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Pharmacophore/receptor models for three recombinant GABAA/BzR subtypes (R1â3γ2, R5â3γ2,
and R6â3γ2) have been established via an SAR ligand-mapping approach. This study was based
on the affinities of 151 BzR ligands at five distinct (R1-3,5,6â3γ2) recombinant GABAA/BzR
receptor subtypes from at least nine different structural families. Examination of the included
volumes of the R1-, R5-, and R6-containing subtypes indicated that region L2 for the R5-contain-
ing subtype appeared to be larger in size than the analogous region of the other receptor
subtypes. Region LDi, in contrast, appeared to be larger in the R1 subtype than in the other
two subtypes. Moreover, region L3 in the R6 subtype is either very small or nonexistent in this
diazepam-insensitive subtype (see Figure 16 for details) as compared to the other subtypes.
Use of the pharmacophore/receptor models for these subtypes has resulted in the design of
novel BzR ligands (see 27) selective for the R5â3γ2 receptor subtype. R5-Selective ligand 27
when injected directly into the hippocampus did enhance memory in one paradigm (Bailey et
al., unpublished observations); however, systemic administration of either 9 or 27 into animals
did not provide an observable enhancement. This result is in complete agreement with the
observation of Liu (1996). It has been shown (Liu, 1996; Wisden et al., 1992) that in the central
nervous system of the rat (as well as monkeys and pigeons) there are several native subtypes
of the GABAA receptor which exhibit different functions, regional distributions, and neuronal
locations. Although 27 binds more potently at R5â3γ2 receptor subtypes and is clearly an inverse
agonist (Liu et al., 1996; Liu, 1996), it is possible that this ligand acts as an agonist at one or
more subtypes. Liu (1996) clearly showed that a number of imidazobenzodiazepines were
negative modulators at one subtype and agonists at another. Therefore, selectivity for a
particular subtype at this point is not sufficient to rule out some physiological effect at other
GABAA/BzR subtypes. The inability of 27 to potentiate memory when given systemically is
again in support of this hypothesis, especially since R1â2γ2 subtypes are distributed throughout
the brain (Wisden et al., 1992). A drug delivered systemically is far more likely to interact
with all subtypes than one delivered to a specific brain region. This observation (systemic vs
intrahippocampal) provides further support for the design of more subtype-specific ligands at
the BzR to accurately define their pharmacology, one key to the design of new drugs with
fewer side effects.

Introduction

The GABAA/BzR complex contains a chloride ion
channel which comprises part of the major inhibitory
neurotransmitter system in the central nervous system
(CNS).1-4 This system regulates numerous neurological
functions including convulsions, anxiety,5,6 and sleep
activity,7 as well as memory and learning processes.8
This membrane-bound heteropentameric protein poly-
mer9 is composed principally of R, â, and γ subunits.
Presently a total of 18 subunits (6R, 4â, 4γ, 1ε, 1δ, and
2F) of the GABAA receptor have been cloned and
sequenced; moreover, 16 of them have been found in the
mammalian CNS.9,10 Three types of subunits (R, â, and

γ) are required for the construction of recombinant
GABAA/BzRs which most closely mimic the biochemical,
electrophysiological, and pharmacological functions of
native GABAA/BzRs obtained from mammalian brain
cells.11,12 Among these, R1â2γ2 mimics many of the
pharmacological properties of the classical type-I BzR,
while R2â2γ2, R3â2γ2, and R5â2γ2 ion channels are
termed type-II BzR.13,14 Furthermore, recent studies of
site-directed mutagenesis by Weiss et al.15 indicated
that a rat recombinant GABAA receptor R1â2γ2 isoform
was composed of 1γ, 2R, and 2â subunits. The R4â2γ2
and R6â2γ2 channels both resemble “diazepam-insensi-
tive” (DI) sites.6,16-21 It appears now, based on existing
evidence from both photoaffinity radiolabeling experi-
ments and site-directed mutagenesis, that the benzo-
diazepine binding site lies between the R and γ
subunits.15,22-26
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The distribution of various subunits in the brain was
found to be distinct and regionally overlapping.9 The
regional heterogeneity of the GABAA/BzR subtypes has
also been suggested as a basis for the multiplicity of
pharmacological properties of the benzodiazepines.27

Consequently, determination of the differences among
receptor pharmacophores of BzR subtypes may lead to
the preparation of more selective agents which would
result in a better understanding of which subtype
mediates which physiological response(s). This should
result in more selective drugs for the treatment of
anxiety, sleep disorders, convulsions, and memory defi-
cits with fewer side effects.

A number of structurally diverse compounds have
been shown to bind to the benzodiazepine binding site
of the GABAA receptor. There are â-carbolines,28-31

imidazobenzodiazepines,18,20,32 triazolopyrimidines such
as CL 218872,33 pyridodiindoles,34-37 imidazopyridines
such as zolpidem,38 and pyrazoloquinolines represented
by CGS 9896,39 as well as some others.40-43 Classical
benzodiazepines such as diazepam, which bind to the
BzR and elicit a wide range of biological activities such
as anxiolytic/anticonvulsant, muscle relaxant, sedative/
hypnotic, and amnesiac, are termed agonists. On the
other hand, inverse agonists such as BCCE44 and many
others related to Ro 15-451318,32 exhibit anxiogenic,
somnolytic, and/or convulsant/proconvulsant activ-
ities.45-47 In addition, ligands such as flumazenil and
BCCT, so-called antagonists, exhibit little or no intrinsic
efficacy by themselves but inhibit the effects of both
agonists, such as ZK 93423, and inverse agonists,
represented by BCCE.48-51 There are a number of
ligands whose pharmacological profiles lie on a con-
tinuum at the BzR ranging from full agonist through
partial agonist to antagonist, as well as from partial
inverse agonist to full inverse agonist.39,52,53

Structure-activity relationship (SAR) studies have
been carried out by a number of research groups on
structurally diverse classes of ligands and have resulted
in the formulation of several different pharmacophore/
receptor models for the BzR.54 Models which attempt
to explain ligand efficacy as a function of ligand-
receptor interaction at the molecular level have been
put forth by Loew,54,55 Crippen,56,57 Codding,58,59 Fryer,60

Gilli and Borea,61 Wermuth,62 and Gardner,63 as well
as from our own laboratory.31,34-36,44,52,53,64-70

A comprehensive pharmacophore/receptor model for
the BzR was developed,52,53 which unified the previous
models for inverse agonist/antagonist and agonist activ-
ity as well as included the recent model for the DI
site.20,21,31,34-36,44,64-70 This unified pharmacophore/
receptor model was employed to include agonist, an-
tagonist, and inverse agonist ligands, which encom-
passed 12 families of structurally diverse compounds
(Figure 1).52,53 Four basic anchor points, H1, H2, Α2, and
L1, were assigned, and three additional lipophilic re-
gions were defined as L2, L3, and LDi (see captions in
Figure 1 for details).

Recent efforts have focused on the search for subtype-
selective ligands at recombinant GABAA/BzR subtypes
(Rxâ3γ2, x ) 1-3, 5, and 6) via a systematic SAR.
Affinities of ligands from a number of different struc-
tural classes of ligands (Figure 2) have been evaluated.
On the basis of SAR data obtained for these ligands at

five recombinant BzR subtypes,32,51,71-75 an effort has
been made to establish different pharmacophore/recep-
tor models for BzR subtypes. This approach is similar
to the previous one which resulted in the unified
pharmacophore/receptor model.52,53 Herein are de-
scribed the results from ligand-mapping experiments at
recombinant BzR subtypes of 1,4-benzodiazepines, imi-
dazobenzodiazepines, â-carbolines, diindoles, pyrazolo-
quinolinones, and others38,76 (Figure 2), for three of the
five recombinant receptor subtypes (R1â3γ2, R5â3γ2,
and R6â3γ2). The differences and similarities between
these three subtypes comprise much of the present
report.

In brief, analysis of the SAR indicates that region L2
for the R5-containing BzR subtype appears to be larger
in size than the analogous region in the other receptor
subtypes.32,72,77 Region LDi, in contrast, appears to be
larger in the R1-containing receptor isoform than at the
other subtypes. Moreover, region L3 in the recombinant
receptor which contains the R6 subunit is very small or
nonexistent in this DI site; it is believed L3 in the R4
subtype suffers a similar fate. Efforts continue toward
the development of more selective ligands for BzR
subtypes. Ultimately, this will permit one to understand
the binding mode of BzR ligands at all receptor subtypes
as well as to determine the biological significance of each
of the GABAA/BzR isoforms. Data from these studies,
when correlated with biological activity, may shed a
great deal of light on the physiological function of
GABAA/BzRs in mammalian brain.

Computer Modeling Methods

The core structures of the ligands were taken from
available X-ray crystallographic coordinates or gener-
ated using the SYBYL fragment library.20,58,59,73,78-82

Figure 1. Pyrazolo[3,4-c]quinolin-3-one CGS-9896 (119) (dot-
ted line), a diazadiindole36 (109) (thin line), and diazepam (145)
(thick line) fitted to the inclusive pharmacophore model for
the BzR. Sites H1 and H2 represent hydrogen bond donor sites
on the receptor protein complex, while A2 represents a
hydrogen bond acceptor site necessary for potent inverse
activity in vivo. L1, L2, and L3 are three lipophilic regions in
the binding pharmacophore. Descriptors S1, S2, and S3 are
regions of negative steric repulsion.
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The structures which resulted were energy-minimized
using MM2 (molecular mechanics program 2) or MMFF
(Merck molecular force field) force fields,83-87 and the
subsequent Monte Carlo conformational searches were
carried out on MacroModel 4.5 or MacroModel 6.088 on
a Silicon Graphics Personal Iris 4D/35 workstation or
a Silicon Graphics Octane SI 2P 175 R10000 worksta-
tion, respectively. The low-energy conformations were
then fully optimized via molecular orbital calculations
at the 3-21G basis set with torsional angles fixed. The
structures which resulted were further calibrated with
6-31G* single-point calculations at an “SCF)TIGHT”
convergence criteria via Gaussian 9289 on a Silicon
Graphics Indigo2 R4400 workstation or via Gaussian
9490 on a Silicon Graphics Octane SI2P175R10000
workstation. With ligands such as 4, 16, 17, 42, 43, 48,
143, and 144 wherein the molecules contain heavy
atoms (bromine or iodine), the necessary 6-31G* basis
sets were not included in the commercially available
Gaussian 92 and Gaussian 94 programs. These basis
sets were taken from splitting the MP4 basis set
reported by Andzelm et al. and then addition of d
functions.91-95

The ab initio 6-31G* geometries of the ligands were
used for the included volume analysis. Ligands which
possessed BzR affinities of e20 nM at one recombinant
receptor subtype were considered as “active” and were
used for the included volume analysis for that subtype.
Zolpidem, CL 218872, and ligands reported to be more
selective for one subtype96,97 were included even though
the binding affinities were somewhat higher than 20
nM. Molecular graphics, root-mean-squares (rms) fit,
calculations of centroids of substructures, and included
volume analyses were carried out by means of SYBYL
5.5 on a Silicon Graphics Personal Iris 4D/35 worksta-
tion or SYBYL 6.498 on a Silicon Graphics Octane SI
2P 175 R10000 workstation. The lengths of hydrogen
bond extension vectors (HBV) were set to 1.84 Å, while

the C-N-HBV and CdO-HBV valence angles were
chosen to mimic the geometry of an ideal hydrogen
bond.99-103

Results and Discussion
In vitro affinities (Ki values) for ligands 1-151

employed in the study were obtained by competition for
[3H]Ro 151788 binding to recombinant receptor subtypes
at 4 °C and are depicted in Tables 1-10. Included
volumes were obtained for the R1â3γ2, R5â3γ2, and
R6â3γ2 recombinant receptor subtypes via the modeling
procedure described above and are illustrated below. It
is known that in recombinant GABAA receptors com-
posed of R5â3γ2 subunits, the Ki values of ligands RY
80 (11) and RY 24 (27) as well as others were entirely
consistent with the values obtained on wild-type recep-
tors (R5â2γ2) from rat hippocampal tissue.32,104

1. Imidazobenzodiazepines. From the Ki values it
has been found that many 8-substituted imidazobenzo-
diazepines exhibited some degree of selectivity at the
R5-containing receptor subtype. Among them, ethyl
8-ethynyl-5,6-dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a]-
[1,4]benzodiazepine-3-carboxylate (RY 80, 11) exhibited
a 44-fold selectivity overall at the R5-containing sub-
type,77 while the important R1 to R5 selectivity of tert-
butyl 8-(trimethylsilyl)ethynyl-5,6-dihydro-5-methyl-6-
oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carbox-
ylate (RY 23, 28) was found to be 75.5-fold. Other
ligands with an acetylenic moiety at position-8 of the
imidazobenzodiazepine nucleus (27, 46, and 50) also
displayed 45-67-fold selectivity for the R5 isoform over
the R1 subtype (Tables 1-5). In comparison to their
parent (C8-H) compounds (see 1 vs 11, Figure 3), RY
80 (11) as well as ligand 46 [see 41 (H) vs 46 (CtCH)]
are much more selective for R5-containing subtypes. In
fact, the parents 1 and 41 exhibited almost no selectiv-
ity. This observation was in agreement with the previ-
ous hypothesis that correct occupation of region L2 can
promote R5 selectivity of a ligand.32,77 Furthermore,
studies of a series of framework-constrained 4,5-

Figure 2. Classes of ligands employed for the study of pharmacophore/receptor models of BzR subtypes.
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substituted pyrroloimidazobenzodiazepines and azetidi-
nylimidazobenzodiazepines, with both R and S configu-
rations (Figure 4), demonstrated that only S enantiomers
of this series of ligands were able to bind to BzR
subtypes with high affinity (Tables 4, 5).71 This was in
agreement with the earlier work of Haefely et al.41 and
Fryer et al.19 on wild-type receptor populations (synap-
tosomal membranes). The stereopreferences of recom-
binant receptors for the S enantiomers of these ligands
suggested the conformational topography at the five
recombinant receptor subtypes was well-conserved.71,105

Recent results with tritiated RY 80 (11) demonstrated
that [3H]RY 80 (11) could be employed to label specific
populations of GABAA receptor isoforms which con-
tained an R5 subunit.104 As such, [3H]RY 80 may be used
to evaluate the potency and efficacy of ligands at wild-

type GABAA receptors containing R5 subunits, as a
radioligand for autoradiographic studies, and as a probe
for examining these receptors after physiological and
pharmacological manipulation.104,106,107

The alignment rule and active conformation of the
ligands were determined as required52,53,108 before the
included volume analysis. In general, the imidazoben-
zodiazepine nucleus is fairly rigid which simplifies the
molecular modeling. Moreover, the active conformation
of the seven-membered ring is known from both the
results on the S enantiomers of the framework-con-
strained ligands71 as well as from the work of Haefely
et al.41 and Fryer et al.19 This conformation was
employed in the modeling of all benzodiazepine-related
ligands in this study. For these reasons the imidazoben-
zodiazepines were aligned in the pharmacophore model

Table 1. Affinities of 5,6-Dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylic Acid Ethyl Esters for Rxâ3γ2 (x
) 1-3, 5, 6) BzR Isoforms

Ki (nM)a

ligand R8 R1 R2 R3 R5 R6 R1/R5

1 H 1.2 2.0 1.1 0.4 >300 3.0
2 (Ro 15-1788) F 0.8 0.9 1.1 0.6 148 1.33
3 (Ro 15-1310) Cl 6.8 16.3 9.2 0.85 54.6 8.00
4 Br 26.0 27.0 13.0 0.7 22.0 3.7
5 CN 10.0 45.0 19.0 6.0 >1000 1.7
6 CHdCH2 8.3 10.2 6.9 0.4 NAb 20.8
7 Et 20.4 27 26.1 1.5 176 13.6
8 OEt 11.1 36 16.9 1.07 51.5 12.4
9 (Ro 15-4513) NdN+dN- 3.3 2.6 2.5 0.3 3.8 10.5
10 CHdCdCH2 3.75 7.2 4.1 1.1 44.3 3.4
11 (RY 80) CtC-H 28.4 21.4 25.8 0.49 28.8 58.0
12 CtC-CH3 10.1 22.2 16.5 1.68 >100 6.0
13 CtC-Si(CH3)3 121 142 198 5.0 114 24.2
14 CtC-CH2Si(CH3)3 >300 >300 >300 >300 >300 NA
a Data shown here are the means of two determinations which differed by less than 10%. b NA stands for data not available.

Table 2. Affinities of 5,6-Dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylic Acid tert-Butyl Esters for Rxâ3γ2
(x ) 1-3, 5, 6) BzR Isoforms

tCOO Bu

Ki (nM)a

ligand R8 R1 R2 R3 R5 R6 R1/R5

15 Cl 17.3 21.6 29.1 0.65 4 26.6
16 Br 11.4 10.7 9.2 0.47 9.4 24.3
17 I 9.7 11.2 10.9 0.38 4.6 25.5
18 OH 1.50 NAd 0.53 0.14 6.89 10.7
19 OCH3 6.74 NA 7.42 0.29 8.28 23.0
20 N(CH3)2 13.1 NA 38.1 0.78 118 16.8
21 Xb 5.8 NA 169 9.25 325 0.63
22 Yc 6.44 NA 148 4.23 247 1.5
23 NdN+dN- 7.25 22.1 9.84 0.3 5.25 24.3
24 NCS 17.1 33.7 50 2.5 30.7 6.8
25 NO2 12.8 49.8 30.2 3.5 22.5 3.7
26 Et 14.8 56 25.3 1.72 22.9 8.6
27 (RY 24) CtC-H 26.9 26.3 18.7 0.4 5.1 67.3
28 (RY 23) CtC-Si(CH3)3 197 143 255 2.61 58.6 75.5
29 CtCCH2Si(CH3)3 275 387 337 23 301 12.0

a Data shown here are the means of two determinations which differed by less than 10%. b X ) N-tetrahydropyrrole. c Y )
N-hexahydropyridine. d NA stands for data not available.
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in agreement with earlier work reported on the unified
pharmacophore/receptor model for BzR.52,53,109 As shown
in Figure 3, the centroid of ring-A of RY 80 (11), the
lone pair of electrons of N2, and the lone pair of
electrons of the oxygen atom of the carbonyl group at
the C3 position were rms fitted with L1, H1, and H2 of
the pharmacophore/receptor model.52,53,73 Note that the
bond lengths between the nitrogen or oxygen atoms and
the proton donors at H1 or H2 were adjusted to 1.84 Å.
The bond angle of CdO-LP was adjusted to 135°.

During an earlier study of DI BzR ligands, the active
conformations of imidazobenzodiazepines employed for
CoMFA studies at DS and DI BzR subtypes were
determined.20 In short, the anti conformation of the
ester functionality at position-3 was more likely to be
involved in the active conformation for both the DS and
DI subtypes. In addition, in the case of the 4,5-pyrro-
loimidazobenzodiazepines, the aliphatic ring plays an
important role in the active conformation of the ester
function. Ab initio calculations at the 6-31G* level
revealed that the energy of the syn conformer was 2.74

kcal/mol higher than that of the anti conformer for the
conformation of the 3-ethyl ester moiety of the pyrro-
loimidazobenzodiazepine 46.73 Consequently, the equi-
librium constant at the temperature under which the
binding study was done (4 °C) between the two con-
formers of 46 was 144.9 (∆G ) -RT ln K) in favor of
the anti conformation (Figure 5). Thus the anti confor-
mation was chosen as an active conformation through-
out this study. For the 3-oxadiazole analogues (Table
5, ligands 52-60), an anti conformation was also chosen,
for this led to good overlap with the 3-ester function of
46, as expected. In the case of 3-substituted imida-
zobenzodiazepines 31 and 32, which carried ketone
moieties at position-3, the anti conformer of the carbonyl
function was also chosen; this was a low-energy confor-
mation. For the remainder of the ligands with an
imidazobenzodiazepine nucleus which contained a flex-
ible side chain at position-3, a low-energy conformation
was chosen which resulted in maximum overlap with
the tert-butyl ester group of the potent ligand 3-tert-
butoxycarbonylimidazobenzodiazepine (15).73

Table 3. Affinities of 3-Substituted 5,6-Dihydro-5-methyl-6-oxo-8-chloro-4H-imidazo[1,5-a][1,4]benzodiazepines for Rxâ3γ2 (x ) 1-3,
5, 6) BzR Isoforms

Ki (nM)a

ligand R3 R1 R2 R3 R5 R6 R1/R5

3 (Ro 15-1310) CO2Et 6.8 16.3 9.2 0.85 54.6 8.0
15 CO2t-Bu 17.3 21.6 29.1 0.65 4 26.6
30 CO2CH2-c-Pro 16.4 48.2 42.5 9.8 168 1.7
31 C(dO)CH3 17500 33800 22100 2610 29500 6.7
32 C(dO)n-Bu 1580 2870 2740 166 2930 9.6
33 CH2OH >300 >300 >300 >300 >300 -
34 CH2OCH3 >300 >300 >300 38.8 >300 >7.7
35 CH2Cl >300 >300 >300 28.5 >300 >10.5
36 CH2OEt >300 >300 >300 82.7 >300 >3.6
37 CH2N(Et)2 9480 30000 15400 2580 30200 3.2
38 CH2N(i-Pr)2 4200 12600 6270 1350 8600 3.2
39 Et 408 1530 1130 182 3650 2.2
40 n-C5H11 2050 2900 2900 369 960 5.6

a Data shown here are the means of two determinations which differed by less than 10%.

Table 4. In Vitro Affinities of Framework-Constrained Imidazobenzodiazepines at Recombinant Rxâ3γ2 GABAA/BzR Subtypes

"

Ki (nM)a

ligand R′′ R R1, R2 R1 R2 R3 R5 R6 R1/R5

41 H (S)H -CH2CH2CH2- 7.3 NAb 7.1 1.6 >300 4.6
42 Br (S)H -CH2CH2CH2- 49 29 15 1 46 49
43 Br (R)H -CH2CH2CH2- >1000 >1000 >1000 >1000 >1000 NA
44 CtCSi(CH3)3 (S)H -CH2CH2CH2- 200 124 79 4 340 50
45 CtCSi(CH3)3 (R)H -CH2CH2CH2- >1000 >1000 >1000 >1000 >1000 NA
46 CtCH (S)H -CH2CH2CH2- 59 44 27 1.3 126 45
47 CtCH (R)H -CH2CH2CH2- 283 318 102 7.2 61 39
48 Br (S)H -CH2CH2- 17 13 6.7 0.3 31 56
49 CtCSi(CH3)3 (S)H -CH2CH2- 83 60 48 2.6 180 32
50 CtCH (S)H -CH2CH2- 21 12 10 0.37 42 57
51 (MSD) OMe (S)H -CH2CH2CH2- 48.5 27.4 24.5 0.45 83.2 108
11 (RY 80) CtCH H -CH3 28.4 21.4 25.8 0.5 28.8 57

a Data shown here are means of two determinations which differed by less than 10%. b NA stands for not applicable.
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Most of the substituents at position-8 of the imida-
zobenzodiazepine scaffold were chosen as symmetrical
or linear; therefore, conformational concerns were not
an issue. In the case of compounds which carried vinyl
(6), azido (9 and 23), and allene (10) moieties at C8, syn
(Figure 6) conformations were chosen for DS sites (R1,5)
while anti conformations were chosen for the DI site
(R6), which is in agreement with the previous study.20,53,73

For 8-isothiocyanoimidazobenzodiazepine (24), exami-
nation of ab initio 6-31G* calculations revealed that the
bond angle C8-N-C should be close to 180°.73 To permit

conjugation of the π-electrons of the nitrogen atom with
the aryl system, the N-tetrahydropyrrole (21) and
N-hexahydropyridine (22) moieties were located nearly
in the same plane as ring-A of the imidazobenzodiaz-
epine nucleus.73

In addition, because of the prochiral center at C4, the
B-ring of the 5-methylimidazobenzodiazepines may
adopt one of the two envelope conformations. Examina-
tion of the binding data (Tables 4, 5) for (R)- and (S)-
pyrrolo[2,1-c][1,4]imidazobenzodiazepines (see 42 vs 43)

Table 5. Affinities of 3-Alkyl-1,2,4-oxadiazole 4,5-Substituted Imidazobenzodiazepines at Recombinant Rxâ3γ2 (x ) 1-3, 5, 6)
GABAA/BzR Subtypes

Ki (nM)a

ligand R′ R R1, R2 R1 R2 R3 R5 R6 R1/R5

52 CH3 (S)H -CH2CH2CH2- 89 70 91 3.7 301 24
53 CH3 (R)H -CH2CH2CH2- >1000 >1000 >1000 157 >1000 NAb

54 CH2CH3 (S)H -CH2CH2CH2- 86 40 85 2.4 150 36
55 CH(CH3)2 (S)H -CH2CH2CH2- 73 85 97 4.8 333 15
56 C6H5 (S)H -CH2CH2CH2- 33%c 26% 19% 455 4% NA
57 CH3 (S)H -CH2CH2- 19 56 91 7.2 266 2.6
58 CH2CH3 (S)H -CH2CH2- 220 150 184 12.7 361 17
59 CH(CH3)2 (S)H -CH2CH2- 156 88 122 8.5 267 18
60 C6H5 (S)H -CH2CH2- 10% 29% 15% 374 14% NA

a Data shown here are the means of two determinations which differed by less than 10%. b NA stands for not applicable. c Percentage
inhibition at a concentration of 1 µmol.

Figure 3. 1 (black) and RY 80 (11) (gray) in the pharmacophore/receptor model for BzR. Ligands 41 and 46 are also shown in
the background for comparison purposes.
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indicated that the pro-S conformations are the active
conformations for this series71 (Figure 4).

2. â-Carbolines and Diindoles. â-Carbolines were
first discovered to bind to central BzRs by Nielsen et
al.110 A number of active â-carbolines were synthesized
and identified as inverse agonists over the years in
many laboratories including our own.31,44,68,111-115 In-
verse agonists such as DMCM (100), agonists, such as
abecarnil (92) and ZK 93423 (91), and antagonists such
as ZK 93426 have been reported by scientists at Scher-
ring.116,117 Furthermore, the discovery of inverse agonist
â-carboline-3-carboxylates by Braestrup and Niels-
en45,46,118,119 in the early 1980s resulted in the discovery
of the two-way modulation of BzR-mediated GABAergic
transmission.120 â-Carbolines have been found to elicit
a continuum of intrinsic activities ranging from agonists
[such as ZK 93423 (91) and abecarnil (92)]116,117,121

through antagonists [such as 3-PBC and BCCT (62)]122

to inverse agonists [DMCM (100) and BCCE (63)].45,119

There are also partial agonists (6-PBC, 87) and partial
inverse agonists (3-EBC, 64).44 SAR studies of â-carbo-
lines at the BzR were also reported during the early

1990s.31,44,66,69 A predictive inverse agonist/antagonist
binding pharmacophore model for â-carbolines was
developed via CoMFA/GOLPE approaches, and it was
further refined employing ab initio calculations.31,44

On the basis of the agonist pharmacophore/receptor
model of the BzR, the design and synthesis of the
anxiolytic/anticonvulsant 6-(n-propyloxy)-4-methoxym-
ethyl-â-carboline-3-carboxylic acid ethyl ester (6-PBC,
87) was realized.67,69 This â-carboline inhibited PTZ-
induced seizures in a dose-dependent fashion and
exhibited anxiolytic activity when evaluated in an
elevated plus-maze paradigm.67 This partial agonist 87
was devoid of muscle-relaxant activity and completely
antagonized the myorelaxant actions of diazepam.67,69

The reason for the partial agonist activity of this ligand
was believed to originate from partial occupation of
lipophilc region L3 of the BzR pharmacophore51,74 in
contrast to full occupation of this region by a full agonist,
such as ZK 93423 (Figure 7).

During the course of the search for subtype-selective
ligands, â-carbolines have been found to exhibit higher
affinity at R1-containing receptor subtypes than at other
isoforms.51,74 In this regard, the antagonist BCCT (62)
was among the most selective ligands at the R1-
containing receptor reported at the time (1995)122 and
displayed subnanomolar affinity at the R1 subtype. This
tert-butyl ester 62 exhibited 20-fold selectivity at the
R1 subtype in comparison to other subtypes and was
more selective in vitro at the R1 subtype than the
classical BzI-selective ligands, CL 218,872 (149) (about
10-fold overall more selective at R1) and zolpidem (147)
(about 6-fold overall more selective at R1). Since R1-
containing receptor subtypes are the most abundant
GABAA/BzR isoforms and are located throughout the
brain, an R1-selective ligand such as BCCT should be
an important tool to define the exact location of R1
subtypes in the brain with pharmaceutical potential.
Recently, June et al. has shown that BCCT reversed
the self-administration of ethanol in alcohol-preferring
(P) rats.123 This GABAA-related phenomenon may pro-
vide a significant new pathway for treatment of alcohol
abuse. More work remains in this area to exploit this
observation.

Figure 4. Two conformers (pro-S in yellow and pro-R in blue) of Ro 15-4513 (9) in the benzodiazepine pharmacophore/receptor
model.

Figure 5. Syn and anti conformational representations for
the C3 ester functionality of the framework-constrained pyr-
roloimidazobenzodiazepine (46).

Figure 6. Conformations of the azido moiety of Ro 15-4513
(9).
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Most â-carbolines do not bind to the R6-containing
BzR subtype. DMCM (100) and its ethyl ester congener
99, however, are among the few â-carbolines which ex-
hibit moderate affinity at this receptor isoform (see
Table 6 for details). â-Carbolines generally displayed
some selectivity at R1-containing receptors, as described
previously.51,74 A detailed 3-D QSAR examination of
these ligands at five receptor subtypes via a CoMFA ap-
proach was reported recently.74 The alignment for agon-
ists vs inverse agonists depicted in Figure 7 was based
on this CoMFA.74 This alignment was employed in the
present study to define the included volumes of BzR
subtypes.

The rigid pyridodiindole 113 was employed as a tem-
plate to define the alignment rule and the active con-
formation of flexible BzR ligands including â-carbo-
lines.52,74 As previously reported, diindole 113 was rms
fitted into the pharmacophore/recepor model in such a
way that the proton of N7 interacted with A2 with a
bond length of 1.84 Å and a bond angle (N7-H-A2) of
180°. The lone pair of electrons of N5 were paired with
H1 with a bond length of 1.84 Å and an angle (C6-N5-
H1) of 120°. The centroid of the E-ring was paired with
the lipophilic region L1 of the pharmacophore/receptor
model. The 2-chloropyridodiindole template 113 was
especially useful since it was one of the largest com-
pletely rigid ligands known to bind with potent affinity
to three of the five receptor subtypes (see Table 7 for in
vitro data). Thus, it could be employed immediately to
map out a significant portion of the sterically allowed
regions of the receptor. Furthermore, the region of the
BzR in the vicinity of the 2-chloro group of bound 113
defined a sterically tolerated region in the receptor. The
longer side chains of the 3-substituted ether and ester
functions of â-carbolines were threaded through this
sterically allowed region (see Figure 8) requiring that
the torsional angle of N2-C3-CdO be in the syn
conformation (τ ) 0°). The remainder of the torsional
angles were arbitrarily fixed in the extended trans
conformation (Figure 8). The syn conformation of the
3-ester group permitted the interaction via a three-

centered hydrogen bond between the carbonyl oxygen
group and N2 nitrogen atom of the â-carbolines with
the proton donor site H1 of the receptor protein (Figure
9). The three-centered hydrogen bond interaction was
predicted to be a very stable arrangement based on
analysis of the X-ray crystal structure of BCCM.59 In
principle, the anti conformation (N2-C3-CdO torsional
angle ) 180°) would also permit the formation of a
three-centered hydrogn bond with H1; however, this
would involve an interaction between H1 and the less
electronegative ether oxygen atom of the ester group
and therefore would be less favorable.

In a previous study, an anti conformer of the 3-alkoxy
function was proposed with a torsional angle of 180° for
N2-C3-O-C which resulted in good alignment with
the active 3-alkoxycarbonyl group.31,44 A study of active
conformations also suggested that the syn conformer
would sterically hinder the formation of a hydrogen
bond between the N2 lone pair of electrons and the H1
site on the receptor which is essential for tight binding
of the ligand at the BzR. The low affinity of DMCM
analogues 97 and 98 (see Table 6) was consistent with
the above assumption (Figure 10). In the case of 97 the
energy difference between the anti conformer (the pro-
posed active conformer in a near-planar conformation
to fit in the pharmacophore receptor model) and the
global optimal low-energy conformer in the gas phase
was over 18 kcal/mol by calculations using an MMFF
force field. Because of the steric repulsion between the
3-methoxy and 4-ethyl functions, formation of the active
conformation was disfavored (see Figure 10). In the case
of the monosubstituted 3-alkoxy-â-carbolines, the energy
differences between the anti “active” conformation and
the global optimal low-energy conformation of these
ligands were calculated to be considerably less and could
be compensated for by the free energy released upon
the binding of the ligand to the receptor.52,53,74

3. Pyrazoloquinolin-3-ones (CGS Series). The py-
razoloquinolines, discovered in the laboratories of Ciba-
Geigy (the so-called CGS series),39 were found to bind
to both DS and DI BzR sites (R1-6 isoforms).39,80,124,125-

Figure 7. Partial agonist 6-PBC (87; black, aligned vertically), inverse agonist BCCE (63; gray, aligned horizontally), and CGS-
9896 (119; light gray) in the pharmacophore/receptor model.
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A wide range of pyrazoloquinolinones have been syn-
thesized by a number of research groups to correlate
the substitution pattern and structure with the intrinsic
activity of a ligand.39,124-127 Although many of the
ligands are active in vivo as anxiolytic/anticonvulsant
agents or as inverse agonists, the future for the original
CGS series as clinical agents was limited due to the poor
solubility of these ligands. However, the unique topology
of their structure along with the potent affinity in vitro
establishes them as excellent templates for the develop-
ment of pharmacophore/receptor models.52,125 The fit of
the CGS series at the H1, H2, and L1 descriptors of the

pharmacophore/receptor models (R1-6 isoforms) for
BzR is nearly perfect. A number of new pyrazoloquin-
olinones with linear side chains (such as acetylenes)
have been synthesized to explore regions L2 and/or
LDi of the pharmacophore/receptor model.128 In general,
this series of CGS-like ligands exhibited potent affini-
ties at all five receptor subtypes (Table 8). Ligands
substituted with the trimethylsilylacetylene moiety at
position C4′ (123) displayed affinities which were 20-
30 times less potent than the protio analogue (see 118).
This ligand (123) also bound poorly to R6-containing
receptor isoforms. This suggested that the size of the

Table 6. Affinities of â-Carbolines at Rxâ3γ2 (x ) 1-3, 5, 6) Receptor Subtypes

Ki (nM)a

ligand R9 R7 R6 R4 R3 R1 R2 R3 R5 R6

61 H H H H COn-Pr 2.1 16.0 21.0 995 >3000
62 (BCCT) H H H H CO2t-Bu 0.72 15 18.9 111 >5000
63 (BCCE) H H H H CO2Et 1.2 4.9 5.7 26.8 2700
64 (3-EBC) H H H H OEt 6.43 25.1 28.2 826 >1000
65 H H H H NCS 67.2 120 141 >3000 >10000
66 H H H H Cl 60.4 125 126 ∼1000 >10000
67 H H H H On-Pr 5.3 52.3 68.8 591 >1000
68 H H H H On-Bu 36.9 194 245 ∼1000 >1000
69 H H H H OBn 830 >3000 >3000 >10000 >10000
70 H H H H Oi-Bu 24.9 124 139 ∼1000 >10000
71 H H H H Oi-Pent 350 >3000 >3000 >3000 >10000
72 H H H H Oi-Pr 283 >3000 >3000 >10000 >10000
73 H H H H Oi-Bu 245 818 869 >10000 >10000
74 H H NO2 H NO2 12.9 83.1 NTb 314 >5000
75 H H SCN H SCN 13.6 423 NT 2910 >5000
76 H H SCN H CO2CH3 3.41 NT 30.0 141 >10000
77 H H BnO H CO2Et 7.2 169 284 271 >10000

78 H H H CO2CH3 2.39 17.4 14.4 316 >10000

79 H H BnNH H CO2CH3 5.42 30.2 48.9 475 >10000

80 H H H CO2CH3 30.7 205 271 814 >10000

81 H H H MeOCH2 CO2Et 0.63 2.79 4.85 10.4 1150
82 H H BnO Et CO2Et 20.8 78.3 58.7 67.3 >10000

83 H H Et CO2Et 183 291 300 270 >10000

84 H H MeO Et CO2Et 1.6 2.9 2.8 1.0 >1000
85 H H CH3(CH2)7O Et CO2Et 3650 29700 35000 12700 >30000
86 H H MeO MeOCH2 CO2Et 0.14 1.19 1.72 4.0 479
87 (6-PBC) H H PrO MeOCH2 CO2Et 0.49 1.21 2.2 2.39 1340
88 H H PrO MeOCH2 OPr 24.6 214 270.4 332 >1000
89 H H PrO MeOCH2 CONHNH2 46 422 400 108 >300
90 H H PrO MeOCH2 NH2 45 540 700 380 >3000
91 (ZK93423) H H BnO MeOCH2 CO2Et 4.1 4.2 6 4.5 >1000
92 (abecarnil) H H BnO MeOCH2 CO2i-Pr 12.4 15.3 7.5 6 >1000
93 H H BnO MeOCH2 SCN 25 82.6 58.8 159 >10000

94 H H MeOCH2 CO2Et 15.4 NT 293 323 >1000

95 H H OH MeOCH2 CO2Et 2.0 5.4 10.8 18.5 ∼3000
96 H H CH3(CH2)7O MeOCH2 CO2Et >1000 >3000 >3000 >3000 >3000
97 H OMe MeO Et OMe >300 >300 >300 >300 >300
98 H OMe MeO Et OEt >300 >300 >300 >300 >300
99 H OMe MeO Et CO2Et 6.2 18.7 4.0 3.3 74.9
100 (DMCM) H OMe MeO Et CO2Me 5.7 8.3 4.0 1.04 134
101 H OMe MeO Et CONHNH2 896 >1000 570 91.5 >3000
102 Me H H Et CO2Et >1000 >1000 >1000 >1000 >10000
103 Me H PrO MeOCH2 CO2Et 25.6 105 164 161 >10000
104 Me H CH3(CH2)7O MeOCH2 CO2Et >3000 >3000 >3000 >3000 >3000
105 Me H CH3(CH2)7O Et CO2Et >1000 >1000 >1000 >1000 >1000

a Data shown here are the means of two determinations which differed by less than 10%. b NT stands for not tested.
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binding pharmacophore in the R6 receptor subtype was
smaller in region L2 than the other receptor subtypes,
in agreement with earlier work on the unified pharma-
cophore/receptor model.21,52 Most of these new pyrazolo-
quinolinone ligands (see Table 8) exhibited less potent
affinity at the R5 subtype than at the R1 subtype
including those substituted with acetylene and trim-
ethylsilylacetylene substituents. Examination of the
overlap of 4′-acetylenopyrazoloquinolinone (124) with
RY 80 (11) can be employed to illustrate the differences
in occupation of regions LDi and L2 of the pharmacoph-
ore/receptor model exhibited by the two compounds (see
Figure 11). It is proposed that potent interaction of
ligand 124 in region LDi in the pharmacophore/receptor
model may have compromised the key interaction at L2
required for R5 selectivity, accounting for the R1 selec-
tivity as reported elsewhere.129

In addition to pyridodiindoles, phenylpyrazoloquino-
linones were also employed as templates for the con-
struction of the unified pharmacophore/receptor model
of BzR due to the high potency of this series at BzRs.52

In brief, in the study the pyrazoloquinolinone 124 was
rms fitted into the pharmacophore/receptor model in
such a manner that the lone pair of electrons of N1
interacted with the hydrogen bond donor site H2 of the
model with a bond length of 1.84 Å and a bond angle
(N2-N1-H2) of 126°. The lone pair of electrons of the
C3 carbonyl oxygen atom was aligned with the hydrogen
bond donor site H1 with a bond length of 1.84 Å and an
angle (CdO-H1) of 135°. The proton on the N5 nitrogen
atom interacted with hydrogen bond acceptor site A2 to
form a hydrogen bond with a bond length of 1.84 Å and
a bond angle (N6-H-A2) of 180°. Finally, the centroid
of the phenyl moiety at position-2 was aligned in the
lipophilic region L1 of the pharmacophore/receptor
model (Figure 11). This alignment has been employed
for ligands 118-129 in the present work and is in
complete agreement with earlier modeling reported in
this series.52,53,127

4. 1,4-Benzodiazepines. Since the introduction of
Librium in the 1960s and the subsequent discovery of
its mode of action via GABAA receptors by Squires,

Braestrup, Haefely, Möhler, and Okada,1,130-132 the
benzodiazepines have enjoyed widespread use rivaled
by few other classes of compounds. In general, 1,4-
benzodiazepines are nonselective ligands133 which bind
to all BzR isoforms which are DS (see Table 9). As a
result, most of the 1,4-benzodiazepines display a wide
range of pharmacological activities, such as anxiolytic/
anticonvulsant, sedative/hypnotic, ataxic/myorelaxant,
and amnesiac. It is now believed that agents selective
for specific BzR subtypes may permit one to separate
out the pharmacological activities of these isoforms.
Furthermore, the actual intrinsic activity of BzR ligands
plays an important role. Compounds with low intrinsic
activity (so-called partial agonists) do not cause motor
deficits even at doses at which ligands occupy a high
percentage of BzRs in the CNS. However, full agonists,
such as flunitrazepam, interrupt the rotarod perfor-
mence of rodents even on occupation of only 13% and
19% of BzRs in cerebellum and the spinal cord, respec-
tively. In contrast, the ED50 of a partial agonist (clon-
azepam) was found to occupy 80% and 78% of the BzRs
in the same regions, respectively, of the CNS in order
to interrupt the same test.134 The mechanism of intrinsic
activity of a ligand is still not clear. Attempts to define
this activity at the pharmacophore/receptor level have
been made.52,53

Studies of the pharmacophore/receptor model via the
synthesis of 1,4-benzodiazepines70,135 and a series of
â-carboline ligands30,51 suggested that occupation of
region L3 of the receptor by a BzR ligand would lead to
agonist activity.52,67 From the CGS series it was as-
sumed that full occupation of regions L2 and L3 would
lead to a full agonist, while partial occupation of region
L3 would provide a partial agonist. The synthesis of the
partial agonist 6-PBC (87) was based on this hypoth-
esis.51 Many 1,4-benzodiazepines are found to be full
agonists, since the 5-aryl moiety fully occupies region
L3 of the receptor site. Benzofused 1,4-benzodiazepines
have been employed to further probe the pharmacoph-
ore/receptor models of BzR subtypes.72 It was shown
that molecular descriptors (repulsive regions) S1 and S2

were valid for all four DS sites, since the 7,8-benzofused
1,4-benzodiazepines bound to all four BzR subtypes (DS
sites) better than the 6,7-benzofused and 8,9-benzofused
systems (see Figure 12).72 A few of these benzofused 1,4-
benzodiazepines were found to be moderately selective
at R5 isoforms. More importantly, differences in the
ability to accommodate the lipophilic substituent of a
ligand at region L2 were observed in comparison to
different receptor subtypes. Examination of the affini-
ties of these benzofused 1,4-benzodiazepines at five
recombinant GABAA/BzR subtypes revealed that region
L2 in the R5-containing receptor isoform was larger than
the others, which was in agreement with findings from
the imidazobenzodiazepine series.32,73,77 On the basis of
this work and the R5 selectivity of RY 80 (11), the
synthesis of a 7-acetyleno-substituted 1,4-benzodiaz-
epine, a diazepam congener, was executed and resulted
in a ligand (139) with 7-fold overall selectivity in vitro
for the R5 receptor subtype.72 The ligand also displayed
an 11-fold better affinity at the R5-containing receptor
isoform than at the R1 subtype (Figure 13). To our
knowledge this was the first agonist ligand to exhibit

Figure 8. BCCE (63) (gray) and diindole (111) (black) aligned
in the pharmacophore/receptor model for BzR.
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some R5 selectivity reported from the 1,4-benzodiaz-
epine family (see Table 9).

Recently this ligand (139) was shown to reverse the
convulsant activity of RY 24 (27), an R5-selective inverse
agonist, in NIH mice.104 Under similar conditions,
zolpidem, an R1-selective agonist, was not able to
effectively block these convulsions in mice at comparable
doses.104 Importantly, a 7-cyano congener (140) did not
bind to this series of recombinant receptor subtypes in
agreement with earlier work of Haefely and Fryer on
the SAR of 1,4-benzodiazepines.41,60 This ligand (140)
also did not exhibit any subtype selectivity. This again
supports the hypothesis that occupation of region L2
with lipophilic groups is important for R5 selectivity as
well as for high affinity.

The 1,4-benzodiazepines in general are nonselective
at all four of the DS subtypes (R1-3 and R5), as was

expected. Moreover, 5-phenyl-substituted 1,4-benzodi-
azepines did not bind to the R6-containing receptor
isoform, which is one of the DI subtypes. A study of this
DI subtype via molecular modeling52,53,73 again revealed
that this receptor subtype may be devoid of region L3
which accommodates the aryl moiety at position-5 of the
1,4-benzodiazepine nucleus of DS sites, according to the
pharmacophore/receptor model. Based on a limited
amount of data, it appears the DI R4 site shares this
characteristic with the R6 isoform.105

For the present modeling study the 1,4-benzodiaz-
epines were aligned into the pharmacophore/receptor
model in such a manner that the centroid of ring-A
interacts with region L1. The lone pair of electrons of
the C2 oxygen atom interact with H1, while the lone pair
of electrons on N4 interact with H2 of the receptor
protein (Figure 13).52,53,105 This alignment is in agree-
ment with previous reports on the unified (average)
pharmacophore/receptor model.52,53

5. Triazolopyrimidines (CL 218872) and Imida-
zopyridines (Zolpidem). a. CL 218872. The triazol-
opyrimidine, CL 218872 (149), was found by Beer and
Lippa to be a partial agonist at BzRs.33,136 This ligand
was also reported to be selective for the classical type-I
BzR and has been used to identify and characterize the
type-I BzR in the brain.137,138 In addition to CL 218872
(149), zolpidem (147) and alpidem (152) (two type-I-
selective ligands) have been employed in the labor-
atory to identify receptors which contain an R1 sub-
unit. 14,96,139

For the present study, compound 149 was aligned in
the pharmacophore/receptor model to permit the lone
pair of electrons of N1 to interact with H1 while the lone
pair of electrons on N4 interacted with the H2 descriptor
of the receptor protein. The centroid of the phenyl
moiety at position-6 of the triazolopyrimidine nucleus
overlapped with region L1 of the pharmacophore/recep-
tor model (Figure 15a).

b. Zolpidem. The alignment of zolpidem (147) in the
pharmacophore/receptor model is illustrated in Figure

Table 7. Affinities of Pyridodiindoles at Rxâ3γ2 GABAA/BzR Subtypes

Ki (nM)a

ligands R1 R2 R10 R1 R2 R3 R5 R6

106 2.2 11.5 16.3 200 >10000
107 3.0 23.8 30.5 240 >10000
108 28 118 156 ∼1000 >10000
109 H 105 228 284 >3000 >10000
110 Cl >3000 >3000 >3000 >10000 >10000
111 H H 1.1 1.2 1.1 40.3 >1000
112 H NO2 244 500 532 1560 >10000
113 Cl H 3.9 12.2 24.4 210 >10000
114 F H 5.1 10.4 18.4 260 >10000
115 OCH3 H 3.4 11.7 11.0 225 >10000
116 BnO H 432 ∼3000 ∼3000 >10000 >10000
117 OC(O)t-Bu H 156 NAb NA >3000 >10000

a Data shown here are the means of two determinations which differed by less than 10%. b NA stands for data not available.

Figure 9. BCCT (62) in the pharmacophore/receptor model.

Figure 10. Energy difference between the two conformers of
97 is over 16 kcal/mol. The anti conformer (the active con-
former) is a high-energy conformer. However, the low-energy
syn conformer is not favored for high-affinity binding at BzRs
due to the steric repulsion between the 3-methoxy moiety of
the â-carboline nucleus and the H1 site on the receptor protein.
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15c. The centroid of the phenyl moiety at position-2 of
zolpidem overlapped with region L1 of the receptor,
while the lone pair of electrons of N1 interacted with
H1 of the receptor to form a hydrogen bond between the
ligand and the receptor. A second hydrogen bond was
formed between the amide carbonyl oxygen atom (LP)
and H2 of the receptor protein (Figure 15c).

c. r1 Selectivity and LDi. Examination of the
alignment of CL 218872 (149), zolpidem (147), and RY
80 (11) revealed some of the differences among these
ligands in regard to the occupation of the pharmacoph-
ore/receptor model of the BzR (Figure 15). As clearly
illustrated in Figure 15, the R1-selective ligands, CL
218872 (149) and zolpidem (147), had better occupation
of region LDi, in the receptor model, while the R5-
selective ligand RY 80 (11) demonstrated more complete
occupation of region L2. The R1 subtype selectivity of

many â-carbolines, such as BCCT (62), further supports
the observation that occupation of region LDi should
result in a ligand with enhanced R1 selectivity. The
further exploration of this region is expected to lead to
more selective ligands at R1-containing GABAA/BzR
isoforms.

6. Pharmacophore/Receptor Models for GABAA/
BzR Subtypes. Depicted in Figure 16 are the included
volumes of the pharmacophore receptor models for R1-,
R5-, and R6 (DI)-containing receptor subtypes. Ligands
employed in the included volume for each receptor
subtype are those which exhibited potent affinity (Ki e
20 nM) at the receptor subtype. However, CL 218872
(149, KiR1 ) 57 nM) and zolpidem (147, KiR1 ) 26.7
nM), as mentioned, have been added to the included
volume of the R1â3γ2 receptor subtype since both
ligands are more selective for the R1 subtype.33,38,138

Depicted in each figure on the right-hand side is the
orthogonal view of the same object illustrated at the left.
When the included volume of the R5 pharmacophore/
receptor model (yellow) was overlapped with that of the
volume of the R1 isoform (blue), it was clear that the
left (west) side of the pharmacophore of the R1-contain-
ing receptor subtype was larger than that of the R5-
containing receptor isoform (see Figure 17a). Contribu-
tions to this LDi area are derived in large measure from
7-substituted â-carbolines as well as ring-A-substituted
pyrazoloquinolinones (CGS series) (see figure legend for
details). Most â-carbolines demonstrated some R1 se-
lectivity even though it may be moderate in level. The
small pyrazoloquinolinones exhibited tight affinity at
all subtypes with very little selectivity for the R1
subtype. More work in this area is underway at present.
Both series of ligands occupy lipophilic region LDi in the
pharmacophore/receptor model with ring-A of their
molecular structure. This result implies that occupation
of LDi may be critical for the selectivity of a ligand at
receptors which contain R1 subunits. Results from other
laboratories also suggest that occupation of region LDi

is highly recommended for selective binding at receptors
which contain an R1 subunit.140

Table 8. Affinities of Linearly Substituted Pyrazoloquinolinones at Rxâ3γ2 GABAA/BzR Subtypes

Ki (nM)a

ligand R8 R4′ R7 R1 R2 R3 R5 R6

118 (CGS-8216) H H H 0.05 0.08 0.12 0.25 17
119 (CGS-9896) H Cl H NAb NA NA NA NA
120 Br H H 0.06 0.08 0.05 0.12 4
121 CtCH H H 0.08 0.06 0.02 0.08 NA
122 H Br H 0.18 0.21 0.25 1.3 40
123 H CtCSiMe3 H 3.0 3.7 4.7 24 >1000
124 H CtCH H 0.07 0.03 0.04 0.17 NA
125 OMe H H 0.11 0.10 0.09 0.20 >10
126 Cl OMe H 0.20 NA 0.20 0.32 1.90
127 H OMe OMe 0.34 NA 0.79 0.52 10
128 H H OMe 1.34 1.31 1.26 0.84 2.03
129 Cl H H 0.23 0.17 0.12 0.44 17.3
a Data shown here are the means of two determinations which differed by less than 10%. b NA stands for data not available.

Figure 11. RY 80 (11; gray) and Ligand 124 (black) in the
pharmacophore/receptor model.
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In contrast, as illustrated in Figure 17a, region L2 is
believed to be deeper in the pharmacophore of the R5
receptor subtype than in the R1 isoform. Examination
of the illustrations in Figure 17a demonstrate that
region L2 for the R5-containing receptors is deeper in
size than in the corresponding R1 or R6 receptor
subtypes, based on the ligands from this study (1-151)
as well as others.52,73,74 It has been observed that ligands
with R5 selectivity are generally imidazobenzodiaz-
epines. The C8 substituent of this series of ligands
occupies region L2 of the pharmacophore. For example,
the acetyleno function of RY 80 (11), one of the most
potent R5-selective ligands, occupied this region L2 and
displayed R5 selectivity.77 The selectivity of QH-II-66
(139) at R5-containing receptor subtypes further sup-
ported this hypothesis.72 Furthermore, the chloro ana-
logue of this 1,4-benzodiazepine, diazepam, was nonse-
lective (Figure 13). Occupation of region LDi of ligands
in the imidazobenzodiazepine series was poor, as il-

lustrated in Figure 11, in comparison to both â-carbo-
lines and the CGS series. In a fashion similar to
imidazobenzodiazepines, 1,4-benzodiazepines do not
occupy region LDi to the degree that â-carbolines and
pyrazoloquinolinones (CGS series) occupy this area.

Illustrated in Figure 17b is the included volume of
the pharmacophore/receptor model of the R6 subtype (in
green) overlapped with the volume of the R5 receptor
subtype (purple), respectively. It was found this R6 (DI)
receptor subsite was devoid of lipophilic pocket L3. This
was in agreement with the previous finding that the
BzR DI site was devoid of lipophilic pocket L3.21,52 This
was based on the activity of 1,4-benzodiazepines which
do not bind to this R6-containing receptor subtype. Lack
of region L3 was believed to be responsible for the
insensitivity of this receptor subtype to diazepam and
its congeners. With a few exceptions, â-carbolines also
do not bind to the R6â3γ2 receptor subtype. Ligands
which bind to this DI site are small and are represented
mostly by imidazobenzodiazepines and pyrazoloquino-
linones (CGS series). It was previously claimed that Ro
15-4513, an 8-azidoimidazobenzodiazepine, was a DI-
selective ligand.20 On the basis of the affinity of Ro 15-
4513 (9) at the five recombinant receptor subtypes, this
series of ligands (in large part) exhibited some selectiv-
ity toward receptors which contain R5 subunits, rather
than those at R6.32,71,77 In general, pyrazoloquinolinones
bind tightly to this receptor subtype. However, the
affinity diminished when the size of a substituent at
ring-D increased (123), similar to the finding observed
at the classical DI site.124 Comparison of the pharma-
cophore/receptor included volume of this receptor sub-
type with the volumes of the R1 and R5 receptor
subtypes revealed that the pharmacophore/receptor
model for the R6-containing receptor was much smaller
in size than the receptor subtypes which contain R1 or
R5 subunits.

Table 9. In Vitro Affinities of Substituted 1,4-Benzodiazepines at Recombinant Rxâ3γ2 GABAA/BzR Subtypes

Ki (nM)a

ligand R1 R5 R7 R1 R2 R3 R5 R6 R1/R5

130 Me 2-furyl Cl >300 >300 >300 >300 >300 NAb

131 Me 2-thienyl Cl 19.2 13.2 13.4 11.5 >300 1.7
132 Me 3-thienyl Cl >300 >300 >300 >300 >300 NA
133 Me c-butyl F >300 >300 >300 >300 >300 NA
134 H 2-thienyl F 175 335 405 150 >300 1.17
135 Me 2-thienyl F 141 215 205 65.5 >300 2.15
136 H 2-azidophenyl N3 2160 NA 4620 1640 >1000 1.32
137 Me 2-nitrophenyl NO2 0.49 NA 0.76 7.7 >10000 0.06
138 Me phenyl CtCSiMe3 94 73 203 63 >3000 1.49
139 (QH-II-66) Me phenyl CtCH 76.3 42.1 47.4 6.8 >3000 11.2
140 Me phenyl CN 320 310 350 265 >3000 1.2
141 H phenyl H 286 233 350 140 >3000 2.04
142 Me phenyl H 81 138 318 96 >3000 0.84
143 H 2-nitrophenyl Br 16 31 52 199 >3000 0.08
144 Me phenyl Br 9.4 9.3 31 7.7 >3000 1.22
145 (diazepam)c Me phenyl Cl 14 20 15 11 >3000 1.3
146 (flunitrazepam) Me 2-nitrophenyl F 2.2 2.5 4.5 2.1 >2000 1.05

a Data shown here are means of two determinations which differed by less than 10%. b NA stands for not applicable. c Data obtained
from ref 133 for comparison purposes.

Table 10. Affinities of Miscellaneous Ligands at Rxâ3γ2 (x )
1-3, 5, 6) Receptor Subtypes

Ki (nM)a

ligand R1 R2 R3 R5 R6

147 (zolpidem)b 26.7 156 383 >10000 >10000
148 (bretazenil)b 0.35 0.64 0.2 0.5 12.7
149 (CL218,872)b 57 1960 1160 561 >10000
150 (FG8205)b 0.4 2.08 1.16 1.54 227
151 (triazolam)b 0.8 0.59 1.43 1.54 >10000

a Data shown here are the means of two determinations which
differed by less than 10%. b These ligands were employed for
comparison purposes in these sets of assays and the reported
values obtained (see ref 137 for details).
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In summary, pharmacophore receptor models for
three GABAA/BzR subtypes have been established via
an SAR study based on the affinities of 151 BzR ligands
at five distinct recombinant GABAA/BzR receptor sub-
types. Ligands have been chosen for this study from at
least nine different structural families. The pharma-
cophore receptor models for these receptor subtypes
which resulted revealed differences among receptor
subtypes which have directed the design of novel selec-
tive BzR ligands at the R5-containing receptor subtype.
Further investigation in the area is expected to result

in even more selective ligands for a specific receptor
subtype. This will provide agents to probe which recep-
tor subtype mediates a specific physiological response
as well as potential agents for clinical use.

Biology

Imidazobenzodiazepines have become important in
the design of the pharmacophore/receptor model for the
R5â3γ2, subtype and modification of the structure of Ro
15-4513 (9) has provided some insight into R5-selective
ligands.32,104 The inverse agonist Ro 15-4513 (9) had
formerly been described as a DI ligand; however, much
work indicates 9 binds with high affinity to the R5
subtype as well.32,73 Ligands such as 11 and 27 have
been shown to be some of the most selective ligands at
BzR subtypes reported to date and are being employed
to decipher some of the pharmacology regulated by R5
subtypes in the hippocampus.32,104,141

Recent results with the allene 10 [a geometric bioi-
sostere of Ro 15-4513 (9)] are of interest in this regard.
The 8-allenylimidazobenzodiazepine (10) (Table 1) an-
tagonized the sedation produced by a 0.75 g/kg dose of
EtOH when given intrastriatally; however, 10 did not
alter the sedative effect of the same dose of EtOH when
given systemically.142 The allene 10 did, however, at-
tenuate the sedation produced by a higher dose (1.25
g/kg) of EtOH.142 The ligand 10 when given alone was
without effect. Intrastriatal modulation of the moderate
dose of EtOH was site-specific; no antagonism by allene
10 was observed after infusion into the nucleus accum-
bens. For this reason two other imidazobenzodiazepines,
Ro 15-4513 (9) and Ro 15-1788 (2), were compared with
10 for their capacity to decrease GABAergic function
in the Xenopus oocyte expression system and their
capacity to decrease EtOH sedation. Examination of
data reported recently142 indicates that reversal of the

Figure 12. Benzofused 1,4-benzodiazepines as molecular yardsticks to probe the size and dimensions of region L2 of the BzR
pharmacophore model. H1 and H2 are the hydrogen bond donor sites on the receptor. L1, L2, and L3 are three lipophilic pockets
in the receptor pharmacophore. S1 and S2 are two areas of steric repulsion in the receptor binding domain.

Figure 13. Overlap of RY 80 (11; light gray with an acetylene
moiety at position-8 of the imidazobenzodiazepine nucleus)
with diazepam (145; gray with a chlorine at position-7 of the
1,4-benzodiazepine) illustrates the difference in the occupation
of region L2 in comparison to RY 80 (11). The ligand QH-II-66
(139, a 7-acetylenyl-1,4-benzodiazepine; black) was designed
to offer better occupation of this region and exhibit R5
selectivity. Note that diazepam shown in the figure was
intentionally offset from its original position, which had
overlapped completely with QH-II-66, solely for the sake of
visualization.

Figure 14. Zolpidem (147) and alpidem (152).
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sedation produced by EtOH by 10 was not due to a
decrease of GABAergic function at R1 or R6 receptor
subtypes. At R1 and R6 BzR, 10 exhibited a neutral-
partial agonist pharmacological profile, despite main-
taining the ability to reverse the effects of EtOH.142 The
lead ligand Ro 15-4513 (9)143-145 exhibited a slightly
negative pharmacological profile at R1â2γ2 subtypes
which correlated with its classification as a “partial
inverse agonist” capable of reversing the action of EtOH
across a number of behavioral paradigms.144,145 This
ligand (9) also displayed a partial agonist profile at
R6â2γ2 receptors in Xenopus oocytes.142 Although flu-
mazenil (2) was not injected directly into the striatum,
June et al. previously reported146 that systemic admin-
istration of 2 did not alter EtOH-induced sedation (0.5-
1.5 g/kg).146 In that study, Ro 15-1788 (2) did not alter
GABAergic function at R1 subtypes (i.e. zero efficacy in
oocytes), in agreement with the classification as a
neutral BzR ligand. However at the R6â2γ2 subtype, 2
exhibited a partial agonist profile similar to allene 10
and Ro 15-4513 (9).142 Analysis of these findings indi-
cates that allene 10 exhibited a behavioral profile
similar to that of 9 but that its pharmacological profile
(efficacy in oocytes) at the R1 and R6 subunits is more
similar to that of flumazenil (2).142,147 Consequently, it
is unlikely that negative intrinsic efficacy (i.e. reduced
GABAergic function) is a sufficient explanation of the
ability of 10 to antagonize the sedative action of EtOH.
However, despite the inability of allene 10 to decrease
GABAergic function, accompanied by its high affinity
at several recombinant receptors (see Table 1), it is
possible that these data may not extrapolate to whole
animal pharmacology.

Importantly, the results of the study by June et al.142

demonstrated that the novel ligand, allene 10, was
capable of attenuating the EtOH-induced sedation
produced by both a 0.75 and 1.25 g/kg dose of EtOH,
depending on whether 10 was administered systemically
or directly infused into the dorsal striatum.142 The
finding with 10 provided further evidence that the
GABAA/BzR complex plays an important role in media-
tion of the sedative properties of EtOH. Moreover,
analysis of the data of June et al.142 provide new
evidence that specific GABAA/BzR receptors in the
dorsal striatum, but not in the NA (a neuro-anatomical
substrate proposed to play a role in the rewarding
properties of EtOH148), mediate the sedative effects of
EtOH.142

Helmstetter et al.141 have recently reported a study
with the R5-selective imidazobenzodiazepine RY 24 (27,
see Table 2) in regard to learning and memory. In

a fashion similar to the work of June et al.,142 Helm-
stetter injected 27 into known structures in the brain.
Since RY 24 (27) and RY 80 (11) demonstrated selectiv-
ity for R5 receptor subtypes,32 Helmstettler adminis-
tered 27 into the dorsal hippocampus, a structure
known to be involved in learning and memory, prior to
training in a Pavlovian fear-conditioning paradigm
(shock presentation).141 Hippocampal injections of 27
(1-5 µg/µL) produced fear-related behavioral responses
prior to presentation of aversive stimuli during training.
At higher concentrations (5-10 µg/µL), 27 decreased the
strength of the conditioning observed in a retention test
24 h after training when animals were returned to the
environment in which they received a shock. Analysis
of the reported data141 provided further evidence of the
involvement of hippocampal GABAA receptors in anxiety
and the acquisition of fear conditioning.

The behavioral effects of hippocampal injections of 27
in this paradigm were clearly dependent on the concen-
tration employed. Ligand 27 was anxiogenic at the 1
and 5 µg/µL doses during the baseline period in the
training session. However, the largest dose (10 µg/µL)
did not elicit significant amounts of freezing behavior
in the rats.141 At 1 µg/µL, pretraining injection of 27
significantly increased the strength of conditional fear
responses observed 24 h after training in the absence
of 27. However, contrary to previous studies using
different measures with similar inverse agonists (see
11),32 as the dose of 27 delivered into the hippocampus
during training was increased, the strength of condi-
tioning decreased. Consequently, pretraining injections
had a dose-related, although biphasic, effect on learning.
Since no seizures104 were observed in any of the animals
at any of the doses employed, 27 does not appear to be
proconvulsant at these dose levels.

Helmstetter reported that the shape of the dose-
effect relationship on conditioning measured 24 h after
training may be related to the fact that although 27 was
highly selective for R5-containing GABAA/BzRs, it does
possess some affinity for other subtypes as well (see
Table 2).147 Higher doses of 27 are not as anxiogenic as
the smaller doses and appear to elicit amnesiac effects,
which suggested that at higher concentrations 27
behaved as an agonist at some of the other R-sub-
types.142,147 At low concentrations 27 may retain the
properties of an inverse agonist.32 However, as the
concentration increases, it is possible that the R5â2γ2
subtypes become saturated and the remainder of 27 was
available to bind at other subtypes and exhibited a
response more characteristic of BzR agonists. Certainly
ligands which bind to BzR have shown opposite effica-

Figure 15. (a) CL 218872 (149), (b) RY 80 (11), and (c) zolpidem (147) in the pharmacophore/receptor model.

Pharmacophore/Receptor Models for GABAA/BzR Subtypes Journal of Medicinal Chemistry, 2000, Vol. 43, No. 1 85



cies at different receptor subtypes expressed in oo-
cytes.142,147 This may be the reason the smaller increase
in fear-related behavior was observed in the 10 µg/µL
group relative to controls during the pretraining base-
line as well as the apparent memory-impairing effects
on acquisition observed 24 h following training.

Analysis of the data from the previous report141 lends
additional support to the role of the hippocampus in
anxiety and learning. Moreover, the data suggest that

BzRs within the hippocampus are important for the
acquisition of fear conditioning and that this form of
learning may be modulated by compounds with specific-
ity for the R5 subunit. It must be remembered that
nearly all of the R5â2γ2 subtypes are located in the
hippocampus while R1 subtypes are found throughout
the brain.149 It was pointed out that disruption of
acquisition observed 24 h after training probably does
not reflect state-dependent learning150 since injection

Figure 16. (a) Orthogonal views of the included volume of the pharmacophore/receptor model for the R1â3γ2 subtype. Ligands
1-3, 5, 6, 8-10, 12, 15-26, 30, 41, 48, 57, 61-64, 67, 74-79, 81, 84, 86, 87, 91, 92, 94, 95, 99, 100, 106, 107, 111, 113-115,
118, 120-129, 131, 137, and 143-151 have been included in this illustration. (b) Orthogonal views of the included volume of the
pharmacophore/receptor model for the R5â3γ2 receptor subtype. Ligands 1-13, 15-28, 30, 41, 42, 44, 46-51, 52, 54, 55, 57-59,
81, 84, 86, 87, 91, 92, 95, 99, 100, 118, 120-122, 124-129, 131, 137, 139, 144-146, 148, 150, and 151 have been included in
this illustration. (c) Orthogonal views of the included volume of the pharmacophore/receptor model for the R6â3γ2 receptor subtype.
Ligands 9, 15-19, 23, 27, 15, 118, 120, 126-129, and 148 have been included in this illustration. (Each grid measures 4 Å in
width and height.)
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of the drug before training and testing revealed no
significant change in behavior when compared to pre-
training injections alone.

Since 27 was shown to enhance memory and learning
when injected into the hippocampus, it was of interest
here to determine if either Ro 15-4513 (9) or 27 would
enhance memory when given systemically. Previous
research which involved stress- or fear-producing para-
digms points to BzR inverse agonists as possessing
“cognitive-enhancing properties”. For example, FG 7142,
but not all inverse agonists, improve short-term memory
function in laboratory animals,151 and 9 is reported to
decrease punished responding.152 Ligand Ro 15-3505
injected before retention tests in aged mice performing
a T-maze resulted in marked improvement of response
accuracy.153 Another inverse agonist, BCCM (Table 6),
enhanced acquisition of a passive avoidance task in rats
but had no effect after posttraining administration.154

The inverse agonists BCCE (63), CGS-8216 (118), and
S-135 all augmented the magnitude of long-term po-
tentiation in hippocampal slices induced by tetanic
stimulation of input fibers in both the CA1 and CA3
regions.155

Although 27 had been shown to be an inverse agonist
previously,32 the effects of systemic administration of
27 on memory had not been evaluated. The importance

of this assessment is amplified by the work of Helm-
stetter (hippocampal injections of 27)141 described above.
Since 27 behaves as an inverse agonist in some para-
digms,32 a test of short-term memory and a test widely
utilized to predict clinical antianxiety activity were
utilized to further investigate the pharmacological
activity of RY 24 (27). In addition, the activity of the
prototypical inverse agonist Ro 15-4513 (9) was evalu-
ated for comparison purposes. The effect of systemic
administration of 27 on short-term memory was deter-
mined and compared to that of 9 in both pigeons and
squirrel monkeys responding under a titrating match-
ing-to-sample schedule of reinforcement. Matching-to-
sample is widely used as a measure of short-term
memory156-159 and has been shown to be sensitive to
the effects of agents acting at the GABAA chloride
channel complex in laboratory animals and hu-
mans.160-163 In addition, the possible anxiogenic effects
of 27 and 9 were determined in pigeons responding
under a schedule of punished and unpunished respond-
ing.

Three groups of animals were used for this study. One
group of animals consisted of 3 adult male squirrel
monkeys (Saimiri sciureus). The second and third
groups consisted of a total of 15 white Carneau pigeons
(8 in group 2 and 7 in group 3). A 12-h light:dark cycle

Figure 17. (a) Orthogonal views of the overlap of the included volumes of the pharmacophore/receptor models for R1â3γ2 (blue)
and R5â3γ2 (yellow) receptor subtypes. (b) Orthogonal views of the overlap of the included volumes of the pharmacophore/receptor
models for R5â3γ2 (purple) and R6â3γ2 (green) receptor subtypes. (Each grid measures 4 Å in width and height.)
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(lights were on from 7:00 am - 7:00 pm) was utilized
for both species, and all experimental sessions occurred
during the light cycle. The pigeons had received acute
administration of a variety of drugs prior to the start
of this experiment, but the monkeys were drug-naive
prior to these studies. The apparatus employed for the
squirrel monkeys has been described elsewhere (see
Experimental Section for details).164 Pigeons in groups
2 (n ) 8) and 3 (n ) 7) were trained and tested in
standard pigeon chambers containing three response
keys, each of which could be transilluminated with red
or green light (group 2) or blue and yellow light (group
3). The titrating matching-to-sample procedure for
monkeys was initiated by illumination of the houselight
and the center key being transilluminated with a white
light or a blinking blue light. After 20 responses on the
center key (FR 20), the center key was extinguished
(observation phase). Following a delay of at least 3 s,
during which responses had no scheduled consequences,
two of the three keys, randomly selected, were transil-
luminated. A correct response was defined as a single
depression on the key that matched the sample stimulus
presented on the center key during the observation
phase (before the delay). Following a correct response
the lights on the stimulus panel were turned off, a food
pellet was delivered to the food-well, and the food-well
light was turned on for 3 s. If a response was made on
the incorrect key (nonmatch) all illumination in the
chamber was turned off for a period of 10 s. A response
on the nonilluminated key was counted but had no
consequence. The next trial was initiated immediately
following the 3-s food presentation cycle or following the
10-s time out period following an incorrect response.
Auditory feedback upon a response was provided by a
relay mounted in the chamber.

The titrating matching-to-sample procedure used for
testing the pigeons in group 2 was very similar to that
already described for the squirrel monkey. Briefly, each
trial began with the illumination of the house light and
center key in a standard three-key operant chamber,
which was randomly assigned either a red or green color
(observation phase). The 15th response on this center
key (FR 15) turned off the center key and initiated a
delay period during which all stimulus key lights were
extinguished. After the delay of at least 3 s, two of the
three keys were transilluminated, one with red light and
one with green light. Which two of the three keys were
illuminated on a given trial varied randomly among the
left, center, and right response keys. A single response
on the key transilluminated with the same color as
presented on the center response key during the obser-
vation phase was defined as a correct response (match-
ing response) and resulted in a 5-s access period to
Purina pigeon checkers. A response on the key transil-
luminated with the stimulus color that was not pre-
sented during the observation phase was considered an
incorrect response and resulted in a 5-s time out period
during which all lights in the experimental chamber
were extinguished. A response on a darkened key was
counted but had no consequences.

The pigeons in group 3 responded under a mult VI90
VI90 (pun) [multiple variable interval 90 s, variable
interval 90 s (punishment)] schedule of food presenta-
tion. At the start of the session, the houselight was

illuminated and the center key was transilluminated
with a blue light indicating the start of the VI90
component of the multiple schedule. Under this com-
ponent the first response after a variable interval of time
resulted in 5 s access to mixed grain. The variable
interval of time averaged 90 s in length but could be as
short as 10 s or as long as 180 s. This component
remained in effect for a 5-min period. At the conclusion
of the 5-min period, the key light color changed from
blue to yellow indicating the start of the VI90 (pun)
component presentation. Under the VI90 (pun) compo-
nent the first response after a variable interval of time
(average ) 90 s, range ) 10-180 s) resulted in 5-s
access to mixed grain. In addition, under the VI90 (pun)
component every fifth response resulted in the presen-
tation of a brief (300-ms) mild 110-V electric shock. The
shock was delivered through permanently placed elec-
trodes according to the method of Azrin.165 The intensity
of the electric shock was adjusted for each pigeon such
that the rate of responding under the VI90 (pun)
component was approximately 50% of the response rate
under the VI90 component. The shock intensities ranged
across pigeons from 0.5 to 2.5 mA. The VI90 (pun)
remained in effect for a 5-min period after which the
key color changed back to blue indicating the presenta-
tion of the original VI90 component. The two compo-
nents were presented in an alternating fashion. The two
side keys in the chamber remained dark during the
entire session. Responses on the side keys were not
counted and had no consequence. The session termi-
nated after three presentations of the VI90 component
and three presentations of the VI90 (pun) component,
approximately 30 min.

The effects of 27 on the matching-to-sample perfor-
mance in pigeons are shown in Figure 18. This ligand
27 had no significant effect on the mean or maximum
delay achieved during the session or on percent ac-
curacy. In contrast, rate of responding was decreased
at doses of 0.1 mg/kg and higher. Thus, 27 failed to
decrease matching accuracy at doses which had marked
effects on rate of responding. These effects are similar
to those produced by Ro 15-4513 (9, Figure 19); Ro 15-
4513 (9) produced decreases in response rates at all
doses tested (0.03-3 mg/kg). However, no significant
effects were observed on mean or maximum delay or
on percent accuracy.

RY 24 (27) had no significant effects on mean delay
or maximum delay values in squirrel monkeys respond-
ing under the titrating matching-to-sample schedule
(Figure 20). Percent accuracy was decreased at 0.3 mg/
kg but not at 1 mg/kg. However, because of marked
decreases in response rates at 1 mg/kg, the data from
only one of the three monkeys are included in the data
points shown for this dose. The mean rate of responding
was decreased at 0.3 and 1 mg/kg. These effects are
slightly different from those observed following Ro 15-
4513 (9) (Figure 21) which produced no significant
effects on any parameter of performance over the dose
range tested (0.1-3 mg/kg). A trend toward a decrease
in response rate was observed at 1 and 3 mg/kg, but
these decreases failed to achieve statistical significance.
However, the failure to see significant decreases may
be due to the small n employed in these studies.
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The effects of 27 and Ro 15-4513 (9) on punished and
unpunished responding in pigeons are very similar
(Figure 22). Both compounds produced decreases in
rates of punished and unpunished responding at the
same doses. It could be argued that punished responding

was decreased more than unpunished responding as a
percentage of the control values. However, it is difficult
to make a case for selectivity since the same doses
decreased both behaviors.

Discussion
Analysis of these data failed to show that RY 24 (27,

given im) induced increases in short-term memory

Figure 18. Effect of 27 in pigeons responding under the
titrating matching-to-sample schedule of reinforcement. Ab-
scissa: dose in mg/kg on a log scale. Ordinate: upper left, delay
value achieved during the session in seconds; upper right, rate
of responding upon the sample stimulus in responses per
second; lower left, matching accuracy as a percentage of total
trials. Points and brackets above S and V represent the saline
and vehicle injection control mean ( SE, respectively. Data
points and parentheses for the effects of 27 represent the mean
of individual determinations in each of 8 pigeons. Where
subjects have not been included in the mean because of marked
response rate decreases (see Methods in the Experimental
Section), the number contributing to the mean is indicated by
(n). Statistical significance from saline control is indicated by
*.

Figure 19. Effect of Ro 15-4513 (9) in pigeons responding
under the titrating matching-to-sample schedule of reinforce-
ment. Data are presented as in Figure 18. Data points and
parentheses for the effects of 9 represent the mean of indi-
vidual determinations in each of 8 pigeons. Where subjects
have not been included in the mean because of marked
response rate decreases (see Methods in the Experimental
Section), the number contributing to the mean is indicated by
(n). Statistical significance from saline control is indicated by
*.

Figure 20. Effect of 27 in squirrel monkeys responding under
the titrating matching-to-sample schedule of reinforcement.
Data are presented as in Figure 18. Data points and paren-
theses for the effects of 27 represent the mean of individual
determinations in each of 3 squirrel monkeys. Where subjects
have not been included in the mean because of marked
response rate decreases (see Methods in the Experimental
Section), the number contributing to the mean is indicated by
(n). Statistical significance from saline control is indicated by
*.

Figure 21. Effect of Ro 15-4513 (9) in squirrel monkeys
responding under the titrating matching-to-sample schedule
of reinforcement. Data are presented as in Figure 18. Data
points and parentheses for the effects of 9 represent the mean
of individual determinations in each of 3 squirrel monkeys.
Where subjects have not been included in the mean because
of marked response rate decreases (see Methods in the
Experimental Section), the number contributing to the mean
is indicated by (n). Statistical significance from saline control
is indicated by *.
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function in either pigeons or squirrel monkeys in
contrast to that observed by Helmstetter141 on intra-
hippocampal injection of 27. There were no increases
in the mean delay or maximum delay values achieved
during the session or percent accuracy in either species
over the range of doses studied. While it could be argued
that the dose range selected for the study did not include
active doses, doses were included that decreased the rate
of responding to the sample stimulus in a dose-related
fashion in both species. Alternatively, it could be argued
that the doses were too high and that lower doses should
have been studied. While this possibility cannot be
totally ruled out, doses were included that did not affect
the rate of responding in either species. Interestingly,
it should be noted that Ro 15-4513 (9) also failed to
improve short-term memory function in these studies.
Ro 15-4513 (9) failed to statistically decrease response
rates in the monkeys, but the failure to see significant
decreases over the dose range studied may be due to
the small n employed in these studies.

The effects of RY 24 (27) and Ro 15-4513 (9) on
punished and unpunished responding in pigeons were
remarkably similar. The rates of responding were
decreased in both schedule components at the same
doses in both species. The rate decreases, as a percent-
age of the control performance, were greater in the
punished component, but no dose decreased punished
responding without also significantly decreasing un-
punished responding. Thus, there is little evidence of
selectivity in the effects observed. It should be noted
that Britton et al.152 saw decreases in unpunished
responding of rats at lower doses than those required
to decrease punished responding. This would also argue
against a selective effect on punished responding.

In conclusion, although no improvements in short-
term memory performance were observed (im), the
effects of RY 24 (27) in pigeons and squirrel monkeys
responding under a matching-to-sample baseline were
very similar to those of Ro 15-4513 (9). In addition, the
effects of RY 24 (27) in both pigeons and monkeys
responding under a multiple schedule having both
punished and unpunished components were nearly

identical to those observed for Ro 15-4513 (9). Both
compounds produced effects which are drastically dif-
ferent from those of diazepam and other GABA agonists
under matching-to-sample procedures166-168 and under
punished responding schedules.169-172 Thus, the results
certainly suggest that RY 24 (27) does not exhibit potent
agonist properties when given intramuscularly, and its
similarity to Ro 15-4513 (9) further supports the previ-
ous reports32,77,104 that it is an inverse agonist at the
GABA channel complex.

R5-Selective ligand 27 when injected directly into the
hippocampus did enhance memory in one paradigm;141

however, systemic administration of 27 into animals did
not provide an observable enhancement. This result is
in complete agreement with the observation of Liu.147

It has been shown147,149 that in the CNS of the rat (as
well as monkeys and pigeons) there are several native
subtypes of the GABAA receptor which exhibit different
functions, regional distributions, and neuronal locations.
These receptors require different membrane potentials
to be activated and display different sensitivity to BzR
agonists and inverse agonists.173 Although 27 binds
more potently at R5â2γ2 receptor subtypes and is clearly
an inverse agonist,32,147 it is possible that this ligand
acts as an agonist at one or more subtypes much the
same as the previously studied and structurally similar
inverse agonist RY 80 (11).147 Liu clearly pointed out
that a number of imidazobenzodiazepines were negative
modulators at one subunit and agonists at another.147

Therefore, selectivity for a particular subtype at this
point is not sufficient to rule out some physiological
effect at other GABAA/BzR subtypes. The inability of
27 to potentiate memory when given systemically is
again in support of this hypothesis, especially since
R1â2γ2 subtypes are distributed throughout the brain.149

In addition, relative efficacy at a specific receptor
subtype also complicates BzR pharmacology. The activ-
ity of 27 is a perfect example wherein low doses given
intrahippocampally provide one effect (inverse agonist)
and high doses appear to produce agonist-like effects
when administered into the hippocampus. This is in
agreement with previous reports on Ro 15-1788 (2) by
File.174 Although 2 functions primarily as an antagonist,
in some paradigms it exhibits weak inverse agonist
actions and in others appears to be a weak agonist.
Recent results by June et al.142 on allene 10 and by
Liu147 on 2 (efficacy in oocytes) as well as with 11 are
in agreement with this possibility. Certainly the pos-
sibility exists that the efficacy of a ligand at different
receptor subtypes may not be the same and one out-
weighs the other at higher concentrations.147 A drug
delivered systemically is far more likely to interact with
all subtypes than one delivered to a specific brain region.
The observation that 27 potentiates memory when
delivered into the hippocampus versus the lack of effect
when given systemically supports the previous work of
Liu with imidazobenzodiazepines.32,147 It is clear that
BzR ligands can potentiate the effects of GABA at one
subtype and negatively modulate it at another.147,175

This conundrum provides further support for the design
of more subtype-selective ligands for BzR in order to
accurately define their pharmacology, one key to the
design of new drugs with fewer side effects.

Figure 22. Effect of 27 (left panel) and Ro 15-4513 (9) (right
panel) on the rate of responding of pigeons responding under
a mult VI90 (pun) schedule. Abscissa: dose in mg/kg on a log
scale. Ordinate: rate of responding in responses per second.
Points and parentheses above S and V represent the saline
and vehicle injection control mean ( SE, respectively. Data
points and parentheses for the effects of 27 and 9 represent
the mean of individual determinations in each of 7 pigeons.
Statistical significance from saline control is indicated by *.
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Experimental Section

Chemistry. The syntheses of the ligands em-
ployed in this study have been reported else-
where.20,21,30,32,34-36,44,51,66,70,71,77,105,109,112,114,127,128,135,147,176

In Vitro Binding. In brief, the affinity of compounds at
GABAA/BzR subtypes was measured by competition for [3H]-
Ro 15-1788 (83 Ci/mmol; NEN) binding to Ltk- cells expressing
human receptors of composition R1â3γ2, R2â3γ2, R3â3γ2,
R5â3γ2, and R6â3γ2. Cells were removed from culture by
scraping into phosphate-buffered saline, centrifuged at 3000g,
and resuspended in 10 mL of phosphate buffer (10 mM KH2-
PO4, 100 mM KCl, pH 7.4 at 4 °C) for each tray (25 cm2) of
cells. Radioligand binding assays were carried out in a volume
of 500 µL which contained 100 µL of cells, [3H]Ro 15-1788 at
a concentration of 1-2 nM, and the test compound in the range
10-9-10-5 M. Nonspecific binding was defined by 10-5 M
diazepam and typically represented less than 5% of the total
binding. For cells expressing R6â3γ2, [3H]Ro 15-4513 was
employed as the radioligand. Assays were incubated to equi-
librium for 1 h at 4 °C and harvested onto GF/B filters
(Brandel) by filtration using a Tomtec cell harvester and
washing with ice-cold assay buffer. After drying, filter-retained
radioactivity was detected by liquid scintillation counting. Ki

values were calculated using the least-squares iterative fitting
routine of RS/l analysis software (BBN Research System,
Cambridge, MA) and are the means of two determinations
which differed by less than 10%. Recombinant receptors
expressed with either a â3 or â2 subunit have been shown to
exhibit the same BzR ligand affinities.32,177

Methods. Subjects: Three groups of animals were used for
this study. One group of animals consisted of three adult male
squirrel monkeys (S. sciureus). The second and third groups
consisted of a total of 15 White Carneau pigeons (8 in group 2
and 7 in group 3). The squirrel monkeys were maintained at
80% of their free feeding weight by postsession feeding of
Purina monkey chow biscuits (Purina Mills, St. Louis, MO),
supplemented with access to fresh fruit or vitamin supple-
ments 4 days/week. The pigeons were also maintained at 80%
of their free feeding weight by postsession feeding with pigeon
checkers (Purina Mills, St. Louis, MO). All animals were
maintained on ad lib water in their home cages. A 12-h light:
dark cycle (lights were on from 7:00 a.m. - 7:00 p.m.) was
utilized for both species, and all experimental sessions occurred
during the light cycle. The pigeons had received acute admin-
istration of a variety of drugs prior to the start of this
experiment, but the monkeys were drug-naive prior to these
studies.

Drug administration: Both RY 24 (27) and Ro 15-4513
(9) (graciously supplied by Hoffman LaRoche, Nutley, NJ) were
dissolved in a vehicle consisting of 40% propylene glycol, 10%
ethanol, and 50% saline. For both pigeons and monkeys, drug
or saline or vehicle was injected intramuscularly immediately
prior to being placed into the experimental chamber (15 min
prior to the start of the test session) in a volume equivalent to
1 mL/kg of body weight. Drugs and vehicle were typically
administered on Tuesdays and Fridays with saline given on
Thursdays. All doses were calculated and are expressed as the
free base. Doses of drug were administered to both pigeons
and monkeys in a mixed sequence such that each pigeon or
each monkey received a different dose on a given day.

Data analysis: In both species responding under the
titrating matching-to-sample schedule, the following data were
collected for each session: the mean and maximum delay
values that were achieved during the session, the percentage
of trials in which a correct matching response was made
(accuracy), the number of completed trials, and the overall
response rate on the center key during the observation phase.
The SE of the saline control mean was derived by dividing
the total standard deviation (n - 1) by the square root of the
number of animals participating in the studies (monkeys ) 3,
pigeons ) 8). If an animal failed to complete at least 10 trials
during the session, the data for the session were not included
in the calculation of the group mean for the mean and
maximum delay values nor the percent accuracy.

For the experiments with pigeons responding under the
mult VI90 VI90 (pun) schedule of reinforcement, the following
data were collected: the total number of responses in each
component of the schedule and the total amount of time that
the center key stimulus lights were illuminated during both
components of the schedule.

For all experiments, statistical significance was determined
by utilizing an analysis of variance (ANOVA) with a post-hoc
Dunnett’s test (p < 0.05).
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