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ABSTRACT In the adult rat brain, the gene for glutamic
acid decarboxylase (GAD; L-glutamate 1-carboxy-lyase, EC
4.1.1.15) is expressed predominantly as a 3.7-kilobase tran-
script. Earlier data showed that embryonic brain expresses an
RNA transcript distinct from the adult form; however, the
exact structure of this form was not elucidated. Here, tran-
scripts expressed in the embryonic but not the adult brain were
cloned and analyzed. These transcripts include an exon not
expressed in the adult inserted into the coding sequence. The
embryonic exon contains a stop codon that is in-frame with the
coding sequence. The exon is found in genomic DNA within the
GAD gene where it is flanked by introns with conventional
splice sites. On the basis of these structural data, we propose
the hypothesis that, early in brain development, transcripts
encoding a truncated form ofGAD are expressed. The deduced
protein cannot function as a decarboxylase because the stop
codon in the embryonic exon occurs upstream of the binding
site for pyridoxal phosphate, an essential cofactor. Thus,
alternative splicing plays a crucial role in the pathway leading
to the development of functional GABAergic neurons. The
central nervous system-derived cell lines B65 and C6 express a
mixture of the adult and embryonic forms of GAD mRNA.
They therefore are useful clonal models of central nervous
system cells in the early phases of differentiation.

A wide body of evidence shows that morphologically and
physiologically identified classes of neurons in the vertebrate
central nervous system (CNS) can also be grouped according
to patterns of gene expression. A clear example of this is
found in the case of inhibitory neurons which use y-aminobu-
tyric acid (GABA) as a transmitter. The enzyme glutamic
acid decarboxylase (GAD; L-glutamate 1-carboxy-lyase, EC
4.1.1.15) is expressed at high levels in these neurons in
widespread regions of the CNS (reviewed in ref. 1). Neigh-
boring excitatory neurons seem devoid of the enzyme even
when sensitive immunolocalization techniques are used. The
pattern of GAD protein localization is in turn dictated by the
pattern of mRNA accumulation. GAD mRNA is detectable
by in situ hybridization with recombinant DNA probes.
Neurons expressing GAD protein are positive for GAD
mRNA. Neurons not expressing the enzyme do not express
the mRNA (2, 3). Therefore, mechanisms leading to differ-
ential mRNA accumulation must play a crucial role in the
developmental pathway leading to GABAergic neurons.
There is increasing evidence that posttranscriptional

mRNA processing also plays a major role in determining
neuron phenotype. For instance, the choice of calcitonin or
calcitonin gene-related peptide expression by neurons in the
hypothalamus is determined by differential splicing of the
same primary transcript (4). In the course of investigating the
developmental expression of GAD mRNA in the rat, we

previously detected a developmentally regulated change in
the transcripts of the GAD gene (5). Protection assays were
performed with a 260-base-pair (bp) probe from a cDNA
encoding GAD. In the embryonic brain, two pieces were
protected. Only one piece was protected by RNA from the
adult brain.
Here we show that the embryonic form is associated with

another type of differential splicing ofRNA transcripts of the
GAD gene. Early in development, transcripts are produced
that contain an extra exon not found in adult mRNA. This
exon contains a stop codon in-frame with the open reading
frame ofGAD and therefore must encode a truncated protein.
We designate this exon the ES (for embryonic stop) exon. We
propose that the final development of the GABAergic phe-
notype entails two levels of control. One is transcriptional
and determines that only a subset of neurons expresses the
GAD gene. The other involves regulation of the splicing
system. Early in development, the ES exon is spliced into
GAD transcripts; such transcripts cannot direct the synthesis
of enzymatically active GAD. Next, there is a developmental
transition that ensures that the ES exon is excluded from
GAD mRNA, thus allowing full-length functional GAD to be
synthesized.t

METHODS

Polymerase Chain Reaction. (PCR) Amplification, Cloning,
and Analysis of ES Exon. Embryonic day 15 rat brain
poly(A)+ RNA (1 ,ug) was reverse transcribed with avian
myeloblastosis virus reverse transcriptase using an antisense
primer from a rat cDNA sequence (15) homologous to bp
926-945 (GGATATGGCTCCCCCAGGAG) in the rat or 867-
886 in the feline (6). An aliquot (1 ,ul) was amplified by 35
rounds of PCR with primers covering bp 399-418 (CCAA-
GAACCTGCTTTCCTGT) and 926-945. PCR conditions
were 94°C for 1 min, 61°C for 2 min, and 72°C for 1 min. The
PCR products were filled in with Klenow fragments and run
on a low melting point agarose gel and isolated. This band was
then digested with Bgl II and ligated into pBS+ (Stratagene),
which had been digested with BamHI and HincII, to create
pE15PCR; the insert is 549 bp long.

In a similar manner, a much larger region, which included
the translational initiator codon and the ES exon, was am-
plified from embryonic RNA. An aliquot of rat embryonic
day 18 whole brain RNA (1 ,ug) was used as the template for
a reverse transcriptase reaction with a primer corresponding
to bp 1182-1203 (GACATAAAGGGGAACAAATCCC) in

Abbreviations: CNS, central nervous system; GABA, y-aminobu-
tyric acid; GAD, glutamic acid decarboxylase; ES exon, embryonic
stop exon; PCR, polymerase chain reaction.
*Present address: Schering Research, Tumor Biology Division,
Bloomfield, NJ 07003.

tThe sequences reported in this paper have been deposited in the
GenBank data base [accession nos. M38350 (cDNA) and M38351
(genomic)].
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EP10 GGTCCAGCTCCCTGTGGCTGAATCGAGCCCGTTCCTGCGCCCAGACCGCGG
ADULT GGTCCAGCTCCCTGTGGCTGAATCGAGCCCGTTCCTGCGCCCAGACCGCGG

140^

EP1O GGGACACTTGAACAGTAGAGACCCCAAGACCACCGA CATCTT
ADULT GGGACACTTGAACAGTAGAGACCCCAAGACCACCGA T CTT

190^

EP10 CCACGCCTTCGCCTGCAACCTCCTCGAACGCGGGAGCGGATCCTAATACT
ADULT CCACGCCTTCGCCTGCAACCTCCTCGAACGCGGGAGCGGATCCTAATACT

240^

EP10 ACCAACCTGCGTCCTACAACATATGATACTTGGTGTGGCGTAGCCCATGG
ADULT ACCAACCTGCGTCCTACAACATATGATACTTGGTGTGGCGTAGCCCATGG

290^

EP10 ATGCACCAGAAAACTGGGCCTGAAGATCTGTGG.CTTCTTGCAAAGGACCA
ADULT ATGCACCAGAAAACTGGGCCTGAAGATCTGTGG$TTCTTGCAAAGGACCA

A 340^

EP10 ATAGCCTGGAAGAGAAGAGTCGTCTTGTGAG$GCCTTCAGGGAGAGGCAG
ADULT ATAGCCTGGAAGAGAAGAGTCGTCTTGTGAGIGCCTTCAGGGAGAGGCAG

A 390^

EP10 GCCTCCAAGAACCTGCTTTCCTGTGAAAACAGTGACCCTGGTGCCCGCTT
ADULT GCCTCCAAGAACCTGCTTTCCTGTGAAAACAGTGACCCTGGTGCCCGCTT

440^

EP10 CCGGCGCACAGAGACGGACTTCTCCAACCTGTTTGCTCAAGATCTGCTTC
ADULT CCGGCGCACAGAGACGGACTTCTCCAACCTGTTTGCTCAAGATCTGCTTC

490^

EP10 CAGCTAAGAACGGGGAGGAGCAAACTGTGCAGTTCTTACTGGAGGTGGTT
ADULT CAGCTAAGAACGGGGAGGAGCAAACTGTGCAGTTCTTACTGGAGGTGGTT

540^

EP10 GACATACTCCTCAACTATGTCCGCAAGACGTTTGATCGCTCCACCAAGGT
ADULT GACATACTCCTCAACTATGTCCGCAAGACGTTTGATCGCTCCACCAAGGT

590^

EP10 TTTGGACTTCCACCACCCACACCAGTTGCTGGAAGGCATGGAAGGTTTTA
ADULT TTTGGACTTCCACCACCCACACCAGTTGCTGGAAGGCATGGAAGGTTTTA

640^

EP10 ATTTGGAGCTGTCTGACCACCCCGAGTCTCTGGAGCAGATCCTGGTTGAC
E15PCR TCCTGGTTGAC
ADULT ATTTGGAGCTGTCTGACCACCCCGAGTCTCTGGAGCAGATCCTGGTTGAC

690^

EP10 TGTAGAGACACCCTAAAGTACGGGGTTCGCACAGGTCACCCTCGGTTTTT
E15PCR TGTAGAGACACCCTAAAGTACGGGGTTCGCACAGGTCACCCTCGGTTTTT
ADULT TGTAGAGACACCCTAAAGTACGGGGTTCGCACAGGTCACCCTCGGTTTTT

740^

EP1O CAACCAGCTCTCTACTGGTTTGGATATCATTGGTTTAGCTGGCGAATGGC
E15PCR CAACCAGCTCTCTACTGGTTTGGATATCATTGGTTTAGCTGGCGAATGGC
ADULT CAACCAGCTCTCTACTGGTTTGGATATCATTGGTTTAGCTGGCGAATGGC

790^

EP10 TGACATCAACTGCCAATACCAATATGCCATCAGACATGAGGGAGTGTTGG
E15PCR TGACATCAACTGCCAATACCAATATGCCATCAGACATGAGGGAGTGTTGG
ADULT TGACATCAACTGCCAATACCAATAT-------------------------

810^

EP10 TTGCTA CTCAGAGCAGGACCAAAGCATGAGTGTGGCCTC
E15PCR TTGCTAC CTCAGAGCAGGACCAAAGCATGAGTGTGGCCTC
ADULT --------------------------------------------------

EP10 CAGAG------GTTCACATATGAAATTGCACCCGTGTTTGTTCTTATGG
E15PCR CAGAGGTGATGGTTCACATATGAAATTGCACCCGTGTTTGTTCTTATGG
ADULT -----------GTTCACATATGAAATTGCACCCGTGTTTGTTCTTATGG

850^

EP10 AACAGAT$ACACTTAAGAAGATGCGAGAGATCATTGGATGGTCAAATAAAG
E15PCR AACAGATgACACTTAAGAAGATGCGAGAGATCATTGGATGGTCAAATAAAG
ADULT AACAGATCACACTTAAGAAGATGCGAGAGATCATTGGATGGTCAAATAAAG

A 900^
v

EP10 ATGGTGATGGGATATTTTCTCTTGGGGGAGCCATATCC
E15PCR ATGGTGATGGGATATTTTCTCgTGGGGGAGCCATATCC
ADULT ATGGTGATGGGATATTTTCTCgTGGGGGAGCCATATCC

A 940^

FIG. 1. Sequence ofcDNAs from embryonic mRNA. Sequences were obtained from PCR amplification of embryonic mRNA. The products
were subcloned as pE15PCR and pEP10. The sequences are compared with the corresponding region of the adult cDNA. Note the insertion
of an 80-bp (EP10) or 86-bp (E15PCR) sequence not found in the adult. The putative initiator methionine and termination codon are indicated
by boxes. The four nucleotide substitutions in the embryonic sequence are indicated by arrowheads. The adult sequence is from rat cDNA clones
previously isolated (15).
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cccttctcttcttcttcctttatcagGCCATCAGACATGAGGGAGTGTTGGTTGCTACGG

TGATGGGGCTCAGAGCAGGACCAAAGCATGAGTGTGGCCTCCAGAGGUGAZ~gtaactga

acactgtt

FIG. 2. Genomic sequence of embryonic exon and flanking regions. The sequence of the exon exactly matched the 86-bp insert found in
the pE15PCR clone and the 80-bp insert found in pEP10. Splice sites are marked by arrowheads and consensus intronic splice sequences are
underlined. The alternative splice site within the ES exon is double underlined.

the adult GAD sequence. Half of the reverse transcriptase
reaction was then amplified in a PCR reaction that contained
a primer covering bp 926-945 (GGATATGGCTCCCCCAG-
GAG) and a primer representing bp 89-106, which also
contained an EcoRI site (GGGGAATTCGGGAGGGTC-
CAGCTCCCT). PCR conditions were 94°C for 1 minm 50°C
for 2 min, and 72°C for 3 min for 30 cycles. The reaction
products were filled in with Klenow enzyme (Promega), the
primers were removed by use of a Centricon-100, and the
reaction mixture was extracted twice with phenol/CHC13/
isoamyl alcohol and precipitated with ethanol. The pellet was
redissolved and digested with EcoRI and ligated into pBS+
that had been digested with EcoRI and HincII. XL1-Blue
(Stratagene) competent cells were transformed with the li-
gation mixture and plated onto NZ plates that contained
ampicillin, 5-bromo-4-chloro-3-indolyl B-D-galactoside, and
isopropyl /-D-thiogalactopyranoside. Clones containing an
embryonic form ofGAD were identified by probing lifts with
an oligonucleotide (CACCTCTGGAGGCCACACTCATGC)
representing the reverse complement of embryonic sequence
identified in pE15PCR. A plasmid designated pEP10 was
cloned and characterized.
DNA Sequencing. The two clones derived from PCR were

sequenced by double-stranded DNA dideoxynucleotide se-
quencing (7). Reactions were carried out with Sequenase 2.0
(United States Biochemical) and the appropriate primers
from the rat sequence. Complete DNA sequences were
obtained in both directions.

Isolation and Analysis of Rat GAD Genomic Clones. GAD
genomic clones were isolated from a rat genomic library
obtained from R. Hynes (Massachusetts Institute of Tech-
nology) by screening with probes from the adult rat cDNA.
Hybridization conditions were 5x SSPE (1x SSPE = 0.18 M
NaCl/10 mM phosphate, pH 7.4/1 mM EDTA)/5x Den-
hardt's solution (1x Denhardt's solution = 0.02% bovine
serum albumin/0.02% Ficoll/0.02% polyvinylpyrrolidone)/
salmon sperm DNA (0.5 mg/ml)/0.5% SDS/15% formamide
at 650C for 15 hr. Filters were washed in 1x SSC ( x SSC =

0.15 M NaCl/0.015 M sodium citrate)/0.1% SDS at 25°C for
30 min (twice) and 0.1x SSC/0.1% SDS at 65°C for 30 min
(twice). A partial sequence verified that the selected clones
contained coding exons for GAD. The region containing the
sequences surrounding the alternative embryonic splice site
was identified by Southern blots using oligonucleotide prim-
ers from within the pE15PCR sequence as probes, and the
respective regions were subcloned into pBS+ (Stratagene).
Double-stranded DNA sequencing utilized primers from
within pE15PCR and also from the bordering intron se-

quences.
Nuclease Protection Assays. Purified pE15PCR was cut with

BstE-II and antisense RNA probe (length, 304 bp plus
polylinker sequence) was transcribed with T3 RNA polymer-
ase (Stratagene) and purified from a 4% polyacrylamide gel.
This segment contained the entire ES exon and surrounding
adult sequences (see Fig. 3A). Protection assays were per-

formed as described (5). An excess of the 32P-labeled probe
was hybridized to 25 ,ug of the appropriate RNA in 80%
formamide for 15 hr at 45°C. Unbound probe was degraded
by the addition of RNases A and T1. After proteinase K
treatment and phenol/chloroform extraction, the samples
were precipitated with ethanol and run on a 6% polyacryl-

amide sequencing gel. The protected probe was visualized by
autoradiography.

Cell Lines. The B65 cell line was obtained from D. Schubert
(Salk Institute). C6 cells were obtained from the American
Type Culture Collection. Cells were grown in Dulbecco's
modified Eagle's medium with 10% fetal calf serum.

RESULTS
To determine the structure ofembryonic mRNA in the region
of the developmentally polymorphic site (5), cDNA was
transcribed from day 15 embryonic rat brain poly(A)+ RNA
with reverse transcriptase by using an oligonucleotide primer
downstream of the site. This cDNA was then amplified with
PCR by using primers that flanked the polymorphic site. The
amplified DNA was subcloned and sequenced. The sequence
(designated pE15PCR) showed a continuous sequence of 86
bp inserted into the sequence of adult GAD (Fig. 1). Analysis
of genomic clones (see below) reveals that the 86-bp se-
quence corresponds to a single exon. The 86-bp insert is
referred to as the ES (embryonic stop) exon. Translation of
the sequence in-frame with the adult GAD message reveals a
stop codon. Since the sequence has 86 bp, the reading frame
in the downstream sequences is shifted and results in multiple
stop codons. Thus, the new sequence contains multiple stop
codons that prevent it from encoding full-length GAD. In the
sequence amplified by PCR, a total of 241 nucleotides were
sequenced upstream and downstream of the 86-bp insert.
These sequences are identical with the corresponding se-
quences in the adult cDNA. The identity of these sequences
is strong evidence that the embryonic transcript is encoded
by the same gene that encodes adult cDNA rather than being
the product of a different but related gene.
The sequence described above strongly suggests that a

specific embryonic GAD transcript exists. However, it could
be argued that this sequence occurs within a highly altered
transcript that would not be translated. To exclude this
possibility, a longer sequence stretching from a point up-
stream of the initiator codon, through the ES exon, and into
the flanking normal coding region was amplified. This tran-
script (designated pEP10) was sequenced and analyzed.
pEP10 consists of the normal adult sequence beginning 100
bp 5' to the initiator codon. It includes the ES exon and 120
bp beyond it. Outside the ES exon, 4 nucleotides differ
between pEP10 and the adult sequence. Three represent
silent substitutions, whereas the thymidine at position 930
changes a proline residue to a leucine. The ES exon in pEP10
is 6 nucleotides shorter than that in pE15PCR. The 3' splice
site in pEP10 is actually a stronger consensus sequence than
that in pE15PCR. Most importantly, the 6-bp difference in the
two forms does not affect the stop codon contained within the
ES exon.

It is known that the PCR amplification procedure can
generate sequence variants (8). Therefore, it was crucial to
show that the ES sequence amplified from the cDNA is
represented in genomic DNA. Genomic clones forGAD were
isolated from a rat library in EMBL3 by using GAD cDNA
probes at high stringency. Partial sequences of the genomic
clones were obtained with primers from the GAD cDNA
sequence. These partial sequences confirm that the cloned
genomic DNA encodes the GAD cDNA. The subset ofclones

Neurobiology: Bond et al.
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FIG. 3. Nuclease protection ass
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18, the adult as well as the embryonic form is being ex-
pressed. There are no protected RNA bands in the liver RNA

pAsB samples. The intensity of the full-length signal shows that
RNA containing the ES exon is fairly abundant in the

127 bp- 30 bp embryonic brain. In adult brain, the full-length protected
piece is absent. However, two fragments of lower molecular

7 9 weight are protected. Together these fragments add up to the
length of the probe minus the ES exon and thus correspond
to the regions of the cDNA flanking the ES exon. This shows
that the embryonic exon is not expressed in the adult. Three
additional bands appear in the protection patterns of embry-

-4 * +onic but not adult RNA. These may represent fragments due
to intron-containing primary transcripts in the RNA samples.

t It has been reported that C6, a clonal cell line of CNS
origin, expresses GAD mRNA (9). B65, another CNS-
derived clonal cell line expresses GAD enzymatic activity

b* * ^ ¢ (10). RNA from these cell lines was probed with pEl5PCRin
protection assays. Full-length pieces were protected with
RNA from both lines; the protected band from B65 RNA is

w* <> visible in Fig. 3. The level of expression is very low in C6 and
the bands do not show up in Fig. 3 but are present upon longer
exposure. Therefore, both lines express the ES exon in GAD
transcripts. There are also bands corresponding to the size of

;ay with GAD cDNA probe the two fragments from adult brain. This suggests that these
Grammatir rpnrpsentatinn of lines also express the adult form of the GAD transcript.VV111%111 111%11L9 OAd1WAV_ . NAVrlf sss~s1 %;JLI[CI~tV

pE15PCR T3 RNA antisense probe. (B) Total RNA samples (25 ,ug)
were analyzed by nuclease protection assay. Lanes: 1, undigested
probe (334 bp); 2, B65; 3, C6; 4, no RNA; 5, liver; 6, adult brain; 7,
embryonic day 18 brain; 8, embryonic day 18 striatum; 9, embryonic
day 18 cortex. Solid arrow indicates full-length protected probe.
Open arrows are fragments corresponding in size to those surround-
ing the ES exon.

with sequences corresponding to the embryonic sequence
was isolated and analyzed by Southern blot analysis. Frag-
ments recognized by the probe from the embryonic sequence
were subcloned and sequenced. The 86-bp sequence from
pE15PCR is found as an exon in the GAD genomic clone (Fig.
2). The exon is surrounded by intron sequences with con-
sensus splice sites. This exon is designated the ES (embry-
onic stop) exon.
To analyze the expression ofthe ES exon in the developing

brain, protection assays were done with a probe that includes
the ES exon and flanking cDNA sequences (Fig. 3). In RNA
from whole embryonic brain, embryonic cortex, and embry-
onic striatum the full-length piece is protected. Smaller bands
that correspond in size to the adult sequences flanking the ES
exon are also protected. This implies that by embryonic day

DISCUSSION
The availability of cloned gene probes offers the opportunity
to analyze the development of CNS neurons in terms of
regulatory events affecting cell-specific genes and their prod-
ucts. It is already clear that adult GABAergic neurons
accumulate high levels ofGAD protein and mRNA compared
to neighboring excitatory neurons (1-3). The relative contri-
butions of differential transcription, mRNA stability, and
mRNA translation efficiency to this final result have not been
determined. In this report, we show that another basic
mechanism, differential splicing, must play an important role
in the final emergence of functional GABAergic neurons. An
exon that has a stop codon has been detected within the GAD
gene. This exon is spliced into embryonic RNA transcripts
but not into those from the adult.
Two embryonic transcripts have been sequenced. The

shorter of these, pE15PCR, contains the ES exon plus 241 bp
of flanking sequence upstream that is identical to the adult
sequence. The stop codon is in-frame with the open reading
frame of the adult sequence. This suggests that pE15PCR is
a segment ofa transcript that encodes a truncated protein that

GAD Gene

Embryo

Adult
Embryo
Only

AUG
,I

PLP UAA
I I

184 1384 1983

UGA
m- ES Exon

AAAA GAD-A I I I
mRNA 818

l
67 kDa

GAD Enzyme

AAAA GAD-EmRNA

25 kDa
GAD Protein

FIG. 4. Proposed model for developmentally regulated alternative splicing ofGAD transcripts. During development, differential splicing of
the GAD mRNA produces two forms: GAD-A mRNA, which is found both in the adult and embryo, and GAD-E mRNA, which is found only
in the embryo. GAD-A encodes fully functional, enzymatically active, 67-kDa GAD. GAD-E encodes a truncated, 25-kDa, GAD-like protein,
which lacks the essential pyridoxal phosphate binding site (PLP). AUG is the initiator methionine, UAA is the adult termination codon, and
UGA is the embryonic termination codon. Numbers refer to the location of sites according to the adult rat sequence (15).
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begins at the initiator codon of the adult sequence and ends
at the stop codon of the ES exon. To verify this hypothesis,
a longer segment of embryonic RNA was amplified. A
sequence including the translation initiation codon and the
ES exon was determined (pEP10). It contains an open
reading frame of 672 bp that terminates in the stop codon of
the ES exon. No other long open reading frame is found in the
sequence. Conceptual translation of this sequence predicts a
protein of 25 kDa beginning at the initiator methionine of the
adult sequence and terminating at the UGA of the ES exon.
Ultimate proof that transcripts containing the ES exon are
translated must await analysis of the GAD polypeptides
found in embryonic brain. The sequence ofpEP10 outside the
ES exon differs from the adult GAD sequence at four
positions. Of these, three are silent substitutions and one
changes an amino acid. These differences could be allelic,
since different rats were used to amplify the adult and
embryonic sequences. Alternatively, some of the changes
could be due to substitutions that occurred during PCR
amplification. Alternative splicing within an exon such as
seen within the ES exon has been demonstrated in another
neuronal gene, tyrosine hydroxylase (11).
Nuclease protection assays show that transcripts contain-

ing the ES exon are present in embryonic day 18 embryonic
brain but not in the adult. However, transcripts without the
ES exon are present in embryonic day 18 and adult brains
(this scheme is summarized in Fig. 4). The data show that
some regions of the brain, including the striatum and cortex,
pass through a stage where the embryonic form of the GAD
gene is expressed. It has not been determined whether
expression of the embryonic form and adult form occurs in
the same cells. One possibility is that individual cells first
express the embryonic form and then switch to the adult
form. Alternatively, the embryonic form may be restricted to
a subset of cells that never go on to express the adult form.
The current data are compatible with two alternative

interpretations of the role of the ES exon in the ontogeny of
GABAergic cells. In the first, the truncated protein predicted
by the RNA sequence, whose molecular mass is 25 kDa,
would have a biological function. This function clearly cannot
be that of a decarboxylase. The binding site for pyridoxal
phosphate, the cofactor for GAD, and other decarboxylases
is at nucleotide positions 1384-1396 in the rat sequence (15),
well downstream from the site of insertion of the ES exon.
Thus, the resulting protein would certainly be enzymatically
inactive as a decarboxylase. A search of sequence data bases
for sequences homologous to GAD fails to turn up homolo-
gous sequences. Therefore, it is impossible to propose a
specific function for the truncated protein. In the second
interpretation, the truncated protein itself is without func-
tion. The role of the ES exon is to suppress the synthesis of
enzymatically active GAD during early stages of brain de-
velopment. Perhaps GAD activity is particularly deleterious
to immature brain cells.
Two other examples of stop codon-containing exons have

recently been found. In Drosophila, flies of both sexes tran-
scribe the sex lethal gene. A stop codon-containing exon is
spliced into the mRNA of the gene in male but not in female

flies. Consequently, the biological activity of this gene is
restricted to the female fly (12). Mammalian muscle tran-
scribes a variant form of neural cell adhesion molecule mRNA
(13) that also contains a stop codon-containing exon. The
truncated protein encoded by this form lacks a membrane
attachment site and is hence secreted rather than membrane
bound. In a general way, these examples suggest that stop
codon-containing exons play a role in increasing the diversity
of proteins encoded by the genome and in restricting expres-
sion of their ultimate function. The data presented here make
it very likely that this mechanism plays a role in the emergence
of the GABAergic phenotype during CNS development.
B65 and C6 cells have been extensively used as models for

neurons and glia, respectively. The finding that these clonal
cells express transcripts with the ES exon implies that they
express a repertoire of genes characteristic of early devel-
oping cells. Additional support for this idea comes from the
fact that B65 cells express the GD3 ganglioside, a marker
restricted to embryonic stem cells and immature neurons
(14).
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