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(2) 379–383, 1999.—Previous studies showed that sensitivity to the ethanol-like discriminative stimulus
effects of allopregnanolone and ethanol are enhanced during the luteal phase of the menstrual cycle when progesterone lev-
els peak in monkeys trained to discriminate 1.0 g/kg ethanol. The present study further explored the influence of the men-
strual cycle phase on the discriminative stimulus effects of ethanol, allopregnanolone, and midazolam. Female adult cynomol-
gus monkeys (

 

Macaca fascicularis

 

) were trained to discriminate 1.0 g/kg ethanol (

 

n

 

 

 

5

 

 3) or 2.0 g/kg ethanol (

 

n

 

 

 

5

 

 4) (20% w/v;
IG) from water (IG). A cumulative dosing procedure was used to test discriminative stimulus effects of ethanol (0.5–2.5 g/kg;
IG) and the ethanol-like discriminative stimulus effects of allopregnanolone (0.1–1.0 mg/kg; IV) or midazolam (1.0–17 mg/kg;
IG) during the follicular vs. luteal phase of the menstrual cycle. In the 2.0-g/kg group, sensitivity to the ethanol- like effects of
allopregnanolone was increased during the luteal vs. follicular phase in two of three monkeys. In contrast, average sensitivity
to ethanol was not different in the luteal compared to the follicular phase in the 2.0-g/kg group. Finally, there was no differ-
ence in sensitivity to midazolam between the follicular and luteal phases in monkeys trained with either 2.0 g/kg or 1.0 g/kg
ethanol. Overall, the ethanol-like discriminative stimulus effects of midazolam are not sensitive to the menstrual cycle phase.
In addition, there was less influence of the menstrual cycle phase on allopregnanolone and ethanol sensitivity in a 2.0-g/kg
compared to a 1.0-g/kg ethanol training dose. © 1999 Elsevier Science Inc.

Ethanol Cynomolgus monkeys Midazolam Drug discrimination Menstrual cycle Progesterone

 

3

 

a

 

-Hydroxy-5

 

a

 

-pregnan-20-one Allopregnanolone

 

ONE of several receptor systems believed to be involved in
mediating the discriminative stimulus effects of ethanol is the
GABA

 

A

 

 receptor complex (7). Although ethanol is believed
to function as a positive modulator of GABA

 

A

 

, its direct
mechanism of action is uncertain. One class of ligands that
modulates activity at GABA

 

A

 

 receptors is the neurosteroids.
Allopregnanolone (3

 

a

 

-hydroxy-5

 

a

 

-pregnan-20-one) is a neu-
rosteroid that acts as a positive modulator of GABA

 

A

 

 recep-
tors (14). Drug discrimination studies have shown that allo-
pregnanolone substitutes for the discriminative stimulus effects

of ethanol in rats (2) and monkeys (8,9). One compelling as-
pect of this finding is that the production of allopregnanolone
is known to fluctuate with endogenous levels of its steroid
precursor progesterone (3,14). In women, ovulation stimu-
lates ovarian production of progesterone during the luteal
phase of the menstrual cycle, and then the progesterone level
drops off during the premenstrum, remaining low over the
follicular phase of the next menstrual cycle (18). This pattern
of fluctuation in hormone levels over the course of the men-
strual cycle is also seen in adult macaque monkeys (5,6).
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In a recent study, the menstrual cycle phase differentially
affected sensitivity of ethanol and allopregnanolone to pro-
duce ethanol-like discriminative stimulus effects (9). Specifi-
cally, lower doses of ethanol and allopregnanolone were re-
quired to produce complete substitution for 1.0 g/kg ethanol
in the luteal phase compared to the follicular phase of the
menstrual cycle in female cynomolgus monkeys (

 

Macaca fas-
cicularis) 

 

(9). Thus, endogenous levels of allopregnanolone
related to the menstrual cycle phase appear additive to the
behavioral effects of exogenously administered allopreg-
nanolone and ethanol.

The purpose of the present study was twofold. The first
objective was to extend the findings of menstrual cycle influ-
ence on the discriminative stimulus effects of GABA

 

A

 

 modu-
lators to the benzodiazepine receptor. Midazolam was se-
lected because it positively modulates GABA

 

A

 

 channel
function, although at a receptor site that is distinct from the
neurosteroid site, and not present on all GABA

 

A

 

 receptor
systems. The second objective stems from previous drug dis-
crimination data showing that training dose influences the po-
tency and efficacy of GABA

 

A

 

-positive modulators to produce
ethanol-like discriminative stimulus effects (10,11). The present
study reexamined the effects of the menstrual cycle phase on
sensitivity to the discriminative stimulus effects of ethanol and
allopregnanolone with a higher training dose of ethanol.

 

METHOD

 

Adult female cynomolgus monkeys were trained to dis-
criminate either 1.0 g/kg (

 

n

 

 

 

5

 

 3) or 2.0 g/kg (

 

n

 

 

 

5

 

 4) ethanol
from water in a two-lever operant procedure with food rein-
forcement. The details of this training are described in an ear-
lier publication (8), but it should be noted that the monkeys
were trained 5 days per week, regardless of menstrual cycle
phase. Briefly, ethanol (1.0 or 2.0 g/kg) or a comparable vol-
ume of water was administered by intragastric intubation
(IG) 30 min prior to the start of a training session. Consecu-
tive responding on the infusion appropriate lever under a
fixed-ratio (FR) schedule of reinforcement resulted in the de-
livery of a 1-g banana-flavored pellet, and incorrect responses
reset the FR requirement for the correct lever. For all animals
in the 1.0-g/kg group and monkeys 2835 and 3220 in the 2.0-g/
kg group, FR was set at 30. Monkeys 2429 and 3220 in the 2.0-
g/kg training group responded under an FR 50 schedule.
Training sessions terminated following the delivery of 10 pel-
lets or 30 min. Criteria for acquiring the discrimination were
five consecutive sessions in which 1) at least 70% of the re-
sponses in the first ratio occurred on the condition-appropri-
ate lever, and 2) at least 90% of the total number of responses
in the session occurred on the condition-appropriate lever.

Following training, a cumulative dosing procedure was
used to assess changes in the potency of the discriminative
stimulus effects of ethanol (0.5–2.5 g/kg; IG), or the ethanol-
like discriminative stimulus effects of allopregnanolone (0.1–
1.0 mg/kg; IV) or midazolam (1–17 mg/kg; IG) during the fol-
licular or luteal phase of the menstrual cycle. All drugs were
tested in the 2.0-g/kg training group, and midazolam was
tested in the 1.0-g/kg training group [ethanol and allopreg-
nanolone determinations have been reported previously (9)].
The cumulative dosing procedure began with a drug vehicle
trial followed by four additional doses of drug (15–20 ml/in-
jection) administered 20 min apart. During these test trials,
consecutive responses on either lever that completed the FR
requirement were reinforced. Each trial ended following the
delivery of three reinforcers or 5 min, whichever occurred

first. Complete substitution for the discriminative stimulus ef-
fects of ethanol was operationally defined as occurrence of
80% or more of the total number of responses occurring on
the ethanol-appropriate lever. A control cumulative-dosing
test using repeated water gavages was performed to address
discrimination of motor effects due to the experimental de-
sign. In all subjects, cumulative water administration resulted
in nearly exclusive responding on the water-appropriate lever
(

 

.

 

90%) and did not affect rates of responding.
The menstrual cycle was monitored over a period of 36

months prior to the start of this experiment. Based on individ-
ual cycle patterns, the menstrual day was estimated by count-
ing backward from the first day of menses (referred to as re-
verse cycle day). A 3-ml venous blood sample was drawn
from subjects within 24 h of test drug cumulative dose–
response determinations, and verification of the follicular and
luteal phase was performed by assaying for serum progester-
one levels (ng/ml) as done previously (9).

Discrimination data are reported as the percentage of total
responding that occurred on the ethanol-appropriate lever
(responses on the ethanol-appropriate lever/total number of
responses on both levers). ED

 

50

 

 values for drug substitution
were determined by linear regression of the ascending limb of
the stimulus generalization curve, using at least three points,
or by simple extrapolation in the few cases where only two
points were available [see (12)]. These data are presented as
mean 

 

6

 

 SEM.
Ethanol (100%) was diluted with tap water to a concentra-

tion of 20% (w/vol). Allopregnanolone was synthesized by
the procedure of Purdy et al. (15) and suspended in sterile in-
tralipid fat emulsion (20%, Kabi Pharmacia, Clayton, NC).
The midazolam base, which was diluted in saline, was pro-
vided by Hoffmann–LaRoche Ltd.

 

RESULTS

 

Over the 36 months the menstrual cycles were monitored;
the average length of the cycle did not differ between mon-
keys trained to discriminate 1.0 g/kg (range 27–31 days) and
2.0 g/kg (range 28–34 days) ethanol. For purposes of the
present study design, the follicular phase encompassed re-
verse cycle days 18–33 and the luteal phase encompassed re-
verse cycle days 7–13. Serum progesterone concentrations
(ng/ml) were indicative of the menstrual cycle phase, with 10-
to 50-fold higher levels in the luteal compared to the follicular
phase. In monkeys trained to discriminate 1.0 g/kg ethanol,
average follicular phase progesterone levels were 0.22 

 

6

 

 0.01
ng/ml, and average luteal phase progesterone levels were
11.3 

 

6

 

 0.76 ng/ml. In monkeys trained to discriminate 2.0 g/kg
ethanol, average follicular phase progesterone levels were
0.48 

 

6

 

 0.14 ng/ml and average luteal phase progesterone lev-
els were 7.7 

 

6

 

 1.55 ng/ml.
Midazolam resulted in complete substitution for ethanol in

all monkeys tested (see Fig. 1). In monkeys trained with 1.0 g/
kg ethanol, the average ED

 

50

 

 for midazolam substitution was
not different in the follicular phase (2.0 

 

6

 

 0.6 mg/kg) com-
pared to the luteal phase (2.1 

 

6

 

 0.7 mg/kg) of the menstrual
cycle. Similarly, in monkeys trained with 2.0 g/kg ethanol, the
average ED

 

50

 

 for midazolam substitution was not different in
the follicular phase (3.5 

 

6

 

 0.6 mg/kg) compared to the luteal
phase (3.8 

 

6

 

 0.9 mg/kg) of the menstrual cycle. However,
there was a difference in sensitivity to the ethanol-like effects
of midazolam as a function of training dose. Average ED

 

50

 

 of
midazolam combined across the menstrual cycle phase was
lower in 1.0-g/kg ethanol monkeys (2.1 

 

6

 

 0.4 mg/kg) com-
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pared to 2.0-g/kg ethanol monkeys (3.6 

 

6

 

 0.5 mg/kg). Rates of
responding were highly variable between monkeys, but were
apparently unrelated to the menstrual cycle phase.

Cumulative doses of ethanol resulted in complete substitu-
tion for 2.0 g/kg ethanol in all monkeys tested. Sensitivity to
ethanol’s discriminative stimulus effects varied among indi-
vidual monkeys and over the course of the menstrual cycle
(Fig. 2). The mean ED

 

50

 

 for producing ethanol substitution
was similar between the follicular phase (1.6 

 

6

 

 0.2 g/kg etha-
nol) and the luteal phase (1.2 

 

6

 

 0.1 g/kg ethanol) of the men-
strual cycle. Monkeys 2429 and 2835 were more sensitive,
while monkey 3221 was less sensitive to ethanol’s discrimina-
tive stimulus effects during the luteal phase of the menstrual
cycle. There was no apparent influence of menstrual cycle
phase on sensitivity to response rates following the cumula-
tive doses of ethanol.

Cumulative doses of allopregnanolone resulted in com-
plete substitution for 2.0 g/kg ethanol in two of three mon-
keys tested (Fig. 2). For both of these monkeys, allopreg-
nanolone was more potent in producing complete ethanol
substitution in the luteal compared to the follicular phase of
the menstrual cycle. Notably, allopregnanolone did not pro-
duce substitution for ethanol in monkey 3220 during the folli-
cular phase, a finding that was also present in one of the mon-
keys trained to discriminate 1.0 g/kg ethanol (9). Overall, these
data indicate that the potency of allopregnanolone to substi-
tute for ethanol was least efficacious and potent during the fol-

licular phase. Rates of responding following allopregnanolone
administration were unrelated to menstrual cycle phase.

 

DISCUSSION

 

The results show that substitution of allopregnanolone for
the discriminative stimulus effects of ethanol varies with men-
strual cycle phase in two of three monkeys trained to discrim-
inate 2.0 g/kg ethanol. Allopregnanolone was more potent
and efficacious when tested during the luteal phase of the
menstrual cycle. These results replicate previous findings with
a 1.0-g/kg ethanol training dose (9). When the present data
are combined with prior data (9), five of six monkeys tested
to date are more sensitive to ethanol-like discriminative stim-
ulus effects in the luteal compared to the follicular phase of
the menstrual cycle, independent of training dose. These re-
sults suggest that endogenous allopregnanolone levels associ-
ated with the menstrual cycle phase are additive to exoge-
nously administered allopregnanolone in producing subjective
effects similar to those of ethanol.

In contrast to previous results, mean sensitivity to ethanol
did not differ as a function of menstrual cycle. However, two
of four monkeys in the present study showed increased sensi-
tivity to ethanol in the luteal phase of their menstrual cycle.
However, the attenuated influence of the menstrual cycle on
ethanol sensitivity in the higher training dose could be due to

FIG. 1. Percentage of total session responding (open symbols) on the ethanol-appropriate lever and correlated
response rate (% of saline control; filled symbols) following the cumulative administration of midazolam in animals
trained to discriminate 1.0 g/kg (upper panels) and 2.0 g/kg (lower panels) ethanol during the follicular (circle) or
luteal (square) phase of the menstrual cycle. See text for details regarding the cumulative dosing procedure.
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a direct effect of high ethanol doses on the HPG axis function
(13). For example, in this experiment, average luteal phase
progesterone levels were higher in the 1.0-g/kg compared to
the 2.0-g/kg trained monkeys. Lower luteal phase progester-
one levels are indicative of impaired menstrual cycles (17).
Nevertheless, combining present and prior data, six of eight
monkeys tested to date are more sensitive to the discrimina-
tive stimulus effects of ethanol in the luteal compared to the
follicular phase, independent of training dose.

Unlike ethanol and allopregnanolone (9), the menstrual
cycle phase clearly did not alter sensitivity to the benzodiaz-
epine midazolam in animals trained with either a 1.0-g/kg or
2.0-g/kg ethanol dose. These data are similar to findings in hu-
mans who showed no difference in the subjective effects of
the benzodiazepine triazolam across the menstrual cycle (4).
In animal models, the discriminative stimulus effects of mida-
zolam appear to be mediated via benzodiazepine receptors
located on a subset of GABA

 

A

 

 receptor channels (16). Like-
wise, the ethanol-like discriminative stimulus effects of mida-
zolam are blocked by the benzodiazepine receptor antagonist
flumazenil (1). Thus, these data support a separate receptor
mechanism in mediating ethanol-like subjective effects that
are sensitive to cyclic fluctuation in levels of progesterone and
allopregnanolone. Because studies indicate a neurosteroid
site on GABA

 

A

 

 receptors that is distinct from the benzodiaz-

epine site, the present data suggest the discriminative stimu-
lus effects of ethanol that are enhanced during the luteal
phase may be mediated by neurosteroid binding sites. Addi-
tional studies are needed to address whether other physiolog-
ical states associated with GABA

 

A

 

 activity, such as stress, in-
crease sensitivity to the effects of ethanol through the
neurosteroid receptor. Finally, the difference in potency of
midazolam to produce ethanol-like discriminative stimulus
effects as a function of ethanol training dose is similar to pre-
vious findings with pentobarbital (10, 11). These data are con-
sistent with the concept that ethanol’s discriminative stimulus
effects mediated by GABA

 

A

 

 neurotransmission are more
prominent at lower training doses. 
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FIG. 2. Percentage of total session responding (open symbols) on the ethanol-appropriate lever and correlated
response rate (% of saline control; filled symbols) following the cumulative administration of ethanol (upper panels)
or allopregnanolone (lower panels) in animals trained to discriminate 2.0 g/kg ethanol during the follicular (circle) or
luteal (square) phase of the menstrual cycle. See text for details regarding the cumulative dosing procedure.
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