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Abstract
The serotonin 5-HT2A receptor (5-HT2AR) may play a role in reinstatement of drug-seeking. This
study investigated the ability of a selective 5-HT2A receptor (5-HT2AR) antagonist to suppress
reinstatement evoked by exposure to cues conditioned to cocaine self-administration. Cocaine
self-administration (0.75 mg/kg/0.1 mL/6 s infusion; FR 4) was trained in naïve, free-fed rats to
allow interpretation of results independent from changes related to food deprivation stress.
Pretreatment with the selective 5-HT2AR antagonist M100907 (volinanserin) failed to reduce rates
of operant responding for cocaine infusions. On the other hand, M100907 (0.001 – 0.8 mg/kg, i.p.)
significantly suppressed the cue-induced reinstatement of cocaine-seeking behavior following
extinction; effective M100907 doses did not alter operant responding for cues previously
associated with sucrose self-administration. Importantly, a greater magnitude of active lever
presses on the initial extinction session (“high extinction” responders) predicted the maximal
susceptibility to M100907-induced suppression of cue-evoked reinstatement. The findings indicate
that blockade of the 5-HT2AR attenuates the incentive-motivational effects of cocaine-paired cues,
particularly in “high extinction” responders, and suggests that M100907 may afford a therapeutic
advance in suppression of cue-evoked craving and/or relapse.
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INTRODUCTION
The 5-hydroxytryptamine (5-HT) system is a prominent target of action for the abused
psychostimulant cocaine which binds to and inhibits 5-HT reuptake thereby increasing the
availability of 5-HT in the synapse (Koe 1976). Serotonergic manipulations (e.g., 5-HT
precursors, neurotoxins, 5-HT agonists and antagonists) interfere with expression of the
behavioral effects evoked by acute administration of cocaine (for review, Walsh &
Cunningham 1997; Bubar & Cunningham 2006; Muller & Huston 2006) while the
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neurochemical consequences of repeated cocaine exposure include altered expression of 5-
HT transporters and receptor subtypes in both animals (Cunningham, Paris, & Goeders
1992; O’Dell et al., 2006; Banks et al., 2008) and humans (Little et al., 1998; Baumann &
Rothman 1998; Patkar et al., 2004). Interestingly, 5-HT may also be involved in the
expression of cue-associated behaviors; for example, increased 5-HT efflux was observed in
the prefrontal cortex (PFC) of rats (Carey & Damianopoulos 1994; but see, Bradberry &
Rubino 2004 in monkeys), upon exposure to the stimuli previously paired with cocaine
delivery. Thus, these data suggest that 5-HT plays a contributory role in drug-seeking
behavior and may be a factor in relapse and continued use in cocaine dependence (Gawin &
Kleber 1986; Wise 1996; O’Leary et al., 2000).

The 5-HT2 receptor (5-HT2R) family (5-HT2AR, 5-HT2BR and 5-HT2CR; Leysen 2004) has
been a serotonergic target of interest in understanding the cellular and behavioral effects of
cocaine (see reviews, Muller et al., 2006; Bubar et al., 2006). An overall excitatory and
inhibitory role for the 5-HT2AR and 5-HT2CR, respectively, has been described in several
animal models of cocaine-induced behaviors (see Higgins & Fletcher 2003; Bubar et al.,
2006, for reviews). In self-administration studies, a particularly interesting pattern of effects
has emerged, although a full dataset of information is not yet available. Acute administration
of either selective and non-selective 5-HT2R antagonists failed to alter the reinforcing
effects of cocaine in rodent (Fletcher, Grottick, & Higgins 2002; Filip 2005) or non-human
primate self-administration studies (Fantegrossi et al., 2002). However, cocaine-primed
reinstatement of cocaine-seeking was suppressed by selective 5-HT2AR antagonists, and
enhanced by 5-HT2CR antagonists (Fletcher et al., 2002). Given the oppositional outcomes
seen following pretreatment with a selective 5-HT2AR vs. 5-HT2CR antagonist, it is perhaps
not surprising that non-selective 5-HT2A/2CR antagonists failed to attenuate cocaine-primed
drug-seeking (Schenk 2000; Burmeister, Lungren, Kirschner, & Neisewander 2004; Filip
2005). Reinstatement can also be initiated by cocaine-associated cues (e.g., lights; Shaham
et al., 2003), and cue-evoked reinstatement was attenuated by non-selective 5-HT2A/2CR
antagonists (Burmeister et al., 2004; Filip 2005). Thus, reinstatement induced by either
cocaine or cocaine-associated cues may be mediated by actions of 5-HT at the 5-HT2AR.
The non-selective nature of the ligands employed thus far complicates the interpretation of
the results as the reduction in cue-evoked reinstatement may result from 5-HT2AR blockade,
and/or actions at other receptors (e.g., dopamine, α-adrenergic receptors; Baxter, Kennett,
Blaney, & Blackburn 1995; Wainscott et al., 1996). Furthermore, because the 5-HT2AR and
5-HT2CR are oppositional in the control of the in vivo effects of cocaine (for review, Bubar
et al., 2006), results observed following administration of nonselective 5-HT2A/2CR
antagonists are confounded by a concurrent blockade of the 5-HT2CR which would be
expected to have oppositional actions to those of blockade of the 5-HT2AR (e.g. Cremers et
al., 2004; Bonaccorso et al., 2002). Understanding the specific role of the 5-HT2AR in cue-
induced reinstatement is important information needed to fully appreciate the potential
means by which to support and extend abstinence during treatment.

Serotonin systems, and the 5-HT2AR in particular, are engaged under stressful
circumstances (Chaouloff, Elghozi, Guezennec, & Laude 1985; Tsujii et al., 1988; McBlane
& Handley 1994; Popova et al., 2001) and several methodological aspects of cocaine self-
administration paradigms necessitate a consideration of suitable protocols to maximize
interpretation of studies in which 5-HT2AR ligands are investigated (Bongiovanni & See
2008). The procedures utilized for training of self-administration tasks in rodents typically
involve food (or water) deprivation and a history of operant pretraining for a food (or water)
reinforcer (Grottick, Fletcher, & Higgins 2000; Fletcher et al., 2002; Burmeister et al., 2004;
Fletcher, Chintoh, Sinyard, & Higgins 2004; Filip 2005). Initial operant pretraining for one
appetitive reinforcer can influence subsequent behavior maintained by another reinforcer
and can result in changes in response rates (Urbain, Poling, Millam, & Thompson 1978;
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Nader & Thompson 1989). Additionally, food deprivation is a typical feature of self-
administration procedures and has been identified as a mild stressor to increase plasma
corticosterone (Marinelli, Le Moal, & Piazza 1996; Takao, Nagatani, Kitamura, &
Yamawaki 1997; Dallman et al., 1999), disrupt 5-HT function (Chaouloff et al., 1985; Tsujii
et al., 1988; McBlane et al., 1994; Popova et al., 2001) and enhance psychostimulant-
induced behavioral and neural responses (Carroll 1985; Carr 2007; Stamp, Mashoodh, van
Kampen, & Robertson 2008). Thus, the design of self-administration studies without
conditions of food deprivation and operant pretraining affords an opportunity to analyze
serotonergic regulation of cocaine-seeking and –taking in rodents (Fletcher et al., 2002;,
Neisewander & Acosta 2007; Fletcher et al., 2008; but, see Burbassi & Cervo 2008) under
conditions that minimize the potential for associated stress-related confounds (Stanford
1996).

The present study investigated the hypothesis that the selective 5-HT2AR antagonist
M100907 would suppress cue-evoked reinstatement in both cocaine and sucrose self-
administration paradigms. An extensive database indicates that M100907 is the most
selective 5-HT2AR antagonist for preclinical studies available (Schreiber, Brocco, & Millan
1994; Kehne et al., 1996; De Paulis 2001; Fletcher et al., 2002; Marek, Martin-Ruiz, Abo, &
Artigas 2005; Carli, Baviera, Invernizzi, & Balducci 2006) with selectivity for the 5-HT2AR
(Ki= 0.85 nM) over the closely-related 5-HT2CR (Ki=88 nM) and ~150 fold less affinity for
other receptors (e.g., dopamine D2 and alpha1 adrenergic receptors; Kehne et al., 1996). In
addition to the broad preclinical experience with this investigational compound, the
progression of clinical trials with M100907 (volinanserin; National Institutes of Health
Clinical Center 2005) suggests that this medication may be available for treatment studies in
humans soon. Here, we analyzed the effectiveness of a wide range of doses of M100907
(Hitchcock, Lister, Fischer, & Wettstein 1997; Wettstein, Host, & Hitchcock 1999; Patel,
Fernandez-Garcia, Hutson, & Patel 2001; Bonaccorso et al., 2002;. McCreary, Filip, &
Cunningham 2003) to alter cue-evoked reinstatement under conditions that minimized
potential confounds imposed by food deprivation (or water; Filip 2005) and operant
pretraining for an appetitive reinforcer (Grottick et al., 2000; Fletcher et al., 2002;
Burmeister et al., 2004; Filip 2005). To analyze the extent to which the ability of M100907
to alter drug-seeking was related to protocols employed during the reinstatement phase, four
separate experiments were conducted. Reinstatement was assessed under either an oft-
employed within-subjects design (repeated testing; Shaham et al., 2003) or under a between-
subjects design in which each rat received a single reinstatement session.

METHODS
Animals

A total of 92 male Sprague-Dawley rats (Harlan Sprague-Dawley, Inc., Indianapolis, IN)
weighing 250–325g at the start of the experiments were used. Upon arrival, rats were
handled and given 4–5 days to acclimate to their environment. All animals were individually
housed in a climate-controlled vivarium with a 12-h light/dark cycle (lights on: 7 am, lights
off: 7 pm) and given access to food (standard rat chow) and water ad libitum throughout the
phases of the study (i.e., self-administration, extinction and cue-induced reinstatement). A
total of 14 rats were excluded from the study due to weight loss >10% (n=1), failure to
demonstrate catheter patency (n=7), failure to meet the acquisition (n=3) or extinction
criterion (n=3). All experiments were carried out in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (National Research Council,
1996) and with the approval of the Institutional Animal Care and Use Committee at
University of Texas Medical Branch.
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Surgery
Implantations of intravenous catheters with head 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 (0.9% NaCl). Small incisions were made in the right
posterior neck and the top of the head to expose the right jugular vein and skull,
respectively. A subcutaneous burrow was made between the two incisions, and the catheter
apparatus was pulled through this burrow. The catheter was composed of Silastic® tubing
(Dow Corning, Midland, MI) connected to a bent 22-gauge metal cannula encased within a
plastic screw connector (Plastics One, Roanoke, VA) at one end and affixed with a small
ball of aquarium sealant ~3 cm from the other end. The distal end of the catheter was
inserted into the jugular vein and pushed down until flush with the ball of aquarium sealant,
terminating outside the right atrium. The catheter was secured to the vein with sutures
(braided silk non absorbable 4.0) on both sides of the aquarium sealant ball. The incision
was then sutured (nylon non absorbable 4.0). The metal end of the catheter was secured to
the skull using cranioplastic cement and small anchor screws drilled into the skull. Sham
surgeries were performed on rats assigned to sucrose self-administration and anesthetized as
above. A small incision was made in the right posterior neck to expose the right jugular vein
and then sutured.

Catheter patency was maintained by daily flushing with a solution of 0.1 mL bacteriostatic
saline containing heparin sodium (10 U/mL, American Pharmaceutical Partners, IL),
streptokinase (0.67 mg/mL, Sigma, St. Louis, MO) and ticarcillin disodium (66.67 mg/mL,
Research Products International, Mt. Prospect, IL) after each cocaine self-administration
session. Proper catheter function was verified periodically throughout the experiment by
intravenous administration of 10 mg/kg methohexital sodium (Monarch Pharmaceuticals
Inc., Bristol, TN), a dose sufficient to briefly anesthetize the animal only when administered
i.v. All rats were allowed at least 5 days of recovery after surgery before initiation of self-
administration training.

Apparatus
Standard operant conditioning chambers (Med-Associates, St. Albans, VT) housed in
ventilated sound-attenuating cubicles (Med-Associates) with fans to mask outside noise
were utilized for the self-administration study. Each operant conditioning chamber was
equipped with two retractable response levers, a stimulus light above each response lever, a
houselight opposite the levers and a magazine-type pellet dispenser. The cocaine infusions
were delivered by a syringe attached to a motor-driven infusion pump (Med Associates)
located outside the operant conditioning chamber. The infusion pumps were connected to
liquid swivels (Instech, Plymouth Meeting, PA) which were fastened to the catheters via
polyethylene 20 tubing encased inside a metal spring leash (Plastics One). Sucrose pellets
(45 mg; Bio-Serv, Frenchtown, NJ) were delivered into a pellet receptacle located between
the two levers.

Experimental Design
Experiment 1: Effects of M100907 (0.1 – 0.8 mg/kg) during cocaine self-
administration and cue-induced reinstatement (within-subjects design)—
Cocaine self-administration training consisted of daily 2 hr sessions during which rats were
trained to press the active lever to obtain a cocaine infusion (0.75 mg/kg/0.1 mL, i.v.).
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.
Scheduled completions on the active lever resulted in simultaneous activation of the house
light and stimulus light, followed 1 sec later by either activation of the infusion pump. Rats
received a 0.1 mL cocaine infusion delivered over a 6 sec period, after which the pump and
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stimulus light (conditioned reinforcers paired with delivery of cocaine) were inactivated
simultaneously. The house light remained illuminated for a 20 sec timeout period, during
which lever presses had no scheduled consequences. Responses on the inactive lever had no
scheduled consequences. Animals were initially trained on an FR 1 schedule of cocaine
reinforcement until they met a criterion of seven infusions/hr for at least three sessions.
After reaching this acquisition criterion and demonstrating stable cocaine self-administration
on an FR1 schedule of reinforcement (i.e., < 10% variation in the number of infusions
received for three consecutive sessions), animals progressed to an FR 4 schedule of
reinforcement. Once the criterion of stable cocaine self-administration on an FR 4 schedule
was achieved (i.e., < 10% variation in the number of infusions received for three consecutive
sessions), the ability of M100907 to alter responses rates for cocaine self-administration was
assessed. Animals (n=10) were administered vehicle or M100907 (0.1, 0.2, 0.4 or 0.8 mg/
kg; 30 min, i.p.) prior to self-administration sessions, according to a within-subjects design.
The order of M100907 injections was counterbalanced and intervening sessions of cocaine
self-administration occurred between each drug challenge to assure retention of baseline
responding.

Following the last M100907 test session and three sessions to reestablish stable cocaine self-
administration, daily 1 hr extinction sessions were conducted across consecutive sessions
until rats met the extinction criterion of response rates less than 15 total responses in the
hour for three consecutive sessions. The criterion of ≤ 15 responses/hr as indicative of
extinction level responding is commonly employed in self-administration studies (e.g., Leri,
Flores, Rodaros, & Stewart 2002) and corresponds to approximately 15% of responding
observed during active cocaine self-administration (Shaham et al., 2003). During the
extinction sessions, 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
cocaine-paired stimuli).

Once rats achieved the extinction criterion, the effects of M100907 on cue-induced
reinstatement of cocaine-seeking behavior were examined. To initiate reinstatement
sessions, one passive presentation of the cocaine-paired cues (pump and stimulus light) was
given. During the remaining 1 hr test session, responses on the active lever were reinforced
by presentation of the cocaine-paired cues on an FR 1 schedule. Animals were given a
minimum of three additional extinction training sessions between the tests to allow
extinction baseline response rates to restabilize. The same extinction criterion (≤ 15 active
lever responses/session for three consecutive sessions) applied such that rats needed to
achieve ≤ 15 active lever responses/session for three consecutive sessions before a cue-
induced reinstatement test session was initiated. To assess the effects of M100907 on cue-
induced reinstatement of cocaine-seeking behavior, rats were injected with vehicle or
M100907 (0.1, 0.2, 0.4 or 0.8 mg/kg; i.p., 30 min) before the start of the reinstatement
session according to a within-subjects (n=10) design.

Experiment 2: Effects of M100907 (0.001 – 0.01 mg/kg) on cue-induced
reinstatement in a cocaine self-administration paradigm (within-subjects
design)—The results of Experiment 1 demonstrated a lack of dose dependency for
M100907 to suppress cue-evoked responding. To address the possibility that M100907
exposure during self-administration sessions may explain these observations, a second
experiment was conducted in a within-subjects reinstatement design with even lower doses
of M100907 than those employed in Experiment 1. Cocaine self-administration training
consisted of daily 2 hr sessions during which rats were trained to press the active lever to
obtain a cocaine infusion (0.75 mg/kg/0.1 mL, i.v.) on an FR 1 schedule of reinforcement
before progressing to a FR 4 schedule. Once the criterion for stable self-administration (<
10% variation in the number of infusions received for three consecutive sessions) was met,
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rats were subjected to extinction training under identical conditions as in Experiment 1.
Once the extinction criterion (≤ 15 active lever responses/session for three consecutive
sessions) was met, reinstatement sessions were conducted in a within-subjects design (n=13)
under conditions identical to Experiment 1. Prior to reinstatement sessions, rats were
injected with vehicle or M100907 (0.001, 0.01, 0.1 mg/kg; i.p., 30 min) under conditions
identical to Experiment 1.

Experiment 3: Effects of M100907 on cue-induced reinstatement in a cocaine
self-administration paradigm (between-subjects design)—Experiments 1 and 2
indicated a high efficacy of M100907 to suppress cue-evoked reinstatement with little
evidence of a classical dose-effect curve. Because reinstatement was assessed in a within-
subjects design for the first two experiments, in Experiment 3, we reinvestigated the dose-
effect curve for M100907 in groups of rats which were exposed to only one single
reinstatement session (between-subjects design). Cocaine self-administration training
consisted of daily 3 hr sessions during which rats were trained to press the active lever to
obtain a cocaine infusion (0.75 mg/kg/0.1 mL, i.v.) on an FR 1 schedule of reinforcement
before progressing to stable responding on an FR 4 schedule. Rats were then assigned to
treatment groups (n=7/group) matched for cocaine intake during the self-administration
training phase to control for potential differences in cue-induced reinstatement of cocaine-
seeking behavior that could be related to prior cocaine intake levels (Deroche, Le, & Piazza
1999; Sutton, Karanian, & Self 2000). All animals were then subjected to extinction training
(3 hr/session) until the extinction criterion was met. For assessment of the effects of
M100907 on cue-induced reinstatement of cocaine-seeking behavior, rats were injected with
vehicle or M100907 (0.0001, 0.001, 0.01, 0.1 mg/kg; i.p., 30 min) before the start of the
reinstatement session under conditions identical to Experiment 1.

Experiment 4: Effects of M100907 on cue-induced reinstatement in a sucrose
self-administration paradigm (between-subjects design)—Sucrose self-
administration (n=20) training consisted of daily 2 hr sessions during which rats were
trained to press the active lever to obtain a sucrose pellet. Scheduled completions on the
active lever resulted in simultaneous activation of the house light and stimulus light,
followed 1 sec later by activation of the sucrose pellet dispenser. Rats received a single
sucrose pellet (45 mg). After a 6 sec period, the stimulus light was inactivated and the house
light remained illuminated for a 20 sec timeout period, during which lever presses had no
scheduled consequences. Responses on the inactive lever had no scheduled consequences.
Animals were initially trained on an FR 1 schedule of sucrose reinforcement before
progressing to an FR 4 schedule of reinforcement. Upon reaching stability on the FR 4
schedule, animals were assigned to three groups (based on history of pellet intake and levels
of operant responding during the self-administration training phase) for testing of cue-
induced reinstatement of sucrose-seeking behavior. Following extinction training (identical
to conditions described in Experiment 1), the effects of M100907 (0.01 and 0.1 mg/kg; i.p.,
30 min) or vehicle on cue-induced reinstatement of sucrose-seeking behavior were
examined. These doses were chosen because each dose completely blocked cue-induced
reinstatement of cocaine-seeking behavior in the previous experiments.

Statistical analysis
The data from the self-administration, extinction and reinstatement phases were analyzed
separately. A one-way ANOVA (SAS for Windows, V8.2, Cary, NC) for repeated measures
was used to analyze the dependent measures of the total number of 1) active lever responses/
session, 2) inactive lever presses/session, and 3) number of cocaine infusions/session during
the self-administration phase and the total number of responses/session on the 1) previously-
active, or 2) -inactive lever during the extinction phase. A one-way ANOVA for repeated
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measures (Experiments 1, 2 and 4) or independent groups (Experiment 3) was used to
analyze the effects of pretreatment with M100907 on the total number of 1) responses/
session on the previously-active, or 2) -inactive lever, and 3) the latency to respond on the
previously-active lever during the reinstatement phase. When appropriate, post hoc
comparisons for M100907 pretreatment vs. vehicle group were carried out with Student–
Newman–Keuls (SNK) test with the alpha level set at p < 0.05. A paired Student’s t-test was
employed to compare responding on the previously-active lever over the last three sessions
of extinction with responding observed following vehicle pretreatment during reinstatement
sessions.

Responding on the first session of extinction has been noted as a significant predictor of the
magnitude of reinstatement upon delivery of cocaine-associated cues (Kruzich et al., 1999).
To assess this possibility in Experiments 1–3, individual rats were divided by a median split
into “low extinction” and “high extinction” responders based upon the total previously-
active lever presses observed on the first extinction session (Experiments 1–3). Differences
between the low and high extinction responders related to patterns of behavior displayed
during the self-administration and extinction phases were examined with two-way mixed
model ANOVA with group (low vs. high extinction responders) as the between-subjects
factor and sessions as the within-subjects factor).

The relationship between responding on the previously-active lever during the first
extinction session and that seen during reinstatement sessions following M100907
pretreatment was assessed in low and high extinction responders. We analyzed the
percentage change from the total mean number of responses on the previously-active lever
during the initial extinction session (baseline; “base”) relative to that during reinstatement
sessions following M100907 pretreatment (M100), that is, % Δ from base = [(M100-base)/
base] x 100. A two-way ANOVA was employed to analyze group (low vs. high extinction)
and pretreatment (veh, 0.01, 0.1, 0.2, 0.4, 0.8 mg/kg). Planned comparisons between the low
and high extinction responders at M100907 doses which were employed in Experiments 1–3
were conducted with the Student-Newman-Keuls test, this statistical analysis has been
supported in a number of statistical texts ((Keppel & Wickens, 2004; Sheskin 2007).

RESULTS
Experiment 1: Effects of M100907 (0.1 – 0.8 mg/kg) during cocaine self-administration and
cue-induced reinstatement (within-subjects design)

Acquisition and stable cocaine self-administration—Rats (n = 10) readily acquired
cocaine self-administration to stability (i.e., seven infusions/hr on an FR 1 schedule for at
least three sessions) and displayed < 10% variation in the number of infusions received (i.e.,
cocaine intake) by session 7 of the self-administration training phase (Figure 1). Across the
last three sessions of stable self-administration on an FR 4 schedule (< 10% variation in the
number of infusions received), there was no main effect of session on the number of active
[F(2,18) = 1.50, ns] or inactive lever responses [F(2,18) = 3.36, ns] or the number of infusions
received [F(2,18) = 1.13, ns]. The average daily cocaine intake over the last three sessions of
training was 24.4 ± 0.4 mg/kg.

Effects of M100907 on cocaine self-administration—Acute administration of
M100907 (0.1 – 0.8 mg/kg) did not alter rates of cocaine self-administration at any of the
doses tested for active lever presses [F(4, 36) = 1.71, ns], inactive lever presses [F(4, 36) =
0.90, ns] or the number of infusions taken [F(4, 36) = 1. 64, ns] (n = 10, Figure 2).
Pretreatment with M100907 also failed to affect the latency to the first response during the
self-administration sessions [F(4, 36) = 0.63, ns] (data not shown).
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Extinction Training—A decrease in presses on the previously-active lever was observed
across extinction sessions (Figure 3); the extinction criterion (<15 active lever responses/
session for three consecutive sessions) was achieved for all animals in Experiment 1 by
session 21 of extinction training (Figure 3). A repeated-measures ANOVA for active lever
presses across the extinction sessions for all rats (n = 10) showed a main effect of session
[F(20, 180) = 17.37 = p < 0.05]. Although a slight increase in inactive lever responses (16.8 ±
3.6) was noted during the first two extinction sessions relative to the last three sessions of
self-administration (0.28 ± 0.2), inactive lever presses decreased across sessions during the
extinction period [F(20, 180) = 3.30 = p < 0.05]. “Low extinction” responders exhibited
significantly (t(8) = −4.11, p < 0.05) fewer total lever presses (± SEM) on the initial
extinction session (55.4 ± 11.5; n=5) vs. the “high extinction” responders (113.4 ± 8.2; n=5).
Post-hoc analyses indicated that “low extinction” and “high extinction” responders did not
differ in cocaine intake during the first seven [F(1, 8) = 2.04 = ns]) or last six acquisition
sessions of the self-administration phase [F(1, 8) = 4.91 = ns] or in the number of sessions
required to reach extinction criterion [F(1, 8) = 0.58 = ns] (data not shown).

Effects of M100907 on cue-induced reinstatement—Figure 4a illustrates the effects
of M100907 (0.1 – 0.8 mg/kg) pretreatment on reinstatement of responding supported by
cues previously associated with cocaine availability. A main effect of pretreatment on active
lever presses was observed [F(4, 36) = 10.13; p < 0.05]. Significant decreases in active lever
presses relative to vehicle were observed after pretreatment with M100907 at all doses
(Figure 4a; p < 0.05). In contrast, there was no main effect of pretreatment on inactive lever
responding [F(4, 36) = 1.29; ns] or in the latency to the first lever press response [F(4, 36) =
1.16; ns] (data not shown).

Experiment 2: Effects of M100907 (0.001 – 0.01 mg/kg) on cue-induced reinstatement in a
cocaine self-administration paradigm (within-subjects design)

Acquisition and stable cocaine self-administration—Rats (n = 13) readily acquired
cocaine self-administration in Experiment 2 (data not shown). Across the last three sessions
of stable self-administration, there was no main effect of session on the number of active
[F(2,24) = 3.19, ns] or inactive operant lever responses [F(2,24) = 1.41, ns] or the number of
infusions received [F(2,24) = 1.73, ns]. The average daily cocaine intake over the last three
sessions of training was 20.0 ± 0.4 mg/kg.

Extinction Training—The extinction criterion was achieved for all animals (n=13) in
Experiment 2 by session 21 of extinction training (data not shown); a main effect of session
was observed [F(20, 80) = 9.21 = p < 0.05]. “Low extinction” responders exhibited
significantly [t(11) = −3.65, p < 0.05] fewer total lever presses (± SEM) on the initial
extinction session (48.2 ± 5.2; n=6) vs. the “high extinction” responders (93.9 ± 10.6; n = 7).
Post-hoc analyses indicated that “low extinction” and “high extinction” responders did not
differ in cocaine intake during the first seven [F(1, 11) = 3.69 = ns]) or last six acquisition
sessions of the self-administration phase [F(1, 11) = 0.06 = ns] or in the number of sessions
required to reach extinction criterion [F(1, 11) = 1.45 = ns] (data not shown).

Effects of M100907 on cue-induced reinstatement—Figure 4b illustrates the effects
of M100907 (0.001 – 0.1 mg/kg) pretreatment on reinstatement of responding supported by
cues previously associated with cocaine availability. A main effect of pretreatment on active
lever presses was observed [F(3, 36) = 8.06; p < 0.05]. Significant decreases in active lever
presses relative to vehicle were observed after pretreatment with M100907 at all doses
(Figure 4b; p < 0.05). In contrast, there was no main effect of pretreatment on inactive lever
presses [F(3, 36) = 1.02; ns] or in the latency to the first lever press response [F(3, 36) = 1.20;
ns] (data not shown).
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Experiment 3: Effects of M100907 on cue-induced reinstatement in a cocaine self-
administration paradigm (between-subjects design)

Acquisition and stable cocaine self-administration—Rats (n = 35) readily acquired
cocaine self-administration in Experiment 3 (data not shown). Across the last two sessions
of stable self-administration on an FR 4 schedule (< 10% variation in the number of
infusions received), there was no main effect of session on the number of active [F(1,34) =
1.26, ns] or inactive lever responding [F(1,34) = 0.23, ns] or the number of infusions received
[F(1,34) = 3.70, ns]. The rats were then separated into five groups for reinstatement sessions.
Cocaine intake did not differ significantly across groups of rats assigned to receive
pretreatment with vehicle (42.3 ± 3.1 infusions/session) or M100907 at doses of 0.0001 mg/
kg (39.1 ± 3.0 infusions/session), 0.001 mg/kg (32.4 ± 4.5 infusions/session), 0.01 mg/kg
(39.5 ± 3.2 infusions/session) or 0.1 mg/kg (37.1 ± 2.8 infusions/session) [F(4, 30) = 1.21;
ns].

Extinction Training—The extinction criterion was achieved for all animals (n=35) in
Experiment 3 by session 10 of extinction training (data not shown); a main effect of session
was observed [F(9, 306) = 100.37 = p < 0.05]. “Low extinction” and “high extinction”
responders were divided based on a median split of the total number of previously-active
lever presses observed on the initial extinction within each group. Thus, “low extinction”
responders (n = 17, 46.9 ± 2.9) (± SEM) exhibited significantly fewer baseline lever presses
on the initial extinction session vs. the “high extinction” responders (n = 18, 83.3 ± 5.6)
(t(33) = −5.6, p < 0.05). Post-hoc analyses indicated that “low extinction” and “high
extinction” responders did not differ in cocaine intake during the first five [F(1, 33) = 0.10 =
ns] or last two acquisition sessions [F(1, 33) = 4.05 = ns]) of the self-administration phase or
in the number of sessions required to reach extinction criterion [F(1, 33) = 1.74 = ns] (data
not shown).

Effects of M100907 on cue-induced reinstatement—Figure 4c illustrates the effects
of M100907 (0.0001 – 0.1 mg/kg) pretreatment on reinstatement of responding supported by
cues previously associated with cocaine availability. A main effect of pretreatment [F(4, 30) =
6.16; p < 0.05] on active lever responding was observed. Significant decreases in active
lever presses relative to vehicle were observed after pretreatment with M100907 at doses of
0.01 and 0.1 mg/kg (p < 0.05; Figure 4c). While the ANOVA revealed a main effect of
pretreatment on inactive lever responding [F(4, 30) = 3.57; p < 0.05], post-hoc analysis failed
to reveal a difference between vehicle and pretreatment groups. The latency to the first lever
press following pretreatment with M100907 was unaltered [F(4, 30) = 0.92; ns] (data not
shown).

Individual differences in cue-induced reinstatement in cocaine self-
administration—Pretreatment with M100907 suppressed reinstatement in both “low
extinction” and “high extinction” responders (Figure 5). The two-way ANOVA indicated a
significant main effect of group [F(1, 98) = 18.76; p < 0.05] and dose [F(5, 98) = 10.14; p <
0.05], but no group x dose interaction [F(5, 98) = 0.79; ns]. Planned comparisons between the
low and high extinction responders at M100907 doses which were employed in Experiments
1–3 indicated that the “high extinction” responders exhibited greater reduction in
reinstatement after M100907 at 0.01 and 0.1 mg/kg than the “low extinction” responders.

Experiment 4: Effects of M100907 on cue-induced reinstatement in a sucrose self-
administration paradigm (between-subjects design)

Acquisition and stable sucrose self-administration—Rats (n = 20) readily acquired
sucrose self-administration (data not shown). Across the last three sessions of stable self-
administration on an FR 4 schedule (< 10% variation in the number of pellets received),
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there was no main effect of session on the number of active [F(2,38) = 0.38, ns] or inactive
operant lever responding [F(2,38) = 1.84, ns] or the number of pellets received [F(2,38) = 0.98,
ns]. The average daily sucrose intake over the last six sessions of training was 42.6 ± 5.34
pellets. Sucrose intake did not differ significantly across groups of rats assigned to receive
pretreatment with vehicle (43.3 ± 5.9 pellets/session) or M100907 at doses of 0.01 mg/kg
(40.0 ± 6.1 pellets/session) or 0.1 mg/kg (42.1 (± 2.8) pellets/session) [F(2, 17) = 0.24; ns].

Extinction Training—The extinction criterion was achieved for all animals (n=20) in
Experiment 4 by session 17 of extinction training (data not shown); a main effect of session
was observed [F(16, 176) = 28.42 = p < 0.05].

Effects of M100907 on cue-induced reinstatement—M100907 (0.01 or 0.1 mg/kg
i.p.) had no effect on active [F(2, 17) = 1.88, ns] or inactive lever presses [F(2, 17) = 0.55, ns]
or the latency to first response [F(2,17) = 1.25, ns] in cue-induced reinstatement of sucrose-
seeking sessions (Figure 6).

DISCUSSION
Our results demonstrate for the first time that selective blockade of the 5-HT2AR effectively
reduced reinstatement of cocaine-seeking maintained by cocaine-paired cues, identifying a
specific role for the 5-HT2AR in reinstatement under self-administration conditions designed
to minimize food deprivation stress and associated 5-HT alterations (Chaouloff et al., 1999;
Vickers & Dourish 2004; Halford et al., 2007). We show that the response rate during the
initial extinction session predicts the maximal susceptibility to M100907-induced
suppression of cue-evoked reinstatement, identifying a behavioral phenotype potentially
useful in analyses of individual differences in cue-induced cocaine-seeking behavior. The
present study also confirms and extends observations to suggest that the reinforcing effects
of cocaine are resistant to blockade of the 5-HT2AR (Fletcher et al., 2002) during ongoing
self-administration, such that a wide range of M100907 doses was ineffective and neither
the rates of responding on a FR task (present results; Fantegrossi et al., 2002) nor the
breakpoint on a PR task (Fletcher et al., 2002) were altered. As the reinforcing efficacy of a
drug is best taken in the context of both procedures (Depoortere, Li, Lane, & Emmett-
Oglesby 1993; Stafford, LeSage, & Glowa 1998; Arnold et al., 1997), the observation that
M100907 did not alter rates of responding (present study; Fantegrossi et al., 2002) or the
breakpoint for cocaine self-administration (Fletcher et al., 2002) further strengthens the
argument that the incentive-motivational effects of cocaine during cocaine self-
administration are resistant to pharmacological antagonism of the 5-HT2AR.

Cocaine self-administration was trained in naïve rats with no prior exposure to food
deprivation and associated pretraining in an operant task for an appetitive, non-drug reward.
Food deprivation is associated with increased 5-HT turnover (Chaouloff et al., 1985; Tsujii
et al., 1988; McBlane et al., 1994; Popova et al., 2001), increased cortical 5-HT2AR density
and increased functional responses to pharmacological stimulation of the 5-HT2AR (Torda,
Culman, Cechova, & Murgas 1988; Chaouloff, Baudrie, & Coupry 1994; Yamada,
Watanabe, Nankai, & Toru 1995; Davis, Heal, & Stanford 1995; Stanford 1996;
Matuszewich & Yamamoto 2003; Stamatakis & Hetherington 2003). Thus, under conditions
that eliminate the possible influence of deprivation-induced changes in 5-HT function, we
can confidently state that blockade of the 5-HT2AR does not interfere with the reinforcing
effects of cocaine and rule out the possible influence of food deprivation stress as an
important independent variable in observed effects (Fletcher et al., 2002; Fantegrossi et al.,
2002).
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That the attenuation of cocaine-seeking behavior by M100907 is attributable to a selective
blockade of the 5-HT2AR is supported by several lines of evidence. Similar low doses of
M100907 have been shown to selectively block the in vivo effects of preferential 5-HT2AR
agonists (but not 5-HT2CR agonists) in rats, indicating an effective, functional blockade of
5-HT2AR at the chosen doses of M100907 (Hitchcock et al., 1997; Wettstein et al., 1999;
Dekeyne, Girardon, & Millan 1999; Vickers et al., 2001; McCreary et al., 2003; Gresch,
Barrett, Sanders-Bush, & Smith 2007). Furthermore, analogous doses of M100907 have
been shown to block the locomotor stimulant (McMahon & Cunningham 1999; Fletcher et
al., 2002) and discriminative stimulus effects of cocaine (McMahon et al., 1999) without
evidence of behavioral disruption (i.e., locomotor activity) when administered alone
(McMahon & Cunningham 2001; Bankson & Cunningham 2002; Fletcher et al., 2002;
McCreary et al., 2003; Szucs, Frankel, McMahon, & Cunningham 2005). In keeping with
this observation, the administration of M100907 was not accompanied by delayed initiation
of responding or decreased numbers of inactive lever responses (employed as an index of
behavioral disruption), during the self-administration period or cue-evoked reinstatement of
cocaine-seeking behavior (present results). In addition, the effects of M100907 were specific
to cocaine-associated cues as the same doses of M100907 failed to alter operant responding
for cues associated with sucrose self-administration.

The control afforded by M100907 over cue-evoked reinstatement, but not over the
reinforcing effects of cocaine, is imminently interesting in light of observations to suggest
that the neural mechanisms underlying the incentive-motivational aspects of drugs and cues
conditioned to drugs are dissociable in experienced subjects (Meil & See 1997; Everitt &
Wolf 2002; Grimm & See 2000; Kruzich, Congleton, & See 2001; Kantak et al., 2002;
McLaughlin & See 2003; Robinson & Berridge 2003). Elevated dopamine (DA) efflux in
the mesoaccumbens pathway is an important mediator of the reinforcing effects of cocaine
(Pettit & Justice 1989; Hemby et al., 1997; Hurd & Ponten 2000; Sizemore, Co, & Smith
2000; Weiss et al., 2000) while “mild” increases in DA efflux in the mesocorticolimbic
circuit [e.g., prefrontal cortex (PFC), amygdala] has been linked to expression of cue-evoked
reinstatement (Neisewander et al., 1996; Tran-Nguyen et al., 1998; Ito, Dalley, Robbins, &
Everitt 2002; Phillips et al., 2003; Bradberry et al., 2004; Vanderschuren, Di, & Everitt
2005). The 5-HT2AR regulates DA output in the PFC (Bortolozzi et al., 2005; Pehek et al.,
2006), for example, and the selective 5-HT2AR antagonist may block the elevation of DA
levels in the PFC or amygdala evoked by cocaine-associated cues (Tran-Nguyen et al., 1998;
Di Pietro, Black, & Kantak 2006; Ikegami, Olsen, D’Souza, & Duvauchelle 2007), but not
cocaine-evoked accumbal DA efflux during self-administration (Parsons, Koob, & Weiss
1995; Ahmed, Lin, Koob, & Parsons 2003). Alternatively, cocaine-taking bouts are
associated with significant elevations of 5-HT efflux (Parsons et al., 1995; Parsons, Koob, &
Weiss 1996; Sizemore et al., 2000; Howes et al., 2000) and consequent 5-HT2AR
desensitization/downregulation (Eison, Eison, Yocca, & Gianutsos 1989; Leysen, Janssen,
& Niemegeers 1989; Premont, Inglese, & Lefkowitz 1995) may underlie the resistance of
the reinforcing effects to 5-HT2AR blockade. The abrupt cessation of drug-taking prior to
extinction training in the face of dynamic attempts to reestablish the homeostatic 5-HT
function may lead to heightened serotonergic sensitivity. This enhanced sensitivity may
contribute to a higher susceptibility to reinstatement upon exposure to drug-related stimuli
and to the responsiveness to the selective 5-HT2AR antagonist. The observation that the
research design employed during the reinstatement phase influences the dose-effect curve
for M100907 supports this idea. In fact, supersensitive 5-HT2AR function is reported during
withdrawal from repeated, experimenter-delivered cocaine exposure (Darmani, Martin, &
Glennon 1992; Levy et al., 1994; Baumann & Rothman 1996; Filip, Bubar, & Cunningham
2004; Carrasco et al., 2006) and in abstinent human cocaine abusers (Handelsman et al.,
1998; Patkar et al., 2006; Ghitza et al., 2007), although the cellular mechanisms that underlie
this altered sensitivity are unclear (Zeigler, Lipton, Toga, & Ellison 1991; Javaid, Sahni,
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Pandey, & Davis 1993; Johnson, Fiorella, & Rabin 1993; Neisewander, Lucki, &
McGonigle 1994: Carrasco et al., 2006).

Drug-associated stimuli evoke memories for the subjective effects of the drug which are
postulated to motivate drug-seeking behavior and subsequent relapse in abstinent individuals
(O’Brien, Childress, Ehrman, & Robbins 1998). There is a particular interest in the
establishment of objective endophenotypic indicators of cocaine-paired “cue reactivity” to
assist in prediction of both relapse and treatment effectiveness (Niaura et al., 1998;
Modesto-Lowe & Kranzler 1999; Carter & Tiffany 1999; Ooteman et al., 2006). Individual
differences in the intensity of craving in human addicts (Avants, Margolin, Kosten, &
Cooney 1995; De La Garza, Newton, & Kalechstein 2005) and the degree of drug- or cue-
evoked reinstatement in rats (Kruzich et al., 1999; Sutton et al., 2000; Baker, Tran-Nguyen,
Fuchs, & Neisewander 2001; Deroche-Gamonet, Martinez, Le, & Piazza 2003; Homberg,
Raaso, Schoffelmeer, & De Vries 2004) have been observed upon presentation of cocaine-
paired cues or the drug itself. In the present study, the degree of responding during the first
session of extinction predicted the magnitude of reinstatement supported by the presentation
of cocaine-associated cues, similar to previous findings (Kruzich et al., 1999). Two
subpopulations of rats were identified based upon this differential extinction responsiveness,
identifying a behavioral phenotype potentially useful in analyses of individual differences in
cue reactivity. Furthermore, high extinction responsiveness was associated with greater
susceptibility to suppression of cue-evoked reinstatement after the 5-HT2AR antagonist.
These findings support the importance of assessing individual responses to various cocaine-
paired stimuli in both preclinical and clinical studies to evaluate the benefit of specific
treatment protocols.

The present findings suggest that a selective 5-HT2AR antagonist may be therapeutically
useful to curtail withdrawal and craving during the initial period after termination of cocaine
use (Coffey, Dansky, Carrigan, & Brady 2000). In practice a medication with efficacy as an
abstinence enhancer would be administered to cocaine-dependent patients beginning at
termination of cocaine use and continuing for a period of time. Few preclinical studies of
chronic medication treatment on cocaine-seeking during withdrawal from cocaine self
administration have been conducted (Baker et al., 2001), thus future studies are required to
determine whether repeated administration of the 5-HT2AR antagonist M100907 may
equally reduce drug-seeking behavior in the rat. Until recently, the paucity of selective 5-
HT2AR antagonists available clinically has limited the ability to test this hypothesis in
humans, however, M100907 (volinanserin) is in late clinical trials for sleep disorders
(www.clinicaltrials.gov) and its launch in the next few years will ultimately provide the
opportunity to evaluate this pharmacological approach to treatment in cocaine addiction.
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Figure 1. Acquisition of cocaine self-administration
Data represent mean responses (± SEM) on the active (black circles) and inactive levers
(white circles), and the total number of cocaine infusions (± SEM; gray circles) during the
cocaine self-administration training phase under FR1 and FR4 schedules of reinforcement (n
= 10). Active lever responses resulted in the delivery of an i.v. cocaine infusion (0.75 mg/kg/
0.1 ml) and simultaneous presentation of the cocaine-paired cues.
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Figure 2. Effects of M100907 during cocaine self-administration
Acute pretreatment with M100907 or its vehicle failed to alter cocaine self-administration
(0.75 mg/kg/0.1 ml infusion, available according to a FR 4 schedule, n = 10). Data represent
mean responses (± SEM) on the active (black circles) and inactive levers (white circles), and
the total number of cocaine infusions (± SEM; gray circles) during the cocaine self-
administration maintenance phase. Active lever responses resulted in the delivery of an i.v.
cocaine infusion (0.75 mg/kg/0.1 ml) and simultaneous presentation of cocaine-paired cues.
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Figure 3. Extinction of cocaine self-administration
A decrease in active lever responses was observed across extinction trials following a
history of cocaine self-administration. Data represent mean (±SEM) total number of
responses on the active (dark circles) and inactive levers (open circles) during daily 1 hr
extinction sessions (n = 10). Lever responses during extinction had no programmed
consequences.
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Figure 4. Effects of multiple doses of M100907 on cue-evoked reinstatement of cocaine-seeking
behavior
Lever presses (± SEM) on the active (filled bars) and inactive levers (open bars) on the test
day for reinstatement of extinguished cocaine-seeking behavior. Each active lever press
resulted in the presentation of the conditioned stimuli in the absence of cocaine delivery.
(4a) In a within-subjects design of cue-evoked reinstatement (see Methods, Experiment 1),
delivery of cocaine-associated cues significantly increased the number of presses on the
previously-active lever [t(9) = 4.50 = p < 0.05] after vehicle (VEH) pretreatment vs. the
average number of previously-active lever presses observed on the three preceding
extinction sessions (EXT; #p<0.05). Acute pretreatment with M100907 (0.1–0.8 mg/kg)
attenuated cocaine-seeking behavior relative to vehicle treatment (n = 10; *p<0.05). A
minimum of three extinction sessions between tests assured re-establishment of the
extinction criterion prior to each cue-reinstatement test. (4b) In a within-subjects design of
cue-evoked reinstatement (see Methods, Experiment 2), delivery of cocaine-associated cues
significantly increased the number of presses on the previously-active lever [t(12) = 5.06 = p
< 0.05] after vehicle (VEH) pretreatment vs. the average number of previously-active lever
presses observed on the three preceding extinction sessions (EXT; #p<0.05). Acute
pretreatment with M100907 (0.001–0.1 mg/kg) attenuated cocaine-seeking behavior relative
to vehicle pretreatment (n = 13; *p<0.05). A minimum of three extinction sessions between
tests assured re-establishment of the extinction criterion prior to each cue-reinstatement test.
(4c) In a between-subjects design of cue-evoked reinstatement (see Methods, Experiment 3),
delivery of cocaine-associated cues significantly increased the number of presses on the
previously-active lever [t(6) = 6.25 = p < 0.05] after vehicle (VEH) pretreatment vs. the
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average number of previously-active lever presses observed on the three preceding
extinction sessions (EXT; #p<0.05). Acute pretreatment with M100907 (0.0001–0.1 mg/kg)
attenuated cocaine-seeking behavior relative to vehicle pretreatment (n = 7/dose group;
*p<0.05).
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Figure 5. Individual differences in cue-induced reinstatement in cocaine self-administration
Individual responses on the first session of extinction revealed two subsets of rats within
each experimental group, which were classified as “low extinction” or “high extinction”
responders based on a median split of the number of active lever presses (see Methods).
Data represent the mean change in baseline (total lever presses on the initial extinction
session) on the reinstatement session represented as a percentage (± SEM). “High
extinction” responders exhibited a significantly greater change from baseline after
pretreatment with 0.01 and 0.1 mg/kg of M100907 relative to “low extinction” responders
(*p<0.05).
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Figure 6. Effects of M100907 on cue-induced reinstatement in a sucrose self-administration
paradigm
Lever presses (± SEM) on the active (filled bars) and inactive levers (open bars) on the test
day for reinstatement of extinguished sucrose-seeking behavior. Each active lever press
resulted in the presentation of the conditioned stimuli in the absence of sucrose delivery. In a
between-subjects design of cue-evoked reinstatement (see Methods, Experiment 4), delivery
of sucrose-associated cues significantly increased the number of presses on the previously-
active lever [t(7) = −8.40 = p < 0.05] after vehicle (VEH) pretreatment vs. the average
number of previously-active lever presses observed on the three preceding extinction
sessions (EXT; #p<0.05). However, acute pretreatment with M100907 (0.01 or 0.1 mg/kg)
did not alter sucrose-seeking behavior relative to vehicle treatment (n = 6–8; p>0.05).
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