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Abstract Rationale and Objectives: Conflict procedures
are used to study mechanisms underlying the anxiolytic
effects of benzodiazepines (BZs). We established a conflict
procedure with rhesus monkeys in order to examine the role
of GABA receptors in the anxiolytic-like effects of BZs.
Methods: Four rhesus monkeys responded under a two-
component multiple schedule in which responding was
maintained under a fixed-ratio schedule of food delivery
in the absence (non-suppressed responding) and presence
(suppressed responding) of response-contingent electric
shock. Results: Conventional BZs (alprazolam, flunitra-
zepam, clonazepam, nitrazepam, lorazepam, bromazepam,
diazepam, flurazepam, clorazepate, chlordiazepoxide) en-
gendered increases in the average rates of suppressed re-
sponding at low to intermediate doses and decreased the
average rates of non-suppressed responding at higher doses.
Positive correlations were observed when the therapeutic
potencies of BZs in humans were compared with potencies
to increase the rates of suppressed responding (R2=O.83) or
decrease the rates of non-suppressed responding (R2=0.60).
The 5-HT;a agonist buspirone increased the rates of
suppressed responding, although the effects were modest,
whereas the opioid morphine lacked anti-conflict effects.
The BZ antagonist flumazenil also modestly increased the
rates of suppressed responding. A relatively low dose of
flumazenil enhanced, while a high dose blocked, alprazo-
lam’s anti-conflict effects. Compounds selective for o
subunit-containing GABA 4 receptors (zolpidem, zaleplon,

This research was supported by U.S.P.H.S. grants DA11792
and RR00168

J. K. Rowlett (><) - W. Tornatzky - S. C. Licata
Harvard Medical School,

New England Primate Research Center, Box 9102,
One Pine Hill Drive, Southborough,

MA 01772-9102, USA

e-mail: james_rowlett@hms.harvard.edu

Tel.: +1-508-6248036

Fax: +1-508-6248197

S. Lelas
Neuroscience Biology, Bristol-Myers Squibb,
Wallingford, CT 06492, USA

CL218,872) engendered relatively weak increases in the
rates of suppressed responding. Conclusions: A rhesus
monkey conflict procedure was established with predictive
validity for therapeutic doses in people and provided evi-
dence that anxiolytic-like effects of BZs can occur with
relatively low intrinsic efficacy at GABA, receptors and
are reduced by ot;GABA 4 receptor selectivity.
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Introduction

Benzodiazepines (BZs) are highly effective therapeutic
agents for the treatment of several disorders, including
anxiety disorders (for review, see Nutt 2005). The thera-
peutic use of BZs is constrained, however, by other effects
of these drugs such as impairment of motor coordination,
daytime drowsiness, memory deficits, and addiction po-
tential (Griffiths and Weerts 1997; Nutt 2005). Research in
the past two decades has revealed the existence of multiple
subtypes of the GABA 4 receptor (Pritchett et al. 1989; for
review, see Rudolph et al. 2000) and recent studies have
postulated that the diverse behavioral effects of BZs may
reflect action at different subtypes of GABA, receptors
(McKernan et al. 2000; Rudolph et al. 2000; Rowlett et al.
2005; Lippa et al. 2005). Identification of the subtypes of
the GABA, receptor associated with therapeutically
beneficial effects and unwanted side effects might lead to
the development of more effective anxiolytic medications.

BZs act by allosterically binding to GABA, receptors
and enhancing the ability of GABA to increase chloride
conductance. GABA, receptors are pentamers consti-
tuted from structurally distinct proteins, with each protein
family consisting of different subunits (for review, see
Rudolph et al. 2000). The majority of GABA, receptors
consist of «, 3, and y subunit families. Conventional
BZs (e.g., diazepam) bind predominantly to a site on the
GABA, receptor that occurs at the interface of the v,
subunit with any ofthe o, ,, &3, or o5 subunits but not on
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o4- and xg-subunit containing receptors. GABA 4 receptors
containing the o, subunit (o GABA 4 receptors) have been
implicated in mediating the sedative and motor effects of
BZs, whereas GABA, receptors containing o, and o
subunits («;GABA4 and o;GABA 4 receptors) have been
implicated in the anxiolytic effects of BZs (Rudolph et al.
2000; McKernan et al. 2000; Rowlett et al. 2005; but see
Lippa et al. 2005). Receptors containing os subunits
(xsGABA, receptors) comprise a relatively minor pop-
ulation that may play a role in memory processes, but not
anxiolysis (Collinson et al. 2002; Crestani et al. 2002).

A common operant conditioning approach to evaluating
anxiolytic-like effects is the conflict procedure in which
positively reinforced behavior is suppressed by response-
contingent administration of a noxious stimulus (e.g., mild
electric shock; for review, see Millan 2003). Compounds
with anxiolytic effects in people characteristically increase
the rates of responding that are suppressed by response-
contingent delivery of shock (e.g., Geller and Seifter 1960;
Cook and Davidson 1973; Spealman 1979; Kleven and
Koek 1999a), and a particular strength of conflict pro-
cedures is their predictive validity with respect to thera-
peutic effects in people. In this regard, positive correlations
between the potency of BZs to engender anti-conflict ef-
fects and to be clinically effective in humans have been
demonstrated in rats and pigeons (Cook and Davidson
1973; Kleven and Koek 1999a).

Another approach to enhancing generalization of preclin-
ical findings to clinical observations is to use a species with
close genetic similarity to humans. We report here findings
from a conflict procedure developed in rhesus monkeys.
The use of rhesus monkeys in conflict procedures is
relatively rare (e.g., Glowa et al. 1986) although rhesus
monkeys are often used in research on anxiety that employ
other approaches, such as observed species-typical behav-
ior in response to presentation of stressors (e.g., Ninan et al.
1982; Kalin and Shelton 1989; for review, see Kalin 2004).
In addition, rhesus monkeys are often used in studies on
abuse potential using intravenous self-administration
techniques (cf. Rowlett et al. 2005). Thus, the overall
goal of the present study was to develop a conflict pro-
cedure in rhesus monkeys designed to evaluate the an-
xiolytic potential of drugs administered intravenously
which in turn will facilitate comparisons with results from
future self-administration studies.

The rhesus monkeys were trained under a multiple
schedule of reinforcement in which food was available
under a fixed-ratio (FR) schedule in two components with
an interposed FR schedule of mild shock delivery in the
second component. The ability of acute injections of a
series of BZs to engender increases in the rates of sup-
pressed responding (i.e., anti-conflict effect) was compared
to the administration of the conventional BZ anxiolytic,
diazepam, and regression analysis was used to assess the
degree in which the potencies to induce anti-conflict effects
in monkeys predicted therapeutic effects in humans (cf.
Cook and Davidson 1973; Kleven and Koek 1999a).
Experiments with the BZ antagonist flumazenil and re-

ceptor subtype-selective compounds were conducted to
explore the role of GABA, receptors in the anti-conflict
effects of BZs. The extent to which the anti-conflict effects
in this procedure reflect GABAergic-mediated anxiolysis
exclusively was evaluated by testing acute administration
of the serotonergic anxiolytic, buspirone. The degree in
which a general antinociceptive effect contributed to in-
creases in the rates of suppressed responding was evaluated
by testing the opioid analgesic, morphine.

Materials and methods
Subjects and surgical procedure

The subjects were four adult rhesus monkeys (Macaca
mulatta), two male and two female, with no experimental
histories prior to training in the conflict procedure.
Monkeys were maintained at 85-95% of their free-feeding
weights, individually housed with water available con-
tinually, and maintained on a 12 hr lights-on/12 hr lights-off
cycle (lights on at 0600 hr). Monkeys received Teklad
monkey diet and supplemental feeding (fruits, vegetables,
and commercially available primate treats) daily and were
given toys and video stimulation when not in an ex-
perimental session. The weights of the monkeys ranged
from 6.8 to 8.9 kg at the beginning of the experiments, and
remained relatively constant throughout the experiments.
The 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).

Each monkey was prepared with a chronic indwelling
venous catheter according to the procedures described by
Carey and Spealman (1998). A polyvinyl chloride catheter
(inner diameter: 0.65 mm; outer diameter: 1.35 mm) was
implanted in a jugular (internal or external), femoral, or
brachial vein under isoflurane anesthesia and aseptic con-
ditions. The proximal end of the catheter terminated above
the right atrium, and the distal end was passed subcuta-
neously to exit in the midscapular region. Monkeys were
treated postoperatively with antibiotics and analgesics, and
experimental sessions began 5—7 days after surgery.

Apparatus and procedure

Monkeys were seated in primate chairs (Crist Instrument
Co., Hagerstown, MD) that were placed inside ventilated
and sound-attenuating chambers. A single response lever
(model ENV-610M; Med Associates, Georgia, VT) was
mounted on the wall of the chamber in front of the monkey.
Each press of a lever produced an audible click and was
recorded as a response. Food pellets (Formula 0094, 1 g,
Bioserve, Frenchtown, NJ) could be delivered to a tray
located next to the lever. Mild electric shock (described in



detail below) could be delivered to the bottom of the feet via
brass electrodes that were fitted to shoes. Red and green
lights mounted above the levers could be illuminated to
serve as visual stimuli.

Monkeys were trained under a multiple schedule of food
reinforcement adapted from Spealman (1979). A daily
session consisted of four cycles, each preceded by a 10-min
time-out period in which all lights in the chamber were off
and responding had no programmed consequences. Each
cycle consisted of two components:

Component 1 was signaled by red stimulus lights and
consisted of an 18-response schedule of food pellet
delivery.

Component 2, signaled by green stimulus lights, fol-
lowed immediately and consisted of the FR 18 sched-
ule of food delivery combined with a 20-response, FR
schedule of foot shock delivery (1.5-3.0 mA, adjusted
for each monkey based on individual performance,
0.25 s duration).

Delivery of a food pellet (FR 18 schedule) was followed
by a 10-s time-out in which responding had no programmed
consequences. Both components were 5 min in duration, or
ended after the monkey obtained five food pellets or
received three foot shocks, whichever occurred first.

Sessions were conducted 5 days per week at approxi-
mately the same time each day. On training sessions,
monkeys received i.v. injections of saline in the fifth minute
of'each 10-min time-out. The performance of the individual
monkeys was considered stable if the average rates of
responding (responses/s) for component 1 and component 2
did not vary by £20% for five consecutive sessions, with no
upward or downward trends. Test sessions were initiated
once performance was stable, and continued as long as the
stability criteria were met on interceding training sessions.

On test sessions (conducted twice a week), i.v. injections
of the vehicle or drug were administered in the fifth minute
of each time-out. In successive cycles, increasing doses of
the test compound were administered using a cumulative
dosing procedure, in which the dose of the compound was
increased in 1/4 or 1/2 log(10) units. Doses of each test
compound were determined at least twice, and dose-
response functions consisting of more than three doses
were determined by evaluating overlapping cumulative
doses in different test sessions.

The experiments were conducted for approximately
4 years, and in order to evaluate possible changes in drug
sensitivity over time, tests with the BZ alprazolam were
included periodically. Dose-response functions for the
individual drugs were determined in different orders for
the four monkeys, although testing was usually completed
for a compound prior to moving on to the next compound.
In drug interaction studies, flumazenil or its vehicle was
administered in the fifth minute of the first 10-min time-out
period, followed by the determination of three doses of
alprazolam. During the course of the study, if a monkey’s
performance did not meet the stability criteria or a catheter
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became dysfunctional and was repaired, training sessions
were conducted until the stability criteria were met again
and a determination of alprazolam was conducted prior to
resuming the tests.

Data analysis

Data were expressed as the mean responses/s (+SEM) for
each dose of test compound. Separate Bonferroni ¢ tests
were used to compare the average rates of responding for
each dose of compound to the average rates of responding
that occurred after administration of vehicle or another dose
of compound. This was done to evaluate the degree in
which individual doses of drug increased the rates of food-
maintained responding suppressed by shock presentation
(“suppressed responding”) or decreased the rates of
food-maintained responding alone (“non-suppressed re-
sponding”). For all tests, the family-wise error rate was
constrained to p<0.05.

The potency of compounds to alter suppressed and non-
suppressed responding was estimated by calculating the
dose that engendered 50% of the maximum effect (ED5).
The EDsy was obtained by converting the maximum
increase in the rates of suppressed responding or the max-
imum suppression of the rates of non-suppressed respond-
ing to 100% for individual monkeys, and using these values
to calculate the dose corresponding to 50% by log-linear
regression analysis. EDs, values were obtained for indi-
vidual monkeys and averaged with 95% confidence in-
tervals (Cls) calculated to compare potencies between
suppressed and non-suppressed responding, and after flu-
mazenil treatment.

In order to compare potencies to alter the rates of sup-
pressed and non-suppressed responding to potencies in
humans associated with therapeutic effects, a modification
of the procedure of Kleven and Koek (1999a) was used.
Potencies for engendering therapeutic effects were obtained
from articles by Tallman et al. (1980), Ashton (1994), and
Ito etal. (1997). Each article contained a wide range of BZs,
with diazepam common to the three reports and therefore
served as a comparative standard. The potencies of the BZs
reported in an article were divided by the potency of
diazepam from that article to obtain a “relative clinical
potency”. If a compound was common to two or three of the
articles, the average relative clinical potency was used in
the analysis. A primary reason for calculating relative
clinical potencies in this manner was because the three
studies used slightly different methods for calculating
absolute potencies. In this respect, Tallman et al. (1980)
reported potencies as the lowest dose (mg/70 kg, p.o.)
causing an effect in the majority of the subjects. Ashton
(1994) calculated potencies as the oral dose (mg/70 kg)
corresponding to the plasma half-life of the compound after
oral administration. And Ito et al. (1997) reported ranges of
oral doses used for treatment of psychiatric disease in the
Japanese population (the relative clinical potencies in this
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case were obtained as the median of the range of therapeutic
doses). The specific articles that were used to calculate
relative clinical potency for each drug are shown in Table 1.

The relative clinical potencies were compared with the
relative potencies in the conflict procedure for both sup-
pressed and non-suppressed responding using linear re-
gression analysis. The relative potencies from the conflict
studies were based on the averages calculated for the four
monkeys. All relative potencies were converted to log
values, and linear regression analyses were performed. The
fit of the linear regression model was initially evaluated by
analysis of variance, corrected for the mean of the ob-
servations. Regression coefficients were compared to zero
(i.e., no reliable relationship between independent and
dependent variables) by ¢ tests, and the correlation coeffi-
cient (R%) was adjusted according to the sample size (i.c.,
n=9 or 10 compounds).

Drugs

All BZs except chlordiazepoxide were available as the base
form. All base forms of BZs (Research Biochemicals Inc.,
Natick, MA or Sigma-Aldrich, St. Louis, MO) and flu-
mazenil (Hoffman LaRoche, Nutley, NJ) were prepared in
a vehicle of 50-80% propylene glycol, 10-40% saline, and
10% ethanol. This vehicle also was used for zolpidem
(provided by Dr. Gerard R. Dawson; Merck, Sharp and
Dohme, Ltd., Harlow, UK), zaleplon (Wyeth Pharmaceu-
ticals, Princeton, NJ), and CL218,872 (Sigma-Aldrich).
Chlordiazepoxide HCI, buspirone HCl, and morphine SO,
(Research Biochemicals, Inc.) were dissolved in 0.9%
saline. The drugs were injected in a volume of 0.1-1.0 ml/
kg, depending on the dose and solubility.

Results
Alprazolam, buspirone, and morphine

The four monkeys acquired performance at criteria levels
after 67 to 173 sessions, depending on the individual ani-
mal. Stable performances under training conditions were
established as averages that ranged from 0.00 to 0.20
responses/s. The rates of non-suppressed responding of
monkeys ranged from 2.1 to 3.9 responses/s at various
times during the experiments, which remained stable for
several months at a time.

Intravenous administration of the BZ anxiolytic alpraz-
olam engendered a characteristic increase in the rates of
suppressed responding at low to intermediate doses and
attenuated the rates of non-suppressed responding at higher
doses (Fig. 1, left panel). The effects of alprazolam were
dose-dependent, with cumulative doses of 0.01, 0.03, and
0.1 mg/kg engendering reliable increases in the mean rates
of suppressed responding compared to the response
rates observed after the administration of the vehicle
(Bonferroni ¢ tests, p<0.05; see Fig. 1). As shown in Fig. 1,
the effects of alprazolam on the rates of suppressed
and non-suppressed responding did not change over the
~4-year course of the experiment.

Comparisons of representative anxiolytics with differing
mechanisms of action (alprazolam and the 5-HT, 5 partial
agonist buspirone) and an analgesic (the mu opioid agonist
morphine) revealed varying degrees of increases in the
rates of suppressed responding, although all compounds
attenuated the rates of non-suppressed responding (Fig. 1).
In this regard, the average maximum increase in the rates
of suppressed responding engendered by alprazolam was
similar to the mean rates of non-suppressed responding

Table 1 Potencies for benzodiazepines and non-benzodiazepine compounds in monkeys trained under a conflict procedure: comparison

with anxiolytic potencies in humans

Compound Suppressed! Non-suppressed Ratio? Suppressed Non-suppressed Clinical®

ED50 [mg/kg, Relative

i.v. (95% CI)] Potency®
Clonazepam 0.004 (0.002—0.007) 0.033 (0.011-0.045) 8.3 0.036 0.020 0.1>°
Flunitrazepam 0.006 (0.003-0.009) 0.020 (0.014-0.031) 33 0.055 0.012 0.08*
Alprazolam 0.007 (0.004-0.012) 0.270 (0.141-0.392) 39 0.064 0.164 0.05%¢
Nitrazepam 0.018 (0.009-0.027) 3 - 0.164 - 0.4*
Lorazepam 0.020 (0.009-0.030) 1.00 (0.491-1.499) 50 0.182 0.606 0.1>¢
Bromazepam 0.11 (0.007-0.169) 1.00 (0.424-1.712) 9.1 1.00 0.606 0.95%°¢
Diazepam 0.11 (0.061-0.150) 1.65 (0.890-2.457) 15 1.00 1.00 be
Clorazepate 0.20 (0.098-0.300) 2.80 (1.72-3.44) 14 1.82 1.70 2.1¢
Flurazepam 0.48 (0.284-0.676) 2.00 (0.980-3.01) 42 436 1.21 1.3
Chlordiazepoxide 1.7 (0.922-2.789) 20.0 (9.80-31.1) 12 15.5 12.1 2.5%b¢

!“Suppressed” refers to the rates of responding maintained under a fixed-ratio schedule of food delivery and concurrent shock presentation.
“Non-suppressed” refers to the rates of responding maintained under the fixed-ratio schedule of food delivery (V=4 rhesus monkeys)
2Ratlo EDs, for Non-suppressed/EDs( for Suppressed
3Effective doses to engender anxiolysis in people, obtained from literature values (see Materials and methods for details). The articles
used to calculate relative potencies are indicated as a Tallman et al. (1980), b Ashton (1994) and ¢ Ito et al. (1997)

Relatlve potency=potency value of benzodiazepine/potency value for diazepam

>EDs, could not be calculated
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Fig. 1 Effects of alprazolam (benzodiazepine), buspirone (5-HT;4
agonist), and morphine (mu opioid agonist) in rhesus monkeys
responding under a two-component multiple schedule in which
responding was maintained under a fixed-ratio schedule of food
delivery in the absence (non-suppressed responding) and presence
of response-contingent electric shock (suppressed responding).
Alprazolam was determined in the beginning (open square symbol,
“Non-Suppressed Responding—First”; closed square, “Suppressed

after vehicle administration (Fig. 1, left panel). In contrast,
buspirone engendered an increase in the rates of suppressed
responding at a single dose (0.1 mg/kg) that was ap-
proximately 20% of the rates of non-suppressed respond-
ing after vehicle administration (Fig. 1, middle panel). The
increase of the buspirone dose to 0.3 mg/kg resulted in an
almost complete elimination of the responding. The an-
algesic opioid agonist morphine did not engender a reliable
increase in the rates of suppressed responding until a dose
of 3.0 mg/kg completely eliminated responding (Fig. 1,
right panel).

Anti-conflict effects of conventional BZs

Figure 2 shows the effects of a series of ten BZs (including
the redetermination of alprazolam that occurred during
this phase of the study) for which therapeutic potencies
in humans were available. All BZs engendered reliable
increases in the mean rates of suppressed responding
compared to the mean rates after vehicle administration
(Bonferroni ¢ tests, p<0.05). In addition, all compounds,
except nitrazepam, decreased the mean rates of non-sup-
pressed responding compared to the vehicle over the dose
ranges tested (Bonferroni ¢ tests, p<0.05). All BZs induced
an increase in the rates of suppressed responding at a dose
or doses below those inducing a decrease in the rates of
non-suppressed responding (Fig. 2, compare open and
filled symbols).

The ten conventional BZs demonstrated a relatively
broad range of potencies, with clonazepam as the most

Responding—First”) and at the end (open circle, “Non-Suppressed
Responding—Last”; closed diamond, “Suppressed Responding—
Last”) of the study. Data are mean+SEM for N=4 rhesus monkeys.
Note that *p<0.05 vs. vehicle (“V”’) for suppressed responding (the
horizontal bracket indicates that each individual point in the 0.01—
0.1 mg/kg range of doses was reliably different from vehicle), and
+p<0.05 vs. vehicle for non-suppressed responding, Bonferroni
t tests

potent and chlordiazepoxide as the least potent for both
suppressed and non-suppressed responding (Table 1).
Overall, the rank order of the potency for the rates of
suppressed and non-suppressed responding was similar
but with the primary exception being a lack of effect of
nitrazepam on the rates of non-suppressed responding. In
order to compare the differences in potencies to engender
an increase in the rates of suppressed responding vs. a de-
crease in the rates of non-suppressed responding, ratios
were calculated as the mean EDsy for non-suppressed
responding divided by the mean EDsq for suppressed re-
sponding. Based on the ratio values (excluding nitraze-
pam), the EDs, values for inducing an increase in the rates
of suppressed responding were 3.3- to 50-fold lower than
the corresponding EDs values for decreases in the rates of
non-suppressed responding (reliably different via nonover-
lapping 95% Cls, Table 1).

The regression analysis of the relationship between rel-
ative potency in monkeys with relative potency in humans
revealed reliable relationships for both suppressed and non-
suppressed responding (Fig. 3). This relationship was
stronger for suppressed responding compared to non-sup-
pressed responding (adjusted R” for suppressed responding
was 0.83 compared to 0.60 for non-suppressed responding).
Regression equations were generated for both types of
responding (Table 2). For each equation, the overall linear
regression model reliably fit the data [suppressed respond-
ing, F(1,9)=45.6, p<0.05; non-suppressed responding,
F(1,8)=13.3, p<0.05]. Individual coefficients revealed a
positive linear relationship; with slopes, but not y-inter-
cepts, reliably different from zero (Table 2). The standard
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Fig. 2 Effects of clinically available benzodiazepines in rhesus
monkeys responding under a two-component multiple schedule in
which responding was maintained under a fixed-ratio schedule of
food delivery in the absence (non-suppressed responding) and
presence of response-contingent electric shock (suppressed respond-

error of the estimate for suppressed responding was lower
than the corresponding value for non-suppressed respond-
ing, suggesting relatively greater deviation from the pre-
dicted model for the latter type of responding.

Fig. 3 Regression analysis of
relative potencies for clinically
available benzodiazepines in
human and rhesus monkey.
Relative potencies for human
were based on doses that en-
gendered therapeutic effects
relative to diazepam and were

Suppressed Responding

ing). Data are mean+SEM for N=4 rhesus monkeys. Horizontal
dashed and solid lines represent the upper and lower SEMs for
vehicle in the non-suppressed and suppressed components, respec-
tively. Note that *p<0.05 vs. vehicle for suppressed responding
(closed symbols), and {p<0.05 vs. vehicle for non-suppressed
responding (open symbols), Bonferroni ¢ tests

Effects of Flumazenil

Flumazenil alone engendered reliable increases in the rates
of suppressed responding relative to vehicle levels at doses
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Table 2 Regression analysis of the effects of benzodiazepines on
rates of suppressed and non-suppressed responding

Coefficient  Standard error t P
of coefficient

Suppressed
responding
Slope 0.672 0.100 6.751 0.0001
Y-intercept -0.174 0.090 -1.935 0.089
Standard error 0.25 n.a. n.a. n.a.
of estimate
Non-suppressed
responding
Slope 0.583 0.160 3.641 0.008
Y-intercept —0.175 0.156 -1.122  0.299
Standard error 0.40 n.a. n.a. n.a.

of estimate

n.a. Not applicable

of 0.3, 3.0, and 5.6 mg/kg (Bonferroni # tests, p<0.05;
Fig. 4, right panel). Flumazenil did not alter the rates of
non-suppressed responding over the dose range tested
(5.6 mg/kg was the maximum dose that could be tested due
to this compound’s solubility). The maximum increases in
the rates of suppressed responding engendered by fluma-
zenil were lower than the rates of non-suppressed re-
sponding after vehicle administration.

The administration of flumazenil prior to the determi-
nation of the alprazolam dose-response function resulted in
effects on the rates of suppressed and non-suppressed re-
sponding that markedly differed as a function of the dose

—O— Non-Suppressed + Suppressed
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Fig. 4 Effects of the benzodiazepine antagonist flumazenil in rhesus
monkeys responding under a two-component multiple schedule in
which responding was maintained under a fixed-ratio schedule of
food delivery in the absence (non-suppressed responding) and pres-
ence of response-contingent electric shock (suppressed responding).
Other details as in Fig. 1
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(Fig. 5). As can be seen in the top panel of Fig. 5, pre-
treatment with 0.3 mg/kg of flumazenil prior to 0.003 and
0.01 mg/kg of alprazolam resulted in a reliable increase in
the response rates compared to these doses of alprazolam
alone (Fig. 5, top panel; Bonferroni ¢ test, p<0.05). An
EDso value could not be computed for this enhancement of
alprazolam’s effects because the effects on the rates of
responding at the lower alprazolam doses were above, but
not below 50% of the maximum effect in the majority of
the monkeys. The 0.3 mg/kg dose of flumazenil had no
effect on alprazolam-induced decreases in the rates of non-
suppressed responding (Fig. 5, bottom panel).

When the dose of flumazenil was increased to 3.0 mg/kg,
the alprazolam-induced increases in the rates of suppressed
responding were reliably enhanced at 0.003 mg/kg of
alprazolam, but reliably attenuated at 0.03 mg/kg of al-
prazolam (Fig. 5, upper panel). Higher doses of alprazolam
were not altered by 3.0 mg/kg of flumazenil, and the
alprazolam-induced decreases in the rates of non-sup-
pressed responding were unaltered by flumazenil (Fig. 5,
bottom panel). The evaluation of potency values indicated
that the EDso for the alprazolam-induced increase in the
rates of suppressed responding after 3.0 mg/kg of flu-
mazenil was reliably increased by approximately 6-fold
[EDso for alprazolam: 0.011 mg/kg (95% CI1=0.009-0.014);
EDso for alprazolam plus flumazenil: 0.065 mg/kg (95%
CI=0.056-0.077).

—@- Alprazolam
—{ - + 0.3 Flumazenil —/\— + 3.0 Flumazenil

Suppressed Responding

4.0

3.0 *

20 *
g 0] B2
[
2 00- @
g B — T T 1
Q \% 0.01 0.1 1
0
g
;’ 4.0 Non-Suppressed Responding
kS
® 30

0| ®

1.0

0.0

\% 0.01 0.1 1

Alprazolam (mg/kg, i.v.)

Fig. 5 Effects of alprazolam, alone or after i.v. pretreatments with
flumazenil, in rhesus monkeys responding under a two-component
multiple schedule in which responding was maintained under a
fixed-ratio schedule of food delivery in the absence (non-suppressed
responding) and presence of response-contingent electric shock
(suppressed responding). Note that *p<0.05, flumazenil pretreat-
ment vs. alprazolam alone, Bonferroni ¢ tests. Data are means+=SEM
for N=4 monkeys
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Fig. 6 Effects of zolpidem,
zaleplon, and CL218,872 (ago-
nists selective for o; subunit-
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Compounds with «; GABA 4 receptor selectivity

As shown in the left panel of Fig. 6, the o;GABA,-
preferring full agonist zolpidem engendered a relatively
modest increase in the rates of suppressed responding rel-
ative to the vehicle levels, with a reliable effect evident at
only a single dose (0.1 mg/kg, Bonferroni 7 test, p<0.05).
Zolpidem also reliably decreased the rates of non-sup-
pressed responding at 0.3 and 1.0 mg/kg, with the latter
dose nearly eliminating responding (Bonferroni ¢ tests,
p<0.05). A very similar pattern of results was observed
with the o;GABAs-preferring full agonist zaleplon and
the o GABA-preferring partial agonist CL218,872
(Fig. 6, middle and right panels, respectively). Both
compounds engendered modest increases in the rates of
suppressed responding at single doses (zaleplon, 0.1 mg/kg;
CL218,872, 1.0 mg/kg), and both compounds markedly
decreased the rates of non-suppressed responding com-
pared to the vehicle, with zaleplon eliminating responding
completely at 1.0 mg/kg and CL218,872 nearly eliminating
responding at 3.0 mg/kg (Bonferroni ¢ tests, p<0.05).

Discussion

The procedures that evaluate the anxiolytic effects of drugs
based on the concept of experimentally induced conflict
most frequently use rodents as subjects (e.g., Geller-Seifter
and Vogel conflict procedures; for review, see Millan 2003).
Similar conflict procedures in nonhuman primate species
have been developed, but are less common (e.g., Sepinwall
etal. 1978; Spealman 1979; Paronis and Bergman 1999). In
particular, the use of rhesus monkeys is relatively rare (e.g.,
Glowa et al. 1986). In this study, the rhesus monkeys
showed characteristic anti-conflict effects when adminis-
tered with BZs. These findings are consistent with the
findings of Glowa et al. (1986) where a different conflict
procedure was used (i.e., fixed interval schedules of food
and shock presentation vs. the FR schedules in the present
study). Thus, BZs induced an increase in the rates of
suppressed responding at doses lower than those that de-
creased the rates of non-suppressed responding. Overall,

Dose (mg/kg, i.v.)

our findings with rhesus monkeys were notably concordant
with the extant literature on the anti-conflict effects of BZ-
type compounds (cf. Kleven and Koek 1999a) although
some exceptions were evident (e.g., effects of o;GABAA
agonists in rhesus vs. squirrel monkeys), as described
below.

The 5-HT;5 partial agonist buspirone, a compound
devoid of BZ-site activity but used clinically as an an-
xiolytic, also engendered an increase in the rates of sup-
pressed responding, albeit a modest one. Nonetheless, these
preliminary findings with buspirone raise the possibility
that the rhesus monkey conflict procedure might be sen-
sitive to anxiolytics with serotonergic mechanisms of
action. This potential use of the rhesus monkey conflict
procedure requires an evaluation of other serotonergic an-
xiolytics, in particular serotonin reuptake inhibitors that are
currently the drugs of choice for treating anxiety disorders
(cf. Nutt 2005). In contrast with the findings of BZs and
buspirone, the opioid agonist morphine lacked anti-con-
flict effects, suggesting that the increase in the rates of
suppressed responding by BZs was not likely due to an
analgesic effect.

In the present study, the anti-conflict effects of a series of
conventional BZs were evaluated. Although these com-
pounds are similar with respect to pharmacological action,
conventional BZs often have quite different clinical in-
dications (e.g., flurazepam and nitrazepam are used clin-
ically as hypnotics rather than anxiolytics; Ashton 1994;
Diindar et al. 2004). Based on anti-conflict effects, how-
ever, there were no clear patterns that differentiated
anxiolytics from hypnotics. For example, although nitra-
zepam did not attenuate non-suppressed responding, the
hypnotic flurazepam engendered a clear decrease in the
rates of non-suppressed responding. The lack of relation-
ship of the clinical indications with effects in the conflict
procedure is consistent with the idea that the use of a BZ as
an anxiolytic vs. hypnotic reflects factors other than
mechanism of action at GABA, receptors, such as phar-
macokinetics (Ashton 1994; Kleven and Koek 1999a).

Conflict procedures in rodents and pigeons have doc-
umented predictive validity with respect to clinical effec-
tiveness in humans (Cook and Davidson 1973; Kleven and



Koek 1999a). In the present study, our analysis of the
potencies to induce anti-conflict effects in rhesus monkeys
with therapeutic doses in humans revealed a strong positive
correlation (R*=0.83), suggesting that this procedure also
has predictive validity. A reliable relationship between
human therapeutic dose and the dose to attenuate non-sup-
pressed responding was also found, although the relation-
ship was weaker (R*=0.60). Because of the relatively strong
positive correlation between anti-conflict and therapeutic
potency, this approach may prove useful in predicting the
potency of a newer anxiolytic drug in humans, relative to
diazepam as a comparison. For example, the functionally
selective &, 3GABA, ligand, SL651498, engendered an
increase in the rates of suppressed responding in rhesus
monkeys with an EDs value of 0.70 mg/kg, i.v. (Licata et
al. 2005), i.e., 6.36-fold less potent than diazepam in the
present study. Thus, based on the regression coefficients for
the rates of suppressed responding shown in Table 2,
SL651498 is expected to be 4.1-fold less potent than
diazepam as an oral therapeutic in humans. As a cautionary
note, because the therapeutic potencies were derived by
slightly different methods, estimations of relative thera-
peutic potencies based on these conflict data should be
considered an initial estimate, rather than a precise cal-
culation of a therapeutic dose.

An unexpected finding from the present study was a
relatively modest but reliable increase in the rates of sup-
pressed responding engendered by flumazenil. This finding
is consistent with an earlier study with rats as subjects
(Feldon et al. 1983); however, many studies have shown
flumazenil to be devoid of anti-conflict effects in other
species (e.g., Barrett et al. 1985; Martin et al. 1993; Paronis
and Bergman 1999). In contrast, reports using other models
of anxiolysis have demonstrated effects of flumazenil
suggestive of weak anxiolytic-like activity. For example,
recent studies have shown flumazenil to have anxiolytic-
like activity in procedures based on “innate” anxiety (i.e.,
elevated-plus maze, Belzung et al. 2000; social conflict test,
Uhlirova et al. 2004).

In addition to anxiolytic-like effects, flumazenil has been
shown to have moderate anti-convulsant and muscle re-
laxant effects (Nutt et al. 1982; Kawasaki et al. 1984;
Marescaux et al. 1984) and has been trained as a dis-
criminative stimulus (e.g., Acri et al. 1995; Gerak and
France 1999; Smith and Bickel 1999). In an early study by
Barrett et al. (1985), flumazenil enhanced the effects of
chlordiazepoxide on responding maintained by shock pre-
sentation in squirrel monkeys. Although flumazenil might
cause a degree of positive allosteric modulation, other re-
ports have provided evidence that flumazenil may have
inverse agonist effects. For example, some studies have
shown that flumazenil may induce anxiogenic effects in
humans (e.g., Duka et al. 1986; Lavie 1987), and can
increase the frequency of panic attacks in patients with
panic disorder (Nutt et al. 1990). Seemingly opposing ef-
fects of flumazenil have been found in animal studies as
well, a striking example being the demonstration of an
agonist-like enhancement of feeding behavior and an
inverse agonist-like attenuation of social behaviors ob-
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served at the same dose of flumazenil in squirrel monkeys
(Weerts et al. 1993).

The paradoxical effects of flumazenil may reflect dif-
ferential action at GABA, receptor subtypes. In this re-
spect, flumazenil has been shown to induce a moderate
degree of GABA potentiation of chloride currents in
GABA 4 receptors containing «, and o subunits (Harvey
et al. 2002), both of which have been proposed to play key
roles in anxiolysis (Rudolph et al. 2000; Atack et al. 2005).
However, Harvey et al. 2002 also reported a modest inverse
agonist activity for flumazenil at «; and os subunit-
containing GABA, receptors. Altogether, these observa-
tions raise the possibility that flumazenil may have mixed
partial agonist/partial inverse agonist effects that may re-
flect intrinsic efficacy differences at GABA 4 receptor sub-
types; and that under certain conditions flumazenil may
have behavioral effects similar to BZs and BZ-site inverse
agonists. Alternatively, flumazenil might exert behavioral
effects through its binding to BZ-insensitive sites (i.e., oy
and asGABA, receptors; Acri et al. 1995), although no
evidence of a role for these sites in anxiolysis exists to date.

Partial agonists can act as antagonists on the effects of
higher efficacy compounds under appropriate conditions
(e.g., when the partial agonist has no effect; cf. Lelas et al.
2001). Thus, a partial agonist can, in theory, both enhance
and antagonize the effects of a full agonist, depending on
the dose and the level of effect exerted by the partial
agonist (for review, see Kenakin 1997). Such a phenom-
enon was observed in the present study for flumazenil
administered prior to the determination of alprazolam
dose-response functions, providing further support for
the idea that flumazenil has partial agonist activity in the
rhesus monkey conflict procedure. In addition, flumazenil
was ineffective in blocking the alprazolam-induced de-
creases in the rates of non-suppressed responding. This
observation is consistent with the findings of other pro-
cedures (Rowlett and Woolverton 1996; Paronis and
Bergman 1999), although the factors responsible for this
difference in sensitivity between suppressed and non-sup-
pressed responding are unknown.

Recent research using transgenic mice and subtype-se-
lective compounds has implicated the «,GABA, and/or
o3sGABA 4 receptor, but not the o GABA or asGABA
receptor, as important for BZ-induced anxiolysis (McKernan
et al. 2000; Atack et al. 2005; for review, see Rudolph et al.
2000). This is consistent with the findings of the present
study that showed that full agonists with selectivity for the
o1GABA 4 receptor (zolpidem, zaleplon) show little or no
anti-conflict effects (cf. Rowlett et al. 2005). The
o;GABA receptor-preferring partial agonist CL218,872
showed effects that were similar to those of zolpidem and
zaleplon, suggesting that intrinsic efficacy at the
«x;GABA, receptor is not a key mediator of the anti-
conflict effects of these ligands. Relatively weak anxiolyt-
ic-like effects also have been found in zolpidem and related
compounds in both conflict and innate fear-based proce-
dures in both rodents and pigeons (Griebel et al. 1996;
Kleven and Koek 1999b). A notable difference between the
present study and a previous report by Paronis et al. (2001)
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was the degree of increase in the rates of suppressed
responding by the ot;GABA 4 receptor-preferring agonists
zolpidem and zaleplon. In the previous report, the anti-
conflict effects of zolpidem and zaleplon were similar to a
conventional BZ, midazolam, in squirrel monkeys; where-
as the effects of zolpidem and zaleplon in the present study
were less robust than conventional BZs. Because both
studies used a similar multiple schedule of suppressed and
non-suppressed responding maintained by food and shock,
it is feasible that this observation reflects species differ-
ences between rhesus and squirrel monkeys, although other
factors such as procedural variables (e.g., different re-
sponse requirements, different routes of administration)
cannot be discounted.

We have recently explored the role of GABA 4 receptor
subtypes in the anxiolytic-like effects of BZs by evaluating
the anti-conflict effects of the “functionally” selective
agonists, [-838,417 and SL651498 (Licata et al. 2005;
Rowlett et al. 2005). These agonists are considered func-
tionally selective because they have either zero or relatively
low intrinsic efficacy at o«c; GABA 4 receptors, but partial to
high efficacy at o, 3GABA, receptors. Both compounds
engendered anti-conflict effects that were similar to the
effects observed with conventional BZs, and neither com-
pound markedly attenuated non-suppressed responding.
Collectively, the findings of the present study with com-
pounds having selective affinity for «; GABA4 receptors
along with the previous results with functionally selective
ligands, clearly support the idea that oc; GABA 4 receptors
do not play a primary role in the anxiolytic effects of BZ-
type compounds (but see, Silveri et al. 2005).

In conclusion, the research reported here shows that a
conflict procedure can be reliably established in rhesus
monkeys with anti-conflict effects that are stable over time
and robust when evaluating BZ-type drugs administered
via the i.v. route. Our results with flumazenil raise the
possibility that the anti-conflict effects of BZs might occur
even with a very low level of intrinsic efficacy. On the other
hand, selectivity for oc;GABA4 receptors results in com-
pounds having relatively weak anxiolytic-like behavior.
Overall, these results demonstrate the feasibility of de-
veloping a conflict procedure in rhesus monkeys, which
should provide a useful approach for evaluating mecha-
nisms of action underlying the anxiolytic-like effects of
BZ-type compounds in a primate species.
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