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ABSTRACT: Relapse to cocaine dependence, even after extended
abstinence, involves a number of liability factors including impulsivity
(predisposition toward rapid, unplanned reactions to stimuli without
regard to negative consequences) and cue reactivity (sensitivity to cues
associated with cocaine-taking which can promote cocaine-seeking).
These factors have been mechanistically linked to serotonin (5-
hydroxytryptamine, 5-HT) signaling through the 5-HT2A receptor (5-
HT2AR) and 5-HT2CR; either a selective 5-HT2AR antagonist or a 5-
HT2CR agonist suppresses impulsivity and cocaine-seeking in preclinical
models. We conducted proof-of-concept analyses to evaluate whether a
combination of 5-HT2AR antagonist plus 5-HT2CR agonist would have
synergistic effects over these liability factors for relapse as measured in a
1-choice serial reaction time task and cocaine self-administration/reinstatement assay. Combined administration of a dose of the
selective 5-HT2AR antagonist M100907 plus the 5-HT2CR agonist WAY163909, each ineffective alone, synergistically suppressed
cocaine-induced hyperactivity, inherent and cocaine-evoked impulsive action, as well as cue- and cocaine-primed reinstatement of
cocaine-seeking behavior. The identification of synergism between a 5-HT2AR antagonist plus a 5-HT2CR agonist to attenuate
these factors important in relapse indicates the promise of a bifunctional ligand as an anti-addiction pharmacotherapeutic, setting
the stage to develop new ligands with improved efficacy, potency, selectivity, and in vivo profiles over the individual molecules.
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Dependence on the psychostimulant cocaine is marked by
problematic vulnerability to relapse even years into

abstinence.1,2 Two important liability factors that contribute
to relapse are impulsivity (predisposition toward rapid,
unplanned reactions to stimuli without regard to negative
consequences)3 and cue reactivity (sensitivity to cues associated
with cocaine-taking that can promote cocaine-seeking).4,5

Impulsivity and cue reactivity appear to be interrelated in
human cocaine users,6 and new pharmacotherapeutic strategies
that effectively diminish both are likely to enhance abstinence
in the highly vulnerable population of cocaine-dependent
individuals.
The underlying neurobiology of these liability factors

includes a regulatory role for serotonin (5-HT; 5-hydroxytrypt-

amine) neurotransmission. The actions of 5-HT in neurons are
transduced by at least 14 subtypes of 5-HT receptors (5-
HTXRs) which are presently grouped into seven families (5-
HT1R−5-HT7R) according to their structural and functional
characteristics.7−9 Selective blockade of the 5-HT2AR

10−12 or
activation of the 5-HT2CR

10,13,14 consistently reduces impul-
sivity as measured by premature responses assessed in the 1- or
5-choice serial reaction time (1- or 5-CSRT) task, a preclinical
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assay that assesses the inability to withhold a prepotent
response and aligns with human measures of impulsive action
(e.g., continuous performance task).15,16 These same ligands
also reliably suppress both cue- and cocaine-evoked reinstate-
ment (cocaine-seeking) after a period of cocaine self-
administration and extinction.17−20

We conducted proof-of-concept analyses to evaluate whether
a combination of 5-HT2AR antagonist plus 5-HT2CR agonist
would have synergistic effects over these liability factors for
relapse. The 1-CSRT task was employed to measure
impulsivity, while cue-evoked and cocaine-primed reinstate-
ment of cocaine-seeking behavior was assessed after extinction
from cocaine self-administration. The piperidine molecule
M10090721 (Figure 1A) has been shown to bind to 5-HT2AR

with high affinity (IC50 = 3.3 nM) and is greater than 100 times
more selective for the 5-HT2AR over either the 5-HT2CR or 5-
HT2BR.

23,24 WAY163909 (Figure 1B) exhibits high affinity (Ki
= 10.5 nM) and full efficacy (90% relative to 5-HT) at the 5-
HT2CR and a low affinity (Ki = 212 nM) at the 5-HT2AR;
WAY163909 is a weak partial agonist at the 5-HT2BR at
concentrations 23-fold greater.22 M10090719,24−26 and
WAY16390914,17,22,27 have been identified as a selective 5-
HT2AR antagonist and 5-HT2CR agonist, respectively, in a wide
array of cellular and behavioral models. The doses of M100907
and WAY163909, pretreatment time intervals, and order of
injections to be employed in the analyses were chosen based
upon our extensive experience and previous studies.12,14,17,19

Our results indicate that a combination of subthreshold doses
of the two compounds effectively and synergistically suppress
impulsivity and cocaine-seeking evoked by cues and cocaine
exposure, suggesting a new strategy to achieve therapeutic
advantage in cocaine addiction.

■ RESULTS AND DISCUSSION
M100907 + WAY163909 Do Not Synergize to Alter

Spontaneous Motor Activity. The evaluation of combined
treatment with the selective 5-HT2AR antagonist M100907 plus
the selective, full 5-HT2CR agonist WAY163909 required that
we identify doses of M100907 and WAY163909 that were
subthreshold in each assay (summarized in Table 1). We have
shown that M100907 did not alter spontaneous motor activity
in doses from 0.02 to 2 mg/kg under experimental conditions
employed here.28 Further, we have shown that, while doses of 3
and 10 mg/kg of WAY163909 suppressed spontaneous motor
activity in rats, doses of 0.1−1 mg/kg of WAY163909 were
inactive.17 In the present study, we conducted an initial
evaluation of the combined effects of these compounds in
simple motor activity assays. Figure 2 displays the horizontal
ambulations after injection with vehicle, M100907 (0.03 mg/
kg), WAY163909 (0.3 mg/kg), or the combination of the two

ligands; data are presented as total horizontal ambulations in 15
min bins (Figure 2) or for the entire 60 min session (Figure 2,
inset). No main effect of treatment [F(3,110) = 2.01, n.s.], a main
effect of time [F(3,110) = 22, p < 0.05] but no treatment × time
interaction [F(9,110) = 0.33, n.s.] were observed for horizontal
ambulations divided into four 15 min bins. A priori comparisons

Figure 1. Structures of [A] the 5-HT2AR antagonist M100907 and [B]
the 5-HT2CR agonist WAY163909 are shown.

Table 1. Threshold Doses of the 5-HT2AR Antagonist
M100907 and the 5-HT2CR Agonist WAY163909 in Motor
Activity, Impulsivity and Cue Reactivity Assays

subthreshold dosea

M100907 WAY163909 synergism

Motor Activityb

spontaneous motor activity 0.03 mg/kg 0.3 mg/kg no
cocaine-induced motor activity 0.03 mg/kg 0.3 mg/kg yes

Impulsivityc

inherent impulsive action 0.01 mg/kg 0.1 mg/kg yes
cocaine-induced impulsive action 0.1 mg/kg 0.5 mg/kg yes

Cue Reactivityd

cue-induced reinstatement 0.001 mg/kg 0.1 mg/kg yes
cocaine-primed reinstatement 0.1 mg/kg 0.3 mg/kg yes
aThe “subthreshold dose” is the employed dose of ligand (i.p.) at
which the noted behavior was unaltered (vs control). bDoses up to 2
mg/kg of M10090728 and 1 mg/kg of WAY16390917 were ineffective
to alter spontaneous or cocaine-evoked motor activity (Figure 3).
cDoses up to 0.03 mg/kg of M10090712 and 0.2 mg/kg of
WAY16390914 were ineffective to alter inherent impulsivity. Doses
up to 0.3 mg/kg of M10090712 and 1 mg/kg of WAY163909 (Figure
6) were ineffective to alter cocaine-evoked impulsivity. dDoses up to
0.01 mg/kg of M10090719 and 0.5 mg/kg of WAY16390917 were
ineffective to alter cue-evoked reinstatement. Doses up to 0.5 mg/kg of
M10090732 and 1 mg/kg of WAY163909 (Figure 9) were ineffective
to alter cocaine-primed reinstatement.

Figure 2. M100907 plus WAY163909 do not synergize to alter
spontaneous motor activity. Rats were injected (i.p.) with M100907
(M100; 0.03 mg/kg) or vehicle (VEH; 1% Tween) 30 min prior, and
WAY163909 (WAY; 0.3 mg/kg) or vehicle (VEH; saline, 1 mL/kg) 15
min prior to the start of the test session. The time course of horizontal
ambulations is divided into 15 min time bins across the 60 min
session; [inset] the mean total horizontal ambulations (counts/60
min) (±SEM).

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn300072u | ACS Chem. Neurosci. 2013, 4, 110−121111



indicated that neither M100907 nor WAY163909 at the chosen
dose altered horizontal ambulations versus vehicle+vehicle
(VEH-VEH) at any 15 min interval (n.s.; Figure 2) as predicted
by our previous observations.17,28 Furthermore, the combina-
tion of M100907 plus WAY163909 did not significantly alter
horizontal ambulations versus VEH-VEH at any 15 min interval
(n.s.; Figure 2). No main effect of treatment was observed for
horizontal ambulations totaled for the entire 60 min test session
[F(3,28) = 2.11, n.s.; Figure 2, inset]. The effects of M100907
plus WAY163909 on vertical activity were similar to horizontal
ambulations (data not shown). Thus, subthreshold doses of
M100907 (0.03 mg/kg)28 and WAY163909 (0.3 mg/kg)17

were identified, and the combined administration of these doses
of M100907 plus WAY163909 did not evoke additive or
synergistic effects on spontaneous motor activity (Figure 2;
Table 1).
M100907 + WAY163909 Synergistically Suppress

Cocaine-Induced Hyperactivity. Our studies have shown
that M100907 (0.02−2 mg/kg) dose-dependently suppressed
hyperactivity induced by acute cocaine administration.28 While
the efficacy of WAY163909 to suppress cocaine-evoked
hyperactivity is predicted based upon prior studies with other
5-HT2CR agonists,29,30 we first evaluated the ability of
WAY163909 (0.1, 0.3, and 1 mg/kg) to alter horizontal
ambulations evoked by cocaine (15 mg/kg); these WAY163909
doses were chosen as below those (3 and 10 mg/kg) noted to
significantly suppress spontaneous motor activity.17 Figure 3

displays the horizontal ambulations after treatment with vehicle
or WAY163909 prior to administration of cocaine; data are
presented as total horizontal ambulations in 15 min bins
(Figure 3) or for the entire 60 min session (Figure 3, inset). A
main effect of treatment [F(3,44) = 3.83, p < 0.05], time [F(3,44) =
93.80, p < 0.05], and a treatment × time interaction [F(12,132) =
2.33, p < 0.05] were observed for horizontal ambulations

divided into four 15 min bins. A priori comparisons revealed
that a dose of 1 mg/kg, but not 0.1 or 0.3 mg/kg, of
WAY163909 reduced cocaine-evoked horizontal ambulations at
all four 15 min intervals (1 WAY-COC vs VEH-COC; p < 0.05;
Figure 3). A main effect of treatment was observed for
horizontal ambulations totaled for the entire 60 min test session
[F(3,44) = 3.83, p < 0.05; Figure 3, inset]; a priori comparisons
showed that 1 mg/kg, but not 0.1 or 0.3 mg/kg, of
WAY163909 significantly suppressed cocaine-evoked horizontal
ambulations (1 WAY-COC vs VEH-COC; p < 0.05; Figure 3,
inset; dashed line indicates VEH-VEH levels). Thus, we
identified subthreshold doses of M100907 (0.03 mg/kg)28

and WAY163909 (0.3 mg/kg; Figure 3) which do not alter
cocaine-induced motor activity when tested alone (Table 1).
We next tested the hypothesis that combined treatment with

subthreshold doses of M100907 (0.03 mg/kg) plus
WAY163909 (0.3 mg/kg) suppresses cocaine-evoked hyper-
activity. Figure 4 displays horizontal ambulations after treat-

ment with vehicle, M100907 (0.03 mg/kg), WAY163909 (0.3
mg/kg), or the combination prior to cocaine (15 mg/kg); data
are presented as total horizontal ambulations in 15 min bins
(Figure 4) or for the entire 60 min session (Figure 4, inset). A
main effect of treatment [F(3,92) = 11, p < 0.05], time [F(3,92) =
25.38, p < 0.05], but no treatment × time interaction [F(9,92) =
1.38, n.s.] were observed for horizontal ambulations divided
into four 15 min bins. A priori comparisons indicated neither
M100907 nor WAY163909 alone altered horizontal ambula-
tions relative to VEH-VEH-COC at any 15 min interval (Figure
4). However, M100907 plus WAY163909 significantly reduced
cocaine-evoked horizontal ambulations during each of the 15
min intervals (M100-WAY-COC vs VEH-VEH-COC; p < 0.05;
Figure 4). A main effect of treatment was observed for

Figure 3. WAY163909 dose-dependently suppresses cocaine-evoked
hyperactivity. Rats received an i.p. injection of WAY163909 (WAY;
0.1, 0.3, or 1 mg/kg) or vehicle (VEH; saline, 1 mL/kg) 15 min prior
to i.p. injection of cocaine (COC; 15 mg/kg) or vehicle (VEH; saline,
1 mL/kg). The time course of horizontal ambulations is divided into
15 min time bins across the 60 min session; [inset] the mean total
horizontal ambulations (counts/60 min) (±SEM). The dashed line
represents the mean VEH-VEH response. *p < 0.05 vs VEH-COC.

Figure 4. M100907 plus WAY163909 synergistically suppress cocaine-
evoked hyperactivity. Rats received treatment injections (i.p.) of
M100907 (M100; 0.03 mg/kg) or vehicle (VEH; 1% Tween) at 30
min prior, and WAY163909 (WAY; 0.3 mg/kg) or vehicle (VEH;
saline, 1 mL/kg) 15 min prior to receiving an i.p. injection of cocaine
(COC; 15 mg/kg) or vehicle (VEH; saline, 1 mL/kg). The time
course of horizontal ambulations is divided into 15 min time bins
across the 60 min session; [inset] the mean total horizontal
ambulations (counts/60 min) (±SEM). The dashed line represents
the mean VEH-VEH response. *p < 0.05 vs VEH-VEH-COC.
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horizontal ambulations totaled for the entire 60 min test session
[F(3,23) = 4.43; p < 0.05; Figure 4, inset]; a priori comparisons
showed that while neither ligands tested alone at chosen doses
altered horizontal ambulations, the combination of M100907
plus WAY163909 significantly decreased cocaine-evoked
horizontal ambulations (M100-WAY-COC vs VEH-VEH-
COC; p < 0.05; Figure 4, inset; dashed line indicates VEH-
VEH-VEH levels). The effects of M100907 plus WAY163909
on cocaine-evoked vertical activity were similar to cocaine-
evoked horizontal ambulations (data not shown). Hence, the
combination of subthreshold doses of M100907 (0.03 mg/kg)
plus WAY163909 (0.3 mg/kg) synergistically attenuated
cocaine-evoked hyperactivity (Figure 4; Table 1).
M100907 + WAY163909 Synergistically Suppress

Inherent Impulsive Action. Selective blockade of the 5-
HT2AR (e.g., M100907)10−12 or activation of the 5-HT2CR
(e.g., WAY163909)10,13,14 consistently reduces inherent
impulsive action measured in 1- or 5-CSRT tasks. We have
published the observation that M100907 (0.01−0.5 mg/kg)
dose-dependently suppresses inherent impulsive action as
measured by premature responses in the 1-CSRT task with a
subthreshold dose identified as 0.01 mg/kg (Table 1).12

WAY163909 also dose-dependently suppressed premature
responses in the 1-CSRT task with a subthreshold dose
identified as 0.1 mg/kg (Table 1).14 Our goal in the present
series of studies was to test the hypothesis that combined
treatment with the subthreshold doses of M100907 (0.01 mg/
kg) plus WAY163909 (0.1 mg/kg) would synergize to suppress
inherent impulsive action in the 1-CSRT task. Figure 5 displays
the number of premature responses (Figure 5A) and
reinforcers earned (Figure 5B) on the 1-CSRT task after
treatment with vehicle, M100907 (0.01 mg/kg), WAY163909
(0.1 mg/kg), or the combination; data are presented as a
percentage of the number of premature responses or reinforcers
earned on the VEH-VEH session that preceded each dose/
combination evaluated. A main effect of treatment on
premature responses was observed [F(3,51) = 5.18; p < 0.05;
Figure 5A]; a priori comparisons showed that M100907 plus
WAY163909 significantly decreased premature responses
versus VEH-VEH (p < 0.05; Figure 5A; dashed line indicates
VEH-VEH levels). Neither M100907 nor WAY163909 alone
altered the number of premature responses (n.s.; Figure 5A) as
predicted by our previous observations.12,14 A main effect of
treatment on the number of reinforcers earned was also
observed [F(3,51) = 4.64; p < 0.05; Figure 5B]; a priori
comparisons showed that M100907 plus WAY163909 sig-
nificantly increased the number of reinforcers earned versus
VEH-VEH (p < 0.05; Figure 5B; dashed line indicates VEH-
VEH levels). Neither M100907 nor WAY163909 alone altered
the number of reinforcers earned versus VEH-VEH (n.s.;
Figure 5B).12,14 No main effect of treatment on percent
accuracy [F(3,51) = 0.74; n.s.], percent omissions [F(3,51) = 0.61;
n.s.], latency to start [F(3,51) = 0.10; n.s.], time to finish [F(3,51) =
0.33; n.s.], or time to retrieve the reinforcer [F(3,51) = 0.01; n.s.]
was observed (data not shown). Taken together, combined
treatment with subthreshold doses of M100907 (0.01 mg/kg)
plus WAY163909 (0.1 mg/kg) synergize to reduce inherent
impulsive action as defined by decreased premature responses
and increased reinforcers earned in the 1-CSRT task (Figure 5;
Table 1).
M100907 + WAY163909 Synergistically Suppress

Cocaine-Evoked Impulsive Action. The 5-HT2AR and 5-
HT2CR are potential pharmacotherapeutic targets for cocaine

dependence; therefore, it is important to understand the
influence of M100907 and WAY163909 over impulsive action
emergent upon systemic administration of cocaine.12 In
preparation for the combination studies, we were required to
first establish the effects of WAY163909 on impulsive action
evoked by cocaine in the 1-CSRT task. Figure 6 displays the
number of premature responses (Figure 6A) and reinforcers
earned (Figure 6B) on the 1-CSRT task after treatment with
vehicle or WAY163909 (0.5, 1, and 1.5 mg/kg) prior to
administration of cocaine (10 mg/kg); data are presented as a
percentage of the number of premature responses or reinforcers
earned on the VEH-VEH session that preceded each dose/
combination evaluated. A main effect of treatment on
premature responses was observed [F(3,47) = 4.14; p < 0.05;
Figure 6A]. WAY163909 at 1.5 mg/kg, but not 0.5 or 1 mg/kg,
significantly suppressed cocaine-induced increases in premature
responses (1.5 WAY-COC vs VEH-COC; p < 0.05; Figure 6A)
to levels seen for VEH-VEH (dashed line). No main effect of
treatment on the number of reinforcers earned was observed
[F(3,47) = 1.16; n.s; Figure 6B]; WAY163909 did not alter
cocaine-evoked decreases in reinforcers earned (Figure 6B;
dashed line indicates VEH-VEH levels). A main effect of
treatment on percent omissions was observed; a priori
comparisons revealed WAY163909 at the 1.5 mg/kg dose

Figure 5.WAY163909 plus M100907 synergistically suppress inherent
impulsive action. Rats received i.p. injections of M100907 (M100; 0.01
mg/kg) or vehicle (VEH; 1% Tween) at 30 min prior, and
WAY163909 (WAY; 0.1 mg/kg) or vehicle (VEH; saline, 1 mL/kg)
15 min prior to the start of the 1-CSRT task session. Data represent
the number of [A] premature responses and [B] reinforcers earned on
the 1-CSRT task test day expressed as percentage of control treatment
(VEH-VEH; dashed line) (mean ± SEM). *p < 0.05 vs VEH-VEH.
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significantly increased percent omissions versus VEH-COC
[F(3,47) = 5.96; p < 0.05; data not shown]. This was most likely
not due to motility or motivational deficits31 as no main effect
of treatment on percent accuracy [F(3,47) = 0.75; n.s.], latency to
start [F(3,47) = 0.93; n.s.], time to finish [F(3,47) = 1.58, n.s.], or
time to retrieve the reinforcer [F(3,47) = 0.53; n.s.] was observed
(data not shown). Thus, a dose of 0.5 mg/kg of WAY163909
was identified as subthreshold to alter cocaine-evoked impulsive
action in the 1-CSRT task (Figure 6; Table 1) and was used for
the following synergism study.
The apparent potency of M100907 to suppress inherent

impulsive action in the 1-CSRT task was greater than that
which suppressed cocaine-evoked impulsive action.12 For this
reason, we chose 0.1 mg/kg of M100907 as the threshold dose
to be employed here as this dose did not alter cocaine-evoked
impulsive action in a previous study.12 In the present study, the
subthreshold doses of 0.1 mg/kg of M100907 plus 0.5 mg/kg
of WAY163909 were employed to test the hypothesis that
combined treatment would synergize to suppress cocaine-
evoked impulsive action in the 1-CSRT task. Figure 7 displays
the number of premature responses (Figure 7A) and

reinforcers earned (Figure 7B) on the 1-CSRT task following
treatment with vehicle, M100907 (0.1 mg/kg), WAY163909
(0.5 mg/kg), or the combination administered prior to cocaine
(10 mg/kg); data are presented as a percentage of the number
of responses made on the VEH-VEH-VEH session that
preceded each dose/combination evaluated. A main effect of
treatment on premature responses was observed [F3,35 = 3.57; p
< 0.05; Figure 7A; dashed lines indicates VEH-VEH-VEH
levels]. M100907 plus WAY163909, but not M100907 or
WAY163909 alone at chosen doses, significantly decreased
cocaine-evoked premature responses (M100-WAY-COC vs
VEH-VEH-COC; p < 0.05; Figure 7A) to levels seen for VEH-
VEH-VEH (dashed line). No main effect of treatment on the
number of reinforcers earned was observed [F3,35 = 1.39; n.s.;
Figure 7B]; treatment with M100907, WAY163909 or the
combination did not alter cocaine-evoked decreases in
reinforcers earned (p > 0.05; Figure 7B; dashed line indicates

Figure 6. WAY163909 dose-dependently suppresses cocaine-evoked
impulsive action. Rats received treatment injections (i.p.) of
WAY163909 (WAY; 0.5, 1, 1.5 mg/kg) or vehicle (VEH; saline, 1
mL/kg) 15 min prior to an injection with cocaine (COC; 10 mg/kg,
i.p) or vehicle (VEH; saline, 1 mL/kg), which occurred immediately
before the start of the 1-CSRT task session. Data represent the
number of [A] premature responses and [B] reinforcers earned on the
1-CSRT task test day expressed as percentage of control treatment
(VEH-VEH; dashed line) (mean ± SEM). *p < 0.05 vs VEH-COC.

Figure 7. WAY163909 plus M100907 synergistically suppress cocaine-
evoked impulsive action. Rats received treatment injections (i.p.) of
M100907 (M100; 0.1 mg/kg) or vehicle (VEH; 1% Tween) at 30 min
prior, and WAY163909 (WAY; 0.5 mg/kg) or vehicle (VEH; saline, 1
mL/kg) 15 min prior to receiving an injection of cocaine (COC; 10
mg/kg) or vehicle (VEH; saline, 1 mL/kg) which occurred
immediately before the start of the 1-CSRT task session. Data
represent the number of [A] premature responses and [B] reinforcers
earned on the 1-CSRT task test day expressed as percentage of control
treatment (VEH-VEH-VEH; dashed line) (mean ± SEM). *p < 0.05
vs VEH-VEH-COC.
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VEH-VEH-VEH levels). In this experiment, no main effect of
treatment on percent accuracy (F(3,35) = 0.50; n.s.), percent
omissions (F(3,35) = 0.59; n.s.), latency to start (F(3,35) = 1.10;
n.s.), time to finish (F(3,35) = 0.01; n.s.) or time to retrieve the
reinforcer (F(3,35) = 1.28; n.s.) was observed (data not shown).
Thus, subthreshold doses of M100907 plus WAY163909
synergistically normalized cocaine-evoked premature responses
to basal levels in the 1-CSRT task (Figure 7; Table 1).
M100907 + WAY163909 Synergistically Suppress

Cue-Evoked Reinstatement. We have published the
observation that M100907 (0.01−0.8 mg/kg) dose-depend-
ently suppressed cue-evoked reinstatement after extinction
from cocaine self-administration with a subthreshold dose
identified as 0.001 mg/kg (Table 1).19 All tested doses (0.5, 1,
and 1.5 mg/kg) of WAY163909 suppressed cue-evoked
reinstatement in a previous study;17 thus, we employed a
dose of WAY163909 (0.1 mg/kg) which was 5-fold lower than
the lowest previously tested effective dose for combination
studies with the subthreshold dose of M100907 (0.001 mg/kg).
In the present study, rats readily acquired cocaine self-
administration (0.75 mg/kg/0.1 mL infusion) in daily 180
min sessions to stability (i.e., seven infusions/h on an FR 5
schedule for at least three sessions) and displayed <10%
variation in the number of infusions received (i.e., cocaine
intake) (data not shown). Across the last three sessions of
stable self-administration on an FR 5 schedule (data not
shown), there was no main effect of session on the number of
active [F(2,21) = 0.1; n.s.], inactive lever responses [F(2,21) = 1.58;
n.s.] or the number of infusions received [F(2,21) = 0.18; n.s.].
The average daily cocaine intake over the last three sessions of
training was 33.03 ± 2.1 mg/kg. A main effect of extinction
session on active lever presses [F(12,74) = 17.22; p < 0.05], but
not on inactive lever presses [F(12,74) = 1.43; n.s.], was observed.
Presses on the previously active lever decreased across
extinction sessions with all rats achieving the extinction
criterion (<15 active lever responses/session for three
consecutive sessions) by session 13 of extinction training
(data not shown). The “extinction baseline” was calculated as
the mean total lever presses of all rats on the active (8.0 ± 1.4)
or inactive lever (4.5 ± 0.9) during the final 60 min extinction
session.
Figure 8 illustrates the number of lever presses during the 60

min cue-evoked reinstatement session on the lever previously
associated with cocaine delivery after treatment with vehicle,
M100907 (0.001 mg/kg), WAY163909 (0.1 mg/kg), or the
combination. A main effect of treatment on active lever
responses during the 60 min cue-evoked reinstatement session
was observed [F(4,35) = 9.94; p < 0.05; Figure 8]. A priori
comparisons indicated that lever presses on the previously
active lever increased significantly during the 60 min cue-
evoked reinstatement session (VEH-VEH) versus the ex-
tinction baseline (p < 0.05; Figure 8). Treatment with
M100907 plus WAY163909 significantly decreased lever
presses during the 60 min cue-evoked reinstatement session
versus VEH-VEH (p < 0.05; Figure 8); neither M100907 nor
WAY163909 alone altered active lever presses during the 60
min cue-evoked reinstatement session versus VEH-VEH (n.s.;
Figure 8). There was no main effect of treatment on inactive
lever responses [F(4,35) = 0.35; n.s.; Figure 8] or the latency to
the first lever press during the 60 min cue-evoked reinstatement
session versus VEH-VEH [F(3,28) = 0.93; n.s.; data not shown].
Thus, M100907 plus WAY163909 administered at subthres-

hold doses synergistically attenuated cue-evoked reinstatement
(Figure 8; Table 1).

M100907 + WAY163909 Synergistically Suppress
Cocaine-Primed Reinstatement. Cocaine-primed reinstate-
ment following extinction is suppressed by 5-HT2CR agonists
(e.g., RO 60−0175, MK212).20,30,32,33 Here, we assessed the
ability of WAY163909 to alter cocaine-primed reinstatement
after extinction from cocaine self-administration. In the present
study, a separate cohort of rats readily acquired cocaine self-
administration (0.75 mg/kg/0.1 mL infusion) in daily 180 min
sessions to stability (i.e., seven infusions/h on an FR 5 schedule
for at least three sessions) and displayed <10% variation in the
number of infusions received (i.e., cocaine intake) (data not
shown). Across the last three sessions of stable self-
administration on an FR 5 schedule (data not shown), there
was no main effect of session on the number of active [F(2,63) =
0.14; n.s.], inactive lever responses [F(2,63) = 0.04; n.s.] or the
number of infusions received [F(2,63) = 0.13; n.s.]. The average
daily cocaine intake over the last three sessions of training was
29.3 ± 0.9 mg/kg. A main effect of extinction session on active
lever presses [F(14,160) = 23.92; p < 0.05], but not on inactive
lever presses [F(14,160) = 0.60; n.s.], was observed. Presses on
the previously active lever decreased across extinction sessions
with all rats achieving the extinction criterion by session 15 of
extinction training (data not shown). The “extinction baseline”
was calculated as the mean total lever presses of all rats on the
active (9.3 ± 0.6) or inactive lever (5.3 ± 1.2) during the final
60 min extinction session.
Figure 9 illustrates the number of lever presses during the 60

min cocaine-primed (15 mg/kg) reinstatement session after
treatment with vehicle or WAY163909 (0.5, 1, or 1.5 mg/kg). A
main effect of treatment on active lever responses was observed
[F(4,39) = 18.91; p < 0.05; Figure 9]. A priori comparisons

Figure 8. M100907 plus WAY163909 synergistically suppress cue-
evoked reinstatement of cocaine-seeking behavior. Rats received i.p.
injections of M100907 (M100; 0.001 mg/kg) or vehicle (VEH; 1%
Tween) at 30 min prior, and WAY163909 (WAY; 0.1 mg/kg) or
vehicle (VEH; saline, 1 mL/kg) 15 min prior to the start of the
reinstatement session. Data represent the mean (±SEM) total number
of responses on the active (white bars) or inactive lever (gray bars)
following extinction (“Extinction Baseline”) and upon ligand treatment
on the test day for cue-evoked reinstatement of extinguished cocaine-
seeking behavior. Reinstatement was initiated by a single nonresponse
contingent presentation of cocaine-paired cues (pump and stimulus
light). Each active lever press resulted in the presentation of the
conditioned stimuli in the absence of cocaine delivery. *p < 0.05 vs
Extinction Baseline; p̂ < 0.05 vs VEH-VEH.
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indicated that lever presses on the previously active lever
increased significantly following the cocaine injection (VEH-
COC) versus the extinction baseline (p < 0.05; Figure 9).
Treatment with WAY163909 at 1 and 1.5 mg/kg significantly
decreased lever presses during the cocaine-primed reinstate-
ment session versus VEH-COC (p < 0.05; Figure 9). There was
no main effect of treatment on inactive lever responses during
cocaine-primed reinstatement session versus VEH-COC [F(4,39)
= 2.21; n.s.; Figure 9]. There was a main effect of treatment on
latency to the first lever press during the reinstatement session
versus VEH-COC [F(3,18) = 4.27; p < 0.05; data not shown]; a
priori comparisons revealed that 1.5 mg/kg WAY163909
significantly increased latency to the first lever press versus
VEH-COC (p < 0.05; data not shown). Neither 0.5 nor 1 mg/
kg of WAY163909 altered the latency to the first lever press
versus VEH-COC (p < 0.05; data not shown). Thus, we have
identified a subthreshold dose WAY163909 (0.5 mg/kg) which
did not alter cocaine-primed reinstatement when tested alone
(Figure 9; Table 1).
The same cohort of rats employed in the M100907 plus

WAY163909 cue-evoked reinstatement study (Figure 8) were
utilized to test the hypothesis that combined treatment would
synergize to suppress cocaine-primed reinstatement. The dose
of 0.5 mg/kg of M100907 suppressed reinstatement evoked by
nonresponse contingent administration of 10 or 20 mg/kg of
cocaine.32 Here, we employed a dose of M100907 (0.1 mg/kg)
which was 5-fold lower for combination studies with a
subthreshold dose of WAY163909 (0.3 mg/kg).
Figure 10 illustrates the mean total lever presses (±SEM)

during the 60 min cocaine-primed (15 mg/kg) reinstatement
session after treatment with vehicle or the combination of
M100907 (0.1 mg/kg) plus WAY163909 (0.3 mg/kg). A main
effect of treatment on active lever responses was observed
[F(2,12) = 40.25; p < 0.05; Figure 10]. A priori comparisons

indicated that lever presses on the previously active lever
increased significantly following the cocaine injection (VEH-
VEH-COC) versus the extinction baseline (p < 0.05; Figure
10). Treatment with M100907 plus WAY163909 significantly
decreased lever presses during the cocaine-primed reinstate-
ment session versus VEH-VEH-COC (p < 0.05; Figure 10).
There was no main effect of treatment on inactive lever
responses [F(2,12) = 1.52; n.s.; Figure 10] or the latency to the
first lever press during the reinstatement session versus VEH-
VEH-COC (data not shown). Thus, the combination of
M100907 plus WAY163909 administered at subthreshold doses
synergistically diminished cocaine-primed reinstatement (Fig-
ure 10; Table 1).
In summary, we have identified combinations of subthres-

hold doses of M100907 plus WAY163909 that did not alter
spontaneous motor activity, but did synergistically suppress
cocaine-induced hyperactivity, inherent and cocaine-evoked
impulsive action, as well as cue-evoked and cocaine-primed
reinstatement of cocaine-seeking behavior. The subthreshold
doses of each ligand were chosen based upon empirical criteria
established in each assay while the pretreatment intervals and
order of administration were selected based on our extensive
experience and previous publications.12,14,17,28 The synergism
between the 5-HT2AR antagonist M100907 plus 5-HT2CR
agonist WAY163909 was achieved at doses that are much lower
than the doses of each ligand necessary to affect the given
behavior when administered alone (Table 1). Employing 0.03
mg/kg of M100907 and 0.3 mg/kg of WAY163909, we
demonstrated that spontaneous motor activity (Figure 2) and
cocaine-evoked hyperactivity (Figure 3) were unaffected by the
chosen dose of M100907 or WAY163909 administered alone;
when combined, this ligand/dose combination suppressed
cocaine-evoked motor activity by ∼75% (Figure 4), but did not

Figure 9. WAY163909 dose-dependently suppresses cocaine-primed
reinstatement of cocaine-seeking behavior. Rats received treatment
injections (i.p.) of WAY163909 (WAY; 0.5, 1, 1.5 mg/kg) or vehicle
(VEH; saline, 1 mL/kg) 15 min prior to injection with cocaine (COC;
15 mg/kg). Data represent the mean (±SEM) total number of
responses on the active (black bars) or inactive lever (gray bars)
following extinction (“Extinction Baseline”) and upon ligand treatment
on the test day for cocaine-primed reinstatement of extinguished
cocaine-seeking behavior. Cocaine-paired cues were not delivered
during the 60 min cocaine-primed reinstatement test session and
responses had no consequences. *p < 0.05 vs Extinction Baseline; p̂ <
0.05 vs VEH-VEH.

Figure 10. M100907 plus WAY163909 synergistically suppress
cocaine-primed reinstatement of cocaine-seeking behavior. Rats
received i.p. injections of M100907 (M100; 0.1 mg/kg) or vehicle
(VEH; 1% Tween) at 30 min prior, and WAY163909 (WAY; 0.3 mg/
kg) or vehicle (VEH; saline, 1 mL/kg) 15 min prior to injection with
cocaine (COC; 15 mg/kg). Data represent the mean (±SEM) total
number of responses on the active (white bars) or inactive lever (gray
bars) following extinction (“Extinction Baseline”) and upon ligand
treatment on the test day for cocaine-primed reinstatement of
extinguished cocaine-seeking behavior. Cocaine-paired cues were not
delivered during the 60 min cocaine-primed reinstatement test session
and responses had no consequences. *p < 0.05 vs Extinction Baseline;
p̂ < 0.05 vs VEH-VEH.
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alter spontaneous motor activity (Figure 2). Combination of
even lower, inactive doses of M100907 (0.01 mg/kg) plus
WAY163909 (0.1 mg/kg) synergized to suppress inherent
impulsive action (Figure 5) while the combination of M100907
(0.1 mg/kg) plus WAY163909 (0.5 mg/kg) synergistically
normalized cocaine-evoked impulsivity to basal levels. The
doses of M100907 and WAY163909 employed to assess
synergism on inherent impulsivity (Figure 5) are 3-fold lower
than those employed in the spontaneous locomotor studies
(Figure 2). The doses of M100907 (0.1 mg/kg) and
WAY163909 (0.5 mg/kg) employed to assess synergism on
cocaine-evoked impulsivity (Figure 7) are 2-fold lower than
those which suppress cocaine-evoked locomotor activity (see
McMahon and Cunningham, and Figure 3).28 Further, neither
M100907 nor WAY163909 alone or in combination altered
measures of motility (i.e., latency to start, time to finish, time to
retrieve the reinforcer) in the 1-CSRT task. Lastly, cue-evoked
reinstatement was synergistically suppressed by very low doses
of M100907 (0.001 mg/kg) plus WAY163909 (0.1 mg/kg)
(Figure 8). Cocaine-primed reinstatement was synergistically
attenuated by the combination of doses of M100907 (0.1 mg/
kg) plus WAY163909 (0.3 mg/kg) that were comparable to
those required to synergistically suppress cocaine-evoked
impulsivity. That this synergism to suppress cocaine-mediated
behaviors was observed at higher doses of both ligands than
those effective to suppress spontaneous motor activity, inherent
impulsivity, and cue-evoked reinstatement may not be
surprising given the complex impact of acute cocaine
administration on the neurochemical pathways involved in
generating impulsive action and reinstatement of cocaine-
seeking behavior.12,14

Collectively, these data suggest that the synergistic efficacy of
dual 5-HT2AR antagonist/5-HT2CR agonist treatment occurs
independent of general behavioral disruption indicating that the
combination of ultralow doses may be better tolerated than
either drug alone. The reported side effects of M100907 in
clinical studies in schizophrenic patients include headaches and
constipation,34 while preclinical studies demonstrate efficacy of
M100907 to increase sleep and decrease waking, observations
that have resulted in clinical trials to assess the efficacy and
safety of M100907 (volinanserin) in chronic primary
insomnia.35 In preclinical studies, WAY163909 evokes hypo-
motility at doses > 3 mg/kg17 and at 10-fold higher doses has
been noted to induce catalepsy.27 Clinical studies with
lorcaserin, the only selective 5-HT2CR agonist administered
to humans to date, reported no neurocognitive or perceptual
effects36 and the side effects in clinical trials were limited to
headache, nausea, and dizziness.37−39 While there is room to
optimize doses of ligands, routes of administration, and
pretreatment times to further explore this synergism, the
chemical biology literature suggests that the targeted design of a
single chemical entity which modulates two biologically
relevant targets simultaneously is likely to result in therapeutic
effects at lower doses, greater compliance, and minimized side
effects relative to the two drugs alone.40−43 Thus, although
studies could be conducted to optimize administration of the
two ligands simultaneously, the success and superior efficacy of
the ligand combinations at ultralow doses of the substituent
ligands provides a solid scientific rationale for designing a
bifunctional 5-HT2AR antagonist/5-HT2CR agonist ligand.
Based upon our present identification of synergism between

a selective 5-HT2AR antagonist and 5-HT2CR agonist to
attenuate impulsivity and cocaine-seeking, we hypothesize

that a bifunctional 5-HT2AR antagonist/5-HT2CR agonist
strategy would include efficacy to suppress impulsivity,
cocaine-seeking, and potentially cocaine-taking. Selective 5-
HT2CR agonists, including WAY163909,17,20,30,32,33 dose-
dependently block cocaine-taking in self-administration assays;
however, the synergistic efficacy of 5-HT2AR antagonist and 5-
HT2CR agonist over cocaine intake has yet to be established.
Nonetheless, the present studies set the stage to develop new
ligands with such dual properties to improve efficacy, potency,
selectivity, and in vivo profiles over the individual molecules.
Such a compound might be found in recent drug discovery
initiatives within the same molecule.24,44,45 New chemical
molecules with such a profile will be extremely useful to further
delineate the pharmacological interactions and biological
substrates involved in these relapse vulnerability phenotypes
to cocaine addiction.
The basis for the synergism between the 5-HT2AR antagonist

and 5-HT2CR agonist is unknown at present. The 5-HT2AR and
5-HT2CR share a high degree of homology, overlapping
pharmacological profiles, and utilize richly diverse, second
messenger signaling systems. The synergistic effects of
M100907 and WAY163909 described here may be transduced
through 5-HT2AR and 5-HT2CR signaling in the same neurons
or interacting neurons and/or separate nodes of the neural
circuitry underlying these behavioral phenotypes. The recent
demonstration of multiple examples of GPCR heteromers and
the synthesis of multivalent ligands to selectively target such
heteromers46−49 suggests that heteromers of 5-HT2AR and 5-
HT2CR might assemble in neurons to serve as a binding scaffold
for multivalent ligands. The formation of 5-HT2AR:5-HT2CR
heteromeric receptors may have profound implications for
cellular and behavioral phenotypes, as receptor clusters can
endow cells with additional mechanisms through which to
control signal transduction.46−50 Thus, the potential for
formation of 5-HT2AR:5-HT2CR heteromeric receptors and
the need to selectively target such protein complexes provides
further rationale for the development of bivalent ligands that
target these two receptors.
In summary, the synergy between M100907 and

WAY163909 tantalizingly suggests the potential for bifunctional
ligands with therapeutic efficacy and limited side effects in
cocaine dependence. In addition, such novel ligands will
provide a rich toolbox to probe the neurobiology of 5-HT2AR
and 5-HT2CR systems in phenotypic vulnerability to cocaine
dependence and relapse.

■ METHODS
Animals. A total of 136 male Sprague−Dawley rats (Harlan, Inc.,

Indianapolis, IN) weighing 225−325 g at the start of the experiments
were used. Rats were allowed to acclimate for 5−7 days in a colony
room at a constant temperature (21−23 °C) and humidity (45−50%)
on a 12 h light-dark cycle (lights on 0700−1900 h). Rats were housed
either two (1-CSRT task, self-administration/reinstatement assay) or
four rats per cage (locomotor activity assay). Food and water was
available ad libitum throughout all phases of the locomotor and self-
administration studies. For 1-CSRT studies, rats were food restricted
to 90% free-feeding weight for the duration of experiments; water was
available ad libitum except during daily operant sessions. All
experiments were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
(2011) and with the approval of the UTMB Institutional Animal Care
and Use Committee. All efforts were made to minimize animal
suffering, to reduce the number of animals used, and to utilize
alternatives to in vivo techniques, when available.
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Drugs. M100907 [R-(1)-(2,3-dimethoxyphenyl)-1-[2-(4-fluoro-
phenylethyl)]-4-piperidine-methanol] was synthesized by Kenner
Rice (National Institute on Drug Abuse, Bethesda, MD) and dissolved
in 1% Tween 80 in 0.9% NaCl (vehicle employed for comparison to
M100907). WAY163909 [(7b-R,10a-R)-1,2,3,4,8,9,10,10a-octahydro-
7bH-cyclopenta[b][1,4] diazepino [6,7,1hi] indole] was a gift from
Pfizer Inc. (New York, NY) and dissolved in 0.9% NaCl (vehicle
employed for comparison to WAY163909). (−)-Cocaine (National
Institute on Drug Abuse, Research Triangle Park, NC) was dissolved
in 0.9% NaCl (vehicle employed for comparison to cocaine).
Locomotor Activity. The effects of M100907, WAY163909, or

the combination on motor activity were monitored and quantified
under low light conditions using a modified open field activity system
(San Diego Instruments, San Diego, CA) according to previous
publications with minor modifications.17,28 Clear Plexiglas chambers
(40 × 40 × 40 cm3) were surrounded by a 4 × 4 photobeam matrix
positioned 4 cm from chamber floor. Horizontal ambulations were
quantified as the sum of consecutive photobeam breaks that occurred
within the inner central 16 × 16 cm2 perimeter and in the surrounding
outer peripheral 16 × 16 cm2 perimeter of the activity monitor every 5
min. For all activity experiments, rats (n = 76) were acclimated to the
colony room and, following one week of handling, rats were habituated
to the activity monitors for one hour/day for three consecutive days
prior to initiation of experiments, which commenced 24 h later with a
one hour habituation prior to the start of the test session.
Measurement of spontaneous motor activity began immediately
following the last injection in each of the following studies and was
assessed for 60 min.

(i) The effects of M100907, WAY163909, or their combination on
spontaneous motor activity were assessed in a between-subjects
design. Rats were injected (i.p.) with M100907 (0.03 mg/kg)
or vehicle (1% Tween) 30 min prior, plus WAY163909 (0.3
mg/kg) or vehicle (saline, 1 mL/kg) 15 min prior to the start of
the test session.

(ii) The effects of WAY163909 on cocaine-evoked motor activity
were established in a within-subjects design. To control for
order effects, drug doses and vehicles were administered in
random sequence to individual rats across sessions such that all
rats received all treatment combinations; test days were
separated by one week during which rats were handled daily.
On test day, rats received an i.p. injection of WAY163909 (0.1,
0.3, or 1 mg/kg) or vehicle (saline, 1 mL/kg) 15 min prior to
i.p. injection of cocaine (15 mg/kg) or vehicle (saline, 1 mL/
kg).

(iii) The effects of M100907, WAY163909, or the combination on
cocaine-evoked motor activity were assessed using a between-
subjects design. Rats received a treatment injection (i.p.) of
M100907 (0.03 mg/kg) or vehicle (1% Tween) at 30 min
prior, and WAY163909 (0.3 mg/kg) or vehicle (saline, 1 mL/
kg) 15 min prior to receiving an i.p. injection of cocaine (15
mg/kg) or vehicle (saline, 1 mL/kg).

One-Choice Serial Reaction Time (1-CSRT) Task. Impulsive
action was assessed in the 1-CSRT task, as previously described.12,14

The 1-CSRT task procedures employed standard five-hole nosepoke
operant chambers (Med Associates, Roanoke, VA) contained within a
ventilated and sound-attenuating chamber. Each chamber was fitted
with an array of five evenly spaced response apertures (2.5 × 2.5 × 2.2
cm3) positioned 2 cm above a bar floor, and each aperture contained a
stimulus light. Nosepoke responses into these apertures were detected
by a horizontally positioned infrared beam located 1 cm from the
entrance to each hole. The chambers were also fitted on the opposite
wall with a houselight, food tray, and an external pellet dispenser
capable of delivering 45 mg pellets (Dustless Precision pellets, Bio-
Serv, Frenchtown, NJ) to the food tray. The chambers were connected
via an interface (Med Associates) to a PC computer running Med PC
for Windows software (Med Associates).
1-CSRT Task Training. Rats (n = 16) were allowed 1 week to

acclimate to the colony after which food restriction began. Rats were
weighed daily to ensure that body weights were maintained at 90% of

free-feeding levels throughout 1-CSRT task training. Training began
with a pretraining stage in which the rat was habituated to the test
chamber and introduced to nosepoke responses for food pellets.
During this stage, all responses made in the correctly lit (center) hole
resulted in the illumination of the magazine light and presentation of a
single food pellet. The training stages thereafter were each composed
of daily sessions of 100 trials to be completed in a maximum of 30
min; each training stage involved incrementally lowering the stimulus
duration with a 5 s limited hold and an ITI of 5 s. Thus, a maximum of
100 correct responses in a session would result in a maximum of 100
reinforcers delivered; incorrect or premature responses or omissions
resulted in a 5 s time out period and a reduction in potential
reinforcers obtained. Rats were required to meet an acquisition criteria
of a minimum of 50 correct responses, >80% accuracy [correct
responses/(correct + incorrect) × 100] and <20% omissions (omitted
responses/trials completed × 100) to move from one training stage to
the next.12,14 Pharmacological test sessions commenced after animals
met the stable training criteria of >80% accuracy and <20% omissions
for five consecutive training sessions on the final training stage (0.5 s
stimulus duration, 5 s limited hold, 5 s ITI) with less than 15%
variability across sessions. Pharmacological evaluations in the 1-CSRT
were conducted using a within-subjects design. To control for order
effects, drug doses and vehicles were administered in random sequence
to individual rats across reinstatement test sessions; a minimum of 2
days of stable training sessions intervened between test sessions.

(i) The effects of M100907, WAY163909, or the combination on
inherent impulsive action were established in rats after an
injection (i.p.) of M100907 (0.01 mg/kg) or vehicle (1%
Tween) at 30 min prior, plus WAY163909 (0.1 mg/kg) or
vehicle (saline, 1 mL/kg) 15 min prior to the start of the 1-
CSRT task session.

(ii) The effects of WAY163909 on cocaine-evoked impulsive action
were established in rats after an injection (i.p.) of WAY163909
(0.5, 1, 1.5 mg/kg) or vehicle (saline, 1 mL/kg) 15 min prior to
an injection with cocaine (10 mg/kg, i.p) or vehicle (saline, 1
mL/kg, i.p.) which occurred immediately before the start of the
1-CSRT task session.

(iii) The effects of M100907, WAY163909 or the combination on
cocaine-evoked impulsive action were established in rats after an
injection (i.p.) of M100907 (0.1 mg/kg) or vehicle (1%
Tween) at 30 min prior, plus WAY163909 (0.5 mg/kg) or
vehicle (saline, 1 mL/kg) 15 min prior to receiving an injection
of cocaine (10 mg/kg) or vehicle (saline, 1 mL/kg), which
occurred immediately before the start of the 1-CSRT task
session.

Self-Administration Surgery. Implantations of intravenous
catheters with back mounts were performed under anesthesia with a
cocktail containing 8.6 mg/kg of xylazine, 1.5 mg/kg of acepromazine,
and 43 mg/kg of ketamine in bacteriostatic saline as previously
described.17,19 Daily flushes with a solution of 0.1 mL of bacteriostatic
saline containing heparin sodium (10 U/mL; American Pharmaceut-
ical Partners, East Schaumburg, IL), streptokinase (0.67 mg/mL;
Sigma Chemical), and ticarcillin disodium (66.67 mg/mL; Research
Products International, Mt. Prospect, IL) were performed after each
cocaine self-administration session to maintain catheter patency.
Proper catheter function was verified periodically throughout the
experiment by intravenous administration of 10 mg/kg of methohex-
ital sodium (Monarch Pharmaceuticals Inc., Bristol, TN), a dose
sufficient to briefly anesthetize the animal only when administered
intravenously. All rats were allowed at least 5 days of recovery after
surgery before initiation of self-administration training.

Cocaine Self-Administration Training. Standard operant
conditioning chambers (Med-Associates, Inc., St. Albans, VT) housed
in ventilated sound-attenuating cubicles with fans (Med-Associates,
Inc.) were utilized for cocaine self-administration studies. Each
chamber was equipped with two retractable response levers, a stimulus
light above each response lever, and a houselight opposite the levers.
Cocaine infusions were delivered by a syringe attached to an infusion
pump (Med Associates, Inc.) located outside the cubicle. The infusion
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pumps were connected to liquid swivels (Instech, Plymouth Meeting,
PA) that were fastened to the catheters via polyethylene 20 tubing
encased inside a metal spring leash. Cocaine self-administration
training consisted of daily 180 min sessions during which rats (n = 44)
were trained to press the active lever to obtain a cocaine infusion (0.75
mg/kg/0.1 mL infusion) on an FR 1 schedule of reinforcement before
progressing to an FR 5 schedule. Animals were not food restricted or
trained on an operant task prior to commencement of self-
administration and no cocaine priming infusions were given during
the experiment.
Rats that met the criterion for stable self-administration (<10%

variation in the number of infusions received for three consecutive
sessions) were subjected to daily 60-min extinction sessions, during
which active and inactive lever presses were recorded but had no
scheduled consequences (i.e., did not activate the infusion pump or
result in presentation of the stimulus light). Once rats achieved the
extinction criterion of response rates <15 total responses/h for three
consecutive sessions, the pharmacological test sessions on cue-evoked
or cocaine-primed reinstatement were examined. The criterion of <15
responses/h as indicative of extinction is commonly employed in self-
administration studies and corresponds to approximately 15% of
responses during active cocaine self-administration.17,19,51

Cue-Evoked Reinstatement. A single nonresponse contingent
presentation of the cocaine-paired cues (pump and stimulus light)
initiated cue-evoked reinstatement sessions. During the 60 min cue-
evoked reinstatement test session, responses on the active lever were
reinforced by presentation of the cocaine-paired cues on an FR 1
schedule. Rats received i.p. injections of M100907 (0.001 mg/kg) or
vehicle (1% Tween) at 30 min prior, plus WAY163909 (0.1 mg/kg) or
vehicle (saline, 1 mL/kg) 15 min prior to the start of the reinstatement
session in a between-subjects design in which each animal was tested
under one treatment condition.
Cocaine-Primed Reinstatement. Cocaine (15 mg/kg, i.p.) was

administered immediately before placement into the chambers for
evaluation of cocaine-primed reinstatement; cocaine-paired cues were
not delivered during the 60 min session, and responses had no
consequences. Each rat was required to meet the reinstatement
criterion of more than double their extinction baseline rate to be
included in the final data analyses.20

(i) The effects of WAY163909 on cocaine-primed reinstatement
were established using a between-subjects design. Rats received
treatment injections (i.p.) of WAY163909 (0.5, 1, 1.5 mg/kg)
or vehicle (saline, 1 mL/kg) 15 min prior to injection with
cocaine (15 mg/kg).

(ii) The effects of the combination of M100907 plus WAY163909
on cocaine-primed reinstatement were established using a
within-subjects design. To control for order effects, drug doses
and vehicles were administered in random sequence to
individual rats across reinstatement test sessions. Rats received
i.p. injections of M100907 (0.1 mg/kg) or vehicle (1% Tween)
at 30 min prior, and WAY163909 (0.3 mg/kg) or vehicle
(saline, 1 mL/kg) 15 min prior to cocaine (15 mg/kg).

Statistical Analyses. Locomotor activity data are presented as
mean (±SEM) total horizontal ambulations within the 15, 30, 45, and
60 min time bins or totaled over the 60 min session. A two-way
(treatment, time) analysis of variance (ANOVA) of horizontal
ambulations/time bins was conducted using the general linear model
(GLM) procedure (SAS for Windows, version 9.3). Specifically
defined group comparisons of horizontal ambulations at each time bin
and for total horizontal ambulations summed across the 60 min
session were conducted by a one-way ANOVA and Dunnett’s
procedure.52 All statistical analyses were conducted with an
experimentwise error rate of a α = 0.05.
During the 1-CSRT task, the total number of responses (correct,

incorrect, omissions, and premature) as well as the latency to start the
task (s), time to finish (s), and time to retrieve the reinforcer (s) were
recorded. The measures of latency to start, time to finish and time to
retrieve the reinforcer provide indices of motility in the 1-CSRT.
Incorrect responses consistently accounted for less than 5% of total

responses during 1-CSRT task test sessions as rats were well-trained
upon achieving the task criterion. Percent accuracy [(correct
responses/correct + incorrect) × 100] was used as an indication of
the attentional capacity of each rat. Percent omissions (omitted
responses/trials completed × 100) and time to retrieve the reinforcer
indicated the motivation level of each rat to perform the task.
Responses during the ITI (premature responses) and the number of
reinforcers earned during the 1-CSRT task were used to measure
impulsive action.12,14 Responses on pharmacological test sessions are
presented as the percentage of values observed on the vehicle test
session that occurred one day prior to the pharmacological test
session. Specifically defined group comparisons of premature
responses, reinforcers earned, percent accuracy, percent omissions,
time to start, time to finish, and time to retrieve the reinforcer were
conducted by a one-way ANOVA followed by Dunnett’s procedure.52

All statistical analyses were conducted with an experimentwise error
rate of a α = 0.05.

The data from the self-administration, extinction and reinstatement
phases were analyzed separately. A one-way ANOVA (SAS for
Windows, V9.3) for repeated measures was used to analyze the
dependent measures of the total number of (1) active lever responses/
session (mean ± SEM) and (2) inactive lever presses/session (mean ±
SEM) during the self-administration phase and the total number of
responses/session on the (3) previously active, or (4) -inactive lever
(mean ± SEM) during the extinction phase. A one-way ANOVA was
employed to compare responses on the previously active lever over the
last three sessions of extinction with responses observed following
vehicle treatment during reinstatement sessions and to analyze the
effects of M100907, WAY163909, or the combination on the total
number of (1) responses/session on the previously active, (2) -inactive
lever, and (3) the latency to respond on the previously active lever
during the reinstatement phase. Specifically defined group compar-
isons of responses were conducted by a one-way ANOVA and
Dunnett’s procedure.52 All statistical analyses were conducted with an
experimentwise error rate of α = 0.05.
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