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ABSTRACT
Abuse-liability-related effects of subtype-selective GABAA
modulators were explored relative to the prototypic benzo-
diazepine lorazepam. 7-Cyclobutyl-6-(2-methyl-2H-1,2,4-
triazol-3-ylmethoxy)-3-phenyl-1,2,4-triazolo[4,3-b]pyrid-
azine (TPA123) has weak partial agonist efficacy at �1-, �2-,
�3-, and �5-containing GABAA receptors, whereas 7-(1,1-
dimethylethyl)-6-(2-ethyl-2H-1,2,4-triazol-3-ylmethoxy)-3-
(2-fluorophenyl)-1,2,4-triazolo[4,3-b]pyridazine (TPA023) has
weaker partial agonist efficacy at �2 and �3 and none at �1
and �5 subtypes. For both compounds, preclinical data sug-
gested efficacy as nonsedating anxiolytics. Self-injection of
TPA123 (0.0032– 0.1 mg/kg) and TPA023 (0.0032– 0.32 mg/
kg) was compared with lorazepam (0.01– 0.32 mg/kg) in ba-
boons. TPA123 and lorazepam maintained self-injection
higher than vehicle at two or more doses in each baboon;
peak rate of self-injection of lorazepam was higher than
TPA123. Self-injected lorazepam and TPA123 also increased

rates of concurrently occurring food-maintained behavior. After
the availability of self-administered TPA123 doses ended, an ef-
fect consistent with a mild benzodiazepine-like withdrawal syn-
drome occurred. In contrast with lorazepam and TPA123, TPA023
did not maintain self-administration. Positron emission tomogra-
phy studies showed that TPA023 produced a dose-dependent
inhibition in the binding of [11C]flumazenil to the benzodiazepine
binding site in the baboon, which was essentially complete (i.e.,
100% occupancy) at the highest TPA023 dose (0.32 mg/kg). In a
physical dependence study, TPA023 (32 mg/kg/24 h) was deliv-
ered as a continuous intragastric drip. Neither flumazenil at 14
days nor stopping TPA023 after 30 to 31 days resulted in the
marked withdrawal syndrome characteristic of benzodiazepines in
baboons. In the context of other data, elimination of efficacy at the
�1 subtype of the GABA/benzodiazepine receptor is not sufficient
to eliminate abuse liability but may do so when coupled with
reduced �2/3 subtype efficacy.

When they were introduced in the early 1960s, the benzo-
diazepines, typified by diazepam, represented a major ad-
vance in the treatment of generalized anxiety disorder rela-

tive to older treatments (Lader, 1993). They had a rapid
onset of anxiolytic efficacy, were generally well tolerated, and
relatively safe in overdose. Nevertheless, beginning in the
late 1970s, concerns over the abuse potential and dependence
liability of benzodiazepines resulted in more restrictive leg-
islation (i.e., legal scheduling under the Controlled Sub-
stances Act in the United States in 1975 and by the World
Health Organization in 1982) as well as a general reluctance
of physicians to prescribe benzodiazepines (Williams and
McBride, 1998). Benzodiazepines are abused by people who
have a history of drug abuse, those on long-term benzodiaz-
epines may independently escalate their dosage, patients can
be overly reluctant to comply with physician recommenda-
tions to reduce benzodiazepine use, and there is considerable
evidence of adverse effects on discontinuation of benzodiaz-
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epines (Higgitt and Fonagy, 1993; Lader, 1993; O’Brien,
2005).

In the search for new “anxioselective” drugs, which would
retain the anxiolytic efficacy of the “classical” full-agonist
benzodiazepines but without concomitant sedative effects,
compounds with reduced intrinsic efficacy (e.g., such as
bretazenil) were identified. For a variety of reasons, the
distinct preclinical pharmacology of such compounds did not
translate into clinical utility (Atack, 2005). A novel approach
to the development of anxioselective drugs has been to iden-
tify compounds that bind with equal affinity to each of the
four GABAA subtypes that contain a benzodiazepine binding
site (i.e., �1, �2, �3, and �5 subunit-containing GABAA recep-
tors) (Sieghart and Sperk, 2002) but that have different in-
trinsic efficacy at these subtypes (Atack, 2005), yielding com-
pounds with novel pharmacological profiles (Dawson et al.,
2005). Of great interest has been whether such selectively
efficacious compounds would show reduced abuse liability
and dependence potential in comparison with compounds
that are full agonists at those subtypes, thereby providing a
significant advance for the treatment of anxiety (Atack,
2005).

The prototypic “efficacy-selective” compound L-838,417,
which is devoid of efficacy at the �1 subtype, showed charac-
teristics of a nonsedating anxiolytic in rodent studies (Mc-
Kernan et al., 2000), thus providing pharmacological confir-
mation of evidence from transgenic mice that the �1-GABAA

subtype is responsible for the sedative effects of the classical
nonselective benzodiazepine agonist diazepam (Rudolph et
al., 1999; McKernan et al., 2000). L-838,417 did, however,
retain the ability to maintain self-administration in nonhu-
man primates (Rowlett et al., 2005).

TPA123 and TPA023 are structurally related to L-838,417
and also bind with equivalently high affinity to the benzodi-
azepine binding site of the four GABAA receptor subtypes
(Fig. 1), but they are subtly different from L-838,417 and
from each other in their subtype-selective efficacy profiles.

TPA123 has very low partial-agonist efficacy at the �1 sub-
type, with an efficacy relative to the nonselective full-agonist
benzodiazepine chlordiazepoxide of 0.23, and low efficacy at
the �2, �3, and �5 subtypes (relative efficacy values of 0.35,
0.43, and 0.19, respectively). TPA023, like L-838,417, is de-
void of efficacy at the �1 subtype but has extremely low
efficacy at the �2- and �3-containing subtypes (0.11 and 0.21,
respectively) and virtually no efficacy (�5%) at the �5 sub-
type. TPA123 and TPA023 both were devoid of sedative ef-
fects and had effects in several rodent and nonhuman pri-
mate assays that have been predictive of anxiolytic efficacy in
humans (Dawson et al., 2005; Atack et al., 2006; Atack,
2009). In clinical studies, TPA023 showed anxiolytic-like ac-
tivity yet showed reduced sedative effects compared with
lorazepam (de Haas et al., 2007; Atack, 2009).

Two primary pieces of data used to evaluate the abuse
liability of psychoactive drugs are the ability of the compound
to maintain self-administration and whether physical depen-
dence develops after chronic administration (Ator and Grif-
fiths, 2003). The purpose of the present study was to com-
pare, in a nonhuman primate, the reinforcing and physical
dependence-producing effects of TPA023 and TPA123 to de-
termine whether the novel in vitro and in vivo partial-agonist
profiles of these two compounds would translate into differ-
ences in those effects most relevant to predictions of abuse
liability and dependence potential. The classic, nonselective
benzodiazepine anxiolytic lorazepam served as a comparator
in the self-administration study. The effects of substituting
vehicle for self-administered doses of TPA123 permitted as-
sessment of abrupt drug withdrawal. When TPA023 did not
maintain self-injection, the ability of the compound to occupy
the benzodiazepine site of brain GABAA receptors was mea-
sured using PET. Direct study of its physical dependence
potential was initiated via methods used previously to char-
acterize physical dependence on benzodiazepines and �1-se-
lective compounds in baboons.
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Fig. 1. Comparison of the structures, binding affinity (Ki), and efficacy profiles of TPA023 and TPA123. Efficacy values were measured against human
recombinant GABAA receptors containing �3, �2, and either an �1, �2, �3, or �5 subunit using whole-cell patch-clamp electrophysiology and are
expressed relative to the efficacy measured at each subtype using the nonselective full-agonist chlordiazepoxide (CDP). Data are modified from
McCabe et al. (2004), Carling et al. (2005), and Atack et al. (2006).
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Materials and Methods
Behavioral Studies

Subjects. Adult, male baboons (Papio hamadryas anubis, i.e.,
olive baboon) served as subjects. Water was available continuously;
two pieces of fresh fruit and a children’s chewable multivitamin were
provided between 10:30 AM and 11:30 AM each day. Access to
nutritionally balanced, banana-flavored 1-g food pellets (Bio-Serv,
Frenchtown, NJ) is described below. The baboons had visual and
auditory contact with other male baboons, multiple nonfood enrich-
ment items, and frequent social interactions with two or more mem-
bers of the laboratory 7 days/week. Each baboon was surgically
implanted with either an intravenous (internal jugular or femoral
vein) or intragastric chronically indwelling silastic catheter that
exited in the midscapular region and was protected by a vest and
tether system. If necessary to prevent the baboon’s removing the
vest, a custom-designed sleeveless mesh shirt was worn over it.
Approximately every 2 to 3 weeks, except as noted below, a physical
examination and care of the catheter exit site were carried out under
intramuscular ketamine HCl anesthesia, preceded by atropine SO4

to control secretions.
Four baboons served in the study of intravenous drug self-admin-

istration. Baboon LC was pharmacologically naive. Baboon NG pre-
viously self-administered two opioids, which ended 6 months before
the present study. Baboons GD and TZ previously self-administered
two or three intravenous sedatives and had been physically depen-
dent on methadone (Ator et al., 2005). Methadone dependence ended
3.5 months (GD) or 7 months (NG) before the present study, and
self-administration of other drugs ended 3 weeks (GD) or 4 weeks
(TZ) before the present study. Body weights (kilograms) fluctuated
during the present study (30–33.9 for LC, 24.6–29.6 for NG, 29.1–
34.5 for GD, and 24.4–28.6 for TZ).

Two baboons completed the study of physical dependence on TPA023;
two other baboons began this study, but they had to have the intragas-
tric catheter removed during the vehicle baseline condition. The two
baboons (SHA and YO) that completed the dependence study had
served in a similar study of intragastric delivery of the benzodiazepine
ligand pagoclone, which ended 4.5 or 5 months before the start of the
present study (N. A. Ator, unpublished data). Baboons SHA and YO
weighed 15.8 and 26.4 kg, respectively, when the present study began;
later weights are presented under Results.

Apparatus. The surgery and apparatus for both intravenous and
intragastric catheter systems are described in Lukas et al. (1982). In
brief, the catheter was threaded through a fitting in the backplate of
the vest, through a flexible, stainless steel cable, and onto a liquid
swivel mounted at the top of the cage. For the intravenous catheters,
tubing from the swivel was connected to a three-way valve. Tubing
from one valve was connected to a source of heparinized (5 IU/ml)
0.9% saline, which was delivered continuously at a rate of approxi-
mately 150 ml/24 h via a peristaltic pump to maintain catheter
patency. Tubing from the other two valves was connected to the
source of drug and 0.9% saline flush, respectively, which also were
delivered via peristaltic pumps under the drug reinforcement sched-
ule described below. For the intragastric catheters, distilled water
was delivered continuously from a calibrated glass aspirator bottle
via peristaltic pump at a rate of approximately 500 ml/24 h to
maintain catheter patency until the beginning of the vehicle baseline
condition described below.

The individual home cages had the experimental panel incorpo-
rated into the rear wall. The panel contained operanda, stimulus
lights, and a food hopper. Other equipment (e.g., water bottle, pellet
feeder, and peristaltic pump) was on a grating that ran from wall to
wall above the cages (Ator, 2000; Ator et al., 2000). The experimental
panel was connected via an interface to a computer, which was
custom-programmed to control experimental conditions and collect
data (equipment and software from MED Associates, St. Albans,
VT). For the self-administration experiment, cumulative recorders

(Gerbrands, Arlington, MA) also collected responses and reinforcer
deliveries under the schedule of drug reinforcement.

Self-Administration Procedures. A single-subject design was
used, in which each baboon served as his own control; and each
additional baboon served as a replication. A self-administration pro-
cedure was used that involves establishing self-administration with
a standard dose of cocaine and then substituting each test dose of the
drug of interest for cocaine (Ator and Griffiths, 2003). This procedure
was chosen for the present study because it has been used to assess
and compare self-administration of a wide range of psychoactive
drugs in the baboon, including those with which it is most relevant to
compare TPA023 and TPA123, such as benzodiazepines and novel
ligands for the benzodiazepine site (e.g., Griffiths et al., 1991, 1992;
Sannerud et al., 1992; Ator, 2000). TPA123 was studied first and
then lorazepam and TPA023. Dose conditions, including vehicle,
were studied in a mixed order within and across baboons, except that
vehicle was the first condition for all baboons in study of TPA123.
Given the low partial agonist efficacy profile of TPA123, most doses
were studied twice in each baboon to assess reliability of the rein-
forcing effects under the cocaine baseline condition. To assess drug
reinforcement compared with vehicle more directly, and to assess the
effects of abrupt withdrawal of TPA123, vehicle was substituted for
a TPA123 dose that was reinforcing under the cocaine baseline
procedure. Once injections/day was stable (no increasing or decreas-
ing trends over at least 4 days), the same or another reinforcing
TPA123 dose was substituted for vehicle to determine sensitivity to
TPA123 reinforcement when baseline rate of self-injection was low.
During the lorazepam condition, one reinforcing dose was studied a
second time in baboons NG and LC but not in the other baboons due
to time constraints for completing the entire study.

Schedules of drug and food reinforcement were in effect 24 h/day.
The experimental panel contained two operanda, each with a cue
light mounted above it. An amber cue light over a custom-made lever
was continuously illuminated, correlated with an FR-10 schedule of
food reinforcement being in effect. That is, 10 lever presses produced
a 1-g food pellet, accompanied by illumination of the food hopper for
1 s. When the green cue light over the other device, which was a
Lindsley operandum, was illuminated, a 5-s tone sounded, a low
level of white noise was continuously emitted through a speaker, and
an FR-160 schedule of drug reinforcement was in effect. That is, each
pull and release of the operandum produced a 100-ms feedback tone;
completion of the 160th response turned off the cue light and the
white noise, a square Plexiglas panel was transilluminated with
green light, and a peristaltic pump delivered drug in a volume of 5 ml
over 85 to 90 s (depending on the baboon). The drug delivery was
followed by 5 ml of 0.9% saline from another peristaltic pump over 85
to 90 s. Due to solubility limitations, however, 0.1 mg/kg TPA123 was
delivered in 10 ml over approximately 170 to 175 s. There was a
delay of approximately 20 s between completion of the response
requirement and delivery of drug to the vein, which was bridged by
the immediate illumination of the green panel and the sound of the
pump motor. A 3-h time-out, during which the green panel remained
illuminated for the 1st h, also began with the completion of the
response requirement; during time-out, responses on the Lindsley
operandum were counted but had no programmed consequences.
Under this arrangement of contingencies, the maximal number of
self-injections that could be produced per 24 h was eight.

Each test dose was substituted for a dose of cocaine (0.32 mg/kg)
that reliably maintained a criterion level of self-injection (6–8/24 h).
The criterion performance was required for three consecutive days
before test dose substitution. This ensured a high probability that
the baboon would self-inject the test dose soon after substitution and
thus come into contact with its effects early in the period of avail-
ability. Each test dose (or vehicle) remained available for 15 days to
permit the transition from cocaine and relative stabilization of the
rate of self-injection of the test dose itself. Solutions were changed, if
required, and data for the preceding 24 h were collected by 8:30 AM.
The volume of water consumed in the preceding 24 h and whether

6 Ator et al.
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any food pellets earned remained uneaten also were recorded. The
physical examination described above occurred either between days
6 and 10 or after the 15-day period ended. In the latter case, the drug
reinforcement schedule was suspended at the end of the 15 days, but
the food reinforcement schedule remained in effect. The interval
between the end of a 15-day assessment period and the beginning of
the next cocaine baseline period usually was 0 to 5 days.

Blood level determinations. During study of TPA023, two doses
that had been available for self-injection were delivered to the ba-
boon under the same parameters as for self-injection, and then the
baboon was anesthetized with intravenous ketamine to be able to
obtain blood between 15 and 30 min after completion of the injection
sequence. No other drug injections had occurred in the preceding 4
days. Blood was collected from a saphenous vein, injected into a
heparinized tube, and centrifuged at approximately 3200 rpm for 12
min. The plasma was drawn off into a polypropylene tube with a
23-gauge needle, and it was frozen at �20°C until shipment for
analysis within a month.

Data analysis. Consistent with a single-subject design, demon-
stration of drug effects was assessed for each baboon. Group data are
presented for the purpose of summarizing drug reinforcement and
effects of drug taking on food pellets per day. The mean self-injec-
tions in the last 5 days of each 15-day period of test dose availability
were assessed in relation to self-injection of the drug vehicle. That a
drug dose was reinforcing was concluded if the mean self-injections
exceeded by at least one injection 2 S.D.s for an individual baboon
and two S.E.M.s for the group of the vehicle mean (i.e., analogous to
a one-tailed statistical test since prediction of drug reinforcement
requires an increase in injections/day compared with vehicle). Num-
ber of food pellets/day was similarly plotted, and a significant change
compared with the vehicle condition was concluded if mean pellets
per day during self-injection exceeded, by at least one pellet, �1 S.D.
for an individual baboon and 1 S.E.M. for the group (i.e., analogous
to a two-tailed test since it was possible this measure could either
decrease or increase as a function of self-injected drug).

Chronic Delivery and Withdrawal of Intragastric TPA023
Procedures. As in self-administration, a single-subject design was
used. The three successive experimental conditions differed in terms
of the fluid delivered 24 h/day via the intragastric catheter:
1) TPA023 vehicle baseline for at least 18 days; 2) TPA023 (32
mg/kg/24 h) delivery for 30 days; and 3) TPA023 vehicle for 15 days
(followed by distilled water thereafter), with assessment of the ef-
fects of TPA withdrawal for 30 days. During the TPA023 vehicle
baseline and during the TPA023 (32 mg/kg/24 h) conditions, the
effects of flumazenil vehicle and of flumazenil itself were assessed,
respectively, on days 10 and 14.

TPA023 vehicle or TPA023 (32 mg/kg) suspension was delivered
continuously across 24 h each day from a glass aspirator bottle via a
peristaltic pump. Due to the viscosity of the suspension, and in an
effort to avoid the catheter’s becoming blocked, the volume was
adjusted upward during the vehicle baseline (i.e., by increasing the
pump speed) to achieve a volume of 600 ml/24 h. Fresh suspension
was put in place each day at approximately 8:30 AM, which defined
the beginning of that 24-h period of data collection (e.g., day 1 of drug
delivery began at 8:30 AM and ended at 8:29 AM the following
calendar day). Volume of water consumed in the preceding 24-h
period and whether any food pellets that had been delivered re-
mained uneaten also were recorded by 8:30 AM. If catheter blockage
was discovered, an amount equal to what should have been received
by that time of day was given as a bolus after the catheter was
cleared.

A Lindsley operandum was mounted on the experimental panel
and an FR-10 schedule of reinforcement with the same 1-g food
pellets used in the self-administration study was in effect 20 h/day
beginning, with few exceptions, at 9:00 AM (�15 min). A cue light
above the operandum was continuously illuminated during that
time; and a 1-s illumination of the food hopper accompanied delivery
of each pellet. Between 8:30 AM and 9:30 AM, a fine motor coordi-

nation task was presented to each baboon by a veterinary technician
familiar with the baboon. For this task, a custom-made Plexiglas
board, onto which a line of six equally spaced shallow Plexiglas cups
had been glued (Weerts et al., 1998), was positioned against the bars
of the baboon’s cage. A single raisin was placed in each cup, and the
technician timed how long it took for the baboon to retrieve all six
raisins; the time limit was 120 s. Afterward, the technician recorded
whether any raisins were dropped and whether there was tremor or
lack of coordination in performing the task.

Between 9:30 AM and 10:30 AM on days 2 to 6 of TPA023 vehicle
baseline and TPA023 (32 mg/kg/24 h) delivery, one of three trained
observers sat in front of the baboon’s cage with a laptop computer on
a small typing table and recorded frequencies of behaviors in 1-min
intervals for 15 min by use of a customized observation program (for
information on the program and the definitions of the behaviors, see
Weerts et al., 1998). The observers had practiced conducting these
structured observational sessions in front of each baboon before
the TPA023 vehicle baseline began to habituate the baboons to
the individuals and the procedures and to conduct interobserver
reliability assessments. On day 10 and day 14 of TPA023 vehicle
baseline and TPA023 (32 mg/kg/24 h) delivery, flumazenil vehicle
and 5 mg/kg flumazenil, respectively, were injected intramuscularly
at approximately 9:30 AM, and the observation lasted 60 rather than
15 min. On day 15 of TPA023 vehicle baseline and day 16 of the
TPA023 (32 mg/kg/24 h) condition, each baboon was anesthetized for
the physical examination. Blood samples also were taken, and blood
was handled as described above. A series of five more daily 15-min
observations occurred at the end of the period of TPA023 delivery.

After 30 (baboon YO) or 31 (baboon SHA) days of drug delivery,
TPA023 vehicle was substituted for the drug and was delivered for
approximately 2 weeks before the fluid was changed to distilled
water. Observations (15 min each) began the morning after drug
delivery ended (at the end of the first day of drug withdrawal) and
continued daily for 15 days. A physical examination occurred and
blood was drawn on day 20 of this condition. Evaluation of raisin
task performance and daily pellet delivery continued for 30 days
after drug delivery ended.

Data analysis. A withdrawal score (Weerts et al., 1998; Ator et al.,
2000) to summarize the appearance of signs characteristic of with-
drawal from barbiturates and benzodiazepines was derived to char-
acterize flumazenil-precipitated and spontaneous withdrawal. The
components of the withdrawal score were as follows: 1) “pellets”
(decrease in number of pellets delivered); 2) “raisin” (increase in time
to complete the raisin retrieval task); 3) “postures” (increase in
postures other than the normal posture and/or increase in periods
in which the eyes were closed); 4) “locomotion” (increase or decrease
in locomotion); 5) “self-directed” (increase in self-directed behavior, i.e.,
scratching, nose-wiping, nose-rubbing, masturbation, or “wet-dog
shakes”); 6) “aggression” (aggressive movement toward the observer or
another baboon, bruxism, yawn); 7) “tremor/jerk” (increase in tremor
and/or spontaneous jerking movements of the limbs); 8) “vomit/
retch” (increase in vomiting/retching); and 9) “seizure” (occurrence of
a convulsion). To arrive at the score for spontaneous withdrawal, a
mean and S.D. were calculated for each of the dependent measures
taken during the TPA023 vehicle baseline. These values were used to
solve for x in the formula t � (x � mean)/S.D., where t is the tabled
t value needed for significance of a one- or two-tailed probability (p)
level at the appropriate df (i.e., number of scores used in the calcu-
lation minus 1). For all measures except locomotion, a one-tailed p
level was selected since the prediction was that the behavior would
change in a particular direction for a drug withdrawal syndrome.
The value of x was rounded to the nearest whole number since 1) it
was impossible to observe a fraction of the behavioral signs or deliv-
ery of less than a single pellet and 2) a difference of less than a
second in the raisin retrieval task was not considered meaningful.
The value of x provided the t score that needed to be exceeded for the
particular measure to be significant on any given day of withdrawal,
provided one additional constraint was met. That is, the value of an
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observation in the drug withdrawal period was not considered indic-
ative of a drug abstinence syndrome if the same value had occurred
during the last five observations before TPA023 delivery ended. For
flumazenil-precipitated withdrawal, the effects of 5 mg/kg flumaze-
nil on day 14 of TPA023 delivery were considered significant for a
measure if its value exceeded that after the flumazenil injection on
day 14 of the TPA023 vehicle baseline and also after flumazenil
vehicle injections on both day 10 of TPA023 vehicle baseline and day
10 of TPA023 delivery.

PET Scanning

Subjects. Three adult male baboons (olive baboons), weighing 16,
22, and 24 kg, were anesthetized with ketamine HCl (10 mg/kg i.m.)
followed by propofol (2 mg/kg/i.v. bolus plus a constant intravenous
infusion of 0.4 mg/kg/min), intubated, and then ventilated using
medical grade compressed air at approximately 100 ml/breath at a
rate of 25 respirations/min. Body temperature was maintained with
circulating water heating pads; and temperature, O2, and end tidal
CO2 were monitored for the duration of the study.

[11C]Flumazenil Synthesis. Desmethyl flumazenil (0.5 mg) was
dissolved in 250 �l of anhydrous N,N-dimethylformamide in an
autosampler vial, and cooled to 0°C in an ice bath. Fifteen microliters
of 0.1 M NaOH was added 5 min before distillation of [11C]methyl
iodide (produced by a TRACERlab FXc synthesizer; GE Healthcare,
Chalfont St. Giles, Buckinghamshire, UK) into the solution. Further
manipulations were performed by an SK233 automated sample in-
jector (Gilson, Middleton, WI). When the level of [11C]methyl iodide
in the solution plateaued (as measured by a photodiode detector), the
solution was transferred to an empty vial preheated to 80°C. After 5
min, the reaction was quenched by the addition of 750 �l of water,
loaded into the high-performance liquid chromatographic injection
loop of the autosampler, and injected onto an Xterra high-perfor-
mance liquid chromatographic column (7.8 � 150 mm) equilibrated
at 20% MeCN, 80% (0.1% trifluoroacetic acid). A gradient was run to
90% MeCN, 10% (0.1% trifluoroacetic acid) over a period of 15 min at
3 ml/min. The desired product peak (retention time, 5–6 min) was
diverted directly into a flask connected to a modified rotary evapo-
rator. The organic solvent was evaporated at reduced pressure with
the aid of a warm water bath for �1 min, and the [11C]flumazenil
was transferred into a sterile vial via 1/16-inch Teflon tubing.

Procedures. PET acquisitions were performed in three-dimen-
sional mode using the ECAT EXACT HR	 (CTi/Siemens, Waltham,
MA). Emission data were acquired in three-dimensional (retracted
septa) mode; transmission data (for subsequent attenuation correc-
tion) were acquired in two-dimensional mode before injection of the
radiopharmaceutical. Emission scans were corrected for attenuation,
scatter, and dead-time, and then reconstructed with a ramp filter,
resulting in transverse and axial spatial resolutions of approxi-
mately 5 mm at full-width at half-maximum.

After preparation, the animals were positioned in the PET camera
gantry in supine position, with the head in the center of the scanner
field of view. A bolus injection of approximately 5 mCi of [11C]fluma-
zenil was injected intravenously over 15 s with emission imaging
initiating at the time of injection. TPA023 (0.0032, 0.032, or 0.32
mg/kg) was administered 40 min later over 90 s, followed by 5 ml of
saline. The vehicle, injection duration, and saline flush mimicked
conditions of intravenous injection in the self-administration study.
Additional scans were performed to estimate [11C]flumazenil-specific
binding under baseline conditions and test-retest variability. Two
baseline scans were acquired on the same day for each animal,
separated by at least 2 h. In two baboons, two baseline scans were
acquired on each of 2 days. The total time for each scan was 90 min
and consisted of 22 frames (4 � 15 s, 4 � 60 s, 5 � 180 s, 4 � 300 s,
and 5 � 600 s).

Data Analysis and Estimation of Receptor Availability
Change. For each baboon, a static PET image was obtained by
averaging the dynamic frames in the baseline studies. Regions of
interest were drawn on the static image in frontal, parietal, tempo-

ral, and occipital cortices; cerebellum; and pons. All PET studies
were aligned to the static PET image, and regions of interest were
projected into the dynamic scans to obtain the corresponding time-
activity curves (TACs). Static PET images and TACs were expressed
in standard uptake value (SUV) units using the baboon’s body
weight and the injected tracer dose as follows: TAC (SUV) � 1000 �
TAC (Bq) � weight (kg)/injected tracer dose (Bq).

The regional [11C]flumazenil specific binding (SB) was calcu-
lated using the area under the TACs from 60 to 90 min after tracer
injection (i.e., 20 –50 min after TPA023 administration). The non-
saturable binding was estimated from the pons region after ad-
ministration of 0.32 mg/kg TPA023 in the same time interval:
SB � TAC(60 –90 min)/pons(60 –90 min); 0.32 mg/kg TPA023)�1.

The SB variability between test and retest was calculated as the
absolute value of the difference between test and retest, expressed in
percentage of the mean value of both measurements. For each re-
gion, the percentage occupancy by TPA023 was calculated as follows:
100 � (1 � SBBL/SBTPA023), where SBBL corresponds to the average
SB calculated under baseline conditions and SBTPA023 corresponds to
the SP calculated after different doses of TPA023.

Drugs

TPA023 (Atack et al., 2006) and TPA123 (TP13, McCabe et al.,
2004; MRK-067, Atack, 2009) were synthesized as described by
Carling et al. (2005), where they were identified as compounds 17
and 15, respectively). For intravenous administration, they first
were dissolved in polyethylene glycol 400, which then was diluted
50% with 0.9% sterile saline. Lorazepam (Wyeth-Ayerst, now Wyeth,
Princeton, NJ) first was dissolved in 20:80 polyethylene glycol 400/
propylene glycol, and then diluted 50% with 0.9% sterile saline.
Cocaine HCl (Research Triangle Institute, Research Triangle Park,
NC) for intravenous self-administration was dissolved in 0.9% sa-
line. The drugs prepared for intravenous delivery were filter-steril-
ized (22-�m filter; Millipore, Bedford, MA). TPA023 for intragastric
administration was suspended, by use of an electric blender, in a
matrix prepared by blending 2 g of suspending agent K (Bio-Serve,
Frenchtown, NJ) in distilled water. The matrix was prepared no
more than 48 h before use and refrigerated; when drug powder was
added, it was blended for 5 min before use. Flumazenil (F. Hoff-
man-La Roche, Basel, Switzerland) for intramuscular injection was
prepared immediately before use by dissolving powder in 2.5 ml of
20:80 95% (v/v) ethanol and propylene glycol; this was diluted with
2.5 ml of sterile water for a total injection volume of 5 ml delivered
in two sites on the thigh. The same vehicle and volumes of injection
preceded control observations.

Results
Lorazepam

Self-Administration. Lorazepam self-injection was an
ascending function of dose across the range tested (Fig. 2).
The 0.032 mg/kg dose maintained self-injection at rates sig-
nificantly greater than vehicle in three baboons, and the two
higher doses did so in all four baboons. Notes in the records
indicated slight sedative effects on the first day of self-injec-
tion of 0.032 mg/kg and higher doses for baboons LC and TZ
(e.g., “very slight swaying while sitting on the bench”). The
highest mean self-injection rates ranged from approximately
five to seven per day, out of the possible maximum of eight.
Reinforcement by 0.032 mg/kg was replicated for baboon NG
(4.4 injections) and by 0.1 mg/kg was replicated for baboon
LC (4.0 injections).

Food-Maintained Responding. When lorazepam was
being self-administered, food-maintained responding in-
creased dose-dependently in three baboons; the function
was relatively flat for the fourth (Fig. 3). Notes indicated
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that operating the food lever and drinking water were
observed soon after self-injections occurred.

As described under Materials and Methods, a physical
examination (under ketamine anesthesia) occurred after
each test drug condition ended and before return to the
cocaine baseline. When one or more days elapsed between the
end of drug access and the physical examination, we were
able to examine food-maintained responding after drug with-
drawal. When lorazepam access periods ended, pellets/day
generally decreased below not only what they had been dur-
ing the just-ended self-administration period but also below
what they had been in the vehicle condition, and they did so
in a dose-dependent manner. For example, for baboon GD the
day after access to 0.032 mg/kg lorazepam ended, the number
of pellets was only 32 compared with 112 the day after the
0.01 mg/kg condition ended. Likewise, for the other baboons,
after the 0.1 mg/kg condition ended, pellets earned dropped
to 37 (compared with 66 after 0.01 and 48 after 0.032 mg/kg)
for TZ, 19 (compared with 198 after vehicle) for LC, and four
(compared with 75 after 0.032 mg/kg) for NG.

TPA123

Self-Administration. TPA123 self-administration gener-
ally was an inverted U-shaped function of dose during the
first dose-effect determination, but it became an ascending
function of dose during the second determination (Fig. 2).

Self-injection rates of one to four TPA123 doses met the
criterion for reinforcement for three baboons (not NG) in
the initial determinations and for all four baboons in the
redeterminations. Peak self-injection rate was approxi-
mately four to five per day in all four baboons in both the
first and second determinations, except that baboon NG
peaked at six injections per day in the second determina-
tion. The notes made on baboon appearance and behavior
after the first self-injections of TPA123 (0.032 mg/kg)
and/or higher doses indicated slight sedative effects (e.g.,
in the first 10 min after the first self-injections of 0.032
and 0.056 mg/kg, baboon LC’s eyes were half-closed, and
he was sitting “swaying” on the bench or had difficulty
maintaining balance when he stood up). These effects dis-
appeared with subsequent self-injections.

To further determine the intrasubject reliability of TPA123
reinforcement, given its novel partial agonist profile, vehicle
was substituted directly for a reinforcing dose of TPA123
during the second set of dose-effect determinations. Then, the
same or another dose that had been reinforcing was substi-
tuted for vehicle. During the 3-day period of cocaine avail-
ability, responding met the criterion of six to eight self-
injections/day (data not shown). On the first day of TPA123
availability, self-injection decreased to three or less; it then
increased across days to predominantly four/day or, for NG,
six/day (Fig. 4). When vehicle was substituted for TPA123
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Fig. 2. Mean daily number of self-injections delivered on the last 5 days of the 15-day period of availability of TPA123, lorazepam, TPA023, or their
vehicles (V) in each of four baboons and for the group. Each self-injection was available under an FR-160 schedule of reinforcement; a time-out of 180
min followed completion of the response requirement, which limited maximal injections/day to eight. Each test dose or V was substituted for 0.32
mg/kg cocaine, which had maintained six to eight self-injections/day for the three preceding days (data not shown). Vertical bars indicate 1 S.D. for
the individual baboons and 1 S.E.M. for the group means. Food pellets were concurrently available under a separate schedule of reinforcement (Fig.
3). TPA123 V for the second determinations for baboons GD and TZ are for the last 5 days in which vehicle was substituted directly for a dose of
TPA123 (Fig. 4). TPA023 V for LC was not included due to his removal from the study for treatment of infection during that condition.
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(i.e., an extinction condition began), self-injection remained
high the first day but decreased across the next 3 days to be
clearly less than had been maintained by TPA123 for three of
the baboons (i.e., number of injections ranged from zero to
approximately two or three in the last 5 days of vehicle). The
fourth baboon (TZ) showed greater resistance to extinction
(i.e., injections per day did not show the same decreasing
trend as for the other baboons), but the probability/frequency
of taking more than two injections per day clearly decreased
in the vehicle condition. When the same or another previ-
ously reinforcing dose replaced vehicle, response rates in-
creased higher than maintained by vehicle. Another replica-
tion of TPA123 reinforcement was obtained for baboon LC
when vehicle again was substituted for 0.032 mg/kg, and
responding again decreased to a rate lower than when
TPA123 was available (Fig. 4). The effects of these manipu-
lations were less definitive for baboon TZ; it is likely that the
period of vehicle substitution was terminated prematurely.
Note that recovery of self-injection of 0.032 mg/kg for baboon
LC did not occur until the period of availability was extended.
Overall, mean injections/day in the last 5 days when TPA123
was substituted for vehicle (Fig. 4) was the same as or very
similar to the mean when the same TPA123 dose had been
substituted off the cocaine baseline (Fig. 2).

Food-Maintained Responding. Compared with the vehi-
cle condition, responding maintained by food pellets increased

in all four baboons during the conditions in which peak self-
injection of TPA123 occurred (Fig. 3). Comparison of Figs. 3 and
4 shows, for example, that self-injection of 0.032 mg/kg three to
four times/day was associated with an approximately 33% in-
crease in pellets for the baboons (GD and TZ) whose pellet
intake in the vehicle condition was approximately 200/day. Pel-
lets/day for baboons LC and NG approached 300/day, and the
increase in this value during TPA123 self-injection was smaller.
Pellets/day generally was higher than 1 S.D. of the appropriate
vehicle condition if some self-injection was occurring, even if the
rate of self-injection was not greater than vehicle. Written notes
indicated that the baboons often began operating the food-
paired lever soon after a TPA123 injection was received. That
the pellets earned were consumed was supported by the fact
that no more than one or two were found in the pan under the
cage each morning.

The close relationship between self-injection rate and in-
crease in food-maintained responding is shown across days in
Fig. 4. When cocaine was available before the first manipu-
lation shown in Fig. 4, food-maintained responding often was
lower than when vehicle was available (data not shown).
Pellets/day thus tended to increase the first day the TPA123
dose was available and then increased higher than in the
TPA123 vehicle condition (cf., Fig. 3) and remained the same
or continued to increase across the entire 15 days the dose
was self-injected. When vehicle was substituted directly for
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Fig. 3. Mean number of 1-g food pellets per day produced by four baboons during the evaluation of self-administration of TPA123, TPA023, and
lorazepam. Food pellets were available 24 h/day under an FR-20 schedule of reinforcement. Data are for the same periods of time as the self-injection
data in Fig. 2. For the individual baboons, vertical bars around the vehicle (V) means indicate 1 S.D., and those around group means represent 1 S.E.M.
Bars were omitted around the drug dose means for individual baboons for clarity. Pellet data for 0.056 mg/kg TPA123 were omitted for LC because
pellet intake dropped and he received supplemental food.
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the TPA123 dose, food-maintained responding decreased,
precipitously for three baboons (Fig. 4). As the vehicle condi-
tion continued, pellets/day increased for two of the three.
Given the decreasing trend for NG, daily supplementation
with standard monkey chow occurred for the remainder of
the vehicle condition, which precluded evaluation of the food-
maintained responding (data omitted in Fig. 4). When a
TPA123 dose was made available again, pellets/day again
increased concomitantly with self-injections in all four ba-
boons. For LC, pellets/day also decreased dramatically when
vehicle was resubstituted for 0.032 mg/kg.

As with lorazepam, pellet data were examined for the days
after a TPA023 self-administration condition ended but the
physical examination had not yet occurred. There were one or
more such occasions for each baboon. Pellets/day always de-
creased by 95 to 278 pellets (median decrease, 199) the first
day after termination of access to doses of TPA123 0.01
mg/kg and higher (13 observations), which put the number of
pellets obtained below the range of pellets/day across the last
5 days of the just-ended TPA123 dose condition. After the
0.0032 mg/kg condition ended, in contrast, pellets per day
were not decreased (three observations) except for baboon
TZ’s second exposure to that dose condition, in which he
self-administered two to six injections per day (Fig. 2); and
pellets dropped to 19 when access to the dose ended. Other
evidence of a TPA123 withdrawal effect was seen when ba-
boon GD’s catheter failed during the second determination of
0.032 mg/kg. Pellets/day dropped from 215 to 1, and notes
indicated that the baboon was “not acting normal; lying on
bench or at bottom of cage”; “failed to eat apple”; no infection
or other illness was diagnosed; and the symptoms dissipated

across a few days. Finally, when baboon GD was changed to
the 0.0032 mg/kg condition after running the 0.032 and then
the 0.01 conditions, both of which maintained approximately
three or more injections/day, pellets/day plummeted, and the
baboon failed to eat one of the two pieces of fruit given on the
second day; evidence of vomiting also was observed. Feeding
recovered over the next few days. Thus, abrupt termination
of the opportunity to self-inject most doses at a rate of three
or more injections/day generally resulted in a decrease in
pellets/day compared with feeding during vehicle or drug
conditions studied off the cocaine baseline.

TPA023

Self-Administration. The TPA023 self-injection dose-re-
sponse curve was essentially flat (Fig. 2). The individual
functions for TPA023 were lower than for lorazepam and
TPA123 in all four baboons. The peak rate of TPA023 self-
injection was approximately two to three injections/day for
three baboons, and less than one injection for the fourth
baboon (NG). Notes indicated that only baboon TZ showed
any sign of sedation, which was “slight” after the first self-
injection of 0.32 mg/kg. Number of self-injections generally
dropped to three or less on the first day of TPA023 dose
availability and did not rise above that rate during the 15
days of the condition (data not shown).

Food-Maintained Responding. Responding maintained
by food pellets remained fairly stable and comparable with
that during vehicle condition(s) for all periods of TPA023
availability (Fig. 3). No pattern of increasing or decreasing
food-maintained responding occurred.
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Fig. 4. Number of self-injections (top) and pellets (bottom) per day for each baboon when a reinforcing dose of TPA123 was substituted for cocaine for
15 days (for the second determination of the effects of those doses), followed by substitution of vehicle (V) until extinction of self-injection was shown,
followed by substitution of the same or another reinforcing dose of TPA123 for at least 15 days (for baboon LC, vehicle substitution and return to
TPA123 was replicated; note that 3 days in which only pellets were available occurred after the first 15 days of return to 0.032 mg/kg). Data for days
on which the baboon was anesthetized for the physical exam or on which equipment malfunctioned are omitted from both panels. Data for days on
which supplementation with monkey chow occurred are omitted from the lower panels.

TPA023 Is Not Self-Administered Even at Very High Occupancy 11

 at U
niversity of O

xford B
plus (O

X
U

LA
) S

ub N
o 6202 on January 24, 2012

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


Blood Levels of TPA023. Plasma samples of TPA023 in
three baboons were taken after intravenous injection under
the same parameters as during self-injection, and analysis
revealed that concentration was dose-dependent. Plasma
concentrations were as follows: baboon GD, 15.51 ng/ml 30
min after 0.01 mg/kg and 57.59 ng/ml 24 min after 0.032
mg/kg; baboon NG, 5.87 ng/ml 21 min after 0.01 mg/kg and
27.73 ng/ml 22 min after 0.032 mg/kg; and baboon TZ, 22.95
ng/ml 23 min after 0.01 mg/kg and 37.76 ng/ml 24 min after
0.032 mg/kg.

PET Scanning after Intravenous TPA023. The intra-
venous administration of 0.032 and 0.32 mg/kg TPA023
resulted in a rapid washout of the specifically bound
[11C]flumazenil in cortical regions and cerebellum. On aver-
age, [11C]flumazenil binding was reduced by 61 � 9% after
administration of 0.032 mg/kg and essentially by 100% at
0.32 mg/kg. The kinetics of [11C]flumazenil were not clearly
affected after administration of 0.0032 mg/kg TPA023. The
estimated occupancy, 10 � 4%, was very close to the level of
reliable detection.

Despite the low levels of GABAA receptor in the pons, a

clear [11C]flumazenil washout was observed after adminis-
tration of both 0.032 and 0.32 mg/kg TPA023. Given the high
occupancy observed with the latter dose in the three baboons
(all curves practically collapse together by 20 min after
TPA023 administration, which was 60 min after [11C]fluma-
zenil injection), the area under the pons curve from 60 to 90
min after tracer injection provided a good estimate of non-
specific uptake (Fig. 5).

The summed PET images in the interval 60 to 90 min after
[11C]flumazenil injection after administration of 0.0032,
0.032, and 0.32 mg/kg i.v. TPA023 clearly show the dose-
dependent displacement of [11C]flumazenil from the benzo-
diazepine binding site throughout the cortex and cerebellum
(Fig. 5). At a dose of 0.32 mg/kg, TPA023 had reduced essen-
tially all the specific uptake of [11C]flumazenil. The extent of
the displacement of [11C]flumazenil seemed comparable in
the examined brain regions (Table 1).

Test-retest reproducibility of SB estimates under baseline
conditions was mostly below 10% for all regions examined in
the three animals (mean, 10 � 2%). Table 1 shows the ben-
zodiazepine-binding-site occupancy by TPA023 in the regions
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Fig. 5. A, pseudocolor images of [11C]flumazenil binding to the benzodiazepine binding sites of GABAA receptors in the baboon brain. Images were
collected and averaged 30 to 45 min after intravenous administration of either 0.0032, 0.032, or 0.32 mg/kg TPA023 (i.e., 70–85 min after
commencement of scanning). Baseline scans were collected and averaged over a 10-min period (scan times, 20–30 min) before drug administration
(which occurred at a scan time of 40 min). Red and orange colors represent areas of highest [11C]flumazenil binding, whereas blue and purple areas
have lowest binding. B, time-activity curves for [11C]flumazenil in baboon frontal cortex, cerebellum, and pons. Each baboon received three separate
scans during which they received either 0.0032, 0.032, or 0.32 mg/kg i.v. TPA023, 40 min after scanning commenced. For each dose group, the SUVs
at each time point were averaged across the three baboons. The data for the pons (acquired during the 0.32 mg/kg TPA023 scan) are the same in each
panel and represent the level of nonspecific uptake of [11C]flumazenil. Horizontal axis corresponds to mean frame time. Values shown are mean �
S.E.M.
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examined in the three baboons. Figure 5 shows the average
time activity curves for [11C]flumazenil in the frontal cortex,
cerebellum, and pons of three animals.

Assessment of Chronic Delivery and Withdrawal of
Intragastric TPA023

Food-Maintained Responding. In the vehicle baseline
condition in Fig. 6, pellets/day ranged from 79 to 230 for
baboon SHA (mean, 157; S.D., 43; for 21 days) and 186 to 415
for YO (mean, 309; S.D., 45; for 35 days). Both baboons
showed a decreasing trend across baseline, but the baseline
period for YO was longer (for logistical reasons) and the trend
reversed. When TPA023 (32 mg/kg/24 h) was delivered by
slow chronic intragastric drip, pellets/day remained within
the range of the vehicle baseline throughout the 31 days of
drug delivery for baboon SHA (mean, 157; S.D., 19) and the
30 days for baboon YO (mean, 341; S.D., 39) (Fig. 6).

Baboons SHA and YO weighed 15.8 and 24.3 kg, respec-
tively, when the vehicle baseline began, and they weighed
16.3 and 26.5 kg 6 or 7 days before beginning chronic drug
delivery. After 17 days on TPA023 (32 mg/kg/24 h), baboon
SHA’s weight was the same (16.3 kg) and YO had gained
slightly (28.1 kg). Blood samples were taken on day 17 as
well. Unfortunately, the analysis for baboon YO was lost, but
the value of TPA023 for SHA was 151.92 ng/ml. Given ba-
boon YO’s much higher weight, it is likely his value was as
high or higher than SHA’s value.

When chronic drug delivery ended (at 8:30 AM on with-
drawal day 1), pellets/day for baboon SHA increased to 221
on that day, decreased to 58 for day 2, was at the lower end
of the vehicle baseline range on days 3 to 6, but began an
increasing trend on day 7, stabilizing at the higher end of the
baseline range during the 33 days in which withdrawal was
assessed (Fig. 6). For baboon YO, pellets/day dropped to 146
on day 2 of drug withdrawal and was generally low across the
next 18 days (ranging from 121 to 270) before beginning an
increasing trend and regaining vehicle baseline range in the
last six of the 30 days in which withdrawal was assessed (Fig.
6). On day 20 of withdrawal, baboon SHA weighed 16 kg and
YO weighed 27.6 kg, which were slightly lower than weights
during the drug condition but higher than during vehicle
baseline. Blood samples taken that day indicated that levels
of TPA023 were below the limit of quantitation (5 ng/ml) for
both baboons.

Withdrawal Scores. When flumazenil was administered
after 14 days of TPA023 (32 mg/kg/24 h), withdrawal scores
were 2 or 3 out of a possible 9 for the two baboons (Fig. 7).
Baboon SHA showed a slight increase in locomotion; both

baboons showed increases in self-directed behaviors (scratch-
ing and nose-wiping) and in aggression (lunging, and also the
“yawn” threat for SHA). When the TPA023 vehicle was sub-
stituted for 32 mg/kg/24 h after 30 (YO) or 31 (SHA) days of
continuous drug delivery, withdrawal score for the first 24 h
after drug delivery ended was 0 for both baboons (Fig. 7).
Withdrawal scores then were 0 to 1 for SHA and 1 to 3 for YO
on days 2 through 15 of withdrawal. These scores were
largely a function of the lowered number of food pellets
described above, but each baboon also had one (SHA) or three
(YO) observations during which vomit/retch occurred. Ba-
boon YO also was slower than normal in completing the test
of fine motor control on days 6 and 11 and spent time on day
12 in a head-lower-than-torso posture that has been corre-
lated with nausea (Fig. 2 in Lukas and Griffiths, 1982).

Discussion
The purpose of the present study was to establish whether

the self-administration and dependence potential previously
reported for a variety of nonselective full-agonist benzodiaz-
epines and for compounds with selective affinity for the �1-
GABAA/benzodiazepine receptor subtype (such as zolpidem)
also would occur with the GABAA/benzodiazepine receptor
subtype-selective compounds TPA123 and TPA023. TPA123,
as well as the nonselective full-agonist comparator loraz-
epam, maintained dose-dependent self-administration; and
increased food-reinforced behavior, which is consistent with
the effects of benzodiazepine agonists. Evidence for develop-
ment of physical dependence during TPA123 self-administra-
tion also was found. In marked contrast, TPA023 failed to
maintain self-administration even under conditions of prob-
able full receptor occupancy; and assessment of month-long,
high-dose TPA023 administration revealed neither adverse
effects nor more than a mild withdrawal syndrome. The data
suggest that TPA023’s unique GABAergic efficacy profile is
sufficient to eliminate the reinforcing efficacy of a benzodi-
azepine agonist and to diminish dependence potential.

Self-Administration. The TPA123 data are consistent
with those from self-administration study of the nonselective
benzodiazepine partial agonist bretazenil, but they show
more reliable self-injection than those with the partial ago-
nist imidazenil studied under comparable conditions (Ator,
2002) (N. A. Ator, unpublished data). In comparison, the
nonselective full benzodiazepine agonist lorazepam not only
served as a reinforcer, thus replicating a previous finding
with lorazepam in baboons (Griffiths et al., 1991), but also
maintained a higher rate of self-injections/day than TPA123.

TABLE 1
GABAA/benzodiazepine receptor occupancy after intravenous administration of TPA023 in baboons
Specific binding was estimated 20 min after TPA023 administration and 60 min after 
11C�flumazenil injection.

Baboon TPA023 Dose Frontal Cortex Parietal Cortex Temporal Cortex Occipital Cortex Cerebellum Avg. � S.D.

mg/kg %

1 0.0032 11 10 16 13 19 14 � 4
0.032 63 68 70 69 76 69 � 5
0.32 99 98 98 97 99 98 � 1

2 0.0032 5 5 4 6 12 6 � 3
0.032 58 64 65 62 70 64 � 5
0.32 98 99 99 97 99 98 � 1

3 0.0032 8 8 5 10 16 9 � 4
0.032 44 46 50 51 64 51 � 8
0.32 95 95 95 94 96 95 � 1

TPA023 Is Not Self-Administered Even at Very High Occupancy 13
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The total lack of self-administration of TPA023 in the present
study is relatively unique among benzodiazepine ligands in
our experience. Only the �-carboline partial agonist abecar-
nil has failed to maintain self-administration (Sannerud et
al., 1992).

PET Findings. To rule out the possibility that lack of
self-administration of TPA023 might be due to failure to
penetrate brain and occupy benzodiazepine binding sites,
PET experiments examined its ability to displace in vivo
binding of [11C]flumazenil. These studies clearly showed a
dose-dependent displacement of [11C]flumazenil by TPA023

such that at the highest dose tested there was essentially
complete inhibition in the specific binding of the radiotracer,
which indicates that TPA023 was occupying all the GABAA/
benzodiazepine receptor binding sites. Moreover, this occu-
pancy is probably due to TPA023 rather than any metabo-
lite(s) because the major metabolites (the isobutanol and
NH-triazole) have very poor brain penetration (Atack, 2009).

The extent of occupancy of benzodiazepine binding sites
seen at either 0.032 (60–70%) or 0.32 mg/kg (�100%)
TPA023 was much higher than that achieved in humans by
using clinically relevant doses of lorazepam (6%) (Lingford-
Hughes et al., 2005) or hypnotic doses of midazolam (�35%)
(Malizia et al., 1996), diazepam (24%) (Pauli et al., 1991),
clonazepam (15–24%) (Shinotoh et al., 1989), or zolpidem
(21%) (Abadie et al., 1996). These data are consistent with
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Fig. 6. Numbers of 1-g food pellets earned per day by each baboon during
(left to right) the TPA023 vehicle baseline, the period of continuous
delivery of TPA023 32 mg/kg/24 h, and after TPA023 vehicle was substi-
tuted to assess the effects of drug withdrawal. Pellets were available for
20 consecutive hours each day under an FR-10 schedule of reinforcement
beginning at approximately 9:00 AM. Shaded symbols indicate days on
which either 5 mg/kg flumazenil (5) or its vehicle (V) was injected intra-
muscularly approximately 30 to 60 min after the period of pellet avail-
ability began. Data were omitted for days on which interpretation was
confounded by ketamine administration for physical examination or an
equipment problem that interrupted the period of pellet availability (i.e.,
vehicle baseline: day 16 for SHA; days 12, 16, and 29 for YO; TPA023
delivery: day 17 for both; and days 20 and 21 for SHA; vehicle substitu-
tion: day 21 for both; days 17–19 and 28 for SHA and days 3 and 4 for YO).
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Fig. 7. Withdrawal scores for assessment of withdrawal from continuous
intragastric administration of TPA023 32 mg/kg/24 h. Precipitated with-
drawal was assessed in a 60-min observation session that followed injec-
tion of 5 mg/kg i.m. flumazenil (FZ) (bar over FZ 5). Spontaneous with-
drawal was assessed in daily 15-min observation sessions beginning the
day after substitution of TPA023 vehicle for TPA023 (32 mg/kg/24 h i.g.)
(bars over days 1–15). The maximal possible score was 9; 1 point was
assigned for each of the nine behaviors (listed in the key) only if its
frequency during the observation session was significantly different from
control (see text).
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the facts that full-efficacy agonists require much lower levels
of occupancy than partial agonists to produce their pharma-
cological effects (Brouillet et al., 1991) and that TPA023
behaves like a weak partial agonist in vivo (Atack et al.,
2006).

Food-Maintained Responding. Benzodiazepine ago-
nists characteristically increase food-maintained responding
in laboratory studies (Cooper and Estall, 1985), and this has
been reported in the context of self-administration of zale-
plon, zolpidem, and triazolam in baboons as well as during
chronic intragastric administration of those compounds
(Griffiths et al., 1992; Weerts et al., 1998; Ator, 2000; Ator et
al., 2000). In the present study, self-administered lorazepam
dose-dependently increased food-maintained responding
compared with vehicle. TPA123 also increased food-main-
tained responding during self-injection conditions, even when
the dose was not self-administered at a rate significantly higher
than vehicle. Thus, selective partial agonism per se did not
eliminate this benzodiazepine effect, which is consistent with
feeding literature on nonselective benzodiazepine partial ago-
nists (Yerbury and Cooper, 1987). It is interesting, however,
that chronic intragastric TPA023 administration did not in-
crease (or decrease) food-maintained responding, although day-
to-day variability was reduced compared with baseline.

Physiological Dependence. Previous studies of benzodi-
azepine ligands in baboons have found that chronic admin-
istration of nonselective and �l-selective full agonists yielded
evidence for a dependence process after intragastric diaze-
pam, lorazepam, triazolam, zolpidem, and zaleplon (Lukas
and Griffiths, 1982; Lamb and Griffiths, 1984; Weerts et al.,
1998; Ator et al., 2000) and intravenous zolpidem (Griffiths
et al., 1992). In the present study, feeding decreased in a
dose-dependent manner when vehicle was substituted for
self-administered lorazepam and TPA123; other occasions in
which intravenous TPA123 access ended abruptly also were
accompanied by signs consistent with a withdrawal syn-
drome. Thus, it seems that the �2/�3-selective partial agonist
efficacy profile of TPA123 is sufficient to support develop-
ment of physiological dependence in the context of chronic
administration. Whether the spontaneous withdrawal pro-
file after chronic intragastric delivery would be milder
than occurs in withdrawal from full benzodiazepine ago-
nists remains to be determined.

Because TPA023 was not self-administered, we could not
evaluate effects of drug withdrawal as with TPA123. Rather,
a study of chronic intragastric delivery of a high TPA023 dose
was carried out with methods comparable with those in stud-
ies cited above. Flumazenil, given after 2 weeks of round-the-
clock intragastric TPA123, produced behaviors characterized
as “mild” withdrawal signs among those that characterize
benzodiazepine or barbiturate withdrawal in monkeys (Ator
et al., 2000). When TPA023 delivery ended after 30 or 31
days, generally mild withdrawal signs also occurred in the
first 2 weeks. The only “moderate” withdrawal sign observed
was retching/vomiting, which occurred for each baboon on at
least one occasion. Also unique is the fact that the moderate
withdrawal sign of tremors/jerks never was observed in ei-
ther precipitated or spontaneous TPA023 withdrawal. In con-
trast, assessments of flumazenil-precipitated and spontane-
ous withdrawal with full benzodiazepine agonists have found
vomit/retch and tremor/jerk to be prominent and repeated
signs in each animal. Although feeding behavior in the

present study decreased in spontaneous withdrawal, the ex-
tent and duration of the decrease was markedly less than
with the benzodiazepine full agonists mentioned above.

Mechanisms of Benzodiazepine Reinforcing and
Dependence-Producing Efficacy. The present data with
TPA123 suggest that selectively reducing GABAergic efficacy
at �2 and �3 subtypes below 50% and reducing �1 and �5

efficacy even more is not sufficient to eliminate reinforcing
efficacy of a benzodiazepine agonist, nor its ability to produce
physiological dependence.

Compared with the nonselective full agonists and to
TPA123, TPA023 differs in two important respects. First, it
only potentiates the actions of GABA at GABAA receptors
containing an �2 or �3 subunit. Second, its efficacy at the �2

and �3 subtypes is much lower than a full agonist, such as
lorazepam, and is lower than that of TPA123. It is not pos-
sible to discriminate which of these factors is primarily re-
sponsible for the reinforcing efficacy of benzodiazepines per
se and for the negligible self-administration of TPA023.

The fact that zolpidem lacks affinity for the �5 subtype yet
was robustly self-administered in nonhuman primates (Grif-
fiths et al., 1992; Ator, 2002; Rowlett et al., 2005) strongly
suggests that �5-containing GABAA receptors are not related
to benzodiazepine abuse potential. It initially seemed to us
(Ator, 2005) that the �1 subtype must play a prominent role
in mediating reinforcing effects of benzodiazepine agonists
given the high rates of self-administration of the �1-prefer-
ring compounds zolpidem and zaleplon in contrast to the lack
of TPA023 self-administration. L-838,417 has no �1 efficacy,
however, and has only partial agonism at the �2, �3, and �5

subtypes (McKernan et al., 2000), but it did maintain self-
administration (Rowlett et al., 2005). Thus, although elimi-
nation of �1 efficacy may play a role in reinforcing efficacy
of benzodiazepine agonists and elimination of �5 efficacy
seems not to be influential, reduction of efficacy at �2/�3

subtypes below 35% may be the critical element of
TPA023’s profile of GABA modulation that was responsible
for lack of self-administration.

It is interesting that chronic high-dose administration of
TPA023 for 30 or 31 days failed to produce more than a mild
withdrawal syndrome, and a syndrome that was absent the
usual tremor/jerks component of benzodiazepine withdrawal
in nonhuman primates. Thus, it seems that the selective
efficacy profile for TPA023 not only does not produce drug
reinforcement but also results in diminished propensity for
physiological dependence.

Implications. Whether the lack of abuse-liability and re-
duced dependence potential of TPA023 in baboons is a result
of no �1 efficacy and/or reduced �2/�3 efficacy, the key issue is
whether this profile translates into humans. In this regard,
baboon self-administration studies agree well with measures
of drug-liking in subjects with a history of drug abuse. For
example, the classical full-agonist benzodiazepines diaze-
pam, lorazepam, flunitrazepam, and triazolam as well as the
�1-selective drugs zaleplon and zolpidem, all self-adminis-
tered in baboons, were “liked” by drug abusers. Conversely,
the �-carboline benzodiazepine agonist abecarnil was not
self-administered in baboons and was not liked in the same-
day assessment in human drug abusers (for review, see Ator
and Griffiths, 2003). By analogy, the present data suggest
that TPA023 may also have a much reduced abuse liability
relative to nonselective benzodiazepines when tested in hu-
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man studies. Coupled with its nonsedating anxiolytic prop-
erties (Atack et al., 2006; Atack, 2009) and evidence that
TPA023 has reduced potential for producing physiological
dependence, TPA023, or drugs of a similar selective efficacy
profile (Mirza et al., 2008), may be the route to a significant
advance in the treatment of generalized anxiety disorder.
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