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The regulated expression of type A g-aminobutyric acid receptor
(GABAAR) subunit genes is postulated to play a role in neuronal
maturation, synaptogenesis, and predisposition to neurological
disease. Increases in GABA levels and changes in GABAAR subunit
gene expression, including decreased b1 mRNA levels, have been
observed in animal models of epilepsy. Persistent exposure to
GABA down-regulates GABAAR number in primary cultures of
neocortical neurons, but the regulatory mechanisms remain un-
known. Here, we report the identification of a TATA-less minimal
promoter of 296 bp for the human GABAAR b1 subunit gene that
is neuron specific and autologously down-regulated by GABA. b1
promoter activity, mRNA levels, and subunit protein are decreased
by persistent GABAAR activation. The core promoter, 270 bp,
contains an initiator element (Inr) at the major transcriptional start
site. Three concatenated copies of the 10-bp Inr and its immediate
3* flanking sequence produce full neural specific activity that is
down-regulated by GABA in transiently transfected neocortical
neurons. Taking these results together with those of DNase I
footprinting, electrophoretic mobility shift analysis, and 2-bp mu-
tagenesis, we conclude that GABA-induced down-regulation of b1
subunit mRNAs involves the differential binding of a sequence-
specific basal transcription factor(s) to the Inr. The results support
a transcriptional mechanism for the down-regulation of b1 subunit
GABAAR gene expression and raises the possibility that altered
levels of sequence-specific basal transcription factors may contrib-
ute to neurological disorders such as epilepsy.

transcription u neural specific u epilepsy

GABA (g-aminobutyric acid) is the major transmitter at
inhibitory chemical synapses; yet little is known about the

mechanisms underlying the genetic regulation of type A GABA
receptor (GABAAR) number and composition. GABAAR num-
ber and subunit mRNA levels are down-regulated in primary
brain cultures as a response to persistent activation of the
GABAAR (1–3). Moreover, down-regulation of subunit mRNAs
precedes down-regulation of receptor number, indicating that
GABA-induced GABAAR down-regulation is a consequence of
decreased mRNA levels (4).

Whereas the effects of GABA are inhibitory in the adult brain,
they are excitatory during embryogenesis and early postnatal life
(5). A variety of observations indicate that GABAAR subunit
gene expression is regulated by receptor activation (6, 7) regard-
less of age. GABAARs may play a critical role in the development
of the central nervous system and so determine its future
susceptibility to seizures (8). Extracellular GABA is increased
during paroxysmal hippocampal activity in epileptic patients (9),
and GABA uptake is inhibited in genetic absence epilepsy rats
(10). Both of these changes may lead to increases in the activity
of cell surface GABAARs and subsequent changes in GABAAR
function through down-regulation of subunit specific gene ex-
pression. A decrease in the levels of a1 and b1 GABAAR subunit
mRNAs precedes the onset of spontaneous seizures in pilo-
carpine-induced status epilepticus (11).

The b1 subunit gene is located in the b1-a4-a2-g1 gene cluster
on chromosome 4 (12) and is most highly expressed in the adult
rat hippocampus. Seizure activity decreases hippocampal b1
mRNA levels by about 50% while increasing b3 levels (11).
Because the subtype of b subunit influences the sensitivity of the
GABAAR to GABA and to allosteric modulators such as
etomidate, loreclezole, barbiturates, and mefenamic acid (13–
17), a change in b subunit composition may alter receptor
function and pharmacology in vivo. Modulation of receptor
function by phosphorylation is also influenced by b subunit
composition and contributes to increased inhibition during states
of neuronal excitability (18).

To determine whether a transcriptional mechanism controls
autologous regulation of GABAAR subunit gene expression, we
have begun by identifying the minimal b1 promoter and the
genomic mechanism that controls inhibition of promoter activity
in primary neocortical cultures exposed to persistent GABAAR
activation.

Materials and Methods
Genomic Walking by Using PCR. Inverse PCR (19) was carried out
using MspI and NcoI with (59-CCATGGTCTGTTGTGCACACA
G-39) and (59-ACTGTCCACATTACTAACTCTGAT3-9) prim-
ers. Additional upstream sequence was obtained by performing
primer extension with Taq polymerase at 55°C for 3 min, yielding
a single-stranded cDNA that was recovered by nick column chro-
matography (Pharmacia). The cDNA (15.4 ml) was tagged at the 39
end with a cytosine homopolymeric tail, using 2.0 ml of terminal
transferase (Pharmacia) in 2.2 ml of 103 phosphate buffer (Phar-
macia) and 0.4 ml of 100 mM dGTP for 15 min at 37°C, and then
inactivated at 75°C for 10 min. After ethanol precipitation, cDNAs
were amplified by PCR using a sense primer that was complemen-
tary to the tail (59-ATAATGGTACCGGGGGGGGGGGGG-39)
and a gene-specific antisense primer directed upstream of the
original primer used for the first extension reaction, yielding 112 bp
of additional upstream sequence.

Mapping of Transcriptional Start Sites. The locations of transcrip-
tional initiation sites were determined by primer extension, S1
nuclease protection (20), and single-stranded ligation of com-
plementary ends (SLIC) (21) using human brain total RNA
(CLONTECH). We modified the SLIC procedure by synthesiz-
ing a ligation primer (59-CTCATACATAGTACGAATTCGG-

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: GABA, g-aminobutyric acid; GABAAR, type A GABA receptor; Inr, initiator
element; b-gal, b-galactosidase; EMSA, electrophoretic mobility-shift analysis; b1-P, b1
promoter; Sv40-P, Sv40 promoter; Sv40-E, Sv40 enhancer; Mt, mutation; SLIC, single-
stranded ligation of complementary ends.

Data deposition: The sequence reported in this paper has been deposited in the GenBank
database (accession no. AF285168).

*To whom reprint requests should be addressed. E-mail: dfarb@bu.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

8600–8605 u PNAS u July 18, 2000 u vol. 97 u no. 15



TACTGATTAC-39) that contained an amino group at its 39 end.
This amino group prevents excess ligation primer from initiating
a polymerase extension reaction. An antisense primer (59-
TCACTTCGGAGACCATGTCTATGC-39) that recognizes a
sequence 300 bp downstream from the end of the b1 cDNA was
used with avian myeloblastosis virus reverse transcriptase to
produce a DNA copy of the 59 end of b1 subunit mRNAs. A
second round of modified SLIC was performed by using an
antisense primer that contained sequence immediately upstream
of the most 59 end of the first SLIC products.

Transfection Assays. Primary hippocampal, neocortical, muscle,
and fibroblast cells were derived from 18-day-old rat embryos
and grown in defined media (22). Neuronal cultures were
exposed to 1 mM cytosine arabinoside on days 2 and 3 in vitro.
Cells were transfected 1 wk after dissociation.

PCR products were cloned into Promega GeneLight plasmids
(pGL) and into PNASSb (Clonetech), for fluorescence imaging
of b-galactosidase (b-gal) activity in intact neurons (Imagene
Green; Molecular Probes). For fluorescence imaging of b-gal
activity in hippocampal neurons, on 35-mm dishes, cells were
incubated with fresh media (1 ml) containing 2.0–2.5 ml of fresh
lipophilic f luorescein di-b-galactopyranoside (FDG) (Imagene
Green; Molecular Probes). Internal deletions and site-directed
mutagenesis constructs were generated by using the Kunkel
method (23). Mt(21,12) contains mutation of ‘‘C’’ at 21 to ‘‘T’’
and ‘‘G’’ at 12 to ‘‘C.’’ Inserts for luciferase constructs contain-
ing one or three copies of the initiator (Inr) and flanking
sequence, 59-TGCGCAGGTCCATTCGGGAATTAC-39, were
produced by using oligonucleotide synthesis. Cells were trans-
fected by using the calcium phosphate technique (24), or by
bombardment using the Bio-Rad Biolistic Particle Delivery
System, both yielding 5%–8% efficiency. Chemiluminescence
(Tropix, Bedford, MA) was used to monitor both luciferase
activity driven by b1-P, and b-gal activity driven by the phos-
phoglucokinase (PGK) promoter in cotransfected cultures. Un-
less otherwise indicated, promoter activity is expressed as a
percentage of the full-length b1 promoter region (b1-P;
2436y1105) transfected into neocortical cells.

To control for difference in transfectional efficiency, b1-P
activity was compared with that of the Sv40 promoter, with its
downstream enhancer (Sv40-P) in sister cultures and with back-
ground activity as measured by the pGL2 promoterless vector.
Activity was normalized to the amount of protein per dish
determined by the Lowry method. Cotransfection with Sv40-P
was not used because it decreased b1-P activity, possibly reflect-
ing competition for transcription factors.

GABA Treatment. Fresh GABA solutions were used for each
experiment. GABA (500 mM) and SR95531 (250 mM) were
dissolved in DMEM. GABA treatment was initiated on day 7.
Twenty-nine hours later, cells were transfected for 1 h in DMEM
solution containing GABA andyor SR95531, and then DMEM
was replaced with conditioned media containing fresh GABA
andyor SR95531 solution. Cells were returned to the incubator
for 18 h. Cells were exposed to GABA for 48 h.

RNA, Protein, and Ligand Binding. b1 subunit RNA was measured by
RNase protection (20) using 20 mg of total RNA hybridized to a
201-bp probe containing sequence specific to the intracellular loop
region; Western blot analysis was performed using sc-7361 and
sc-7363 (Santa Cruz Biotechnology). Quantitation of enhanced
chemiluminescence (ECL; Amersham) signals was done by densi-
tometry with normalization to b-actin expression. [3H]flunitraz-
epam binding was performed according to Roca et al. (1).

Electrophoretic Mobility-Shift Analysis (EMSA) and DNase 1 Footprint-
ing. DNase 1 footprinting (20) was performed by using a 59
end-labeled HincIIyMseI fragment of the b1 gene. Double-
stranded oligonucleotides for EMSA contained the following se-
quences, where lowercase letters represent mutations: radiolabeled
probe 59-GCATGCGCAGGTCCATTCGGGAATTACTGC-39;
wild-type competitor 59-TGCGCAGGTCCATTCGGGAAT-
TAC-39; mutant 1 competitor (M1) 59-TGCattccTCCATTCGG-
GAATTAC-39; M2 competitor 59-TGCGCAttcttATTCGG-
GAATTAC-39; and M3 competitor 59-TGCGCAGGTCATTCtt-
tAtaTAC-39. Nuclear extracts were prepared (26) and used for gel
shift analysis after concentration (Microcon no. 10 columns, Ami-
con, MA). Quantitation was performed on EMSAs under condi-
tions that yield a standard curve for band intensity.

Statistical Analysis. Unless otherwise indicated, results are re-
ported as mean 6 SEM (n), where n is the number of indepen-
dent experiments. Significance testing is by two-tailed t test.

Results
Identification of the 5* End of the Human b1 Subunit Gene. The 59
f lanking sequence of the b1 gene was identified by using PCR
genomic walking techniques. Results of S1 nuclease protection,
primer extension, and modified SLIC identify multiple potential
start sites in the 59 f lanking region (2436 to 1 105) that are
positioned downstream of the 59 end of the human b1 cDNA
(Fig. 1). Start sites at 1 1, 17, 115, 133, 1 82, 184, 188, and
1 91 lie within or adjacent to Inr consensus sequences (27). The
major transcriptional initiation site inferred from modified SLIC
(second round) corresponds to the most upstream site and is
therefore designated as position 11.

Additional potential start sites at 17, 115, and 133 produce
transcripts that would code for a signal peptide of 26 aa (using
the ATG at 192). The potential sites, at 182, 184, 188, and 191

Fig. 1. Nucleotide sequence for the 59 end of the human b1 subunit gene.
Transcriptional start sites mapped by S1 nuclease protection are indicated by 1,
primerextensionby*, andmodifiedSLICby‚ for roundoneand{ for roundtwo.
The first nucleotide, A, of the most 59 transcriptional initiation site is designated
as 11. Positions of Inr elements are indicated by overlining. Half brackets mark
the 59 and 39 ends of b1-P (2436y1105), T5.1–T5.6, and T3.1–T3.5 constructs. The
59 end of the human cDNA sequence (25) is indicated by a bracket.
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are unlikely to be relevant because such transcripts would
contain a very small (#10 bp) untranslated region.

Identification of a Neural Specific Promoter in the 5* Flanking Region
of the b1 Subunit Gene. To study promoter activity relevant to
central nervous system function, we developed techniques for
transient transfection of primary neurons in culture derived from
rat hippocampus and neocortex (Fig. 2). Hippocampal neurons
become intensely fluorescent when transfected with a b-gal
reporter construct containing b1-P (Fig. 2 A). To quantitate
activity, rat hippocampal, neocortical, muscle, and fibroblast
cells and chicken brain cells were transiently transfected with a
construct containing b1-P cloned upstream of a luciferase
reporter gene. b1-P activity, expressed relative to Sv40-P activity
in sister dishes, is greatest in hippocampal cells and parallels the

tissue- and region-specific distribution of b1 mRNAs in situ (Fig.
2B) (28). Differences in transfectional efficiency cannot explain
these results because b1-P activity in phosphoglucokinase-
cotransfected neocortical neurons (3.1 6 0.5 cpm lucif-
eraseycpm b-gal, n 5 3) is 31-fold greater than in fibroblasts
(0.10 6 0.03 cpm luciferaseycpm b-gal, n 5 3). Furthermore,
b1-P activity in the forward orientation (31.95 6 3.3 3 106

cpmymg protein, n 5 4) is about 17-fold greater than in the
reverse orientation (2.2 6 0.4 3 106 cpmymg protein, n 5 4) or
with the promoterless construct (1.93 6 0.3 3 106 cpmymg
protein, n 5 4), consistent with the hypothesis that the region
flanking the major rapid amplification of cDNA ends (RACE)
product contains a functionally relevant promoter.

Autologous Regulation of Human b1-P Activity by GABA. Persistent
exposure of neocortical cells to a saturating concentration of
GABA (500 mM, for 48 h) decreases b1-P activity (P , 0.002)
(Fig. 2C). The selective GABAAR antagonist SR95531 (250 mM)
blocks down-regulation, indicating that b1-P activity is mediated
by the GABAAR. Similarly, GABA decreases b1-P activity in
hippocampal cells to 48% 6 10% of control (P , 0.02) and

Fig. 2. The immediate 59 flanking region of the human b1 gene directs
neuron-specific expression that is subject to autologous regulation by GABA.
(A) A b-gal reporter construct containing 541 bp of the b1 subunit gene and
incubated with fluorescein di-b-galactopyranoside (a lipophilic substrate for
b-gal that yields a fluorescent product on hydrolysis) exhibits functional
promoter activity in hippocampal neurons after DNA bombardment. (B) Rat
muscle, fibroblast, neocortical, and hippocampal cells and chicken brain cells
were transfected by Ca21 phosphate with b1-P, and luciferase reporter activity
is expressed relative to Sv40-P activity in sister dishes. (C) Neocortical neurons
were chronically treated with GABA or GABA 1 SR95531 and transfected with
b1-P, Sv40-P, minimal (min) b1-P, or core b1-P 1 Sv40-E.

Fig. 3. A minimal promoter and core regulatory elements are revealed by
truncation analysis and internal deletions. (A) Promoter activity of 59 truncations
(T5.2–T5.6) in transfected primary neocortical neurons is displayed as the per-
centageofactivity relative to b1-P.Aredbardenotes the Inrcontainingthemajor
start site. (B) Internal deletions removed or interrupted consensus sequences
identified by using Matinspector public and professional services (matrix setting,
0.90; core setting, 0.85; http:yywww.gsf.deycgi-binymatsearch.pl). Purple box
and text indicate removal of possible negative control region whereas blue
indicates removal of possible positive control region. (C) Promoter activity of 39
truncations (T3.1–T3.5) in transfected neurons is displayed as the percentage of
activity relative to b1-P. (D) The red box and text indicate loss of the presence of
the major Inr whereas the green box and text indicate removal of a possible
negative control region. Data represent the means 6 SEM of five independent
experiments, except where indicated by n. ‡, P , 0.05; §, P , 0.01, Student’s t test.
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SR95531 antagonizes the effect of GABA (78% 6 7% control
(P , 0.05)). Thus, the 59 f lanking region contains the elements
necessary to account for the observed down-regulation of b1
mRNA (see Fig. 7C). In contrast, GABA is without effect on the
Sv40-P activity (Fig. 2C), demonstrating that GABA does not
decrease the efficiency of transfection.

Identification of a Minimal Promoter. Placing the Sv40 enhancer
(Sv40-E) downstream of the luciferase gene increases Sv40-P
activity 10-fold but does not change b1-P activity in neocortical
cells (data not shown). This observation strongly suggests that
b1-P contains the positive regulatory elements necessary for
maximum activity, because the powerful Sv40-E can stimulate
the activity of all core promoters (29).

To identify the minimal promoter and to begin to locate
regulatory sequences, the activities of 59 truncated (T5.1–T5.6)
and full-length b1-P (2436y1105) were determined in neocor-
tical cells (Fig. 3 A and C). T5.2 (2291y1105) produces full
activity (102% 6 8%, n 5 4) that is orientation-specific (data not
shown), and activity is reduced by about 37% on 59 truncation
of an 88-bp region yielding T5.3 (2203y1105). A negative
regulatory sequence may be located in the 24 bp region between
2174 and 2198, as activity returns to control in T5.5
(2174y1105). The minimal promoter region (T5.5) is clearly

defined by the next truncation of 26 bp, yielding T5.6
(2148y1105). T5.6 displays only a basal level of activity (13%
6 7% of b1-P, n 5 12) even though it contains the full
complement of potential transcriptional start sites. T5.6 should
therefore represent the core promoter.

Identification of a Core Promoter. To test the hypothesis that T5.6
contains a core promoter that depends on an upstream activating
sequence, the orientation nonspecific Sv40-E, which is known to
act at a distance from core promoters, was cloned downstream
of the luciferase gene in T5.6. Sv40-E increases promoter activity
from 7.6% 6 3.4% of b1-P to 28% 6 4.5% (n 5 3), demon-
strating that T5.6 contains the elements necessary to support
core promoter activity but requires the concerted action of
additional positive regulatory sequence for activation.

The fact that Sv40-E does not increase activity of the core
promoter to that of b1-P suggests that an additional upstream
region is necessary for full tissue-specific promoter activation. As
T5.1 (2307y1105, Fig. 3C) is fully active but T5.6 (2148y1105,
Fig. 3A) exhibits little activity, sequence(s) yielding net positive
regulation should be located upstream of T5.6 in the region
between 2148 and 2307. Cloning of 2307y2128 downstream
of the luciferase gene in T5.6 failed to increase activity (13 6 1%
b1-P, n 5 4), indicating that 2128 to 2307 contains a position-
ally dependent positive regulatory sequence(s) and is not an
enhancer as traditionally defined.

In fibroblasts, core promoter activity (3.8% 6 0.3% of b1-P
activity in neurons) is 5-fold greater than minimal promoter
(0.76% 6 0.04%) or b1-P activity (0.54% 6 0.04%). This result
suggests that b1 promoter activity is suppressed in fibroblasts by
the binding of nonneuronal factors to upstream sequence(s).
Because core promoter activity in neurons is also low (13 6 7%),
it is clear that upstream regulatory sequences are necessary for
full promoter activity. A downstream Sv40-E partially increases

Fig. 4. Importance of the Inr sequence for GABA regulation and promoter
activity. (A) Sequence of the Inr and downstream flanking region. (B and C)
Primary cultures of rat neocortex were transfected with either b1-P,
(25y119)3, (25, 119), D(22y118), Mt(21,12), or a promoterless vector. (B)
Activity is expressed as the mean percentage of vehicle control 6 SEM, n 5 4.
Neurons were exposed to 500 mM GABA for 48 h. (C) n 5 3.

Fig. 5. Nuclease digestion of DNAyprotein complexes reveals protection in
the region corresponding to the b1 Inr. (A) DNase I footprinting identifies
nucleotide interactions with putative transcription factors in the vicinity of the
major transcription initiation site for the b1 gene [only the region of interest
is displayed; lane 1, marker; lanes 2 and 3, BSA (60 mg); and lanes 4 and 5,
nuclear extracts from neocortical cultures (60 mg)]. (B) Diagram depicts the Inr
sequence with reference to protein binding sites and to promoter flanking
sequence. The position of a hypersensitive site for nuclease digestion is
marked *. Vertical bars indicate region in sequence corresponding to pro-
tected region in footprint. Mutations to wild type in M1, M2, and M3 are
marked 1, 2, or 3 (cf. Fig. 6; see Materials and Methods for sequence).

Russek et al. PNAS u July 18, 2000 u vol. 97 u no. 15 u 8603

N
EU

RO
BI

O
LO

G
Y



core promoter activity (25% 6 0.6%, n 5 3) by about 6.5-fold
but is without effect on b1-P activity in fibroblasts. This obser-
vation again suggests that b1-P activity is suppressed in fibro-
blasts through sequence(s) upstream of 2148.

Internal Deletions Reveal the Presence of Potential Regulatory Ele-
ments and a Functional Inr. Internal deletion of CAAT
(2295y2290) but not CAAT (2203y2198) (Fig. 3B, purple)
increases promoter activity, indicating that CAAT
(2295y2290) can serve as a negative regulatory element in the
context of b1-P. Internal deletion of 2107 to 2126, which
contains glucocorticoid receptor element (GRE) and neural-
specific element consensus sequences, decreases activity (Fig.
3B, Blue), whereas deletion of 2102 to 282, which contains
consensus sequence for the Ik2 element, increases activity (Fig.
3D, green), suggesting that these regions contain positive and
negative regulatory elements, respectively. The 26-bp sequence
in T5.5, while essential for the activity of the minimal promoter,
is not required in the context of b1-P (Fig. 3B, D2174y2149),
indicating that an upstream positive regulatory sequence can
compensate for the loss of the 26-bp region.

Deletion of the most 39 initiation sites reduces activity by 30%,
and deletion of the most 59 initiation sites virtually eliminates
activity (Fig. 3C). Moreover, an internal deletion of 20 bp
(22y118, Fig. 3D, red), which spans an Inr at the major initiation
site identified by SLIC (Fig. 1), dramatically reduces activity.

The b1 Core Promoter Mediates GABA-Induced Down-Regulation. To
determine whether GABA-induced inhibition of promoter activity
is mediated by sequences that control either basal levels or activated
levels of transcription, we first tested the ability of the minimal
promoter (2174y1105) to respond to GABAAR activation. Per-
sistent exposure to GABA reduces minimal promoter activity to
52% 6 12% of control (n 5 3, P , 0.05), which is similar to its effect
on b1-P activity 47% 6 6% of control (n 5 3) (Fig. 2C). Similarly,
core promoter (2148y1105; T5.6) activity driven by a downstream
Sv40-E is down-regulated by GABA (35% 6 6%, n 5 3, P , 0.01).
Sv40-E cannot mediate GABA regulation, because GABA does
not alter Sv40-P activity in the presence of Sv40-E (Fig. 2C). The
observation that the minimal promoter and the core promoter are
both regulated by GABAAR activation suggests that down-
regulation of b1-P activity may involve a change in the binding of
general transcription factors.

Multiple Copies of the Inr Produce Promoter Activity That Is Autolo-
gously Regulated. We synthesized a 72-bp construct that contains
three copies of the Inr and its flanking sequence [(25y119)3, Fig.
4A] to test directly whether the Inr might constitute the core
promoter and whether GABA could regulate its activity in a similar
fashion to that of b1-P (Fig. 4B). To our surprise, whereas a single
copy of the Inr (25y119) was without function, three copies
produced activity that was equal to or greater than b1-P (Fig. 4C)
and responded to chronic GABA treatment with reduced activity
(Fig. 4B). In addition, (25y119)3, like b1-P, exhibited negligible
activity in transfected fibroblast cultures (data not shown). Point
mutations at 21 and 12 [Mt(21, 12)] within Inr were generated
in the context of b1-P, reducing activity to the same extent as the
internal deletion D22y118 (Fig. 4 B and C). The remaining
activity, which is about 20% of b1-P, is not down-regulated by
GABA, demonstrating that the Inr is critical for b1 promoter
activity and GABA-induced down-regulation.

Sequence-Specific Binding to the Inr. DNase I footprinting analysis
was used to determine whether neocortical nuclear extracts bind to
the Inr of b1-P (Fig. 5). At least two distinct footprints can be seen.
The first is marked by a hypersensitive band with protection
immediately above and below. The second shows protection over
a downstream region that contains the CGGGAAT sequence
(Fig. 5B).

To identify nuclear protein binding sites, EMSA was per-
formed on a 30-bp region of DNA containing Inr (28 to 122).
Two distinct complexes, C1 and C2, are formed on the addition
of nuclear extracts (Fig. 6). Oligonucleotide competition con-
firms the importance of two sequences that were identified by
footprinting. Substitution of ATTCC for GCAGG or TTCTT for
GGTCC at 22 to 16 inhibits the ability of cold oligonucleotide
to compete for the formation of C1 with little effect on com-
petition for C2 (Fig. 6, lanes 4 and 5). In contrast, substitution
of TTTATA for GGGAAT at 111 to 116 inhibits the ability of
cold oligonucleotide to compete for both complexes, and pro-
duces a third complex, C3 (Fig. 6, lane 6). Interestingly, the
abundance of C1 is significantly less in binding reactions that

Fig. 6. Sequence-specific binding of nuclear factors to the Inr in the b1 pro-
moter. EMSA using 30 mg of nuclear extracts from neocortical cultures reveals the
formation of two complexes, C1 and C2. (A) Competition assays containing a
100-fold excess of cold oligonucleotides with mutations are indicated by M1, M2,
and M3, and wild type by WT. Competition with M3 produces a new complex, C3.
(B) C3 can be easily visualized on short exposure to film.

Fig. 7. Decreased formation of proteinyDNA complex C1 correlates with
down-regulation of b1 mRNA, [3H]flunitrazepam binding, and b1 subunit pro-
tein. Neocortical cells were exposed to 500 mM GABA. (A and B) EMSA using 30
mg of nuclear extracts shows decreased formation of C1 (n 5 3), (C) RNase
protection shows decreased levels of b1 mRNAs (n 5 3), and (D) radioligand
binding using [3H]flunitrazepam and quantitative Western blot analysis of b1
subunit protein levels, n 5 3, show down-regulation of functional receptor and
subunit. Quantitation was by densitometry (D) or phosphorimaging (B and C).
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contain nuclear extracts from GABA treated cultures (Fig. 7 A
and B). Moreover, the decrease in the abundance of C1 is
consistent with the decrease in b1 mRNA level (Fig. 7C), b1
protein, and GABAAR, as measured by [3H]flunitrazepam
binding (Fig. 7D). Whereas fibroblast extracts bind to the Inr
region, there is no change in C1 levels or promoter activity in
response to GABA (data not shown).

Discussion
The expression of specific receptor subunits is critical for the
functioning of chemical synapses and must be regulated with
great fidelity to control neuronal phenotype. As a first step
toward identifying the mechanisms and factors responsible for
cell type-specific expression of GABAAR subunit genes and
activity-dependent regulation of gene expression, we have iso-
lated a tissue-specific, TATA-less minimal promoter for the
human b1 subunit of the GABAAR. b1 promoter activity is
subject to autologous down-regulation by persistent receptor
activation. Transient transfection of primary monolayer cultures
demonstrates that promoter activity is greatest in rat hippocam-
pal cells, followed by rat neocortical, chicken brain, rat fibro-
blast, and rat muscle cells (Fig. 2), consistent with the distribu-
tion of b1 mRNA (28) and subunit protein (30) in vivo.

Functional assays in transfected neuronal cultures strongly sug-
gest that the b1 promoter may be regulated by sequence-specific
binding of transcription factors to a specific Inr and that binding is
stabilized by upstream and downstream activating sequences. This
conclusion is supported by several observations. First, an upstream
sequence of 26 bp is sufficient to produce full activity from the core
promoter, containing an Inr, and thus defines the minimal pro-
moter (Fig. 3A). But removal of the 26-bp sequence in the context
of b1-P does not decrease promoter activity, demonstrating that at
least two mutually compensatory activating sequences are present
in b1-P. Secondly, three concatenated copies of the Inr region
produce full promoter activity (Fig. 4C) and additional Inr se-
quences in the b1 gene cannot compensate for the loss of the Inr
in either the internal deletion D(22y118) or the mutagenized
construct Mt(21, 12). Finally, Inr (25 to 119)3 activity is autolo-
gously down-regulated by GABA, consistent with the reduction in
activity seen for b1-P. These results demonstrate that the Inr at 22
plays an essential role in coupling activation of the core promoter
to one or more upstream activating sequences and mediates
GABA-induced down-regulation.

Competitive mobility shift analysis (Fig. 6), based on the
results of DNase I footprinting (Fig. 5), was used to investigate
whether GABA exposure alters the binding properties of nuclear
proteins to sequences within the 25y119 region. GABA (48 h)
reduces the formation of C1 in nuclear extracts from neocortical
cultures (Fig. 7). Results from oligonucleotide competition
studies demonstrate that this reduction in binding occurs
through the recognition of a 5-bp sequence that flanks the major
start site of transcription (Fig. 1), indicating that GABA may
produce an alteration in the binding of general transcription
factors. In contrast, GABA treatment produces only a small
change in the abundance of C2 (Fig. 7B).

General transcription factors acting at Inr elements are respon-
sible for specifying the transcriptional start site in TATA-less
promoters and certain TATA box-binding protein (TBP)-
associated factors (TAFs) can distinguish between different pro-
moters by recognizing variations in the sequence of the Inr (31).
Sequence-specific binding of TAFs to an Inr in the absence of TBP
can determine the responsiveness of the core promoter to activators
(32). Moreover, the TFIID complex can bind to the Inr in the
absence of any additional upstream sequence (33), and TAFs and
TBP-related factors (TRFs) can mediate tissue-specific activity (34,
35). When taken together with these observations, the finding that
three copies of the b1 Inr and its 10-bp 39 flanking sequence
produce full neural specific activity that is down-regulated by
GABA, and that Mt(21, 12) eliminates GABA-induced down-
regulation and protein binding, suggests that transcriptional regu-
lation by general factors may be an important mechanism for the
control of gene expression in the nervous system.

We are unaware of any other finding indicating that persistent
activation of a neurotransmitter receptor may regulate formation of
the preinitiation complex on a receptor subunit gene. Regulation of
the preinitiation complex can in turn control the number or kind of
receptors present at the cell surface. Activity-dependent changes in
the transcription of GABAAR subunit genes may underlie the
alteration in GABAAR subunit composition that is believed to
occur during neuronal differentiation and during the etiology of
certain neurological disorders such as epilepsy.
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the manuscript. This research was supported by grants from the National
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