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The A-type receptorsfor the neurotransmitter GABA have been
shown to be composedof a number of protein subunits designated cy,8, y, 6, and p (Burt and Kamatchi, 199I). In situ hybridization ofcDNA probesto mRNA coding for thesesubunits
has revealed a wide and varied distribution in the adult CNS
in number of species(Olsen and Tobin, 1990). From theseresults, it is now clear that the number of possiblesubunit combinations that may form GABA, receptors may theoretically
range from several hundred to as many as several thousand.
The relevance of this heterogeneity with regard to the action of
GABA at the level of resolution of a singlechannel, singlecell,
or neural circuit has not been elucidated. However, it is likely
that the dynamics of GABA-meditated neurotransmissionmay
be considerably more complex than our presentunderstanding
of GABA ion channel function indicates.
Presently, the a-subunit appearsto exist in the largestnumber
ofvariants. Six different subunit cDNAs have beenisolatedfrom
a number of species(a,+,: Schofield et al., 1987; Levitan et al.,
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The expression
of mFlNAs coding for a,, a,, a3, aI, and a6
subunits of the GABA, neurotransmitter receptor was followed during the development
of the rat CNS by in situ hybridization
histochemistry.
Expression
of these subunit
ml?NAs in tissue sections of embryonic
day 15 and 17 (El 5,
E 17) whole rat and in brain at ages >El7
to adult were
varied, transient, and region specific. Subunit mRNAs first
detected at El 5 were those coding for the a2 and a, subunits.
At El7 , a?, a3, and a, mRNAs were present in abundance
in
numerous areas in the CNS, with lower but significant amounts
of as being present in the cortical
neuroepithelial
layers.
However, a8 subunit mRNA expression
in the cortex declined
until little or no a, mRNA was detected
at E19. a, subunit
mRNA first appeared
at El9 in the cortex, followed
by expression in the hippocampus
by postnatal
5 (PN5). Particularly high expression
of a2 and a5 subunit mRNAs was detected throughout
the developing
CNS, but they were most
abundant
in the olfactory bulb neurons. The high levels of
a, and a, subunit mRNAs began to decline around PN5 to
the amounts observed
in adult. These results demonstrate
that numerous
GABA, receptor
a-subunits
are expressed
before birth in a region- and age-specific
manner. This complex and varied expression
supports
the hypothesis
that
GABA may play a role in cellular and synaptic differentiation.
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1988b; Khrestchatisky et al., 1989; Lolait et al., 1989a; Stephenson et al., 1989; Ymer et al., 1989; Kato, 1990; Luddens
et al., 1990;Pritchett and Seeburg,1990;(Y,:Wisdenet al., 1991).
It is generally accepted that the a-subunit possesses
the benzodiazepine binding site, and each subtype has variable selectivity for different drugswithin this class(Guidotti et al., 1990).
In addition, different a-subunits may play a role in determining
the efficacy of GABA’s action (Levitan et al., 1988b; Sigel et
al., 1990; Puia et al., 1991). Thus, in the adult CNS, it would
appear that a-subunits physiologically (and pharmacologically)
modulate the action of GABA at its receptor.
Beyond its role asa neurotransmitter,another action of GABA
(as well as other neurotransmitters) that has been suggestedis
that it may play a trophic role before birth (Wolff, 1981; Lauder
et al., 1986; Redburn and Schousboe,1987). A number of biochemical studieshave demonstratedthe presenceof GABA and
its receptors in embryonic CNS (Meier et al., 1991). More importantly, perhaps,responsesto cxogcnously applied GABA in
embryonic hippocampal and spinal cord neurons has been recorded in vitro (Fiszman et al., 1990; Mandler et al., 1990).
Most recently, Northern analysesof some a-subunit mRNAs
(a,, az>%(4)[this article usesthe nomenclature of Malherbe et
al. (1990) who have called this sequence(Ye,whereasMacLennan et al. (1991) called this sequence(~~1)
of whole embryonic
and early postnatal brain tissueshave shown that their transcription varies during late embryogenesisand early postnatal
life (MacLennan et al., 1991). These observations imply that
the expressionof GABA, receptor subunits may play a developmental role in the CNS by “tailoring” the action of GABA.
In light of thesetwo aspectsof the physiologicalaction GABA,
this study wascarried out with the intent to describethe regionspecificontogenic expressionof the five rat a-subunit sequences
that have been reported to date (cloning of a rat cy4subunit was
reported after submissionof this study; cy,:Lolait et al., 1989a;
cr,: Khrestchatisky et al., 1991; a13and (Ye:Krestchatisky et al.,
1989; Malherbe et al., 1990; cu,:Luddens et al., 1990). In combination with a recently completed study on the ontogenic expressionof mRNAs for the @,-&, yZ, and 6 subunits (Poulter et
al., 1991b; M. 0. Poulter, J. L. Barker, A.-M. O’Carroll, S. J.
Lolait, and L. C. Mahan, unpublished observations)in our laboratories, it is hoped that this knowledge will serve asa foundation for the following: (1) it may allow investigators to correlate the properties of the GABA, receptor chloride channel
to the known subunits combinations in vivo, and 2) it may
further our understandingof how GABA may contribute as a
neuromediator to cellular differentiation and synaptogenesisin
the CNS.
Thesedata have beenreported in a preliminary form (Poulter
et al., 1991a).
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Figure 1. Expression of GABA a-subunit mRNA in E 15 rat embryos. SpC, spinal cord; Md, medulla; cb, cerebellum ne; Ph, posterior hypothalamic
area; nth, anterior thalamus; ith, intermediate thalamus; bti, basal telencephalic plate interm; hi, hippocampal ne; oc, olfactory cortex ne; cx, cortical
ne. Arrows A-D correspond to Figure 2A-D, respectively.

Materials

and Methods

Probe sequences. Oligodeoxynucleotide
probes homologous to mRNA
sequence coding for the amino acids in the putative cytoplasmic domains of the a-subunits (except the LY*probe, which is homologous to
the signal sequence) were synthesized using an Applied Biosystems 380A
DNA svnthesizer (courtesv Dr. Michael Brownstein LCB. NIMH). Sequences to which the probes were complimentary are given below along
with the source for the sequence:
LY,(Lolait et al., 1989a):
5’ CAA GAA AAG CCA AAG AAA GTG AAG GAT CCT CTC ATT
AAG AAA AM2 AAC 3’.
(Y*(Khrestchatisky et al., 199 1):
5’ GTA TGG TTT CCG CTG CTT GTT CTC Cl-G GTG TGG AAC
CCA GCC AGG TTG 3’.
(Y)(Malherbe et al., 1990):
5’ ATC TCC AAG GCT GCT GCT GCT CCC AGT GCT TCT TCA
ACT CCA ACA GTG 3’.
a, (Khrestchatisky et al., 1989; Malherbe et al., 1990):
5’ GAA CGT GAA CTC ATA CTA AAT AAG TCA ACA AAT GCT
TTT ACA ACT GGG 3’.
(Ye(Luddens et al., 1990):
5’ GGT AGC AAA GTC AAA AAC AAC TGA ATC ACT CGA AGC
TGA GAT TGT TGT 3’.
In situ hybridization histochemistry. All tissues used in this study
(obtained from timed-pregnant Sprague-Dawley rats killed by CO, asphyxiation or, in the case of postnatal and adult rats, by decapitation)
were fresh frozen on dry ice and stored at - 80°C until sectioning. The
plane of section for embryonic day 15 and 17 (E 15, E 17) whole embryos
was narasaaittal. E19. E20. and nostnatal dav 5 (PN5) whole rat heads
were sectioned horizontally. PN3 and adult-rat ‘brains were sectioned
parasagittally.
Sections (12 mm thickness) were thaw mounted onto twice gelatincoated slides and subsequently stored at -80°C until hybridization.
Oligonucleotide probes were tailed using %-ATP and deoxynucleotidyl
transferase to a specific activity of 350&5000 Ci/mmol (Lolait et al.,
1989b). Fixed and dehydrated sections were incubated overnight (- 18
hr) with 35S-labeled probes in hybridization solution at a concentration
of l-2 x lo6 dpm/45 ml as previously described (Young et al., 1986).

Sections were then washed four times for 15 min each in 55°C 1 x
standard saline solution (SSC) followed by two washes in 1 x SSC for
1 hr at room temperature. Sections were rinsed in distilled water, dried,
and then exposed for 34 weeks to Hyperfilm Bmax (Amersham). Signals
detected above background on autoradiographic film were confirmed
as being specific to cell bodies (density of graining more than twice
background over cells vs intracellular space) by viewing NTB-2 emulsion-dipped slides (10-12 week exposure) counterstained with either
toluidine blue or thionine. All observations reported in this study are
those that were reproduced in a minimum of three different experimental
occasions using different animals. On each occasion, sections of embryonic, postnatal, and adult rat (E12, El5, E17, E19, E20, E21, PNl,
PN3, PN5, and adult) were sequentially fixed, incubated with hybridization fluid containing the appropriately labeled probe, and washed as
a set (2200 slides at a time and including sections for hybridization
with & yZ, and 6 mRNAs; Poulter et al., 199lb; accompanying manuscript). Sections illustrated in Figures 1, 2A,B, 3, 5, 8, and 9 were processed together. Illustrations in Figures 2C,D, 4,6, and 7 were processed
on a different occasion.
The probes used in this study were determined to be selective based
on the following criteria: (1) labeling tissues with sense probes (o, and
LYJshowed no detectable cell-specific labeling; (2) identical patterns of
expression were observed with three different probes to a single subunit
on separate occasions and most importantly as a final control; (3) each
probe yielded labeling patterns in adult coronal (not shown) and parasagittal sections (see Fig. 9; a,: Lolait et al., 1989a; LY,,c+, a,: Luddens
and Wisden, 199 1: cyI:Malherbe et al.. 1990: a,: Luddens et al.. 1990).
Corroborative evidence that these probes do’ndi cross-react is revealed
by the different distribution and amount of labeling demonstrated by
each probe.
For this study, we have defined the neuroanatomy of the embryonic
rat based on information obtained from whole-body sagittal sections of
E 14 rat in Paxinos et al. (199 1). Since there are rapid changes in the
neuroanatomy occurring during development, the naming of the brain
regions offered for El5 and El7 sections may be only general or only
tentatively identified. No attempt has been made to define exhaustively
all the neuroanatomy depicted in each embryonic slice. For El9 and
PN5 sections, areas were labeled by extrapolation to the anatomical
description the adult rat brain as defined in Paxinos and Watson (1986).
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Table 1. Summary of (1 Subunit mRNAs Expression
Subunit
El5
Cortical ne
Hippocampal ne
Cerebellar ne
Superior colliculus ne
Olfactory ne
Thalamic areas
Medulla
Basal telencephalic plate
Pons
Spinal cord
Ventral
Dorsal
El7
Cortical ne
Hippocampal ne
Cerebellar ne
Superior colliculus ne
Olfactory ne
Thalamic areas
Medulla
Trigeminal ganglia
Basal telencephalic plate
Pons
Spinal cord
Ventral
Dorsal
El9
Cortex
Parietal
Entorhinal
Layer I
Layer II
Olfactory ne
Hippocampus
CA1
CA3
Dentate gyrus
Thalamic nuclei
Ventral
Dorsal
Superior colliculus
Caudate putamen
Cerebellar ne
Olfactory ne
Spinal cord
PN5
Cortex
Parietal
Entorhinal
Hippocampus
Dentate gyrus
Thalamic nuclei
Ventroposteromedial
Ventroposterolateral
Dorsal lateral geniculate
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Table 1. Continued
Subunit
Tenia tecta
Caudate putamen
Cerebellum
Superior colliculus
Olfactory bulb cell layers
Glomerular
Mitral
Internal granule
Spinal cord
Adult
Cortex
Parietal
Entorhinal
Hippocampus
Dentate gyrus
Thalamus
Caudate putamen
Cerebellum
Superior colliculus
Inferior colliculus
Spinal cord
p,

not

detectable above background;

+/-,

aI
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at level of detection;

a5

03
-

+, detectable;

+ +, intense; + + +, very intense,

Results
Tissue sections of El2 and El 3 rat embryos did not show definitive cell-specific labeling for any subunits(data not shown).
It was not until El5 that significant cell-specific expressionof
mRNAs wasdetected, thosebelongingto the cyZand (Yesubunits,
aswell aslow levels of a5and (YemRNAs (seeTable 1; Figs. 1,
2). In contrast to the diffuse expressionof the other mRNAs,
(YemRNA wasdiscretely localized to a number of tissueregions.
Cells of the olfactory cortex neuroepithelium (ne) and anterior
thalamic region (Figs. 1; 2.4,B) were rich in (YemRNA. Also,
lower expressionwas observed in the interior thalamic region.
There were also clusters of (YemRNA-positive cells observed
immediately adjacent to the spinal cord and medulla (Fig. 2C’).
Theseare likely to be dorsal root ganglion cells.mRNA coding
for the q subunit was abundant in the spinal cord and medulla
(Fig. 20); however, little mRNA wasdetected in higher regions
of the CNS (e.g., the cortical ne and thalamic regions).
The patterns of expressionobservedin El 5 sectionswere also
evident at El 7; however, the clustersof a2mRNA-positive cells
associatedwith the medulla and cervical spinal cord were not
detected. It is not clear whether this lossof signal represents
migration of the cu,-positivecellsor that the plane of sectionfor
the El 7 embryos failed to include thesecells. Expressionof q,
subunit mRNA waspronouncedin thalamic and olfactory areas,
while (Y)mRNA remained localized to more caudal brain areas
(Figs. 3,4). (YemRNA wasdetectedin most CNS areas;however,
this expression was not diffuse within the tissue. Rather, its
distribution was often punctate as evidenced by the cellular
distribution observed on the ventral surface of the basal telencephalicplate (Fig. 4F). Cellular expressionof agmRNA was
mostprominent in the cortices,whereasno signalwasdetectable
in the cerebellarne. This distribution is in sharpcontrast to that

observedin the adult, wherethe expressionofa, subunit mRNA
is almost completely localized to the cerebellar tissue(seeFig.
9; Luddens et al., 1990).
After E17, mRNAs for all five subunits were expressedto
some degree throughout the CNS (Table 1). However, most
immediately striking was the abundanceof (YemRNA in El9
brain sections. Particularly strong expressionwas seenin the
hippocampusand thalamus. In contrast to the punctate distribution seenat El 7, (YemRNA wasdiffusely distributed throughout a particular tissueregion at E19. Expressionwasgreater in
anterior regionsof the brain than in thosemore posterior. Thus,
in the anterior caudate-putamenthere were moderate levels of
cysmRNA whereasonly relatively low expressionwasobserved
in the posterior caudateand entorhinal cortex. (YemRNAs were
observed in entorhinal cortex in the outer layer (labeled I in
Fig. S), whereasa3mRNAs wasobserved only in the inner layer
(labeled II in Fig. 5). (Y, mRNA was in both layers. The expressionofcu,and cy3subunit mRNAs decreasedin more anterior
regionsof the cortices, in contrast to the abundant expression
of (Y*mRNAs in the parietal cortex. Finally, at the tip of the
developing olfactory bulb, a band of cells was intensely labeled
by (Yeand a, subunit mRNA probes (Fig. 5). There was also
moderate and diffuse expressionof (Ye,LYE,
and C+mRNAs in
horizontal sectionsof spinal cord (data not shown).
Horizontal sectioning of E20 brain above the hippocampus
revealed a similar distribution of cy,,(Ye,cy,, and cy5mRNAs in
cortical regions (Fig. 6). Again, the most striking results were
those obtained with the (Yeand LYE
probes. There was intense
labeling in the outer cell layers of the parietal cortex for LY*
mRNA, in contrast to (YemRNA, which wasfound throughout
the cortical cell layers. Labeling for cy2mRNA declined in more
posterior regionsof the parietal cortex; however, there wassome
expressionin the occipital cortex. In contrast to the distribution
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Figure 2. High-magnification
photographs of (Y*and (Y) mRNA-positive
cells at El 5. A and B, Bright-field photos of olfactory ne cells (A) and
anterior thalamic cells (B) positive for (YemRNA. C, Dark-field photo q-positive cell cluster adjacent to medulla. D, Spinal cord neurons are
positive for a3 mRNA. A-D correspond to arrows A-D, respectively, in Figure 1. Scale bars: A, 10 pm for A and B, C, 50 pm for C and D.

observed in the entorhinal cortex of the E19 embryo, LY,and (Y,
mRNAs were not localized to any particular cell layer in the
higher cortices. Also evident in the low-magnification photo of
the C-Q
section (Fig. 6) wasthe intense labeling at the inner edge
of the occipital cortex, which was tentatively identified asfrom
the cell bodiesof the superiorcolliculus. This planeof sectioning
also revealed the layer-specific expressionof a,, LYE,
q, and LYE
subunit mRNAs in the olfactory bulb. Thus, a, mRNA was
highly expressedin the mitral cell layer while (Y?mRNA was
presentin the outer glomerular cell layer. CQmRNA was present
in the outer cells of the granule cell layer, whereasCY~
mRNA
predominated throughout the internal granule cell region.
Beginning at El9 and continuing through to the early postnatal period (PN5), several patterns of subunit mRNA expression were evident. There was transient, moderately high expressionof (Y*and (YemRNA at E19 in areaswhere they are
expressedin adult (e.g., thalamus; Fig. 5), which then declined.
This pattern differs from the expressionof (Yesubunit mRNA,
which was high in most brain regions, some of which showed

little or no expressionin adult (e.g., compare thalamic areasin
Figs. 5, 7, and 8, a5, to those in Fig 9). Another example of
how mRNA expressionvaried during this time is exemplified
by the distribution of (Y, mRNA. It was present in a number
cortical regionsand olfactory ne layers asearly asE19 at levels
comparable to those seenin adult, yet only barely detectable
levels were observed as late as PN3 in the hippocampus, an
area where they are present in abundance in adult (compare
Figs. 7, 9). CQ,
mRNA first detected at E 15 was not observed at
all after El 7. These differing complex profiles of expression
suggestthat many factors may regulate a-subunit gene transcription or mRNA turnover during development.
Finally, Figure 9 shows the distribution and relative abundanceofthe a-subunit mRNAs in sagittalsectionsofadult brain.
Most noticeably, the amount of LYE
subunit mRNA declined to
levels that are similar in magnitude to those of the other subunits, lending credence to the observation that c+ is preferentially expressedin large amounts early in development. All distributions are similar to those reported in other studies (LX,:
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Figure 3. Expression
of GABA a-subunitmRNA in El 7 rat embryos.SpC,spinalcord; Md, medulla;cb, cerebellumne; SC,superiorcolliculus
ne;tg, trigeminalganglia;T/z,thalamicarea;bti, basaltelencephalic
plateinterm;hi, hippocampal
ne; oc,olfactorycortex ne;cx, cortexne.Arrows
A-F correspond
to Figure4A-F, respectively.

Lolait et al., 1989b; LY,,(Y,, LX,:Luddens and Wisden, 1991; LYE:
Malherbe et al., 1990; (Y,:Luddens et al., 1990), indicating that
our oligonucleotide probeswould appearto be reliable markers
of the ontogenetic expressionof a-subunit mRNAs.

Discussion
This study has revealed the complex, transient, and regionspecific expressionof all GABA, receptor a-subunit mRNAs
thus far reported in rat CNS. (Preliminary data obtained by our
laboratory indicate that the LYE
subunit mRNA is expressedat
very low levels during embryogenesis;moderate levels do not
appearuntil PN3-PNS, primarily being located in the olfactory
bulb glomerular cell layers, parietal cortex, ventroposterolateral
and ventroposteromedial thalamic nuclei, and caudate-putamen.) Certain a-subunits mRNAs are evident at mid embryogenesisbefore classical well-differentiated forms of synaptic
transmissionhave been established.The early appearanceand
transient nature of some, but not all, of the a-subunit mRNAs
increasesthe speculation that the activity of GABA, receptor/
chloride channels somehow contribute to the development of
CNS. A corollary to this hypothesis would be that the nature
of this presumably GABAergic signal would be controlled by
the properties that the a-subunits confer to the embryonic GABA, receptor ion channel complex.
Most of what is known about the influence different a-subunits have on GABA, receptor properties has been elucidated
from the expressionof cloned subunitsin various combinations
in Xenopus oocytes and other non-neuronal cells. In general,
theseexpressionsystemshave shownthat the potency of GABA
varies with the a-subunit usedto “construct” the receptor (Levitan et al., 1988a,b, Malherbe et al., 1990; Sigel et al., 1990;
Puia et al., 1990). Two generalizations can be made about receptors expressedin this manner: (1) +-containing receptors
confer the highest sensitivity to GABA (EC,, = 10 PM; Mal-

herbe et al., 1990; Sigelet al., 1990), and (2) despitethe varying
affinity for different benzodiazepinesdepending on the a-subunit, the modulatibility still dependson someallosteric action
with both /3- and y-subunits. The latter conclusion is basedon
data demonstrated in Sigel et al. (1990), who showedthat the
potentiation of the GABA responseby diazepam was 30% in
oocytes expressingc~~a,y~and 136% in those oocytes injected
with &y2 mRNAs. One discrepancy between the early work
done in oocytes and other non-neuronal cells and GABA responsesrecorded from nerve cells was the variability in Hill
coefficients obtained. Most combinations of subunitsproduced
Hill coefficientssignificantly lessthan 2, the value that is usually
calculatedfrom data obtained from neurons(Mohler et al., 1990).
Hill coefficientsof 1 were obtained in oocytesexpressinga single
a-subunit in combination with /3- and y-subunits (Levitan et
al., 1988a; Lolait et al., 1989b, Malherbe et al., 1990, Sigel et
al., 1990). However, doseresponse curves obtained from oocytes expressingreceptors comprised two different a-subunits
(along with /3-and y-subunits) or receptorsexpressedfrom whole
brain mRNA have Hill coefficientsthat were closeto 2 (Mohler
et al., 1990; Sigel et al., 1990). Thus, is it evident that the crsubunit may also confer some degreeof cooperativity to the
action of GABA. However, this information was gleanedfrom
non-neuronal cells, in which the receptor is expressedin an
environment that may not be comparable to the receptor expressedin neuronal membranes.Examplesof uncertainties that
might arise that may significantly alter the function of the receptor are the nature of posttranslational modification (phosphorylation or glycosylation), as well as the lipid environment
in which the receptor operates (for review, see Sigel, 1990).
Therefore, while it is evident that a-subunits have profound
effects on GABA-mediated responsesin vitro, one should cautiously and not simplistically ascribe unique functional attributesto a singlesubunit or even to a classof subunit in receptors
expressedin vivo.
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Figure 4. Dark-field photos of the three
highly expressed a-subunits at E17.
Dark-field photos of olfactory cortex ne
show expression of a2 mRNA in the
outer layer (A), C+ mRNA throughout
this region Q, and little (YemRNA (C).
There was intense diffuse labeling of a2
and LYEmRNAs in thalamic regions (B
and D, respectively), which contrasts to
the apparently regular punctate distribution of a5 mRNA in basal telencephalic plate interm (E). Arrows in D indicates the location of the cortical ne
lacking (Y) mRNA, cx, cortex ne; Th,
thalamic area. A-F correspond to arrows A-F in Figure 3. Scale bar, 50 pm.

in Rat CNS
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Figure 5. Horizontal sectionsof wholerat headat El9 showingthe distributionof all a-mRNAs.cb, cerebellum;
SC,superiorcolliculus;Th,
m, olfactory mitral ne; Par, parietalcortex; Ent, entorhinalcortex; Z,layer I; ZZ,layer II; dg, dentategyms;CPU,
thalamicarea;hi, hippocampus;
caudate-putamen.

At this time, the most complete information that exists about
the differencesbetweena-subunitsis the relative binding affinity
they have for various benzodiazepine-type ligands. For example, Luddens et al. (1990) have shown that receptorscomposed
of an (Yesubunit (along with &, yz) doesnot bind diazepam or
flunitrazepam with high affinity, in contrast to a receptor composedof cu,&y,. However, LYE
doesbind the negative modulator
Ro 15-4513 with high affinity. The detection of a high-affinity
site for the drug Ro 15-4513, which has beenreported to antagonize the potentiating and GABA-mimetic effects of ethanol
(EtOH; Suzdak et al., 1986; Ticku and Kulnarn, 1988), haslead
to speculation this a-subunit may at least partially mediate
EtOH’s behavioral effects (Luddens et al., 1990). Thus, in this

case the potentiation of GABA by EtOH, at least pharmacologically, may be determined by the presenceor absenceof
different a-subunits.
Our results have shown that (Yeor cy5mRNAs and to lesser
extent (Yewere the most abundant of the transiently expressed
subunit mRNAs in many regionsof the CNS. Each peakedin
expression in a region-specific manner by El 9 and decreased
thereafter to the levels seenin adult brain (including a complete
disappearancein someregions).The expressionprofile reported
in this study extends the recent data reported by MacLennan et
al. (199 l), who demonstrated, usingNorthern analysisof whole
rat brain, that (Y*and q (a5by our nomenclature)mRNAs were
expressedin larger amounts during development than in adult.
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Bulb

Parietal Cortex

Occipital Cortex

6. Differential distribution of highly expressed a-subunit mRNAs in E20 cortex and olfactory bulb cell layers. a, and a, mRNAs predominate
in the mitral cell layer, CT*predominates in the glomerular cell layer, and CY~mRNA predominates in the granule cells and is virtually absent from
all other areas. Arrows indicate areas where dark-field photographs were taken. In cortical layers C+ mRNA predominated in the outer layers of the
parietal cortex, in contrast to the diffuse expression of CT)and C+ mRNAs. In the occipital cortex there was intense expression of CX~mRNA and
moderate expression of all others. Also note the intense expression of CT*mRNA in the inner edge of the occipital cortex. Scale bar, 50 pm.

Figure

However, they found little a, subunit mRNA before birth,
whereaswe have shown detectable amounts in some regions
(seeE17-El9 and E20, Figs. 3, 5, 6). This discrepancy would
arise from the fact that a, is only expressedin low levels and
only in a few tissueregions. Therefore, their detection method
might not have been sensitive enough to pick up this diffuse
expression.Support for this notion is found in Gambarana et
al. (1990) who demonstrated low levels of a, receptors in El8
rat tissuesusing in situ hybridization.
Receptorscontaining any one of the a*, a,, or a5subunitshave
been correlated with the type II benzodiazepine binding site.
This binding site hasbeen distinguishedfrom the type I site by
having only a low affinity for the benzodiazepine analogCl 2 18
872 (Squireset al., 1979; Pritchett et al., 1989). An added complication has been reported by Pritchett and Seeburg (1990)
who have shown that this classification could be further refined
basedon the data showing that a,-containing receptors have a
higher affinity for Cl 218 872 than receptors containing either

the a2 or aj subunits (so that the rank order of affinity for Cl
218 872 is a, > a, > a2 = aJ. The ontogenic profile of type I
and type II binding sitesin homogenizedneonatal mousecortex
and cerebellum hasdemonstratedthat the affinity of Cl 2 18 872
(basedon displacementflunitrazepam from its high-affinity site)
increasedfrom the time of birth to a steady state 5 weeksafter
birth (Garrett and Tabakoff, 1985). These results imply that
type II receptorspredominate at birth but subsequentlydecline.
This could not be explained by an alteration in affinity since
Scatchard analysesshowedan increasein high-affinity sitesfor
Cl 2 18 872 and a decreasein low-affinity sitesand therefore an
increasetype I receptors after birth. Both the data reported in
this study and those reported by MacLennan et al. (199 1) correlate well with the predominance of type II receptors (a?, a3,
and a5 mRNA subunit expression)at birth and subsequentincreasedexpression of type I binding site (associatedwith a,
mRNA subunit; Prichett et al., 1989) thereafter.
The patterns of expressionof a-subunits reported here and
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Figure 7. Expression ofa-subunit mRNAs in PN3 hippocampal area. Sag&al sections revealing the hippocampal region show differential expression
of a-subunits. Noteworthy is the low expression of a, (A) and a, (II) mRNAs in contrast to the high expression of a2 (c) and (Ye(0) mRNAs. Th,
thalamus; dg, dentate gyrus; cx, cortex.

the functional properties observed with different combinations
of cloned a-subunits prompt the question of whether different
subunit combinations of the GABA, receptor confer attributes
to embryonic neurons that may be important for the development of the CNS. This question is particularly relevant since
classically described synaptic functions are in the process of
differentiation and any activation of thesereceptorscould only
arise from any ambient GABA (i.e., GABA not releasedby
synaptic transmission) in the extracellular space. Immunocytochemical evidence for the presenceof GABA and glutamic
acid decarboxylase has been reported throughout mid to late
embryogenesis(Fuji et al., 1985; Lauder et al., 1986), and so it
is possiblethat these receptors are coming in contact with significant amounts of GABA in the extracellular space. Additionally, some steroidal compounds may act on their own on
embryonic GABA receptorsor potentiate the action of the any

ambient GABA present (cf. Karavolas and Hodges, 1990).Numerous studieshave demonstrated that GABA can act asneurotrophic agent (for review, seeMeier et al., 1991). GABA also
hasbeenshown to alter receptor subtype expressionin cultured
cerebellar neurons. For example, the absenceof GABA in the
growth mediaofcultured cerebellarneuronsallowedtype I binding sitesto predominate, whereasaddition of GABA coincided
with formation of type II binding sites(Meier et al., 1983, 1984).
Therefore, basedon thesedata, one might hypothesize that low
concentrationsof GABA in embryonic cerebrospinalfluid acting
on embryonic GABA, receptors,having high affinity for GABA,
could be a signal for inducing gene expression important for
differentiation and synaptogenesis(cf. Fiszman et al., 1990;EC,,
of GABA in E 17-El9 hippocampal cells = 100 nM).
Electrophysiological studieshave shown that the polarity of
this potential neurotrophic signal produced by GABA in em-
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Figure 8. Horizontal sections of whole rat head at PN5 showing distribution of all a-mRNAS. cb, cerebellum; SC,superior colliculus; T/r, thalamic
area; hi, hippocampus; dg, dentate gyrus; ob, olfactory bulb, cx, cortex ne; CPU, caudate-putamen. Positive thalamic nuclei labeled: vpm, ventroposteromedial nucleus; vpl, ventroposterolateral nucleus; dig, dorsal lateral geniculate nucleus; tt, tenia tecta.

bryonic and early postnatal neuronsis different than those typically reported in the adult nervous system. Numerous studies
have shown that the GABA may depolarize and trigger action
potentials in neonatal neurons in a number of species(Dunwiddle, 1981; Schwartzkroin, 1982; Ben-Ari et al., 1989; Fiszman et al., 1990; Mandler et al., 1990). Ben-Ari et al. (1989)
have demonstrated a bicuculline-sensitive depolarizing potential in neonatal

rat hippocampus

that reversed at -57

mV or

- 25 mV dependingon whether potassiumacetateor potassium
chloride intracellular microelectrodes were used. The shift in
the reversal potential upon loading the cells with chloride ions
(usingthe potassiumchloride electrode) implies that the potential wasat least partially mediated by chloride ions. Therefore,
the ionic selectivity appearsnot to be different for embryonic
GABA, channelscompared to those expressedin adult, but the
reversal potential for chloride ions would appear to be more

positive in neonatal neurons.The ionic flux of chloride against
its concentration gradient is not unprecedentedsincethis is the
mechanismby which primary afferent depolarization (a GABAmediated synaptic event) occurs in adult spinal cord (Padjen
and Hashiguchi, 1983).However, it may not be efflux ofchloride
ions that directly mediatesany ontogenic modulation. Walton
et al. (199 1) have shownusingfura- calcium indicator dye that
in E15 spinal cord cellsGABA producesa bicuculline-sensitive
increasein internal calcium. Therefore, the Cl- depolarization
by GABA may merely trigger an influx of calcium into the
neuron (through voltage-dependent calcium channels)that then
may induce processesimportant for development and subunit
expression.However, it is hard to imagine that a transient rise
in the calcium would be the only signal responsiblefor all the
neurotrophic effects and phenotypic expression of the GABA
a-subunits, and other signalsmay be produced that may be
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Figure 9. Sagittal sections of adult rat brain showing distribution of all a-mRNAS.
Md, medulla; CPU,caudate-putamen; SC,superior colliculus; ob, olfactory bulb.

important,
such as changes in pH (Kaila and Voipoi, 1990).
In summary, this study has demonstrated
the variable expression ofGABA, receptor o-subunit mRNA during ontogeny.
In vitro functional assays would predict that the phenotype of
the resulting embryonic
GABA, receptors would have a high
sensitivity to GABA and low affinity for positive modulators

(i.e., type II benzodiazepine binding site). This expressionpattern and that ofthe other GABA, subunits(Poulter et al., 1991b)
provide a map of neuronal subpopulations
expressing limited
subunit combinations
that should be useful for correlating GABA, receptor physiology
and pharmacology
in native membrane. Preliminary
studies from our laboratory have correlated
significantly different GABA-mediated
responses to embryonic
neurons expressing different combinations
of GABA subunit
mRNAs (Poulter et al., 199 lc). The significance of the expression pattern, with regard to ontogeny, implies that these em-

bryonic GABA,

August

receptors composed of different a-subunits

(particularly
c+) are important for synaptogenesis. However, the
nature by which they may contribute
to synaptogenesis
is a
matter for further investigation.
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