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Abstract
Background—Abuse of gamma-hydroxybutyrate (GHB) poses a public health concern. In
previous studies, intravenous (IV) self-administration of GHB doses up to 10 mg/kg was not
maintained in non-human primates under limited-access conditions, which was inconsistent with
the usual good correspondence between drugs abused by humans and those self-injected by
laboratory animals.

Methods—Self-administration of GHB was studied in 10 baboons using procedures standard for
our laboratory to assess drug abuse liability. Each self-injection depended on completion of 120 or
160 lever responses. Sessions ran continuously; a 3-h timeout limited the number of injections per
24 h to 8. Self-injection was established at 6–8 injections/day with cocaine (0.32 mg/kg/injection)
prior to substitution of each GHB dose (3.2–178 mg/kg/injection) or vehicle for 15 days. Food
pellets were available 24 h/day.

Results—GHB maintained significantly greater numbers of injections when compared to vehicle
in 6 of the 9 baboons that completed GHB evaluations that included 32 mg/kg/injection or higher.
The baboons that self-administered GHB at high rates were ones for which GHB was the first drug
each had tested under the 24-hr/day cocaine baseline procedure. Self-injection of the highest doses
of GHB decreased food-maintained responding.

Conclusions—High-dose GHB can function as a reinforcer in non-human primates under 24-h
access, but self-administration history may be important. The findings are consistent with the
demonstrated abuse liability of GHB in humans, and remove GHB as an exception to the typical
good correspondence between those drugs abused by humans and those self-administered by
nonhuman primates.
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1.0 Introduction
Gamma-hydroxybutyrate (GHB) is an endogenous substance found in the brain in μmol
concentrations (Wong et al., 2004). GHB was first synthesized as a compound for use as a
sedative and anesthetic agent in the 1960s (Laborit, 1973; Wedin et al., 2006) and is
currently used for the treatment of narcolepsy (Wedin et al., 2006). During clinical trials,
GHB (50–150 mg/kg) was shown to be effective in reducing cataplexy, daytime sleepiness,
and hypnogogic hallucinations in narcoleptic patients (Broughton and Mamelak, 1979;
Mamelak et al., 1986; Scharf et al., 1985; Scrima et al., 1990); and long-term efficacy for
the treatment of cataplexy associated with narcolepsy has been demonstrated (U.S.Xyrem®
Multicenter Study Group, 2004). GHB has also been investigated as a possible treatment for
alcohol dependence, and is currently prescribed for this purpose outside of the United States
(Addolorato et al., 2009). GHB, however, is also a drug of abuse used recreationally for
euphoric, intoxicating, and relaxing effects (Galloway et al., 2000b; Miotto et al., 2001).
Because of both the therapeutic use and reported abuse, GHB received a unique dual
classification under the Controlled Substances Act (DEA/ODE, 2000). For medical use, the
marketed product (Xyrem®) is classified as Schedule III, whereas unapproved forms are
classified as Schedule I.

The typical therapeutic dose of GHB for the treatment of narcolepsy is 4.5 g/night divided
into two doses of 2.25 g taken at bedtime and then 2–4 hr later (Carter et al., 2009b).
Reported euphoric doses of GHB in humans vary but are thought generally to fall between
20–30 mg/kg (Gonzalez and Nutt, 2005; Nicholson and Balster, 2001) though doses as high
as 75 mg/kg have been reported (Abanades et al., 2006). The actual doses taken
recreationally are difficult to determine as GHB is often from an illicit source of unknown
purity. In addition, some users take doses at regular 2–3 hr intervals for ‘round the clock’
use resulting in total daily doses that exceed therapeutic levels (Galloway et al., 1997).
Likewise, some alcohol dependent patients treated with GHB took up to 6–7 times the
prescribed dose and reported “craving” for GHB (Addolorato et al., 1999; Addolorato et al.,
1996). The reported effects of GHB include euphoria, relaxation, drowsiness, disinhibition,
and a heightened sense of touch and sexuality, anxiety, dizziness, agitation, and with
overdose as such adverse effects as nausea, vomiting, and respiratory depression leading to
coma and sometimes death (Degenhardt et al., 2002; Galloway et al., 2000a; Miotto et al.,
2001). There are numerous case reports indicating that abuse of high doses of GHB leads to
physical dependence, and symptoms of withdrawal can include severe agitation,
hallucinations, tachycardia, insomnia, increased blood pressure, decreased food intake, and
tremor (Miotto et al., 2001). In some case studies, GHB users reported a progressive
escalation in dose to avoid withdrawal symptoms or to achieve the desired effect of GHB
(Craig et al., 2000; Galloway et al., 1997; Hutto et al., 2000). The physical dependence
potential of GHB has been confirmed in laboratory studies in baboons; GHB produced signs
of withdrawal when drug was discontinued following chronic administration, and the
withdrawal syndrome was similar to that reported in humans (Weerts et al., 2005).

Studies in humans have concluded GHB shares some psychomotor, subjective and cognitive
effects of the benzodiazepine triazolam and the barbiturate pentobarbital, though the abuse
potential of GHB was characterized as being higher than triazolam, and the likelihood of
negative consequences associated with an accidental overdose appears to be greater for
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GHB when compared to triazolam (Carter et al., 2009a; Carter et al., 2006; Griffiths and
Johnson, 2005). Case reports and DEA encounters have provided strong evidence of GHB
abuse; however, self-administration studies in laboratory animals have yielded mixed
results. The use of self-administration procedures in laboratory animals is the gold standard
for investigations of abuse liability and reinforcer efficacy, in part because these procedures
have excellent internal and predictive validity (Ator and Griffiths, 2003; Carter and
Griffiths, 2009). In mice and rats, GHB has been reported to maintain intravenous (IV)
(Fattore et al., 2000a; Martellotta et al., 1998) and oral self-administration (Colombo et al.,
1995; Colombo et al., 1998), as well as to produce a conditioned place preference (Fattore et
al., 2000b; Itzhak and Ali, 2002; Martellotta et al., 1997; Watson et al., 2009). GHB injected
directly into the ventral tegmental area of rats produced conditioned place preference, but IV
self-administration was observed at only one dose (0.01 mg/kg/infusion) and was variable
across days (Watson et al., 2009). Under limited-access (1–2 h) conditions in rhesus
monkeys, in which GHB was substituted for either phencyclidine or methohexital, GHB did
not maintain reliable IV self-administration (Beardsley et al., 1996; Woolverton et al.,
1999). These results were surprising given the generally good correspondence between
drugs that humans abuse and those that are self-administered by laboratory animals
(Griffiths et al., 1979; Johanson and Balster, 1978).

In our laboratory, we have assessed the reinforcing effects of a wide range of drugs,
including sedatives, by use of a standardized self-administration paradigm in baboons (Ator,
2000; Ator et al., 2010; Griffiths et al., 1979; Griffiths et al., 1991; Griffiths et al., 1992;
Weerts et al., 1999). As in the procedures with rhesus monkeys cited above, the test drug is
substituted for a compound used to maintain a self-injection baseline. In our procedure, each
test dose is substituted for cocaine for at least 15 days during sessions than run continuously,
24 hr/day. Drug accumulation is limited by a 3-h timeout after each self-injection. In the
context of the emerging evidence for GHB abuse in the early ‘90’s, we studied IV self-
injection of GHB in baboons using this procedure. Our initial results, in 3 baboons, were
consistent with those for rhesus monkeys in that IV GHB failed to function as a reinforcer,
and were not published. Given continuing reports of increased GHB abuse and findings
from later work in our laboratory on GHB physical dependence in the baboon (Weerts et al.,
2005), we decided to reexamine IV GHB self-injection in a larger number of subjects and
investigate a higher dose range than we had studied earlier. When our data contrasted with
the earlier findings for some animals, but not others, we extended the investigation
ultimately to include 10 baboons. Thus, the present manuscript describes self-administration
data from both the initial series of studies in 3 baboons (Group A) and new data in 7
baboons (Group B) using a different vehicle (sterile water vs. saline) and greater injection
volume to increase drug solubility and allow the study of high doses (100–178 mg/kg) GHB
doses.

2.0 Materials and Methods
2.1 Subjects

Subjects were adult male baboons (Papio hamadryas anubis, olive baboons) weighing
between 21.8 – 41.5 kg (see table 1). Each was surgically prepared with a chronically
indwelling silastic catheter implanted in either a femoral or jugular vein (using procedures
described in Lukas et al., 1982). The catheters were protected by a vest and tether system to
which baboons were habituated for 2–4 weeks prior to surgery.

Baboons differed in both their behavioral and pharmacological histories as well as the
timeframe during which they served as subjects. Group A included the three baboons
mentioned that were studied first. These baboons (identified as AC, DI, PE) had extensive
and exclusive histories of IV drug self-administration under the same 24-hr cocaine baseline

Goodwin et al. Page 3

Drug Alcohol Depend. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



procedure used in the present study. The additional commonalities in their experimental
histories were that all three baboons had self-administered triazolam, zolpidem, 4 -methyl-
aminorex, and mazindol (Griffiths et al., 1991; Griffiths et al., 1992; Kaminski et al., 1996).
AC and PE also had self-administered propylhexedrine (Kaminski et al., 1996),
methcathinone (Kaminski and Griffiths, 1994), and alpha-ethyl-amphetamine (unpublished).
Group B consisted of seven baboons (identified as BO, CR, DS, JN, KR, SI, XA) for which
study of GHB began approximately 10 years after that of Group A. Only two of those
baboons (CR and SI) had experience with IV drug self-administration under the 24-hr
cocaine baseline procedure with 3-h timeouts, and both had been studied in that procedure
with triazolam, bretazenil, and THIP (Ator et al., 2000; and unpublished). Baboon CR also
had self-administered zaleplon, zolpidem lorazepam, midazolam, pentazocine, CP-615,003,
and CP-730,330 (Ator, 2000; and unpublished). Baboons BO, CR, and DS had experience in
one or two studies with chronic intragastric drug delivery for assessment of physical
dependence (Weerts et al, 1998; Ator et al, 2000). Baboons BO and DS did not, however,
have any experience with drug self-administration prior to training under the 24-hr
procedure for the present study. Baboons JN, KR, XA had extensive experience under a
limited access 2-hr self-administration procedure with IV cocaine and acute and sub-chronic
pre-treatment with GABAergic drugs (Weerts et al., 2007b; Weerts et al., 2005), but they
had no experience with IV drug self-administration under the 24-hr cocaine baseline. Thus,
for baboons BO, DS, JN, KR, and XA, GHB represented the first drug they had experience
self-administering other than cocaine.

Tap water from a drinking spout located on the front of the cage was continuously available,
and water intake was recorded daily. Baboons had ad libitum 24-hr/day access to food
pellets under conditions described below, and were given two pieces of fresh produce and a
multivitamin at approximately 11:00 h each day. The baboons had constant visual and
auditory contact with other male baboons; and toys for environmental enrichment. The room
ceiling lights were brightly illuminated for 13 h/day (6:00–19:00h) and were dimly
illuminated for the remaining 11 h/day. Windows in the housing area also provided natural
light. Baboons were anesthetized every 2–3 weeks with ketamine HCl (preceded by atropine
SO4 to control secretions) to permit cage washing, weighing, physical examinations, and
treatment of the catheter exit site. Housing and care of the animals were consistent with the
Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the U.S.
National Institutes of Health.

2.2 Apparatus
Baboons were housed in standard stainless steel primate cages that also served as
experimental chambers. Cages were equipped with a bench that ran along one of the side
walls and had an aluminum intelligence panel that was mounted on the rear wall. A speaker
for delivery of white noise and tones was mounted behind the panel. The intelligence panel
contained a pull-and-release lever (Lindsley operandum from Gerbrands, Arlington, MA or
model ENV-122 from Med Associates, St. Albans, VT) for drug self-injection and a
vertically-operated lever (custom made or Med-Associates model ENV-121) for food pellet
delivery, both of which were mounted in the lower left quadrant of the panel within easy
reach of the baboon when seated on the bench. A distinctively colored jewel light (1.5 cm
diameter) was mounted above each lever (e.g., green over the self-injection lever and blue
over the pellet lever). Food pellets (1-g banana-flavored pellets, Bio-Serv, Inc., Frenchtown,
NJ) were delivered from a pellet feeder into a recessed hopper located in the center of the
panel. The food hopper contained a light panel (5 × 5 cm) that flashed during each pellet
delivery. A second light panel (5 × 5 cm), or “baylight,” which could be transilluminated by
a green bulb, was located in the upper left quadrant of the intelligence panel.
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The IV catheters were protected by a tether/harness/vest system that allowed virtually
unrestricted movement within the cage (Lukas et al., 1982). If necessary to protect the
catheter for an individual baboon, a custom-made shirt (Lomir, Malone, NY) was worn over
the harness. The catheter was attached to a custom infusion system that delivered fluid via
three separate peristaltic pumps (Model 1201 or Model 66 Harvard Apparatus, Natick, MA
or Watson-Marlow, Model 403U/R1). Drug was injected into the catheter with the first
pump (see drug section for volumes) and then flushed into the vein with 5 ml of saline from
the second pump. To maintain catheter patency, a third pump continuously infused
heparinized saline (5–10 units/ml) for a total of 200–250 ml/24 h. The peristaltic pumps,
infusion systems, drug solutions, pellet feeder, and drinking water bottles were located on a
metal grating that ran above the cage.

Experimental control and data collection were accomplished using personal computers with
MED Associates Inc. (St. Albans, VT) software and instrumentation.

2.3 Drugs
Cocaine HCl was obtained from Research Triangle Institute (RTI, Research Triangle, NC)
via the National Institute on Drug Abuse drug supply program. GHB sodium salt was
obtained from RTI and Sigma-Aldrich (St. Louis, MO). Cocaine (0.32 mg/kg) was dissolved
in 0.9% saline at a volume of 5 ml per injection. For Group A, GHB doses of 3.2, 10.0, 18.0,
32.0 and 56.0 mg/kg were dissolved in 0.9% saline at a volume of 5 ml per injection. Saline
self-injection was also assessed at this volume. The 100 mg/kg dose was dissolved in saline
at a volume of 10 ml per injection. Due to concern over solubility issues, higher doses of
GHB were not examined in that group. For Group B, GHB self-injection was determined
using a different vehicle (sterile water for injection) and greater injection volumes to
increase drug solubility and allow the study of a higher dose range (32–178 mg/kg) GHB
doses. Specifically, injection volumes for Group B were 10 ml for GHB doses of 10, 32, 56,
and 78 mg/kg; and were 15 ml for 100 and 130 mg/kg; except that volume of injection was
20 ml for baboon BO at 100 mg/kg. Only baboon BO was studied at 178 mg/kg, and volume
of injection was 20 ml. For sterile water self-injection, volumes of 10 and/or 15 ml were
assessed; and 20 ml was assessed also in baboon BO. All drug doses were calculated based
on the salt. Drug solutions were sterilized by filtration (22 mm Millipore Corp., Bedford
MA).

2.4 Experimental Procedures
2.4.1 Drug Self-injection procedure—Experimental sessions were continuous (i.e., 24
h/day). All drug changes and data collection were conducted between 08:00 h and 08:30 h,
and the “start time” for each 24 h session was operationally defined as 08:30 h. Each
injection was contingent upon completion of a fixed number of responses on the pull-and-
release lever (i.e., a fixed-ratio, FR, reinforcement schedule). The requirement was 120 for
baboon PE and 160 for all other baboons. There was no time limit for completion of the
response requirement. The availability of an injection was indicated by onset of white noise,
a 5-s tone, and illumination of the jewel light over the pull-and-release lever. Each release
produced a 0.1 s feedback tone. Upon completion of the FR response requirement, the jewel
light and white noise were extinguished, the drug injection was initiated at a rate of
approximately 5 ml/90 s, followed by a 5-ml saline flush. Completion of the response
requirement was also followed by a 3-h timeout, during the first hour of which the green
baylight was illuminated; the timeout limited the total number of injections that could be
obtained per day to 8. Responses on the drug lever during the timeout were recorded but had
no programmed consequence. At the same time, the food pellets were continuously available
according to an FR-30 requirement on the vertically-operated lever; the jewel light over that
lever was continuously illuminated. Each pellet delivery was accompanied by a 100-ms
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flash of the light panel in the food hopper. When a baboon worked for less than 100 pellets
for three consecutive days, he received a 100-g supplement of standard primate biscuits.

2.4.2 Cocaine baseline procedure—Baboons in all groups had been trained to self-
inject cocaine (0.32 mg/kg/injection) under a procedure in which the response requirement
was gradually increased across injections and days until the terminal FR value was reached
and the baboon was self-administering the criterion level of 6–8 injections per day. Because
this criterion was not reliably achieved at FR 160 for baboon PE, the FR value of 120 was
used for that baboon. Criterion performance under the cocaine baseline was defined as 6–8
self-injections per day for 3 consecutive days. When the cocaine baseline criterion
performance was met, a test dose of GHB (3.2 – 178.0 mg/kg/injection) or its vehicle was
substituted for cocaine for a minimum of 15 days. Table 1 shows the order in which GHB
doses and vehicle were substituted for cocaine for each baboon. The period of substitution
was extended beyond 15 days when equipment problems occurred (e.g., malfunctions of
catheter/infusion systems or the computer) or to further characterize self-injection. Cocaine
self-injection was re-established, and criterion performance met before each dose evaluation.
The reinstatement of this cocaine baseline condition thus established maximal self-injection
performance prior to each substitution and assured initial exposure to each test dose. For
baboons for which GHB (56–130 mg/kg) served as a reinforcer, the vehicle was substituted
directly for GHB for 15 or more days to evaluate extinction of self-injection responses (see
footnotes in Table 1)

2.5 Data analysis
A single-subject design was used in which each baboon served as his own control. Data
reported for cocaine are the grand mean from the last 3 days of the cocaine baseline periods
that preceded each test dose. Under the cocaine baseline procedure, the substitution of each
test dose typically results in a period of transition from the cocaine self-injection baseline for
the first days, followed by stabilization of responding maintained by the test dose. The last 5
days of the period of substitution are viewed as representative of the rate of self-injection
maintained by the test dose per se. Thus, the mean number of injections/24 hours over the
last 5 days of a test condition was used to represent the level of self-injection of each dose
and vehicle. Reinforcement by a GHB dose for an individual baboon was concluded if the
mean rate of self-administration was greater than two standard deviations (SD) of the mean
for vehicle (defined as the critical value); this is analogous to a one-tailed test. Under the
present procedure, rates of self-injection that are greater than those maintained by vehicle
but below 4 injections/day are characterized as low; those that are 4 or 5 injections per day
as moderate, and those of 6–8 injections/day as high.

3.0 Results
Figure 1 shows the mean number of self-injections obtained during the last 5 days of periods
in which vehicle and each dose of GHB was substituted for 0.32 mg/kg/injection cocaine for
all baboons studied. During evaluation of GHB, the mean number of injections per day was
7–8 for cocaine and was less than 2 per day for vehicle for all baboons. The critical values
for characterizing the number of GHB injections as significantly greater than under vehicle
conditions were as follows: AC (2.19), BO (4.28), CR (2.38), DI (0), DS (3.18), JN (3.88),
KR (2.39), PE (3.48), and XA (2.47) (see Table 1 footnote for SI). As shown in figure 1,
GHB self-injection was variable across baboons. One baboon (DI) completed only one GHB
dose condition (3.2 mg/kg), and did not self-inject that dose greater than vehicle. Of the 9
baboons that were studied at doses of 10 mg/kg or higher, GHB reinforcement was
demonstrated in 6 baboons (BO, CR, DS, JN, KR, XA). GHB doses of 32 mg/kg/injection
and higher maintained rates of self-injection significantly greater than vehicle in those
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baboons, and except for CR, the rate of self-injection was a generally ascending function of
dose. Low to moderate rates of self-injection were obtained in baboon CR and only at 32
mg/kg GHB. High mean rates of self-injection were obtained at 56 mg/kg (DS), 100 mg/kg
(JN, KR, XA) and 130 mg/kg (DS, JN, KR), while only moderate rates of self-injection
were obtained at these doses in baboon BO. Thus, baboon BO was evaluated at 178 mg/kg/
injection GHB. Self-injection at that dose was lower than at 130, resulting in GHB self-
injection being an inverted-U shaped function of dose in that baboon. Three baboons (AC,
PE, SI) completed dose evaluations up to 100 mg/kg GHB, but did not reliably self-inject
any GHB dose greater than vehicle.

There was considerable variability in the number of pellets delivered per day, depending on
the baboon (figure 2). During self-injection of vehicle, the mean number of pellets earned
per day ranged from 57 to 572 across baboons for which at least one dose of GHB served as
a reinforcer (BO, CR, DS, JN, KR, XA). When self-injected, high doses of GHB (100–178
mg/kg) decreased mean pellets per day.

For the baboons for which GHB ultimately maintained high rates of responding, the pattern
of day-to-day self injection differed depending on the GHB dose available for injection. As
shown in Figure 3, the number of injections/day progressively decreased and stabilized
when vehicle was substituted for cocaine. GHB 56–100 mg/kg maintained moderate to high
rates of self-injection by at least the second day of availability in all those all those baboons
(figs. 3, 4, 5). The exception was some days with zero or low self-injection for baboon XA
at 56 mg/kg from days 5–10; but when the dose was studied a second time, rate of self-
injection stabilized in the moderate range by the fourth day. For three of the four baboons
studied at 130 mg/kg, rate of self-injection increased across the period of substitution,
perhaps reflecting tolerance to initial sedating effects of this dose (fig. 5).

When vehicle was substituted for GHB, injections/day decreased compared to the rate of
self-injection being maintained by the GHB dose, providing further evidence for GHB
reinforcement (figs. 3, 4, 5). Note that although rate of decline in self-injection when vehicle
was substituted for GHB 100 mg/kg could be seen as generally comparable to that when
vehicle was substituted for cocaine, rate of self-injection when vehicle was substituted for
130 mg/kg GHB did not show the same pattern of decrease as it had for the lower doses for
the same baboon. Rather rate of vehicle self-injection remained rather stably in the moderate
range for the 3 baboons studied, and only decreased to the low range by 18 days after
vehicle substitution for baboon BO (fig. 5).

4.0 Discussion
The present study extensively investigated IV GHB self-administration in a total of 10
baboons. The initial findings with the first group of 3 animals were consistent with those of
previous researchers who failed to find reliable GHB self-administration in rhesus macaques
and concluded that GHB abuse potential had not been demonstrated (Beardsley et al., 1996;
Woolverton et al., 1999). In the context of later work in our laboratory on GHB physical
dependence, we revisited the question of GHB self-administration with the aim of studying
higher doses. We changed the vehicle and injection volume in order to increase drug
solubility of GHB. We found robust GHB self-administration in the majority of baboons
tested. For the 6 baboons for which GHB served as a reinforcer, rate of self-injection was a
generally ascending function of dose up to 130 mg/kg. Assessment of the rate and patterning
of GHB self-administration in individual animals across multi-week periods of availability
revealed that high doses were self-administered at moderate to high rates continuously
across the 15-day period of GHB availability. In the baboons that self-injected doses of 100
mg/kg or greater, food-maintained responding was decreased. This effect is consistent with
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those previously reported for intragastric doses of GHB in baboons (Goodwin et al., 2005;
Weerts et al., 2005); and suppression of food intake has also been reported following
administration of GHB in rodents (Carter et al., 2004; Colombo et al., 1998; Itzhak and Ali,
2002) and pigeons (Koek et al., 2004).

Due to the individual differences in GHB self-administration, we evaluated different factors
that may have influenced results across baboons such as the total mg GHB received per dose
given the 17 kg spread in average weights, volume of injection, type of vehicle, and
experimental history). A review of the detailed experimental history of each baboon
revealed the one variable that generally differentiated the baboons for which GHB served as
a reinforcer from those in which it did not was participation in studies with the substitution
of an array of drugs. That is, baboons for which GHB was the first drug tested after training
under our cocaine substitution procedure showed not only GHB reinforcement, but also self-
injected GHB at high rates. For the one baboon (CR) that had an extensive self-
administration history and also met the criterion for GHB reinforcement, performance was
very different from the other baboons in that the mean peak rate of self-injection was in the
low range and occurred at only one intermediate dose. One commonality in the self-
administration experience of this baboon and the four that did not show GHB reinforcement
is that all had experience self-administering GABAergic agonists (see Methods), although
only baboon SI’s previous experience was exclusively GABAergic agonists. Thus, further
research is needed to determine whether this correlational finding can be confirmed by
experimental manipulation. Pharmacological history and self-administration experience
have been shown to affect responses to psychoactive drugs in a number of studies
(Fantegrossi et al., 2004; Griffiths and Weerts, 1997; Weerts et al., 2007a).

The behavioral effects of GHB are often compared to benzodiazepines and barbiturates.
Carter and colleagues compared the cognitive, psychomotor, and subjective effects of GHB
to traizolam in healthy human subjects. They reported that GHB was less disruptive on
psychomotor and cognitive tasks when compared to triazolam but that both compounds
produced similar participant ratings on the subjective effects measures (Carter et al., 2009a).
In an earlier study, Carter and colleagues reported that when rated on measures of likelihood
of abuse, GHB fell between pentobarbital (greatest likelihood) and triazolam (Carter et al.,
2006; also see review by Griffiths and Johnson, 2005). Using the same procedures as
described in the present study, we have reported that both benzodiazepines and barbiturates
maintain levels of self-injection significantly above vehicle in baboons (Ator, 2000;
Griffiths et al., 1991; Griffiths and Wolf, 1990; Weerts et al., 1999; Weerts and Griffiths,
1999). The high rates of self-injection, coupled with the primarily ascending dose-effect
function, in the baboons that self-administered GHB is more similar to self-injection
maintained under these procedures by potent hypnotic drugs (e.g., barbiturates zolpidem,
zaleplon and flunitrazepam), than to most benzodiazepines (Griffiths et al., 1981, 1991,
1992; Ator, 2000; Ator et al., 2005).

Two studies have examined the IV reinforcing effects of GHB in rhesus monkeys
(Beardsley et al., 1996; Woolverton et al., 1999) using similar procedures. Each drug
injection was available during 1–2 h sessions under an FR 10 schedule of lever responding
and each injection was followed by a brief (e.g. 10-s) time-out. Similar to the current study,
both used a standard drug baseline procedure. GHB (0.3–7.5 mg/kg/infusion) did not
generally maintain self-injection above vehicle levels when substituted for PCP, but did so
in one of the four monkeys at one dose (Beardsley et al., 1996). When substituted for the
barbiturate methohexital), GHB (0.01–10.0 mg/kg per injection) met the criterion for
reinforcement compared to vehicle control levels in two of the three monkeys tested, but did
so only at one dose for each monkey (3.2 or 10.0 mg/kg) (Woolverton et al., 1999), results
that are reminiscent of the findings with the one baboon in the present study that had a
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history of testing self-administration of other drugs but showed reinforcement, albeit with a
low rate of GHB self-injection and at only one dose.

Thus, the finding that GHB was self-administered in the current study is not inconsistent
with the previous IV self-administration studies in monkeys (Beardsley et al., 1996;
Woolverton et al., 1999) although the earlier studies concluded lack of significant GHB
reinforcement, and ours concludes robust GHB reinforcement in 5 baboons. One differential
procedural variable is the lower dose range studied in the rhesus monkeys; but given the
short timeouts (10 s), this may not have been limiting because multiple injections of the
higher doses could have been taken in rapid succession. However, GHB possesses potent
CNS depressant effects that can last for hours, and under the limited access conditions with
short timeouts, drug-induced behavioral suppression may have interfered with self-injection
responding. In the current study, there was a 3-h timeout following injections, allowing
recovery from the sedative effects prior to availability of the next injection. In addition, in
the earlier studies each GHB dose was available for only one (Woolverton et al., 1999) or
four (Beardsley et al., 1996) sessions, whereas in the present study, each dose was available
for 15 or more days. Such longer periods may have allowed development of tolerance to the
motor impairing effects of GHB as suggested in the day-by-day patterning in the 130 mg/kg
GHB condition in the present study. Interestingly, the procedure used in the present study,
which allows 24-hour access and imposes 3-hour intervals between injections, more closely
resembles the pattern of human GHB abusers, whom use every 2–3 hours around the clock
(Dyer et al., 2001), and thus may account for the differences in the results across studies.

The present results indicate that GHB can function as a reinforcer, maintaining high rates of
self-administration in non-human primates under conditions of long-term drug availability
and access throughout the day. These data are particularly important because they support
the generally good correspondence between drugs abused by humans and those self-
administered by laboratory animals and extends this finding to an abused drug with a
relatively novel mechanism of action. Because abuse liability assessments of novel
compounds depend significantly upon pre-clinical self-administration data, continuing
validation of these procedures is critical to their use in drug development and risk
assessment (Ator and Griffiths, 2003; Panlillo and Goldberg, 2007; Carter and Griffiths,
2009). Given continuing interest in development of GHB as a treatment for alcoholism, and
GHB’s unique classification under the Controlled Substances Act in both Schedule I
(denoting the highest potential for abuse) and Schedule III (due its efficacy in narcolepsy
treatment), GHB is of continuing interest to multiple populations of scientists, clinicians and
regulatory agencies. The present data should contribute to discussions of future drug
development and clinical GHB use, as well as future regulatory issues surrounding this drug.
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Figure 1.
Mean number of self-injections of GHB. Data points shown are the individual means of the
last 5 days of dose substitution or vehicle (“V”) availability. Doses were studied in the order
shown in Table 1 for each baboon. Data for cocaine (“C”) are the grand means from the last
3 days of the cocaine baseline periods that preceded each test dose. Subjects with a history
of self-administration of a variety of drugs using the 24 hr procedure (Mean A) are shown
using filled symbols and subjects lacking an extensive history of self-administration (Mean
B) are shown using clear symbols. The grand mean is illustrated with a solid line.

Goodwin et al. Page 13

Drug Alcohol Depend. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Mean number of pellets earned during self-injection of vehicle, cocaine, and GHB for
baboons that self-administered at least one dose of GHB significantly above vehicle. Data
points shown are the individual means of the last 5 days of dose substitution or vehicle
(“V”) availability. Data for cocaine (“C”) are the grand means from the last 3 days of the
cocaine baseline periods that preceded each test dose. Other details same as in figure 1.
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Figure 3.
Number of self-injections per day for the 3-day baseline period for cocaine (C), for
consecutive days of vehicle or 100 mg/kg GHB availability, when substituted for cocaine,
and for consecutive days of vehicle when substituted for GHB (extinction). Data panels
shown are for the five baboons (designated BO, DS, JN, KR and XA) in which 100 mg/kg
GHB maintained self-administration greater than vehicle.
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Figure 4.
Number of self-injections per day for the 3-day baseline period for cocaine (Coc) and
consecutive days of 56 mg/kg GHB availability, when substituted for cocaine. Data panels
shown are for the five baboons (designated BO, DS, JN, KR and XA) in which 56 mg/kg
GHB maintained self-administration greater than vehicle. For baboon DS, self-injection of
vehicle substituted for GHB to evaluate extinction of responding is also shown.
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Figure 5.
Number of self-injections per day for the 3-day baseline period for cocaine (Coc), for
consecutive days of 130 mg/kg GHB availability, when substituted for cocaine, and for
consecutive days of vehicle when substituted for GHB (extinction). Other details as in
Figure 4.
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