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Abstract

Chronic treatment with the monoamine releaser d-amphetamine has been consistently shown to
decrease cocaine self-administration in laboratory studies and clinical trials. However, the abuse
potential of dcamphetamine is an obstacle to widespread clinical use. Approaches are needed that
exploit the efficacy of the agonist approach but avoid the abuse potential associated with dopamine
releasers. The present study assessed the effectiveness of chronic oral administration of
phendimetrazine (PDM), a pro-drug for the monoamine releaser phenmetrazine, to decrease
cocaine self-administration in four rhesus monkeys. Each day, monkeys pressed a lever to receive
food pellets under a 50-response fixed-ratio schedule of reinforcement and self-administered
cocaine (0.005-0.56 mg/kg per injection, i.v.) under a progressive-ratio (PR) schedule in the
evening. After completing a cocaine self-administration dose-response curve, sessions were
suspended and PDM was administered (1.0-9.0 mg/kg, p.o., b.i.d.). Cocaine self-administration
was assessed using the PR schedule once every 7 days while food-maintained responding was
studied daily. When a persistent decrease in self-administration was observed, the cocaine dose-
effect curve was re-determined. Daily PDM treatment decreased cocaine self-administration by
30-90% across monkeys for at least 4 weeks. In two monkeys, effects were completely selective
for cocaine. Tolerance developed to initial decreases in food-maintained the third monkey, and in
the fourth fluctuations were observed that were lower in magnitude than effects on cocaine self-
administration. Cocaine dose-effect curves were shifted down and/or rightward in three monkeys.
These data provide further support for the use of agonist medications for cocaine abuse, and
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indicate that the promising effects of d-amphetamine extend to a more clinically viable
pharmacotherapy.

Keywords

agonist medication; medication development; pharmacotherapy; phendimetrazine; phenmetrazine;
rhesus monkey

Cocaine abuse persists as a major public health problem for which no pharmacotherapy has
proven to be sufficiently effective (Haile and Kosten, 2014). The success of methadone and
nicotine replacement therapies in the treatment of opiate and nicotine addiction, respectively,
has encouraged efforts to develop an indirect dopamine agonist medication to treat stimulant
abuse (Grabowski et al., 2004a; Herin et al., 2010). Chronic treatment with g~amphetamine
decreased cocaine self-administration in laboratory animals under several conditions,
including progressive-ratio (PR) and second-order schedules of reinforcement, as well as
food-cocaine choice procedures (Negus, 2003; Negus and Mello, 2003a,b; Chiodo et al.,
2009; Chiodo and Roberts, 2009; Czoty et al., 2010, 2011; Thomsen 2013). Moreover,
clinical studies have supported the safety and efficacy of amphetamine and its analogs as a
treatment for cocaine use disorders, including multiple double-blind, placebo-controlled
studies (Grabowski et al., 2001, 2004b; Shearer et al., 2003; Mooney et al., 2009; Levin et
al., 2015).

Although ample evidence has accumulated for the suitability of c~amphetamine as a
medication for substance use disorders, there are several obstacles to widespread clinical use
of atamphetamine and other monoamine-releasing drugs (cf. Negus and Henningfield,
2015). For example, their high abuse potential and corresponding Schedule Il status presents
a formidable barrier to clinical use, particularly in individuals with substance use disorders
(e.g., Kollins, 2008). Moreover, although drugs that release dopamine and/or norepinephrine
are currently clinically available to treat such disorders as attention-deficit hyperactivity
disorder and narcolepsy and as appetite suppressants, development and evaluation of specific
products remains to be conducted. Thus, to achieve FDA approval of a novel product,
considerable work may be required which would involve an as-yet unidentified sponsor (cf.
Negus and Henningfield, 2015).

One alternative to a novel rapid-acting monoamine releaser is a pro-drug which is itself
relatively inert if injected or insufflated, but is converted to an active amphetamine-like
compound when taken orally (Huttune et al., 2011; Rush and Stoops, 2012). One example,
lisdexamfetamine (LDX, Vyvanse®), is a pro-drug that is converted to amphetamine in
erythrocytes after oral ingestion (Pennick, 2010). In preclinical studies, LDX has
demonstrated characteristics desirable of an agonist pharmacotherapy, including a relatively
slow onset and long duration of action, a lack of reinforcing effects, generalization to the
discriminative-stimulus effects of cocaine and the ability to reduce cocaine self-
administration (Heal et al., 2013; Banks et al., 2015). Moreover, a recent retrospective
analysis of data from U.S. poison centers indicated that exposure to supra-therapeutic doses
of LDX was associated with fewer serious adverse outcomes than exposure to high doses of
sustained- or immediate-release a-amphetamine (Kaland and Klein-Schwartz, 2015).
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Importantly, although a recent clinical study did not find statistically significant differences
between LDX and placebo, a secondary analysis of those that completed the trial indicated
that LDX significantly decreased craving and lowered rates of cocaine use (Mooney et al.,
2015). The authors noted that this was a proof-of-concept that was limited in the maximum
doses that could be used and suggested that higher doses should be explored in future
studies.

Another alternative to a-amphetamine itself is phendimetrazine (PDM), available clinically
as an anorectic for over 50 years (Cass, 1961). Unlike d-amphetamine and LDX, which are
designated Schedule 11 drugs by the US Drug Enforcement Administration, PDM is
categorized as Schedule 111 due to its lower abuse liability in humans and lack of reinforcing
effects in laboratory animals under most conditions (Jain et al., 1979; Corwin et al., 1987).
After oral administration PDM 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). Preclinical studies have demonstrated that the metabolite PM
shares discriminative-stimulus effects with cocaine (Negus et al., 2009; Banks et al., 2011)
and can decrease cocaine self-administration in rats and monkeys, as well as cocaine-primed
reinstatement in rats, at doses that do not alter food-maintained responding (e.g., Negus et
al., 2009; Banks et al., 2013d; Czoty et al., 2015). Orderly pharmacokinetics and behavioral
effects have been observed over several weeks of repeated administration of the pro-drug
PDM (Banks et al., 20133, b, ¢), indicating a sustained conversion of PDM to PM. In the
only study to examine effects of administering the pro-drug itself on cocaine self-
administration, 14 days of treatment with PDM was shown to decrease choice of cocaine in
the context of concurrently available food reinforcement (Banks et al., 2013b).

The present study was designed to further characterize the effects of chronic PDM treatment
on cocaine self-administration in rhesus monkeys using a procedure deemed to better reflect
the clinical experience in several ways (see Czoty et al., 2011). Briefly, features of the model
include: (1) suspension of cocaine access during drug administration to model a treatment
scenario in which an addict is able to refrain from using cocaine during an initial brief
period; (2) assessment of cocaine self-administration weekly rather than daily, permitting
seven consecutive days of PDM treatment in the absence of cocaine; (3) daily monitoring of
food-reinforced responding to identify drug effects that could indicate a likelihood of side
effects in a clinical population; (4) individual-subject adjustment of PDM treatment based on
the presence or absence of an effect on cocaine-reinforced responding, rather than a group
design in which all monkeys received the same PDM doses for predetermined lengths of
time; (5) the use of the use of cocaine-experienced (versus drug-naive) subjects and (6) the
use of a PR schedule to measure the reinforcing strength of cocaine rather than fixed-ratio
(FR), fixed-interval or second-order schedules of reinforcement that assess the presence/
absence of reinforcing effects. In general, data generated using this paradigm have shown
good concordance with the results of clinical trials for several drugs including &
amphetamine, methylphenidate, varenicline and mecamylamine (Czoty et al., 2011, 2013;
Gould et al., 2011). In addition, weekly blood samples were collected to provide an
indication of circulating PM concentrations necessary to produce behavioral effects.
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1.0. Experimental procedures

1.1. Subjects and Apparatus

Subjects were four adult male rhesus monkeys (Macaca mulatta), each prepared with a
chronic indwelling venous catheter and subcutaneous vascular access port (Access
Technologies, Skokie, IL) as described previously (Czoty et al. 2010). Two subjects (R-1714
and R-1610) had approximately nine months of experience self-administering cocaine at the
outset of the present study and two subjects (R-1550 and R-1552) had self-administered
cocaine for over three years. Monkeys were housed individually in sound-attenuating
chambers (0.91 x 0.91 x 0.91 m; Plas Labs, Lansing, MI). The front wall of each cubicle
was constructed of Plexiglas to allow the monkey visual access to the laboratory. Each
cubicle was equipped with two response levers (BRS/LVE, Beltsville, MD). Four stimulus
lights, alternating white and red, were located in a horizontal row above each lever. A
receptacle located between the levers was connected via Tygon tubing to a pellet dispenser
located outside the chamber for response-contingent delivery of food pellets. Each animal
was fitted with a stainless-steel restraint harness and spring arm (Restorations Unlimited,
Chicago, IL) that attached to the rear of the cubicle. A peristaltic infusion pump (Cole-
Parmer Instrument Co., Vernon Hills, IL) was located on the top of the chamber for
delivering injections at a rate of approximately 1.5 ml/10 sec. Monkeys received fresh fruit,
peanuts and vegetables several days per week and water was available ad /ibitum. Animal
housing and handling and all experimental procedures were performed in accordance with
the 2011 National Research Council Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research and were approved by the 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.

1.2. Food-reinforced responding

Monkeys were trained under a 50-response fixed-ratio (FR 50) schedule. Under this
schedule, white stimulus lights above the left lever were illuminated and 50 responses
resulted in the food pellet delivery, extinguishing of white lights and illumination of red
stimulus lights for 10 sec, followed by a 10-sec timeout (TO) period during which no lights
were illuminated and responding had no scheduled consequences. Sessions began at
approximately 8:30 a.m. each day and lasted until the maximum allowed number of food
reinforcers was earned or 23 hours elapsed. Thus only food was available from 8:30 a.m. to
3:00 pm when the self-administration session began (see below). At that point, food and
cocaine were concurrently available if the monkey had not yet received the maximum
number of pellets, determined for each monkey as that required to provide enough food to
maintain a healthy body weight as determined by visual inspection and periodic veterinary
exams. When monkeys earned fewer than the maximum number of food pellets,
supplementary food (Purina Monkey Chow) was given at approximately 8:00 a.m. in an
amount calculated to raise the total grams of food to the desired level. Target food amounts
for the monkeys in the present study were 125-150 g per day.
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1.3. Cocaine self-administration

1.4. Chronic

Monkeys self-administered (-)-cocaine HCI under a PR schedule of reinforcement in
sessions that began at 3:00 p.m. each day. Under this schedule, white stimulus lights were
illuminated above the right lever and 50 responses on that lever resulted in the first injection
of the maintenance dose of cocaine (0.03 mg/kg per injection in approximately 1.5 ml over
10 seconds), extinguishing of white lights and illumination of red stimulus lights for 10 sec,
followed by a 10-min TO. The response requirement for subsequent injections was
determined by the equation used by Richardson and Roberts (1996): ratio = [5 x &R * 0-2)] —
5, where eis the mathematical constant and R is equal to the reinforcer number. For the
present studies, the first response requirement (50 responses) corresponds to the 12 value
given by this equation and was followed by 62, 77, 95, 117, 144, 177, 218, 267, 328, 402,
492, 602, 737, 901, 1102, etc. Sessions ended when 2 hours elapsed without an injection.
Food- and cocaine-maintained responding under the FR 50 and PR schedules, respectively,
were similar to that observed in previous studies with this procedure (e.g., Czoty et al., 2011,
2013). Under baseline conditions, monkeys earned all available food pellets, typically within
the first three hours of availability (data not shown). In cocaine self-administration sessions,
the number of injections received increased significantly as a function of the available
cocaine dose in all monkeys (Fig. 1, closed symbols). These reached a plateau in three
subjects; in R-1610 a decrease in responding was observed when a higher cocaine doses
(0.56 mg/kg per injection) was made available. The maintenance dose of cocaine (0.03
mg/kg per injection) was selected as one that maintained an intermediate amount of behavior
so that either increases or decreases in self-administration of cocaine could be detected.

phendimetrazine treatment

Initially, 0.03 mg/kg per injection cocaine was made available in evening PR sessions until
responding stabilized (3 consecutive days on which the number of injections were within 2
of the 3-day mean, with no upward or downward trend). Subsequently, a complete cocaine
dose-effect curve was generated by substituting other doses of cocaine for at least four days
and until the number of injections delivered stabilized. Once responding was stable during
availability of the maintenance dose, cocaine self-administration sessions were suspended
and treatment with PDM was initiated by administering the drug orally at approximately
8:00 am each day. Food-reinforced responding was studied daily throughout treatment. On
the seventh day, at 3:00 p.m., the maintenance dose of cocaine was again made available for
self-administration under the PR schedule of reinforcement, signaled by the illumination of
the white stimulus lights above the right lever. Each day during PDM treatment, laboratory
personnel noted occurrences of any behaviors that were atypical for each monkey, with a
focus on behaviors that have been observed during treatment with other stimulant drugs,
such as locomotor activation, agitation, stereotypies or other unconditioned behavioral
effects.

This procedure (availability of 0.03 mg/kg per injection cocaine for one session) was
repeated on day 14 of treatment. If, at that time, the number of cocaine injections delivered
was decreased from baseline by approximately 30% or more, treatment was continued
another 7 to 14 days in order to examine whether tolerance or sensitization developed to the
treatment. If no decrease in cocaine self-administration was observed, or if tolerance to
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initial decreases had developed, the dose of PDM was increased and the effects of the next
PDM dose were similarly assessed for up to 28 days. The progression of PDM doses was
1.0, 2.0, 3.0, 4.0, 6.0 and 9.0 mg/kg, p.o., b.i.d. Not all monkeys started treatment with the
same PDM dose; based on data in the first two monkeys to complete testing (see 2.1) and the
resources required to generate the large quantities of PDM needed for these experiments,
higher starting PDM doses were selected for R-1714 and R-1610. Regardless of starting
dose, PDM doses were presented in ascending order for all monkeys with one exception.
R-1714 was initially exposed to 6.0 mg/kg, b.i.d. Adverse unconditioned effects (leg biting
and aggression towards a mirror that was hung in the cage) were noted on days 5, 6 and 7 of
treatment with this dose, so the PDM dose was decreased to 4.0 mg/kg, b.i.d.

In all monkeys, when a PDM dose was reached at which the number of cocaine injections
remained decreased at day 28, other cocaine doses (up to 0.56 mg/kg per injection) were
made available for a single day at 3-day intervals while PDM treatment was continued. After
the curve had been completed, PDM treatment was discontinued and, for R-1550, R-1714
and R-1610, self-administration of the maintenance dose of cocaine was again examined on
post-treatment days 3, 7 and 14. R-1552 did not participate in this experiment due to loss of
catheter patency.

1.5. Blood collection and analysis

1.6. Drugs

Each week during PDM treatment, at approximately 3:00 pm, 24 or 48 hours before the start
of the cocaine self-administration session, monkeys were anesthetized with 5-10 mg/kg
ketamine and a 3-ml blood sample was collected from the saphenous vein. Samples were
transferred into 3-ml vacutainer tubes containing K3-EDTA and stored on ice. Samples were
then centrifuged for 15 min and the supernatant was transferred to a 1.5-ml storage tube and
frozen at -80 C until shipped on dry ice to Research Triangle Institute for analysis. Plasma
samples were analyzed as described in Banks et al., 2013b.

(-)Cocaine HCI (National Institute on Drug Abuse, Bethesda, MD) was dissolved in sterile
0.9% saline for self-administration studies. Changing the self-administered cocaine dose was
accomplished by changing the concentration of cocaine delivered over 10 seconds (~1.5
ml). (+)-PDM fumarate was synthesized at Research Triangle Institute, Research Triangle
Park, NC. PDM was administered orally by dissolving it in sterile water at a concentration
of 50 mg/ml and mixing a calculated volume with banana and granola in a small cup which
was given to the monkey; monkeys were observed to ensure the monkey consumed the drug.
PDM was administered at approximately 8:00 am and 5:00 pm.

1.7. Data Analysis

The dependent variable of primary interest was the number of cocaine injections earned
under the PR schedule of reinforcement. In addition, the number food reinforcers received
was recorded in hourly bins. Because individual differences in sensitivity to PDM resulted in
different regimens of PDM treatment across subjects, individual subjects' data are shown.

Neuroscience. Author manuscript; available in PMC 2017 June 02.
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2.0. Results

2.1. Effects of PDM on food- and cocaine-reinforced responding

In subject R-1550, food-reinforced responding was not affected during 14 weeks of
treatment with increasing doses of PDM (Fig. 2, upper left panel). No effects on cocaine
self-administration were observed during treatment with 1.0 or 2.0 mg/kg PDM, b.i.d.
During treatment with 3.0 and, subsequently, 4.0 mg/kg PDM, b.i.d., the number of
injections of 0.03 mg/kg cocaine earned was decreased from baseline by 40-50% on day 14,
but in both cases tolerance had developed to this effect by day 21. The PDM dose was then
increased to 6.0 mg/kg, b.i.d. Although the number of cocaine injections delivered was only
slightly decreased on day 7 of treatment, on day 14 self-administration of 0.03 mg/kg
cocaine was decreased substantially. In contrast to the tolerance that developed to effects of
lower PDM doses on cocaine self-administration, the effect of 6.0 mg/kg, b.i.d. persisted for
four weeks.

Effects of PDM on food-reinforced responding were more prominent in R-1714 (Fig. 2,
upper right panel). PDM treatment was initiated at a dose of 6.0 mg/kg, b.i.d. As described
above, exposure to this dose resulted in adverse effects over the first week, and the dose was
decreased to 4.0 mg/kg, b.i.d. No adverse effects were observed in this monkey after the
change in dose, or in any other monkey at any dose. During the second week of treatment
with 4.0 mg/kg, b.i.d., food-maintained responding was disrupted; on some days the monkey
earned only two-thirds of available food pellets. However, the monkey ate supplemental
chow given on the following morning before the start of the session. Effects on food-
maintained responding were greater during the third and fourth weeks of treatment, although
the number of food pellets delivered returned to baseline on occasion. This fluctuation
continued during the redetermination of the cocaine dose-response curve (hot shown), but
within three days of termination of PDM treatment, the maximum number of food pellets
were delivered daily. The 4.0 mg/kg, b.i.d. dose of PDM produced a progressive decrease in
cocaine self-administration that persisted for four weeks.

PDM treatment was without effect on food-reinforced responding in R-1552 (Fig. 2, lower
left panel). In this monkey, treatment with 2.0 mg/kg PDM, b.i.d. decreased cocaine self-
administration by approximately 25%. Increasing the PDM dose to that which was effective
in R-1550 and R-1714 resulted only in a small increase in this effect.

In R-1610, twice-daily PDM at 4.0 and 6.0 mg/kg produced small, transient disruptions of
food-maintained responding (Fig. 2, lower right panel). When the dose was increased to 6.0
mg/Kkg, b.i.d. a suppression of cocaine self-administration was observed on day 7 to which
tolerance had developed by day 14. In this monkey, the PDM dose was increased to 9.0
mg/kg without adverse effects. On day 21 and 28, cocaine self-administration was decreased
by approximately 40%. Thus, in all four monkeys, PDM treatment decreased cocaine self-
administration; in three of these subjects the decreases were selective for cocaine relative to
food-maintained responding.

Neuroscience. Author manuscript; available in PMC 2017 June 02.
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2.2. Redetermination of dose-effect curves

Once a dose of PDM was reached that produced a decrease in self-administration of the
maintenance dose of cocaine that lasted until day 28, other doses of cocaine were tested in
three-day intervals to determine whether the effect of PDM treatment could be overcome. In
three of four monkeys, the reinforcing potency of cocaine was attenuated by PDM treatment
across multiple doses (Fig. 1, open symbols). The ascending portion of the cocaine dose-
response curve was shifted downward in R-1550 and leftward in R-1714 and R-1610. In the
latter two monkeys, PDM-induced decreases in cocaine self-administration were overcome
by increasing the available cocaine dose. In R-1552, the monkey in whom modest effects of
PDM were observed that were not dose-related, there was a decrease in self-administration
of 0.1 mg/kg, the highest dose that was tested in this monkey, but the dose-effect curves
were otherwise similar. As described above, a loss of catheter patency prevented higher
cocaine doses from being tested in R-1552. Thus a conclusive determination of the effects of
PDM on a the full dose-effect curve cn not be made in this subject. Food-reinforced
responding remained at baseline levels in R-1550, R-1552 and R-1610 (data not shown)
indicating that the effect of PDM was selective for cocaine. In R-1714, fluctuations in food-
maintained responding depicted in Fig. 2 persisted into the period of time that the dose-
effect curve was being determined. Thus, for this monkey, PDM-induced decreases in
responding were less selective for cocaine, although decreases in cocaine-maintained
responding were larger.

2.3. Recovery of cocaine self-administration after termination of PDM treatment

In three monkeys (R-1550, R-1714 and R-1610), after the cocaine dose-effect curve was re-
determined, PDM treatment was discontinued and self-administration of the maintenance
dose of cocaine under the PR schedule was examined 3, 7 and 14 days later (Fig. 3). In
R-1550 and R-1714, self-administration was near baseline levels on all three days. In
R-1550, the monkey most affected by PDM treatment, cocaine self-administration had only
partially recovered by day 14 after PDM was discontinued. Over the next 5 days, on which
0.03 mg/kg per injection cocaine was self-administered daily, the number of injections
delivered returned to baseline levels in R-1550 as well (not shown).

2.4. Concentrations of phendimetrazine and phenmetrazine in blood

Blood samples were collected within 48 hours prior to each self-administration test and
concentrations of PDM and PM were determined. Table 1 shows the blood concentrations of
PDM and PM measured in the last sample taken during treatment with each dose of PDM in
each monkeys, along with the effect on cocaine self-administration that was observed during
the session that occurred 24-28 hours later. For R-1552, data for the third week of treatment
with 3.0 mg/kg, b.i.d. dose is shown, because a spurious increase in self-administration
occurred in week 4 that may not have been related to the circulating PM concentration (see
Fig. 2). For R-1550 and R-1610, circulating PM concentrations increased as a function of
oral PDM dose. Whereas 4.0 mg/kg, b.i.d. produced similar PM concentrations (~110
ng/ml) and similar behavioral effects (~15% decrease in cocaine self-administration) in the
two monkeys, a higher dose (6.0 mg/kg, b.i.d.) resulted in higher PM concentrations in
R-1550 (233 ng/ml) compared to R-1610 (168 ng/ml). In R-1714, in whom the lower PDM
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Czoty et al.

Page 9

dose was effective (4.0 mg/kg, b.i.d.), associated PM concentrations were correspondingly
lower. PM concentrations in R-1610 approached those reached in R-1550 when the dose was
increased to 9.0 mg/kg, b.i.d. (208 ng/ml). In R-1552, in whom the PDM dose-effect curve
was flat, increasing the administered PDM dose from 3.0 to 6.0 mg/kg, b.i.d. did not
appreciably increase circulating PM concentrations.

3.0. Discussion

Accumulating evidence from laboratory studies and clinical trials indicates that various
formulations of d-amphetamine possess therapeutic potential in the treatment of cocaine use
disorder. The results of the present study compliment those of a previous study of monkeys
self-administering cocaine under a food-drug choice procedure (Banks et al., 2013a,c) in
extending these findings to PDM, a pro-drug for the amphetamine-like monoamine releaser
PM. As observed previously for d-amphetamine (Czoty et al., 2010, 2011), PDM decreased
cocaine-maintained responding under the PR schedule at doses that did not produce
persistent disruption of food-maintained responding or other adverse effects. Moreover, in
three of four monkeys, cocaine self-administration dose-effect curves generated during PDM
treatment were shifted to the right and/or down compared to curves generated before PDM
exposure. Finally, although PDM-induced decreases in cocaine self-administration did not
persist once treatment was terminated, there was no evidence that chronic treatment
produced dependence or that discontinuation had any other adverse effects.

During PDM administration, mild disruption of food-maintained responding was observed
in two subjects. Interestingly, effects on food-maintained responding were not observed in
the two monkeys in whom treatment was initiated at relatively low doses (R-1550 and
R-1552), but did occur in monkeys whose PDM treatment started at higher doses. In
R-1610, tolerance developed to the initial, modest decreases in food-reinforced responding,
limiting the effect to the first two weeks of PDM treatment. In R-1714, effects were larger in
magnitude but fluctuated and were generally lower in magnitude than the effects on cocaine
self-administration. The data suggest that chronic treatment with a low, ineffective dose may
have facilitated development of tolerance to adverse effects of PDM in R-1550 and R-1552.
This hypothesis remains to be explored systematically.

When decreases in food pellet deliveries were observed, monkeys always ate supplemental
food given on the following morning. It is possible that this measure—providing chow
within an hour of the start of the food self-administration session—played a role in
maintaining the disrupted pattern of food-maintained responding over days, particularly in
R-1714. Further study will be required to determine the relative importance of the effects of
PDM and supplemental feeding in these effects. Taken together, to the extent that disruption
of food-maintained responding may predict side effects in a clinical population, these results
suggest a low likelihood of serious adverse effects during PDM treatment, a conclusion
similar to that made for d~amphetamine (Negus and Mello, 2003b; Czoty et al., 2010, 2011).
Effects of PDM on food-maintained responding were less prominent than those observed
with gtamphetamine under the same procedure (Czoty et al., 2011). This difference may be
due to the slower onset inherent in a pro-drug as well as the fact that PDM was administered
orally whereas a-amphetamine was given as a continuous intravenous infusion. Taken
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together, the data suggest that treatment with monoamine releasers or their pro-drugs would
result in only minor side effects in some individuals that could likely be managed to
encourage compliance.

Importantly, the pattern of effects of increasing the PDM dose was similar to that observed
with d-amphetamine. With both drugs, lower doses that were tested initially were without
effect, or produced decreases in cocaine self-administration that were not sustained.
Eventually a PDM dose was reached that produced prolonged decreases in cocaine self-
administration. The number of cocaine injections delivered during treatment with higher
PDM doses decreased to near zero in two monkeys and decreased by 30-50% in the other
two subjects. Although success in clinical trials has typically been measured by total
abstinence, it is intuitive that a large reduction in drug use is likely to have beneficial
consequences (see Falk et al., 2010). Reflecting this understanding, the US Food and Drug
Administration recently released a draft guidance that endorses “percent subjects with no
heavy drinking days” as a meaningful endpoint in trials for medications for alcohol use
disorder (FDA, 2015); researchers have called for a similar approach for cocaine use
disorders (Winchell et al., 2012; McCann et al., 2015). From this point of view, the results
with PDM in the present experiment are encouraging.

When self-administration of other cocaine doses was assessed during PDM treatment,
cocaine dose-effect curves were shifted downward and/or rightward in three monkeys. The
experiment cold not be completed in the fourth subject (R-1552) due to loss of patency of
the intravenous catheter. Finally, when PDM treatment was discontinued, cocaine self-
administration returned to baseline levels. The lack of a rebound increase in cocaine self-
administration or disruption in food-maintained responding after termination of PDM
treatment suggests that chronic PDM treatment did not result in dependence, which may
have been revealed by hypersensitivity to cocaine and/or a decrease in food-maintained
responding if monkeys were experiencing withdrawal. This recovery of cocaine self-
administration was observed on the first test day, 3 days after PDM discontinuation, in two
monkeys. Although it remains possible that hypersensitivity to cocaine may have been
present within 72 hours of the termination of PDM treatment, the fact that it took more than
14 days for cocaine self-administration to recover in the third monkey (R-1550) suggests
that this effect of chronic PDM treatment dissipated at different rates across subjects.

Rigorous pharmacokinetic studies in nonhuman primates have convincingly demonstrated
that the behavioral effects of PDM are due to /77 vivo conversion to its metabolite, PM
(Banks et al., 2013b), which has effects on cocaine self-administration similar to -
amphetamine in monkeys and rodents (Negus et al. 2009; Banks et al. 2011; Banks et al.
2013d; Czoty et al., 2015). In the present studies, blood samples were collected during PDM
treatment in an effort to determine how PDM and PM concentrations change during long-
term treatment with ascending doses of oral PDM, as well as to provide some information
relating circulating PM concentrations to the efficacy of PDM to decrease cocaine self-
administration. For example, it was hypothesized that this analysis could reveal that
significant behavioral effects of PDM would be associated with exceeding a threshold
concentration of circulating PDM and/or PM. In two monkeys (R-1550 and R-1610),
increasing the dose of oral PDM was associated with increases in circulating PM
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concentrations. In these two subjects, the PDM dose that produced the largest effect on
cocaine self-administration resulted in PM concentrations of approximately 210-230 ng/ml.
That this effect was produced by different PDM doses and resulted in different magnitudes
of maximal effect suggests that the relationship between administered dose, resultant
metabolite levels and behavioral efficacy is not a straightforward one. Moreover, the dose
that produced the maximal effect in a third subject (R-1714) was associated with a much
lower PM concentration. Doses that generated a similar PM concentration in R-1550 and
R-1610 produced effects on cocaine self-administration that were small and/or were not
sustained during chronic treatment. Data from the fourth subject (R-1714) are also
informative in that circulating concentrations of PDM and PM remained relatively stable as
oral PDM dose increased. This may explain why the effect of oral PDM on cocaine self-
administration was consistent throughout the period of dose escalation. On the whole,
although there was evidence in the present study that increasing oral PDM doses were
associated with increases in both circulating PDM concentrations and in behavioral effects,
clear quantitative relationships between these variables were not revealed. One caveat to this
conclusion is that blood samples were collected once per treatment dose. A more thorough
characterization of the pharmacokinetics of chronic oral PDM treatment, similar to that
conducted by Banks et al (2013b) might reveal relationships that were not apparent in the
present study.

The procedures used to predict pharmacotherapeutic efficacy in this study were designed to
incorporate features of human cocaine use and treatment approaches that have not been used
in prior models. Several features known or recommended to increase predictive validity were
implemented, including chronic treatment with a putative pharmacotherapy, assessment of
selectivity of medication effects through concurrent assessment of non-drug maintained
behaviors, single-subject designs and examination of treatment drug effects on a range of
self-administered cocaine doses (cf. Mello and Negus, 1996; Ator and Griffiths, 2003;
Haney and Spealman, 2008). The proposed merits of this approach have been enumerated
previously (see Czoty et al., 2011). Although increasing face validity does not guarantee
enhanced predictive validity, and validation of any behavioral model is a gradual and
ongoing process, the effects of several drugs on cocaine self-administration in this model
have demonstrated good concordance with clinical data (Czoty et al., 2011, 2013; Gould et
al., 2011). Regarding PDM, although clinical trials have not been conducted, recent findings
suggest that oral PDM produces only minimal increases in positive subjective measures in
cocaine users (Stoops et al., 2015). Taken together, the data provide support for testing the
effectiveness of PDM in patients with cocaine use disorder.
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Highlights

Phendimetrazine (PDM) is a pro-drug for the amphetamine-like monoamine
releaser phenmetrazine (PM).

Chronic oral PDM treatment decreased cocaine self-administration in rhesus
monkeys for several weeks.

Modest, transient effects on food self-administration were seen in some
monkeys; tolerance developed to these effects.

The relationships between oral PDM dose and blood PM levels varied across
monkeys.

Plasma PM concentrations were generally consistent with behavioral effects.
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Dose-effect curves for cocaine self-administration before (closed symbols) and during (open
symbols) PDM treatment in four monkeys. Each point is the mean of the last three days of
availability of a cocaine dose or saline. When a dose or saline was made available on more
than one occasion, error bars indicate the standard error of the mean. Ordinates: number of
cocaine injections earned; abscissae, available cocaine dose.
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Fig 2.

Cocaine self-administration and food-maintained responding during PDM treatment in four
monkeys. Left ordinates: number of cocaine injections received; right ordinates: number of
food reinforcers earned; abscissae: day of exposure to each condition, which is indicated
across the top of each panel. BL represents average (xSEM) number of injections earned at
baseline prior to phendimetrazine treatment. The dashed line in each graph indicates the
mean number of injections received under baseline conditions (i.e., prior to PDM treatment).
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Cocaine self-administration after discontinuation of PDM treatment in individual monkeys.
Ordinate: number of cocaine injections; abscissae: days after discontinuation of ¢
amphetamine treatment. Points above BL and PDM indicate mean (x SEM) number of
injections delivered under baseline conditions and the number of injections delivered on the
last test session during PDM treatment.
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Concentrations of phendimetrazine (PDM) and phenmetrazine (PM) in blood at the end of treatment with each
PDM dose (mg/kg p.o., b.i.d.), and the percent decrease in cocaine self-administration observed at that time.

Monkey PDM (mg/kg, b.i.d) PDM (ng/ml) PM (ng/ml) Effect (% decrease)
R-1550 2.0 7.5 70.5 8.3
3.0 19.6 69.0 16.7
4.0 18.5 109.0 16.7
6.0 31.8 233.0 91.7
R-1714 4.0 434 116.0 83.1
R-1552 2.0 10.3 58.0 23.9
30% 12.3 812 23.9
4.0 9.8 2.7 34.8
6.0 15.2 80.8 34.8
R-1610 4.0 9.8 110.0 141
6.0 25.9 168.0 6.3
9.0 30.2 208.0 375

*
data derived from third rather than fourth week of treatment
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