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Abstract
Rationale—Neuroactive steroids might be therapeutic alternatives for benzodiazepines because
they have similar anxiolytic, sedative and anticonvulsant effects, and their actions at different
modulatory sites on GABAA receptors might confer differences in adverse effects.

Objectives—This study used drug discrimination to compare discriminative stimuli produced by
positive GABAA modulators that vary in their site of action on GABAA receptors.

Methods—Two groups of rats discriminated either 3.2 mg/kg of pregnanolone or 0.56 mg/kg of
midazolam from vehicle while responding under a fixed ratio 10 schedule of food presentation.

Results—Pregnanolone, midazolam and flunitrazepam produced ≥80% drug-lever responding in
both groups; each drug was more potent in rats discriminating pregnanolone. Pentobarbital
produced ≥80% drug-lever responding in all rats discriminating pregnanolone and in 1/3 of the
rats discriminating midazolam with larger doses decreasing response rates to <20% of control.
Morphine and ketamine produced predominantly saline-lever responding in both groups.
Flumazenil antagonized midazolam and flunitrazepam in both groups; slopes of Schild plots were
not different from unity and pA2 values for flumazenil ranged from 5.86 to 6.09. Flumazenil did
not attenuate the discriminative stimulus effects of pregnanolone.

Conclusions—The midazolam and pregnanolone discriminative stimuli were qualitatively
similar, although the effects of pentobarbital were not identical in the two groups. Although acute
effects of midazolam and pregnanolone are similar, suggesting that neuroactive steroids might
retain the therapeutic effects of benzodiazepines, differences emerge during chronic treatment,
indicating that neuroactive steroids might produce fewer adverse effects than benzodiazepines.
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γ-Aminobutyric acidA (GABAA) receptors are important therapeutic targets, and drugs that
act at benzodiazepine binding sites on GABAA receptors are used clinically. Despite their
effectiveness and large margin of safety, there are adverse effects associated with the
clinical use of benzodiazepines, including the development of tolerance and dependence
(Lader 2008; Cloos and Ferreira 2008). Treatment might be improved by developing drugs
that retain the therapeutic effects of benzodiazepines while reducing their adverse effects.
One strategy for identifying potential replacements for benzodiazepines is to target different
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binding sites on GABAA receptors, such as the neuroactive steroid site. Like
benzodiazepines, neuroactive steroids can positively modulate GABAA receptors (Lan and
Gee 1994), although several differences have been observed between benzodiazepines and
neuroactive steroids. First, while benzodiazepines have one binding site on GABAA
receptors, neuroactive steroids have two, and they can facilitate the actions of GABA
through one site and directly activate the channel through the other site (Hosie et al. 2006).
Second, binding sites for benzodiazepines are present only on a subset of GABAA receptors
(Doble and Martin 1992); in contrast, binding sites for neuroactive steroids are likely present
on most GABAA receptors (Hosie et al. 2006). Finally, effects of benzodiazepines appear to
be mediated solely by GABAA receptors, whereas effects of neuroactive steroids might also
involve other receptors, including N-methyl-D-aspartate (NMDA), 5-hydroxytryptamine (5-
HT3) and sigma (σ1) receptors (Maurice et al. 2001; Rupprecht et al. 2001; Dubrovsky
2005).

These differences between benzodiazepines and neuroactive steroids appear to confer
differences in their behavioral effects. For example, during chronic treatment, tolerance
develops readily to many effects of benzodiazepines, including rate-decreasing (McMahon
and France 2002b) and anticonvulsant effects (Gonsalves and Gallagher 1987; Löscher et al.
1996). In contrast, although tolerance develops to some effects of neuroactive steroids (e.g.,
decreases in locomotor activity, Marshall et al.1997; impairment in Morris Water Maze,
Türkmen et al. 2006), it does not develop to their rate-decreasing (McMahon and France
2002a) or anticonvulsant effects (Kokate et al. 1998; Reddy and Rogawski 2000). Although
tolerance to neuroactive steroids is not detected, other consequences of chronic
administration are evident; specifically, increased potency of pentylenetetrazole suggests the
development of dependence (McMahon and France 2002a) and decreased potency of
diazepam suggests the development of cross tolerance to benzodiazepines (Reddy and
Rogawski 2000). Together, these findings indicate that the absence of tolerance to
neuroactive steroids is not due to inadequate dosing conditions. Another difference between
benzodiazepines and neuroactive steroids is evident during chronic benzodiazepine
treatment when tolerance develops to benzodiazepines and cross tolerance does not develop
to neuroactive steroids (McMahon et al. 2007; Gerak 2009). Thus, under conditions where
the potency of benzodiazepines is decreased, the potency of neuroactive steroids does not
appear to change; this important difference among positive GABAA modulators could be
exploited clinically.

Given the differences between benzodiazepines and neuroactive steroids, their acute
behavioral effects might also not be identical. One procedure in which differences in the
acute effects of benzodiazepines and neuroactive steroids have been observed is drug
discrimination. Drugs acting at benzodiazepine, barbiturate or neuroactive steroid binding
sites have been established as discriminative stimuli, and generally, they share
discriminative stimulus effects (e.g., de la Garza and Johanson 1987; Ator et al. 1993;
McMahon et al. 2001; Engel et al. 2001), although differences among positive GABAA
modulators have been reported. For example, in subjects discriminating the barbiturate
pentobarbital, neuroactive steroids and the benzodiazepine lorazepam produce pentobarbital-
lever responding, suggesting that these drugs have similar discriminative stimulus effects;
however, in subjects discriminating lorazepam, neither neuroactive steroids nor
pentobarbital produce lorazepam-lever responding (Ator and Griffiths 1983; Ator et al.
1993). In addition, barbiturates and neuroactive steroids produce drug-lever responding in
some, but not all, subjects discriminating the benzodiazepine midazolam (Evans and
Johanson 1989; Gerak et al. 2008a), whereas barbiturates and benzodiazepines produce
drug-lever responding in all subjects discriminating the neuroactive steroid pregnanolone
(Vanover 1997; 2000; Engel et al. 2001; Gerak et al. 2008b). Differences in actions at
GABAA receptors that account for differences in discriminative stimulus effects have not
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been well established, although actions of neuroactive steroids at receptors other than
GABAA receptors might contribute to some of the observed differences between
neuroactive steroids and benzodiazepines (Engel et al. 2001).

The goal of this study was to compare the pregnanolone and midazolam discriminative
stimuli in rats. With the exception of the training drug, identical experimental conditions
were used in two groups of rats. The discriminative stimuli were compared using two types
of studies. First, positive GABAA modulators acting at different modulatory sites and drugs
with primary mechanisms of action that do not involve GABAA receptors were tested alone
to determine whether they produced drug-lever responding. Second, midazolam, another
benzodiazepine flunitrazepam, and pregnanolone were studied in combination with
flumazenil, a neutral GABAA modulator acting on benzodiazepine sites. Given the high
pharmacological selectivity of drug discrimination procedures, these studies compared the
acute effects of pregnanolone and benzodiazepines under conditions that would be most
likely to identify differences between these compounds.

Methods
Subjects

Male Sprague-Dawley rats were housed individually in a humidity- and temperature-
controlled vivarium under a 12-h light/dark cycle with experiments conducted during the
light cycle. Rats had free access to water and received grain-based food pellets (Bio Serv,
Inc, Frenchtown, NJ) during experimental sessions and rodent chow (Harlan Teklad,
Madison, WI) in the home cage; sufficient chow was provided to maintain weights between
320 to 330 g. Animals used in these studies were maintained in accordance with the
Institutional Animal Care and Use Committee at The University of Texas Health Science
Center at San Antonio, and the guidelines of the Committee on Care and Use of Laboratory
Animal Resources, National Research Council [Department of Health, Education and
Welfare, publication No. (NIH) 85-23, revised 1996].

Apparatus
During sessions, rats were placed in chambers enclosed within sound-attenuating cubicles
that had fans for ventilation (MED Associates, Inc., St. Albans, VT). Chambers were
equipped with houselights, pellet troughs, pellet dispensers, response levers and stimulus
lights located above each lever. White noise was present in the room to mask extraneous
noise. An interface connected the chambers to a computer that controlled experimental
events and recorded data using MED-PC/MEDSTATE NOTATION software (MED
Associates, Inc., St. Albans, VT).

Procedure
One group of rats (n=11) discriminated 3.2 mg/kg of pregnanolone and another group (n=8)
discriminated 0.56 mg/kg of midazolam while responding under a fixed-ratio 10 schedule of
food presentation; other than the training drug, experimental sessions were identical in the
two groups. Sessions were divided into 2-8 discrete cycles. Each cycle was 15 min in
duration and began with a 10-min timeout period during which the chamber was dark and
responding had no programmed consequence. Illumination of the stimulus lights above both
levers signaled the end of the timeout period and the beginning of the response period,
during which 10 responses on the lever designated correct by the injection given during the
first minute of the timeout resulted in the delivery of a food pellet. Responses on the
incorrect lever reset the response requirement on the correct lever. The lever designated
correct following an injection of the training drug was counterbalanced among rats. Lights
were extinguished and response periods ended after 5 min or the delivery of 10 pellets,
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whichever occurred first. Any time remaining between the end of the response period and
the end of the cycle was a timeout; once the 15-min cycle ended, the 10-min timeout at the
beginning of the subsequent cycle started.

During some training sessions, rats received the training drug at the beginning of the first
cycle with a sham injection (rats were handled but did not receive an injection) given at the
beginning of the second cycle; for both of these cycles, responding on drug lever resulted in
delivery of food. During other training sessions, the two drug cycles were preceded by 1-5
cycles during which vehicle or sham was administered. For still other training sessions, only
vehicle or sham was administered for 2-8 cycles. The first test session was conducted when
the following criteria were satisfied for 5 consecutive or 6 of 7 training sessions: ≥80% of
the total responses were emitted on the correct lever and fewer than 10 responses were
emitted on the incorrect lever prior to delivery of the first food pellet. Thereafter, test
sessions were conducted twice a week as long as the above criteria were satisfied during
intervening training sessions.

Test sessions were identical to training sessions except that 10 consecutive responses on
either lever resulted in the delivery of food and test compounds were administered during
sessions. Dose-effect curves were determined using a cumulative-dosing procedure. On the
first cycle, rats received vehicle; on subsequent cycles, rats received increasing doses of
drug with the cumulative dose increasing by 0.25 or 0.5 log units per cycle. Dosing
continued until ≥80% responding occurred on the drug lever or until rates decreased to
<20% of control. The pregnanolone and midazolam discriminative stimuli were compared in
two ways. First, dose-effect curves were determined for positive GABAA modulators acting
on different sites (pregnanolone [1-10 mg/kg], midazolam [0.032-1 mg/kg], flunitrazepam
[0.032-1 mg/kg] and pentobarbital [1-17.8 mg/kg]) and for drugs with primary mechanisms
of action that do not involve GABAA receptors (ketamine [0.32-5.6 mg/kg] and morphine
[0.32-10 mg/kg]). Second, dose-effect curves for midazolam, flunitrazepam and
pregnanolone were redetermined following administration of flumazenil, a neutral GABAA
modulator acting at benzodiazepine sites; flumazenil (1-5.6 mg/kg) was given on the first
cycle with increasing doses of positive GABAA modulators given on subsequent cycles.

Drugs
Pregnanolone (5β-pregnan-3α-ol-20-one; Steraloids, Inc., Newport, RI) was dissolved in
45% (w/v) 2-hydroxypropyl-γ-cyclodextrin. Midazolam hydrochloride (Bedford
Laboratories, Bedford, OH) and ketamine hydrochloride (racemate; Fort Dodge
Laboratories, Fort Dodge, IA) were purchased as commercially prepared solutions and
diluted with sterile 0.9% saline. Flunitrazepam (Sigma-Aldrich Co., St. Louis, MO) was
dissolved in a vehicle containing 20% emulphor, 10% ethanol and 70% sterile 0.9% saline.
Pentobarbital sodium (Sigma-Aldrich Co., St. Louis, MO) and morphine sulfate (Research
Technology Branch, National Institute on Drug Abuse, Rockville, MD) were dissolved in
sterile 0.9% saline. Flumazenil (Hoffman LaRoche, Nutley, N.J., USA) was dissolved in a
vehicle comprising 40% propylene glycol, 50% sterile 0.9% saline and 10% ethanol. Drugs
were administered i.p. typically in a volume of 1 ml/kg body weight. Doses are expressed in
the form listed above in mg/kg body weight.

Data analyses
The number of sessions (mean ± 1 SEM) required for rats to satisfy the initial testing criteria
were compared between the two groups using a t-test. Control (no drug) response rates were
obtained for individual rats by first averaging rates across cycles within sessions during
which vehicle or sham was administered and rats satisfied the testing criteria; these rates
obtained for individual sessions were then averaged across 10 training sessions (mean ± 1
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SEM). Control response rates were compared between the two groups using a t-test.
Response rates obtained during test sessions were expressed as a percentage of the control
rate for each subject and averaged across subjects. Discrimination data were not included in
the analyses when response rates were less than 20% of control for an individual rat. The
percentage of responses on the drug-appropriate lever and rates, expressed as a percentage
of control, were plotted as a function of dose. For drugs that produced ≥80% drug-lever
responding in both groups, dose-effect curves obtained in the two groups were compared by
simultaneously fitting straight lines to the individual dose-effect curves using GraphPad
Prism version 5.01 for Windows (GraphPad Software, San Diego, CA). Straight lines were
fitted to the linear portion of the dose-effect curves which included one data point below
25%, one data point above 75% and all data points in between. To determine the simplest
model that best fit the data, slopes of the linear portion of the dose-effect curves in rats
discriminating pregnanolone were compared to those obtained in rats discriminating
midazolam using an F-ratio test. Slopes that were significantly different required the more
complex model to fit the data; when slopes were not different, a simpler model was used by
selecting a common slope. Dose-effect curves could then be further compared by
determining whether the data were best fit by a common intercept. Significance was set at
P<0.05.

Schild plots were constructed to confirm simple, competitive interactions between
flumazenil and the benzodiazepines in the two groups of rats. First, the dose of
benzodiazepine needed to produce 50% drug-appropriate responding (ED50) was estimated
for individual rats by fitting straight lines as described above and using linear regression or
interpolation, depending on the number of available data points, to calculate ED50 values.
Dose ratios were determined for each dose of flumazenil by dividing the ED50 of the
benzodiazepine in the presence of flumazenil by the ED50 of the benzodiazepine alone; dose
ratios were then averaged across rats and plotted as a function of flumazenil dose (–log
[mol/kg]) using the method of Arunlakshana and Schild (1959). Straight lines were fitted to
each Schild plot using GraphPad and the following equation: log (dose ratio-1) = -log(molar
dose of flumazenil)*slope + intercept. Schild plots generated under each condition (i.e., two
benzodiazepines in each of two groups) were compared using an F-ratio test (Kenakin 1993;
Koek et al. 2000) with slope of each Schild plot constrained to unity in the simpler model
and allowed to vary in the more complex model. If the calculated F value was not
significant, then the simpler model (i.e., common slope) was used. When slopes of Schild
plots were constrained to unity, differences in apparent pA2 values were determined by
fitting each data set and comparing the results with an F-ratio test. When slopes were not
constrained, apparent pA2 values (95% CI) were determined using linear regression of
Schild plots.

Results
The number of training sessions required to satisfy the testing criteria was 26.0 ± 4.1 in rats
discriminating pregnanolone and 20.1 ± 1.8 in rats discriminating midazolam; there was no
difference between groups. When vehicle or sham were administered, response rates
obtained in rats discriminating pregnanolone (0.86 ± 0.06 responses/sec) were not
significantly different from those obtained in rats discriminating midazolam (0.73 ± 0.04
responses/sec). Pregnanolone dose dependently increased pregnanolone-lever responding
with ≥80% of total responses occurring on the drug lever at a cumulative dose of 5.6 mg/kg
(solid symbols, upper left panel, Figure 1); midazolam dose dependently increased
midazolam-lever responding with ≥80% of total responses occurring on the drug lever at a
cumulative dose of 1 mg/kg (open symbols, upper panel, 2nd from left, Figure 1). This dose
of pregnanolone did not decrease response rates, although 1 mg/kg of midazolam decreased
rates to 63% of control (lower panels, Figures 1).
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Pregnanolone, midazolam and flunitrazepam produced ≥80% drug-lever responding in both
groups (upper panel, Figure 1). Straight lines fitted to the dose-effect curves indicated that
slopes were not significantly different between groups. The simplest model that could be
used to fit the data was one with a common slope and different intercepts (pregnanolone: F
(1,73)=15.98, P=0.0002; midazolam: F(1,54)=8.84, P=0.0044; flunitrazepam:
F(1,54)=21.14, P<0.0001), demonstrating that these positive GABAA modulators were more
potent in rats discriminating pregnanolone. Despite similarities between groups for these
three positive modulators, a fourth drug acting at another binding site had different effects in
the two groups. In rats discriminating pregnanolone, a cumulative dose of 5.6 mg/kg of
pentobarbital occasioned ≥80% drug-lever responding in all 11 rats (solid circles, upper
panel, 4th from left, Figure 1) and produced modest rate-decreasing effects (solid circles,
lower panel, Figure 1). In contrast, pentobarbital produced midazolam-lever responding in
only 2 of the 6 rats in which it was studied with a cumulative dose of 10 mg/kg resulting in
51% drug-lever responding and decreasing rates to 56% of control; a larger dose of
pentobarbital (17.8 mg/kg) decreased rates to 0.6% of control (open circles, lower panel, 4th

from left, Figure 1). Morphine and ketamine occasioned <20% drug-lever responding in
both groups up to doses that decreased rates to <20% of control (right 4 panels, Figure 1).

To further compare the pregnanolone and midazolam discriminative stimuli, flumazenil was
studied in combination with the three drugs that produced ≥80% drug-lever responding in
both groups of rats. Flumazenil dose dependently antagonized midazolam and
flunitrazepam, shifting their dose-effect curves to the right in rats discriminating
pregnanolone (upper panels, Figure 2) or midazolam (lower panels, Figure 2). Comparison
of fits indicated no significant difference between Schild plots generated with unconstrained
slopes and those generated with slopes constrained to unity; consequently, further analyses
of these data were conducted using the simpler model and data were plotted with slopes
constrained to unity (Figure 3). In addition to slopes, apparent pA2 values were also not
significantly different across benzodiazepines or groups with pA2 values ranging from 5.86
to 6.09 (Table 1). In contrast to the antagonism obtained when flumazenil was studied in
combination with benzodiazepines, flumazenil did not attenuate the discriminative stimulus
effects of pregnanolone (right panels, Figure 2).

Discussion
The goal of the current study was to compare the neuroactive steroid pregnanolone with the
benzodiazepine midazolam using drug discrimination procedures; differences in the acute
behavioral effects of these drugs might be most evident when they are compared using
procedures that have high pharmacological selectivity. Two groups of rats discriminated
either pregnanolone or midazolam from vehicle under identical experimental conditions; the
only difference between groups was the training drug. Pregnanolone and the
benzodiazepines produced similar effects in rats discriminating pregnanolone, as compared
to those discriminating midazolam, with all three drugs producing ≥80% drug-lever
responding in both groups. Each of these positive GABAA modulators was 2- to 3-fold more
potent in rats discriminating pregnanolone. Flumazenil antagonized the discriminative
stimulus effects of midazolam and flunitrazepam, but not pregnanolone. In addition, drugs
that do not act at GABAA receptors produced predominantly saline-lever responding in both
groups. Thus, the pregnanolone and midazolam discriminative stimuli appear to be
qualitatively similar, although differences in the potencies of pregnanolone, midazolam and
flunitrazepam suggest that a training dose of 3.2 mg/kg of pregnanolone is quantitatively
different from a training dose of 0.56 mg/kg of midazolam.

This quantitative difference between the two discriminative stimuli might account for
differences in the discriminative stimulus effects of pentobarbital. Rate-decreasing effects of
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pentobarbital were not evident at doses that produced ≥80% pregnanolone-lever responding;
however, doses of pentobarbital that would be expected to produce midazolam-lever
responding, based on differences between groups in potencies of the other 3 positive
GABAA modulators, had rate-decreasing effects. Thus, one possibility is that differences in
the discriminative stimulus effects of pentobarbital in the two groups are due to the
quantitative difference between the two training conditions.

Drugs acting at neuroactive steroid or barbiturate sites can directly activate chloride
channels whereas benzodiazepines can only facilitate the actions of GABA to increase
chloride influx (Simmonds 1981; Hattori et al. 1986; Lambert et al. 2001; Hosie et al. 2006).
In this regard, neuroactive steroids would appear to be more similar to barbiturates than to
benzodiazepines; however, pregnanolone, along with midazolam and flunitrazepam,
produced discriminative stimulus effects in all rats at doses smaller than those that decreased
response rates, and pentobarbital did not, suggesting that direct activation of GABAA
receptors does not entirely account for this difference between pentobarbital and other
positive GABAA modulators. In other studies conducted in rats discriminating
benzodiazepines, the discriminative stimulus effects of barbiturates are qualitatively similar
to those of benzodiazepines (Shannon and Herling 1983; Garcha et al. 1985; Woudenberg
and Slangen 1989), although two observations are consistent with differences observed
between these positive modulators in the current study. First, drug-lever responding
produced by pentobarbital is accompanied by rate-decreasing effects in rats discriminating
0.4 mg/kg of midazolam and drug-lever responding produced by benzodiazepines is not
(Garcha et al. 1985). Second, when rats discriminate two doses of midazolam and a no-drug
condition under a three-lever procedure, midazolam produces a dose-dependent switch in
responding from the no-drug lever to the lever associated with the small training dose and
finally to the lever associated with the large training dose; in contrast, pentobarbital
produces a dose-dependent switch from the no-drug lever to the lever associated with the
small training dose with larger doses decreasing response rates rather than producing a
switch to the lever associated with the large training dose (Sannerud and Ator 1995). Thus,
although there might not be marked qualitative differences between pentobarbital and other
positive GABAA modulators, the prominence of the rate-decreasing effects of pentobarbital
and not those of pregnanolone or the benzodiazepines suggest that the effects of these
positive modulators are not identical.

Under some conditions, actions of neuroactive steroids at receptors other than GABAA
receptors, including NMDA, 5-HT3 and σ1 receptors, have been implicated in the
discriminative stimulus effects of pregnanolone (Engel et al. 2001; Shannon et al. 2005). In
the current study, ketamine, a drug which acts at NMDA receptors, did not produce drug-
lever responding in either group of rats, although it was studied up to a dose that markedly
decreased responding. In contrast, MK-801, a drug with actions similar to those of ketamine,
produced 73% drug-lever responding in rats discriminating 5 mg/kg of pregnanolone (Engel
et al. 2001). Such differences among studies might be due to procedural differences. For
example, in the current study, drug discrimination data were included in the analyses only
when response rates were >20% of control whereas the earlier study reported discrimination
data as long as rats completed one fixed ratio (Engel et al. 2001), although applying the
criterion from the earlier study to the current data set would only modestly increase drug-
lever responding in a few rats.

Drug interaction studies and quantitative pharmacological analyses can be exceptionally
useful in understanding mechanisms of action of drugs and have been used extensively to
characterize the effects of benzodiazepines in monkeys (Paronis and Bergman, 1999; Lelas
et al. 2000; McMahon and France 2005). In the current study, flumazenil, a neutral
modulator of GABAA receptors acting at benzodiazepine sites, antagonized the
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discriminative stimulus effects of benzodiazepines in both groups of rats, and Schild
analyses confirmed similarities in the mechanism of action of benzodiazepines across
training drugs. The slope of each Schild plot was not different from unity, indicating that
interactions were competitive and reversible with one population of receptors involved in
the discriminative stimulus effects of midazolam or flunitrazepam, regardless of training
drug. Similar pA2 values for flumazenil in rats discriminating pregnanolone or midazolam
indicated that effects of midazolam and flunitrazepam are mediated by the same population
of receptors in the two groups. The pA2 values for flumazenil obtained in the current study
are similar to those reported for flumazenil in another study in which it antagonized the
discriminative stimulus effects of β-CCE, a negative GABAA modulator acting at
benzodiazepine sites (Rowlett et al. 1999). Although the discriminative stimulus effects of
β-CCE are very different from those of benzodiazepines (current study; Rowlett et al. 1999;
Lelas et al. 2000), similar pA2 values for flumazenil indicate that the same population of
receptors mediates their effects.

Because flumazenil and pregnanolone act at different modulatory sites on GABAA
receptors, flumazenil would not be expected to attenuate the discriminative stimulus effects
of pregnanolone. In fact, flumazenil enhances the discriminative stimulus effects of
neuroactive steroids in rhesus monkeys, suggesting that flumazenil is a low-efficacy positive
modulator rather than a neutral modulator in monkeys (McMahon and France 2006). In the
current study, flumazenil did not alter the discriminative stimulus effects of pregnanolone
regardless of the training drug. Not surprisingly, flumazenil does not attenuate other
behavioral effects of neuroactive steroids in rats, including anxiolytic effects (Brot et al.
1997; Bitran et al. 1999) and suppression of ultrasonic vocalizations in pups (Vivian et al.
1997). Collectively, these results indicate that the discriminative stimulus effects of
pregnanolone are similar to those of the benzodiazepines with modest differences between
pentobarbital and other positive GABAA modulators.

Like benzodiazepines, positive modulators acting at neuroactive steroid sites produce
anxiolytic (Wieland et al. 1997), sedative (Lancel 1999; Vanover et al. 1999) and
anticonvulsant effects (Gasior et al. 2000; Kokate et al. 1994; Reddy and Rogawski 2001)
and can reverse ethanol withdrawal (Finn et al. 2000). Although neuroactive steroids are not
yet available for clinical use, similarities between their acute behavioral effects and those of
benzodiazepines, which are largely supported by the current study, suggest that they might
have therapeutic utility. Moreover, differences between these drug classes emerge during
chronic treatment. In particular, during chronic treatment with neuroactive steroids,
tolerance does not develop under conditions that result in the development of dependence or
cross tolerance to benzodiazepines (Reddy and Rogawski 2000; McMahon and France
2002a). To the extent that similarities in the acute behavioral effects predict similarities in
their therapeutic effects, the clinical effectiveness of neuroactive steroids might be similar to
that of benzodiazepines while differences in the development of tolerance and dependence
could provide a distinct advantage over benzodiazepines. Neuroactive steroids could give
clinicians another option for the treatment of conditions like anxiety, insomnia or ethanol
withdrawal.
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Figure 1.
Discriminative stimulus and rate-decreasing effects of pregnanolone, midazolam,
flunitrazepam, pentobarbital, ketamine and morphine in rats discriminating either
pregnanolone (solid symbols) or midazolam (open symbols). For rats discriminating
pregnanolone, data from 12 rats are shown for pregnanolone, ketamine and morphine and
data from 11 rats are shown for midazolam, flunitrazepam and pentobarbital. For rats
discriminating midazolam, data from 8 rats are shown for midazolam, flunitrazepam,
ketamine and morphine; data from 7 rats are shown for pregnanolone and data from 6 rats
are shown for pentobarbital. Ordinates: top panel, percentage of total responses emitted on
the drug (i.e., pregnanolone or midazolam) lever; bottom panel, average rate expressed as a
percentage of control response rate. Abscissa: dose in mg/kg. Points above V represent the
effects of vehicle.
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Figure 2.
Effects of flumazenil in combination with midazolam, flunitrazepam and pregnanolone in
rats discriminating pregnanolone (n=8, 11 and 6, respectively) or midazolam (n=7, 6 and 4,
respectively). Ordinates: percentage of total responses emitted on the drug (i.e.,
pregnanolone or midazolam) lever. Abscissa: dose in mg/kg. Points above V represent the
effects of flumazenil alone.

Bai and Gerak Page 13

Psychopharmacology (Berl). Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Schild plots constructed from data shown in Figure 2. Closed symbols: pregnanolone
discrimination. Open symbols: midazolam discrimination. Triangles: flunitrazepam.
Hexagons: midazolam. Ordinate: logarithm of the dose ratio-1. Abscissa: negative logarithm
of the molar dose of flumazenil.
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Table 1

Slopes of Schild plots and pA2 values of flumazenil determined with constrained and unconstrained slopes.

Slope (unconstrained) pA2 (unconstrained) pA2 (constrained)

Pregnanolone discrimination
Flunitrazepam -0.73 (-1.25, -0.21) 6.20 (5.50, 6.48) 6.09 (5.94, 6.24)

Midazolam -1.26 (-1.75, -0.77) 5.97 (5.62, 6.91) 6.02 (5.87, 6.17)

Midazolam discrimination
Flunitrazepam -1.17 (-1.85, -0.50) 5.71 (5.38, 6.04) 5.98 (5.78, 6.18)

Midazolam -1.02 (-1.48, -0.57) 5.74 (5.49, 5.99) 5.86 (5.72, 6.00)
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