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Abstract

Previous reports suggest that y-aminobutyric acid type A (GABA ) receptors containing al subunits
may play a pivotal role in mediating the discriminative stimulus effects of benzodiazepines (BZs).
L-838,417 (7-tert-Butyl-3-(2,5-difluoro-phenyl)-6-(2-methyl-2H-[1,2,4]triazol-3-ylImethoxy)-
[1,2,4]triazolo[4,3-b]pyridazine) is a GABA receptor modulator with intrinsic efficacy in vitro at
a2, a3, and o5 subunit-containing GABAA, receptors, and little demonstrable intrinsic efficacy in
vitro at a1 subunit-containing GABA receptors. The present study evaluated the discriminative
stimulus effects of L-838,417 in order to determine the extent to which the a2, a3, and a5 subunit-
containing GABA receptors contribute to the interoceptive effects of BZ-type drugs. Squirrel
monkeys (Saimiri sciureus) were trained to discriminate L-838,417 (0.3 mg/kg, i.v.) from vehicle
under a 5-response fixed-ratio schedule of food reinforcement. Under test conditions, L-838,417
administration resulted in dose-dependent increases in drug lever responding that were antagonized
by the BZ-site antagonist, flumazenil. Administration of non-selective BZs, compounds with 10-fold
greater affinity for a1 subunit-containing GABA, receptors compared to 0.2, a3, and a5 subunit-
containing GABAA, receptors, barbiturates and ethanol (which modulate the GABA receptor via a
non-BZ site), all resulted in a majority of responses on the L-838,417-paired lever (65-100% drug-
lever responding). BCCT, an antagonist that binds with 20-fold greater affinity for a1 subunit-
containing GABA receptors relative to a2, a3, and a5-containing GABA receptors, had no
significant effect on the discriminative stimulus effects of L-838,417 or the L-838,417-like effects
of diazepam or zolpidem. These data suggest that efficacy at a2, a3, and/or a5 subunit-containing
GABA receptors likely are sufficient for engendering BZ-like discriminative stimulus effects.
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1. Introduction

Benzodiazepines (BZs) commonly are prescribed for treating anxiety, sleep, and seizure
disorders despite undesirable side effects such abuse and dependence liability (Korpi et al.,
1997; Verster et al., 2002). BZs and related drugs exert their behavioral effects by acting as
positive allosteric modulators of the y-aminobutyric acid type A (GABA) receptor. Moreover,
multiple subtypes of the GABAA receptor exist, and recent research has focused on
understanding the role of BZ-sensitive GABA, receptors (i.e., receptors containing al, o.2,
a3, and a5 protein subunits) in the behavioral effects of BZ-type drugs (cf. Ator, 2005; Rowlett
etal., 2005).

The abuse-related effects of drugs are influenced to a large degree by their interoceptive effects,
which often are modeled in the laboratory using drug discrimination procedures. In general,
drugs that share discriminative stimulus effects with the training drug (i.e. substitute for the
training drug) likely share similar mechanisms of action (Lelas et al., 2000b; 2001a; Ator,
2005). Drug discrimination studies in which BZ-type drugs were used as the training drug
suggest that GABAA receptors containing 1 subunits (a1 GABAA receptors) may play a key
role in mediating the interoceptive effects of BZs (e.g., Lelas et al., 2000b; Kohut and Ator,
2008). For instance, zolpidem, a compound with 10-fold greater affinity for a1 subunit-
containing GABA, receptors compared to a2, a3, and a5 subunit-containing GABAA
receptors, shared discriminative stimulus effects with non-selective BZs (e.g., Ator and
Griffiths, 1989; Rowlett et al., 1999; Rush et al., 2000; Mirza et al., 2002). Moreover,
antagonists that bind with approximately 20-fold greater affinity for al subunit-containing
GABA receptors relative to a2, a3, and a5 subunit-containing GABAa receptors blocked the
discriminative stimulus effects of diazepam, triazolam, and zolpidem (e.g., Shannon et al.,
1988; Lelas et al., 2002; Rowlett et al., 2003).

Other studies have suggested a more complex mechanism underlying the transduction of the
BZ discriminative stimulus. For example, non-selective BZs substitute fully for zolpidem at
low to intermediate training doses; however, these drugs did not substitute for higher training
doses of zolpidem (Rowlett et al., 2000; 2003). In fact, only other compounds with relative
selectivity for a1GABA, receptors substituted for the high-dose zolpidem discriminative
stimulus, suggesting a training dose-related pharmacological specificity (Rowlett et al.,
2000). These results raise the possibility that interoceptive effects mediated by the
alGABAA receptor may be unique compared with those of non-selective BZs. A possible
implication of this observation is that under certain conditions, GABAp receptor subtypes other
than the a1GABA subtype may contribute to the discriminative stimulus effects of BZs.

In order to investigate the role of different GABA receptor subtypes to the discriminative
stimulus effects of BZ-type drugs, we took the approach of training monkeys to discriminate
L-838,417, a compound with “functional selectivity” for t2GABAA, a3GABA,, and
a5GABA receptor subtypes. L-838,417 binds with equal affinity to a1GABAA,,
a2GABA,, 03GABA, or a5GABA receptor subtypes, but not to those GABA receptors
containing a4 or a6 subunits (McKernan et al., 2000). Electrophysiological studies with cloned
GABA receptors have demonstrated that L-838,417 is essentially an antagonist (i.e., has
limited demonstrable intrinsic efficacy) at alGABAA receptors, but is a partial agonist with
equal efficacy at the a2GABA, a3GABA,, and a5GABA receptor subtypes. Thus, effects
of L-838,417 might be attributed to c2GABAA, a3GABA,, and/or a5GABA receptor
subtypes, but not alGABA,, receptors.

Consistent with the unique in vitro pharmacology of L-838,417, this compound has a unique
profile of behavioral effects in both rodents and non-human primates (McKernan et al.,
2000; Rowlett et al., 2005). In this regard, L-838,417 engendered anxiolytic activity in the
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absence of significant motor effects (McKernan et al., 2000; Rowlett etal., 2005). Considerable
evidence suggests that the anxiolytic-like effect of BZ-type ligands is mediated by o2 and/or
a3GABA receptors (LOw et al., 2000; Collins et al., 2002; Atack et al., 2005; Dias et al.,
2005), while the motor-impairing effects are mediated primarily by a1GABAA receptors
(Rudolph et al., 1999; McKernan et al., 2000; Rudolph et al., 2001).

In the present report, we first established L-838,417 as a discriminative stimulus in squirrel
monkeys using procedures described previously (e.g., Spealman, 1985; Lelas et al., 2002;
Rowlett et al., 1999; 2003) in order to facilitate comparisons with the earlier data sets. The
effects of L-838,417 dose, time after infusion, and sensitivity to the BZ-site antagonist
flumazenil were assessed next. In order to determine the extent to which the L-838,417 stimulus
was similar to that of conventional BZs, we evaluated the ability of representative BZs to
engender L-838,417-like discriminative stimulus effects. Next, we evaluated the L-838,417-
like discriminative stimulus effects of non-BZs, including agonists with preferential activity
at al1GABAA receptors (zaleplon, zolpidem, and CL 218,872). These compounds were
employed specifically to evaluate the hypothesis that agonists with a1IGABA selectivity
would not share discriminative stimulus effects with L-838,417. The final series of experiments
assessed the extent to which an antagonist with ~20-fold greater affinity for t1GABAA
receptors, B-carboline-3-carboxylate-t-butyl ester (BCCT), blocked the discriminative stimulus
effects of L-838,417 as well as the L-838,417-like effects of representative compounds.

2. Materials and Methods

2.1 Subjects

Seven adult squirrel monkeys (Saimiri sciureus), weighing 800 g to 950 g, were studied in
daily sessions (Monday through Friday). Monkeys were maintained at 90-95% of their free-
feeding body weight by adjusting their access to food in the home cage (Teklad Monkey Diet,
supplemented with fresh fruit). Between sessions, all monkeys were housed individually and
maintained under a 12 hr light/dark cycle in a temperature- and humidity-controlled room. All
procedures were conducted with the approval and under the supervision of the Harvard
University Institutional Animal Care and Use Committees. Animals in this study were
maintained in accordance with the guidelines of the Committee on Animals of the Harvard
Medical School and the “Guide for Care and Use of Laboratory Animals” National Research
Council, Department of Health, Education and Welfare Publication No. (NIH) 85-23, revised
1996.

2.2. Surgical Procedure

Monkeys were prepared with a chronic indwelling venous catheter (polyvinyl chloride; i.d.,
0.38 mm; o.d., 0.76 mm) using the general surgical procedures described by Platt et al.
(2005a). Under isoflurane anesthesia and aseptic conditions, one end of a catheter was passed
to the level of the right atrium by way of a femoral or jugular vein. The distal end of the catheter
was passed subcutaneously and exited in the mid-scapular region. Catheters were flushed daily
with saline and were sealed with stainless steel obturators when not in use. Monkeys wore
custom-made nylon-mesh jackets (Lomir Biomedical, Toronto, ON, Canada) at all times to
protect the catheter.

2.3. Apparatus

Experimental sessions were conducted in ventilated and sound-attenuating chambers (Med

Associates; Georgia, VT). Monkeys were seated in primate chairs facing a panel that included
two response levers, lights, and a food tray. Each press of a lever with a minimum downward
force of approximately 0.25 N produced an audible click and was recorded as a response. The
colored lights mounted above the levers could be illuminated to serve as visual stimuli. Food
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pellets (Bioserve Precision pellets, 190 mg; Bioserve, Frenchtown, NJ) were delivered to the
tray located between the levers.

2.4. Drug Discrimination Training

2.5. Testing

Squirrel monkeys were trained to discriminate L-838,417 from saline using the procedures
described previously (Lelas et al., 2001a; 2002). Monkeys initially were trained to respond on
each of two levers under an FR 5 schedule of food reinforcement. Once consistent lever
pressing was established, the monkeys were implanted with intravenous catheters, and drug
discrimination training was started 5 days after recovery from surgery. After an i.v. injection
of the training dose of L-838,417 (0.3 mg/kg), 5 consecutive responses on one lever produced
a food pellet, whereas after an i.v. injection of saline, 5 consecutive responses on the other
lever produced a pellet. For three of the monkeys, responding on the right lever after an injection
of L-838,417 resulted in pellet delivery. For the other monkeys, responding on the left lever
after injection of L-838,417 resulted in pellet delivery. Delivery of each pellet was followed
by a 10-s timeout period. Responses on the incorrect lever (e.g., the saline-appropriate lever
after L-838,417 injection) reset the FR requirement.

Training sessions consisted of a variable number of components (n = 1 —4) of the FR schedule.
The number of components per session was randomized from day-to-day with the restriction
that each number occurred equally often within a block of 20 sessions. Each component ended
after 10 food pellets had been delivered or after 5 min had elapsed, whichever occurred first.
A 10-min timeout period, during which the lights were off and responses had no programmed
consequences, preceded each component. During most training sessions, saline was injected
during timeout periods preceding the firstn — 1 components, and L-838,417 was injected before
the nth component of the session. Periodically, saline was injected before all components of a
training session to prevent an invariant association between the fourth component and
L-838,417 injection. Injections of L-838,417 or saline were administered from outside the
chamber via a catheter extension during the 51 min of the 10-min timeout periods. Each
injection was followed by a 1-ml infusion of saline to flush the catheter of any residual drug
solution.

Test sessions were conducted once or twice per week with training sessions scheduled on
intervening days. Test sessions were conducted only if >80% of responses were made on the
injection-appropriate lever during at least four of the preceding five training sessions. In
general, test sessions consisted of four FR components, each preceded by a 10-min timeout
period. During each component, completion of 10 consecutive responses on either lever
produced food. Dose-response functions were determined for test drugs using a cumulative
dosing procedure. The drugs studied using this procedure were L-838,417, the non-selective
BZ receptor ligands triazolam, lorazepam, midazolam, diazepam, chlordiazepoxide, and
flumazenil, the a;GABA, ligands zaleplon, zolpidem, CL 218,872, and BCCT, and the
reference compounds amobarbital, pentobarbital (barbiturates), ethanol (GABA receptor
modulator), muscimol (direct-acting GABAx agonist), and morphine (mu opioid agonist).
Under the cumulative dosing procedure, incremental doses of each drug (1/4 — 1/2 log
increments) were injected i.v. during timeout periods that preceded sequential FR components,
permitting a four-point cumulative dose-response function to be determined in a single session.
When warranted, five or more different doses of a drug were studied by administering
overlapping ranges of cumulative doses during test sessions on different days. The effects of
most doses were determined twice, although low doses that were found to be inactive and high
doses that produced adverse effects usually were studied only once in each subject.
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Antagonism studies were carried out with the modestly a1GABA-preferring antagonist BCCT
and the non-selective BZ antagonist flumazenil. Studies with BCCT and flumazenil were
conducted by administering BCCT (3.0 mg/kg, i.v.) or flumazenil (1.0 mg/kg, i.v.) immediately
before the session, followed by cumulative doses of L-838,417, diazepam, or zolpidem as
described above. The doses of BCCT and flumazenil were chosen on the basis of earlier studies
that found them to be effective at antagonizing the DS effects of zolpidem and diazepam in
squirrel monkeys when administered using procedures similar to those described here (Rowlett
etal., 1999; Lelas et al., 2001a; 2002).

2.6. Analysis of drug effects

Percentage of L-838,417-lever responding was computed for individual subjects in each
component of a test session by dividing the number of responses on the L-838,417 lever by
the total number of responses on both levers and multiplying by 100. Percentage of L-838,417-
lever responding was calculated for an individual monkey only if the response rate was > 0.1
responses/s during the component. Mean percentage of L-838,417-lever responding and
standard error of the mean (SEM) were then calculated for the group of monkeys at each dose.
A drug was considered to substitute fully for L-838,417 if the maximum mean percentage of
drug-lever responding was > 80%. The doses of drug estimated to engender 50% L-838,417-
appropriate responding (EDsg) were determined for individual subjects by linear regression
analysis in cases where the log dose-response function was defined by at least three data points
or by linear interpolation in cases where the dose-response function was defined best by two
points.

The overall rate of responding in each component was computed by dividing the total number
of responses in a component (regardless of lever) by the total component duration. Responding
during the timeout, as well as the timeout duration, was not used in the calculation of rate of
responding. Rate of responding was converted to percentage of control by dividing an
individual animal’s rate after drug by the animal’s average response rate during the saline
training components before the test (the previous 3 saline training components were used), and
multiplying by 100. Mean response rate (percentage of control SEM) then was calculated for
the group at each dose.

The effects of each drug on response rate were analyzed by separate repeated measures
ANOVA:s. Further analysis was performed using Dunnett’s q statistic, which compares the
effects of different doses of each drug with vehicle control. The significance of the BCCT-
induced shifts in the L-838,417, diazepam, and zolpidem dose-response functions was
evaluated using separate repeated measures two-way ANOV As followed by Bonferroni t-tests.
Finally, in the few instances when only two treatments were being compared (see Results),
one-sample t-tests were used. The alpha level for all statistical tests was p<0.05.

2.7. Drug Preparation

The base forms of L-838,417 (7-tert-Butyl-3-(2,5-difluoro-phenyl)-6-(2-methyl-2H-[1,2,4]
triazol-3-ylmethoxy)-[1,2,4]triazolo[4,3-b]pyridazine); Merck, Sharp, and Dohme Research
Laboratories; Harlow Essex, UK), triazolam, zolpidem, flumazenil (Sigma; St. Louis, MO),
lorazepam (Wyeth-Ayerst; St. Davids, PA), and diazepam (Hoffman-La Roche; Nutley, NJ)
were prepared in a vehicle of 50% propylene glycol (Fisher Scientific; Suwanee, GA) and 50%
saline. BCCT (synthesized at the University of Wisconsin, Milwaukee, WI), zaleplon, CL
218,872 (Sigma), and bretazenil (Hoffman-La Roche) were prepared in a vehicle of 80%
propylene glycol/10% ethanol/10% saline. Chlordiazepoxide, midazolam (Research
Biochemicals; Natick, MA), muscimol (Hoffman-La Roche), and morphine (Sigma) were
prepared in 0.9% saline. Amobarbital and pentobarbital (Sigma) were dissolved in sterile water.
Ethanol (95%) (Pharmco Products; Brookfield, CT) was diluted with 0.9% saline solution to
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a concentration of 0.5 g/ml before injection. All drugs were injected in a volume of 0.1-1.0
ml/kg, depending on the dose and solubility, and were prepared the day of a test session.

3. Results

3.1. L-838,417 Discrimination

The average number of sessions required to establish reliable stimulus control by L-838,417
(0.3 mg/kg) was 105 (+ 18.48 SEM; range 37-177). During training sessions throughout the
course of the study the rates of responding following an injection of L-838,417 were the same
as those observed following injections of saline (0.36 £ 0.03).

Under test conditions, cumulative doses of L-838,417 (0.01-1 mg/kg) engendered dose-
dependent increases in the percentage of responding on the L-838,417-associated lever (Fig.
1A). Doses on the lower range of the dose-response function (0.01-0.03 mg/kg) engendered
responding predominantly on the saline-associated lever, whereas doses >0.1 mg/kg
engendered L-838,417-lever responding almost exclusively (=80%). The mean EDgy was
calculated to be 0.052 (SEM=0.01; Table 1). As shown in Fig. 1B, administration of increasing
doses of L-838,417 had no effects on the average rates of responding.

In the experiment in which the pretreatment time for L-838,417 was varied, the maximal
percentage of drug-lever responding occurred when the training dose of L-838,417 (0.3 mg/
kg) was administered 5 min before the session (97%, SEM=1.8, Fig. 1C). The mean percentage
of L-838,417-lever responding decreased at all subsequent pretreatment times; however,
responding was at or near 80% for up to 40 min after the injection (mean = 75%, SEM=19.80)
and responding remained on the L-838,417-appropriate lever at 80 min after the injection
(66.7%, SEM= 33). L-838,417-lever responding was comparable to that engendered by saline
by 320 min (4%, SEM= 4).

Pretreatment with flumazenil (1.0 mg/kg) prior to re-determination of the L-838,417 dose-
response function resulted in a shift to the right in the dose-response function for discriminative
stimulus effects (Fig. 1D). There was a 14-fold rightward shift in the EDgq values when
comparing the mean EDsgq (xSEM) for L-838,417 alone (0.052 + 0.02) to that following
pretreatment with 1.0 mg/kg flumazenil (0.73 £ 0.34). Rates of responding were not affected
by pretreatment with flumazenil (data not shown).

3.2. Effects of Non-Selective Benzodiazepine Type Compounds and Reference Drugs

Dose-related increases in mean L-838,417-lever responding and accompanying decreases in
mean rates of responding were observed following administration of cumulative doses of
several non-selective BZs (Fig. 2, Table 1). Triazolam, lorazepam, midazolam, diazepam, and
chlordiazepoxide all fully reproduced the discriminative stimulus effects of L-838,417 (>80%
drug-lever responding) at a minimum of 2 doses tested (Fig. 2, top). All of these compounds
decreased mean rates of responding to different extents (Fig. 2, bottom). Triazolam [F(6,14)
=19.16, p< 0.001], midazolam [F(6,13)=12.41, p< 0.001], and diazepam [F(5,20)=17.13, p<
0.001] decreased rates of responding significantly. Lorazepam and chlordiazepoxide did not
decrease rates of responding; however, there were trends toward a decrease in responding for
both drugs.

Fig. 3 shows the mean percentage of L-838,417-lever responding following administration of
the reference compounds, bretazenil, amobarbital, pentobarbital, and ethanol; EDsg values are
presented in Table 1. The non-selective partial BZ agonist bretazenil partially reproduced the
DS effects of L-838,417. The maximum level of L-838,417-appropriate responding was
observed at 0.1 mg/kg (62%, SEM=19), and a 10-fold higher dose engendered a similar degree
of L-838,417-appropriate responding. The EDsq value for bretazenil could not be calculated
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due to a lack of consistent effects at the lower dose range. As with L-838,417, bretazenil had
no significant effects on mean rates of responding. Flumazenil, which is typically classified as
anon-selective BZ antagonist but has been shown to possess weak partial agonist effects (e.g.,
Weiss et al., 2002;Rowlett et al., 2005), engendered an average maximum of 58% (SEM=19)
L-838,417-lever responding at the highest dose tested (3.0 mg/kg), with no significant effects
on mean rates of responding. The EDs value calculated for flumazenil was 1.19 mg/kg (SEM=
0.68). Solubility limits precluded evaluating higher doses of flumazenil.

Cumulative dosing of the representative barbiturate amobarbital produced a clear dose-
dependent increase in responding on the L-838,417-associated lever such that the highest dose
tested (10 mg/kg) resulted in a mean of 85% L-838,417-lever responding (SEM=14, Fig. 3),
with an EDsq of 4.86 mg/kg (SEM=1.93). Similarly, the representative barbiturate
pentobarbital induced a clear dose-dependent increase in responding on the L-838,417-
associated lever, with maximal responding of 91% L-838,417-associated responding
(SEM=4.5, Fig. 3). Ethanol, which is a known modulator of GABA, receptors, engendered a
dose-dependent increase in L-838,417-associated responding, with a maximum of 79% (Fig.
3). Like L-838,417, bretazenil, flumazenil, amobarbital, pentobarbital, and ethanol had no
consistent effect on mean rates of responding at any of the doses tested.

Neither the direct-acting GABAa-site agonist muscimol nor the u-opioid receptor agonist
morphine engendered appreciable L-838,417-lever responding (Table 1). Muscimol
engendered less than 10% drug-lever responding up to the dose of 0.3 mg/kg. Higher doses
were not tested due to seizure-like activity that already has been demonstrated using procedures
similar to those used in this study (Spealman, 1985). Administration of morphine resulted in
an average maximum of 24% L-838,417-lever responding (SEM=18), and dose-dependently
decreased rates of responding over the dose range tested [F(4,12)=3.79, p=0.05].

3.3. Effects of the relatively alGABAa-Selective Agonists Zaleplon, Zolpidem, and CL

218,872

Increasing cumulative doses of the relatively a1GABA receptor-selective agonists zaleplon
(0.01-1 mg/kg), zolpidem (0.03-1 mg/kg), and CL 218,872 (0.3—10 mg/kg) engendered dose-
related increases in average L-838,417-lever responding (Fig. 4, top; Table 1). Both zaleplon
(EDsgp= 0.085 mg/kg, SEM= 0.04) and zolpidem (ED5p= 0.21, SEM= 0.08) engendered full
substitution at the highest doses tested. Both zaleplon [F(5,13)=7.63, p=0.002] and zolpidem
[F(4,15)=6.87, p=0.002] also decreased mean rates of responding. CL 218,872 produced an
average maximum of 65% L-838,417-lever responding (ED5q value= 2.22, SEM= 1.27), and
had little or no effect on response rate (Fig. 4, bottom). Solubility limits precluded evaluating
higher doses of CL 218,872.

3.4. BCCT antagonism

When tested alone, 3.0 mg/kg, i.v., of the relatively alGABAAa-selective antagonist BCCT
engendered predominantly saline-lever responding (data not shown). In contrast to flumazenil,
pretreatment with BCCT (3.0 mg/kg) had little effect on the discriminative stimulus effects of
L-838,417 or the L-838,417-like effects of diazepam and zolpidem (Fig. 5). Based on the
EDsq values, the dose-response function for L-838,417 was shifted a maximum of 2-fold to
the right, while dose-response functions for both diazepam and zolpidem were shifted 1.5- to
2-fold to the right. None of these shifts achieved statistical significance (paired t-tests, P>0.05).
Finally, BCCT had no effect on mean rates of responding, either alone or combined with
L-838,417, diazepam, or zolpidem (data not shown).
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4. Discussion

In the present study, the BZ-site ligand L-838,417 was established as a discriminative stimulus
in squirrel monkeys to evaluate the discriminative stimulus effects of non-selective BZs, BZ
agonists with selectivity for alGABAA receptors, and compounds that modulate GABAA
receptors via a non-BZ site. L-838,417 was found to be active for at least 80 minutes following
i.v. injection, and to engender discriminative stimulus effects that were sensitive to antagonism
by flumazenil, the latter finding consistent with this compound’s action at BZ-sensitive
GABA receptors. Similar to non-selective BZs, the a1GABA p—preferring agonists, as well
as the barbiturates and ethanol, substituted for L-838,417.

Our previous research has suggested that the a1GABA, receptor subtype plays a key role in
the discriminative stimulus effects of conventional BZs (for review, see Lelas et al., 2000).
Despite L-838,417’s lack of demonstrable intrinsic efficacy at alGABAA receptors in vitro
(McKernan et al., 2000), non-selective BZs produced L-838,417-like effects at doses that did
not modify response rate. These results do not appear to support our initial hypothesis, and
potential alternative hypotheses include: (1) stimulation of 62GABAA, a3GABA,, and/or
a5GABA receptors is sufficient for the transduction of BZ-like discriminative stimulus
effects; (2) because L-838,417 is a partial agonist at a2GABAa, 63GABA,, and a5GABAA
receptors, the discriminative stimulus “signal” might be relatively weak, resulting in a non-
specific generalization profile; and (3) a common, down-stream mechanism underlies the
discriminative stimulus effects of BZ ligands.

Because of the relatively broad generalization profile of L-838,417 under the training
conditions used in this study, our first proposed hypothesis is that stimulation of ®2GABAA,
a3GABA, and/or a5GABAA receptors produces interoceptive effects that are shared with a
range of BZ-type drugs. Although the a1GABA—preferring agonists zaleplon, zolpidem, and
CL 218,872 engendered full, or nearly full, substitution for L-838,417, these compounds only
have modest selectivity (~10-fold) for alGABAA receptors vs. a2GABAa and a3GABAA
receptors in vitro; therefore, they may produce their L-838,417-like discriminative stimulus
effects via binding to other GABA receptor subtypes, particularly if the doses of drug are
sufficiently high. This idea is supported by our findings with the a1GABAA,-preferring
antagonist BCCT. In this regard, a dose of BCCT (3.0 mg/kg, i.v.) that antagonized the
discriminative stimulus effects of triazolam and zolpidem (>7-fold shift that was statistically
significant; Lelas et al., 2002; Rowlett et al., 2003) did not block the discriminative stimulus
effects of L-838,417 or the L-838,417-like effects of diazepam and zolpidem (2-, 1.5-, and 2-
fold shifts, respectively —these shifts were not statistically reliable). However, while it appears
as though the 02GABA, a3GABA, and/or a5GABA receptors may be more important for
mediating the discriminative stimulus effects of BZ-type drugs, a recent rodent drug
discrimination study demonstrated an inability to establish reliable stimulus control with
TPAO023B, a drug similar to L-838,417 with respect to its partial agonist activity at
a2GABAA, a3GABA,, and a5GABAA receptors in vitro (Kohut and Ator, 2008). Species
differences or differences in the pharmacokinetic profiles between TPA023B and L-838,417
may explain the discrepancy in the ability to train these drugs as discriminative stimuli, but
our results are consistent with the idea that a1GABAA, receptors are not involved in the
discriminative stimulus effects of L-838,417 itself. Furthermore, these results suggest that the
L-838,417-like discriminative stimulus effects of diazepam, and most strikingly, zolpidem,
may not involve stimulation of alGABAA receptors.

Another possible explanation for the generalization profile of L-838,417 may be related to its
intrinsic efficacy. L-838,417 is a partial modulator of GABA receptors containing o2, o3,
and o5 subunits (McKernan et al., 2000). Consistent with its efficacy profile in vitro, the
nonselective BZ partial agonist bretazenil (Facklam etal., 1992; Smith et al., 2001) engendered
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arelatively high degree of substitution for L-838,417, as did flumazenil which has been shown
to have very weak partial agonist effects in some procedures (e.g., Haefely, 1988; Cook et al.,
2005; Rowlett et al., 2006). L-838,417 failed to induce drug-lever responding in squirrel
monkeys trained to discriminate triazolam from vehicle; and, in fact, antagonized the
discriminative stimulus effects of triazolam (Rowlett et al., 2005). L-838,417 also has been
shown to attenuate the discriminative stimulus effects of other higher efficacy BZ agonists
(McMahon and France, 2006). These findings raise the possibility that the L-838,417
discriminative stimulus reflects this compound’s low efficacy, rather than its functional
selectivity (although they are not mutually exclusive). In other words, L-838,417 engenders a
relatively weak discriminative stimulus “signal” that psychophysically lacks specificity, akin
to a relatively low training dose of a high efficacy agonist (cf. Rowlett et al. 2000; 2003). The
primary evidence against this interpretation is BCCT’s ineffectiveness at blocking the
discriminative stimulus effects of L-838,417. If the relatively broad generalization profile of
L-838,417 reflected solely its partial agonist profile, one would expect CCT to attenuate the
discriminative stimulus effects of L-838,417 as well as the other agonists tested. Nonetheless,
low intrinsic efficacy as a key determinant for L-838,417’s discriminative stimulus effects
cannot be ruled out (one method for evaluating this hypothesis would be to train a high efficacy
agonist with functional selectivity for at2GABAa, a3GABA,, and a5GABA receptors).

Our third proposed hypothesis for the lack of specificity of the discriminative stimulus effects
of L-838,417 is that downstream signaling events may serve as a common substrate for the
effects of BZ ligands in the L-838,417-trained monkeys. At present, there is a paucity of data
on intracellular signaling adaptations induced by BZ-type ligands, although acute exposure to
diazepam recently has been shown to down-regulate transcripts of genes involved in regulating
synaptic function and plasticity (e.g., calcium/calmodulin-dependent kinase lla. Huopaniemi
etal., 2004; for review, see Licata and Rowlett, 2008). Differences between non-selective BZs
and functionally selective compounds in mediating intracellular signaling are unexplored at
present, and consequently, the contribution of downstream events to behavioral effects of BZ-
type ligands are unknown.

Based on our earlier research using similar procedures, an unexpected finding in the present
study was that the barbiturates amobarbital and pentobarbital fully substituted for L-838,417.
Previously, barbiturates failed to demonstrate BZ-like discriminative stimulus effects when
midazolam (Spealman, 1985), zolpidem (Rowlett et al., 1999), or triazolam (Lelas et al.,
2001a) were the training drugs in squirrel monkeys following i.v. administration. Ethanol also
engendered primarily L-838,417-lever respondin and this finding complements an earlier study
suggesting that a1GABA receptors do not have a primary role in the discriminative stimulus
effects of ethanol (Platt et al., 2005b). In contrast, neither the direct GABA 4 agonist muscimol
nor the non-GABAergic opioid agonist morphine induced significant L-838,417-lever
responding. Overall, these findings suggest that the discriminative stimulus effects of
L-838,417 are relatively specific to positive allosteric modulators of GABA receptors,
although within this class there was no distinction among modulators with different
mechanisms of action (e.g., BZ site vs. barbiturate site).

Taken together, the results of the present study and those from earlier reports may provide a
framework for understanding the role of specific GABAA receptor subtypes in the
discriminative stimulus effects of GABA ligands under the conditions used in this study and
our early studies. On one end of a continuum, a compound with limited or no efficacy at
alGABAA receptors may engender the most inclusive discriminative stimulus among BZ
ligands. In other words, lacking a1GABA, receptor activity may result in a stimulus that is
sensitive to all GABA, positive modulators. By “increasing” the contribution of the
alGABA receptor, discriminative stimulus effects for non-selective BZs and relatively
selective a1GABAa-preferring agonists persist but barbiturates and ethanol no longer share

Neuropharmacology. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Licata et al.

Page 10

stimulus effects with BZs. In other words, increasing a1GABA receptor agonist activity
increases the specificity of the discriminative stimulus to include only BZ-type drugs. At the
other end of the continuum, a discriminative stimulus effect based predominantly on
alGABA receptor activation (e.g., i.v. high-dose zolpidem) results in a stimulus that is
exclusive for compounds with relatively selective a1GABAA activity. It should be noted that
at present, there is no clear mechanism of action for such a phenomenon. Nevertheless,
evaluation of predictions based on this model, as well as establishing how other GABAergic
compounds with different selectivity profiles fit into this model, should provide a conceptual
platform for understanding the distinctive interoceptive effects of these clinically important
drugs.
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BZ benzodiazepine
BCCT B-carboline-3-carboxylate-t-butyl ester
FR fixed-ratio
L-838 417, (7-tert-Butyl-3-(2,5-difluoro-phenyl)-6-(2-methyl-2H-[1,2,4]triazol-3-
ylmethoxy)-[1,2,4]triazolo[4,3-b]pyridazine)
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Figure 1.

A. Percentage of drug-lever responding (+ SEM) for L-838,417 and B. effects on response rate
(= SEM) for increasing doses of L-838,417 in squirrel monkeys (N=7) trained to discriminate
L-838,417 (0.3 mg/kg) from vehicle. C. Percentage of drug-lever responding (+ SEM)
engendered by the training dose of L-838,417 (0.3 mg/kg) as a function of pretreatment time
(N=3). D. Percentage of drug-lever responding (z SEM) for L-838,417 in the presence and
absence of the benzodiazepine receptor antagonist flumazenil. Flumazenil was administered
i.v. immediately before sessions in which cumulative doses of L-838,417 were tested.
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Figure 2.

Percentage of drug-lever responding (+ SEM; top) and effects on response rate (£ SEM;
bottom) of the non-selective benzodiazepine receptor agonists triazolam, lorazepam,
midazolam, diazepam, and chlordiazepoxide in squirrel monkeys (N=3-6) trained to
discriminate L-838,417 (0.3 mg/kg) from saline. Dose-response functions were determined via
cumulative dosing procedures.
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Figure 3.

Percentage of drug-lever responding (£ SEM; top) and effects on response rate (+ SEM;
bottom) of bretazenil, flumazenil, amobarbital, pentobarbital, and ethanol in squirrel monkeys
trained to discriminate L-838,417 (0.3 mg/kg) from vehicle. Dose-response functions were
determined via cumulative dosing procedures.
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Figure 4.

Percentage of drug-lever responding (+ SEM; top) and effects on response rates (xSEM,;
bottom) of the a1GABA-selective benzodiazepine site agonists zaleplon, zolpidem, and CL
218, 872 in squirrel monkeys (N=4-5) trained to discriminate L-838,417 (0.3 mg/kg) from
vehicle. Dose-response functions were determined via cumulative dosing procedures.
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Figure 5.

Percentage of drug-lever responding (+ SEM) for L-838,417 in the presence and absence of
the alGABA-selective benzodiazepine antagonist BCCT in squirrel monkeys (N=4-5)
trained to discriminate L-838,417 (0.3 mg/kg) from vehicle. BCCT was administered i.v.
immediately before sessions in which cumulative doses of L-838,417, diazepam, or zolpidem
were tested.
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Potencies of test compounds to engender discriminative stimulus effects (mean % L-838,417-appropriate
responding +SEM) and suppression of rates of responding (mean response rate +SEM) in squirrel monkeys

trained to discriminate L-838,417 (0.3 mg/kg, i.v.) from saline. Data are from N=3-7 monkeys.

% L-838,417-
appropriate

responding Response rate (responses/s)
Compound Mechanism EDsp (mg/kg, i.v.)
L-838,417 a2, a3, a5GABA, partial agonist/ 0.052+0.010 NE (3.0)"
alGABA, antagonist (training
compound)
triazolam Non-selective benzodiazepine (BZ) 0.0043 + 0.0001 0.060 + 0.023
lorazepam Non-selective BZ 0.035+0.011 NE (1.0)
midazolam Non-selective BZ 0.081 +0.034 0.32+0.15
diazepam Non-selective BZ 0.20 £0.043 1.1+041
chlordiazepoxide Non-selective BZ 1.31+0.089 NE (10.0)
zaleplon a1lGABA-preferring agonist 0.085 + 0.040 0.12+0.010
zolpidem alGABA-preferring agonist 0.21+0.083 0.15 + 0.050
CL 218,872 alGABAA-preferring partial agonist 222 +1.27 NE (10.0)
bretazenil Non-selective BZ partial agonist NG NE (1.0)
flumazenil BZ antagonist (weak partial agonist) 1.19+0.68 NE (3.0)
amobarbital Barbiturate 4.86 £1.93 NE (10.0)
pentobarbital Barbiturate 2.51+0.54 NE (5.6)
ethanol GABA, modulator 0.77£0.32 NE (1.25 g/kg)
morphine Opioid agonist NE (1.0) 0.50 + 0.021
muscimol GABA, direct-acting agonist NE (0.3)* NE (0.3)*

*
NE, Not effective up to the dose shown in parenthesis (dose in mg/kg, unless otherwise stated).

**
NC, Not calculated due to most subjects not clearly showing effects above and below 50%.

*:

£
Higher doses induce seizures in squirrel monkeys.
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