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The involvement of GABA in neuronal differentiation and
maturation precedes its role as inhibitory neurotransmitter
in the brain. It was therefore investigated whether GABA,
receptors mediating the actions of GABA in neonatal and
adult brain can be distinguished by their molecular structure
and cellular location. Immunohistochemistry with subunit-
specific antibodies was employed to analyze changes in the
distribution of GABA ,-receptor subunits during postnatal de-
velopment. In particular, subunit association patterns, as
evidenced by colocalization of subunits within individual
neurons, were analyzed by confocal laser microscopy. The
subunits analyzed include the a1- and a2-subunits, which
are associated with pharmacologically distinct GABA,-re-
ceptor subtypes, and the $2,3-subunits, which are a major
constituent of GABA, receptors in both immature and adult
rat brain. Each of these subunits exhibited age-dependent
changes in their distribution, indicative of a differential mat-
uration process. The a1-subunit immunoreactivity (-IR) was
low at birth, restricted to a few areas, and increased dra-
matically during the first postnatal weeks. By contrast, the
a2-subunit-IR displayed a widespread distribution through-
out the brain at birth, and disappeared from numerous areas
soon after the appearance of the a1-subunit. Double-im-
munofluorescence staining demonstrated the coexistence
of both subunits in many individual neurons during a short
time window, indicating that receptors containing the a1-
subunit gradually replace receptors containing the a2-sub-
unit in these cells. Staining for the §2,3-subunits was prom-
inent and ubiquitous at every developmental age, indicating
that these subunits are present in both neonatal and adult
GABA, receptors. Indeed, double-immunofluorescence
staining revealed an extensive colocalization of the a2- and
B2,3-subunits in neurons from neonatal rats, whereas the
B82,3-subunits were associated with the a1-subunit at later
stages. Thus, the onset of a1-subunit staining in maturing
brain is indicative for the expression of a new, prevalent
receptor subtype, presumably involved in synaptic inhibition.
These findings demonstrate a switch in the subunit com-
position of GABA, receptors during postnatal development,
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suggesting the existence of molecularly distinct immature
and adult forms of GABA, receptors in rat CNS.

[Key words: GABA, inhibitory neurotransmission, benzo-
diazepine receptor, brain maturation, synaptogenesis]

Although GABA is the major inhibitory neurotransmitter in the
adult brain, it is expressed early in fetal life, well before the
onset of synaptogenesis (Lauder et al., 1986; Van Eden et al.,
1989; Cobas et al., 1991; Ma et al., 1992; Fiszman et al., 1993),
being present in both neurons and fiber tracts (Lauder et al.,
1986) and released from growth cones in vivo (Taylor and Gor-
don-Weeks, 1989; Taylor et al., 1990). GABA, receptors are
also abundant in the prenatal brain, as demonstrated autora-
diographically by the existence of benzodiazepine radioligand
binding sites (Schlumpf et al., 1983; Shaw et al., 1991), histo-
chemically by the expression of subunit mRNAs (MacLennan
et al., 1991; Zhang et al., 1991; Laurie et al., 1992; Poulter et
al., 1992, 1993) and receptor epitopes (Huntley et al., 1990;
Cobas et al., 1991; Meinecke and Rakic, 1992), and biochem-
ically by the GABA-dependent gating of chloride channels (Kel-
logg and Pleger, 1989). A neurotrophic role has been proposed
for GABA (Chronwall and Wolff, 1980; Lauder et al., 1986; Ma
et al.,, 1992; Behar et al., 1993) based on its ability to modulate
the differentiation and maturation of neurons in vitro and in
vivo (Meier and Jorgensen, 1986; Meier et al., 1987; Spoerri,
1988; Belhage et al., 1990; Barbin et al., 1993; see Meier et al.,
1991, for review). Immature neurons are depolarized by GABA
(Fiszman et al., 1990, 1993; Cherubini et al., 1991), resulting
frequently in an influx of Ca?* (Yuste and Katz, 1993). These
observations suggest that GABA,, receptors expressed pre- and
perinatally mediate nonsynaptic actions of GABA in contrast
to receptors expressed in the adult brain.

In view of the structural diversity of GABA, receptors (for
review, see Mohler et al., 1990; Olsen and Tobin, 1990; Seeburg
etal., 1990; Doble and Martin, 1992), changes in receptor func-
tion during ontogeny are likely to be based on alterations of
their molecular structure. In particular, the variations in pre-
ponderance of benzodiazepine type I (BZ I) and type II (BZ II)
binding sites during ontogeny (Candy and Martin, 1979; Lippa
et al., 1981; Chisholm et al., 1983) point to alterations in the
expression of a-subunits. BZ I binding sites correspond to re-
ceptors containing the al-subunit, whereas BZ II sites are a
heterogeneous population arising from receptors containing the
a2-; a3-; or a5-subunit (Pritchett et al., 1989a; Pritchett and
Seeburg, 1990; McKernan et al., 1991b; Zezula and Sieghart,
1991; Doble and Martin, 1992; Mohler et al., 1992; Marksitzer
et al., 1993). The subunits «1 and «2, being representative for



the BZ I and BZ II binding sites, were therefore chosen to mon-
itor a potential switch in GABA ,-receptor expression during
ontogeny.

Since synaptogenesis, and notably the formation of inhibitory
synapses, takes place mostly postnatally in rat brain (Blue and
Parnavelas, 1983a; Miller, 1986; Kageyama and Robertson,
1993), GABA ,-receptor expression was analyzed immunohis-
tochemically between birth (P0) and adulthood. The distribu-
tion of the «l- and a2-subunits was compared to that of the
82,3-subunits, which are widely distributed in both neonatal
and adult brain (Schoch et al., 1985; Richardset al., 1987; Benke
et al., 1991b; Cobas et al., 1991). This study was expected to
provide evidence for changes in GABA ,-receptor subunit com-
position of individual neurons during ontogeny.

Materials and Methods

Subunit-specific antisera raised against synthetic peptides derived from
the a1- and a2-subunit cDNA sequences (a1 -subunit residues 1-16; a2-
subunit residues 1-9) (see Benke et al., 1991a,b; Gao et al., 1993; Mark-
sitzer et al., 1993, for characterization) and the monoclonal antibody
bd-17 (Schoch et al., 1985), recognizing both the 32- and 33-subunits
(Ewert et al., 1990), were used as primary antibodies. The a2-subunit
antibody was purified on a peptide affinity matrix, as described in Benke
et al. (1991b).

Tissue preparation. Sprague-Dawley rats aged 0, 1, 2, 4, 6, 10, 14,
20, and 28 d and adults (>60 d) were anesthetized with chloral hydrate
and perfused through the ascending aorta with ice-cold phosphate-buf-
fered saline (PBS) followed by a solution of 0.15 M phosphate buffer
(pH 7.4) containing 4% paraformaldehyde and 15% of a saturated so-
lution of picric acid (Somogyi and Takagi, 1982). Brains were removed
immediately after the perfusion, postfixed for 2 hr (adults) and 24 hr
(juveniles) and stored at 4°C in 10% dimethylsulfoxide in PBS for cry-
oprotection. Parasagittal sections were cut from frozen blocks with a
sliding microtome and collected in PBS. The thickness of the sections
varied between 40 um for adult tissue and 70 um for neonatal tissue.

Immunohistochemistry. For immunoperoxidase staining, sections were
incubated free-floating for 18 hr at 4°C with primary antibodies diluted
in PBS with 2% normal rat serum, 2% normal goat serum and 0.2%
Triton X-100. The following dilutions were used: a1-subunit antiserum,
1:20,000; affinity-purified a2-subunit antiserum, 0.3 ug/ml; bd-17,
1:10,000. For sections from neonatal brains, the incubation in primary
antibodies was limited to 3 hr at room temperature. Sections were then
processed for the avidin-biotin method of Hsu et al. (1981), using Vec-
tastain Elite kits (Vector Laboratories) and diaminobenzidine hydro-
chloride as chromogen. Secondary antibodies were also diluted in PBS
containing 2% rat serum and 2% goat serum to prevent nonspecific
binding, in particular in sections from neonatal rats. Following the
staining procedure, sections were mounted onto gelatin-coated slides,
air dried, dehydrated and coverslipped out of xylene. The distribution
of the al-, a2-, and 82,3-subunit immunoreactivity (-IR) was analyzed
in bright field microscopy and photographed with Kodak Tmax 100
films. Adjacent sections were Nissl-stained with cresyl violet for cy-
toarchitectonic reference.
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For double immunofluorescence staining, sections were incubated in
a mixture of two primary antibodies diluted in PBS (al-subunit anti-
serum, 1:3000; affinity-purified «2-subunit antibody, 0.5 pg/ml; bd-17,
1:2000) with 2% normal rat serum and 0.2% Triton X-100. Sections
were then washed with PBS and incubated for 1 hr at room temperature
with a mixture of secondary antibodies (Jackson Immunoresearch) cou-
pled to DTAF (1:100) and to Cy3 (1:200), diluted in PBS with 2%
normal rat serum and 2% normal goat serum. Sections were mounted
onto gelatin-coated slides, air dried and coverslipped with buffered glyc-
erol. Colocalization of subunits (al/a2, «1/82,3, «2/82,3) was analyzed
by confocal laser microscopy (Bio-Rad, MRC600), using a dual channel
illumination for simultaneous recording of the images corresponding to
each fluorochrome.

The addition of rat serum to the incubation buffers resulted in a
significant reduction of background staining as compared to other block-
ing sera. Controls for specificity were performed by replacing the primary
antibodies with nonimmune serum, or by preincubating the «1- and
a2-subunit antisera with increasing concentrations of their respective
peptide-antigen (1-10 pg/ml). In addition, the absence of cross-reactiv-
ity between the secondary antibodies in the double-staining experiments
was verified by omitting one of the primary antibodies during the over-
night incubation.

Resuits

Differential postnatal maturation of the al-, a2-, and 52,3-
subunit immunoreactivities in neonatal brain

Changes in the distribution of the GABA ,-receptor al-, a2-,
and 82,3-subunits were analyzed between birth (P0) and adult-
hood in sections processed for immunoperoxidase staining, Each
of these subunits exhibited a different maturation pattern, as
evidenced by age-dependent changes in their distribution
throughout the brain (Figs. 1-3). The al-subunit immunoreac-
tivity (-IR) was low at birth in major brain areas, such as neo-
cortex, hippocampus, thalamus, and cerebellum. It increased
gradually thereafter with striking regional differences in the onset
of expression, reflected by sharp boundaries between stained
and unstained areas (Fig. 1). Such boundaries were particularly
prominent in neonatal animals between the subiculum and hip-
pocampus and between the pretectal area and the thalamus (Fig.
1). Even more striking was the area-specific maturation of the
al-subunit-IR in neocortex, with staining of primary somato-
sensory and visual cortex preceding by several days that in
association areas (Fig. 1). At 3 weeks of age, the al-subunit-IR
revealed a widespread and prominent expression of this subunit
in most brain areas (Fig. 1). An essentially opposite maturation
pattern was found for the «2-subunit-IR, being widespread and
intense at birth, but restricted to some forebrain areas at P20,
including neocortex, hippocampus, striatum and olfactory bulb
(Fig. 2). This reduction resulted from a gradual disappearance
of the a2-subunit-IR during the first two postnatal weeks, as

—

Figure 1.

Region-specific increase in a1-subunit-IR during postnatal development, as visualized in parasagittal sections processed for immuno-

peroxidase staining. At birth (P0), most of forebrain was devoid of staining, in contrast to the brainstem and mesencephalon, which appeared
moderately to intensely stained. In cercbral cortex, a faint a1-subunit-IR delineated the presumptive boundaries of primary sensory (S7) and visual
cortex (V1) (arrowheads). At P4, a substantial increase in a1-subunit-IR staining was evident throughout the brain, except in thalamus and striatum,
which remained largely devoid of staining. In cerebral cortex, intense staining was mostly restricted to layers III-IV of primary sensory areas
arrowheads). In cerebellum, the al-subunit-IR was confined to the Purkinje cell layer at this age (arrow). At P20, a widespread and intense «1-
subunit-IR decorated most brain areas, forming a pattern similar to that seen in the adult. Note in particular the prominent staining of thalamus
and cerebellum, and the decrease in al-subunit-IR in the spinal trigeminal nucleus (open arrow), as compared to P4. Scale bars, ] mm.

Figure 2. Region-specific decrease in a2-subunit-IR during postnatal development, as visualized in parasagittal sections processed for immuno-
peroxidase staining. At birth (P0), an intense and widespread staining was seen throughout most of the brain, except in the deep cortical layers
and reticular nucleus of the thalamus. At P4, a decrease in a2-subunit-IR was evident, notably in the subthalamic area, mesencephalon, and pons.
By contrast, the thalamus and pallidum remained intensely stained. At P20, a further reduction was observed and the 2-subunit-IR was mostly
confined to telencephalic areas, including olfactory bulb, striatum, cerebral cortex, and hippocampus. In addition, staining for the a2-subunit was
apparent in brainstem motor nuclei, spinal trigeminal nucleus, and molecular layer of the cerebellum. Arrowheads in each panel point to regions
(reticular nucleus of the thalamus and superior olivary complex) that remain devoid of a2-subunit during development. Scale bars, 1 mm.



i

PO







5306 Fritschy et al. » Development of GABA ,-Receptor Expression

seen in pallidum, thalamus, substantia nigra, tectum, deep cer-
ebellar nuclei, and brainstem reticular formation. Nevertheless,
the a2-subunit-IR increased during development in certain fore-
brain areas, reaching high levels of expression in the adult (Fig.
2). In contrast, the 82,3-subunits, covisualized with the mono-
clonal antibody bd-17, displayed a ubiquitous distribution in
both neonatal and adult brain, roughly equivalent to the global
distribution of the al- and «2-subunits (Fig. 3). Only a few
changes in the distribution of the 82,3-subunit-IR were observed
during postnatal ontogeny, pointing to a widespread expression
of these subunits at every developmental stage. Still, an increase
in 82,3-subunit staining was observed in striatum, pallidum,
substantia nigra, cerebellum and brainstem reticular formation
(Fig. 3). Conversely, the 82,3-subunit staining gradually dis-
appeared in specific nuclei after the first postnatal week, partic-
ularly in the reticular nucleus of the thalamus and in the superior
and the inferior olivary complexes (Fig. 3). The distinct mat-
uration patterns of the subunits examined here point to struc-
tural modifications of major GABA ,-receptor subtypes during
postnatal development.

The specificity of the immunohistochemical staining was based
on the extensive biochemical and immunchistochemical char-
acterization of the respective antibodies (Schoch et al., 1985;
Richards et al., 1987; Benke et al., 1991a,b; Gao et al., 1993;
Marksitzer et al., 1993). In addition, the reaction of the a1- and
a2-subunit antibodies was abolished in both neonatal and adult
brain sections following preincubation of the antisera with their
respective peptide antigens (1-10 ug/ml) or replacement with
nonimmune serum (not shown).

Switch in al- and o2-subunit immunoreactivity

At birth, the al-subunit-IR was mostly restricted to brainstem,
notably at mesencephalic levels, basal forebrain, and olfactory
areas. In these regions, numerous strongly immunopositive neu-
ronal cell bodies and dendrites could be observed, as well as a
diffuse staining of the neuropil, which predominated in the tec-
tum and olfactory cortex. In addition, a faint «1-subunit-IR was
observed in cerebellum (Purkinje cell layer), and in the pre-
sumptive primary somatosensory and visual areas of cerebral
cortex (Fig. 1). During the first postnatal week, the «1-subunit-
IR gradually became apparent in most brain regions, The main
exceptions were the thalamus, which became stained only after
P6, and the striatum and olfactory bulb granule cell layer, which
appeared unstained at every age examined. The staining inten-
sity increased rapidly after P6, resulting in the formation of the

adult pattern by P20 (Fig. 1). In contrast to this increase in «1-
subunit expression, the «2-subunit-IR was strong at PO through-
out the brain, in particular in those regions devoid of o1 -subunit
staining (Fig. 2). During postnatal development the a2-subunit
staining decreased in many areas (Fig. 2), first in the mesen-
cephalon and hypothalamus, and during the second and third
postnatal weeks in thalamus, pallidum, and medulla. In the
adult, these brain regions were largely devoid of a2-subunit-IR,
whereas staining remained intense in regions exhibiting little
al-subunit-IR.

The developmental switch in the expression of the al- and
a2-subunit-IR was particularly evident in thalamus (Fig. 4), and
pallidum (Fig. 5), where the a2-subunit-IR was initially very
prominent and was gradually replaced by the «l-subunit-IR.
Thus, in most brain areas, the a2-subunit-IR was expressed only
transiently during development, being replaced by the «1-sub-
unit-IR. In the few regions that are devoid of al-subunit-IR,
the a2-subunit was either never expressed (e.g., reticular nucleus
of the thalamus or superior olivary complex; see Fig. 2), or it
was intense at every age examined (e.g., striatum, olfactory bulb
granule cell layer).

On the cellular level, individual neurons could be easily dis-
tinguished by their staining on the soma and dendrites, notably
in olfactory bulb, basal forebrain, pallidum, and brainstem. In
thalamus, striatum, and cerebral cortex, the staining appeared
diffuse, being more intense in the neuropil than in cell bodies.
The disappearance of the o2-subunit-IR during development
affected all immunoreactive neurons in a given region and was
not due to a loss of staining in a subset of cells (see Figs. 4, 5).
In regions where individual neurons could be well distinguished,
the loss of immunoreactivity was first confined to dendrites and
in a second phase staining disappeared from cell bodies. Con-
versely, the increase in al-subunit-IR corresponded to the ap-
pearance of staining, first faint and gradually more intense, on
most cells present in a given nucleus (Figs. 4, 5).

In general, the increase in al-subunit-IR preceded by several
days the decrease in «2-subunit staining, resulting in the
coexpression of both subunits during a limited time window.
In the mesencephalon, coexpression of the al- and a2-subunit-
IR was seen between birth and P4 (Figs. 1, 2); in the pallidum,
coexpression extended from Pl to P10 (Figs. 1, 2, 5) and in
thalamus (ventrobasal complex) from P6 to P14 (Figs. 1, 2, 4).
To determine whether this transient coexpression on the re-
gional level corresponded to the coexistence of subunits within
individual neurons, sections processed for double-immunoflu-

-

Figure 3. Stable expression of the 82,3-subunit-IR during postnatal development, as visualized in parasagittal sections processed for immuno-
peroxidase staining. Most brain regions were moderately to intensely stained at every age. An increase in staining intensity was evident in striatum,
resulting in the disappearance of the patchy staining seen at P0 and P4, and in pallidum. In addition, the 82,3-subunit-IR increased dramatically
in cerebellum, forming at each age a pattern very similar to that seen for the al-subunit-IR (Fig. 1). Also note the transient $2,3-subunit-IR in the
superior olivary complex (Jong arrows) and reticular nucleus of the thalamus (short arrows). In both nuclei, the prominent staining seen during
early development had disappeared by P20. Scale bars, | mm.

Figure4. Developmental switch in the expression of the a1- and a2-subunit-IR in thalamus between birth (P0) and P20, as visualized in parasagittal
sections processed for immunoperoxidase staining. The massive increase in al-subunit-IR observed between PI0 and P20 was paralleled by a
nearly complete loss of a2-subunit-IR. At P10, staining for the a1-subunit was weak and confined to the ventrobasal complex (VB); a rapid increase
leading to the adult pattern occurred during the third postnatal week. Similarly, the decrease in a2-subunit-IR took place mostly between P10 and
P20. Note that the reticular nucleus (R¢) was unstained with both antisera at every age examined. LD, laterodorsal nucleus. Scale bars, 200 um.
Figure 5. Comparative developmental maturation of the «l- and «2-subunit-IR in the striatum (CPu) and globus pallidus (GP), as visualized in
parasagittal sections processed for immunoperoxidase staining. The striatum remained largely devoid of al-subunit-IR at every age examined,
whereas the a2-subunit-IR increased gradually to reach adult levels by P20. In the globus pallidus, the al- and a2-subunit-IR exhibited opposite
maturation patterns, leading to a switch in subunit expression similar to that seen in the thalamus (Fig. 4). Whereas only one of the subunits was
present at birth («2) and at P20 («1), both subunits were observed around P6, exhibiting very similar staining patterns. Scale bar, 50 um.
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Figure 6. Colocalization of the «1- and a2-subunit-IR within individual neurons in the globus pallidus, as visualized by confocal laser microscopy
in a section processed for double-immunofluorescence staining. In these video images, intense staining appears white. Note that both subunits
exhibit very similar distributions in the plasma membrane of positive cells (arrowheads). Scale bar, 20 um.

orescence staining with the «l- and «2-subunit antisera were
analyzed by confocal laser microscopy. This analysis revealed
an extensive colocalization of the «1- and «2-subunit-IR within
most neurons of the globus pallidus (Fig. 6), ventral pallidum,
thalamus, tectum, brainstem reticular formation, and deep cer-
ebellar nuclei. Moreover, on the subcellular level, both subunits
exhibited nearly identical staining patterns, suggesting that they
were colocalized in the plasma membrane (Fig. 6). Since only
the al-subunit-IR could be still detected at later stages, our
observations suggest a switch between receptors containing the
a2- and al-subunit in these neurons.

Colocalization of the «2- and 82, 3-subunits

The major characteristic of the 32,3-subunits-IR was its wide-
spread occurrence throughout the brain at every age examined
(Fig. 3). During the first postnatal week, the distribution of the
B82,3-subunit-IR was very similar to that of the a2-subunit, with
most brain regions exhibiting an intense staining for both types
of subunits (Figs. 2, 3), whereas at later stages, following the
decrease in «2-subunit staining, co-expression was restricted to
specific regions, which include the olfactory bulb, striatum, hip-
pocampus, superficial layers of cortex and of superior colliculus.
In the latter areas, the maturation of the a2- and $2,3-subunits
was strikingly similar, suggesting that it may be coordinated
within individual neurons. For instance, in the striatum, the
a2- and $2,3-subunit-IR transiently formed a mosaic of in-
tensely immunoreactive patches surrounded by weakly stained
areas (Figs. 1, 2, 7). The patches were stained for each of these
subunits, most prominently between PO and P6 and disappeared
gradually thereafter, as the staining became uniform throughout

the striatum (Figs. 2, 3). Furthermore, high-resolution confocal
laser microscopy revealed that the patches contained numerous
intensely immunoreactive neurons and dendrites (Fig. 7) and
were surrounded by weakly stained cells. These observations
suggest a differential maturation of GABA , receptors in distinct
compartments of the striatum, which may correspond to the
patch and matrix architecture of the adult nucleus (Gerfen et
al., 1987).

On the cellular level, colocalization of the «2- and 32,3-sub-
units was analyzed by double-immunofluorescence staining in
two different situations (Fig. 8): (1) in regions where the a2-
subunit is expressed only transiently and (2) in regions where
the a2-subunit is expressed throughout development. In the first
case, an extensive coexistence of the a2- and 82,3-subunits was
observed within most neurons of the globus pallidus, thalamus,
tectum, and deep cerebellar nuclei, before the onset of a1-sub-
unit staining. As illustrated for the thalamus of a P6 rat (Fig.
84), the coexistence of the a2- and 32,3-subunits was evident
in the soma and dendrites of most neurons, suggesting coassem-
bly in the plasma membrane. At later stages, the a2-subunit-
IR disappeared and the 82,3-subunits became colocalized with
the «1-subunit (see following section). In the second case, col-
ocalization of the a2- and 82,3-subunits was observed at every
developmental stage in olfactory bulb granule cells, dentate gy-
rus granule cells and hippocampal pyramidal cells (Fig. 8B).
These findings suggest that the subunit combination a2/82,3
may be commonly expressed in immature brain, whereas in the
adult brain it may be restricted to specific neuronal populations,

In the adult brain, only a few regions were devoid of staining
for bd-17, which include the reticular nucleus of the thalamus,
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Figure 7. Patchy distribution of the a2- and 82,3-subunit-IR in the striatum of juvenile rats. 4, Immunoperoxidase staining for the a2-subunit
in a PO rat, showing the distribution of patches surrounded by weakly stained areas. B, Immunofluorescence staining for the 52,3-subunits, visualized
by confocal laser microscopy (P4 rat). In this high-resolution video image, numerous strongly stained (white) neurons and dendrites are seen forming

a patch of intense immunoreactivity. Scale bars: 4, 50 um; B, 25 pm.

the superior olivary complex and the inferior olivary complex
(Fig. 3). Interestingly, these regions were transiently stained dur-
ing development (Figs. 3, 9). In the reticular nucleus of the
thalamus, bd-17 staining became apparent between PO and P6
and decreased thereafter to disappear in adult brain (Fig. 3). By
contrast, in the inferior olivary complex, 82,3-subunit staining
was already very strong at PO, persisted as such during the first
postnatal week and disappeared thereafter. After P20, the in-
ferior olive appeared virtually devoid of immunoreactivity (Fig.
9). The $2,3-subunit staining in the inferior olive during the
first postnatal week was the most intense one throughout the
brain at any age examined, pointing to a very prominent ex-
pression of these subunits at early developmental stages.

Colocalization of the «l- and B2,3-subunits

In the adult rat brain, the al- and 82,3-subunits are extensively
colocalized within individual neurons and are presumably coas-

sembled in a majority of GABA,, receptors (Benke et al., 1991b;
Fritschy et al., 1992). To determine when these subunits became
colocalized during development, sections from various ages were
processed for double-immunofluorescence staining and ana-
lyzed by confocal laser microscopy. These studies revealed an
extensive coexistence of the a1- and 52,3-subunits in individual
neurons of juvenile rat brain, in regions such as olfactory bulb
(mitral cells), basal forebrain, cerebral cortex, tectum, brain-
stem, and cerebellum. On the subcellular level, colocalization
of these subunits gave rise to nearly identical staining patterns,
as illustrated in Figures 10 and 11.

In regions exhibiting a restricted «1-subunit-IR but a wide-
spread $2,3-subunit-IR, such as the hippocampus (Fig. 12),
staining for the 32,3-subunits was also observed in neuron pop-
ulations lacking the «l-subunit. While a prominent signal was
seen with bd-17 on the soma and dendrites of pyramidal cells
and dentate gyrus granule cells, colocalization with the «l-sub-




Figure 8. Colocalization of the a2- and 82,3-subunit-IR, as visualized by confocal laser microscopy in sections of a P6 rat processed for double-
immunofluorescence staining. 4, In the ventrobasal complex of thalamus, where the a2-subunit is only transiently expressed, numerous neurons
(large arrowheads) and their proximal dendrites (small arrowheads) are double labeled at this age. In the neuropil, the distribution of either subunit
was too diffuse to assess colocalization on distal dendrites. B, In the CA1 region of the hippocampus, colocalization of the a2- and §2,3-subunits
is evident on the somata of pyramidal cells (large arrowheads) and on their apical dendrites (small arrowheads). In the stratum oriens (SO) and
stratum radiatum (SR) an intense and diffuse staining can be seen for each subunit. Scale bars, 25 um.
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Figure 9. Transient expression of the
$2,3-subunits in the inferior olivary
complex, as visualized in parasagittal
sections processed for immunoperoxi-
dase staining. A very intense immu-
noreaction was observed at P0 and P4,
which decreased thereafter and became
faint at P20. Note the gradual increase
in 82,3-subunit-IR in the reticular for-
mation, dorsal to the inferior olive. Scale
bar, 100 um.
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Figure 10. Colocalization of the al- and 82,3-subunit-IR, as visualized by confocal laser microscopy in sections of P4 rats processed for double-
immunofluorescence staining. A, In olfactory bulb, colocalization was evident in glomeruli (G/), external plexiform layer (EP/) and mitral cell layer
(Mi) (large arrowheads); in addition, staining for the 2,3-subunits only was observed in the periglomerular area (arrows) and in granule cells (small
arrowheads). B, In cerebral cortex layer III, both subunits exhibited very similar staining patterns, notably on the soma of pyramidal cells (arrowheads).
Scale bars: 4, 25 um; B, 20 um.
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Figure 11. Colocalization of the «l- and §2,3-subunit-IR, as visualized by confocal laser microscopy in sections processed for double-immuno-
fluorescence staining. 4, In cerebellum (P10 rat), both markers decorated the soma and dendrites of Purkinje cells, revealing their morphology in
considerable detail. Note their nearly identical distribution on the subcellular level. Colocalization was also seen in the internal granule cell layer
(IG1), although staining was more intense for the 82,3-subunits than for the al-subunit. The external germinal layer (EG/) was devoid of immu-
noreactivity for either subunit. Mo/, molecular layer of the cerebellum. B, In spinal trigeminal nucleus, pars caudalis (P6 rat), nearly identical
staining patterns were observed, pointing to an extensive colocalization of the al- and 82,3-subunits. Scale bars, 25 um,
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Figure 12. Differential distribution of the al- and $2,3-subunits in the hippocampus, as visualized by immunoperoxidase staining in a P4 rat.
Intense staining for the 82,3-subunits was evident throughout the hippocampus, decorating the somatic and dendritic layers, particularly the stratum
oriens of the CA1-CA3 areas and the molecular layer of the dentate gyrus. By contrast, the «1-subunit-IR was most prominent in isolated interneurons
in the CA3J region and was only weak in the dendritic layers of principal cells. Scale bar, 100 pm.




unit was restricted to a population of multipolar cells, pre-
sumptive interneurons (Fig. 13). This pattern was seen at var-
ious postnatal ages and persisted into adulthood (Gao and
Fritschy, 1994). Thus, in combination with our observations
about the colocalization of the a2- and 82,3-subunits (Fig. 8 B),
these results suggest that the subunit composition of GABA,
receptors expressed by hippocampal pyramidal cells does not
change during ontogeny, at least with respect to the subunits
analyzed in this study.

Restricted glial cell localization of GABA ,-receptor subunits

In sections processed for immunofluorescence staining and an-
alyzed by confocal laser microscopy, no evidence was found for
a localization of the al-, a2-, or 82,3-subunits in glial cells in
telencephalon, diencephalon, and brainstem at any time point
during postnatal development. In cerebellum, however, staining
for the a2-subunit was transiently observed in Bergmann glial
cells between P4 and P20, as reported elsewhere (Muller et al.,
1994). Double-immunofluorescence staining with glial fibrillary
acid protein (GFAP) confirmed that the «2-subunit-IR was lo-
calized in Bergmann glial cells (Muller et al., 1994). In all other
brain regions examined, GABA ,-receptor subunits were never
colocalized with the astrocytic markers S-1003, vimentin, and
GFAP in individual cells, as analyzed in double-immunofluo-
rescence staining experiments (not shown), thus confirming the
neuronal localization of GABA, receptors in developing brain.

Area-specific maturation of GABA ,-receptor subunits

The topographical specificity of the changes in subunit-IR were
most striking in cerebral cortex and in the somatosensory sys-
tem. In neocortex, the maturation of the «1- and a2-subunits
was area- and layer-specific, thereby revealing the presumptive
borders of certain cortical areas as early as P0. In particular,
primary visual (V1) and somatosensory (S1) areas exhibited a
distinct «1-subunit-IR at birth, whereas intervening areas were
largely unstained. During the first postnatal days, the «1-subunit
staining increased in layers III-IV of S1 and V1, clearly delin-
eating these areas from adjacent cortical territories (Fig. 1). The
specificity of the distribution was such, that in S1 the «l-sub-
unit-IR revealed the organization of the mystacial barrel field
by an intense staining of individual barrels (corresponding to
single whiskers) between P3 and P10 (Fig. 144). Thereafter, the
increase in al-subunit-IR throughout the cerebral cortex grad-
ually blurred the delineation of individual areas and at P20,
staining was uniform across cortical layers and areas (Fig. 1).
By contrast to the «l-subunit, the a2-subunit-IR was intense
and uniform across the cortical plate at PO (Fig. 2). At P2,
staining was confined to the outer half of cortex and at P4-P6,
a prominent band was seen in layer IV (Fig. 2). During the
second postnatal week, the a2-subunit-IR decreased in layer III
of S1 and V1, thereby producing a pattern complementary to
that seen for the al-subunit (Fig. 15). After P14, the decrease
in a2-subunit-IR was also apparent in the remaining areas, as
well as in layer I'V. The a2-subunit-IR did not disappear entirely
from neocortex, and a moderate staining, largely confined to the
supragranular layers, could be observed in sections from P20
(Fig. 2) and adult brain.

In subcortical relay stations of the somatosensory system (i.e.,
trigeminal sensory nucleus and ventrobasal complex of the thal-
amus), the staining pattern of the GABA ,-receptor subunits
examined outlined transiently the somatotopic representation
of the mystacial vibrissae. Thus, in the spinal trigeminal nucleus
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pars caudalis, neurons intensely stained for the «1-subunit formed
cylindrical structures corresponding to the five rows of whiskers
(Fig. 14B). This pattern could be observed between birth and
P10, and disappeared thereafter, as the staining decreased. In
the adult, only a few isolated «1-subunit-positive neurons were
seen in the trigeminal complex. In the ventrobasal complex of
the thalamus, barreloids, corresponding to individual rows of
whiskers, were outlined by the a2-subunit-IR between P2 and
P6, and thereafter by the «1-subunit staining, although the latter
remained faint at least until P10 (Fig. 4). The 82,3-subunits also
exhibited transiently a modular distribution in the somatosen-
sory system, though less distinct than that observed for the al-
and «2-subunits (not shown).

Discussion

The present results demonstrate that GABA, receptors present
in neonatal and adult brain differ in subunit composition, as
shown by the differential maturation of individual subunits. The
expression of receptors containing the «l-subunit increases
markedly throughout most of the brain during postnatal de-
velopment, whereas receptors containing the a2-subunit dis-
appear from many areas shortly after the onset of «1-subunit
expression. The decrease in a2-subunit staining and its replace-
ment by the al-subunit occurs on the level of individual neu-
rons, as revealed by confocal laser microscopy. Both types of
receptors are associated with the 82,3-subunits, which show a
prominent and widespread expression at every age examined.
Thus, the switch in the expression between the al- and a2-
subunits may correspond to the existence of molecularly distinct
GABA ,-receptor subtypes in perinatal and adult brain.

Developmental switch in GABA ,-receptor subtypes

The changes in GABA ,-receptor subunit expression reported
here are well supported by in situ hybridization histochemistry
studies and Western blot analyses, which demonstrate a high
expression of the a2-, a3-, a5-, 83-, and y2-subunits in neonatal
brain (Fuchs and Sieghart, 1989; Sato and Neale, 1989; Gam-
barana et al., 1990, 1991; Vitorica et al., 1990; MacLennan et
al,, 1991; McKernan et al., 1991a; Zhang et al., 1991, 1992;
Arakietal., 1992; Laurie et al., 1992; Poulter etal., 1992, 1993).
These studies also showed a postnatal increase in «l-subunit
expression, indicating that the lack of «1-subunit-IR in neonatal
brain reflects low levels of this subunit and is not due to a change
in antigenicity during development. It is of notice that we de-
tected a distinct al-subunit staining at PO in regions, such as
cerebral cortex, where only low mRNA signals have been re-
ported (Gambarana et al., 1990, 1991; MacLennan et al., 1991;
Poulter et al., 1992). This suggests that protein levels sufficient
to be detected immunohistochemically are rapidly formed fol-
lowing the onset of mRNA expression. Similar observations in
other brain regions, such as thalamus for example, indicate a
close parallel between the onset of mRNA expression and pro-
tein formation. With its higher resolution on the cellular level
as compared to in situ hybridization, immunohistochemistry
appears thus as a sensitive tool for analyzing the maturation of
GABA ,-receptor subunits in developing brain.

Neonatal brain contains high levels of functional GABA, re-
ceptors, as shown autoradiographically, immunohistochemi-
cally and biochemically (Candy and Martin, 1979; Schlumpf et
al., 1983; Kellogg and Pleger, 1989; Huntley et al., 1990; Cobas
et al., 1991; Fiszman et al., 1993) (see introductory remarks).
Our results suggest that receptors containing the «2-subunit,






together with the 82- and/or 83-subunits, are distributed on
numerous neuron populations throughout the neonatal brain.
Since neonatal receptors contain benzodiazepine binding sites
(Schlumpf et al., 1983), they are also expected to contain the
2- or y3-subunit (Pritchett et al., 1989b; Knoflach et al., 1991).
Thus, the subunit combination o2/82,3/v2 may represent a pre-
ponderant GABA , -receptor subtype expressed by most neurons
in neonatal brain. This is in contrast to the adult brain, in which
the subunit combination «1/82,3/v2 is the most prevalent, as
shown biochemically on crude membrane preparations (Benke
et al., 1991a,b). Therefore, the subunit composition of GABA,
receptors in adult brain is distinct from that in neonatal brain.

The changes in «1- and a2-subunit-IR observed here during
development strongly suggest a replacement of GABA, recep-
tors containing the a2-subunit by receptors containing the o1-
subunit in a majority of neurons. The transient colocalization
of the a1- and «2-subunits in neurons, which in the adult are
devoid of a2-subunit staining, indicates that both receptor sub-
types may be coexpressed within individual cells at early post-
natal stages. Therefore, the gradual disappearance of the a2-
subunit staining during development appears to be due to the
downregulation of a receptor subtype, but cannot be attributed
to neuron death. Staining for the a2-subunit remains intense in
a few regions of adult brain, for example, striatum, hippocam-
pus, superficial cortical layers and olfactory bulb granule cell
layer. With the exception of cortex and hippocampus, these
regions are largely devoid of «1-subunit and may therefore ex-
press receptors containing the a2-subunit in both perinatal and
adult brain. However, since several other subunits (e.g., a3, a5,
v3) are developmentally regulated (Laurie et al., 1992; Poulter
et al.,, 1992, 1993), more complex alterations in the subunit
composition of GABA ,-receptor subtypes may be expected to
occur during ontogeny.

The developmental changes in the subunit composition of
GABA, receptors demonstrated here are in line with pharma-
cological studies revealing a differential ontogeny of benzodi-
azepine type I and type II receptors (Candy and Martin, 1979;
Lippa et al., 1981; Chisholm et al., 1983). The high abundance
of BZ II receptors in perinatal brain reflects the prominent ex-
pression of receptors containing the «2-subunit, whereas the
delayed appearance of BZ I sites (Lippa et al., 1981; Chisholm
et al., 1983) corresponds well with the developmental pattern
of receptors containing the «l-subunit. By showing that indi-
vidual neurons express different types of GABA , receptors dur-
ing development, our results indicate that they may be differ-
entially responsive to benzodiazepine receptor ligands at various
stages of ontogeny.

Since bd-17 recognizes both the 82- and $3-subunits, the
developmental maturation of these S-subunit proteins is not
well defined. In particular, differential changes in the expression
of the 82- and 83-subunits, similar to those observed here for
the al- and a2-subunits, may have been masked by the covi-
sualization of these subunits with bd-17. In.situ hybridization
studies provide no clarification on this point. While some re-

—
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ports described both 82- and $3-subunit mRNAs highly ex-
pressed at birth in certain brain regions (Gambarana et al., 1991;
Poulter et al., 1993), other studies observed a postnatal increase
in B2-subunit mRNA similar to that of the al-subunit mRNA
(Zhang et al., 1991; Laurie et al., 1992). Thus, bd-17 staining
in neonatal brain may correspond mostly to the presence of the
33-subunit.

Significance of the transient expression of subunits

Developmental alterations in the structure of GABA, receptors
may affect their signal transduction properties to accommodate
different functional properties. In view of the paucity of synapses
in perinatal brain (Aghajanian and Bloom, 1967; Blue and Par-
navelas, 1983b), the effects of GABA are expected to be me-
diated nonsynaptically, possibly through release from growth
cones (Taylor and Gordon-Weeks, 1989; Taylor et al., 1990).
GABA-induced currents in neonatal neurons show little desen-
sitization (Cherubini et al., 1990), suggesting an enhancement
of the effects of GABA relative to mature neurons. Therefore,
GABA, receptors in neonatal brain may be characterized by a
greater responsiveness to GABA as compared to those in the
adult brain. In addition, GABA has been shown to exert an
excitatory action in immature neurons, leading to Ca?* influx
via voltage-sensitive Ca’* channels (Cherubini et al., 1991; Yuste
and Katz, 1993). This excitatory action of GABA, which may
underlie its postulated neurotrophic role (see Cherubini et al.,
1991; Meier et al., 1991, for review), shifts gradually towards
an inhibitory action, probably following a change in the Cl-
gradient across the plasma membrane. Our results are compat-
ible with the hypothesis that these distinct roles of GABA are
mediated by different receptor subtypes.

The prominent expression of the 32,3-subunits during post-
natal development indicates that these subunits are present to
a similar extent in both perinatal and adult GABA, receptors.
A recent study suggested that the 8-subunits may be involved
in the intracellular sorting of receptors, as evidenced for recom-
binant receptors transfected in cultured epithelial cells (Perez-
Velazquez and Angelides, 1993). It is therefore conceivable that
the B-subunits are required for establishing the subcellular dis-
tribution of GABA, receptors in both developing and adult
neurons. The transient staining for the 82,3-subunits in certain
regions, notably in the inferior olive, indicates that their ex-
pression may be adjusted during neuronal maturation. For in-
stance, alterations in the expression of the 83-subunit mRNA
observed perinatally in the inferior olive have been suggested
to correlate with the phase of refinement of synaptic connections
between olivary neurons and cerebellar Purkinje cells (Fros-
tholm et al., 1992).

The existence of distinct embryonic and adult types of recep-
tors differing in subunit composition and functional properties
has been demonstrated for other members of the ligand-gated
ion channel family, such as the nicotinic ACh-receptor (Witz-
emann et al., 1987; Daubas et al., 1990) and the glycine-receptor
(Betz, 1991; Malosio et al., 1991). For both receptor types, the

Figure 13. Partial colocalization of the a1- and 82,3-subunits in the hippocampus, as visualized by confocal laser microscopy in sections processed
for double-immunofluorescence staining. 4, in the CA3 area of a P6 rat, an intense 82,3-subunit-IR decorated the soma and dendrites of both
pyramidal cells and nonpyramidal cells. Colocalization with the a1-subunit was apparently restricted to nonpyramidal cells. B, In the CA1 region
(P14 rat), a similar pattern was apparent, although the intense $2,3-subunit-IR largely masked the staining of the nonpyramidal cell (arrowheads).
In addition, a faint a1-subunit-IR became visible in SO and SR. Scale bars, 25 um.
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Figure 14. Somatotopic representation of the vibrissal sensory system, as visualized in parasagittal sections stained with the a1-subunit antiserum.
A, In primary somatosensory cortex (barrel field) of a P4 rat, individual barrels were demarcated by a strong a1-subunit-IR. In each barrel, intensely
stained neurons and their apical dendrites are visible. Three rows containing each two to three barrels are depicted in this picture, owing to the
nearly tangential plane of the section. B, In the trigeminal spinal nucleus, pars caudalis (P4 rat), the vibrissal representation was evidenced by five
cylindrical columns of intensely stained neurons (arrows), which correspond to the five rows of whiskers. The narrow columns seen in the upper
third of the panel correspond to the facial representation. Immunoperoxidase staining. Scale bars, 100 pm.
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Figure 15. Complementary distribution of the «1- and a2-subunit-IR in developing occipital cortex, as visualized by immunoperoxidase staining
in a P10 rat. Whereas the strong al-subunit-IR in layers III-IV of primary visual cortex (V1) delineated this region from lightly stained adjacent
secondary visual areas (V2), the opposite pattern was seen for the a2-subunit-IR, which appeared more intense in layer III of V2 than of V1.

Arrowheads mark the boundaries of V1. Scale bar, 0.5 mm.

fetal and adult forms differ in channel kinetics, with a shortening
of the open time in the adult receptor (Sakmann and Brenner,
1978; Takahashi et al., 1992). These observations raise the pos-
sibility that a similar developmental change takes place for the
GABA, receptor. Furthermore, evidence is rapidly accumulat-
ing for a developmental regulation of the subunit composition
of NMDA receptors in vivo (Carmignoto and Vicini, 1992; Bur-
gard and Hablitz, 1993; Marti etal., 1993; Williams etal., 1993).

GABA ,-receptor maturation and onset of synaptic inhibitory
transmission

The developmental expression of the «1-subunit correlates well
with the degree of maturation of individual neuron populations.
For instance, al-subunit expression in neonates is restricted to
brain regions that differentiate prenatally, for example, brain-
stem and olfactory bulb. The «al-subunit may thus represent a
hallmark of receptors engaged in synaptic functions and serve

as a marker to study their development. As discussed above,
the onset of al-subunit expression corresponds to the appear-
ance of a new GABA ,-receptor subtype in maturing brain. Fur-
thermore, the disappearance of receptors containing the a2-
subunit coincides with the period of synaptogenesis, indicating
that the a2-subunit expression may be downregulated by in-
hibitory synaptic activity.

A major question is whether the maturation of synaptic GA-
BA, receptors precedes or follows the formation of inhibitory
synapses. In their analysis of synaptogenesis in the granule cell
layer of the cerebellum, Meinecke and Rakic (1990) concluded
that GABA,, receptors are expressed after the formation of syn-
aptic connections from Golgi type II interneurons, By contrast,
our data provide several examples in which the expression of
GABA, receptors containing the «1-subunit precedes by several
days the maturation of GABAergic presynaptic elements. For
instance, the prominent « 1-subunit staining in neurons of layer
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IV of somatosensory and primary visual cortex contrasts with
the delayed appearance of GABA immunoreactive terminals in
this layer (Del Rio et al., 1992). Similarly, Purkinje cells express
the al-subunit-IR early as PO, that is, several days before GA-
BAergic connections from cerebellar interneurons are estab-
lished (Altman, 1972a,b; McLaughlin et al., 1975). Therefore,
the maturation of synaptic GABA, receptors may precede the
formation of inhibitory synapses, at least in certain regions.

The area-specific upregulation of the «l-subunit-IR in neo-
cortex, first seen in primary somatosensory and visual areas,
does not correspond to the known rostral-caudal, medial-lateral
gradients of cortical neurogenesis and synaptogenesis (Smart
and Smart, 1982; Bayer and Altman, 1991; Voigt et al., 1993).
Moreover, the upregulation of the «1-subunit-IR is first seen in
the developing layers ITI-I'V and does thus not follow the inside-
out pattern of layer generation and neuronal maturation of the
cerebral cortex (Miller, 1986, 1988; Bayer and Altman, 1991).
Rather, the early appearance of the al-subunit-IR in primary
sensory areas points to the existence of area-specific patterns of
receptor maturation. These observations suggest that the for-
mation of inhibitory circuits may be regulated independently
in different cortical areas.

In addition to neocortex, area-specific changes in GABA,-
receptor subunit expression were also observed in striatum and
in subcortical relay stations of the somatosensory system. This
suggests that receptor maturation is coordinated among func-
tionally related sets of neurons. The level of GABA,-receptor
expression between neighboring neurons may thus be regulated
by activity-dependent mechanisms. Since a somatotopic distri-
bution of GABA ,-receptor subunits is apparent in the somato-
sensory system as early as PO, a functional parcellation is likely
to take place prenatally. In striatum the mosaic formed by the
a2- and 82,3-subunits staining in neonatal brain is very similar
to the striatal islands formed by dopaminergic afferent fibers
(Olson et al., 1972), believed to reflect the patch and matrix
compartmentalization of the striatum (Gerfen et al., 1987). This
pattern may thus point to a differential maturation of GABA, -
receptor subunits in functionally distinct striatal compartments.
These observations underscore the potential usefulness of GA-
BA ,-receptor subunit-IR to monitor the emergence of modular
brain structures and to study mechanisms involved in the func-
tional parcellation of neuronal systems during ontogeny.
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