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FIG. 4. Distribution of three v-sub-
unit mRNAs in coronal adult rat brain
sections. (Left) More rostral struc-
tures. (Right) Same structures at a
higher enlargement factor. All sections
were taken at the level of the superior
colliculus. Arc, arcuate nucleus; ctx,
cortex; cg, central grey; DG, dentate
gyrus; lpmc, lateral posterior thalamic
nucleus, mediocaudal; MGN, medial
geniculate nucleus; MMn, medial mam-
millary nucleus; Pm, premammillary
nucleus; Rt, reticular thalamus; sc, su-
perior coiliculus; SNR, substantia nigra
reticulata; T, thalamus; VP, ventral
posterior nucleus. Exposure times
were as for Fig. 2. (Bars: Left, 2.7 mm;
Right, 1.6 mm.)

and glomerular layers) cortex, caudate putamen (striatum),
and some thalamic nuclei. Among the three y-subunit
mRNAs present in the caudate putamen, y3 mRNA appears
to be marginally the most prevalent (Figs. 2 and 3). This
mRNA is also the most abundant y-subunit transcript in the
nucleus accumbens (data not shown) and the claustrum (Fig.
2).

The y3 gene is also expressed relatively highly in a pair of
nuclei adjacent to the medial caudate, these being tentatively
identified as the septohypothalamic nuclei (Fig. 2). The
relative exclusion of V3 mRNA from hippocampus and its
expression in cortex and thalamus are further emphasized
when examining coronal autoradiographs (Figs. 2 and 4). All
three y-subunit mRNAs are present at low levels in many
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FIG. 5. Electrophysiological properties of a/2y3 receptors. (A) Single-channel currents activated by GABA (1 ,uM) in an outside-out patch
excised from 293 cells engineered to express aL2y3 receptors. (B) Current (I)-voltage (V) relationship for the channel current amplitude in the
same patch. (C) Diazepam potentiates Cl- currents elicited by iontophoretical application of GABA on a multichannel outside-out membrane
patch excised from 293 cells expressing a182y2 (upper traces) and alP2Y3 (lower traces) receptors. Vh, holding voltage.
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Table 1. BZ receptor ligands modulate GABA-activated Cl-
currents through recombinant ai132y3 and acfry2 GABAA
receptor channels

Cl- current, % change

alP2y3 aiP2VZ
Drug channels channels

Flunitrazepam (10 IAM) 75 ± 12 (5) 104 ± 16 (7)
Diazepam (10 j.M) 25 ± 6 (5) 122 ± 20 (8)
Zolpidem (10 ,uM) 20 ± 3 (4) 250 ± 50 (4)
DMCM (10 /AM) -66 ± 6 (5) -63 ± 9 (3)
DMCM (10 uM)
+ flumazenil (10 AM) 2 ± 3 (2) 0 ± 5 (3)

ZnCl2 (10 1uM) -21 ± 2 (4) -9 ± 8 (10)*
ZnCl2 (100 /uM) -43 ± 7 (3) -17 ± 16 (9)*

Whole-cell GABA (1 ,uM)-activated Cl- currents were recorded by
voltage-clamp at a holding potential of -50 mV from 293 cells
expressing al.82y2 or aA2Vy3 receptors. Each value (mean ± SEM)
represents the percent increase (decrease in negative numbers)
relative to the control obtained from the reported number of cells (in
parentheses). DMCM, methyl-6,7-dimethoxy-4-ethyl-carboline-3-
carboxylate.
*Values taken from ref. 23.

thalamic nuclei compared to often significant thalamic levels
of a,, a4, 12, and 6 transcripts (11, 12, 22). However, there
are certain differences in the thalamic distribution between y2
and y3 mRNAs. The most discernable difference occurs in the
medial geniculate nucleus, which expresses higher quantities
of y3 mRNA than of yi and V2 mRNAs (Fig. 4). The y3 gene
expression is also elevated in the intermedial dorsal and
associated thalamic nuclei (Fig. 2). In contrast, yi mRNA is
restricted to a small nucleus on the dorsal surface of the
medial geniculate nucleus (Fig. 4).
As noted (10), the yi mRNA predominates in certain

amygdaloid nuclei (medial amygdaloid nucleus), some hypo-
thalamic nuclei (e.g., arcuate nucleus), and the premammill-
ary nucleus (Fig. 4). However, V2 mRNA is significantly
enriched in the medial mammillary nucleus, and yn tran-
scripts are rare in all ofthese areas. Both yV and V2 transcripts
are present in substantia nigra (reticulata), again with V3 being
absent. The V2 and V3 probes failed to label any white matter
tracts (Figs. 2-4). However, an unusual feature of yV auto-
radiographs is the consistent absence of a signal boundary
between (e.g.) cortex and caudate putamen, suggesting the
presence of Vy mRNA in corpus callosum. Cerebellar white
matter tracts, however, remain unlabeled (Fig. 3).

Electrophysiology. Whole-cell recordings from appropri-
ately transfected 293 cells showed that the V3 subunit imparts
similar properties on GABA-gated alI32yX receptor channels

as the V2 subunit. Importantly, these include a main channel
conductance state (Fig. 5 A and B) of 30.2 + 3.5 pS (mean
SD, n = 10 patches) with few lower conductance openings,
similarly to that reported for receptors incorporating the V2

subunit and larger than receptors containing only a and (B
subunits (8, 16). The a62y3 receptor is less sensitive to Zn2+
than the af2 receptor (Table 1), in agreement with a previous
report (23), showing that the presence of a y subunit impairs
GABAA channel sensitivity to this ion. In addition, the V3

subunit like y2, when assembled with a and subunits, forms
receptor channels whose activity can be positively and neg-
atively modulated by compounds that interact with the cen-

tral BZ site (Fig. 5C and Table 1). Thus, flunitrazepam
potentiates, and methyl-6,7-dimethoxy4ethyl-(-carboline-
3-carboxylate (DMCM) reduces, GABAA currents at a((3y2
and a(2y3 receptor channels to comparable levels. How-
ever, the diazepam and zolpidem-induced potentiations seem
less pronounced at a1P2y3 than at a y2y2 receptors. The
simplest explanation is that some allosteric compounds have
different efficacies at V2- and y3-subunit-containing recep-
tors. Although differential sensitivity to GABA at these
receptors may also play a role it cannot account for these
observations, considering the low ratio of test responses to
maximal GABAA currents used by us in all cells analyzed.

PharmIolog. Both a2V2 and aIy3 receptors show
high-affinity binding of BZ site ligands and of the GABA
analog [3H]muscimol (Table 2). The rank order ofpotency for
the displacement of [3H]Ro 15-1788 by BZ site ligands was
identical for the a12y2 and aP2y3 receptors, but the Ki
values differed more than two orders of magnitude. Whereas
the estimated ratio of affinities of V3 versus 'y containg
receptors was close to unity for inverse agonists and antag-
onists of the modulatory BZ site on the GABAA receptors,
this ratio increased considerably for BZ site agonists, par-
ticularly for the imidazopyridine zolpidem (25). This data
suggests that most agonistic BZ ligands may interact poorly
with GABAA receptor subtypes containing a V3 variant in
place of V2. However, some agonists (e.g., midazolam) may
target y3-containing receptors, suggesting that these recep-
tors may contribute to the activity profiles of select BZ site
compounds.

DISCUSSION
There are now three y variants that impart distinctive prop-
erties to GABAA receptors assembled from a, (3, and y
subunits as judged from in vitro studies (5, 7, 10, 26). These
properties are the responsiveness to compounds that modu-
late GABA-gated chloride currents at the BZ site, a large

Table 2. Pharmacology of al42y3 receptors
% [3H]Ro 15-1788 a82'y3 receptor aS2M2 receptor

Ligand Ligand concentration, nM maximal binding K*, nM Ki, nM Kv(3)/Kj(y2)
Zolpidem 30,000 54 ± 1 5500 30 180
2-Oxoquazepam 3,000 58 ± 7 540 20 30
Diazepamt 3,000 51 ± 5 670 16 44
Flunitrazepamt 1,000 55 ± 8 220 2 90
Midazolam 150 52 6 27 2.4 12
,B-CCM 30 54 ± 2 5.4 2 3
Ro 15-4513 20 54 ±5 5.5 6 1

The unlabeled ligands were tested at several concentrations for their ability to displace [3H]Ro 15-1788. At the
concentration listed, these compounds displaced [3H]Ro 15-1788 to -50%o in three experiments. The tracer was at 4.5-fold
above its Kd value experimentally determined to be 2.0 ± 0.2 nM in three experiments. The inhibitory values were used
to predict rough Ki (Ki*) values (24). P-CCM, methyl P-carboline-3-carboxylate.
tFull competition curves were determined for diazepam and flunitrazepam and used to derive Ki values for these compounds
at aL82y3 receptors. These Ki values were 710 ± 120nM fordiazepam and 180 ± 50nM forflunitrazepam, in good agreement
with the K* values predicted from single concentration points. The ratios of K* values at alp2y3 receptors vs. Ki values
at alf2y2 receptors are from refs. 4-6. The ratio of Kd values of [3H]Ro 15-1788 at al,2y3 vs. al82y2 receptors is roughly
4.
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single-channel conductance of -30 pS, and a reduced rate of
desensitization relative to receptors assembled from a and a
subunits (8). In addition, y variants appear to relieve a
noncompetitive Zn2" block (23).
As with a variants (1, 2, 4-6, 12), y variants differ in the

extent to which they modify the functional properties of
GABAA receptors, particularly the affinity of compounds
interacting with the BZ site on al,2y, receptors. Whereas
agonists bind with high affinity to alf82y2 (5), they exhibit
affinities reduced by approximately two orders of magnitude
at alf2y3 receptors. However, antagonists and inverse ago-
nists display similar affinities at al,8y2 and alfy3 receptors.
Electrophysiological studies revealed that the efficacy of
agonists at the BZ recognition site of GABAA receptors is
dependent upon the molecular variant of the a subunit.
However, receptors differing in their y subunit present dis-
parate pharmacological profiles: y2-subunit expression con-
fers high sensitivity to BZ site agonist modulation ofGABA
responses (7, 26) whereas the yi subunit (26) and y3 subunit
(present results) characterize receptors with different re-
sponses to modulation by many ligands acting at the BZ site.
Interestingly, GABAA receptors containing the y3 subunit are
sensitive to flunitrazepam and DMCM, as are y2-containing
receptors, but lack the high-efficacy response to diazepam
and zolpidem.
Based on the pronounced anatomical restriction of y3

mRNA, it would seem that this subunit contributes to a
population of specialized GABAA receptors (e.g., in the
medial geniculate thalamic nucleus, an area involved in
auditory processing). Although we have used the aj2 com-
bination as a reference standard for the systematic compar-
ison of the properties of the y subunits, the V3 subunit may
occur with other subunit partners in vivo. For example, in the
medial geniculate thalamic nucleus, the only subunit mRNAs
present at significant levels are a,, a4, (2, 8, and y3 (27). Thus,
the a1f32y3 combination is a subset of these receptor constit-
uents and may indeed be the genuine in vivo combination in
this nucleus.

Note. As this report was being prepared for publication, the sequence
of a mouse V3 subunit was reported (28). No functional data were
demonstrated for the mouse y3 homologue. From a brief in situ
hybridization analysis, signals ofvery low and uniform intensity were
observed throughout the mouse brain, with hippocampus being the
only structure strongly demarcated. It was concluded that the
distribution of y3 mRNA largely resembled that of V2 transcripts (28).
The V3 oligonucleotide probe used in the mouse brain study over-
lapped one of our probes by 34 bases. Hence, the y3 mRNA
distribution in rat brain would appear to be different from that
reported in mouse and may possibly arise from a species difference.
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