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Abstract Rationale: The phenomenon of sensitization has been theoretically implicated in mediating various aspects of drug addiction. Recent dose-response studies demonstrated that pretreatment with the putative antiaddictive agent, ibogaine (IBO), and a synthetic iboga alkaloid congener, 18-methoxycoronaridine (18-MC), increase the potency of cocaine to elicit behavioral sensitization, an effect proposed to contribute, in part, to their ability to attenuate drug self-administration. Objectives: As abuse of the methylated amphetamine derivative, methamphetamine (METH), is a growing public health concern, the present study determined the interactions between IBO and 18-MC and the expression of METHinduced behavioral sensitization. Methods: The effects of pretreatment with 18-MC (40 mg/kg, IP, 19 h earlier) on the expression of METH-induced locomotion (0, 0.25, 0.5, 1 and 2 mg/kg, IP) and the effects of pretreatment with either IBO or 18-MC on the expression of METH-induced stereotypy (2 and 4 mg/kg, IP) were assessed in rats treated chronically with either METH (4 mg/kg daily for 7 days) or saline. Results: Compared to vehicle-pretreated controls, 18-MC produced an overall enhancement in METH-induced locomotion in rats treated chronically, but not acutely, with METH. In addition, both iboga agents increased the stereotypic response to METH. Conclusions: Iboga agents augment both the locomotor and stereotypic effects of METH in a manner consistent with previous reports for cocaine. Thus, it appears that iboga agents interact in a similar manner with the neural mechanisms mediating motor hyperactivity induced by the chronic administration of stimulant drugs.
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Introduction The repeated, intermittent, passive administration of many addictive substances (including cocaine, the amphetamines, ethanol, nicotine, morphine and heroin) can induce a progressive increase in, or sensitization of, certain behavioral effects of these drugs in laboratory rodents (for reviews, see Robinson and Berridge 1986; Kalivas and Stewart 1991; Kalivas et al. 1993; Stewart and Badiani 1993). Well-characterized changes in behavior include increases in locomotor hyperactivity, sniffing, gnawing, licking, paw nibbling, climbing, and rearing (e.g., Segal and Schuckit 1983; Robinson and Becker 1986; Kalivas et al. 1988; Mattingly and Gotsick 1989). Some current theories of drug addiction argue that the cellular neuroadaptations mediating behavioral sensitization are relevant to certain aspects of psychomotor stimulant addiction, for example, craving and psychosis (for discussions, see Robinson and Becker 1986; Robinson and Berridge 1993; Kalivas et al. 1998). The repeated self-administration of addictive substances (including psychomotor stimulants and opiates) by laboratory rodents can induce the expression of sensitization of drug-induced locomotor hyperactivity (Schenk and Partridge 1997; DeVries et al. 1998; Vezina et al. 1999). In addition, the repeated self-administration of amphetamine can induce sensitization of extracellular levels of dopamine in the nucleus accumbens (Lorrain et al. 1999), which is implicated in mediating the augmented incentive motivational/rewarding effects of drugs of abuse in drug addiction (for discussion, see Robinson and Berridge 1993). Recently, Deroche et al. (1999) demonstrated that rats with 29 versus 6 cocaine selfadministration sessions exhibited both a higher responsiveness to cocaine-induced reinstatement of bar-pressing behavior and a shorter latency to reach a goal box in which they received passive cocaine injections. These
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data were interpreted to indicate that rats with a longer history of cocaine self-administration exhibited sensitized motivation towards subsequent cocaine, compared to rats with a shorter cocaine self-administration history (Deroche et al. 1999). These effects were inversely proportional to the subsequent dose of cocaine administered, supporting clinical observations that the positive reinforcing effects of cocaine are inversely related to cocaine dose (Cohen 1973; Gold and Bowers 1978). The subjective effects of drugs abuse contribute significantly to their initial use and the maintenance of their administration (Jaffe 1992; de Wit 1998). In support of sensitization theories, clinical evidence indicates that, compared to less experienced drug users or drug-naive individuals, drug addicts have augmented sensitivity to both the positive (Grant et al. 1996; Breiter et al. 1997; Liguori et al. 1997) and negative (Ellinwood 1968; Angrist 1983) reinforcing effects of psychomotor stimulant drugs. Consistent with this are reports of enhanced brain activity in regions innervated by the mesolimbic dopamine system, including the frontal cortex (Alper et al. 1999) and the amygdala (Childress et al. 1999) in cocaine addicts. Given the evidence implicating the phenomenon of sensitization in the mediation of the addictive and psychotogenic properties of drugs of abuse, a series of experiments conducted by this laboratory have focused on characterizing the effects of pretreatment with the potential “anti-addictive” drugs, ibogaine (IBO; see Glick and Maisonneuve 1998; Popik and Skolnick 1999 for reviews), and a synthetic IBO derivative, 18-methoxycoronaridine (18-MC; see Glick et al. 1999, 2000 for reviews), on the expression of sensitization produced by several drugs of abuse. An early study demonstrated that IBO produced differential effects on the expression of amphetamine-induced locomotion, depending on the previous amphetamine history of the animal; IBO increased the acute locomotor response to amphetamine but attenuated the locomotor response to amphetamine in chronic amphetamine-treated male rats (Blackburn and Szumlinski 1997). As this finding was consistent with an IBO-induced decrease in morphine-induced locomotion in rats with prior morphine history (Pearl et al. 1995), it was postulated that IBO pretreatment reversed or reset the neuroadaptations underlying the expression of behavioral enhancement produced by the chronic administration of drugs of abuse (Blackburn and Szumlinski 1997). However, a recent study demonstrated that IBO enhances the expression of cocaine-induced locomotor sensitization (Szumlinski et al. 1999a) and this reflects a shift in the inverted U-shaped dose-effect curve for cocaineinduced locomotion to the left of vehicle (VEH) controls (Szumlinski et al. 1999b). Consistent with this, 18-MC was also found to augment the expression of cocaineinduced locomotion in female rats treated either acutely or chronically with cocaine (Szumlinski et al. 2000c). Both IBO and 18-MC enhance the stereotypy following acute or chronic cocaine administration (Szumlinski et al. 1999c). In combination, the results of these cocaine studies indicated that iboga agents increase an animal’s



sensitivity to the behavioral-activating and sensitizing effects of cocaine. As the expression of stimulant-induced stereotypic behaviors can be physically incompatible with locomotion (e.g., Glick 1972), the possibility existed that previous results (Blackburn and Szumlinski 1997) reflected an increase in the intensity of the behavioral effects of chronic amphetamine, rather than a reversal of these effects. As the methylated amphetamine derivative, methamphetamine (METH), produces virtually identical effects on motor behavior as does its parent compound (e.g., Kuczenski et al. 1995), the present study addressed this possibility by examining the effects of 18-MC pretreatment on the expression of locomotion induced by METH, in rats treated chronically with either saline (SAL) or METH. To determine whether the decrease in locomotion observed in past (Blackburn and Szumlinski 1997) and present studies reflected a relative increase in the stereotypic response to amphetamines, the effects of pretreatment with both IBO and 18-MC on the expression of METH-induced stereotypy were also determined.



Materials and methods Subjects Consistent with previous locomotor studies (Szumlinski et al. 1999b), female Sprague-Dawley rats (Taconic, Germantown, N.Y., USA), weighing 200–250 g at the beginning of the experiment, were housed in groups of four and allowed free access to food and water. In all, 120 rats were used in the locomotor study (n=6) and 48 rats were used in each stereotypy study (n=6). The animals were maintained on a 12-h light cycle (lights on at 0700 hours) in a room carefully controlled for heat (25°C) and humidity (25%). All testing began at approximately 1000 hours. For all animal experiments, the “Principles of laboratory animal care” (NIH publication No. 85-23, revised 1985) were followed. Apparatus Locomotion was studied in opaque, cylindrical (60 cm) photocell activity cages with three intersecting light beams. The photocells were located equidistantly from each other around the circumference of the cage, 3 cm above the floor. Each time a light beam was broken a single activity count was recorded by a 386 PC computer with Med Associates software. Stereotypy was observed in clear, ventilated, cylindrical (30 cm) Plexiglas cages with wire mesh floors. Clear Plexiglas lids were placed on top of the cages to prevent escape of the animals during the injection sessions. Drugs Methamphetamine hydrochloride (METH; Sigma Chemical Co.) was dissolved in saline (SAL) and injected IP at a volume of 1.0 ml/kg. In both the locomotor and stereotypy experiments 4 mg/kg METH was used for chronic treatment. For the locomotor study, test doses were 0, 0.25, 0.5, 1.0 and 2.0 mg/kg (n=6). For the stereotypy studies, 2.0 and 4.0 mg/kg METH was used (n=6). Ibogaine hydrochloride (IBO; 40 mg/kg; Sigma Chemical Co.) was dissolved in MilliQ water and (+/−) 18-methoxycoronaridine hydrochloride (18-MC; 40 mg/kg; Albany Molecular Research Inc., Albany, N.Y., USA) was dissolved in a 0.01 M NaPO4 buffer (pH=6). Both iboga compounds and their vehicles (VEH) were injected IP at a volume of 2.0 ml/kg.



236 Table 1 Summary of the design and procedures of the locomotor and stereotypy experiments in this study. In all, 120 rats were tested in the locomotor activity study. In both the IBO and 18-MC stereotypy studies, 48 rats were used



Experiment



Chronic treatment



Pretreatment (19 h prior to test)



Doses of METH tested (mg/kg)



Locomotor activity (n=120)



4.0 mg/kg METH (n=60)



VEH (n=30) 40.0 mg/kg 18-MC (n=30)



0.0, 0.25, 0.5, 1.0 & 2.0 (n=6)



SAL (n=60)



VEH (n=30) 40.0 mg/kg 18-MC (n=30)



4.0 mg/kg METH (n=24)



VEH (n=12) 40.0 mg/kg IBO (n=12)



SAL (n=24)



VEH (n=12) 40.0 mg/kg IBO (n=12)



4.0 mg/kg METH (n=24)



VEH (n=12) 40.0 mg/kg 18-MC (n=12)



SAL (n=24)



VEH (n=12) 40.0 mg/kg 18-MC (n=12)



Stereotypy (n=48 for each study)



Table 2 For the measurement of METH-induced general stereotypy, rats were given a single score for each 15-s interval according to the following behavioral rating scale [adapted from Creese and Iversen (1972)]. For the measurement of METH-induced repetitive head movements, rats were given a single score for each 15-s interval according to the following behavioral rating scale [adapted from Ujike et al. (1992)]



Score



2.0 & 4.0 (n=6)



Behavior(s) observed



General stereotypy 0 Asleep or still 1 Hyperlocomotion with normal exploration and normal pattern of sniffing 2 Hyperlocomotion with repetitive exploratory behavior, rearing or increased rate of sniffing 3 Discontinuous sniffing with periodic locomotor activity 4 Continuous compulsive sniffing without locomotion Repetitive head movements 0 No head movement 1 Normal head movement associated with normal exploration 2 Increased rate of head movement associated with hyperactivity 3 Discontinuous repetitive and stereotyped up-down head movement 4 Continuous stereotyped head movement with occasional breaks 5 Continuous and intense stereotyped head movement in one location



Design and procedure Table 1 outlines the design and procedures used in the present study. In brief, rats received daily injections of either METH or SAL for 7 consecutive days. Behavior was monitored each day for 2 h either in activity cages (locomotor study) or manually by an experimenter (stereotypy studies). For the locomotor activity study, cumulative data were collected in 10-min bins by a computer; for the stereotypy studies, behavior was scored for 30 s, every 20 min following the chronic treatment/test injection or every 15 min following SAL injection). Prior to each chronic treatment injection, animals were injected with SAL and habituated to their respective testing cages for 30 min. Following the seventh chronic treatment injection, animals were withdrawn from chronic treatment for 1 week. On the last day of withdrawal, rats in each of the experiments were randomly assigned to receive a pretreatment injection of either an iboga agent or VEH. In a manner consistent with previous locomotor studies (see Szumlinski et al. 1999b), rats



received a pretreatment injection of IBO, 18-MC (both at 40 mg/kg) or VEH and then, 19 h later, were randomly assigned to test groups that received their respective test dose of METH. Behavior was monitored for 2 h. Behavioral scoring Two behavioral rating scales were employed in the monitoring of stereotypic behavior (see Table 2). The first rated general stereotypy (GS) (Creese and Iversen 1972) and the second rated repetitive head movements (RHM) (Ujike et al. 1992). On every second injection day (i.e., injections 1, 3, 5 and 7), rats were observed for 15 s, at repeated intervals, beginning immediately following injection until the completion of the session. Observations were made either every 15 min for habituation sessions (total of three observation periods) or every 20 min for METH injection sessions (total of seven observation periods for chronic treatment and test



237 days). Rats were given a single score for each 15-s observation period. The observer was blind to the pretreatment of the animals on test days. Statistical analysis Data were examined for main effects by analysis of variance (ANOVA) for Chronic treatment (METH versus SAL), Injection number (1–7), Pretreatment (IBO, 18-MC or VEH), Time (twelve 10-min bins or seven 20-min bins), and Test dose (0, 0.25, 0.5, 1.0, 2.0 or 4.0 mg/kg METH). If there were significant effects, the data were decomposed and Duncan multiple range post-hoc tests were performed (Statistica).



Results Chronic METH induced locomotor sensitization As depicted in Fig. 1 (top), the responses of both chronic treatment groups to repeated SAL habituated across the 30-min SAL sessions [F(Injection number)6,708=92.84, P


Fig. 1 Top: total locomotor activity of animals during the 30-min habituation sessions conducted prior to each chronic treatment session. Bottom: effects of daily chronic treatment with either SAL (squares) or 4.0 mg/kg METH (circles) on the total locomotor activity of the animals during each 2-h injection session. Each point represents the mean total number of photocell beam breaks (±SEM) of 60 rats. *P


Fig. 2 Top: effects of pretreatment (18.5 h earlier) with 18-MC (40 mg/kg IP) or VEH on the total locomotor activity expressed by rats treated chronically with either SAL or METH (7× 4.0 mg/kg) during the 30-min habituation sessions preceding the METH test. Each bar represents the mean total number of photocell beam breaks (±SEM) of 30 rats. Middle and bottom: effects of pretreatment (19 h earlier) with 18-MC (40 mg/kg, IP; solid) or VEH (open) on the total locomotor activity expressed by rats treated chronically with either SAL (middle) or METH (7× 4.0 mg/kg; bottom) in response to a challenge injection of METH (0.0, 0.25, 0.5, 1.0 and 2.0 mg/kg) during the 2-h test session. For middle and bottom, each point represents the mean total number of photocell beam breaks (±SEM) of six rats. *P


As depicted in Fig. 2 (top), rats chronically treated with METH displayed higher levels of locomotor activity to the SAL injection during the 30-min pretest habituation period, compared to chronic SAL-treated rats [F(Chronic treatment)1,116=82.82, P
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Fig. 3 Effect of pretreatment with 18-MC (40 mg/kg, 19 h earlier; solid) or VEH (open) on the time course of locomotor activity in response to the lowest and highest test doses of METH (0.25 and 2.0 mg/kg, respectively) in rats chronically treated with either SAL (squares) or METH (7×4.0 mg/kg; circles) during the 2-h test session. Each data point represents the mean number of photocell beam breaks of six rats at the indicated times after METH injection. Error bars are omitted for clarity. *P


Fig. 4 Effects of daily chronic treatment with either saline (squares) or 4 mg/kg METH (circles) on the time courses of RHM expressed by rats on injection 1 of chronic treatment (open) versus injection 7 of chronic treatment (closed). Each point represents the mean total stereotypy score of 72 rats. Error bars were omitted for clarity. *P


for METH-induced locomotion in chronic METH rats, compared to SAL rats [F(Chronic treatment)1,50=10.18, P


Chronic METH-induced sensitization of stereotypy Virtually identical results were observed for both the measures of general stereotypy (GS) and repetitive head movements (RHM) in the two experiments. Thus, the results of the statistical analyses of both measures are presented in the text, but only the data for RHM are presented in graphic form. The expression of spontaneous GS and spontaneous RHM habituated across chronic treatment in both the IBO and 18-MC experiments (data not shown) [for GS: IBO, F(Injection number)3,132=42.42, P
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Fig. 5 Effects of pretreatment (19 h earlier) with either IBO or 18MC (40 mg/kg, IP) (left and right of each graph, respectively) on the total scores for repetitive head movements (RHM) in response to a challenge injection of either 2.0 or 4.0 mg/kg METH (top and bottom, respectively) during the 2-h test session. Each bar represents the mean total score for RHM (±SEM) of six rats. *P


6,264=6.52, P


P=0.31; 18-MC, F(Chronic treatment)1,20, P=0.62; for RHM: IBO, F(Chronic treatment)1,18, P=0.55; 18-MC, F(Chronic treatment)1,20, P=0.09]. Pretreatment with either iboga agent increased the total scores for GS and RHM in response to 2.0 mg/kg test dose only [for GS: IBO, F(Pretreatment)1,38=22.20, P


Discussion Consistent with previous studies of the effects of iboga agents on cocaine-induced locomotion (e.g., Maisonneuve and Glick 1992; Szumlinski et al. 1999a, 1999b, 2000b, 2000c), pretreatment with the novel, synthetic iboga alkaloid, 18-MC (40 mg/kg, 19 h earlier), enhanced the expression of locomotor activity in response to the methylated amphetamine derivative, METH, in rats sensitized by repeated METH administration. Compared to sensitized VEH controls, 18-MC enhanced the locomotor response to lower METH doses and attenuated the locomotor response to higher METH doses. This enhancement by pretreatment with 18-MC was not observed in rats treated acutely with METH. Also consistent with previous cocaine studies (e.g., Szumlinski et al. 1999a, 2000c), 18MC selectively altered the time course of locomotor activity in rats treated repeatedly with METH, further indicating that the effects of iboga agents on both the locomotoractivating and locomotor-inhibiting effects of stimulants are greater in rats with previous stimulant history. Consistent with the hypothesis that iboga agents produce a general enhancement of the behavioral-activating and/or sensitizing effects of amphetamines, pretreatment with both IBO and 18-MC (both at 40 mg/ kg, 19 h earlier) augmented the stereotypy induced by a high dose of METH (2.0 mg/kg) in both acute and chronic METH-treated rats. Thus, the present results indicate that the locomotor-attenuating effects of iboga pretreatment observed at higher doses of amphetamines in rats chronically treated with amphetamines (Blackburn and Szumlinski 1997; present study) are attributable to the induction of maximal levels of stereotypic behavior and not a selective attenuation of amphetamine-induced behavior in chronic amphetaminetreated rats.
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The present study extends previous indications that the effects of iboga agents on stimulant-induced behavioral sensitization (Szumlinski et al. 1999a, 1999b, 1999c, 2000b, 2000c) can be dissociated from their ability to decrease the self-administration of stimulants (e.g., Cappendijk and Dzoljic 1993; Glick et al. 1994, 1996a, 1996b). We suggested previously (e.g., Maisonneuve and Glick 1992; Szumlinski et al. 1999b) that the “antiaddictive” effects of iboga agents with respect to stimulant self-administration may be related to their ability to increase sensitivity to the behavioral and perhaps, psychotogenic (Cohen 1972; Gold and Bowers 1978), properties of stimulant drugs. Although it is clear from both past and present studies that iboga pretreatment augments the stereotypic effects of stimulant drugs, this effect cannot account entirely for the effects of these compounds on drug self-administration behavior; iboga pretreated animals still respond for stimulants in selfadministration paradigms, but do so more infrequently than controls (e.g., Glick and Maisonneuve 1998). Secondly, the results of microdialysis studies conducted in our laboratory (Pearl et al. 1996; Szumlinski et al. 2000a, 2000b, 2000c) demonstrate that iboga agents consistently reverse the expression of sensitized extracellular levels of dopamine in the nucleus accumbens. These data contradict our increased sensitivity hypothesis as the sensitization of accumbal dopamine transmission is putatively implicated in mediating the psychotogenic effects of stimulant drugs (e.g., Robinson and Becker 1986). Given the putative role for accumbal dopamine in mediating the rewarding/incentive motivational effects of drugs (Fibiger and Phillips 1986; Wise and Bozarth 1987; Koob 1992; Kalivas et al. 1993; Robinson and Berridge 1993; Berridge and Robinson 1998), we suggest, instead, that iboga agents exert their effects on drug self-administration by reversing the enhanced incentive motivation to self-administer drugs produced by chronic drug administration. In support of this hypothesis, a recent morphine self-administration study demonstrated that 18-MC pretreatment shifts the dose-response function for morphine self-administration downwards, indicating that 18-MC can decrease the reinforcing efficacy of morphine in self-administering rats (Maisonneuve and Glick 1999). In conclusion, pretreatment with the synthetic iboga alkaloid congener, 18-MC, decreases the latency to onset of the locomotor-activating effects of METH, an effect that is greater in rats with previous METH experience. 18-MC pretreatment also decreases the latency to onset and increases the duration of the attenuating effects of METH on locomotion. This effect is attributed to an enhancement of METH-induced stereotypy. These results demonstrate that iboga pretreatment increases sensitivity to the behavioral effects of an amphetamine in rats treated chronically or acutely with an amphetamine, extending previous results with another psychomotor stimulant and drug of abuse, cocaine. Acknowledgements This study was supported by NIDA grant DA 03817.
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