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The developmental stage at which nerve cells initially ex- 
press specific neurotransmitters and their corresponding 
receptors remains elusive. In the present study, the distri- 
bution patterns of transcripts for the GABA-synthesizing 
enzyme, glutamate decarboxylase (GAD,,), and specific 
GABA, receptor subunits were examined in the prolifera- 
tive zone of the rat central nervous system using in situ 
hybridization. In order to define the DNA synthetic zone of 
the germinal matrix, tissue sections were taken from em- 
bryos whose mothers had been injected with 5-bromo-2’- 
deoxyuridine (BrdU) and had survived for 1 hr. BrdU im- 
munocytochemistry was used to locate the relative 
position of BrdU-immunoreactive nuclei within the ventric- 
ular zone (VZ). At embryonic day (E) 15 in the alar plate of 
the lumbar spinal cord, and at El7 and E20 in the dorso- 
medial sector of the neocot-tex, densely packed BrdU-im- 
munoreactive nuclei were consistently detected in lateral 
portions of the inner half of the germinal matrix, indicating 
that the inner half of the germinal matrix corresponded to 
the VZ, while the outer half corresponded to the transitional 
(TZ) or subventricular zone (SV). In situ hybridization in tis- 
sue sections adjacent to BrdU-immunoreacted ones 
showed that the transcripts for GABA, receptor (~3, p3, and 
y2 subunits were found exclusively in the mantle zone, 
while those for a4, pl, and yl subunits were predominantly 
detected in the inner half of the germinal matrix (i.e., VZ). 
Furthermore, in the El5 germinal matrix of the lumbar spi- 
nal cord, cells exhibiting cw4 subunit mRNA were much 
more abundant in the receding intermediate plate, which 
contains mostly postmitotic cells, than in the alar plate 
comprised of many DNA-synthesizing cells, strongly sug- 
gesting that only those cells completing final ceil division 
expressed the subunit mRNAs. In clear contrast, GAD,, 
mRNA was abundant in the outer half of the germinal ma- 
trix (i.e., TZ or SV), and in the intermediate zone as well. 
lmmunocytochemical staining of El7 neocottex with anti- 
GABA antibody revealed a well defined band of GABA-im- 
munoreactive cells and processes in the SV and occasion- 
al positive cells in the VZ. It appears that cells in the 
proliferative zone may express GABA at the migratory 
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stage, whereas cells in the VZ may express mRNAs for GA- 
BA, receptor 014, pl, and yl subunits at the premigratory 
stage, just after completing cell division. The present study 
suggests that both GABA and GABA, receptors may be 
expressed in cells before they migrate to their final posi- 
tions, and that GABAergic interaction may regulate neu- 
ronal migration and differentiation. 

[Key words: development, germinal matrix, BrdU immu- 
nocytochemistry, cell cycle, glutamate decarboxylase, GA- 
BA, receptor subunits, in situ hybridization] 

Neurons originate for the most part in the ventricular zone (VZ), 
a sheet of neuroepithelial cells lining the embryonic ventricular 
system throughout the brain and spinal cord. An interesting but 
unresolved issue concerns the developmental stage at which em- 
bryonic cells synthesize neurotransmitters and receptors. This is 
particularly important in the developing central nervous system 
(CNS), since increasing evidence indicates that classical, fast- 
acting neurotransmitters may play morphogenic roles in forming 
the CNS by affecting neuronal proliferation, migration, and dif- 
ferentiation (for reviews, Redburn and Schousboe, 1987; Lauder, 
1988, 1993; Meier et al., 1991). GABA is one of the earliest 
transmitters detected in the developing CNS (Lauder et al., 1986; 
Ma et al., 1991, 1992a), and has been implicated in playing a 
role in neuronal development (Hansen et al., 1987). Our previ- 
ous studies in the spinal cord reported that one of the GABA- 
synthesizing enzymes, glutamate decarboxylase (GAD,,) (Ma et 
al., 1992b), and its mRNA, particularly its alternatively spliced 
form (Behar et al., 1994a), are expressed by neuroepithelial cells 
and postmitotic neuroblasts during embryogenesis. Furthermore, 
GABA-immunoreactive cells have been detected at different 
depths of the VZ of rat neocortex (Van Eden et al., 1989; Cobas 
et al., 1991). 

In addition, mRNAs encoding the subunit family of GABA, 
receptors have been found throughout the embryonic CNS (Lau- 
rie et al., 1992; Poulter et al., 1992, 1993; Ma et al., 1993a,b). 
In the spinal cord, (w2,3,5, B2,3, and y2,3 subunit mRNAs were 
detectable as early as embryonic day (E) 12-13 in the mantle 
zone, where cells differentiate, while the trio of (~4 (according 
to Seeburg’s nomenclature, see Wisden et al., 1991), Bl, and y 1 
transcripts emerged at El3 exclusively in the VZ, where cells 
proliferate (Ma et al., 1993b). The anatomic localization of both 
GAD,, and GABA, receptor subunit mRNAs in the proliferative 
zone suggests a possible role for GABA in the earliest period 
of neuronal development. However, it is not yet clear when dur- 
ing proliferation cells express GAD and/or GABA, receptor sub- 
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unit mRNAs. This is particularly important in determining when 
and where putative GABAergic circuits might function and for 
what purposes. 

It is known that neuroepithelial cell nuclei undergo a to-and- 
fro movement in the VZ during the cell generation cycle (Sauer 
1935a,b). Neuroepithelial cells replicate their DNA mainly while 
their nuclei are distant from the lumen of the neural tube in the 
synthetic zone (sz). The nuclei with replicated DNA move to- 
ward the ventricular surface where cell division occurs in the 
mitotic zone (mz). After mitosis, the daughter cells may either 
reenter the cell cycle or migrate from the proliferative zone to 
form a mantle layer near the external surface of the neural tube, 
where further differentiation occurs. The classical stages of cell 
cycle characteristics of proliferative cells are related to the rel- 
ative position of the proliferative cell nucleus in the VZ; nuclei 
at the same stage are spatially aligned with each other at the 
same depth of the VZ. Therefore, the spatial location of aligned 
nuclei within the VZ is a useful indicator of the cell cycle stage 
(Takahashi and Caviness, 1993). Cell nucleus location within the 
VZ can be followed autoradiographically with 3H-thymidine. It 
has been shown that a single injection of 3H-thymidine is avail- 
able for DNA synthesis for less than 1 hr in mammals; only a 
single generation of cells takes up the label (Sidman et al., 1959; 
Atlas and Bond, 1965). Nuclei in the DNA synthetic phase are 
situated in the lateral portion of the VZ; this location may help 
identify the DNA-synthesizing region in the VZ (Sidman et al., 
1959). 5-Bromo-2’-deoxyuridine (BrdU) is a thymidine ana- 
logue that is also incorporated in the synthetic phase and can be 
detected with immunocytochemistry (Miller and Nowakowski, 
1988); BrdU-labeled cells are now considered the equivalent of 
thymidine-positive elements (Miller and Nowakowski, 1988). 
The location of BrdU-positive cells after a 1 hr pulse of BrdU 
may thus be a useful reference for determining the locations of 
cells expressing GAD or GABA, receptor subunit mRNAs with 
relation to S-phase cells in the proliferative zone. 

Here, we demonstrate that there are two anatomically separate 
subsets of cells in the proliferative zone at spinal and neocortical 
levels; cells in the mz and sz express GABA, receptor c~4, pl, 
and yl subunit mRNAs, while cells in the transitional zone (TZ) 
of the spinal cord or subventricular zone (SV) of the neocortex 
express the GAD,, transcript. Cells expressing the receptor sub- 
unit mRNAs appear to be premigratory neuroblasts, whereas 
cells expressing GAD,, mRNA may be predominantly postmi- 
totic cells migrating to the mantle zone. 

Materials and Methods 

Animals and tissue preparation. Timed pregnant Sprague-Dawley rats 
(Taconic Farms, Germantown, NY) at gestational days 15, 17, and 20 
were pulse labeled with BrdU (Sigma Chemical Co., St. Louis, MO; 50 
mg/kg body weight, i.p.). Animals were anesthetized with sodium pen- 
tobarbital (40 mgikg body weight, i.p.) 1 hr after BrdU injection. The 
embryos were immediately removed from the uterus and frozen on dry 
ice. The embryonic body part containing the lumbar spinal cord or the 
middle forebrain was cut serially in 12 km thick coronal sections on a 
cryostat, thaw-mounted onto gelatin-coated slides, and stored at -70°C 
until used. For each age, sections were collected from at least three 
embryos removed from three different mothers. The sections were treat- 
ed for in situ hybridization histochemistry, and alternate sections were 
prepared for BrdU immunocytochemistry. 

After removal from the mothers, some El7 embryos were perfused 
through the heart with 4% paraformaldehyde in 0.1 M phosphate buffer 
(pH 7.0) following phosphate-buffered saline (PBS) for GABA immu- 
nocytochemistry. The embryos were postfixed for 4 hr in the same 
fixative at 4”C, and then soaked in a 30% sucrose phosphate buffer 
solution at 4°C for 2 d. The middle forebrain part of El7 brain was 

blocked and cut in 12 pm thick sections on a cryostat, and mounted 
onto poly-L-lysine-coated slides before immunostaining for GABA. 

BrdU immunocytochemistry. Some sections were stained with a 
monoclonal antibody against BrdU (Becton-Dickinson, Mountain View, 
CA). The sections were fixed in 70% ethanol for 30 min and then rinsed 
in PBS (pH 7.3). The sections were immersed in 0.07 N NaOH for 2 
min and then in 0.1 M PBS, pH 8.5, for 30 set, and rinsed again in 
PBS (pH 7.3). Subsequently, the spinal cord was incubated with a flu- 
orescein isothiocyanate-conjugated anti-BrdU antiserum (diluted to 1:5 
in PBS) for 30 min at room temperature. The sections were rinsed three 
times in PBS and coverslipped with a mixture of glycerol and PBS (3: 
1). 

GABA immunocytochemistry. The GABA immunostaining procedure 
used in the present study has been previously described (Ma et al., 
1992a). Briefly, sections were rinsed in three changes of PBS and in- 
cubated in polyclonal antisera to GABA (1:300) (raised in guinea pigs; 
Eugene Tech Inc., Allendale, NY) for 48 hr at 4°C. Following three 
rinses in PBS, the sections were incubated with rhodamine-conjugated 
secondary antibodies at a final dilution of 1:30 at room temperature for 
4.5 min. The sections were rinsed again in PBS, coverslipped with a 
mixture of glycerol and PBS (3: l), and examined under a Leitz epiflu- 
orescence microscope. In order to identify the cytoarchitectural features 
of immunostained sections, coverslips were removed from some slides 
after fluorescence signals were photographed, and stained with 2% cre- 
syl violet. 

In situ hybridization. Sections adjacent to those treated for BrdU 
immunocytochemistry were processed for in situ hybridization employ- 
ing ?S-labeled oligonucleotide probes as described previously (Ma et 
al., 1993b). Briefly, the sections were fixed in 4% paraformaldehyde in 
0.1 M PBS (pH 7.3) for 5 min, rinsed twice in PBS: and acetylateh with 
0.25% acetic anhvdride in 0.1 M triethanolamine HC1/0.9% NaCl for 
10 min. They were then dehydrated through a graded series of ethanol 
solutions, delipidated in chloroform, rehydrated, and air dried. Comple- 
mentary DNA probes to the GABA, receptor a3 subunit (Malherbe et 
al., 1990) 5’-CAC TGT TGG AGT TGA AGA AGC ACT GGG AGC 
AGC AGC CTT GGA GAT-3’; (~4 subunit (according to Seeburg’s 
nomenclature, Wisden et al., 1991) 5’-CAA GTC GCC AGG CAC 
AGG ACG TGC AGG AGG GCG AGG CTG ACC CCG-3’; pl (Ymer 
et al., 1989b) 5’-GAC TIT GTT CAT CTC CAG TTT GTT CTT TTC 
ATT GGC ACT CTG GTC TTG-3’; p3 (Lolait et al., 1989) 5’-CCC 
GTG AGC ATC CAC CCG GTT GAT TTC ACT CTT GGA TCG 
ATC ATT CTT-3’; yl (Ymer et al., 1990) 5’-GCC CTC CAA GCA 
CTG GTA ACC ATA ATC ATC TTC CCC TTG AGG CAT AGA-3’: 
y2 (Shivers et al., 1989) 5’-ATA TTC TTC ATC CCT CTC ‘ITG AAG 
GTG GGT GGC ATT GTT CAT TTG GAT-3’: and GAD<.. (Kaufman 
et al., 1986; Erlander et al., 1991) 5’-TAG TAT TAG GAf’dCG CTC 
CCG CGT TCG AGG AGG TTG CAG GCG AAG GCG-3’ were man- 
ufactured on an Applied Biosystems 380A DNA synthesizer (Foster 
Citv, CA). Probes were 3’.end-labeled with 3SS-dATP (Duoont/New En- 
gland Nuclear, Boston, MA) using deoxynucleotide te&ial transferase 
(Boehringer Mannheim Biochemica, Indianapolis, IN). The sections 
were hybridized overnight at 37°C with one of the labeled probes dis- 
solved in hybridization buffer at a concentration of l-2 X 10” dpm/50 
~1 hybridization buffer containing 4X standard saline solution (SSC), 
50% formamide, 10% dextran sulfate, 250 pg yeast tRNA, and 1X 
Denhardt’s. The sections were washed four times in 1X SSC for 15 
min at 55”C, and then washed twice in 1X SSC for 1 hr at room 
temperature. The sections were rinsed in distilled water and dried. Slides 
were apposed to film (hyperfilm pmax, Amersham, Arlington Heights, 
IL), stored with desiccant at 4°C for 2-3 weeks, developed with Kodak 
Dektol (1: 1 diluted in water), and lightly counterstained with 0.4% cre- 
syl violet. 

The specificity of hybridization was assessed by (1) hybridizing some 
sections with sense probes complementary to the (~4 subunit mRNA of 
GABA, receptors probe (5’-CGG GGT CAG CCT CGC CCT CCT 
GCA CGT CCT GTG CCT GGC GAC TTG-3’) and to the GAD, 
mRNA probe (5’-CGC CTT CGC CTG CAA CCT CCT CGA ACG 
CGG GAG CGG ATC CTA ATA CTA-3’), which led to no detectable 
signals; and (2) incubating some sections with ribonuclease (RNase A, 
20 pg/ml in 0.5 M NaCl/lO mu Tris-HCl, pH 8, 1 mu EDTA) for 30 
min at 37°C prior to hybridization, which led to background levels of 
scattered grains. In addition, all probes employed in the present study 
had been previously used, and each probe yielded distinct hybridization 
signal patterns in rat brain and spinal cord (Ma et al., 1993a,b; Kang 
et al., 1993). 
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Figure 1. Complementary distributions of GABA, receptor a3 and a4 subunit mRNAs in the lumbar spinal cord of the embryonic (E) day 15 
rat. A, B, Paired bright- (A) and dark-field (B) photomicrographs of a coronal section hybridized with an oligonucleotide probe against GABA, 
receptor 013 subunit mRNA. The black dashed lines in A show the outline of the germinal matrix (gm), and the solid circles indicate the distribution 
of a4 subunit mRNA signals. C, Dark-field photomicrograph of an adjacent spinal cord section hybridized with a probe for GABA, receptor (~4 
subunit mRNA. The hybridization signals are detected in the medial portions of the intermediate (ip) and alar (ap) plates. White dashed line 
delineates the outline of the cord. D, Fluorescence photomicrograph of an adjacent spinal cord section illustrating the distribution of BrdU-labeled 
cells (arrow). The partial overlap of a4 subunit mRNA and BrdU immunoreactivity is seen in the gm. E, Higher magnification of the alar plate 
corresponding to boxed region ap in A showing a4 subunit mRNA signals in the inner half of the germinal matrix (arrows). F, Higher magnification 
of the intermediate plate corresponding to the lower boxed region in A showing restricted distribution of dense (~4 subunit mRNA signals. An 
arrow identifies a labeled cell at the ventricular surface. ZZ, intermediate zone; 1, lumen of the neural tube; lj lateral funiculus; vJ ventral funiculus. 
Bar in A = 270 urn and applies to B-D. Scale bar: E, 75 pm for E and F. 

In order to quantify the distribution of BrdU-labeled nuclei and hy- 
bridization signals in the embryonic spinal cord, the number of BrdU- 
labeled nuclei and optical density of hybridization signals in two rect- 
angular regions (each 100 X 400 pm) across the spinal cord wall were 
outlined for analysis. The two regions were chosen at levels of the alar 
(ap) and intermediate (ip) plates of the El5 spinal cord, and each region 
measured was subdivided into 20 bins (I-XX) uarallel to the ventricular 
surface and each was 20 pm long (see Fig.-8). BrdU-labeled nuclei 
were examined with a Leitz epifluorescence microscope and scored with 
respect to their bin location. The optical density was converted to dig- 
itized images that were analyzed with the program NIH IMAGE 1.49 
(Wayne Rasband, NIH, Bethesda, MD). A value of the number of BrdU- 
labeled nuclei or optical density for each bin was expressed as a per- 
centage over the maximum level. 

Results 
BrdU-immunoreactive nuclei are restricted in the germinal 
matrix 
In order to define the approximate DNA-synthesizing zone of 
the germinal matrix in the embryonic spinal cord and neocortex, 

we pulsed embryos with BrdU for 1 hr. BrdU immunocytochem- 
istry was carried out on coronal sections collected from the cau- 
da1 neural tube, lumbar spinal cord, and cerebral wall of the 

middle forebrain. The germinal matrix, or proliferative zone, 
was readily identified in cresyl violet-counterstained sections, 
which contained intensely staining, densely packed cells sur- 
rounding the lumen of the neural tube. The matrix was distin- 
guished from the intermediate zone (IZ), which consisted of 
variably oriented, lightly staining cells and fibers, and outlined 
with dashed lines in Figures 1A and 2A. At E15, the dorsal horn 
of the spinal cord is not yet recognizable at the lumbar level, 
but the generation of dorsal horn neurons reaches a peak in the 
alar plate (Nornes and Das, 1974; Altman and Bayer, 1984). 
Consistent with this, we found that a majority of the BrdU- 
immunoreactive elements were present in the alar plate, the dor- 
sal region of the VZ (Fig. 1D). BrdU immunoreactivity was 
restricted to the nuclei of cells predominantly located in the inner 
half of the germinal matrix (bins III-V in Fig. 9) at a clearly 
detectable distance from the lumen of the neural tube (Figs. 10, 
3C). This region was actually located at the outer aspect of the 
VZ and corresponded approximately to the sz (Boulder Com- 
mittee, 1970). Labeling intensity appeared relatively constant 
among the stained nuclei. Almost no labeled nuclei were visible 
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Figure 2. Localization of GAD,, mRNA signals in the El5 lumbar spinal cord. A and B, Bright-field (A) and dark-field (B) photomicrographs of 
a coronal section hybridized with the GAD,, mRNA probe. Solid circles in A indicate distribution of GAD,, transcripts in the lateral portions of 
the intermediate (ip) and alar plates (up), as well as in the ventral horn (VH) and intermediate gray (IG). Arrows in B indicate the edge of GAD,, 
signals. C, Higher magnification of boxed region up in A showing abundant grains (arrows) distributed in the outer half of the germinal matrix. D, 
Higher magnification of the lower boxed region in A showing dense grains (arrows) in the receding intermediate plate. amn, autonomic motoneurons; 
IZ, intermediate zone; I, lumen of the neural tube; If; lateral funiculus; smn, somatic motoneurons; vJ ventral funiculus; VZ, ventricular zone. Scale 
bar: A, 270 for A and B.; D, 3.5 p,rn for C and D. 

at the ventricular surface, corresponding to the mz (Fig. 3C). In 
addition, a few BrdU-labeled nuclei (arrow in Fig. 3C) were 
present in the outer half of the germinal matrix (bins VI-X in 
Fig. 9), which seemed to correspond to the SV in the developing 
neocortex (Bayer and Altman, 1991). This has not yet been de- 
scribed in the developing spinal cord, and we refer to this region 
as the transitional zone (TZ). In the receding intermediate plate 
(ip), very few labeled nuclei were detected. No labeled elements 
were found in the IZ (Figs. lD, 3C). 

BrdU immunoreactivity was also examined in the cerebral 
wall of the dorsomedial neocortex at El7 and E20. It is known 
that the VZ is most prominent in the El7 cerebral wall, and 
declines at E20, but there is a growing thickness of the SV and 
an increase in the SV mitotic cells from El7 to E20 (Bayer and 
Altman, 1991). A band of BrdU-labeled nuclei was seen exclu- 
sively in the germinal matrix of the El7 (Fig. 5E) and E20 (Fig. 
7C) cortex. The band of densely packed BrdU nuclei was lo- 
cated in the inner half of the germinal matrix that was distant 
from the ventricular surface. This heavily labeled band corre- 
sponded to the sz (Bayer and Altman, 1991), and was thicker in 
El7 than in E20. Quite a few labeled nuclei were scattered in 

the outer half of the germinal matrix (arrows in Fig. 7C), cor- 
responding to the SV (Bayer and Altman, 1991). 

GABA, receptor (~4, PI, and yl subunit mRNA signals 
predominate in the inner half of the germinal matrix 

Coronal spinal and neocortical sections adjacent to the BrdU- 
immunostained ones, were hybridized separately with 013, 014, 
pl, p3, yl, and y2 subunit mRNA probes of the GABA, re- 
ceptor. The cresyl violet-counterstained sections hybridized with 
the probes were used to delineate the borders of the germinal 
matrix and the IZ, and then to carefully define the location of 
hybridization signals in different subregions within the germinal 
matrix (see the BrdU immunocytochemical data described 
above). In the El5 spinal cord, a3 subunit mRNA hybridization 
signals were widespread throughout the IZ, but absent in the 
germinal matrix (Fig. 1B). In contrast, a4 subunit mRNA signals 
were largely restricted to cells surrounding the lumen (Fig. lC), 
and present in the inner half of the germinal matrix (Fig. 3B; 
bins I-V in Fig. 9). The 014 signals were not detected in the 
mantle zone. When compared to an adjacent section immuno- 
reacted with anti-BrdU, the distribution of a4 transcripts par- 
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tially overlapped the band of BrdU-immunoreactive cells in the 
sz (Fig. 3A-C). There was also some distribution of a4 subunit 
mRNA signals complementary to that of BrdU-labeled cells, al- 
though both signals were present in the germinal matrix. BrdU- 

Figure 3. Complementary distribu- 
tions of transcripts encoding GABA, 
receptor a4 subunit and GAD, pro- 
teins in the germinal matrix. Schematic 
diagram at upper left shows distribu- 
tion patterns of transcripts (dots) en- 
coding GAD,, (left) and a4 subunit 
(right) in relation to the location of 
BrdU-immunoreactive cells (open cir- 
cles). A, Schematic representation of 
the germinal matrix subdivisions as 
seen in adjacent sections (B-D) which 
correspond to boxed region up in Fig- 
ure 1A and boxed region in the sche- 
matic diagram at upper left. Circled let- 
ters represent phases in the cell cycle: 
S, DNA synthetic phase; GZ, immi- 
nently premitotic phase; M, mitotic 
phase; GI, quiescent or preparatory 
state for S-phase. B, Bright-field pho- 
tomicrograph showing that the autora- 
diographic signals of u4 transcripts are 
primarily concentrated within the inner 
half of the germinal matrix, including 
the mitotic and synthetic zones. C, Flu- 
orescence photomicrograph showing 
that BrdU-immunoreactive cells are 
abundant in the region distant from the 
lumen, which corresponds to the syn- 
thetic zone (sz). A few labeled cells are 
also seen in the transitional zone (ar- 
row, tz) and mitotic zone. D, Bright- 
field photomicrograph showing intense 
hybridization signals for GAD,, mRNA 
within the outer half of the germinal 
matrix corresponding primarily to the 
tz. A few labeled cells are seen in the 
DNA synthetic zone (small arrows). 
Dashed lines delineate the zones in 
each section corresponding to the sche- 
matic representation in A. Scale bar: D, 
30 urn for B-D. 

labeled cells were rarely seen in the receding intermediate plate 
(ip) in which expression of the a4 subunit mRNA reached a 
maximum; on the contrary, intensely BrdU-labeled nuclei were 
present in the alar plate (ap), in which only low-to-moderate 
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Figure 4. Distribution of mRNA for GAD,, in the germinal matrix (gnz) of rat neocortex. Bright-field (A, C) and dark-field (B, D) photornicrographs 
of coronal sections through the middle forebrain of El7 (A, B) and E20 (C, D) rats showing low (E17, arrows in B) and moderate (E20, arrows 
in D) levels of GAD,, transcripts in the compact germinal matrix. ST, basal telencephalon; CP, cortical plate; HZ, hippocampus; HY, hypothalamus; 
ZC, internal capsule; ZZ, intermediate zone; Iv, lateral ventricle; TH, thalamus. Scale bar: C, 850 pm for A-D. 

levels of a4 subunit mRNA were detected (Fig. lC,D). Taken 
together, the results indicate that expression of the a4 subunit 
mRNA appeared to follow rather than precede the appearance 
of BrdU-labeled cells. 

As in the spinal cord, (~4 mRNA signals were mainly present 
in the inner half of the germinal matrix in the neocortex, cor- 
responding to the VZ at El7 (Fig. 5D) and E20 (Fig. 6B); low 
levels of (-u4 signals were found in the outer half of the germinal 
matrix, corresponding to the SV as well, but the signals were 
not detectable in the IZ (Fig. 7B). In contrast, cx3, p3, and y2 
subunit signals were detected only in the cortical (CP) and sub- 
cortical (SP) plates (Figs. 5C, 6C,D). 

In both the spinal cord and neocortex, signals for pl and yl 
subunit mRNAs were present in the inner half of the germinal 
matrix, similar to the a4 subunit mRNA (not shown). Thus, the 
trio of a4, pl, and yl transcripts emerged in parallel at spinal 
and cortical levels of the developing neuraxis in the germinal 
matrix. 

GAD,, mRNA signals were primarily detected in the outer half 
of the germinal matrix 
Some sections adjacent to those processed for BrdU immuno- 
cytochemistry were also hybridized with GAD,, mRNA probe. 

In the alar plate of El5 spinal cord, GAD, mRNA was partic- 
ularly widespread in the outer half of the germinal matrix, as 
well as in the IZ (Fig. 2B-D; bins VI-XX in Fig. 9). In the 
germinal matrix, hybridization signals were situated in a band 
at increasing distances from the lumen in the ventrodorsal axis 
(Fig. 2A,B), which overlapped the TZ (Fig. 30). A few labeled 
cells were present in the DNA synthetic zone (arrows in Fig. 
30). In the intermediate plate, the hybridization signals were 
abundant in the entire germinal area, even in cells near the ven- 
tricular surface (Fig. 20; bins I-III in Fig. 9). In the intermediate 
gray and ventral horn (Fig. 2A,B), hybridization signals covered 
all portions except motor areas. These unlabeled regions prob- 
ably included somatic (smn) and autonomic motoneurons (amn); 
the latter appeared to be sympathetic preganglionic neurons in 
the developing intermediolateral nucleus (Markham and Vaughn, 
1991). 

In the neocortex, GAD,, mRNA signals were low in abun- 
dance at El7 (arrows in Fig. 4B) and became moderately well 
expressed at E20 (arrows in Fig. 40) in the germinal matrix. 
Higher magnification showed that these signals were present in 
cells distributed throughout the outer half of the germinal matrix, 
corresponding to the SV (arrows in Fig. 70). 
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Figure 5. Distributions of mRNA sig- 
nals for a3 and (~4 subunits of GABA, 
receptors and BrdU-labeled cells in the 
neocortex of an El7 rat. A, Higher 
magnification view of the dorsomedial 
region of the cerebral wall, correspond- 
ing to the boxed area in B, showing ah 
the layers in the El7 neocortex. B and 
C, Paired bright-field (B) and dark-field 
(C) photomicrographs of a coronal sec- 
tion through the neocortical region cor- 
responding to the boxed area in Figure 
4A, showing abundant a3 signals in the 
cortical plate (0, C) of the neocortex. 
D, Dark-field micrograph of a cortical 
section adjacent to B hybridized with 
the (~4 subunit probe showing the 
abundant signals in the germinal matrix 
(gm, D). E, Fluorescence photomicro- 
graph of a cortical section adjacent to 
D showing a cluster of BrdU-labeled 
cells partially overlapping a4 signals in 
the germinal matrix of the neocortex. 
BT, basal telencephalon; hi, hippocam- 
pus; ZZ, intermediate zone; Iv, lateral 
ventricle; sp, subcortical plate; sv, sub- 
ventricular zone. Scale bar: A, 75 pm; 
E, 700 pm for B-E. 
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Figure 6. Distributions of mRNA signals for GABA, receptor a4, p3, and y2 subunits in the neocortex of the E20 rat. A and B, Paired bright- 
field (A) and dark-field photomicrographs of a coronal section through the dorsomedial region of the neocortex boxed in Figure 4C showing the 
distinct localization of ot4 subunit mRNA in the germinal matrix (B). C and 0, Dark-field photomicrographs of adjacent cortical sections hybridized 
with the p3 or y2 probes showing the distributions of the two mRNA signals in the cortical (CP) and subcorrizal (SP) plates. Hi, hippocampus; 
ZZ, intermediate zone; Iv, lateral ventricle. Scale bars: A, 350 )*m; D, 520 pm for A-D. 

GABA-immunoreactive cells and processes are detected in the few individual positive cells (arrow in Fig. 8C) and processes 
subventricular zone and occasionally in the ventricular zone (small arrows in Fig. SC) were scattered within the VZ. 

GABA immunoreactivity was examined in coronal sections 
through the dorsomedial portions of the El7 neocortex. Three 
distinct bands of GABA-immunoreactive cells and processes 
were detected at different depths of the cerebral wall (Fig. 8). 
The first band contained closely packed GABA-positive cells in 
the formative layer I. The second band was present within the 
SP with a low intensity of immunostaining. GABA-immuno- 
reactive cells were mainly clustered in the third band within the 
SV. They were variably oriented with extensiee processes. In the 
present study, the SV was defined as the space containing mi- 
totic cells (encircled in Fig. 80), in which both GAD,, mRNA 
and GABA-immunoreactive cells were observed. In addition, a 

Discussion 

Our in situ hybridization study reveals consistent and unique 
distribution patterns of transcripts encoding GAD,, a marker of 
GABA-synthesizing cells, and GABA, receptor subunits in the 
germinal matrix and mantle zone of the embryonic spinal cord 
and neocortex. DNA-synthesizing cells in the germinal matrix 
were identified using a 1 hr pulse of BrdU and their distribution 
carefully and quantitatively compared to that of GAD and GA- 
BA, receptor subunit transcripts. 

Figure 7. Complementary distributions of 014 subunit mRNA and GAD,, mRNA signals in the germinal matrix of the E20 neocortex. Schematic 
diagram at upper left shows distribution patterns of mRNAs (dots) for a4 subunit and GAD,, relative to the location of BrdU-labeled cells (open 
circles). A, Schematic representation of the germinal matrix subdivisions visualized in adjacent sections (B-D), which corresponds to the dorsomedial 
region of the neocortex boxed in Figure 6A and in the schematic diagram. Circled letters represent cell cycle phases (see Fig. 3). B, Bright-field 
photomicrograph showing that the autoradiographic grains signaling the GABA, receptor a4 subunit mRNA are concentrated within the mitotic 
and synthetic zones (arrows). C, Fluorescence photomicrograph showing abundant BrdU-immunoreactive cells in the region corresponding to the 
synthetic zone (sz), and some labeled cells in the subventricular zone (arrow, sv) and occasionally in the mitotic zone (mz). D, Bright-field 
photomicrograph showing a moderate number of hybridization signals for GAD,, mRNA. in cells (arrows) within the outer half of the germinal 
matrix corresponding to the subventricular zone (sv). Dashed lines delineate the zones in each section corresponding to the schematic representation. 
Scale bar: D, 30 pm for B-D. 
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Figure 8. GABA-immunoreactive cells and processes are detected in 
the subventricular zone (XV) of El7 neocortex. A, Cresyl violet-coun- 
terstained section through the El7 middle forebrain pretreated for 
GABA immunocytochemistry. B, C, Fluorescence photomicrographs 
taken from two regions of the dorsomedial neocortex and corresponding 
to boxed areas B and C in A. A well defined band of GABA-IR cells 
and processes is readily detected in the sv (between dashed lines), and 

GAD mRNA appears in migrating postmitotic cells 

3H-thymidine autoradiographic studies have shown that there is 
a rough ventral-to-dorsal gradient in generation of rat spinal cord 
neurons (Nornes and Das, 1974). On E15, motoneuron genera- 
tion in the ventral horn and relay neurons in the intermediate 
gray ends, while dorsal horn neurogenesis peaks (Altman and 
Bayer, 1984). In the dorsomedial section of the neocortex, the 
volume of the neuroepithelium peaks at E17. At E20, the thick- 
ness of the neuroepithelium decreases, but there is an increase 
in the depth of the SV and in the proportion of SV mitotic cells 
(Bayer and Altman, 1991). We focused on these regions actively 
generating neurons in the spinal cord and cortex to compare the 
distributions of GAD and GABA, receptor subunit transcripts 
and place them in the context of neurogeneration. Our BrdU 
immunocytochemistry shows that most labeled cells were heavi- 
ly stained, the fluorescence intensity being nearly equal among 
these cells. This suggests that a 1 hr pulse of BrdU effectively 
labels only a single generation of cells (Sidman et al., 1959; 
Atlas and Bond, 1965), since lightly stained cells are thought to 
represent the dilution of BrdU in successive generations of ger- 
minal cells. The bands of densely packed, BrdU-immunoreactive 
cells in the El5 spinal cord and in the El7 and E20 neocortex 
were located at some distance from the lumen of the neural tube, 
presumably marking the DNA synthetic zone. 

It has been suggested that the embryonic CNS consists of four 
distinct fundamental zones: ventricular, subventricular, interme- 
diate, and marginal (Boulder Committee, 1970). Cells proliferate 
in both the VZ and SV. However, the SV in the developing 
spinal cord has received less attention than that in the cerebral 
cortex. In the embryonic spinal cord, the entire intensely staining 
region surrounding the lumen has been simply defined as the 
VZ in the literature. The present study has shown that at El5 
there is a region in the alar plate of the lumbar cord located 
lateral to the zone of cells densely labeled with anti-BrdU, which 
contains a few heavily labeled, DNA-synthesizing cells, sug- 
gesting that the sz is not the only germinal source of the dorsal 
horn. This region spreads dorsoventrally in the outer half of the 
germinal matrix. Our Nissl-counterstained sections have shown 
that cells in the outer half of the alar plate, compared to the 
inner half, were less packed and variably oriented; this spinal 
region probably corresponds to the SV in the embryonic neo- 
cortex (Bayer and Altman, 1991). This region has also been 
demonstrated in rats labeled with a single dose of 3H-thymidine 
on day El5 and killed 2 hr later (see Fig. 112A in Altman and 
Bayer, 1984). Here, most labeled proliferating cells are located 
in the medial portions of the alar plate, while only a few labeled 
cells appear in the outer half of the alar plate. The outer half 
contains many cells labeled in rats injected with 3H-thymidine 
on day El5 and killed on day E16, indicating that numerous 
cells in the outer half migrated toward the formative dorsal horn 

t 

a few GABA-positive cells (arrow in C) and processes (small arrows 
in C) are clearly seen in the vz in both B and C. Densely packed GABA- 
positive cells with a high intensity of immunostaining are seen within 
the formative lamina I (Z, large curved arrows). In addition, a cluster 
of labeled cells with relatively low staining intensity is also found in 
the outer part of the subcortical plate (SP). D, Cresyl violet-counters- 
tained section of C showing the layers of the neocortex. Two mitotic 
cells in circles a and B are seen within the sv; another mitotic cell 
marked c is within the vz. BT, basal telencephalon; CP, cortical plate; 
ZZ, intermediate zone; Iv, lateral ventricle; TH, thalamus. Scale bar: A, 
3.50 brn; D, 50 pm for B-D. 
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Figure 9. Complementary distributions of mRNAs for a4 subunit and GAD,,, and spatial segregation of 014 subunit mRNA and BrdU-labeled 
nuclei in the germinal matrix (gm). Graphic representation of the regional distribution of BrdU-immunoreactive nuclei and transcripts for GABA, 
receptor a4 subunit and GAD,, across the spinal cord wall of an El5 rat, whose mother had received a single injection of BrdU and survived for 
1 hr. The analyses were conducted in two rectangular regions at levels of the alar (up) and intermediate (ip) plates (shaded areas in the schematic 
diagrams of El5 spinal section). Each region is 100 km by 400 pm in the coronal plane, beginning at the ventricular surface, and consists of a 
germinal zone (mz, sz, tz) and an intermediate zone (IZ). The region measured is subdivided into 20 bins each 20 km long (I-XX) parallel to the 
ventricular surface. A value of the number of BrdU-labeled nuclei or optical density of hybridization signals for each bin is expressed as a percentage 
of the maximum level. In the ap, the germinal matrix extends over 200 pm (10 bins), but only 60 p.m (three bins) in the receding intermediate 
plate. In the ap, BrdU-labeled nuclei are concentrated in bins III-V, corresponding to the synthetic zone (sz); the BrdU-poor area is located in bins 
VI-X, corresponding to the transitional zone (tz). The distribution of GAD,, mRNA (bins VI-XX) is complementary to that of a4 subunit mRNA 
(bins I-V). There are distinct differences in distributions of BrdU-labeled cells and 014 subunit mRNA between the alar and intermediate plates; (~4 
subunit mRNA in the ip (bins I-III) is much more abundant than in the ap (bins I-V), while BrdU-labeled nuclei are predominant in the ap. 
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(Altman and Bayer, 1984). Since this region lies at the junction 
of the VZ and IZ and contains many migrating cells, we have 
used the term transitional zone (TZ) to refer to this part of the 
germinal matrix in the developing spinal cord. It is noteworthy 
that GAD,, mRNA signals were barely detected in the VZ, but 
became abundant in the TZ (cord) or SV (cortex) and continued 
to be present throughout the IZ. After birth, the signals were 
widespread in all layers of the spinal cord except the motoneu- 
ron pools (Ma et al., 1994). From this we conclude that cells in 
the proliferative zone begin to express in situ-detectable levels 
of GAD,, mRNA as they are migrating out of the germinal ma- 
trix. 

The above conclusion is supported by an immunocytochem- 
ical study in which the differentiation of the GABA phenotype 
in dissociated cell cultures of rat cerebral cortex was examined 
with a 1 l-n pulse of BrdU (Gotz and Bolz, 1994). Cells disso- 
ciated during the S-phase failed to express GABA. However, 
cells dissociated and cultured 24 hr after the S-phase began to 
express GABA, indicating that GABA synthesis in cell culture 
becomes functional within 24 hr of terminal DNA synthesis. Our 
previous immunostaining of embryonic spinal cord with the K2 
antibody, which primarily recognizes GAD proteins encoded by 
the GAD,, gene (Kaufman et al., 1986; Erlander et al., 1991) 
showed that some cells in the VZ, including a small number of 
mitotic cells, were immunoreactive (Ma et al., 1992b). In the 
present study, only a few cells in the DNA synthetic zone were 
labeled with the probe for GAD,, mRNA (Fig. 3). This discrep- 
ancy may be related to the polyclonal nature of the K2 antibody, 
which recognizes full-length GAD protein as well as truncated 
GAD proteins encoded by alternatively spliced variants of 
GAD,,. It is known that during embryonic development, GAD,, 
transcripts are spliced to include an exon that contains an em- 
bryonic stop codon (Bond et al., 1990). The alternatively spliced 
transcript may result in a truncated protein. The probe for GAD, 
mRNA used in the present study may not hybridize the spliced 
sequence, but K2 may detect the truncated protein which may 
synthesize low levels of GABA (Szabo et al., 1994), below de- 
tection by immunocytochemistry. 

GABA, receptor 1x4, PI, and yl subunit rnRNAs transiently 
appear in premigratory neuroblasts 

We have also demonstrated that, in clear contrast to the GAD,, 
mRNA distribution pattern in the outer aspect of the germinal 
matrix, GABA, receptor a4, B 1, and y 1 subunit mRNAs were 
abundant in the inner half of the germinal matrix, corresponding 
to the VZ, including the sz and mz. They were barely detected 
in the TZ or SV and not detectable in the IZ. This implies that 
proliferating cells might express the trio of subunit mRNAs. 
However, it cannot be determined precisely from the present 
study whether some DNA-synthesizing cells also express the 
transcripts; in order to answer this question it will be necessary 
to use a double-labeling technique combining in situ hybridiza- 
tion with BrdU immunocytochemistry in the same section. It is 
worth mentioning that in the lumbar region of the El5 spinal 
cord there are complementary distributions of transcripts for trio 
subunits (a4, Bl , and y 1) of GABA, receptor and BrdU-labeled 
nuclei in the VZ along the ventrodorsal axis. The subunit tran- 
scripts were more abundant in the receding VZ (ventral part) 
than in the neurogenesis-active VZ (dorsal part), indicating that 
cells in the VZ may begin to express the mRNAs immediately 
after their last cell division. 

It is interesting to note that o4, Bl, and yl subunit mRNAs 

begin appearing in the mantle zone of many brain regions with 
distinct distributions during the late embryonic/early postnatal 
period (Laurie et al., 1992; Poulter et al., 1992, 1993). The tran- 
script for (-w4 subunit is abundant in the thalamus, hippocampus, 
neocortex, and basal nuclei; Bl mRNA is found in the hippo- 
campus and olfactory bulb, and yl mRNA is concentrated in 
the limbic system, such as the septum, hippocampus, amygdala, 
and hypothalamus. This late wave of subunit expression in the 
mantle zone may be involved in GABA’s role as a chemical 
mediator of intercellular communication. 

GABA may be involved in neuroblast migration 

The functional significance of GABA, receptor subunit and 
GAD,, mRNA expression in cells of the germinal matrix has 
not yet been determined. The present study has shown that 
mRNAs encoding GAD and GABA, receptor subunits may be 
expressed by neuroblasts as they are migrating; a4, Bl, and yl 
subunit mRNAs whose products are thought to comprise Cl- 
ion-selective channels seem to precede GAD,, mRNA. GABA 
immunostaining of El7 neocortex has shown a cluster of posi- 
tive cells in the SV, and occasionally in the VZ, indicating that 
GAD,, mRNA-containing cells detected in the proliferative 
zone may synthesize GABA. GABA present in cells and pro- 
cesses within the SV and mantle zone may be released and in- 
fluence neuroblast motility and migration. In fact, using an in 
vitro microchemotaxis assay, it has been shown that subpopu- 
lations of cells acutely dissociated from the embryonic spinal 
cord (Behar et al., 1994b) and cortex (Behar et al., 1994~) mi- 
grate in response to GABA. These chemotropic effects were 
mimicked by muscimol and baclofen and inhibited to a variable 
degree by bicuculline, picrotoxin, and saclofen, suggesting that 
the effects on motility involve GABA receptors whose phar- 
macology overlaps with both GABA, and GABA, receptor 
types. The majority (>95%) of migrating cells were immuno- 
reacted with anti-neurofilament antibodies and were considered 
postmitotic neuroblasts. How GABA, receptor subunits that are 
putatively colocalized in premigratory neuroblasts are involved, 
if at all, in the chemotropic effects of GABA is a challenge for 
future study. 

The trio of (~4, Bl, and y 1 transcripts could encode proteins 
that assemble into Cll channels. The GABA, receptor/Cl- ion 
channel complex is thought to be a hetero-oligomer composed 
of five subunits (for review see Olsen and Tobin, 1990). There 
is evidence from recombinant studies that single subunits, for 
example, the B 1 subunit itself, can form functional Cl- channels 
(Sigel et al., 1989). In codfish brain, a functional receptor is 
formed in vivo from five identical subunits (Deng et al., 1991); 
and two mRNAs for oil and Bl subunits injected together into 
oocytes created receptors that mimicked many properties of na- 
tive GABA, receptor/Cl- channels (Schofield et al., 1987). Al- 
though we do not know if the trio of transcripts results in pro- 
teins that assemble into Cl- channels, patch-clamp recordings of 
cells in the VZ of rat neocortex reveal functional GABA,-type 
receptors coupled to Cll conductance mechanisms (Lo Turco 
and Kriegstein, 1992). Furthermore, neuroepithelial cells acutely 
cultured from the embryonic spinal cord at El3 depolarize in 
response to muscimol (Walton et al., 1993) and exhibit Cl- chan- 
nels gated by GABA (Serafini et al., 1993). Digital videomicro- 
scopic and flow cytometric recordings demonstrate that over 
80% of the spinal cord and cortical neuroblasts depolarize to 
GABA and muscimol during the last week of embryogenesis 
(Mandler et al., 1990; Marie et al., 1993; Walton et al., 1993). 
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These results indicate that GABA receptor-coupled Cl- chan- 
nels are widespread and functional during embryogenesis of the 
spinal cord and cortex, where they serve to depolarize cells ac- 
cording to the existing Cl- ion gradient. Perhaps the trio of a4, 
pl, and y  1 transcripts encodes proteins that form some of the 
functional Cl- channels and these mediate some of the motility 
signals. 

Finally, it is well established that the GABA, receptor/Cl- ion 
channel is the target for a wide variety of clinically important 
and psychoactive compounds including ethanol (for review see 
Olsen and Tobin, 1990). Proteins encoded by GABA, receptor 
subunit (-w4, PI, and yl mRNAs in the mitotic and synthetic 
zones may be targets for these drugs and perhaps other terato- 
gens. Prenatal exposure of rats to teratogens such as ethanol 
causes profound disruptions in neuronal generation and migra- 
tion within the cortical germinal matrix (Miller, 1988, 1989). 
Such alterations can lead to microcephaly, craniofacial malfor- 
mations, behavioral abnormalities, and cognitive or learning de- 
ficiencies; all are characteristic of the fetal alcohol syndrome in 
children (Sulik et al., 1981). Although the molecular basis and 
cellular mechanisms of the fetal alcohol syndrome have not been 
elucidated, ‘H-thymidine autoradiographic studies indicate that 
ethanol inhibits cell proliferation and migration in the VZ, 
whereas it stimulates proliferation of subventricular cells (Miller, 
1989). The products of (~4, pl, and y  1 transcripts in the prolif- 
erative zone may mediate some of the teratogenic effects of 
ethanol. 

In conclusion, the components for a GABAergic circuit that 
functions during the embryonic period of spinal cord and cor- 
tical development are present. The complementary anatomical 
distributions of the different components taken together with re- 
sults on neuroblast motility in vitro suggest that one function 
this putative circuit could serve involves migration out of the 
neuroepithelium and into the zone of cellular differentiation. The 
physiological signals mediated by GABA during the embryonic 
period of morphogenesis remain to be resolved. 
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