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ABSTRACT 

Stimulant abuse is a persistent public health problem with no FDA-approved pharmacotherapy. 

Although monoamine-releasing drugs such as d-amphetamine can decrease cocaine self-

administration in human and animal laboratory studies, their potential for abuse limits clinical 

utility. “Abuse-deterrent” formulations of monoamine releasers such as pro-drugs hold greater 

clinical promise if their abuse potential is, as theorized, lower than that of cocaine. In these 

studies, we determined the reinforcing strength of phendimetrazine (PDM), a pro-drug for the 

amphetamine-like monoamine releaser phenmetrazine; both drugs have been shown to 

decrease cocaine self-administration in laboratory animals. To date, no study has directly 

compared PDM (Schedule III) with cocaine (Schedule II) under progressive-ratio (PR) 

schedules of reinforcement, which are better suited to directly compare reinforcing strength of 

drugs compared to fixed-ratio schedules. Dose-response curves for cocaine (0.001-0.3 mg/kg 

per injection) and PDM (0.1-1.0 mg/kg per injection) were generated in six cocaine-experienced 

male rhesus monkeys during 4-hr sessions with a 20-min limited-hold (LH20). Under these 

conditions, the maximum number of injections was not significantly different between cocaine 

and PDM. The reinforcing strength of doses situated on the peaks of the cocaine and PDM 

dose-effect curves were re-determined with a LH60. The mean number of injections increased 

for both drugs, but not for saline. Cocaine presentations resulted in significantly higher peak 

injections than PDM at LH60, which is consistent with the lower scheduling of PDM. These 

results support PDM as Schedule III and highlight the importance of schedule parameters when 

comparing reinforcing strength of drugs using a PR schedule. 

 

Significance Statement. One strategy for reducing cocaine use is to identify a treatment that 

substitutes for cocaine, but has lower abuse potential. In a rhesus monkey model of drug abuse, 

this study compared the reinforcing strength of cocaine and phendimetrazine, a drug that has 

been shown to decrease cocaine use in some studies.  
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INTRODUCTION 

Substance abuse continues to be a major public health problem, costing >$700 billion annually 

in the United States alone (Volkow and Morales, 2015), with an estimated >5.5 million past-year 

cocaine users, ~1 million of which met the diagnostic criteria for cocaine use disorder (CUD; 

SAMHSA, 2019). No medications are currently approved by the Food and Drug Administration 

for treating CUD. The view that developing an agonist pharmacotherapy to treat CUD will 

significantly improve treatment outcomes is supported by results from treatment of opioid and 

tobacco use disorders (e.g., Cahill et al., 2013; Ayanga et al., 2016). 

 

Agonist pharmacotherapies have pharmacological effects similar to the abused drug and may 

reduce its reinforcing effects and alleviate withdrawal symptoms (Herin et al., 2010; Negus and 

Banks, 2013). One potential limitation of this approach is that the medication itself may have 

abuse potential. Laboratory animal models can provide significant insight in this regard. For 

example, clinical and preclinical studies have consistently demonstrated that d-amphetamine 

reduces the reinforcing and subjective effects of cocaine (e.g. Grabowski et al., 2001; Negus 

and Mello, 2003; Chiodo and Roberts, 2009; Rush et al., 2009; Czoty et al., 2010, 2011, 2016b). 

Clearly, however, the potential of amphetamines as pharmacotherapies for CUD is limited due 

to their high abuse potential (e.g., Kollins, 2008; see Negus and Henningfield, 2015). Thus, 

approaches have been sought that maintain the clinically desirable effects of monoamine 

releasers, but with reduced or absent abuse potential. One alternative is a pro-drug which is 

itself relatively inert if injected or insufflated, but is converted to an active compound after 

administration (Huttunen et al., 2011; Rush and Stoops, 2012). Examples include 

lisdexamfetamine (LDX, Vyvanse®; Pennick, 2010) and phendimetrazine (PDM), which is 

converted in the liver to phenmetrazine (PM), an amphetamine-like releaser of dopamine and 

norepinephrine (Rothman et al., 2002; Negus et al., 2009; Banks et al., 2013b). In laboratory 

animals, PDM has demonstrated characteristics desirable of an agonist pharmacotherapy, 
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including a relatively slow onset and long duration of action, generalization to the discriminative-

stimulus effects of cocaine and, importantly, the ability to reduce cocaine self-administration 

(Negus et al., 2009; Banks et al., 2013a,b,c,d, 2011, 2015; Czoty et al., 2015, 2016a). 

 

Relatively few studies have examined the abuse potential of PDM in laboratory animals. Griffiths 

et al. (1979) studied PDM self-administration under an FR160 schedule in baboons in which a 

3-hour timeout followed each injection and sessions lasted 24 hours. Under these conditions, 

PDM was self-administered and peak injections were similar to cocaine. In contrast, Corwin et 

al. (1987) reported that PDM did not function as a reinforcer under an FR10 schedule of 

reinforcement in monkeys, six of seven of which were experimentally naïve. In that experiment, 

there was no timeout and sessions lasted 2 hours.  

 

Determining that a putative pharmacotherapy for CUD lacks abuse potential is a critical step in 

its path to clinical use. To understand the abuse potential of PDM relative to cocaine, it is 

important to compare PDM and cocaine under identical experimental conditions and appropriate 

schedules of reinforcement (Nader, 2016). In the present study, we assessed the reinforcing 

effects of a range of doses of cocaine and PDM in rhesus monkeys responding under a 

progressive-ratio (PR) schedule of reinforcement. We chose a PR schedule because in addition 

to determining whether or not a drug serves as a reinforcer, a PR schedule can also be used to 

compare the degree to which drugs serve as reinforcers, termed the “reinforcing strength” of the 

drugs. With regard to novel pharmacotherapies for CUD or other abused drugs, this type of 

information is more informative to the process of assigning the drug to a Schedule as required 

under the 1971 Controlled Substances Act than simply knowing whether or not it can function as 

a reinforcer (see Nader, 2016). Moreover, comparing the reinforcing strength of drugs under 

diverse conditions can help to draw conclusions about the influence that schedule of 
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reinforcement and parameters have on results of specific studies. PDM is Schedule III, but has 

never been directly compared with cocaine under PR schedules of reinforcement.  

 

In the present study, we compared self-administration of cocaine and PDM under a PR 

schedule in which the 4-hour session ended when 20 minutes passed without an injection (a 20-

minute limited-hold; LH20). Katz (1990) noted that different PR procedures may not be strictly 

comparable, so we compared the reinforcing strength of doses of both drugs that were situated 

on the peaks of the two dose-effect curves when the LH was increased to 60-min (LH60). This 

manipulation is also of relevance because as a pro-drug, PDM has a longer duration of action 

and thus effects may be more evident when more time is permitted to pass before the session 

terminates.  

 

MATERIALS AND METHODS 
 
Subjects. Six individually housed adult male rhesus monkeys (R-1604, R-1712, R-1717, R-

1741, R-1743, R-1744) were used in these studies. Monkeys weighed between 8 and 12 kg and 

had several years experience self-administering cocaine. Monkeys had unlimited access to 

water in their home cage and received fresh fruit or vegetables, peanuts and primate chow 

(Purina Lab Diet Chow, St Louis, MO) daily. To prevent development of obesity and 

cardiovascular/metabolic problems, monkeys were not fed ad libitum. They were also not 

maintained at a “target weight” set to be an arbitrary percentage below free-feeding weight, 

because the latter can change with age and other factors, and we did not plan to remove 

monkeys from the study for periodic re-determination of free-feeding weights. Instead, monkeys 

were weighed weekly and feed enough food daily (Purina Monkey Chow and fresh fruit and 

vegetables) to maintain a healthy body weight and appearance as determined by daily 

inspection and periodic veterinary examinations. Animal housing and handling and all 

experimental procedures were performed in Laboratory Animals and were approved by the 
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Animal Care and Use Committee of Wake Forest University. Environmental enrichment was 

provided as outlined in the Animal Care and Use Committee of Wake Forest University Non-

Human Primate Environmental Enrichment Plan. 

 

Surgical Procedure.  Each monkey was surgically prepared with a chronic indwelling venous 

catheter into a major vein (femoral, internal or external jugular) and subcutaneous vascular port 

(VAP; Access Technologies, Skokie, IL) using aseptic surgical procedures. Anesthesia was 

induced with ketamine (10 mg/kg i.m.) and maintained with ketamine supplements throughout 

the procedure. The distal end of the catheter was passed subcutaneously to a point slightly off 

the midline of the back, where an incision was made. The end of the catheter was attached to a 

VAP that was placed in a subcutaneous pocket formed by blunt dissection. 

 

Apparatus. Each monkey was fitted with an aluminum collar (Primate Products, Redwood City, 

CA) and trained to sit calmly in a standard primate chair (Primate Products). Before each 

session, the monkey was placed into a primate chair, transported to a separate room and 

placed into a ventilated, sound-attenuating chamber (1.5 x 0.74 x 0.76 m; Med Associates, East 

Fairfield, VT). Inside the chamber two photo-optic switches (5 cm wide) were located on one 

side with a horizontal row of three stimulus lights 14 cm above each switch. One of these 

switches, counterbalanced across monkeys, was used to self-administer drugs. An infusion 

pump (Cole-Palmer, Inc., Chicago, IL) was located on the top of the chamber. Prior to being 

placed in the chamber, the area around each subjects’ port was scrubbed with povidone-iodine 

solution, USP 10%. This solution was wiped off with 70% isopropyl alcohol, and the povidone-

iodine solution was reapplied in a circle, motioning away from the port and sterilized area, it was 

then allowed to sit on the skin for approximately 5 minutes to dry prior to administration of any 

solution. After all self-administration sessions, each monkey’s catheter was flushed with 

heparinized saline (100 U/ml) to prevent clotting. 
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Drug Self-Administration. Daily sessions began at approximately 8:00 a.m. At the start of the 

session, the white light above the drug switch was illuminated and monkeys responded under a 

PR schedule. Under this schedule, emission of 20 responses resulted in the first i.v. injection of 

cocaine, extinguishing of the white light and a 10-sec TO during which the red light was 

illuminated. The response requirement for subsequent injections was determined by the 

equation used by Richardson and Roberts (1996): response requirement = [5 x e(R x 0.2)] x 5, 

where e is the mathematical constant and R is equal to the reinforcer number. For the present 

studies, the first response requirement (20 responses) corresponds to the 8th value given by 

this equation and was followed by 25, 32, 40, 50, 62, 77, 95, 117, 144, 177, 218, 267, 328, 402, 

492, 602, etc. Sessions ended when 20 min elapsed without an injection or the total session 

duration reached 4 hours.  

 

Initially, injections of 0.03 mg/kg per injection cocaine were made available for at least 5 

sessions and until responding was stable (number of injections ± 20% of a 3-day mean with no 

upward or downward trend). Next, dose-effect curves were constructed by substituting saline or 

different doses of cocaine (0.001-0.3 mg/kg per injection) or PDM (0.1-1.0 mg/kg per injection) 

for 0.03 mg/kg per injection until responding stabilized. After evaluating saline and each drug 

dose, responding was again maintained on 0.03 mg/kg/injection cocaine and stability was 

achieved before another drug dose was studied. Cocaine dose-response curves were 

determined first and the order of dose presentation was quasi-random randomized across 

subjects. Prior to studying PDM, saline was substituted for 0.03 mg/kg/injection cocaine. After 

completing the cocaine and PDM dose-response curves, the LH was increased to 60 min and 

the reinforcing effects of saline and doses of cocaine and PDM that were situated at the peak of 

the respective dose-effect curves were re-determined. In some animals, multiple doses were re-

examined under the LH60 condition. 
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Data Analysis. The primary dependent variables were the total number of injections delivered 

and total session time (maximum of 14,400 sec) during availability of saline and each drug 

dose, calculated as the mean of the last three sessions of stable responding. In each subject, a 

dose was defined as reinforcing if the number of injections delivered during its availability fell 

outside the 95% confidence intervals of the mean number of injections delivered during saline 

availability. To compare maximum reinforcing strength across different limited-hold values 

(LH20 vs. LH60), mean injections delivered during availability of saline and the peak reinforcing 

doses of cocaine and PDM were analyzed using a repeated measures two-way ANOVA with 

Drug and LH value as factors, followed by post-hoc Sidak’s multiple comparisons t-tests. Data 

are shown for number of injections received under each drug condition. To examine the impact 

of LH on session time, t-tests were conducted for data obtained with saline and the peak doses 

of cocaine and PDM. In all cases, differences were considered significant when p<0.05. 

 

Drugs. (-)Cocaine HCl was supplied by the National Institutes of Health National Institute on 

Drug Abuse (Bethesda, MD), and dissolved in sterile 0.9% saline. (+)PDM fumarate was 

synthesized at Research Triangle Institute (Research Triangle Park, NC) and dissolved in sterile 

0.9% saline.  

 

RESULTS 

Under the LH20 condition, responding maintained by cocaine and PDM was generally 

characterized as an inverted-U shaped function of dose. Several doses of cocaine and PDM 

resulted in significantly higher number of injections than saline and therefore had reinforcing 

effects in all animals (Fig. 1, open symbols). Cocaine was more potent than PDM in all 

monkeys; the peak number of injections was not different between the two drugs. Under these 

conditions, sessions expired before the maximum session length (14400 sec) was reached 
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(Table 1). Session length was significantly longer when the peak dose of cocaine and PDM 

were studied, compared with saline (p<0.01; Table 1).  

When the peak reinforcing doses of cocaine were re-examined under the LH60 

condition, monkeys self-administered a greater number of injections. When the reinforcing 

strength of PDM doses that were situated on the peak of the LH20 curves were re-determined 

under LH60 conditions (Fig. 1, filled symbols), four monkeys self-administered a greater number 

of injections, whereas the reinforcing strength of that dose did not change in two monkeys. 

When the number of injections of saline and peak doses of cocaine and PDM were compared 

across the LH20 and LH60 conditions (Fig. 2), there was a significant main effect of Drug 

(F2,15=24.37, p<0.001), a main effect of LH value (F1,14=18.77) with no significant interaction. 

Post-hoc comparisons indicated that, as expected, peak injections of both cocaine and PDM 

differed significantly from saline. At LH60, injections of peak doses of cocaine and PDM also 

were significantly different. In addition, post-hoc testing determined that changing the LH from 

20 to 60 min increased the number of self-administered injections of both cocaine and PDM, but 

not saline. Despite the increases in injections, session length was not significantly different 

between LH20 and LH60 for cocaine or PDM (Table 1).  

 

DISCUSSION 
 
A critical step in the FDA approval of any new medication is assessment of its abuse potential; 

this is particularly important for putative treatments for substance use disorders. Pro-drugs, such 

as PDM, that are metabolized to monoamine releasers have been shown to decrease the 

abuse-related effects of cocaine in laboratory animals (Negus et al., 2009; Banks et al., 

2013a,b,c,d, 2011, 2015; Czoty et al., 2015, 2016a). Although the pro-drug strategy is 

considered an “abuse deterrent” approach, a direct assessment of abuse potential remains of 

importance. This is particularly true because PDM has been shown to inhibit the dopamine 
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transporter (Solis et al., 2016) and to share discriminative stimulus effects with cocaine (Banks 

et al., 2013b).  

 

Conflicting conclusions have arisen from the two previous assessments of the abuse potential of 

PDM in monkey models. This may be due, in part to the use of different experimental 

conditions. Griffiths et al. (1979) studied PDM under an FR 160 schedule of reinforcement in 24-

hour sessions in which 3 hours elapsed between injections. PDM functioned as a reinforcer in 

baboons under these conditions. In contrast, PDM did not function as a reinforcer in rhesus 

monkeys under an FR 10 schedule of reinforcement (Corwin et al., 1987). A potentially critical 

difference is that the Corwin et al. study used a much shorter session length (2 hours), with no 

timeout between injections. Thus, the conflicting results might be explained by the fact that, as a 

pro-drug which requires conversion to an active form, a longer session time may be needed for 

the onset of reinforcing effects of PDM. A related point is that neither previous study utilized a 

reinforcement schedule better suited for determining whether PDM had lower abuse potential 

than cocaine (Nader, 2016). The present study was thus designed to compare the reinforcing 

strength of cocaine and PDM under a PR schedule of reinforcement. Our hypothesis, based on 

the results of Griffiths et al. (1979) and Corwin et al. (1987) was that PDM would function as a 

reinforcer, with reinforcing strength lower than cocaine, as would be suggested by it being 

classified as Schedule III.  

 

While the PR schedule is better suited than FR schedules for comparing reinforcing strength of 

drugs, the parameters (e.g., limited hold, session length), can also impact interpretation of PR 

data (Katz, 1990). In the present study, complete dose-response curves were determined when 

the LH was 20 min. Under these conditions, both cocaine and PDM functioned as reinforcers. 

Although cocaine was more potent in all subjects, the maximum reinforcing strength of the two 

drugs was, on average, not different at LH20. It should be noted, however, that a clear 
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difference in maximal effectiveness was observed in two of the six subjects (R-1712 and R-

1741). When we tested the hypothesis that parametric changes would affect outcome, we found 

that increasing the time which was allowed to elapse before the session ended from 20 min to 

60 min resulted in significant increases in the number of self-administered injections of both 

cocaine and PDM (at the dose which was maximally reinforcing at LH20), with no change in the 

number of saline injections delivered. Interestingly, however, the maximum effectiveness of 

cocaine increased to a greater extent that that of PDM, and a significant difference between the 

drugs was observed at LH60. These results highlight the influence that session parameters can 

have on conclusions when the maximum reinforcing strength of two drugs is compared using a 

PR schedule. 

 

The conclusion of the present study that PDM has abuse potential is consistent with that of 

Griffiths et al. (1979), and extends those result to indicate that, at some conditions, peak 

reinforcing effects are similar to those of cocaine. It is also relevant that the present study was 

conducted in rhesus monkeys, confirming that the difference in results of the Griffiths et al. 

(1979) and Corwin et al (1987) studies (which were conducted in baboons and rhesus monkeys, 

respectively) was not due to species differences. One other difference in experimental design 

that should be noted is that in the present study and Griffiths et al. (1979), subjects had 

extensive experience self-administering cocaine, whereas six of eight subjects in the Corwin et 

al (1987) study were experimentally naïve. There is a precedent for dopaminergic drugs to 

function as reinforcers in cocaine-experienced, but not cocaine-naïve monkeys (e.g. Nader and 

Mach, 1996; Lile et al., 2000; Collins and Woods, 2007). 

 

While animal models have shown that PDM can decrease cocaine self-administration (Negus et 

al., 2009; Banks et al., 2013a,b,c,d, 2011, 2015; Czoty et al., 2015, 2016a), human laboratory 

data indicate that although PDM is well tolerated and reduces some subjective effects of 
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cocaine (“stimulant” and “talkative/friendly”), it does not attenuate most of the positive subjective 

effects (e.g., “euphoric,” “high” or “like drug”) or the reinforcing effects of cocaine (Bolin et al. 

2016; Stoops et al. 2019). The clinical implication of these results is that despite the ability to 

reduce cocaine self-administration in laboratory animals, the potential for abuse may limit the 

clinical potential of PDM; our goal was to determine whether that abuse potential was lower than 

cocaine. The present data clearly demonstrate reinforcing effects of PDM. Because plasma 

samples were not collected, whether this is due to reinforcing effects of PDM itself or because 

PDM is rapidly converted to the monoamine releaser phenmetrazine is not clear. However, 

previous results from combined behavioral and pharmacokinetic studies indicate that PDM can 

produce cocaine-like discriminative stimulus effects within 10 min after intramuscular 

administration, when phenmetrazine levels have not yet begun to rise (Banks et al. 2013b). 

Pharmacokinetic data showed that PDM plasma levels were highest at 10 and 30 min, while 

phenmetrazine plasma levels were lowest at those time points. These data suggest that PDM, 

the prodrug, was functioning as a reinforcer in the present study. In addition to this primary 

conclusion, the results highlight the importance of schedule parameters. To fully evaluate the 

reinforcing strength of drugs, parameters should be incorporated that minimize direct effects 

(i.e., rate-decreasing) of self-administered drugs.  
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FIGURE LEGENDS 

Figure 1.  Self-administration of saline, cocaine and PDM in six rhesus monkeys at two 

LH values. Ordinates, available dose. Abscissae, number of injections delivered. Open 

symbols, LH20. Filled symbols, LH60. * indicates the point was outside the 95% confidence 

intervals of the average number of saline injections delivered at the same LH value. 

 

Figure 2. Mean peak number of injections of saline, cocaine and PDM at two LH values. 

Bars represent mean ± SD (n=6). *, p<0.05 compared to saline at same LH. **. P<0.05 within 

drug across LH values, or between drugs within an LH value. Ordinates, limited hold duration. 

Abscissae, peak number of injections delivered for each drug regardless of the dose. 
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TABLE 1. Session length (seconds)¶ when saline and the peak doses of cocaine 

and PDM were studied.  
 
 

 
 
¶ Numbers represent mean ± SD for the last three sessions of that condition; maximum session 

length was 14,400 sec.  
  

LH 20 60 20 60 20 60

R-1712 1264.44 10444.44 7854.71 13258.60 2213.47 9625.00
33.6 482.3 1940.5 291.9 520.6 3271.2

R-1741 1245.00 3727.00 4438.00 5459.00 2937.00 5494.33
356.8 14.0 355.8 804.2 338.2 836.5

R-1744 1778.00 7520.00 3539.33 9761.00 3359.33 11573.00
640.0 5961.9 527.4 4079.4 507.7 3763.6

R-1743 1913.89 7751.11 7050.82 13498.53 3322.42 9712.40
1265.5 2535.7 1003.5 265.9 584.6 3253.6

R-1717 1730.67 5065.00 2333.33 5500.67 2693.67 6707.00
472.0 902.8 219.2 894.9 650.0 635.7

R-1604 1189.67 3659.67 4314.00 10187.00 4372.67 6764.00
501.7 103.3 64.1 2018.2 336.5 1508.4

Mean 1520.28 6361.20 4921.70 9610.80 3149.76 8312.62
SEM 143.69 1197.75 945.51 1586.27 328.58 1043.66

Saline Cocaine PDM
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