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Abstract
Background: Chronic amphetamine treatment decreases cocaine consumption in preclinical and human laboratory
studies and in clinical trials. Lisdexamfetamine is an amphetamine prodrug in which L-lysine is conjugated to the terminal
nitrogen of d-amphetamine. Prodrugs may be advantageous relative to their active metabolites due to slower onsets
and longer durations of action; however, lisdexamfetamine treatment’s efficacy in decreasing cocaine consumption is
unknown.
Methods: This study compared lisdexamfetamine and d-amphetamine effects in rhesus monkeys using two behavioral
procedures: (1) a cocaine discrimination procedure (training dose = 0.32 mg/kg cocaine, i.m.); and (2) a cocaine-versus-food
choice self-administration procedure.
Results: In the cocaine-discrimination procedure, lisdexamfetamine (0.32–3.2 mg/kg, i.m.) substituted for cocaine with
lower potency, slower onset, and longer duration of action than d-amphetamine (0.032–0.32 mg/kg, i.m.). Consistent
with the function of lisdexamfetamine as an inactive prodrug for amphetamine, the time course of lisdexamfetamine
effects was related to d-amphetamine plasma levels by a counter-clockwise hysteresis loop. In the choice procedure,
cocaine (0–0.1 mg/kg/injection, i.v.) and food (1 g banana-flavored pellets) were concurrently available, and cocaine
maintained a dose-dependent increase in cocaine choice under baseline conditions. Treatment for 7 consecutive
days with lisdexamfetamine (0.32–3.2 mg/kg/day, i.m.) or d-amphetamine (0.032–0.1 mg/kg/h, i.v.) produced similar
dose-dependent rightward shifts in cocaine dose-effect curves and decreases in preference for 0.032 mg/kg/injection
cocaine.
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Conclusions: Lisdexamfetamine has a slower onset and longer duration of action than amphetamine but retains
amphetamine’s efficacy to reduce the choice of cocaine in rhesus monkeys. These results support further consideration of
lisdexamfetamine as an agonist-based medication candidate for cocaine addiction.
Keywords: addiction, cocaine, choice, lisdexamfetamine, rhesus monkey Lisdexamfetamine effects in rhesus monkeys

Introduction
Cocaine addiction represents a significant and global public
health problem for which no Food and Drug Administration–
approved pharmacotherapy exists (Pomara et al., 2012).
Agonist-based pharmacotherapies are medications that share
pharmacodynamic mechanisms of action with the target drug
of abuse. This medication approach has shown success in the
treatment of opioid addiction (Dole et al., 1966; Kreek et al., 2002;
Bell, 2014), and potentially for cocaine addiction (for review, see
Grabowski et al., 2004b; Herin et al., 2010; Stoops and Rush, 2013;
Negus and Henningfield, 2014). For example, over a decade of
preclinical (Negus, 2003; Czoty et al., 2011; Banks et al., 2013b;
Thomsen et al., 2013) and human laboratory research (Greenwald
et al., 2010; Rush et al., 2010), double-blind, placebo-controlled
clinical trials (Grabowski et al., 2001; Grabowski et al., 2004a;
Mariani et al., 2012) have demonstrated amphetamine treatment’s efficacy to decrease cocaine-maintained behaviors across
a broad range of experimental conditions and species. However,
broad clinical use and deployment of amphetamine-based pharmacotherapies for cocaine addiction remains hindered by concerns of undesirable effects that include high abuse liability.
In the development of an agonist-based pharmacotherapy
for cocaine addiction, there are at least three desirable attributes the compound should possess (Grabowski et al., 2004b;
Rothman et al., 2005). First, the compound should have a slow
onset of drug effects to reduce the abuse liability of the compound (Balster and Schuster, 1973; Schindler et al., 2009). Second,
the compound should also have a prolonged duration of action
to limit treatment frequency, stabilize treatment plasma levels,
and promote patient compliance associated with medication
administration (Kreek et al., 2002). Finally, the compound should
have demonstrated therapeutic efficacy for decreasing cocainemaintained behaviors across a range of experimental and clinical endpoints (Grabowski et al., 2004b; Negus and Henningfield,
2014).
Prodrug formulations of amphetamine may represent a
viable approach to achieve these desirable attributes (Huttunen
et al., 2011). Lisdexamfetamine (Vyvanse) is a Food and Drug
Administration–approved medication for the treatment of
attention deficit hyperactivity disorder, and a prodrug that
requires enzymatic hydrolysis by red blood cells for conversion
to the active metabolite d-amphetamine and the amino acid
L-lysine (Pennick, 2010). Human laboratory studies found that
orally administered lisdexamfetamine produced a slower onset
of peak subjective effects (3–4 h) compared to d-amphetamine
(1.5 h; Jasinski and Krishnan, 2009a, 2009b). Consistent with
these human results, preclinical studies have also demonstrated
that lisdexamfetamine has both a slower onset and a prolonged
duration of action of neurochemical and behavioral effects compared to d-amphetamine (Rowley et al., 2012). However, whether
lisdexamfetamine treatment might produce an amphetaminelike decrease in cocaine-maintained behaviors remains to be
empirically determined.
The aims of the present study were: (1) to characterize the
potency and time course of lisdexamfetamine’s cocaine-like

behavioral effects in rhesus monkeys using a two-key foodreinforced cocaine discrimination procedure; and (2) to determine lisdexamfetamine treatment efficacy to decrease cocaine
self-administration in a nonhuman primate model of cocaine
addiction that utilizes a concurrent schedule of cocaine and
food pellet availability. Drug addiction has been operationally
defined as a choice disorder in which behavior is maladaptively
allocated toward the procurement and use of drugs and away
from behaviors maintained by alternative non-drug reinforcers
(Heyman, 2009; Banks and Negus, 2012; Ahmed et al., 2013). A significant goal of treating cocaine addiction is not only to decrease
cocaine-maintained behaviors, but also to increase behaviors
maintained by alternative, non-drug reinforcers (Volkow et al.,
2004; Vocci, 2007; Banks and Negus, 2012). The use of preclinical choice procedures may facilitate the translation of results
to human laboratory studies that also rely almost exclusively
on choice procedures (Comer et al., 2008; Haney and Spealman,
2008). We hypothesized that lisdexamfetamine administration
would produce a slower onset and longer duration of cocainelike discriminative stimulus effects than d-amphetamine.
Furthermore, we hypothesized that 7 days of lisdexamfetamine
treatment would produce an amphetamine-like decrease in
cocaine choice.

Methods
Subjects
Studies were conducted in nine adult male rhesus monkeys
(Macaca mulatta). Four monkeys were used in the cocaine discrimination procedure and associated pharmacokinetic studies,
and these monkeys had a history of primarily monoaminergic
compound exposure (Banks et al., 2013c, 2014; Banks, 2014). Each
of the other five monkeys had a surgically implanted doublelumen venous catheter (STI Components) and prior cocaine
self-administration histories during monoaminergic compound
exposure (Banks et al., 2011, 2013b, 2013d, 2014). Monkeys could
earn 1 g of banana-flavored pellets (Grain-based Precision
Primate Pellets; Test Diets) during daily experimental sessions.
In addition, monkeys received daily food rations (Lab Diet High
Protein Monkey Biscuits; PMI Feeds), and the biscuit ration size
was individually determined for each monkey to maintain a
healthy body weight. Biscuit rations were delivered in the afternoons after behavioral sessions to minimize the effects of biscuit availability and consumption on food-maintained operant
responding. Animals also received fresh fruit 3 or 4 afternoons
per week. Water was continuously available in each monkey’s
home chamber, which also served as the experimental chamber. A 12 h light/dark cycle was in effect (lights on from 0600
to 1800 h). Environmental enrichment, consisting of foraging
boards, novel treats, and movies, was also provided after behavioral sessions. Facilities were licensed by the United States
Department of Agriculture and accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care.
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The Institutional Animal Care and Use Committee approved all
experimental protocols.

Apparatus
As described previously (Banks et al., 2011, 2013a, 2013b), each
home cage was equipped with a customized operant response
panel, which had two response keys that could be transilluminated by red or green stimulus lights, and a pellet dispenser
(Med Associates, ENV-203–1 000) that delivered food pellets to a
receptacle below the operant panel. In addition, the externalized
section of the intravenous catheter for drug self-administration
monkeys was routed through a jacket and tether system connected to a fluid swivel (Lomir Biomedical) on the cage roof and
then to two safety syringe pumps (Med Associates, PHM-108)
located above the cage, one for each lumen of the double-lumen
catheter. One self-administration pump was used to deliver
contingent cocaine injections through one lumen of the doublelumen catheter. The second pump was used to deliver non-contingent saline or d-amphetamine (0.032–0.1 mg/kg/h) infusions
through the second lumen and was programmed to deliver
0.1 mL injections every 20 min from 1200 h each day until 1100 h
the next morning. Catheter patency was periodically evaluated
with intravenous ketamine (3 mg/kg) administration, and the
catheter was considered patent if i.v. ketamine administration
produced a loss of muscle tone within 10 s.

Cocaine Discrimination Procedure
Monkeys were trained to discriminate 0.32 mg/kg cocaine intramuscularly from saline in a two-key food-reinforced discrimination procedure (Banks et al., 2013c, 2014). Briefly, training
sessions were conducted 5 days/week during daily behavioral
sessions composed of multiple components. Each component
consisted of a 5 min response period, during which the right and
left response keys were transilluminated red and green, respectively. Monkeys could earn up to 10 pellets by responding under
a fixed-ratio (FR) 30 schedule of food presentation. Training components were presented at 2 h intervals and usually either saline
or 0.32 mg/kg cocaine was administered i.m. 15 min prior to the
start of each component. On some occasions, the saline injection was omitted, and monkeys received no injection before the
start of the component. After saline injection or no injection,
only responding on the red key produced food, whereas after
cocaine injection, only responding on the green key produced
food; responding on the inappropriate key reset the response
requirement on the correct key. The criteria for accurate discrimination were ≥85% injection-appropriate responding before
delivery of the first reinforcer, ≥90% injection-appropriate
responding for the entire response component, and response
rates ≥0.1 responses per s (sufficient to earn at least one pellet)
for all components during 7 of 8 consecutive training sessions.
Time course test sessions were identical to training sessions
except: (1) completing the response requirement on either key
produced food; and (2) 5 min response components began 10, 30,
56, 100, 180, 300, and 560 min after drug administration to assess
the time course of drug effects. Lisdexamfetamine (0.32–3.2 mg/
kg, i.m.) and d-amphetamine (0.032–0.32 mg/kg, i.m.) were tested
up to doses that produced full substitution for the cocaine training dose. Test sessions were conducted at 24 h, 48 h, and 72 h
after 3.2 mg/kg lisdexamfetamine administration because of the
prolonged duration of effects. Test sessions were usually conducted on Tuesdays and Fridays, and training sessions were conducted on other weekdays. Test sessions were conducted only
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if performance during the previous two training sessions met
the criteria for accurate discrimination described above. Drug
doses were counterbalanced between monkeys. Effects of each
lisdexamfetamine dose were determined twice, whereas effects
of d-amphetamine doses were determined once.

Data Analysis
For the cocaine discrimination procedure, the primary dependent measures were: (1) percent cocaine-appropriate responding
(%CAR; defined as [number of responses on the cocaine-associated key divided by the total number of responses on both the
cocaine- and saline-associated keys]*100); and (2) response rates
during each component. These dependent measures were then
plotted as a function of time after lisdexamfetamine, d-amphetamine, or saline administration. The %CAR and response rates were
analyzed using two-way repeated-measures analyses of variance
with lisdexamfetamine or d-amphetamine dose and time as the
main fixed effects (Prism 6.0f for Mac, GraphPad). A significant
interaction was followed by the post hoc Dunnet’s test for comparison to vehicle (saline) conditions within a given time point.

Plasma Lisdexamfetamine and Amphetamine
Analysis
Blood samples (1–2 mLs) were collected in Vacutainer tubes
containing 3.0 mg of sodium fluoride and 6.0 mg sodium ethylenediaminetetraacetic acid before;10, 30, 56, 100, 180, and
300 min after; and 24, 48, and 72 h after 3.2 mg/kg (i.m.) lisdexamfetamine administration in the four discrimination monkeys.
Samples were immediately centrifuged at 1 000 g for 10 min.
The plasma supernatant was transferred into a labeled storage tube and frozen at -80°C until analyzed. The identification
and quantification of lisdexamfetamine and d-amphetamine
were accomplished using a 3 200 Q trap with a turbo V source
for Turbolon Spray (Applied Biosystems) run in multiple reaction
monitoring mode and attached to a Shimadzu SCL high-performance liquid chromatography system controlled by Analyst
1.4.2 software. Additional methodological details are provided
in the Supplementary Materials.

Data Analysis
A hysteresis graph was generated by plotting %CAR as a function of plasma d-amphetamine level (ng/mL) at all time points
after 3.2 mg/kg lisdexamfetamine administration. For comparison, a similar graph was generated from previously published
data relating %CAR to plasma phenmetrazine levels after administration of 3.2 mg/kg phendimetrazine, which is a prodrug for
phenmetrazine (Banks et al., 2013c). Hysteresis loops were statistically analyzed by estimating the maximum difference between
%CAR as levels decreased to their maximum value, compared to
when levels increased to their maximum value (see Rowley et al.,
2012). Separate quadratic equations were fit to the increasing and
decreasing portions of the concentration-effect curves to derive
an estimated maximum difference score (Δy). For increasing drug
concentrations, a quadratic equation (y = ax2 + bx + c) was fit to
the data of each monkey, and for decreasing drug concentrations,
a separate quadratic equation (y = dx2 + ex + f) was fit: in both
equations, a–f are coefficients and x is drug concentration. The
concentration level at which the maximum difference between
%CAR and drug concentration would be predicted to occur is
x = (e-b)/(2*(a-d)). If the concentration level at which the difference
score is predicted to be maximal was not in the obtained range
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of concentrations, the predicted maximum difference was set to
0. Otherwise, the maximum difference score was calculated from
the best-fitting quadratic parameters as Δy = f-c + (a-d)x2. The
estimated maximum difference scores for d-amphetamine and
phenmetrazine were each analyzed by Wilcoxon Signed Rank
Tests to determine whether the scores were significantly different from 0. The criterion for significance was set a priori at the
95% level of confidence (p < 0.05). Quadratic parameters were estimated for individual monkeys using the Solver optimization tool
in Microsoft Excel for Mac 2011, and inferential statistics were
conducted using JMP Pro 10 for Mac (SAS Institute).

Cocaine Versus Food Choice Procedure
Daily experimental sessions were conducted from 0900 to 1100 h
in each monkey’s home chamber as described previously (Banks
et al., 2011, 2013b, 2014). The terminal choice schedule consisted of
five 20 min components separated by 5 min inter-component intervals during which responding had no scheduled consequences.
During each component, the left, food-associated key was transilluminated red, and completion of the FR requirement (FR100)
resulted in food pellet delivery. In addition, the right, cocaine-associated key was transilluminated green, and completion of the FR
requirement (FR10) resulted in delivery of the i.v. unit cocaine dose
available during that component. The unit cocaine doses available
during each of the five successive components were 0, 0.0032,
0.01, 0.032, and 0.1 mg/kg/injection, respectively. Stimulus lights
on the cocaine-associated key flashed on and off in 3 s cycles, and
longer flashes were associated with higher cocaine doses. Ratio
requirement completion initiated a 3 s timeout, during which all
stimulus lights were turned off, and responding had no scheduled
consequences. Choice behavior was considered to be stable when
at least 80% cocaine versus food choice varied by ≤0.5 log units for
3 consecutive days at the lowest unit cocaine dose.
Once cocaine versus food choice was stable, test periods
were conducted to determine lisdexamfetamine or d-amphetamine (positive control) treatment effects on cocaine versus
food choice. For lisdexamfetamine studies, a lisdexamfetamine
dose (0.32–3.2 mg/kg) or saline was administered i.m. between
0755 and 0805 h before the start of the 0900 h behavioral choice
session for 7 consecutive days. For d-amphetamine studies, d-amphetamine (0.032–0.1 mg/kg/h) instead of saline was
administered i.v. for 7 consecutive days via the treatment pump,
and a 7-day period of saline infusion was used as the control.
At the conclusion of each 7-day treatment period, treatments
were terminated for at least 4 days and until cocaine versus food
choice had returned to pretest levels. Saline, lisdexamfetamine,
and d-amphetamine doses were counterbalanced across subjects. Although four monkeys completed the 7-day 1.0 mg/kg/
day lisdexamfetamine treatment condition, only three monkeys
completed the saline, 0.32, and 3.2 mg/kg/day lisdexamfetamine
treatment. One monkey died during the study due to health
complications unrelated to experimental manipulations. Three
of the four monkeys tested with lisdexamfetamine were also
tested with d-amphetamine, and in these monkeys, d-amphetamine was tested approximately 1 year before lisdexamfetamine.
For the fourth monkey tested with d-amphetamine, all veins
suitable for catheterization were exhausted before lisdexamfetamine treatments could be initiated.

Data Analysis
For cocaine versus food choice sessions, the primary dependent measure for each component was percent cocaine choice,

defined as (number of ratio requirement choices completed on
the cocaine-associated key/total number of ratio requirement
choices completed on both the cocaine- and food-associated
keys)*100. Mean data from the last 3 days of each 7-day lisdexamfetamine, d-amphetamine, or saline treatment were averaged
for each individual monkey and then averaged across monkeys
to yield group mean data. Percent cocaine choice was then plotted as a function of the unit cocaine dose and analyzed using
a mixed-model analysis (JMP Pro 11, SAS), with lisdexamfetamine or d-amphetamine dose and unit cocaine dose as the
fixed main effects and subject as the random effect. A post hoc
Dunnett’s test was performed to compare lisdexamfetamine
or d-amphetamine effects to saline treatment effects within
a unit cocaine dose. Additional dependent measures collected
during each behavioral session included the numbers of food
and cocaine choices per component and the numbers of food,
cocaine, and total choices across all components, and these data
were analyzed using one- or two-way repeated-measures analyses of variance and a Dunnett’s post hoc test as appropriate. The
criterion for significance was set a priori at the 95% confidence
level (p < 0.05).

Drugs
The National Institute on Drug Abuse Drug Supply Program provided (−)-Cocaine HCl.. The d-amphetamine hemisulfate was
purchased from Sigma Aldrich. Bruce Blough (RTI) synthesized
lisdexamfetamine mesylate. Cocaine, d-amphetamine, and lisdexamfetamine were dissolved in sterile water, and all solutions
were passed through a 0.22 micron Millipore sterile filter before
use. Drug doses were calculated and expressed using the salt
forms listed above.

Results
Time Course of Lisdexamfetamine and dAmphetamine Discriminative Stimulus Effects
On cocaine and saline training days preceding test days, mean ±
standard error of the mean percentages of injection-appropriate
response were 100 ± 0 and 99.8 ± 0.2%, and rates of response were
2.6 ± 0.3 and 2.5 ± 0.3, respectively. Figure 1 shows the potency
and timecourse of lisdexamfetamine (1A) and d-amphetamine
(1B) to produce cocaine-like discriminative stimulus effects.
Supplementary Figure 1 shows a potency comparison between
lisdexamfetamine and d-amphetamine to produce full cocainelike effects. Lisdexamfetamine produced a significant dosedependent (F3,9 = 24.9, p = 0.0001) and time-dependent (F6,18 = 18.1,
p < 0.0001) increase in cocaine-appropriate responses (interaction: F18,54 = 1.8, p = 0.0545). Doses of 1.0 and 3.2 mg/kg lisdexamfetamine produced significant cocaine-appropriate responses
from 56–300 min and 10 min to 48 h, respectively. d-Amphetamine
also produced a significant dose-dependent (F3,9 = 39.2, p < 0.0001)
and time-dependent (F6,18 = 6.25, p = 0.0011) increase in cocaineappropriate responses (interaction: F18,54 = 4.2, p < 0.0001). Doses of
0.1 and 0.32 mg/kg d-amphetamine produced significant cocaineappropriate responses from 10–180 and 10–300 min, respectively.
Figure 1 shows corresponding rates of operant responding as
a function of time after lisdexamfetamine (1C) and d-amphetamine (1D) administration. Lisdexamfetamine (1.0 mg/kg) significantly increased rates of operant responses 56, 100, and 300 min
post-administration compared to saline (interaction: F18,54 = 2.6,
p = 0.0032). In contrast, there were no significant effects of
d-amphetamine on rates of operant responding.
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Figure 1. Potency and time course of the discriminative stimulus effects of lisdexamfetamine (0.32–3.2 mg/kg, i.m.) and d-amphetamine (0.032–0.32 mg/kg, i.m.) in
male rhesus monkeys (n = 4) trained to discriminate cocaine (0.32 mg/kg, i.m.) versus saline. Abscissae: time in min or h after injection. Top ordinates: percent cocaineappropriate responses. Bottom ordinates: rates of response in responses per second. Symbols above “S” and “C” represent the group averages for all saline- and cocainetraining sessions preceding test sessions, respectively. Filled symbols indicate statistical significance compared to saline at a given time point (p < 0.05).

Plasma Lisdexamfetamine and d-Amphetamine
Levels After Lisdexamfetamine administration
Supplementary Table 1 shows mean plasma lisdexamfetamine
and d-amphetamine levels as a function of time after 3.2 mg/
kg i.m. lisdexamfetamine administration. Lisdexamfetamine
was detectable in three out of four monkeys, and levels peaked
at 10 min in two monkeys and at 30 min in the third monkey.
There was no detectable lisdexamfetamine in the plasma 24 h
post-administration in any monkey. In contrast, d-amphetamine levels were detectable in all four monkeys, and d-amphetamine levels peaked at 30 min in three monkeys and 56 min in
the fourth monkey. There was no detectable d-amphetamine
in the plasma of any monkey 72 h after lisdexamfetamine
administration.
Figure 2A shows the counter-clockwise hysteresis loop
of cocaine-like discriminative stimulus effects after 3.2 mg/
kg lisdexamfetamine administration as a function of plasma
d-amphetamine levels (Δy = 72.2 ± 18.7; W = 10, p < 0.001). For
comparison, we also generated a hysteresis loop (Figure 2B) for
phendimetrazine, a phenmetrazine prodrug, from previously
published data (Banks et al., 2013c). In contrast to the results
with lisdexamfetamine, cocaine-appropriate responses and
plasma phenmetrazine levels displayed a clockwise rotation
(Δy = -14.8 ± 14.5; W = -4, p < 0.001).

Lisdexamfetamine and d-Amphetamine Treatment
Effects on Cocaine Versus Food Choice
Under baseline control conditions when saline was infused
through the treatment lumen of the double-lumen catheter,
cocaine maintained a dose-dependent increase in preference
over 1 g food pellets in all monkeys (Figure 3A and B). When low
(0.0032 and 0.01 mg/kg/injection cocaine) unit cocaine doses
were available as the alternative to food pellets, the monkeys

responded almost exclusively on the food-associated key. As
the unit cocaine dose increased, behavior was reallocated away
from the food-associated key to an almost exclusive preference for 0.032 and 0.1 mg/kg/injection unit cocaine doses. There
was no statistically significant effect of i.m. saline injections on
cocaine versus food choice. Thus, baseline (before i.m. injections
of saline or lisdexamfetamine) and i.m. saline results were averaged, and these average data served as the statistical comparison to lisdexamfetamine treatment effects (Figure 3A).
Figure 3 shows lisdexamfetamine (3A) and d-amphetamine
(3B) treatment effects on cocaine versus food choice. Both 1.0
and 3.2 mg/kg/day lisdexamfetamine significantly decreased
the preference of 0.032 mg/kg/injection cocaine (interaction:
F12,46.3 = 4.5, p < 0.0001). Similarly, both 0.032 mg/kg/h and 0.1 mg/
kg/h d-amphetamine treatment significantly decreased preference of 0.032 mg/kg/injection cocaine (interaction: F8,34 = 3.8,
p = 0.0026). Figure 3 shows lisdexamfetamine (3C) and d-amphetamine (3D) treatment effects on total choices, food choices, and
cocaine choices during the entire behavioral session. Mixedmodel analyses demonstrated a significant main effect of the
lisdexamfetamine dose on cocaine choices (F3,8 = 4.4, p = 0.0405);
however, post hoc analyses using Dunnett’s test failed to detect
any lisdexamfetamine dose that significantly decreased the
number of cocaine choices earned relative to baseline. The
3.2 mg/kg/day lisdexamfetamine treatment effects approached
the alpha significance threshold (t-ratio: -2.81; p = 0.0566). In
contrast, lisdexamfetamine had no significant effect on either
total choices or food choices completed during the behavioral
session. Continuous 0.1 mg/kg/h d-amphetamine treatment significantly decreased both total choices (F2,6 = 25.0, p = 0.0012) and
food choices (F2,6 = 11.6, p = 0.0087). In addition, both 0.032 and
0.1 mg/kg/h d-amphetamine treatment significantly decreased
cocaine choices (F2,6 = 100.1, p < 0.0001). In summary, 7-day treatments with either lisdexamfetamine or d-amphetamine significantly decreased cocaine versus food preference. However, in
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procedure to assess treatment efficacy in a preclinical model
of cocaine addiction. There were two main findings. First, both
lisdexamfetamine and d-amphetamine produced dose-dependent and complete substitution for the discriminative stimulus effects of cocaine; however, lisdexamfetamine had lower
potency (Supplementary Figure 1), a slower onset, and a longer
duration of action than d-amphetamine. These results support
the characterization of lisdexamfetamine as an agonist medication potentially capable of producing cocaine-like behavioral
effects, and suggest that lisdexamfetamine may also have lower
abuse potential than d-amphetamine, despite the same classification as a Drug Enforcement Agency Schedule II controlled
substance. Second, 7-day lisdexamfetamine (1 and 3.2 mg/kg/
day, i.m.) treatment significantly decreased 0.032 mg/kg/injection cocaine preference. Moreover, lisdexamfetamine treatment
efficacy was qualitatively similar to d-amphetamine treatment.
Overall, these results support further consideration of lisdexamfetamine’s potential as an agonist pharmacotherapy for cocaine
addiction.

Cocaine-Like Effects of Lisdexamfetamine

Figure 2. (A) Hysteresis plot of cocaine-appropriate responding in the discrimination procedure as a function of plasma d-amphetamine levels after 3.2 mg/kg
lisdexamfetamine administration. (B) For comparison, we also show a hysteresis
plot of cocaine-appropriate responding and plasma (+)-phenmetrazine levels
after 3.2 mg/kg (+)-phendimetrazine administration from previously published
results (Banks et al., 2013c).

contrast to d-amphetamine, lisdexamfetamine did not decrease
overall rates of response.
Figure 4 compares d-amphetamine (0.1 mg/kg/h) and lisdexamfetamine (1.0 mg/kg/day) effects on food (A) and cocaine
(B) choices completed per component. The d-amphetamine
treatment significantly decreased the number of food choices
completed (interaction: F6,18 = 20.6, p < 0.0001) during concurrent
availability of 0.0032 and 0.01 mg/kg/injection cocaine and food
pellets, and decreased the number of cocaine choices completed
(interaction: F6,18 = 31.5, p < 0.0001) during concurrent availability of 0.032 and 0.1 mg/kg/injection cocaine and food pellets.
Lisdexamfetamine treatment significantly increased the number of food choices completed (interaction: F6,18 = 20.6, p < 0.0001)
and significantly decreased the number of cocaine choices completed (interaction: F6,18 = 31.5, p < 0.0001) during concurrent
availability of 0.032 mg/kg/injection cocaine and food pellets.

Discussion
The present study determined lisdexamfetamine effects in
rhesus monkeys using two procedures: (1) a two-key food-reinforced cocaine discrimination procedure to assess the potency
and time course of lisdexamfetamine’s cocaine-like discriminative stimulus effects; and (2) a cocaine versus food choice

Agonist medications are defined in part by shared pharmacodynamic mechanisms with the target drug of abuse. Results of the
present study support the characterization of lisdexamfetamine
as a potential agonist medication for cocaine abuse, and further suggest that cocaine-like effects of lisdexamfetamine are
mediated exclusively by its active metabolite d-amphetamine in
rhesus monkeys. First, like d-amphetamine (Kleven et al., 1990;
Banks et al., 2014), lisdexamfetamine produced full substitution
for the discriminative stimulus effects of cocaine. These results
confirm and extend previous studies determining the discriminative stimulus effects of lisdexamfetamine in rats trained to
discriminate d-amphetamine (Heal et al., 2013). In that study, lisdexamfetamine produced full substitution for d-amphetamine,
and as in the present study with cocaine-trained monkeys, lisdexamfetamine was 10-fold less potent than d-amphetamine.
Secondly, lisdexamfetamine produced cocaine-like discriminative stimulus effects with a slower onset and longer duration
of action compared to d-amphetamine. These results confirm
and extend a previous study determining onset and duration of
lisdexamfetamine behavioral effects in rats (Heal et al., 2013).
Lastly, lisdexamfetamine was rapidly converted to d-amphetamine after intramuscular administration consistent with
previous pharmacokinetic results reported after i.v. (Jasinski
and Krishnan, 2009a) and oral (Jasinski and Krishnan, 2009b;
Ermer et al., 2010) administration in humans and intraperitoneal administration in rats (Rowley et al., 2012). For example,
lisdexamfetamine plasma levels peaked at 10 min, and at a time
when lisdexamfetamine only produced a 36% cocaine-appropriate response. In contrast, d-amphetamine levels peaked at
56 min after lisdexamfetamine administration, and at a time
when the cocaine-appropriate response was 100%. Moreover,
plasma lisdexamfetamine levels were at least 9-fold lower than
d-amphetamine levels at time points (100–300 min) associated
with full cocaine-like discriminative stimulus effects. Overall,
these results suggest that behaviorally active lisdexamfetamine
doses generated sufficiently high plasma d-amphetamine levels to support lisdexamfetamine’s cocaine-like discriminative
stimulus effects.
Hysteresis loops have been utilized to understand pharmacodynamic-pharmacokinetic relationships by plotting the time
lag of either increases or decreases in the magnitude of pharmacological effects (e.g. cocaine-appropriate responding) at a given
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Figure 3. Effects of 7-day treatment with lisdexamfetamine (0.32–3.2 mg/kg/day, i.m.; A and C) and d-amphetamine (0.032–0.1 mg/kg/h, i.v.; B and D) on cocaine versus
food choice in rhesus monkeys (n = 3–4). The top panels show lisdexamfetamine and d-amphetamine effects on cocaine choice dose-effect curves. Abscissae: unit dose
cocaine in mg/kg/injection. Ordinates: % cocaine choice. The bottom panels are summary results for lisdexamfetamine and d-amphetamine effects on the number
of total choices, food choices, and cocaine choices summed across all cocaine doses. All points and bars represent mean data ± standard error of the mean obtained
during days 5–7 of each 7-day treatment period from three monkeys (0.32 and 3.2 mg/kg/day lisdexamfetamine) or four monkeys (1.0 mg/kg/day lisdexamfetamine; all
d-amphetamine doses). Filled symbols in the top panels and asterisks in the bottom panels indicate statistical significance compared to baseline conditions (saline;
p < 0.05). Numbers in parentheses indicate the number of subjects contributing to that data point if less than the total number of subjects tested and indicative of a
time point where a monkey failed to complete at least one ratio requirement during the choice component.

plasma drug level (Louizos et al., 2014). For example, a clockwise hysteresis loop was reported for the relationship between
plasma cocaine levels and cocaine-appropriate responses after
cocaine administration in rhesus monkeys (Lamas et al., 1995)
and for the relationship between plasma cocaine levels and
cocaine-induced subjective effects in humans (Jenkins et al.,
2002). A clockwise hysteresis loop indicates the pharmacological effect decreased as a function of time for a given drug
level and may be indicative of acute tolerance (Louizos et al.,
2014). Consistent with previous lisdexamfetamine studies in
rodents (Rowley et al., 2012), a counter-clockwise hysteresis
loop was observed in the present study for plasma amphetamine levels and cocaine-appropriate responses after lisdexamfetamine administration. A counter-clockwise hysteresis loop
indicates the pharmacological effect increased as a function
of time for a given drug level (Louizos et al., 2014) and, in the
specific case of lisdexamfetamine, would be consistent with an
inactive prodrug (lisdexamfetamine) metabolizing to an active
metabolite (d-amphetamine). In contrast to lisdexamfetamine,
the prodrug phendimetrazine displayed a clockwise hysteresis
loop (data reanalyzed from Banks et al., 2013c), which suggests
that phendimetrazine is an active parent drug for an active
metabolite. Overall, these differential hysteresis effects between
the prodrugs lisdexamfetamine and phendimetrazine are

consistent with the differential onsets of cocaine-appropriate
responses produced by these two compounds in the cocaine discrimination procedure. Said another way, the cocaine-like discriminative stimulus effects of lisdexamfetamine are mediated
exclusively by the conversion of lisdexamfetamine to d-amphetamine; in contrast, both the parent drug phendimetrazine and
the active metabolite phenmetrazine contribute to the cocainelike effects of phendimetrazine.

Lisdexamfetamine Effects on Cocaine Choice
Consistent with previous studies from our nonhuman primate
laboratory (Negus, 2003; Banks et al., 2013b) and other rodent
(Kerstetter et al., 2012; Thomsen et al., 2013), nonhuman primate (Nader and Woolverton, 1991; Czoty and Nader, 2013), and
human (Hart et al., 2000; Rush et al., 2010) laboratory studies,
cocaine maintained a dose-dependent increase in preference
over an alternative, non-drug reinforcer. Also consistent with
previous studies in nonhuman primates (Negus, 2003; Banks
et al., 2013b) and rats (Thomsen et al., 2013), chronic d-amphetamine treatment attenuated cocaine versus food choice. The
present study extends these previous findings by showing
that chronic 7-day treatment with lisdexamfetamine also produced a dose-dependent rightward shift in the cocaine choice
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without producing potentially problematic non-specific effects
on overall rates of operant responses.

Prodrug Monoamine Releaser Compounds as AntiCocaine Addiction Medications

Figure 4 Effects of 7-day treatment with 0.1 mg/kg/h d-amphetamine or 1.0 mg/
kg/day lisdexamfetamine treatment on the number of food (A) and cocaine (B)
choices completed per choice session component in rhesus monkeys (n = 4).
Abscissae: unit dose cocaine in mg/kg/injection that was available during each
component of concurrent cocaine and food availability. Ordinates: choices completed per choice component. Filled symbols indicate statistical significant compared to baseline conditions (saline; p < 0.05).

Monoamine releasers such as d-amphetamine, methamphetamine, and phenmetrazine have demonstrated efficacy to reduce
cocaine-taking behaviors across a broad range of experimental
endpoints in humans (Grabowski et al., 2001; Mooney et al., 2009;
Greenwald et al., 2010; Rush et al., 2010), nonhuman primates
(Negus, 2003; Czoty et al., 2011), and rodents (Chiodo et al., 2008;
Thomsen et al., 2013). However, legitimate concerns regarding the
abuse liability of these compounds hinder broad clinical deployment and regulatory agency support (for a circumspective on the
potential problems and hurdles to deploy agonist-based medications for cocaine addiction, see Negus and Henningfield, 2014).
Prodrugs represent one potential method for addressing abuse
liability concerns because of the slower onset of effects and prolonged duration of action compared to the active metabolite. To
date, two prodrugs have been examined as candidate pharmacotherapies in preclinical models of cocaine addiction: phendimetrazine (Banks et al., 2013b, 2013d) and lisdexamfetamine (present
study). Both compounds decreased cocaine choice and produced
a reciprocal increase in food choice, which is the desired pharmacotherapy profile of a medication being considered to treat
drug addiction (Volkow et al., 2004; Vocci, 2007). Moreover, data
discussed here suggest that lisdexamfetamine may be preferable
to phendimetrazine because of its counter-clockwise hysteresis
plot, suggestive of activity for only the metabolite and not the
parent drug. Phendimetrazine is currently being evaluated in a
human laboratory safety study as a potential pharmacotherapy
for cocaine addiction (NCT02233647). Furthermore, a pilot study
(NCT01490216) and a double-blind placebo-controlled clinical
trial (NCT00958282) determining lisdexamfetamine treatment
efficacy for cocaine addiction have been completed, and another
pilot study (NCT01486810) is currently ongoing. These clinical
studies will provide important new data to assess both: (A) the
clinical utility of phendimetrazine and lisdexamfetamine as
candidate pharmacotherapies; and (B) the predictive validity of
preclinical drug versus food choice procedures as tools to study
candidate pharmacotherapies.

Supplementary Material
For supplementary material accompanying this paper, visit
http://dx.doi.org/10.1017/S00000000000000.

dose-effect curve. Insofar as reductions in cocaine choice by
chronic d-amphetamine treatment in monkeys are consistent with clinical effectiveness of amphetamine maintenance
to reduce cocaine use (Grabowski et al., 2001; Mariani et al.,
2012), these results suggest that lisdexamfetamine may also be
clinically effective to reduce cocaine use. Moreover, the present
results also provide evidence for effectiveness of lisdexamfetamine not only to reduce cocaine consumption, but also to promote reallocation of behavior away from cocaine choice and
toward food choice. This was especially evident in the present
study when monkeys were treated with 1.0 mg/kg/day lisdexamfetamine and chose between 0.032 mg/kg/injection cocaine and
food. Under these conditions, lisdexamfetamine significantly
reduced cocaine choice and increased food choice without altering the total number of reinforcers earned. These results provide
particularly strong evidence that lisdexamfetamine treatment
can reduce the relative reinforcing effects of cocaine versus food
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