar neurons of staggerer mutant
mice during postnatal development. In control animals, the
three subunit mRNAs were present at high density in Pur-
kinje cells which, in adult animals, form a monolayer at the
interface of the granule cell and molecular layers. The num-
ber of Purkinje cells in the staggerer cerebellar cortex is
reduced; the majority of those that remain are retained
within the granule cell layer and are unable to receive nor-
mal afferent synapses from granule cells. The three subunit
mRNAs were expressed at similar levels in both staggerer
and control Purkinje cells until postnatal day 9. After this
time, although the «, subunit mRNA was maintained at
control levels in staggerer Purkinje cells, the expression of
B, and vy, subunit mRNAs decreased, and was largely ab-
sent by postnatal day 20. The loss of 3, and v, mRNA ex-
pression in staggerer was specific to Purkinje cells, since
all three mRNAs were present throughout postnatal devel-
opment in other brain regions, including the deep cerebel-
lar nuclei. The present studies indicate that in cerebellar
Purkinje cells, the GABA,/BZ receptor «,, and f3,, and v,,
subunit mRNAs are regulated by distinct mechanisms
which are differentially affected by the staggerer mutation.

[Key words: GABA, in situ hybridization, cerebellum,
deep cerebellar nuclei, development, reeler, weaver]

A fully differentiated Purkinje cell phenotype is the result of
interactions between genetic and epigenetic factors over a pro-
tracted period of development. The Purkinje cell is the principal
integrative cell in the cerebellar cortex, relaying excitatory in-
formation from climbing fibers and mossy fibers to the deep
cerebellar nuclei. Several mutations have been identified which
cause abnormalities in murine Purkinje cell development (Sid-
man, 1968). Although some of these mutations are intrinsic to
the cell, others are extrinsic and affect the Purkinje cell second-
arily. Mice homozygous for the autosomal recessive mutation
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“staggerer’” (Green and Lane, 1967) develop a pronounced cer-
ebellar ataxia, which is detectable by postnatal days 7-8. The
primary genetic defect appears to be intrinsic to Purkinje cells
(Herrup and Mullen, 1979a), and leads to the failure of these
neurons to acquire their mature phenotype. As a result, staggerer
Purkinje cells lack several markers of terminal differentiation,
including the adult form of N-CAM (Edelman and Chuong,
1982), voltage-dependent Ca?* channels (Crepel et al., 1984),
the IP, receptor (Mikoshiba et al., 1985), calmodulin (Messer et
al., 1990) and the Gy, ganglioside (Furaya et al., 1994).

An important component of the mature Purkinje cell pheno-
type is the presence of GABA receptors which subserve inhib-
itory afferents from basket and stellate cells, and from Purkinje
cell collaterals. The GABA ,/benzodiazepine (GABA,/BZ) re-
ceptor is a heteropentameric GABA-gated chloride channel (Na-
yeem et al., 1994) which consists of combinations of subunit
polypeptides, the majority of which exist in several isoforms (o, ,
Bis Yia O, and p,,); additional subunit diversity is generated
by alternative splicing (Macdonald and Olsen, 1994; Tyndale et
al., 1995). The majority of benzodiazepine and GABA binding
sites are located on « and (3 subunits, respectively (Sigel et al.,
1983; Casalotti et al., 1986; Fuchs and Sieghart, 1989). How-
ever, recombinant GABA ,-receptors composed entirely of a and
B subunits show only a weak modification of GABA responses
by benzodiazepines; the inclusion of a y subunit, in combination
with o and B subunits, confers benzodiazepine sensitivity
(Pritchett et al., 1989; Knoflach et al., 1991; Horne et al., 1993;
Pregenzer et al., 1993).

The «,, B,s, and <y, subunits combine to form the most fre-
quently occurring isoform of the GABA, receptor complex in
the adult mammalian CNS (Benke et al., 1991; Duggan et al.,
1992). In rodents, the «,, 3,, and -y, subunit mRNAs are present
at particularly high density in cerebellar Purkinje cells (Zdilar et
al., 1991, 1992; Laurie et al., 1992; Luntz-Leybman et al., 1993);
all other GABA,/BZ receptor subunit genes are either absent,
or expressed at much lower levels. Furthermore, Purkinje cells
contain «,, PB,; and <y, subunit polypeptides (De Blas et al.,
1988; Fritschy et al., 1992, 1994; Gutierrez et al., 1994; Nadler
et al., 1994). In this paper, we report on the effect of the stag-
gerer mutation on the expression of GABA ,/BZ receptor «,, 3,,
and vy, subunit mRNAs in cerebellar Purkinje cells.

Materials and Methods

Riboprobe preparation. Antisense and sense ribonucleotide probes for
the o, B,, and +y, subunits of the GABA,/BZ receptor were generated
by polymerase chain reaction (PCR). Poly(A)* RNA was isolated from
mouse brain by the method of Badley et al. (1988). Reverse transcrip-
tion and PCR amplification procedures were conducted as described
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previously (Luntz-Leybman et al., 1993). Each of the riboprobes was
designed to include regions complementary to the most variable portion
of the corresponding nucleotide sequence within the intracellular loop,
between the putative M3 and M4 transmembrane spanning domains.
The vy, probe recognized both long and short splice variants. The prim-
ers for the three probes, based on the published rat or mouse sequences
(e, Wang et al., 1992; B,, Ymer et al., 1989; vy,, Kofuji et al., 1991),
are as follows: 5-ATA AAG CTT AAG AGA GGG TAT GCG TGG
GAT-3' (upstream «, primer) and 5'-ATA GGA TCC AGG CTT GAC
TTC TTT CGG TTC-3' (downstream a, primer); 5-ATA AAG CIT
GAG AAG ATG CGC CTG GAT GTC-3' (upstream P, primer) and
5'-ATA GGA TCC GCA CGT CTC CTC AGG CGA CTT-3' (down-
stream [3, primer); 5-ATA AAG CTT TCA GCA ACC GGA AGC
CAA GCA-3' (upstream 1, primer) and 5'-ATA GGA TCC ACT GGC
ACA GTC CTT GCC ATC-3' (downstream vy, primer).

The PCR product was digested with HindIIl and BamHI restriction
enzymes and ligated “in gel” in HindIII-BamHI treated, dephosphor-
ylated pBluescript IT SK[ +] phagemid vector (Stratagene, La Jolla, CA)
as described previously (Kalvakolanu and Livingston, 1991). Plasmids
were linearized with HindIII and BamHI for the subsequent production
of antisense and sense RNA probes, respectively. A portion of the re-
combinant plasmid was purified, alkali denatured and sequenced using
the Amplitaq sequencing kit (#N808-0035, Perkin Elmer, Norwalk, CT).
The linearized templates were purified and transcribed (Luntz-Leybman
et al., 1993). The specific activity of each riboprobe was 1-1.5 X 10°
dpm/mg.

Northern blot hybridization (data not shown), conducted under high
stringency conditions, was used to determine the number and size of
the mRNA species recognized by the three probes. These experiments
revealed major bands at 4.0 and 4.3 kb for «,, 8.2 kb for p,, and 4.3
and 2.5 kb for vy,. No cross-hybridization between these subunit mRNAs
was observed.

In situ hybridization. Staggerer mutant mice (sg/sg) and their unaf-
fected heterozygous or homozygous normal littermate controls (7/+)
were bred from heterozygous B6C3Fe-ala-sg mice obtained from Jack-
son Laboratories, Bar Harbor, ME. For adult studies, five pairs of sg/sg
and ?/+ control mice were examined at postnatal days (P)28, 29, 30,
60, and 80. For developmental studies, two separate groups of mice
were examined at postnatal days (P)1, 6, 9, 12, 15, and 20. Mutant
animals were identifiable behaviorally between approximately P7-8
when ataxia developed; at earlier data points, whole litters were sacri-
ficed and homozygous mutant animals were identified morphologically.
Animals at the P1 to P9 data points were obtained from heterozygous
breeding pairs previously shown to produce large litters of which at
least 25% were homozygous for the staggerer gene. In addition, adult
reeler (rl/rl; N = 3) and weaver (wv/wv; N = 3) mutant mice, also bred
from Jackson Laboratory stocks, were examined. Mice were decapitated
after inhalation anesthesia (Metofane, Pitman-Moore, NJ); brains were
rapidly removed, frozen on dry ice, and stored at —70°C. Coronal and
sagittal sections, 20 pm thick, were cut in a cryostat and thaw mounted
onto 3 X subbed (300 bloom gelatin and chrome alum) slides and stored
at —70°C. Slide mounted sections were brought to room temperature
and hybridized with **S-labeled probes as described previously (Luntz-
Leybman et al., 1993). After incubation, the sections were washed in 2
% SSC (saline sodium citrate) at room temperature (RT) for 10 min,
followed by incubation in RNase A solution (20 pg/ml RNase A in 10
mM Tris-HCI, 500 mm NaCl, 1 mm EDTA, pH 8.0) for 30 min at 37°C.
RNase treated sections were washed at increasing stringency, as fol-
lows: 2 > SSC (10 min), 1 X SSC (10 min), 0.5 X SSC (10 min), 0.25
® SSC (10 min), and 0.25 X SSC (60 min) at 70°C. After final washes
in 0.25 X SSC (10 min) at RT, sections were dehydrated (1 min each)
through 70%, 80%, 90%, and 100% EtOH. All washing solutions, ex-
cept RNase A solution, contained 10 mm 2-mercaptoethanol to prevent
nonspecific binding of riboprobe. The nonspecific hybridization signal
was determined by exposing adjacent sections to sense RNA probes.

Autoradiography. Autoradiograms were generated as follows: acid-
washed coverslips (No. 0, Corning Glass, Corning, NY), previously
coated with a uniform layer of photographic emulsion (Kodak NTB-2,
Eastman Kodak, Rochester, NY) were apposed to the slide-mounted
sections and exposed for 6 d, at 4°C. Coverslips containing the auto-
radiographs were developed in Kodak Dektol developer (diluted 1:1
with distilled water) for 2.0 min at 17°C, fixed for 3.5 min in Kodak
Rapid-Fix, washed in distilled water for 30 min, and mounted onto
microscope slides. After the coverslips were developed, the slides con-
taining the sections were dipped in Kodak NTB-2 photographic emul-

Figure 1. Cresyl fast violet stained coronal sections through the cer-
ebellar cortex of a postnatal day 30 littermate control (A) and staggerer
(B) mouse. dn, Deep cerebellar nuclei; g, granule cell layer; ic, inferior
colliculi; m, molecular layer; v, vermis. Scale bars, 1 mm.

sion at 38°C, dried overnight, exposed at 4°C, and developed as above.
Emulsion covered sections were counterstained with cresyl fast violet
and used for cellular localization of grain density.

Optical density readings (Image-1, Universal Imaging) were used to
determine the autoradiographic grain density on emulsion coated cov-
erslips in traced regions over individual Purkinje cells and deep cere-
bellar neurons in coronal sections. The cortical regions selected for mea-
surement in littermate controls were randomly selected from the vermis
and hemispheres of lobules 5 through 9. Approximately the same region
on the rostrocaudal axis was measured in staggerer, although the un-
derdeveloped state of the cortex makes the precise lobular assigment
difficult. Measurements of the deep cerebellar nuclei were from all three
subregions (medial, intermediate, and lateral) on either side of the mid-
line. The data are expressed as optical density units divided by the area
measured: 2000 pm? and 1800 pm?® for Purkinje cells and deep cere-
bellar neurons, respectively. Optical density measurements from equiv-
alent regions on sense slides were deducted from the antisense mea-
surements to obtain the specific hybridization signal.

Results

The adult cerebellar cortex is a highly organized structure con-
sisting of five major neuronal types which are arranged in three
lamina, the molecular, Purkinje cell, and granule cell layers. The
deep cerebellar nuclei lie ventral to the cortex on either side of
the midline (Fig. 1A). Unlike the normal laminar arrangement
observed in unaffected littermates, the homozygous staggerer
cerebellum is grossly underdeveloped (Fig. 1B). Although there
is a normal complement of deep cerebellar cells (Roffler-Tarlov
and Herrup, 1981), Purkinje cells and granule cells are reduced
in number (Herrup and Mullen, 1979b). Whereas Purkinje cells
in the normal adult cerebellum are aligned in a monolayer at the



Figure 2. Immunocytochemical staining with calbindin (Sigma, St.
Louis, MO) showing (A) Purkinje cells aligned in a monolayer in the
normal cerebellar cortex, and (B) Purkinje cells ectopically located in
the staggerer granule cell layer. g, granule cell layer; m, molecular layer;
P, Purkinje cells; w, white matter. Scale bars, 100 pm.

interface of the molecular and granule cell layers (Fig. 2A4), the
majority of staggerer Purkinje cells are ectopically located with-
in the granule cell layer and relatively few cells are found in
their normal position (Fig. 2B).

The distribution of «, [, and vy, mRNAs in the adult stag-
gerer cerebellum. GABA, receptor o, B,, and v, subunit m-
RNAs were examined in the adult staggerer and littermate con-
trol cerebellum at P28, 29, 30, 60, and 80. Each of the three
subunit mRNAs were expressed at high levels in the cerebellum
of unaffected littermate controls. Very low levels of autoradio-
graphic grain density were distributed uniformly over the sense
control sections. Although the three hybridization signals dif-
fered in intensity (a,>v,>[,), in each case, the strongest auto-
radiographic signal within the normal adult cerebellum was pres-
ent over Purkinje cells and deep cerebellar neurons, while gran-
ule cells, and basket and stellate cells in the molecular layer,
were labeled at a lower grain density (Fig. 3A,C,E). In the adult
staggerer cerebellum, high levels of «, subunit mRNA were
present in Purkinje cells, while B, and -y, mRNA expression was
largely absent (Fig. 3B,D,F; see Fig. 6). Although the overall
expression of B, and v, mRNA was reduced to background lev-
els throughout the sg/sg cerebellar hemispheres (Figs. 4, 5; Table
1) and vermis (Fig. 6, Table 1), occasional Purkinje cells in the
deeper regions of the caudal vermis retained some expression
into adulthood. These cells were labeled at much lower levels
than cells in the same region of the control vermis (40% and
50% below control for B2 and v,, respectively). By postnatal
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days 6080, only infrequent Purkinje cells in the deeper regions
of the caudal aspect of the staggerer vermis expressed the B,
and vy, messages.

The distribution of «,, B, and y, mRNAs in developing stag-
gerer mice. In order to ascertain if the relative absence of the
B, and vy, subunits is correlated with known synaptogenic events
within the cerebellar cortex, the expression of o, B;, and v,
subunit mRNAs in staggerer and littermate control Purkinje cells
was examined throughout the first three postnatal weeks (P1-
20). In normal animals, the «,, B,, and vy, hybridization signals
were diffusely distributed over Purkinje cells in the multicellular
region between the external germinal layer and internal granular
layer at birth. Between postnatal days (P)4-6, as cerebellar fo-
liation increased, Purkinje cells began to form a monolayer at
the interface of the internal granular layer and the molecular
layer; at this time, autoradiographic grains no longer spanned
the entire molecular layer, but became clustered over Purkinje
cell perikarya. The intensity of the o, hybridization signal in-
creased markedly between postnatal days P9-12, and maximum
grain density was reached by P20. Similarly, the B, and v, sig-
nals increased during the first two postnatal weeks. Although the
neonatal staggerer cerebellar cortex was similar in size and over-
all structure to that of heterozygous and wild type controls at
birth, staggerer animals were detectable by a slight reduction in
cerebellar foliation and a thickened external germinal layer. Un-
like control animals, in which Purkinje cells became aligned into
a monolayer, relatively few staggerer Purkinje cells reach the
normal adult position, the great majority remaining scattered
within the granule cell layer. Autoradiographic grain density was
measured over immature Purkinje cells in the molecular layer
of the caudal vermis during postnatal week 1, and as they ma-
tured during postnatal weeks 2 and 3 (Table 2): During postnatal
days 1-9, the density of the «,, B, and v, hybridization signals
in sg/sg Purkinje cells was almost identical to that of unaffected
littermate controls. By P9-12, the abnormal structure of the stag-
gerer cerebellar cortex became more evident, and the expression
of the three subunits began to diverge: although relatively nor-
mal levels of «, subunit mRNA were maintained in staggerer
Purkinje cells, the B, and -y, mRNAs were greatly reduced by
postnatal day 20.

The distribution of a,, B, and y, mRNAs in the deep cere-
bellar nuclei. The loss of B, and vy, expression in the cerebellar
cortex during postnatal week two was specific to Purkinje cells,
since the staggerer deep cerebellar nuclei remained clearly la-
beled into adulthood (Fig. 3D,F). The «,, B,, and -y, hybridiza-
tion signals were clustered over cell bodies in the medial, inter-
mediate and lateral regions of the deep cerebellar nuclei (Fig.
3). Each of the messages was present at birth; quantitation of
the autoradiographic grain density showed that the signal in-
creased throughout the first three postnatal weeks (Table 3),
reaching maximal levels by P20. During this time, the level of
subunit expression was similar in both staggerer and control
cells. Subsequently, «, and y, mRNA expression remained stable
in the deep cerebellar neurons of control mice, while the B,
hybridization signal reached a peak at P20, after which the mes-
sage became reduced. In older staggerer mice (P28, P29, P30,
P60, and P80), B, and v, mRNA expression exceeded control
levels (Table 1). The degree to which the two signals increased
in staggerer den was dependent upon the method of measure-
ment: Optical density measurements over the whole cross-sec-
tional area indicated that the B, and vy, signals were increased
by 146% and 74%, respectively. However, although the cross-
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Figure 3. The expression of GABA, receptor o, (4, B), B, (C, D), and v, (£, F) subunit mRNAs in adult littermate control and staggerer Purkinje
cells. A low power photomicrograph photographed under dark-field illumination showing that each of the three subunits are expressed at high levels
in Purkinje cells of normal littermate control animals (A, C, E). Although high levels of «, subunit mRNA are expressed in staggerer Purkinje cells
(B), little or no hybridization signal is present with B, (D) or vy, (F) probes. Arrowheads indicate Purkinje cells; d, deep cerebellar nuclei; g, granule
cell layer; h, hemisphere; ic, inferior colliculi; m, molecular layer; v, vermis; w, white matter. Scale bars, 500 pm.

sectional area of the sg/sg and control dcn was similar through
postnatal day 9, after this time the sg/sg dcn became reduced by
approximately 24%. In order to correct for the shrinkage, grain
density also was measured over individual dcn cells; conse-
quently, smaller increases of 38% (B,) and 13% (y,) were ob-
tained.

The distribution of «,, B, and vy, mRNAs in reeler (ri/rl) and
weaver (wv/wv) mice. The expression of «,, B,, and <y, subunit
mRNAs also was examined in the agranular cerebellar cortex of
autosomal recessive reeler and weaver mutants. As in staggerer,
weaver and reeler Purkinje cells are also ectopically located.
Unlike their expression in the adult staggerer, each of the three

subunit messages was maintained at control levels in reeler (Fig.
TA-C) and weaver (Fig. 84—C) Purkinje cells.

Discussion

We have shown that the expression of GABA, receptor o, B,,
and v, subunit genes in staggerer Purkinje cells diverges during
the second postnatal week, and that although o, subunit mRNA
expression is maintained near control levels into adulthood, the
B, and 7, subunit mRNAs become developmentally downregu-
lated and are virtually absent in adult staggerer Purkinje cells.
In contrast, B, and vy, subunit mRNAs are expressed at, or slighty
above, normal levels in staggerer deep cerebellar neurons. The




Figure 4. The expression of o, (A) and B, (B) subunit mRNAs in
Purkinje cells in adjacent sections through the staggerer cerebellar hemi-
sphere at P30. Arrowheads indicate labeled (A) or unlabeled (B) Pur-
kinje cells; g, granule cell layer; dn, deep nuclei. Scale bars, 250 pm.

majority of staggerer Purkinje cells are ectopically located in the
granule cell layer and are fewer in number and smaller in size
than those of unaffected littermates, making it difficult to dif-
ferentiate them from Golgi II neurons which are also scattered
throughout this region. Therefore, both cell types have been
grouped together as “‘medium to large neurons™- (Herrup and
Mullen, 1979b). Although there is mediolateral variation in the
degree of the cellular disorder, all medium to large cells, re-
gardless of their mediolateral and rostrocaudal position in the
staggerer cerebellar cortex, showed a reduction or absence, of
B, and v, mRNA while retaining the «, signal. While the pres-
ence and identity of specific mRNAs in normal Golgi II cells
has not been ascertained, the lack of punctate o,, B, and -,
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Julk

Figure 5. High power photomicrographs showing high levels of o,
subunit mRNA (A) and little or no y2 hybridization signal (B) in the
staggerer cerebellar hemisphere. P indicates three Purkinje cells in the
normal position at the interface of the granule cell and molecular layers.
Arrows indicate Purkinje cells ectopically located in the granule cell
layer. g, Granule cell layer; m, molecular layer. Scale bars, 50 pm.

signals in the granule cell layer of normal animals argues strong-
ly that Golgi II cells do not express these particular subunit
mRNAs at high levels. It seems most likely, therefore, that the
a,-labeled medium to large neurons which remain in the stag-
gerer cerebellar cortex represent Purkinje cells, rather than Golgi
II cells.

Whether the «, subunit mRNA retained in staggerer Purkinje
cells is transcribed into the corresponding subunit polypeptide

Table 1. Optical density (OD) measurements of autoradiographic grain density over Purkinje cells in the hemispheres and vermis, and
over deep nuclear cells, in the adult (P28-P80) staggerer (sg/sg) and control (?/+) cerebellum

o, mRNA 3, mRNA ¥, mMRNA
Region %+ sglsg U+ sglsg W+ sg/sg
P Cells (vermis) 820 + 160 807 + 42 (2%) 89 + 15 11 =3 (88%.) 421 + 43 28 + 5 (93%l)
P Cells (hemis) 880 + 140 830 + 45 (6%) 98 + 17 9+ 2 (91%d) 480 *+ 39 38 6 (92%l)
den (area) 1300 = 214 1380 = 231 (6%T) 130 =23 320 + 29 (146%T) 420 + 52 730 + 64 (74%T)
den (cells) 719 = 137 713 =71 (1%) 17 =7 161 + 14 (38%T 274 =27 309 + 36(13%T)

Data are expressed as optical density units (mean = SEM; % change from control) per 2000 pm? (Purkinje cells) and 1800 wm? (deep nuclear cells) areas. Values
for **den (area)” were obtained by measuring the average OD within the cross-sectional area of the den throughout the rostrocaudal extent of the nucleus. N =
5; 5-6 sections for each animal; approximately 50-150 measurements per section (Purkinje cells), and 200 measurements per section (deep cerebellar cells; left

and right nuclei).
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Figure 6. The expression of a, (A), B, (B), and v, (C) subunit mRNAs
in Purkinje cells in adjacent sections through the staggerer caudal ver-
mis (a region approximately equivalent to lobule 9) at P60. Arrows
indicate Purkinje cells. Scale bars, 200 pm.

is, as yet, unknown. In earlier studies, a considerable reduction
in *H-flunitrazepam (Rotter and Frostholm, 1988) and *H-mus-
cimol (Rotter et al., 1988) binding sites was observed in the
staggerer cerebellar cortex, indicating the absence of a functional
GABA,/BZ receptor complex. Although the lack of B, subunit
mRNA, and presumably the corresponding polypeptide, ac-
counts for the loss of GABA agonist binding, the presence of
normal o, mRNA levels together with a large decrease in *H-
flunitrazepam binding are more difficult to reconcile. At least
two mechanisms may account for the latter findings: it has been
suggested that unassembled subunits may be degraded rapidly
within the cell, whereas assembled subunits may be more stable
(Nadler et al., 1994). If this were the case, o, subunit polypep-

tides in staggerer Purkinje cells may fail to form a receptor com-
plex and subsequently become degraded. Alternatively, in the
event that o, subunit polypeptides carrying the flunitrazepam
binding site are capable of forming a homo-oligomeric receptor
complex, the absence of the v, subunit would prohibit such a
receptor from binding benzodiazepine ligands with high affinity.

A variety of studies support the linkage of the o, B, and vy,
subunits in the native Purkinje cell GABA, receptor. The three
subunit genes map closely together on human chromosome 5
(Buckle et al., 1989; Wilcox et al., 1992; Russek and Farb,
1994); other GABA, receptor subunit genes also colocalize in
clusters which are widely distributed throughout the human and
murine genomes (Cutting et al., 1992; Wilcox et al., 1992; Dan-
ciger et al., 1993; Nakatsu et al., 1993; Hicks et al., 1994). Thus,
the «,, B,, and =y, syntenic region is likely to exist in the mouse,
in which the «, (Keir et al., 1991; Buckwalter et al., 1992) and
¥, (Buckwalter et al., 1992) subunits have been localized on
chromosome 11. Although the precise subunit composition is
unknown, it has been proposed that the native GABA, receptor
has a pentameric structure (Nayeem et al., 1994). Bachus et al.
(1993) have suggested that a recombinant receptor consisting of
o, B, and vy subunits has the stoichiometry of 2a/1B/2vy. Fur-
thermore, Khan et al. (1994) have demonstrated that, in the cer-
ebellum, both long and short forms of the vy, subunit are coim-
munoprecipitated within single receptor complexes. Each of the
oy, Pass Yo, and 7,5 variants is present in adult Purkinje cells
(Fritschy et al., 1992, 1994; Gutierrez et al., 1994). Together,
these studies make it highly plausible that in the adult Purkinje
cell GABA ,/BZ receptor has the composition of o,/a,/B./v,,/
Y:s. The close proximity of the a,, B,, and vy, subunit genes on
a particular chromosome, and the similar spatial and temporal
developmental profiles of their mRNAs (Luntz-Leybman et al.,
1993; Zdilar et al., 1991, 1992) suggests that there may be a
common gene cassette involving the «,, B,, and -y, genes, similar
in concept to that proposed by Jan and Jan (1993) for Drosoph-
ila homeotic genes. The concept of a functional gene cassette is
used to predict that if one member of the cassette is expressed
in a group of cells at a particular developmental stage, it is
highly likely that other members also may be present in those
cells at the same developmental period. The existence of such a
functional gene cassette would imply that the expression of the
a,, B,, and vy, genes are linked both temporally and spatially.
However, although the three gene products are coordinately ex-
pressed within the cerebellum, acute and chronic ethanol expo-
sure has been shown to result in differential changes in levels
of GABA, receptor a,, 3,, and vy, subunit mRNAs, polypeptides
and agonist binding sites in cerebellar neurons (Mhatre and
Ticku, 1992; Morrow et al., 1992; Mhatre et al., 1993; Wu et
al., 1995). There is, in addition, evidence which indicates that
GABA itself can influence the expression of individual subunit
genes (Hansen et al., 1991; Montpied et al., 1991; Kim et al.,
1993; Mhatre and Ticku, 1994). Thus, although the three subunit
mRNAs are coordinately expressed in normal Purkinje cells, the
level of expression of each message may be independently reg-
ulated by extracellular signals.

The question arises whether the defect in 8, and vy, expression
is a direct result of the staggerer mutation acting intrinsically on
the Purkinje cell’s developmental program, or whether it is sec-
ondary to altered Purkinje cell interactions with other neurons.
This intrinsic defect in staggerer Purkinje cells is unlikely to be
due to B, and vy, gene deletions, since the two mRNAs are ex-
pressed together with the o, mRNA in other cerebellar regions.
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Table 2. Optical density measurements of autoradiographic grains over cerebellar Purkinje cells in the vermis of developing staggerer

(sg/sg) and control (?/+) mice

«, mRNA B, mRNA v, mRNA
Age 2+ sg/sg U+ sg/sg U+ sg/sg

P1 153 + 87 168 = 84 (10%T) 40 x 10 35 + 20 (13%) 227 + 57 234 = 75 3% T
P6 142 = 74 165 = 83 (16%T) 63 x 15 70 = 18 (11%T) 241 * 69 235 + 79 %)
P9 253 = 93 255 =92 (1%h 72 £ 24 76 = 26 (6%)T) 250 = 80 232 * 70 (7%)
P12 943 * 239 736 + 282 (22%) 136 = 28 106 * 25 (22%) 405 *+ 127 274 + 97 (32%)
P15 896 *+ 236 789 * 246 (12%1) 117 + 24 34 * 12(71%4) 456 * 109 210 + 68 (54%)
P20 1302 * 310 1120 * 306 (14%{) 116 * 26 28 * 11 (76%4) 466 * 91 77 *+ 25 (83%)

Data from two sg/sg and two ?/+ controls are pooled at each age; 4-5 sections for each animal; approximately 35-100 measurements per section. Data are
expressed as optical density units per 2000 wm? area (mean * SD; % change from control).

Deep cerebellar neurons have a developmental timecourse and
migratory pathway similar to that of Purkinje cells (Yuasa et al.,
1991). Although these cells have been shown to be similar in
number in staggerer and control animals (Roffler-Tarlov and
Herrup, 1981), measurement of grain density over the entire
cross-sectional area of the nucleus indicated that 8, and v, ex-
pression was much higher in staggerer than in controls. Since
measurements over individual cells gave much lower estimates
of these differences, these apparently higher levels of 3, and v,
mRNA expression may be explained by closer cell proximity
resulting from deafferentation-induced dendritic shrinkage. The
smaller residual increases in (3, and vy, mRNA expression in
adult staggerer deep cerebellar cells are unlikely to be intrinsic
to the cell, but rather, may indicate a slightly increased synthesis
of the two subunits in response to the partial loss of Purkinje
cell input. It is possible that exposure to GABAergic afferents
during an early developmental period may be crucial for normal
GABA, receptor subunit expression in the target cell, since 3,
and v, mRNAs were not observed to be increased over control
levels in the deep cerebellar neurons of Purkinje cell degenera-
tion mice (Gambarana et al., 1993), in which Purkinje cell loss
occurs at a later time.

The loss of B, and v, mRNAs in Purkinje cells of staggerer
mutant mice during postnatal week two occurs at a time of rapid
changes in their afferent and efferent connections. During the
first two postnatal weeks, normal Purkinje cells undergo at least
three major developmental events: they become aligned into a
monolayer (Hendelman and Aggerwal, 1980) and receive excit-
atory synapses from granule cell parallel fibers (Larramendi,
1969; Landis and Sidman, 1978); in addition, the multiple climb-
ing fiber innervation of Purkinje cells observed in neonates re-
gresses to the one to one relationship observed in adult mice

(Crepel et al., 1980). Each of these steps is abnormal in stag-
gerer. It is tempting to speculate, therefore, that loss of synaptic
input to the ectopically located staggerer Purkinje cell results in
the downregulation of the two mRNAs. However, since the tim-
ing and number of basket cell, stellate cell and Purkinje cell
collateral contacts with Purkinje cells appears to be relatively
normal (Landis and Sidman, 1978), there is no loss of GA-
BAergic innervation. Neither does the absence of excitatory par-
allel fibers appear to be involved in the downregulation of f3,
and <y, expression: mice homozygous for the ‘“reeler” and
“weaver’”’ mutations are similar to staggerer in that the majority
of Purkinje cells do not form a monolayer, do not receive parallel
fiber input, and remain multiply innervated by climbing fibers
into adulthood. The present results, and those of earlier studies
(Frostholm et al., 1991; Luntz-Leybman et al., 1993), show that
in each of these mutants, 3, and vy, subunit mRNAs, in addition
to the o, mRNA, continue to be expressed throughout devel-
opment. Furthermore, the density of *H-flunitrazepam and *H-
muscimol binding sites over dendritic arborizations in the two
mutants is comparable to that of normal animals (Rotter and
Frostholm, 1988; Rotter et al., 1988). Taken together, these ob-
servations indicate that the disruption in staggerer subunit gene
expression is due to a defect intrinsic to the Purkinje cell, rather
than to altered cell—cell interactions.

The lack of 3, and <y, gene expression in adult staggerer Pur-
kinje cells is by no means a unique defect. Although Purkinje
cell GAD and calbindin mRNAs do not appear to be disrupted
by the staggerer mutation (Frantz and Tobin, 1990), previous
studies have revealed that the adult form of N-CAM is largely
absent from staggerer Purkinje cells (Edelman and Chuong,
1982), as are the ganglioside, G, (Furaya et al., 1994), voltage
dependent calcium channels (Crepel et al., 1984), zebrin 1 (So-

Table 3. Optical density measurements of autoradiographic grains over individual cells in the medial, intermediate, and lateral regions
of the deep cerebellar nuclei of developing staggerer (sg/sg) and control (?/+) mice

a, mRNA B, mRNA v, MRNA
Age U+ sg/sg W+ sg/sg U+ sg/sg

P1 68 * 23 59 = 18 (13%) 96 = 27 97 =30(1%T 140 + 37 131 * 44 (6%)
P6 87 + 27 95 = 30 (9%M) 110 = 35 114 * 31 (4% 169 * 46 157 + 49 (7%!)
P9 143 + 51 138 * 46 (4%) 127 + 45 118 = 46 (7%4) 187 + 53 181 * 57 3%4)
P12 275 *+ 87 284 * 118 3% 1) 135 + 47 149 + 53 (10%T) 190 * 61 197 = 61 4%
P15 440 + 145 436 * 108 (1%4) 178 * 59 156 = 51 (12%) 245 + 79 227 * 82 (T%4)
P20 513 = 143 445 = 126 (13%4) 213 * 65 235 = 64 (10%T) 268 * 96 270 = 86 (1%

Data from two sg/sg and two 7/+ controls are pooled at each age; 5-6 sections for each animal; approximately 100 measurements from each nucleus (left and
right). Data are expressed as optical density units per 1800 pm? area (mean * SD; % change from control).
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Figure 7. The expression of GABA, receptor «, (A4), B, (B), and 1y,
(C) subunit mRNAs in Purkinje cells of the adult reeler mutant. Each
of the three subunits are expressed at high levels throughout the cere-
bellar cortex. Arrowheads indicate Purkinje cells in the vermis and
hemispheres; dn, deep cerebellar nuclei; g, granule cell layer. Scale bars,
500 pm.

telo and Wassef, 1991) calmodulin mRNA (Messer et al., 1990),
thymidine kinase activity (Messer et al., 1981; Messer, 1988)
and the P400 protein (Mikoshiba et al., 1985). Several of these
earlier studies suggest that the intrinsic developmental program
of sg/sg Purkinje cells is arrested prior to postnatal day 5 (Mes-
ser, 1988; Messer et al., 1988, 1990, 1991). In the present study,
however, the expression of the three receptor subunit mRNAs
diverges slightly later, during postnatal week 2. This indicates
that certain aspects of the sg/sg Purkinje cell phenotype continue
to change beyond postnatal day 5, and raises the possibility that
the B, and <2 receptor subunit genes may be controlled by a

Figure 8. The expression of GABA, receptor o, (A), B, (B), and v,
(C) subunit mRNAs in Purkinje cells of the adult weaver mutant. Each
of the three subunits are expressed at high levels throughout the cere-
bellar cortex. Arrowheads indicate Purkinje cells in the vermis and
hemispheres; dn, deep cerebellar nuclei; g, granule cell layer. Scale bars,
500 pm.

mechanism different from that responsible for the developmental
block which occurs at, or before, this time. Taken together, these
studies suggest that the primary defect in the staggerer Purkinje
cell involves a regulatory ‘““‘cascade” of events which affect the
expression of a number of molecules, including the GABA, re-
ceptor B, and vy, subunit gene products. One plausible explana-
tion is that the product of the staggerer gene is a “master” tran-
scription factor which controls the expression of other down-
stream transcriptional regulators which act at different devel-
opmental stages. Some of these regulators may be crucial for
normal gene expression at, or before P35, while others may reg-
ulate gene activity at later stages. The pentameric composition



of the Purkinje cell GABA,/BZ receptor adds a further degree
of complexity, in that each subunit may be differentially regu-
lated, rather than being controlled as a whole receptor complex.
In the case of staggerer Purkinje cells, only the 3, and y, subunit
genes are affected by the mutation, while the o, subunit gene is
expressed normally.

References

Bachus KH, Arigoni M, Drescher U, Scheurer L, Malherbe P, Mohler
H, Benson JA (1993) Stoichiometry of a recombinant GABA, re-
ceptor deduced from mutation-induced rectification. Neuroreport
5:285-288.

Badley JE, Bishop GA, St John T, Frelinger JA (1988) A simple, rapid
method for purification of poly A* RNA. Biotechniques 6:114-116.

Benke D, Mertens S, Trzeciak A, Gillessen D, Mohler H (1991) GA-
BA, receptors display association of v,-subunit with o,- and B,;-
subunits. J Biol Chem 266:4478-4483.

Buckle VI, Fuyjita N, Ryder-Cook AS, Derry JMJ, Barnard PJ, Lebo
RV, Schofield PR, Seeburg PH, Bateson AN, Darlison MG, Barnard
EA (1989) Chromosomal localization of GABA, receptor subunit
genes: relationship to human genetic disease. Neuron 3:647-654.

Buckwalter MS, Lossie AC, Scarlett LM, Camper SA (1992) Local-
ization of the human chromosome 5q genes Gabra-1, Gabra-2, 11-4,
1I-5, and Irf-1 on mouse chromosome 11. Mamm. Genome 3:164—
607.

Casalotti SO, Stephenson FA, Barnard EA (1986) Separate subunits
for agonist and benzodiazepine binding in the vy aminobutyric acid,
receptor oligomer. J Biol Chem 261:15013-15016.

Crepel FJ, Delhaye-Bouchaud N, Guastavino J, Sampaio I (1980) Mul-
tiple innervation of cerebellar Purkinje cells by climbing fibers in
staggerer mutant mouse. Nature 283:483-484.

Crepel FJ, Dupont J-L, Gardette R (1984) Selective absence of Cal-
cium spikes in Purkinje cells of staggerer mutant mice in cerebellar
slices maintained in vitro. J Physiol (Lond) 346:111-125.

Cutting GR, Curristin S, Zoghbi H, O’Hara B, Seldin ME Uhl GR
(1992) Identification of a putative y-aminobutyric acid (GABA) re-
ceptor subunit rho, cDNA and colocalization of the genes encoding
rho, (GABRR2) and rho, (GABRR1) to human chromosome 6q14-
q21 and mouse chromosome 4. Genomics 12:801-806.

De Blas AL, Vitorica J, Friedrich P (1988) Localization of GABA,
receptor in the rat brain with a monoclonal antibody to the 57,000M,
peptide of GABA, receptor/benzodiazepine receptor/Cl channel
complex. J Neurosci 8:602-614.

Danciger M, Farber DB, Kozal CA (1993) Genetic mapping of three
GABA, receptor subunit genes in the mouse. Genomics 16:361-365.

Duggan MJ, Pollard S, Stephenson FA (1992) Quantitative immuno-
precipitation studies with anti-y-aminobutyric acid, receptor y2 1-15
Cys antibodies. J Neurochem 58:72-77.

Edelman GM, Chuong CM (1982) Embryonic to adult conversion of
neural cell adhesion molecules in normal and staggerer mice. Proc
Natl Acad Sci USA 79:7036-7040.

Frantz GD, Tobin AJ (1990) The use of in situ hybridization to study
gene expression in mouse neurological mutants. In: In situ hybrid-
ization histochemistry (Chesselet M-E ed), pp 71-110. Boca Raton:
CRC.

Fritschy J-M, Benke D, Mertens S, Oertel WH, Bachi T, Mohler H
(1992) Five subtypes of type y-aminobutyric acid receptors identified
in neurons by double and triple immunofluorescence staining with
subunit-specific antibodies. Proc Natl Acad Sci USA 89:6726-6730.

Fritschy J-M, Paysan I, Enna A, Mohler H (1994) Switch in the ex-
pression of rat GABA,-receptor subtypes during postnatal develop-
ment: an immunohistochemical study. J Neurosci 14:5302--5324.

Frostholm A, Zdilar D, Chang A, Rotter A (1991) Stability of GABA,/
benzodiazepine receptor o, subunit mRNA expression in reeler
mouse cerebellar Purkinje cells during postnatal development. Dev
Brain Res 64:121-128.

Fuchs K, Sieghart W (1989) Evidence for the existence of several
different o and B subunits of the GABA/benzodiazepine receptor
complex from rat brain. Neurosci Lett 97:329-333.

Furuya S, Irie FE Hashikawa T, Nakazawa K, Kozakai A, Hasegawa A,
Sudo K, Hirabashi Y (1994) Ganglioside Gy, in cerebellar Purkinje
cells. Its specific absence in mouse mutants with Purkinje cell ab-
normality and altered immunoreactivity in response to conjunctive

The Journal of Neuroscience, December 1995, 15(12) 8129

stimuli causing long term desensitization. J Biol Chem 269:32418-
32425.

Gambarana C, Loria CJ, Siegel RE (1993) GABA, receptor messenger
RNA expression in the deep cerebellar nuclei of Purkinje cell degen-
eration mutants is maintained following the loss of innervating Pur-
kinje neurons. Neuroscience 52:63-71.

Green MC, Lane PW (1967) Linkage group II of the house mouse. J
Hered 58:225-228.

Gutierrez A, Khan ZU, De Blas AL (1994) Immunocytochemical lo-
calization of <y, short and y2 long subunits of the GABA, receptor
in the rat brain. J Neurosci 14:7168-7179.

Hansen GH, Belhage B, Schousboe A (1991) Effect of a GABA ag-
onist on the expression and distribution of GABA, receptors in the
plasma membrane of cultured cerebellar granule cells: an immuno-
cytochemical study, Neurosci Lett 124:162-165.

Hendelman WJ, Aggerwal AS (1980) The Purkinje neuron. I. A Golgi
study of its development in mouse and in culture. J Comp Neurol
193:1063-1079.

Herrup K, Mullen RJ (1979a) Staggerer chimaeras: intrinsic nature of
Purkinje cell defects and implications for normal cerebellar devel-
opment. Brain Res 178:443-457.

Herrup K, Mullen RJ (1979b) Regional variation and absence of large
neurons in the cerebellum of the staggerer mouse. Brain Res 172:1-
12.

Hicks AA, Bailey MES, Riley BP, Kamphuis W, Siciliano MJ, Johnson
KJ, Darlison MJ (1994) Further evidence of clustering of human
GABA, receptor subunit genes: localization of the a,-subunit gene
(GABRAG®) to distal chromosome 5q by linkage analysis. Genomics
20:285-288.

Horne AL, Harkness PC, Hadingham KL, Whiting P, Kemp JA (1993)
The influence of the v, subunit on the modulation of responses to
GABA, receptor activation. Br J Pharmacol 108:711-716.

Jan YN, Jan LY (1993) Functional gene cassettes in development. Proc
Natl Acad Sci USA 90:8305-8307.

Kalvakolanu DVR, Livingston WH III (1991) Rapid and inexpensive
protocol for generating >95% recombinants in subcloning experi-
ments. BioTechniques 10:176-177.

Keir WJ, Kozak CA, Chakraborti A, Deitrich RA, Sikela M (1991)
The ¢cDNA sequence and chromosomal location of the murine GA-
BA, o, receptor gene. Genomics 9:390-395.

Khan ZU, Gutierrez A, De Blas AL (1994) Short and long form v,
subunits of the GABA ,/benzodiazepine receptors. J Neurochem 63:
1466-1476.

Kim HY, Sapp DW, Olsen RW, Tobin AJ (1993) GABA alters GABA,
receptor mRNAs and increases ligand binding. J Neurochem 61:
2334-2337.

Knoflach E Rhyner T, Villa M, Kellenberger S, Drescher U, Malherbe
P, Sigel E, Mohler H (1991) The v3 subunit of the GABA ,-receptor
confers sensitivity to benzodiazepine receptor ligands. FEBS Lett
293:191-194.

Kofuji B, Wang JB, Moss SJ, Huganir RL, Burt DR (1991) Generation
of two forms of the y-aminobutyric acid, receptor vy,-subunit in mice
by alternative splicing. J Neurochem 56:713-715.

Landis DMD, Sidman RL (1978) Electron microscopic analysis of
postnatal histogenesis in the cerebellar cortex of staggerer mutant
mice. J Comp Neurol 179:831-864.

Larramendi LMH (1969) Analysis of synaptogenesis in the cerebellum
of the mouse In: Neurobiology of cerebellar evolution and develop-
ment (Llinas R, ed), pp 803-843. Chicago: Am Med Assoc Educ Res
Fd.

Laurie DJ, Seeburg PH, Wisden W (1992) The distribution of 13 GA-
BA, receptor subunit mRNAs in the rat brain. II. Olfactory bulb and
cerebellum. J Neurosci 12:1063-1076.

Luntz-Leybman V, Frostholm A, Fernando L, De Blas AL, Rotter A
(1993) GABA,/benzodiazepine receptor vy, subunit gene expression
in the developing normal and mutant mouse cerebellum. Mol Brain
Res 191:9-21.

Macdonald RL, Olsen RW (1994) GABA, receptor channels. Annu
Rev Neurosci 17:569-602.

Messer A (1988) Thyroxine injections do not cause premature induc-
tion of thymidine kinase in sg/sg mice. J Neurochem 51:888-891.
Messer A, Savage M, Carter TP (1981) Thymidine kinase activity is

reduced in the developing staggerer cerebellum. J Neurochem 37:
1610-1612.
Messer A, Eisenberg B, Martin DL (1988) Role of timing and cell



8130 Luntz-Leybman et al. - GABA, Receptor Subunit mRNAs in Staggerer Purkinje Cells

interactions in cerebellar development. In: Disorders of the devel-
oping nervous system: changing views of their origins, diagnosis, and
treatment (Swann JW, Messer A, eds), pp 111-123. New York: Liss.

Messer A, Plummer J, Eisenberg B (1990) Staggerer mutant mouse
Purkinje cells do not contain detectable calmodulin mRNA. J Neu-
rochem 55:293-302.

Messer A, Eisenberg B, and Plummer J (1991) The lurcher cerebellar
mutant phenotype is not expressed on a staggerer mutant background.
J Neurosci 11:2295-2302.

Mhatre MC, Ticku MK (1992) Chronic ethanol administration alters
y-aminobutyric acid, receptor gene expression. Mol Pharmacol 42:
415-422.

Mhatre MC, Pena G, Sieghart W, Ticku MK (1993) Antibodies specific
for GABA, receptor a subunits reveal that chronic alcohol treatment
down-regulates a-subunit expression in rat brain regions. J Neuro-
chem 61:1620-1625.

Mhatre MC, Ticku MK (1994) Chronic GABA treatment downregu-
lates the GABA,, receptor a, and a, subunit mRNAs as well as poly-
peptide expression in primary cultured cerebral cortical neurons. Mol
Brain Res 24:159-165.

Mikoshiba K, Okano H, Tsukada Y (1985) P400 protein characteristic
to Purkinje cells and related proteins in cerebella from neuropatho-
logical mutant mice: an autoradiographic study by '*C-leucine and
phosphorylation. Dev Neurosci 2:179-287.

Montpied P, Ginns EI, Martin BM, Roca D, Farb DH, Paul SM (1991)
y-Aminobutyric acid (GABA) induces a receptor-mediated reduction
in GABA, receptor a subunit mRNAs in embryonic chick neurons
in culture. J Biol Chem 266:6011-6014.

Morrow AL, Herbert JS, Montpied P (1992) Differential effects of
chronic ethanol administration on GABA , receptor o, subunit and o
subunit mRNA levels in rat cerebellum. Mol Cell Neurosci 3:251-
258.

Nadler LS, Guirguis ER, Siegel RE (1994) GABA, receptor subunit
polypeptides increase in parallel but exhibit distinct distributions in
the developing rat cerebellum. J Neurobiol 25:1533-1544.

Nakatsu Y, Tyndale RE DeLorey TM, Durham-Pierre D, Gardner JM,
McDanel HJ, Nguyen Q, Wagstaff J, Lalande M, Sikela JM, Olsen
RW, Tobin AJ, Brilliant MH (1993) A cluster of three GABA, re-
ceptor subunit genes is deleted in a neurological mutant of the mouse
p locus. Nature 364:448-450.

Nayeem N, Green TP, Martin IL, Barnard EA (1994) Quaternary struc-
ture of the native GABA, receptor determined by electron micro-
scopic image analysis. J] Neurochem 62:815-818.

Pregenzer JE Im WB, Carter DB, Thomsen DR (1993) Comparison of
interactions of [*H]muscimol, t-butylbicyclophosphoro [**S]thionate,
and [*H]flunitrazepam with cloned y-aminobutyric acid, receptors of
the a3, and o, 3,7y, subtypes. Mol Pharmacol 43:801-806.

Pritchett DB, Sontheimer H, Shivers BD, Ymer S, Kettenmann H, Scho-
field PR, Seeburg PH (1989) Importance of novel GABA, receptor
subunit for benzodiazepine pharmacology. Nature 338:582-585.

Roffler-Tarlov S, Herrup K (1981) Quantitative examination of the
deep cerebellar nuclei in the staggerer mouse. Brain Res 215:49-59.

Rotter A, Frostholm A (1988) Cerebellar benzodiazepine receptors:
cellular localization and consequences of neurological mutations in
mice. Brain Res 444:133-146.

Rotter A, Gorenstein C, Frostholm A (1988) The localization of GA-
BA, receptors in mice with mutations affecting the structure and
connectivity of the mouse cerebellum. Brain Res 439:236-248.

Russek SJ, Farb DH (1994) Mapping of the (, subunit gene
(GABRB2) to microdissected human chromosome 5q34-q35 defines
a gene cluster for the most abundant GABA, receptor isoform. Gen-
omics 23:528-533.

Sidman RL (1968) Development of interneuronal connections in brains
of mutant mice In: Physiological and biochemical aspects of nervous
integration (Carlson FD, ed), pp 163-193. Englewood Cliffs, NI:
Prentice Hall.

Sigel E, Stephenson FA, Mamalaki C, Barnard EA (1983) A vy-ami-
nobutyric acid/benzodiazepine receptor complex of bovine cerebral
cortex. J Biol Chem 258:6965-6971.

Sotelo C, Wassef F (1991) Purkinje cell heterogeneity in four cerebellar
mutations revealed by zebrin I expression. Soc Neurosci Abstr 17:
918.

Tyndale RE Olsen RW, Tobin AJ (1995) GABA, receptors In: Hand-
book of receptors and channels, Ligand and voltage-gated ion chan-
nels (Norton RA, ed), pp 265-289 Boca Raton: CRC.

Wang JB, Kofuji P, Fernando JCR, Moss SJ, Huganir RL, Burt DR
(1992) The o, o,, and «; subunits of GABA, receptors: Comparison
in seizure-prone and -resistant mice and during development. J Mol
Neurosci 3:177-184.

Wilcox AS, Warrington JA, Gardiner K, Berger R, Whiting P, Altherr
MR, Wasmuth JJ, Patterson D, Sikela JM (1992) Human chromo-
somal localization of genes encoding the <y, and <y, subunits of the
y-aminobutyric acid receptor indicates that members of this gene
family are often clustered in the genome. Proc Natl Acad Sci USA
89:5857-5861.

Wu C-H, Frostholm A, De Blas AL, Rotter A (1995) Differential ex-
pression of GABA ,/benzodiazepine receptor subunit mRNAs and li-
gand binding sites in mouse cerebellar neurons following in vivo
ethanol administration: an autoradiographic analysis. J Neurochem
65:1229-1239.

Ymer S, Schofield PR, Draguhn A, Werner P, Kohler M, Seeburg PH
(1989) GABA, receptor B subunit heterogeneity: functional expres-
sion of cloned cDNAs. EMBO ] 8:1665-1670.

Yuasa S, Kawamura K, Ono K, Yamakuni T, Yasuo T (1991) Devel-
opment and migration of Purkinje cells in the mouse cerebellar pri-
mordium. Anat Embryol 184:195-212.

Zdilar D, Rotter A, Frostholm A (1991) Expression of GABA,/ben-
zodiazepine receptor o, subunit mRNAs and [*H]flunitrazepam bind-
ing sites during postnatal development of mouse cerebellum. Dev
Brain Res 61:63-71.

Zdilar D, Luntz-Leybman V, Frostholm A, Rotter A (1992) Differential
expression of GABA ,/benzodiazepine receptor 3,, 8, and 3; subunit
mRNAs in the developing mouse cerebellum. J Comp Neurol 326:
580-594.



