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SUMMARY

Benz[el]indenes (Bls) are tricyclic molecules that can be envi-
sioned as steroids without an A-ring. Because certain steroids
are known to alter y-aminobutyric acid (GABA) responses in
central neurons, we examined the effects of a substituted Bl
resembling 3a-hydroxy-5a-pregnan-20-one (3a-OH-DHP) on
GABA-gated chloride currents in cultured postnatal rat hippo-
campal neurons. The compound, BI-1, reversibly potentiated
GABA currents at concentrations of >10 nm, with an ECs, value
of 0.2 um. BI-1 increased the apparent affinity of GABA for its
receptor, decreasing the GABA ECs, from 9 um to 3 um. BI-1
had no effect on the shape of the GABA current-voltage relation-

ship and did not alter the GABA reversal potential. The effects
of BI-1 were not altered by benzodiazepine or picrotoxin site
antagonists. At concentrations up to 10 uM, where maximal
effects on GABA currents were seen, Bl-1 did not directly
activate a membrane current. This contrasts with the effects of
3a-OH-DHP, which activated chloride currents at concentrations
that were subsaturating for GABA potentiation. These results
suggest that the Bls may be useful for determining the mecha-
nisms by which steroids potentiate GABA responses and directly
gate chloride channels.

Certain steroids, including 3a-OH-DHP and alphaxalone,
are potent modifiers of responses mediated by GABA-linked
chloride channels (1, 2). These agents potentiate responses to
GABA administered exogenously (3) or released endogeriously
at inhibitory synapses (4). Additionally, at slightly higher con-
centrations these steroids directly gate chloride channels in a
bicuculline-sensitive fashion (5). The steroid effects appear to
be mediated by sites that are distinct from the GABA, picro-
toxin, and BDZ binding sites (6, 7). Furthermore, although the
steroids and barbiturates have similar actions on GABA re-
sponses, they appear to act at distinct sites within the GABA,
receptor complex (8) and exert different actions on recombi-
nant GABA-gated chloride channels expressed in human em-
bryonic kidney cells (9).

The structural features crucial for steroid actions at the
GABA, receptor are incompletely understood. Two essential
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features appear to be the presence of a 5a or 58 reduced
tetracyclic steroid skeleton and a hydroxyl group in the 3a-
position (10). Substitution of the 3a-hydroxyl group with other
functional groups produces compounds that are largely devoid
of activity (10). Although a number of studies have examined
steroid structure-activity issues (6, 10, 11), there is little infor-
mation regarding the necessity of the tetracyclic steroid nu-
cleus. It is believed that the steroids interact with GABA
receptors at a site that is within the membrane lipid bilayer
(12), but the orientation of the steroids at their recognition site
and the nature of the steroid binding site are unknown.

In an effort to examine the importance of the tetracyclic
structure as well as to create potential steroid site ligands with
greater molecular flexibility, we synthesized a series of substi-
tuted Bls. The Bls are tricyclic molecules that can be envi-
sioned as steroid-like but that contain only a portion of the
steroid A-ring. In this paper, we examine the actions of the
most effective of these compounds synthesized to date, [3S-
(Ba, 3aa,5ap,7a,9aa,9bB)]-1-[7-(2-hydroxyethyl)dodecahydro-
3a-methyl-1H-benz[e]inden-3-ylJethanone, which we refer to
as BI-1 (Fig. 1), and compare its actions on GABA-gated

ABBREVIATIONS: 3a-OH-DHP, 3a-dihydroprogesterone (3a-hydroxy-5a-pregnane-20-one); GABA, y-aminobutyric acid; DMSO, dimethylsulfoxide;
HEPES, 4-2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis(8-aminoethy! ether)-N.N,N’ ,N'-tetraacetic acid; Bl, ben[e]
indene; BDZ, benzodiazepine; alIMGBL, a-isopropyl-a-methyl-y-butyrolactone; «cEMTBL, a-ethyl-a-methyl-y-thiobutyrolactone.
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30-OH-DHP

BI-1

Fig. 1. Structures of 3a-OH-DHP and BI-1.

chloride currents in cultured postnatal rat hippocampal neu-
rons with responses produced by 3a-OH-DHP.

Materials and Methods

Cell culture. Primary hippocampal cultures were prepared using
established methods (13). The hippocampi were dissected from 1-2-
day-old albino rat pups, sliced transversely into approximately 400-
um-thick sections, and placed in oxygenated Leibovitz L-15 medium
containing 0.2 mg/ml fatty acid-free bovine serum albumin and 1 mg/
ml papain at 35°. After 30 min in the papain solution, the slices were
placed in Eagle’s minimal essential medium containing 5% (v/v) fetal
calf serum, 5% (v/v) horse serum, 400 uM glutamine, 50 ug/ml strep-
tomycin, 50 units/ml penicillin, and 17 mM glucose. Single cells were
isolated by gentle trituration using fire-polished Pasteur pipettes. The
resulting cell suspension was plated in 35-mm collagen-coated tissue
culture dishes at a density of about 300,000 cells/ml and was incubated
in a humidified 5% CO, atmosphere. After 72 hr in culture, the cells
were treated with 10~° M cytosine arabinoside to retard the growth of
glia. Experiments were performed on cells grown in culture for 3-14
days.

Electrophysiology. Experiments were carried out at room temper-
ature (~22°) on the stage of an inverted microscope equipped with
phase contrast optics. At the time of an experiment the growth medium
was exchanged for a solution containing (in mM) 140 NaCl, 5 KCl, 2
CaCl,, 2 MgCl,, 10 glucose, 10 HEPES, and 0.001 tetrodotoxin, with
pH adjusted to 7.3. Tetrodotoxin was included to block voltage-gated
Na* currents and to diminish spontaneous synaptic currents. Recording
electrodes were fashioned from 1.2-mm borosilicate glass capillaries
(World Precision Instruments) using a four-stage pull on a Flaming-
Brown P-87 horizontal pipette puller (Sutter Instruments) and were
filled with a solution containing (in mM) 140 CsCl, 4 NaCl, 4 MgCl,,
0.5 CaCl,, 10 HEPES, and 5 EGTA, with pH adjusted to 7.3 using
CsOH. In some experiments, the CsCl was replaced by 140 mM cesium
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methanesulfonate and the MgCl, was omitted. This substitution
changes the chloride equilibrium potential from 0 mV to —86 mV.
When filled with these solutions, fire-polished recording pipettes had
resistances of 5-8 MQ. Neurons were recorded in voltage clamp using
the whole-cell patch-clamp technique (14). During an experiment the
series resistance was typically 10-15 MQ and was compensated by 50%.
To ensure an adequate spatial voltage clamp, analyses were restricted
to those cells in which GABA activated smoothly rising and decaying
currents free of notches, spikes, or distortions. Currents were filtered
at 1.5 kHz and were digitized at 0.25 kHz using pPCLAMP version 5.5
(Axon Instruments).

Drug delivery. GABA stock solutions were prepared by dissolution
in the extracellular solution. Steroid, BDZ, and bicuculline stock solu-
tions were prepared in ethanol or DMSO and were diluted with the
extracellular solution at the time of an experiment. The final ethanol
or DMSO concentration was no greater than 0.2% and was usually
less. At 0.2%, ethanol and DMSO do not alter GABA currents in
hippocampal neurons. All concentrated stock solutions were stored at
4°. Dilute stocks and combinations of drugs for delivery were prepared
fresh in the extracellular solution for each experiment.

Drug delivery was accomplished using pressure ejection pipettes
fashioned in a manner similar to that used for the recording pipettes
except that the tip was not fire-polished and the opening was approx-
imately 1-2 um. Each pipette tip was examined microscopically for
homogeneity and size, resulting in little variability of response between
drug delivery pipettes. Pipettes were positioned within 5 um of the
recorded neuron and drugs were applied for 100-500 msec by a jet of
compressed air at 10-20 psi. This system allows no discernable drug
leakage between applications and affords reliable repeated drug deliv-
ery. The concentrations of drugs reported are those in the pipette. The
actual concentration at the cell is likely to be less due to diffusion and
the fact that the entire cell is not uniformly exposed to the pipette
contents.

Data analysis. Data were analyzed using pPCLAMP version 5.5,
Sigmaplot version 4.0, and routines written in Axobasic. Peak currents
obtained by 200-msec applications of drugs at various concentrations
were fit to a dose-response equation of the form:

[Conc]”

Response = Responsem,. X m

where Responsep,, is the maximum effect, [Conc] is the drug concen-
tration, ECg is the half-maximal effective concentration, and n is the
Hill coefficient. The data in this paper represent mean + standard
error.

Materials. GABA, 3a-OH-DHP, and most salts were obtained from
Sigma Chemical Co. Exceptions to this were NaCl (Mallinckrodt Chem-
ical Co.) and cesium methanesulfonate (Aldrich Chemical Co.). The
complete experimental details for the synthesis of BI-1 and other BI
analogs will be reported separately. Briefly, the 15-step synthesis of
BI-1 starts with commercially available 178-hydroxyestr-4-en-3-one
(19-nortestosterone). The A-ring double bond is reduced, establishing
the 5a-configuration for the A,B-ring fusion, and then the synthesis
proceeds with cleavage of the A-ring between C; and C; and sequential
removal of C; and C,. The synthesis ends with the introduction of the
acetyl side chain on the five-membered ring of BI-1. The compound,
BI-1, is a white crystalline solid (m.p., 61-62°) having IR and NMR
(both 'H and '*C) spectra consistent with the stated structure. Elemen-
tal analysis for C,sH30, was follows: calculated: C, 77.65; H, 10.86;
found: C, 77.68; H, 10.83.

Results

Using the pressure ejection drug delivery system, GABA
activates chloride currents in cultured postnatal rat hippocam-
pal neurons with an ECs, value of 9 + 1 uM and saturation at
about 30 uM (Hill coefficient = 1.9). The GABA currents are
potently and effectively augmented by 3a-OH-DHP (Fig. 2).
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At concentrations of >10 nM, 3a-OH-DHP potentiates GABA
responses in a dose-dependent fashion, with an ECs, value of
1.2 £ 0.1 uM and maximal effects at about 10 uM. At a saturating
concentration, 3a-OH-DHP (10 uM) increases the peak current
gated by 1 uM GABA to 518 £ 57% of control (n = 9). The
degree of potentiation is dependent on the GABA concentra-
tion, with greater effects at low (<10 uM) agonist levels and
less effect at saturating agonist concentrations.

In addition to potentiating GABA currents, 3a-OH-DHP at
concentrations of =1 uM directly gates a current in the absence
of GABA. The steroid-gated currents are completely inhibited
by 20 M bicuculline (n = 3), suggesting that they result from
the activation of GABA-linked chloride channels (Fig. 2). At
10 uM, 3a-OH-DHP gates a current that is 30 + 6% (n = 5) of
the current gated by 1 uM GABA in the same cells. One
micromolar is a concentration at the foot of the GABA dose-
response curve in hippocampal neurons.

The BI BI-1 also reversibly potentiates GABA currents at
concentrations of >10 nM (Fig. 3). The EC;, value for the BI-
1 effect is 0.2 + 0.03 uM, with maximal effects at about 1 uM
(Fig. 4). Like 3a-OH-DHP, BI-1 also potentiates GABA cur-

A

———

B

50uM GABA

+104M 3a-OH-DHP

e i e e TRV AR P Y

+20uM Bicuculline

10uM 3a-OH-DHP

Fig. 2. 3a-OH-DHP potentiates GABA cur-
rents in hippocampal neurons. A, The traces
show the effect of 1 um and 10 um 3a-OH-
DHP on the response of a hippocampal neu-
ron to a 200-msec application of 1 um GABA.
B, When GABA is applied at 50 uM, 3a-OH-
DHP has little effect on the peak response.
C, 3a-OH-DHP directly gates chloride cur-
rents in the absence of GABA. For these
experiments, 3a-OH-DHP was applied at 1
um and 10 um for 200 msec. D, Bicuculline
inhibits the currents gated by 10 uM 3a-OH-
DHP. In all panels of this figure, the neurons
were voltage clamped at —50 mV.

00 pA
00 _ms

100 pA
00 ms

rents to a greater extent at lower GABA concentrations, with
less effect on peak currents at saturating agonist concentrations
(Fig. 3). At saturating GABA concentrations, BI-1, like 3a-OH-
DHP, appears to prolong the agonist-gated response. BI-1
increases the apparent affinity of GABA for its receptor, chang-
ing the agonist ECs from 9 uM to 3 uM.

In comparison with 3a-OH-DHP, BI-1 is ineffective at gating
chloride channels in the absence of GABA. At concentrations
up to 10 uM, where maximal potentiation of GABA currents
occurs, BI-1 produces no macroscopic current when adminis-
tered alone. At 100 uM a small response to BI-1 can be recorded
in some cells (Fig. 5). The current gated by 100 uM BI-1 is 76
+ 8% of that gated by 10 uM 3a-OH-DHP in cells exposed to
both agents (n = 4) (Fig. 5).

BI-1 does not alter the shape of the GABA current-voltage
(I-V) relationship or the GABA reversal potential. In six neu-
rons, BI-1 produced a change of +2 + 2 mV in the reversal
potential of currents gated by GABA.

BI-1 does not appear to act at either the BDZ or picrotoxin
site to potentiate GABA currents. The BDZ antagonist fluma-
zenil (RO 15-1788) (15) inhibits the potentiation of GABA

GABA 1uM / RECOVERY

+ BI-1 1uM / 10uM 100 pA + BI-1 IgM

0_ms

GABA 25uM / RECOVERY

Fig. 3. BI-1 potentiates GABA currents. A, The
effect of 1 um and 10 um BI-1 on the response to 1
uM GABA of a hippocampal neuron voltage-clamped
at —50 mV is shown. The BI-1-induced potentiation
is completely reversible. B, BI-1 (1 um) has less
effect on the peak response to 25 um GABA, al-
though prolongation of the response is seen.

00 pA
00 _ms
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Fig. 4. Bl-1 potentiates GABA currents in a dose-dependent fashion. A, The graph shows the percent increase in peak currents gated by 1 um
GABA in the presence of various concentrations of BI-1 in neurons voitage clamped at —50 mV and exposed to 200-msec applications of drugs.
The individual points represent the mean + standard error for 4-16 cells. Solid line, best fit of the experimental points to the dose-response equation
specified in Materials and Methods. For these data, Responsema = 454 + 11%, ECs = 0.2 + 0.03 um, and n = 1.6 + 0.2. B, The graph shows the
effect of Bl-1 on the GABA dose-response curve. The points represent the mean + standard error for 3-10 cells and are normalized with respect
to the peak 100 uM GABA response. The GABA dose-response (@) was fit to the dose-response equation with Responsemax = 98 * 2%, EDs, = 9

+ 1 uM, and n = 1.9 + 0.4. After treatment with Bi-1 (A), the ECs, shifted to 3 + 1 um.
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currents produced by diazepam but does not alter the response
to BI-1 (Fig. 6). In the presence of 1 uM flumazenil the poten-
tiation of 1 uM GABA currents by 10 uM diazepam is inhibited
by 97 + 6% (n = 12), whereas currents gated in the presence
of 1 uM GABA, 10 uM BI-1, and 1 uM flumazenil are 101 + 3%
(n = 8) of those in the presence of 1 uM GABA plus 10 uM BI-
1. Additionally, the picrotoxin site antagonist «aIMGBL (3 mM)
(16) fails to alter BI-1-induced potentiation of GABA currents
but reverses the augmentation produced by tcEMTBL, an agent
that has previously been shown to potentiate GABA responses
via an action at the picrotoxin site (17) (Fig. 6). In the presence
of 3 mM aIMGBL, currents gated by 1 uM GABA plus 10 uM
BI-1 are 110 = 4% (n = 4) of control, whereas 3 mM «IMGBL
inhibits the potentiation of 1 uM GABA currents produced by
200 uM «EMTBL by 69 + 8% (n = 3). In support of an action
of BI-1 at the steroid site on GABA, receptors, we found that
saturating concentrations of BI-1 do not augment GABA cur-
rents that are maximally potentiated by 3a-OH-DHP (Fig. 7).

10uM 3a-OH-DHP

Fig. 5. BI-1 gates a current at high concentrations.
A, A hippocampal neuron was voitage-clamped at
—50 mV and exposed to 200-msec applications of
10 um, 20 um, and 100 um BI-1 in the absence of
GABA. B, The traces show the currents gated by
100 um BI-1 and 10 um 3a-OH-DHP on the same
neuron. In all cells studied, 100 um BI-1 gave a
smaller response than 10 um 3a-OH-DHP (n = 4).

40 pA

oo ns

Similarly, 3a-OH-DHP does not produce further potentiation
of GABA currents in the presence of saturating concentrations
of BI-1. In the presence of 1 uM GABA plus 10 uM BI-1 and 10
uM 3a-OH-DHP, currents are 104 + 3% (n = 6) of those in the
presence of 1 uM GABA plus either agent alone. BI-1 also does
not potentiate currents directly gated by 3a-OH-DHP. Re-
sponses in the presence of both 10 uM 3a-OH-DHP and 10 um
BI-1 are 101 + 3% (n = 6) of those produced by 3a-OH-DHP
alone.

Discussion

We examined the actions of the substituted BI BI-1 on
GABA-gated chloride currents in cultured hippocampal neu-
rons and compared its actions with those of 3a-OH-DHP. Both
compounds are effective potentiators of GABA responses, pro-
ducing comparable effects at high nanomolar to low micromolar
concentrations. However, unlike 3a-OH-DHP, BI-1 is much
less effective at directly gating chloride channels in the absence



956
A

Rodgers-Neame et al.

GABA
+ DZP + FLU

+ BI-l + FLU
+ BI-1

+ DZP

0 pA
00 ms

Fig. 6. Bl-1 does not act at the BDZ or picrotoxin site
on GABA receptors. A, The effect of 10 um BI-1 on
currents gated by 1 um GABA in the absence and
presence of 1 um flumazenil (FLU), a BDZ antagonist,
is shown (left). In contrast to the lack of effect on BI-1,
1 um flumazenil markedly inhibits the potentiation of
GABA currents produced by 10 um diazepam (DZP)
(right). B, «IMGBL (3 mm), a picrotoxin site antagonist
(16), does not affect the response to 10 um BI-1 (left)
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1uM GABA
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of GABA. We have found similar actions of other Bls,' sug-
gesting that the effects reported here are characteristic of this
class of drugs.

Previous studies have suggested that steroids may act at
several loci within the GABA, complex. In this study we chose
to compare the effects of BI-1 with those of 3a-OH-DHP
because BI-1 differs from the steroid primarily in the alteration
of the A-ring, with similar substitutions on the D-ring. The
failure of BDZ and picrotoxin site antagonists to block the BI-
1 effects, coupled with the inability of BI-1 to potentiate GABA
currents in the presence of high concentrations of 3a-OH-DHP
and vice versa, suggests that the BI acts at the steroid site on
GABA, receptors. Clearly, removal of the steroid A-ring does
not eliminate GABA-potentiating ability but markedly alters
the ability to gate chloride channels directly. It is possible that
the GABA-potentiating and direct chloride channel-gating ef-
fects may be mediated by separate sites. If this is the case, then
the BIs may prove useful for distinguishing between these sites,
because they are at least 1 order of magnitude more potent in
potentiating than activating currents.

Previously, Schulz and Macdonald (18) suggested that dif-
ferences in the potency of barbiturates for potentiating GABA
currents versus gating chloride channels directly may account
for the clinical observation that some barbiturates are better

! C. F. Zorumski and D. F. Covey, unpublished observations.

+ 10uM 3a-OH-DHP + 10uM BI-1

but markedly diminishes the potentiation of GABA cur-
rents produced by 200 um «EMTBL (right), a picrotoxin
site inverse agonist (17).

+ «EMTBL + «IMGBL
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Fig. 7. Effects of coapplications of
saturating concentrations of Bl-1 and
3a-OH-DHP on GABA currents. A, At
10 um, BI-1 markedly potentiates the
response of a neuron to 1 um GABA.
However, addition of 10 um 3a-OH-
DHP produces no further augmenta-
tion. B, In another hi pal neu-
ron, 10 um 3a-OH-DHP markedly po-
tentiates the response to 1 um GABA
but no further potentiation is seen
upon addition of 10 um BI-1.

1uM GABA
+10 uM 3a-OH-DHP
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anticonvulsants, whereas others are better anesthetics. The
anesthetic pentobarbital potentiates and directly gates chloride
channels at comparable concentrations, whereas the anticon-
vulsant phenobarbital potentiates GABA currents but is con-
siderably less potent at channel activation. It is interesting that
a number of steroids have been used clinically as anesthetics
(10). These agents, including 3a-OH-DHP, both potentiate
GABA currents and directly gate chloride currents. In cultured
hippocampal neurons, 3a-OH-DHP produces these effects at
similar concentrations, with clear channel gating occurring at
concentrations that are subsaturating for GABA potentiation.
In contrast, the potentiation of GABA currents by BI-1 is
maximal at about 1 uM but the drug does not directly gate
chloride currents at concentrations up to 10 uM. At concentra-
tions near 100 uM small chloride currents are produced by BI-
1. The Schulz and Macdonald hypothesis (18) predicts that BI-
1 will be more useful as an anticonvulsant than as an anesthetic.
Consistent with this, preliminary in vivo experiments indicate
that the dose of BI-1 that blocks pentylenetetrazole seizures in
mice is 4-fold lower than the dose that produces ataxia.! This
degree of separation of anticonvulsant and sedative effects is
comparable to the effects of phenobarbital.

The ability of the Bls to differentiate GABA-potentiating
actions from direct chloride channel gating may make these
agents useful for developing a new class of anticonvulsant
drugs. It is also possible that other alterations of the steroid



molecule will allow a better definition of the structural features
necessary for direct chloride channel gating and may allow the
development of antagonists for the steroid recognition site(s).
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