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Abstract

Although GABAA receptor positive modulators share many behavioral effects, subtle differences have been detected among their

discriminative stimulus effects. The purpose of the present study was to determine the extent of shared discriminative stimulus effects of

pregnanolone with various benzodiazepine receptor ligands and with ethanol. Naive male Sprague±Dawley rats were trained to discriminate

the endogenous neuroactive steroid pregnanolone (5.6 or 8.0 mg/kg) from vehicle. The benzodiazepine receptor agonists, triazolam and

lorazepam, the benzodiazepine receptor partial agonist, bretazenil, the benzodiazepine1 (BZ1) receptor subtype selective agonists, zolpidem

and zaleplon and ethanol were tested. Triazolam, lorazepam and bretazenil substituted for pregnanolone. Lorazepam, but not triazolam or

bretazenil, decreased response rates at the highest dose tested. Zaleplon completely substituted for pregnanolone with no effect on response

rates. Zolpidem substituted for pregnanolone only at a dose that severely disrupted response rates. Ethanol partially substituted for

pregnanolone and decreased response rates. The results are consistent with GABAA receptor mediation of the discriminative stimulus effects

of pregnanolone. The effects on response rates suggest subtle differentiation among the GABAA receptor-mediated cues. D 2000 Elsevier

Science Inc. All rights reserved.
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1. Introduction

It has been demonstrated previously that the endogen-

ous neuroactive steroid pregnanolone can function as a

discriminative stimulus [23]. Positive modulation of

GABAA receptors is thought to mediate the discriminative

stimulus effects of pregnanolone. Further, neuroactive

steroids have been shown to share discriminative stimulus

effects with other positive modulators of the GABAA

receptor complex [2,10,12,23]. For example, in rats

trained to discriminate diazepam or pentobarbital from

its vehicle, the neuroactive steroids 3a,21-dihydroxy-5a-

pregnan-20-one (3a,5a-THDOC; allotetrahydrodeoxycor-

ticosterone) and 3a-hydroxy-5a-pregnan-20-one (3a,5a-

P; allopregnanolone) exhibited full substitution for the

training drug [2]. Similarly, pentobarbital generalized to

3a,21-dihydroxy-3b-trifluoromethyl-5b-pregnan-20-one

(Co 8-7071), a synthetic neuroactive steroid in monkeys

trained to discriminate pentobarbital from saline [15].

Additionally, allopregnanolone substituted for ethanol in

monkeys [12]; allotetrahydrodeoxycorticosterone and

3a,21-dihydroxy-5b-pregnan-20-one (3a,5b-THDOC; tet-

rahydrodeoxycorticosterone) have been shown to substi-

tute for ethanol in rats [1,8].

However, subtle differences among the discriminative

stimuli of various GABAA receptor positive modulators

are well documented. For example, the benzodiazepine

diazepam and the barbiturate pentobarbital exhibit cross-

generalization and diazepam and another benzodiazepine

lorazepam exhibit cross-generalization, but pentobarbital

and lorazepam exhibit asymmetrical cross-generalization

with pentobarbital generalizing to lorazepam and loraze-

pam failing to generalize to pentobarbital [4]. Thus,

although there appears to be some crossover, the discrimi-

native stimulus effects of benzodiazepines and barbiturates

are not identical. Differences among the discriminative

stimulus effects of benzodiazepine ligands have been

reported as well. Bretazenil, a partial agonist at benzodia-

zepine receptors, completely substitutes for the full benzo-
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diazepine agonist chlordiazepoxide as a discriminative

stimulus, whereas bretazenil attenuates the discriminative

stimulus effects of the benzodiazepine1 (BZ1) receptor

subtype selective agonist zolpidem [16]. Further diffe-

rences among GABAA receptor positive modulators have

been revealed using three-choice procedures. For example,

humans were able to acquire a discrimination between

zolpidem and the nonselective benzodiazepine agonist

triazolam in a three-choice procedure (zolpidem vs. tria-

zolam vs. placebo; [14]).

The purpose of the present experiment was to deter-

mine the extent similarities and differences among the

discriminative stimulus effects of pregnanolone compared

to various benzodiazepine receptor ligands and to ethanol.

The nonselective benzodiazepine full agonists, triazolam

and lorazepam and the benzodiazepine partial agonist

bretazenil were tested. In addition, the BZ1 receptor

subtype selective full agonists zolpidem and zaleplon

were evaluated.

2. Method

The `̀ Guide for the Care and Use of Laboratory Ani-

mals'' was followed in our Association for Assessment and

Accreditation of Laboratory Animal Care (AAALAC) -

accredited facilities for all experiments.

2.1. Animals

Naive male rats (Sprague±Dawley, Harlan Sprague±

Dawley; San Diego, CA) weighing approximately 280 g were

individually housed in polycarbonate cages containing ster-

ilized bedding material (Sani-Chips, P.J. Murray; Montville,

NJ) in a room maintained at 23.0°C ( � 2.5°C) and on a 12:12 h

light:dark cycle. Food (Teklad LM 485, Harlan Teklad;

Placentia, CA) was restricted to post-session supplements

(approximately 10 g per day) sufficient to maintain stable

body weights ( � 5%) and behavioral performance. Sessions

were conducted generally 5 days per week and rats were fed

10±15 g food per day on days with no session (i.e., weekends

and holidays). Water was freely available in the home cage.

2.2. Apparatus and procedure

For experimental sessions, rats were placed in sound-

attenuating chambers (30� 24� 33 cm; Coulbourn Instru-

ments; Lehigh Valley, PA) equipped with two response

levers with associated stimulus lights. A magazine for the

sucrose dipper and its associated light were located between

the two levers. Med-Associates (East Fairfield, VT) com-

puter software and interface controlled stimulus events and

recorded lever presses.

The procedure is similar to that previously reported [23].

Initially, rats (n = 10) were trained to discriminate 5.6 mg/kg

pregnanolone from vehicle (50:50 hydroxypropyl-b-cyclo-

dextrin:0.9% saline) in a two-lever, sucrose-reinforced (110

g sucrose/1 l water) drug discrimination paradigm. In order

to increase discriminative control, those rats (n = 6) that

could tolerate a higher dose (i.e., a higher dose did not

significantly reduce response rate) were switched to 8.0 mg/

kg pregnanolone as the training stimulus about halfway

through the study (in some animals before substitution tests

began and in others after some of the substitution tests had

occurred). The training dose did not appear to influence the

efficacy of the test drugs. Experimental sessions lasted 20

min or until 50 reinforcers were earned. Rats were injected

with either saline (1.0 ml/kg ip) or pregnanolone (5.6 or 8.0

mg/kg, ip). Fifteen minutes following injection, rats were

placed in the operant chambers and the session began with

stimulus lights lit above both levers. The pre-session injec-

tion determined the appropriate response lever. A vehicle

injection indicated that 10 consecutive presses (fixed ratio

10; FR 10) on the right lever would be reinforced with

sucrose availability, whereas an injection of pregnanolone

indicated that 10 consecutive presses on the left lever would

be reinforced. It should be noted that the position of the

levers were not counterbalanced for drug vs. vehicle condi-

tions, which may have resulted in a potential confound of

lever preference; however, previous studies that have coun-

terbalanced the position of the levers have made no mention

of differential lever preference [2,18].

Sucrose availability (0.1 ml) occurred for 4 s during

which time the stimulus lights were turned off and respon-

ding had no consequence. Responses on the inappropriate

lever during the course of the session reset the response

requirement on the appropriate lever. In addition, 10 con-

secutive presses on the inappropriate lever resulted in a 10-s

time-out in which stimulus lights were turned off and

responding had no consequence. Pregnanolone (P) and

vehicle (V) were administered in a fixed daily sequence

(SVVSSVSSVV). Training was continued until rats reached

a testing criterion of at least 80% injection-appropriate

responses before the first reinforcer and at least 90%

injection-appropriate responses over the entire session for

at least seven of eight consecutive sessions.

After acquisition of the discrimination, test sessions (T)

were conducted according to the daily sequence (VTP-

VTPTVPT) as long as performance in the intervening

training sessions remained at or above the testing criterion

level. If performance of a rat failed to reach criterion, then

the rat would return to the fixed daily sequence without

testing until testing criterion again was achieved. Test

sessions were identical to training sessions except that a

test drug or its vehicle was administered and both levers

were active such that 10 consecutive responses on either

lever produced sucrose. Again, experimental sessions lasted

20 min or until 50 reinforcers were earned. A dose±

response function for pregnanolone was determined first

with doses administered in a pseudo-random order, followed

by substitution tests. Drugs were tested with a subgroup of

five rats, randomly chosen, except the training drug, which
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was tested with nine rats. The 10th rat was sacrificed due to

poor health unrelated to the study about halfway through the

experiment; the data from this rat were not included. A

complete dose±response function of each drug was com-

pleted before testing with the next drug was started and drug

order for each rat varied. Each dose was tested only once.

Test drugs were injected intraperitoneally and included

pregnanolone (1.0±10.0 mg/kg, 15-min pretreatment inter-

val), bretazenil (0.1±3.0 mg/kg, 30 min), triazolam (0.003±

0.3 mg/kg, 30 min), lorazepam (0.1±3.0 mg/kg, 30 min),

zolpidem (0.3±3.0 mg/kg, 30 min), zaleplon (0.3±3.0 mg/

kg, 30 min) and ethanol (0.5±1.25 g/kg, 30 min).

2.3. Data analysis

The means and standard errors of the percentage of total

responses occurring on the pregnanolone-appropriate lever

during test sessions were calculated. If a rat failed to earn at

least one reinforcer in any test session, the data from that

session were not included in the calculation for pregnano-

lone-appropriate responses, but were included for the rate of

responding measure. A test drug was considered to have

substituted for the discriminative stimulus effects of preg-

nanolone if it engendered at least 80% pregnanolone-appro-

priate responding over the entire session. Substitution

between 20% and 80% pregnanolone-appropriate respon-

ding was designated as partial substitution. Less than 20%

pregnanolone-appropriate responding indicated no substitu-

tion. Data are described in terms of full, partial or no

substitution based on average data and based on the number

of individual animals exhibiting substitution at any given

dose. The number of individual rats exhibiting substitution

vs. the number rats responding at any given dose are shown

in the figures.

The rate of responding on both levers during test sessions

was calculated as responses per second for each rat. Means

and standard errors were calculated and shown.

2.4. Drugs

A vehicle of 50:50 hydroxypropyl-b-cyclodextrin:0.9%

saline was used to dissolve pregnanolone synthesized by

AKZO-Diosynth (Oss, The Netherlands), triazolam

(Research Biochemicals International, RBI, Natick, MA),

lorazepam (Sigma, St. Louis, MO) and zolpidem (RBI).

Bretazenil (generously supplied by Dr. J.M. Witkin at the

National Institute on Drug Abuse, National Institute of

Health) and zaleplon (generously supplied by Drs. S.

Rosenzweig-Lipson and J.E. Barrett at Wyeth-Ayerst, Prin-

ceton, NJ) were suspended in 10% Tween 80 (90% deio-

nized water). Ethanol (Spectrum; Gardena, CA) was diluted

with 0.9% saline for the appropriate concentrations. All

drugs were administered intraperitoneally in a volume of 1.0

ml/kg. Pregnanolone and zolpidem were administered 15

min before the session, whereas all other compounds were

administered 30 min before the session.

3. Results

The neuroactive steroid pregnanolone at 5.6 mg/kg was

trained as a discriminative stimulus in nine rats. All of the

rats reached criteria to test. The mean number of sessions

required for training to test criteria was 73.5 sessions

(range = 41±111). Due to poor stimulus control, six rats

were switched to a training dose of 8.0 mg/kg approxi-

mately halfway through the study. Stimulus control was

regained in these animals and testing continued. Under test

conditions, vehicle injections engendered no pregnanolone-

appropriate responding. Pregnanolone engendered a dose-

related increase in pregnanolone-appropriate responding

with full substitution occurring at 5.6 and 10.0 mg/kg

(Fig. 1). Partial substitution was observed at 3.0 and 1.0

mg/kg. Rates of responding after vehicle injections ranged

from 1.28 to 4.35 responses/s with an average of 2.52

responses/s under the FR 10 schedule of reinforcement.

Pregnanolone showed little effect on response rate at the

doses tested.

The results from the generalization tests with the benzo-

diazepine receptor ligands are shown in Figs. 1 and 2.

Triazolam (0.003±0.3 mg/kg, ip, 30 min, Fig. 1) completely

substituted ( > 80% pregnanolone-appropriate responding)

in all rats tested at 0.1 and 0.3 mg/kg. The dose of 0.003

mg/kg showed no substitution and intermediate doses

showed partial substitution. Similar to triazolam, lorazepam

(0.1±3.0 mg/kg, ip, 30 min, Fig. 1) demonstrated dose-

Fig. 1. Dose± response functions for pregnanolone (filled circles), triazolam

(open triangles) and lorazepam (open squares) in rats trained to discriminate

pregnanolone (5.6 or 8.0 mg/kg) from vehicle. Percentage pregnanolone-

appropriate responding (upper panels) and response rate (responses/s; lower

panels) are shown as a function of dose. Vehicle (veh) control values also

are shown. Each point represents the mean of the data collected (n = 9 for

pregnanolone, n = 5 for others). Vertical bars represent standard errors. The

number of rats exhibiting substitution for the pregnanolone training dose/

number of rats responding is given for each dose tested.
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related substitution with complete substitution for pregna-

nolone in all rats tested at 3.0 mg/kg. Partial substitution

was engendered by intermediate doses and no substitution

was engendered by the lowest dose tested (0.1 mg/kg).

Unlike triazolam, lorazepam decreased response rate at the

highest dose tested with responding at less than 50% of

control rates.

Bretazenil (0.1±3.0 mg/kg, ip, 30 min; Fig. 2), the partial

benzodiazepine receptor agonist, showed a dose-related

increase in pregnanolone-appropriate responding with full

substitution occurring at 3.0 mg/kg. Partial substitution

occurred at all the other doses tested. Bretazenil had little

effect on response rate.

The BZ1 selective agonist zolpidem (0.3±3.0 mg/kg, ip,

15 min; Fig. 2) completely substituted for pregnanolone at

the highest dose of 3.0 mg/kg, but data for only two of five

rats could be included due to the fact that the response rate

of three rats was completely suppressed at this high dose.

The two rats that did show substitution also exhibited very

low response rates (12% and < 1% of their own control

rates). Lower doses of 0.3 and 1.0 mg/kg zolpidem showed

full substitution in one rat and little or no substitution in the

other rats, resulting in partial substitution with large varia-

bility. The intermediate dose of 1.0 mg/kg decreased

response rate to less than 50% control rates, whereas the

lowest dose tested had no effect on rate of responding.

The other BZ1 selective ligand tested, zaleplon (0.3±3.0

mg/kg, ip, 30 min; Fig. 2), substituted in all rats tested. The

two higher doses showed full substitution, whereas the

lowest dose showed partial substitution with large variabil-

ity. Unlike zolpidem, zaleplon had little effect on response

rate at the doses tested.

Ethanol (0.5±1.25 g/kg, ip, 30 min; Fig. 2) partially

substituted for pregnanolone with only three of five rats

exhibiting greater than 80% pregnanolone-appropriate

responding at any dose. On the average, the lowest dose

showed no substitution, whereas increasing doses caused a

dose-related increase in pregnanolone-appropriate respond-

ing up to a maximum of 75% at the highest dose (1.25 g/

kg). Ethanol reduced response rate at the highest dose with

less than 50% control response rates.

4. Discussion

The present study confirms and extends a previous report

that the neuroactive steroid pregnanolone could function as

a discriminative stimulus [23]. Presently, the benzodiaze-

pine agonists, triazolam and lorazepam, substituted for

pregnanolone as a discriminative stimulus. These results

are consistent with the substitution observed with diazepam

for pregnanolone [23], and suggest shared discriminative

stimulus effects of pregnanolone with benzodiazepines.

However, the discriminative stimulus effects of neuroactive

steroids and benzodiazepines are not identical. That loraze-

pam, but not triazolam, showed a concomitant decrease in

response rate suggests that pregnanolone may be more

similar to triazolam than it is to lorazepam. Similarly,

allopregnanolone, another neuroactive steroid previously

shown to substitute for pregnanolone as a discriminative

stimulus [23], only substituted for diazepam at doses that

also decreased response rate and failed to substitute for

lorazepam [2]. Although allopregnanolone has not been

trained as a discriminative stimulus, to the extent that

allopregnanolone and pregnanolone are similar stimuli, the

potential lack of cross-generalization between neuroactive

steroids and lorazepam may be similar to that which has

been previously reported between barbiturates and loraze-

pam [3±6].

In addition to the substitution of triazolam and loraze-

pam for pregnanolone, the present study showed complete

substitution of bretazenil, zolpidem and zaleplon for preg-

nanolone. Previously, bretazenil has been shown to share

discriminative stimulus effects with chlordiazepoxide

[9,16], but curiously not with zolpidem [16] or zaleplon

[24]. In the present experiment, there seemed to be some

subtle differentiation between zolpidem and zaleplon, in

that zolpidem greatly reduced rate of responding whereas

zaleplon had little effect on response rate. Interestingly, in

rats trained to discriminate zolpidem from saline, the drugs

chlordiazepoxide, triazolam, lorazepam and zaleplon show

dose-related increases in zolpidem-appropriate responding,

but only at doses that reduce response rates [20,21]. The

reduction in response rates may indicate decreased speci-

Fig. 2. Dose± response functions for bretazenil (filled circles), zolpidem

(open triangles), zaleplon (open squares) and ethanol (filled squares) in rats

trained to discriminate pregnanolone (5.6 or 8.0 mg/kg) from vehicle.

Percentage pregnanolone-appropriate responding (upper panels) and

response rate (responses/s; lower panels) are shown as a function of dose.

Vehicle (veh) control values also are shown. Each point represents the mean

of the data collected (n = 5). Vertical bars represent standard errors. The

number of rats exhibiting substitution for the pregnanolone training dose/

number of rats responding is given for each dose tested.
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ficity of the discriminative stimulus effects. Further, lor-

azepam, triazolam and zaleplon fully substitute for chlor-

diazepoxide, whereas zolpidem only partially substitutes

for chlordiazepoxide; all the drugs reduce response rates in

chlordiazepoxide-trained rats [18,19]. Zaleplon, zolpidem

and triazolam fully substitute for lorazepam, whereas

chlordiazepoxide only partially substitutes for lorazepam

[1,13]. Taken together, it appears that the discriminative

stimulus effects of the BZ1 selective ligands zaleplon and

zolpidem differ slightly from nonselective benzodiazepines

and slightly from each other. Although the mechanism

underlying the subtle differences between zaleplon and

zolpidem remain unclear, the present results indicate that

the discriminative stimulus effects of pregnanolone may be

more similar to those of zaleplon than those of zolpidem.

Ethanol, a discriminative stimulus mediated by a variety of

receptors including GABAA, generalizes to allopregnanolone

[12], chlordiazepoxide [11,22], lorazepam [17] and bretazenil

[7], but only partially to zolpidem [7,17] and zaleplon [17].

Triazolam substitutes for ethanol, but only at a dose that

significantly reduces rate of responding [22]. Conversely,

when ethanol is tested for substitution in rats trained to

discriminate GABAA positive modulators, asymmetrical

generalization occurs. This is the case with chlordiazepo-

xide-trained animals that show only partial generalization to

ethanol [11] and lorazepam trained as a discriminative

stimulus fails to show any generalization to ethanol [6].

Similar results were observed in the present study in which

ethanol exhibited only partial substitution for rats trained to

discriminate pregnanolone from vehicle and only with a

concomitant decrease in response rates.

Taken together, the results are consistent with the pre-

mise that GABAA receptors mediate the discriminative

stimulus effects of pregnanolone. Although there is con-

siderable overlap with the discriminative stimulus effects of

the various GABAA positive modulators, subtle differences

are evident. Pregnanolone appears to be more like triazolam,

bretazenil and zaleplon and less like lorazepam, zolpidem

and ethanol.
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