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Abstract

Rationale—The metabotropic glutamate receptor subtype 5 (mGluR5) has been reported to be

critically involved in drug reward and addiction. Because the mGluR5 negative allosteric

modulators (NAMs) MPEP and MTEP significantly inhibit addictive-like behaviors of cocaine

and other drugs of abuse in experimental animals, it has been suggested that mGluR5 NAMs may

have translational potential for treatment of addiction in humans. However, neither MPEP nor

MTEP have been evaluated in humans due to their off-target actions and rapid metabolism.

Objectives—Herein, we evaluate a potential candidate for translational addiction research: a

new sulfate salt formulation of fenobam, a selective mGluR5 NAM that has been investigated in

humans.

Results—In rats, fenobam sulfate had superior pharmacokinetics compared to the free base, with

improved Cmax (maximal plasma concentration) and longer half life. Oral (p.o.) administration of

fenobam sulfate (30 or 60 mg/kg) inhibited intravenous cocaine self-administration, cocaine-

induced reinstatement of drug-seeking behavior and cocaine-associated cue-induced cocaine-

seeking behavior in rats. Fenobam sulfate also inhibited oral sucrose self-administration and

sucrose-induced reinstatement of sucrose-seeking behavior, but had no effect on locomotion.

Conclusions—This study provides additional support for the role of mGluR5 signaling in

cocaine addiction and suggests that fenobam sulfate may have translational potential in medication

development for the treatment of cocaine addiction in humans.
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INTRODUCTION

Glutamate regulates neuronal activity via ionotropic and metabotropic glutamate receptor

(mGluR) subtypes. Among mGluRs, members of the Group I family, mGluR1 and mGluR5,

are coupled to intracellular phospholipase C via Gq protein (Schoepp and Conn 1993).

mGluR5 is widely expressed in many regions of the brain, including critical mesolimbic

structures such as the ventral tegmental area and the nucleus accumbens (Romano et al.

1996; Shigemoto et al. 1993). mGluR5 is mostly located postsynaptically (Mitrano and

Smith 2007) and co-localized with adenosine A2A, dopamine D2 and NMDA receptors

(Tebano et al. 2005).

mGluR5 became a major target of interest in the potential treatment of drug abuse in 2001

when it was reported that mice lacking mGluR5 do not self-administer cocaine and that

pharmacological blockade of mGluR5 by the negative allosteric modulator (NAM) MPEP

(2-methyl-6-(phenylethynyl)pyridine) inhibited cocaine self-administration (Chiamulera et

al. 2001). Attenuation of mGluR5 signaling with MPEP or its analog MTEP (3-((2-

methyl-1,3-thiazol-4-yl)ethynyl)pyridine) has been found to inhibit multiple addictive-like

behaviors in animals, including cocaine self-administration (Kenny et al. 2005; Lee et al.

2005; Martin-Fardon et al. 2009; Paterson and Markou 2005; Tessari et al. 2004), cocaine-

induced conditioned place preference (CPP) (Herzig and Schmidt 2004; McGeehan and

Olive 2003), cocaine-induced hyperactivity (McGeehan et al. 2004), and cocaine-, cue- or

stress-induced reinstatement of drug-seeking behavior (Backstrom and Hyytia 2006;

Kumaresan et al. 2009; Lee et al. 2005; Martin-Fardon and Weiss 2012; Wang et al. 2012).

These data strongly suggest that mGluR5 plays an important role in cocaine abuse and that

mGluR5 NAMs may have potential for the treatment of cocaine addiction in humans

(Heidbreder et al. 2003; Olive et al. 2005).

However, there are multiple reasons that MPEP and MTEP have not advanced to clinical

trials (Lindsley and Emmitte 2009). MPEP blocks the norepinephrine transporter

(Heidbreder et al. 2003), NMDA receptors (Movsesyan et al. 2001; O’Leary et al. 2000) and

monoamine oxidase A (Lea and Faden 2006), while activating mGluR4 (Mathiesen et al.

2003). In addition, MTEP was reported to inhibit cytochrome P450 1A2 (Green et al. 2004),

and both MPEP and MTEP are rapidly metabolized after injection. Therefore, extensive

efforts have been undertaken to develop novel potent, selective, metabolically stable

mGluR5 NAMs for use in humans (Emmitte 2011; Nicoletti et al. 2011; Rocher et al. 2011).

Fenobam, a brain-penetrant nonbenzodiazepine anxiolytic advanced to Phase II clinical

trials in the early 1980s (Friedmann et al. 1980; Itil et al. 1978; Pecknold et al. 1982), has

been identified as a selective mGluR5 NAM (Porter et al. 2005). Fenobam was granted

orphan drug status by the FDA in 2006 and has been recently investigated as an

experimental clinical treatment for Fragile X Syndrome (Berry-Kravis et al. 2009) and L-

Keck et al. Page 2

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 October 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



DOPA-induced dyskinesias (Rylander et al. 2010). Fenobam was recently reported to inhibit

brain-stimulation reward (Cleva et al. 2012) and attenuate methamphetamine-seeking

behavior in rats (Watterson et al. 2013). Considering these results, as well as the success of

buprenorphine as an orphan drug approved for treating morphine dependence (Jaffe and

O’Keeffe 2003), and fenobam’s superior mGluR5 selectivity compared to MPEP (Montana

et al. 2009), fenobam is an intriguing clinical candidate for the treatment of psychostimulant

dependence. However, it is unclear whether fenobam inhibits cocaine-taking and cocaine-

seeking behaviors as has been demonstrated with MPEP and MTEP. In addition, clinical

tests have utilized the free base monohydrate formulation of fenobam and variability in

response to fenobam has been correlated with high variability in plasma levels of the drug

after oral administration (Itil et al. 1978; Berry-Kravis et al. 2009). Therefore, development

of new formulations of fenobam with improved oral bioavailability was deemed important

for use in future clinical trials.

In this study, we first compared the pharmacokinetics and oral bioavailability of fenobam

free base and fenobam sulfate, a new salt formulation of fenobam, and then evaluated the

pharmacological effects of fenobam sulfate on intravenous cocaine self-administration,

cocaine-induced reinstatement of drug-seeking behavior and cue-induced cocaine-seeking

behavior in rats – three commonly used animal models to evaluate drug reward, craving and

relapse (O’Brien and Gardner 2005). We also observed the effects of fenobam sulfate on

oral sucrose self-administration and sucrose-induced reinstatement of sucrose-seeking

behavior and locomotor activity. Overall, our aim was to evaluate fenobam sulfate in rat

models of cocaine addiction and thus determine the potential for development of fenobam

sulfate as a pharmacological treatment for cocaine addiction.

MATERIALS AND METHODS

Drugs

Fenobam free base and fenobam sulfate were provided by the Division of

Pharmacotherapies and Medical Consequences of Drug Abuse (DPMCDA), NIDA. Cocaine

HCl was provided by NIDA and dissolved in physiological saline., Since fenobam free base

has low solubility in 40% hydroxypropyl-β-cyclodextrin (BCD), it was first dissolved in

10% DMSO and brought to final concentration in 40% BCD; fenobam sulfate was dissolved

in 40% BCD. There are few reports that such a low concentration (10%) of DMSO alters the

PK profile of drugs. Therefore, it is commonly used in animal pharmacokinetic studies to

increase drug solubility. In all behavioral studies, fenobam sulfate was dissolved in 40%

BCD and water for oral (p.o.) administration.

Experiment 1: Pharmacokinetic comparison of fenobam free base and fenobam sulfate

PK data were obtained under NIDA Contract N01DA-9-8883. Briefly, two groups of

Sprague-Dawley rats (Charles River Laboratories, Raleigh, NC, USA, n = 3 per sex, 6 per

group, 12 animals total) were used. Intravenous (i.v.) catheterization of the right external

jugular vein for blood sampling was performed under sodium pentobarbital (60 mg/kg, i.p.)

anesthesia, utilizing standard aseptic surgical techniques as we reported previously. After

recovery from surgery, each animal received a single oral (p.o.) dose of 30 mg/kg of
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fenobam free base or fenobam sulfate. The dose administered of each test material, fenobam

free base or fenobam sulfate, was based on the anhydrous free base equivalents of fenobam.

Blood samples were collected via jugular vein catheter prior to dosing and after dosing at

different time points (0.25, 0.5, 1, 2, 3, 4, 8, 12 and 24 hrs after oral administration). Blood

samples were centrifuged to obtain plasma and all samples were stored at −20° C until

analysis. Fenobam concentrations in plasma samples were analyzed by a validated liquid

chromatography/tandem mass spectrometry method with quantization limit of 5 ng/ml. Rat

plasma samples (50 μl) were analyzed for fenobam with an LC/MS/MS procedure in a Sciex

API 3000 system equipped with a Synergi Polar RP column (4.6 × 75 mm, 4 μm particle

size), a mobile phase system consisting of acetonitrile : water : formic acid (42.5 : 57.5 :

0.01) (v:v:v) with 5 mM ammonium acetate and mass spectrometric detection with positive

ionization by APCI (Atmospheric Pressure Chemical Ionization) and mass scanning by

MRM (Multiple Reaction Monitoring) analysis. The transition ions for fenobam were m/z

267>114. Sample preparation consisted of addition of internal standard (bupropion),

extraction of 50 μl of plasma with 1.00 ml of methyl t-butyl ether prior to separation by

LC/MS/MS. The assay was validated from 5.00 ng/ml to 1000 ng/ml. The coefficients of

variance and relative error for low, mid and high concentrations of quality controls were

<15%.

The PK parameters of peak plasma concentration (Cmax), half-life (T1/2), and area under the

curve (AUC) were calculated using WinNonlin software (Professional Edition, 5.2.1 ver.,

Pharsight Corp, CA, USA) in the noncompartmental mode. Cmax was defined as the highest

level of plasma fenobam among 9 time-points detected. AUC was calculated by summation

of plasma drug concentrations at all 9 time points. Cmax and AUC in both fenobam free base

and fenobam sulfate groups were compared using unpaired, two-tailed t-tests.

Experiment 2: Cocaine self-administration

Animals—Male Long-Evans rats (250–300 g; Charles River Laboratories, Raleigh, NC,

USA) were used for all experiments. They were individually housed in a climate-controlled

room on a reverse light–dark cycle (lights on at 1900 hours, lights off at 0700 hours) with ad

libitum access to food and water. All experimental procedures were conducted in accordance

with the Guide for the Care and Use of Laboratory Animals (US National Academy of

Sciences), and were approved by the Animal Care and Use Committee of the National

Institute on Drug Abuse of the US National Institutes of Health. The animal facility was

fully accredited by the Association for Assessment and Accreditation of Laboratory Animal

Care International.

Surgery—Intravenous (i.v.) catheterization of the right external jugular vein was

performed under sodium pentobarbital (60 mg/kg, i.p.) anesthesia, utilizing standard aseptic

surgical techniques as we reported previously (Xi et al. 2006a; Xi et al. 2006b). To help

prevent clogging, the catheters were flushed daily with a gentamicin–heparin–saline solution

(0.1 mg/ml gentamicin, 30 IU/ml heparin; ICN Biochemicals, Cleveland, OH, USA).

Apparatus—Self-administration chambers from Med Associates Inc. (Saint Albans, VT,

USA) were the same as used previously (Xi et al. 2006a; Xi et al. 2006b).
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Self-administration training—After recovery from surgery, each rat was placed into a

test chamber and allowed to lever-press for i.v. cocaine (1 mg/kg/infusion) on a fixed ratio 1

(FR1) reinforcement schedule. Each cocaine infusion delivered a volume of 0.08 ml/infusion

over 4.65 sec and was paired with the simultaneous presentation of a stimulus light and tone

(each lasting 4.65 sec). All self-administration sessions lasted 3 hours. FR1 reinforcement

was used for six days to establish stable self-administration. Subjects were then allowed to

continue cocaine (0.5 mg/kg/infusion) self-administration under FR2 reinforcement. To

avoid cocaine overdose during the self-administration period, each animal was limited to a

maximum of 50 cocaine injections per 3-h session. After stable self-administration was

established on the FR2 schedule (less than 10% variation in total infusions over three

consecutive days), the effects of fenobam sulfate (0, 30, 60 mg/kg, p.o.) on cocaine self-

administration were determined in one group of rats (n = 11). Fenobam sulfate or vehicle

was administered 30 minutes prior to self-administration testing. Each animal received three

doses of fenobam sulfate over a week of testing, with the order of testing for various doses

counterbalanced. After each drug test, animals continued daily cocaine self-administration

until stable self-administration was re-established; typically, stable self-administration was

re-established within 1–2 days. Each animal received a total of 3 injections corresponding to

3 drug doses in each group.

Multiple-dose cocaine self-administration training—To determine whether the

pharmacological action of fenobam sulfate was also cocaine dose-dependent, we further

studied the effects of fenobam sulfate on cocaine self-administration maintained by a full

range of cocaine doses (0.03, 0.06, 0.125, 0.25, 0.5 mg/kg/infusion) in a single session

(Mantsch et al., 2007; Hiranita et al., 2009; Song et al., 2012). The session consisted of five

sequential 20-min components, each preceded by a 20-min time-out period for changing

cocaine dose. The infusion volumes and durations in each component were identical except

that cocaine concentrations for corresponding unit cocaine doses differed. There was a 30-

min extinction period (0 mg/kg cocaine) before daily cocaine self-administration training.

Training continued until: 1) a minimum of 5.0 mg/kg cocaine was self-administered within a

session with less than 20% variation in the total number of cocaine injections compared with

the previous session, 2) the dose of cocaine that maintained maximal response rates varied

by no more than one-half log unit over two consecutive test sessions, and 3) maximal

response rates were at least 5-fold higher than response rates maintained during extinction.

Then, each rat randomly received either vehicle or 1 of 2 doses of fenobam sulfate (30, 60

mg/kg, p.o.) 30 min prior to the test session. Animals then received an additional 3–4 days

of self-administration of cocaine alone until the baseline response rate was re-established

prior to testing the next dose of fenobam sulfate. The order of testing for the various doses

of drug or vehicle was counterbalanced.

Experiment 3: Sucrose self-administration

The procedures for sucrose self-administration were identical to the procedures for cocaine

self-administration except for the following: 1) no surgery was performed on the animals; 2)

active lever presses led to delivery of 0.1 mL of 5% sucrose solution into a liquid food tray

on the operant chamber wall along with presentation of a stimulus light and tone; 3) 3-h FR1

training sessions were capped at 100 deliveries; 4) test sessions were 90-min in length and
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capped at 100 deliveries. After stable sucrose self-administration was established on the FR1

schedule (less than 10% variation in total deliveries over three consecutive days), the effects

of fenobam sulfate (0, 30, 60 mg/kg, p.o.) on sucrose self-administration were determined in

one group of rats (n = 7). Each animal received three doses of fenobam sulfate over a week

of testing, with the order of testing for various doses counterbalanced. After each drug test,

animals continued daily sucrose self-administration until stable self-administration was re-

established; typically, stable self-administration was re-established within 1–2 days.

Experiment 4: Sucrose-triggered reinstatement of sucrose-seeking behavior

Two additional group of rats (n = 11 total) were used to evaluate the effects of fenobam

sulfate on sucrose-induced reinstatement of sucrose-seeking behavior. After stable sucrose

self-administration was achieved, animals underwent extinction training until sucrose-

seeking behavior was extinguished. To determine whether fenobam sulfate pretreatment

inhibits sucrose-seeking behavior, extinguished animals were treated with fenobam sulfate

or vehicle prior to the triggering of reinstatement via 5 non-contingent sucrose deliveries.

The animals were divided into two dose groups. Group 1 (n = 6) randomly received vehicle

or 30 mg/kg of fenobam sulfate and received the matched treatment six days later after two

intervening extinction trials. Group 2 (n = 5) randomly received vehicle or 60 mg/kg of

fenobam sulfate and received the matched treatment six days later after two intervening

extinction trials. Lever presses during the reinstatement tests were recorded, but did not lead

to either sucrose delivery or presentation of the conditioned cue-light and tone.

Experiment 5: Cocaine-primed reinstatement of cocaine-seeking behavior

After the completion of Experiment 1, animals continued cocaine self-administration for at

least 3–5 days until stable self-administration was reestablished. Then, the animals

underwent extinction training, during which cocaine was replaced by saline and the light and

sound cues that previously accompanied cocaine infusions were turned off. After drug-

seeking behavior was extinguished – defined as ≤10 active lever presses during each 3-h

session for at least 3 consecutive days – the animals were divided into three dose groups

(between-subjects design) to evaluate the effects of fenobam sulfate on cocaine-primed

reinstatement of drug-seeking behavior (n = 9–10 per group). On the reinstatement test day,

each group of animals received one dose (0, 30, or 60 mg/kg, p.o.) fenobam sulfate alone or

30 min prior to cocaine priming (10 mg/kg, i.p.). Then, the animals were placed into the

operant chambers that were previously paired with cocaine self-administration.

Reinstatement conditions were identical to those in the extinction sessions, i.e., active lever

presses were recorded without drug infusions or accompanying cues for 3 h. Effects of

fenobam sulfate on drug-seeking or cocaine-induced reinstatement were assessed by

comparing the mean number of active lever presses per test session.

Experiment 6: Contextual cue-induced cocaine seeking

Two additional groups of rats were used in this experiment. One group of rats (n = 32) was

used to evaluate contextual cue-induced incubation of cocaine craving by comparing

extinction responding after 2 or 21 days (n = 16 rats in each subgroup) of withdrawal from

cocaine self-administration. Another group of rats (n = 24) was used to examine the effects
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of fenobam sulfate (0, 30, 60 mg/kg, p.o., 30 min prior to testing) on contextual cue-induced

incubation of cocaine craving (between-subjects design, n = 6–8 each subgroup). On the test

day, rats were placed into the same self-administration chambers in which they were trained,

and cocaine cue-induced drug-seeking behavior (i.e. extinction responding) was assessed

under extinction conditions during which cocaine and cocaine-associated discrete cue light

and tone were unavailable, and lever pressing resulted in no consequences. Each extinction

session lasted 3 hs.

Experiment 7: Effects of fenobam sulfate on locomotor behavior

Finally, to determine whether the reduction in cocaine-taking and cocaine-seeking behavior

was due to nonspecific locomotor impairment or sedative effects, we observed the effects of

the same doses of fenobam sulfate on basal locomotor behavior in a separate group of rats (n

= 8). Before testing, drug-naïve rats were habituated in a locomotor detection chamber

(AccuScan, Columbus, OH, USA) for 1 h each day on two consecutive days. On each

testing day, 1 h basal levels of locomotor activity were recorded prior to vehicle or fenobam

sulfate administration; drug-induced changes in locomotor behavior were recorded for an

additional 3 hs. Each animal was tested three times with different drug doses. The order of

testing for various doses of fenobam sulfate was counterbalanced. The time intervals

between testing were 2–3 days.

Data Analysis

All data are presented as means ± SEM. One-way ANOVA was used to determine the

significance of the changes in reward-taking or reward-seeking behavior after drug

administration. Whenever a significant main effect was found, individual group comparisons

were carried out using pre-planned Bonferroni t-tests. Paired two-tailed t-tests were used to

compare the differences in fenobam sulfate effects on sucrose reinstatement. Unpaired two-

tailed t-tests were used to compare the differences in Cmax and AUC between fenobam free

base and fenobam sulfate treatment groups.

RESULTS

Fenobam sulfate has superior absorption characteristics compared to fenobam free base

Figure 1 illustrates the comparative pharmacokinetic properties of fenobam free base and

fenobam sulfate. Fenobam sulfate had a higher Cmax (Fig. 1a: p < 0.05) and longer average

T1/2 [3.47 ± 2.57 (mean ± SD) versus 0.4 ± 0.15 hrs in female rats (n = 3); 2.27 ± 1.28

versus 1.37 ± 1.77 in male rats (n = 3)] than fenobam free base. Since the T1/2 data shows

large variability across animals, we calculated the AUC of the plasma fenobam

concentrations in each animal and pooled data from male and female rats together to

increase the power for statistical analysis. We found that the AUC values in fenobam sulfate

treated rats were significantly higher than those in fenobam free base treated rats (Fig 1b: p

< 0.01). These data suggest that the sulfate formulation of fenobam has higher oral

bioavailability than fenobam free base.
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Fenobam sulfate inhibits cocaine self-administration

Figure 2 illustrates the effects of fenobam sulfate on cocaine self-administration,

demonstrating that oral administration of fenobam sulfate (30–60 mg/kg) significantly

inhibited cocaine self-administration in a dose-dependent manner (Fig. 2a: F2,10 = 5.36, p <

0.05). Oral administration of fenobam sulfate also significantly reduced active lever

responding in a dose-dependent manner (Fig. 2b: F2,10 = 8.05, p < 0.01). Individual group

comparisons demonstrated that fenobam sulfate, at 60 mg/kg, significantly decreased

cocaine infusions (t = 3.22, p < 0.05) and active lever presses (t = 4.01, p < 0.01). These

effects lasted for less than 24 hrs as cocaine self-administration on the following day

returned to previous stable levels. There were no significant differences in inactive lever

responding across treatments (Fig. 2b).

Figure 2c illustrates that fenobam sulfate, at the same doses (30–60 mg/kg, p.o.),

significantly and dose-dependently inhibited cocaine self-administration maintained by

lower doses of cocaine (0.06, 0.125, 0.25 mg/kg/infusion) and shifted the cocaine dose-

response self-administration curve downward. Two-way ANOVA with two-factor repeated

measures over cocaine and fenobam sulfate doses revealed a significant treatment (vehicle

vs. fenobam) main effect (F2,75 = 10.98, p < 0.01), significant time (cocaine dose) main

effect (F5,75 = 7.69, p < 0.001) and a significant treatment ′ time interaction (F10,75 = 5.95, p

< 0.001). Individual group comparisons revealed a statistically significant reduction in

cocaine self-administration following 30 mg/kg fenobam treatment at cocaine doses of 0.06

(t = 5.98, p < 0.001) and 0.125 mg/kg/infusion cocaine (t = 4.76, p < 0.001) and following

60 mg/kg fenobam treatment at cocaine doses of 0.06 (t = 6.47, p < 0.001), 0.125 (t = 5.11, p

< 0.001), and 0.25 mg/kg/infusion cocaine (t = 2.90, p < 0.05), when compared to the

vehicle control group.

Fenobam sulfate inhibits oral sucrose –taking and sucrose-seeking behavior

Figure 3 illustrates the effects of fenobam sulfate on oral sucrose self-administration.

Systemic administration of fenobam sulfate failed to alter the total number of sucrose

deliveries (Fig. 3a: F2,6 = 1.14, p > 0.05) or the total numbers of active lever presses (Fig.

3b: F2,6 = 1.46, p > 0.05). Although one-way ANOVA revealed a statistically significant

treatment main effect of fenobam on inactive lever responding (Fig. 3b: F2,6 = 4.34, p <

0.05), post-hoc individual group comparisons revealed no significant reduction in inactive

lever responding after 30 mg/kg (t = 2.65, p > 0.05) or 60 mg/kg (t = 2.45, p > 0.05)

fenobam sulfate when compared to vehicle control group.

Since sucrose deliveries were limited to maximal 100 deliveries during 90-min testing and

the majority of animals completed the maximal 100 deliveries in less time, we renormalized

the data to the rate of sucrose deliveries per hour. The normalized data show that systemic

administration of fenobam sulfate significantly and dose-dependently inhibited oral sucrose

self-administration (Fig. 3c: F2,6 = 5.19, p < 0.05). Individual group comparisons revealed a

significant reduction in the rate of sucrose delivery after 60 mg/kg fenobam sulfate (t = 3.14,

p < 0.05).
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Figure 4a shows the effects of fenobam sulfate on reinstatement of sucrose-seeking

behavior. Pretreatment with 60 mg/kg (paired, two-tailed t-test: t = 3.22, p < 0.05), but not

30 mg/kg (t = 0.55, p > 0.05), fenobam sulfate significantly inhibited sucrose-induced

reinstatement of sucrose-seeking behavior. There were no statistically significant variations

in the total inactive lever responses across treatments.

Fenobam sulfate inhibits cocaine-primed reinstatement of cocaine-seeking behavior

Figure 4b illustrates the total number of active and inactive lever presses observed during

the last session of cocaine self-administration, the last session of extinction, and the

reinstatement test session in the three different fenobam sulfate dose groups. A single, non-

contingent cocaine priming dose (10 mg/kg, i.p.) produced robust reinstatement of

extinguished operant responding (i.e., active lever presses) in rats previously reinforced by

i.v. cocaine infusions. One-way ANOVA revealed a statistically significant treatment main

effect of fenobam sulfate (Fig. 4b: F2,25 = 10.23, p < 0.001) on active lever responding.

Bonferroni individual group comparisons revealed a significant reduction in drug-seeking

after 30 mg/kg (t = 3.42, p < 0.01) or 60 mg/kg (t = 4.23, p < 0.001) fenobam sulfate when

compared to vehicle control group. There were no significant differences in inactive lever

responding after any dose of fenobam sulfate pretreatment (Fig. 4b). Fenobam sulfate alone

(60 mg/kg, p.o.) failed to evoke reinstatement of drug-seeking behavior (active lever

responses: 16 ± 4.4 after fenobam sulfate, n=7, versus 21 ± 4.6 after vehicle, n=5, P>0.05).

Fenobam sulfate inhibits contextual cue-induced cocaine-seeking behavior

Figure 5a shows the total numbers of cocaine infusions, active lever responses and inactive

lever responses during the initial 13 days of cocaine self-administration training,

demonstrating that the majority of rats rapidly acquired stable cocaine self-administration

behavior after 2 weeks of training. Fig. 5b illustrates contextual cue-induced incubation of

cocaine craving – a time-dependent increase in cue-induced cocaine-seeking behavior

(active lever responses) after 3 weeks of withdrawal from last cocaine self-administration

compared with only 2 days of withdrawal (Fig. 5b, unpaired, two-tailed t-test: t = 6.12, p <

0.001). There was no significant difference in inactive lever responses after 2 or 21 days of

withdrawal (Fig. 5b). Fig. 5c illustrates the effects of fenobam sulfate on incubation of

cocaine craving. One-way ANOVA revealed a statistically significant treatment main effect

of fenobam sulfate (Fig. 5c: F2,19 = 4.32, p < 0.05) on active lever presses. Individual group

comparisons revealed significantly reduced incubation of cocaine craving after 60 mg/kg

fenobam sulfate (t = 2.94, p < 0.05) when compared to vehicle control group. Pretreatment

with fenobam sulfate did not significantly inhibit inactive lever responding in forced drug-

abstinent rats (Fig. 5c: F2,19 = 1.63, p > 0.05).

Fenobam sulfate does not inhibit locomotion

Figure 6 illustrates locomotor behavior before and after oral fenobam sulfate (30, 60 mg/kg)

administration, demonstrating a lack of an inhibitory effect on locomotor behavior. Two-

way ANOVA for repeated measures over time revealed no statistically significant fenobam

treatment main effect (F2,357 = 2.40, p > 0.05), a significant time main effect (F17,357 =

21.02, p < 0.001) and a significant treatment × time interaction (F34,357 = 1.77, p < 0.01).
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Individual group comparisons revealed a significant increase in locomotion at only the first

10-min time bin after 30 mg/kg fenobam sulfate (t = 4.88, p < 0.001) when compared to

vehicle control group. The significant interaction between time and drug treatment was

driven principally by the initial time-point; excluding the first 30 min after drug

administration, to better match the 30-min fenobam sulfate pretreatment utilized in the self-

administration and reinstatement tests, revealed no statistically significant effect of fenobam

sulfate treatment (F2,294 = 1.85, p > 0.05), a significant effect of time (F17,294 = 1.82, p <

0.05) and no significant interaction between time and drug treatment (F34,294 = 0.89, p >

0.05).

DISCUSSION

The present study evaluated the effects of fenobam sulfate in behavioral models of cocaine

addiction and relapse. We found that oral administration of fenobam sulfate produced

significant inhibitory effects on cocaine self-administration, cocaine-induced reinstatement

of drug-seeking behavior, and contextual cue-induced cocaine seeking. In addition, fenobam

sulfate also significantly inhibited oral sucrose self-administration and sucrose-induced

reinstatement. The present findings, combined with the use of fenobam in human clinical

studies, suggest that fenobam sulfate is a potential candidate for translational development in

the treatment of cocaine addiction.

The behavioral inhibition in the above experiments was unlikely due to nonspecific sedation

or locomotor impairment because fenobam sulfate did not inhibit open field locomotor

activity. Indeed, there was a significant increase in locomotion within 10 min after oral

fenobam sulfate administration. However, we do not think that this increase in locomotion

contributed to the effects on cocaine- or sucrose-driven self-administration and

reinstatement behaviors because the operant behavioral tests began 30 min after fenobam

sulfate administration; no fenobam effect on locomotor activity was detectable after 30

minutes.

Drug addiction is characterized by compulsive drug-taking and drug-seeking behavior after

abstinence (Gawin and Kleber 1986; Satel et al. 1991). Intravenous drug self-administration

is one of the most commonly used animal models for studying a drug’s reinforcing effects

(Panlilio and Goldberg 2007). The present finding that fenobam sulfate significantly inhibits

cocaine self-administration is consistent with previous studies using the prototypic MPEP, in

which it was found that MPEP significantly inhibits cocaine self-administration under fixed-

ratio reinforcement in mice (Chiamulera et al. 2001) or under progressive-ratio

reinforcement in rats (Paterson and Markou 2005), cocaine-induced CPP (Herzig and

Schmidt 2004; McGeehan and Olive 2003), cocaine-induced hyperlocomotion (Herzig and

Schmidt 2004), and cocaine-induced locomotor sensitization (Dravolina et al. 2006). The

neural mechanisms underlying the antagonism of cocaine reward by mGluR5 NAMs are not

fully understood. Several studies suggest that blockade of mGluR5 decreases brain reward

functioning as measured by electrical intracranial self-stimulation (Cleva et al. 2012; Kenny

et al. 2005), suggesting that a diminished rewarding response to cocaine may underlie the

antagonism of cocaine self-administration after mGluR5 blockade.
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Two animal models are commonly used to evaluate drug- or cue-induced relapse to drug-

seeking behavior (Grimm et al. 2001; O’Brien and Gardner 2005). One is drug priming-

induced reinstatement (relapse) of drug-seeking behavior, in which animals are first trained

for cocaine self-administration and then drug-seeking behavior is extinguished in the

absence of cocaine and cocaine-paired cues (light and tone). Rats are then tested for cocaine

priming-induced reinstatement (relapse) of extinguished drug-seeking behavior (O’Brien

and Gardner 2005). The second model is incubation of craving, in which animals are

forcibly withdrawn from cocaine self-administration without behavioral extinction of the

previously-reinforced operant responding. After varying periods of withdrawal time in their

home cages, animals are re-exposed to the environmental context previously paired with

drug self-administration, i.e., the self-administration chambers. Subsequent lever responding

(i.e., extinction responding) leads to no consequence (no drug, no conditioned cues) or to

only conditioned cues (Lu et al. 2004). Strikingly, there is a progressive increase in drug

seeking over duration of withdrawal. Since the time-course of the increase in cocaine

seeking is somewhat similar to that of the expression of psychostimulant sensitization after

withdrawal and that of drug craving in humans during abstinence, it has been termed “cue-

induced incubation of cocaine craving” (Grimm et al. 2001; Lu et al. 2004).

Because fenobam is a selective mGluR5 NAM (Porter et al. 2005), and has had some

success in clinical trials for treatment of anxiety and fragile × syndrome (Friedmann et al.

1980; Pecknold et al. 1982; Berry-Kravis et al. 2009), it is an intriguing candidate for

possible clinical development for the treatment of other neuropsychiatric disorders,

including psychostimulant addiction (Carroll, 2008). However, previous clinical work

utilizing fenobam free base monohydrate was limited by variable bioavailability (Itil et al.

1978; Berry-Kravis et al. 2009). The low water solubility of fenobam free base may have

contributed to its inconsistent absorption profile. Whereas, fenobam sulfate has improved

water solubility that may contribute to its greater overall bioavailability in rats compared to

the free base as measured by Cmax, T1/2 and AUC.

An important finding in the present study is that systemic administration of fenobam sulfate

significantly inhibited cocaine self-administration in a dose-dependent manner. This is

consistent with previous reports using MPEP or MTEP (Kenny et al. 2005; Lee et al. 2005;

Martin-Fardon et al. 2009; Paterson and Markou 2005). To determine whether such a

reduction in drug-taking behavior was due to a reduction in cocaine’s rewarding strength,

we observed the effects of fenobam sulfate on cocaine self-administration dose-response

curve based upon a well-accepted view that a leftward or upward shift of a dose-response

curve is usually interpreted as an increase in pharmacological action, and vice versa

(Hiranita et al., 2009). We found that fenobam sulfate dose-dependently shifted the cocaine

self-administration dose-response curve downward, suggesting a reduction in cocaine’s

rewarding efficacy after mGluR5 blockade. We note that a within-session, not between-

session, multiple-dose cocaine self-administration paradigm was used in the present study

because it is less time-consuming, resource (drugs, animals)-efficient with fewer concerns

about tolerance or sensitization caused by repeated drug administration used in between-

session experiments (Bentzley et al., 2013). The major weaknesses include: 1) the cocaine

dose-response curve observed in a within-session design may not precisely reveal the dose-
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response relationship because brain drug may not be completely cleaned up before the next

cocaine dose testing, which may overlay with those by the subsequent dose injections; and

2) if the time course of the pharmacological action of a tested drug (for example, fenobam)

is short than the duration (3 hrs) of multiple-dose self-administration testing, it may produce

an artifact effect that the tested drug has no effect on higher doses of cocaine tested later in

the paradigm. Given that very low doses (0.125 – 1.0 mg/kg/infusion) of cocaine were used

in self-administration, suggesting that brain cocaine may be rapidly cleaned out after each

testing, and that the pharmacological action of many testing drugs last at least 2–3 hrs, the

within-session multiple-dose of cocaine self-administration paradigm is routinely used in

this field (Mantsch et al., 2007; Hiranita et al., 2009; Song et al., 2012).

In addition, we also found that fenobam sulfate significantly and dose-dependently inhibited

cocaine priming-induced reinstatement of drug-seeking behavior. This is consistent with

previous reports that MPEP (Backstrom and Hyytia 2007; Lee et al. 2005) or MTEP

(Kumaresan et al. 2009; Martin-Fardon et al. 2009; Martin-Fardon and Weiss 2012; Wang et

al. 2012) inhibit cocaine-, cue-, or stress-induced reinstatement of drug-seeking behavior. In

addition, the present study also for the first time demonstrated that blockade of mGluR5s by

fenobam sulfate inhibited contextual cue-induced cocaine seeking in rats, supporting an

important role of mGluR5 in relapse to drug-seeking behavior. The neural mechanisms

underlying these actions are not fully understood. Previous studies suggests that cocaine

priming, footshock stress or re-exposure to cocaine-associated cues evokes glutamate release

within the VTA and NAc (McFarland et al. 2003; Miguens et al. 2008; Wang et al. 2005;

Wang et al. 2007; Xi et al. 2006a; You et al. 2007), which has been shown to play an

important role in relapse to drug-seeking behavior (Kalivas and Volkow 2011; Knackstedt

and Kalivas 2009). Given that mGluR5s are mostly located on postsynaptic cells (Mitrano et

al. 2008; Mitrano and Smith 2007) and co-localized with adenosine A2a, dopamine D2 and

NMDA receptors (Tebano et al. 2005), it is plausible to hypothesize that blockade of

postsynaptic mGluR5 may attenuate cocaine- or cue-induced increases in synaptic glutamate

transmission within the VTA and NAc, therefore inhibiting cocaine- or cue-induced

reinstatement of drug-seeking behavior. More studies are required to test this hypothesis and

other possible mechanisms such as possible interactions between mGluR5 and NMDA or

dopamine D2-like receptors.

In addition to inhibition of cocaine self-administration, fenobam sulfate also inhibited

sucrose self-administration and sucrose-induced reinstatement. This is consistent with

previous reports that MPEP or MTEP decrease food-taking behavior in rats and non-human

primates (Paterson et al. 2005; Platt et al. 2008) and with a recent report that fenobam free

base inhibits food- and sucrose-induced reinstatement of reward-seeking behavior

(Watterson et al. 2013). We note, however, that in the present study fenobam sulfate appears

to be more effective in inhibiting cocaine-taking and cocaine-seeking behavior compared to

sucrose-taking and sucrose-seeking behavior (Figs. 2–4). For example, although fenobam

sulfate (30–60 mg/kg, p.o.) significantly lowered the rate of sucrose delivery per hour, it

failed to alter the total numbers of sucrose deliveries and active/inactive lever presses during

the 90 min testing duration. In addition, fenobam sulfate, at 30 mg/kg, significantly inhibited

cocaine-, but not sucrose-induced reinstatement. At 60 mg/kg, fenobam sulfate produced

more than 80% reduction in cocaine-induced reinstatement, but ~50% reduction in sucrose-
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induced reinstatement. These data suggest that mGluR5 does regulate general appetite

behavior as reported previously (Bradbury et al. 2005). However, within an appropriate

therapeutic dose window, mGluR5 NAMs may selectively decrease cocaine-taking and

cocaine-seeking behavior without significant effects on other appetitive behaviors.

Initially, research into the pharmacology of mGluR5s was focused on the identification and

characterization of competitive glutamate analogs (Schoepp and Conn 1993), but success

was very limited due to a high degree of homology between mGluRs at the orthosteric

glutamate binding site located in a large bi-lobed N-terminal domain. Subsequently,

substantial efforts have been taken to develop noncompetitive mGluR5 antagonists that

target allosteric binding sites (Nicoletti et al. 2011) and demonstrate mGluR subtype

selectivity. SIB–1757 was the first mGluR5-selective antagonist that inhibited glutamate-

induced receptor activation in a non-competitive manner (Varney et al. 1999). Subsequent

lead optimization of SIB–1757 led to the discovery of MPEP, a more potent, systemically

active mGluR5 NAM (Gasparini et al. 1999). Since then, MPEP has served as an important

research tool. However, off-target effects – notably NMDA receptor antagonism

(Movsesyan et al. 2001; O’Leary et al. 2000) – precluded further clinical development

(Lindsley and Emmitte 2009). MTEP is a second generation mGluR5 NAM that is both

structurally and pharmacologically similar to MPEP (Cosford et al. 2003) but without

substantial NMDA receptor activity. However, MTEP was not developed further due to

potent inhibition of cytochrome P450 1A2 and a rapid metabolism (Smith et al. 2004).

Therefore, several groups have explored the MPEP and MTEP pharmacophores in search of

high-affinity mGluR5 ligands (Emmitte 2011; Rocher et al. 2011).

Fenobam is a selective mGluR5 NAM that has been administered to humans. A recent open-

label clinical trial for the treatment of Fragile X Syndrome reported no adverse effects of

fenobam, but some inconsistent measures of efficacy, possibly associated with large inter-

individual variations in reported plasma levels of fenobam following oral administration

(Berry-Kravis et al. 2009). In the present study, a new sulfate salt formulation of fenobam

gave Cmax and AUC values approximately two- to three-fold higher than the free base.

Orally active fenobam sulfate attenuated cocaine self-administration, cocaine-induced

reinstatement of drug-seeking behavior, and cue-induced incubation of cocaine craving in

rats and thus may be more effective than the free base in the clinic.

In summary, the present study reports that fenobam sulfate is efficacious in several

preclinical models of cocaine addiction. Further, as fenobam has previously been approved

for clinical studies, and more recently has been suggested for the treatment of Fragile X

Syndrome and L-DOPA-induced dyskinesias (Berry-Kravis et al. 2009; Rylander et al.

2010), there appears to be significant potential for this new formulation for translational use

as a treatment for cocaine abuse. These preclinical data provide strong support for designing

human studies using fenobam sulfate as the first clinical candidate in this class to treat

cocaine abuse and addiction.
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Figure 1.
Blood fenobam concentrations following oral administration of 30 mg/kg fenobam free base

or fenobam sulfate. (a) Cmax, maximal (peak) plasma concentration, and (b) AUC, Area

Under the Curve of plasma fenobam concentrations over time (all 9 time points within 24

hrs) after oral administration of 30 mg/kg fenobam free base or fenobam sulfate. Free base,

n = 6; sulfate, n = 6. * p < 0.05, ** p < 0.01.
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Figure 2.
Effects of fenobam sulfate on intravenous cocaine self-administration. Oral (p.o)

administration of fenobam sulfate significantly inhibited cocaine self-administration (a) and

active lever responses (b) in rats. Within-subjects design, n = 11. * p < 0.05, ** p < 0.01

compared to vehicle. It also dose-dependently shifted cocaine dose-response self-

administration curve downward (c; vehicle (■), 30 mg/kg (△), 60 mg/kg (○)).Within-

subjects design, n = 6. 30 mg/kg fenobam vs. vehicle: ††† p < 0.001; 60 mg/kg fenobam vs.

vehicle: * p < 0.05, *** p < 0.001.
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Figure 3.
Effects of fenobam sulfate on oral sucrose self-administration. Oral (p.o) administration of

fenobam sulfate failed to alter total numbers of sucrose deliveries (a) and active/inactive

lever presses (b) within 90 min test duration. However, fenobam sulfate significantly

reduced the rate of sucrose self-administration (sucrose deliveries per hour) (c) Within-

subjects design, n = 7. * p < 0.05 compared to vehicle.
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Figure 4.
Effects of fenobam sulfate on sucrose-induced reinstatement of reward-seeking behavior and

cocaine-primed reinstatement of drug-seeking behavior. (a) Two groups of animals (vehicle

and 30 mg/kg, n = 6; vehicle and 60 mg/kg, n = 5) were trained to self-administer sucrose

and then sucrose-taking/-seeking behavior was extinguished. Pretreatment with 60 mg/kg

fenobam sulfate significantly inhibited reinstatement of extinguished sucrose-seeking

behavior following non-contingent sucrose delivery. (b) Three groups of animals (vehicle, n

= 10; 30 mg/kg fenobam sulfate, n = 9; 60 mg/kg fenobam sulfate, n = 9) were trained to

self-administer cocaine and then cocaine-taking/-seeking behavior was extinguished.

Pretreatment with fenobam sulfate (0, 30 or 60 mg/kg, p.o.) dose-dependently inhibited

cocaine-induced reinstatement of extinguished drug-seeking behavior in rats. * p < 0.05, **

p < 0.01, *** p < 0.001, compared to vehicle.
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Figure 5.
Effects of fenobam sulfate on contextual cue-induced incubation of cocaine craving. (a)

Total numbers of cocaine infusions (○), active (■) and inactive lever (△) responses during

initial 13 days of cocaine self-administration training. (b) Extinction responses after 2 or 21

days of withdrawal from cocaine self-administration (n = 16 rats in each subgroup),

illustrating a progressive increase in cue-induced cocaine-seeking (i.e., active lever presses)

over time of withdrawal. (c) Pretreatment with fenobam sulfate (0, 30 or 60 mg/kg, p.o.)

inhibited cue-induced cocaine-seeking behavior. Fenobam sulfate test: vehicle, n = 6; 30

mg/kg, n = 8; 60 mg/kg, n = 8. * p < 0.05, *** p < 0.001.
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Figure 6.
Effects of fenobam sulfate on locomotor activity. Compared to vehicle (■), fenobam sulfate,

at 30 mg/kg (△), but not 60 mg/kg (○), produced a transient increase in locomotion within

the initial 10 min, but not at any other time points following oral drug administration.

Within-subjects design, n = 8. *** p < 0.001 compared to vehicle.
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