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Serotonin 2A Receptors Differentially Contribute to
Abuse-Related Effects of Cocaine and Cocaine-Induced
Nigrostriatal and Mesolimbic Dopamine Overflow in
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Two of the most commonly used procedures to study the abuse-related effects of drugs in laboratory animals are intravenous drug
self-administration and reinstatement of extinguished behavior previously maintained by drug delivery. Intravenous self-
administration is widely accepted to model ongoing drug-taking behavior, whereas reinstatement procedures are accepted to model
relapse to drug taking following abstinence. Previous studies indicate that 5-HT,, receptor antagonists attenuate the reinstatement of
cocaine-maintained behavior but not cocaine self-administration in rodents. Although the abuse-related effects of cocaine have been
closely linked to brain dopamine systems, no previous study has determined whether this dissociation is related to differential regulation
of dopamine neurotransmission. To elucidate the neuropharmacological and neuroanatomical mechanisms underlying this phenome-
non, we evaluated the effects of the selective 5-HT,, receptor antagonist M100907 on intravenous cocaine self-administration and drug-
and cue-primed reinstatement in rhesus macaques (Macaca mulatta). In separate subjects, we evaluated the role of 5-HT, , receptors in
cocaine-induced dopamine overflow in the nucleus accumbens (n = 4) and the caudate nucleus (n = 5) using in vivo microdialysis.
Consistent with previous studies, M100907 (0.3 mg/kg, i.m.) significantly attenuated drug- and cue-induced reinstatement but had no
significant effects on cocaine self-administration across a range of maintenance doses. Importantly, M100907 (0.3 mg/kg, i.m.) attenu-
ated cocaine-induced (1.0 mg/kg, i.v.) dopamine overflow in the caudate nucleus but not in the nucleus accumbens. These data suggest

that important abuse-related effects of cocaine are mediated by distinct striatal dopamine projection pathways.

Introduction

Cocaine abuse is a major public-health concern (Johnston et al.,
2011). Clarifying the neuropharmacological and neuroanatomi-
cal systems that mediate the abuse-related effects of cocaine is
likely to support the rational development of new medications to
treat cocaine abuse. Two procedures commonly used to study
abuse-related effects in laboratory animals are intravenous co-
caine self-administration and reinstatement of extinguished be-
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havior previously maintained by drug delivery. Intravenous self-
administration is widely accepted to model ongoing drug-taking
behavior (O’Brien and Gardner, 2005), whereas reinstatement
procedures are accepted to model relapse once abstinence has
been achieved (Stewart and de Wit, 1987). Importantly, a critical
role for dopamine neurotransmitter systems in these abuse-
related behaviors has become accepted (Howell and Murnane,
2008).

Despite acceptance of dopamine systems as central to cocaine
abuse, few studies have examined how different dopaminergic
projections contribute to specific abuse-related effects of cocaine,
particularly in nonhuman primates. Two major pathways of the
dopamine system are the nigrostriatal and mesolimbic systems.
The mesolimbic pathway is believed to be involved in reinforced
or motivated behavior, whereas the nigrostriatal pathway is be-
lieved to be involved in habitual and associative behavior and the
instigation, coordination, and termination of motor movements
(Haber et al., 2006; Haber and Knutson, 2010). Furthermore,
elaborate neuroimaging work in nonhuman primates and ro-
dents has shown that the nucleus accumbens (NAc), which is the
major output region of the mesolimbic pathway, is activated by
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cocaine self-administration in individuals with a limited history
of consuming cocaine. In contrast, both the NAc and caudate
nucleus, which is one of the two major output regions of the
nigrostriatal pathway, are activated following more extensive his-
tories of cocaine consumption (Ito et al., 2002; Porrino et al.,
2007; Belin and Everitt, 2008), suggesting that understanding
these systems will elucidate the transition from recreation to
compulsive cocaine abuse. Although it is therefore reasonable to
predict that the mesolimbic pathway is critically involved in
cocaine self-administration and the nigrostriatal pathway is
critically involved in reinstatement of extinguished behavior
previously maintained by cocaine delivery, we do not fully
understand the differential contributions of the mesolimbic
and nigrostriatal dopaminergic pathways to cocaine self-
administration and reinstatement, especially in nonhuman
primates.

Previous work in rodents has shown that antagonizing
5-HT,, receptors attenuates reinstatement but not cocaine self-
administration (Fletcher et al., 2002; Nic Dhonnchadha et al,,
2009). In this study, to elucidate the neuropharmacological and
neuroanatomical basis of this dissociation, we determined
whether 5-HT,, receptor antagonism attenuates cocaine self-
administration and reinstatement in nonhuman primates, and
whether it differentially affects dopamine overflow through the
mesolimbic and nigrostriatal pathways. The differential role of
5-HT,, receptors in cocaine self-administration and reinstate-
ment should generalize from rodents to primates because a pre-
vious study reported that antagonizing 5-HT,, receptors does
not attenuate cocaine self-administration in primates (Fante-
grossi et al., 2002), and we have recently found high 5-HT,,
receptor availability in the prefrontal cortex (PFC) of primates
(Sawyer et al., 2012), an area putatively critical to reinstatement
but not self-administration (Kalivas, 2009). Accordingly, antag-
onism of this receptor may be an excellent means of elucidating
the neuropharmacology and neuroanatomy of specific abuse-
related effects of cocaine.

Materials and Methods

Subjects. All behavioral studies were conducted in a group of three adult
female rhesus monkeys (RRg4, RLI4, RMv3; Macaca mulatta) that
weighed 7-9.5 kg. Four adult female rhesus monkeys (RJt7, RLt7, RNb7,
and RHp8) weighing 7-9.5 kg served as the subjects of the in vivo micro-
dialysis experiments targeting NAc, which is the striatal region targeted
by the mesolimbic dopamine projections arising from cell bodies in the
ventral tegmental area (VTA). Four adult female rhesus monkeys
(RKal0, RGg9, RZq8, and RDn8) weighing 7-9.5 kg and one adult male
rhesus monkey (RKn8) weighing ~12 kg served as the subjects of the in
vivo microdialysis experiments targeting the caudate nucleus, which is
the striatal region targeted by the nigrostriatal dopamine projections
arising from cell bodies in the substantia nigra (SN). All subjects were fed
monkey-diet chow (PMI Nutrition International), fresh fruits, and veg-
etables daily. They were also supplied with nutritional and psychological
enrichment. Ambient conditions within the colony were maintained at a
temperature of 22 * 2°C and at 45-50% humidity. The room lighting
was set to a 12 h light/dark cycle, with the light period from 7:00 A.M. to
7:00 P.M. Water was continuously available, and no subject underwent
food restriction procedures. All subjects had a pharmacology history of
exposure to cocaine and other stimulant-type drugs of abuse. All proto-
cols and animal care and handling strictly followed the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals and the
recommendations of the American Association for Accreditation of Lab-
oratory Animal Care, and were approved by the Emory University Ani-
mal Care and Use Committee.

Surgery. Before this study, a major vein (femoral or jugular) in all
subjects was implanted with a chronic indwelling catheter attached to a
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subcutaneous vascular access port using aseptic surgical techniques, as
previously described (Wilcox et al., 2002). To maintain patency, the
catheters were flushed with heparinized saline (100 U/ml) regularly in the
subjects of the microdialysis experiments and at the end of each operant
session in the subjects of the behavioral experiments. The subjects of the
microdialysis experiments were also implanted with bilateral CMA/11
guide cannulae (CMA Microdialysis) that were stereotaxically targeted
for the striatum, as previously described (Murnane et al., 2010). To target
the area of the head of the caudate directly over the NAc, the probes were
advanced 23 mm anterior to the interaural midpoint in each female
subject and 27 mm anterior to the interaural midpoint in the male sub-
ject. The probes were placed bilaterally at 4 mm off of the midline in all
subjects. During each surgery, subjects were prophylactically adminis-
tered an antibiotic (Rocephin), an analgesic (buprenorphine), and a
nonsteroidal anti-inflammatory agent (Banamine) to minimize any dis-
comfort from the surgery.

Drugs. Cocaine hydrochloride (National Institute on Drug Abuse) was
dissolved in physiological saline. M100907 was synthesized at the Chem-
ical Biology Research Branch, National Institute on Drug Abuse and
National Institute on Alcohol Abuse and Alcoholism at the National
Institutes of Health, and was provided as a generous gift from K.C.R.
M100907 was dissolved in sterile water and 0.1N hydrochloric acid. In all
experiments, we examined the effects of M100907 at a dose of 0.3 mg/kg
administered intramuscularly. We used this dose because we have previ-
ously shown that it attenuates secretion of prolactin (Murnane et al.,
2012) and suppression of operant responding (Fantegrossi et al., 2009)
elicited by 3,4-methylenedioxymethamphetamine (MDMA) in nonhu-
man primates. Moreover, we have shown that this dose of M100907
significantly attenuates stimulant-typical behavioral effects and in-
creased dopamine overflow in the caudate elicited by amphetamine in
rhesus macaques (Murnane et al., 2013). For all studies, we used a 1 h
pretreatment time between intramuscular administration of M100907
and intravenous cocaine administration because we have determined
that this pretreatment time provides better suppression of the behavioral
effects of stimulants than shorter times (Murnane et al., 2013). The doses
of each drug were calculated and are expressed as the salt form.

Cocaine self-administration. The subjects of the behavioral experi-
ments were initially trained to self-administer cocaine under a three-
component fixed-ratio (FR) 20 schedule of reinforcement. As previous
studies have shown that 5-HT, , receptor antagonism does not alter co-
caine self-administration (Fantegrossi et al., 2002; Fletcher et al., 2002;
Nic Dhonnchadha et al., 2009), this schedule was designed to elicit high
and consistent rates of behavior, with the expectation that this would
maximize our opportunity to observe any attenuation of cocaine self-
administration by M100907. Self-administration sessions were con-
ducted in an operant test chamber with a controlled environment, as
described previously (Wilcox et al., 2005). These sessions lasted 80 min
and were typically conducted 5 d per week. The timing and coordination
of experimental events were controlled by Med-PC IV software (Med
Associates Inc.). Each session began with a 5 min start delay, after which
the initiation of the schedule contingencies, including the availability of
cocaine, was signaled by the illumination of a white light on the response
panel. During the active period of each component, completion of the
response requirement resulted in the delivery of a 0.5 ml, i.v., bolus of
cocaine over 3 s. During each cocaine delivery, the white session light was
extinguished and a red light designed to function as a conditioned rein-
forcer was illuminated on the response panel. Following each cocaine
delivery, a 2 min timeout period was initiated wherein all lights were
extinguished and responding had no programmed consequences. Each
component lasted 15 min, including both the active and timeout periods,
allowing the subjects to earn a maximum of eight infusions per compo-
nent. Each of the three components was separated by an intercomponent
interval of 15 min wherein all lights were extinguished and responding
had no programmed consequences. The unit dose of cocaine available
between sessions was altered by changing the dissolved concentration of
the drug. The response rate was calculated as the total number of re-
sponses emitted during the active period divided by the active time
throughout the entire session. We operationally defined stable self-
administration behavior as response rates that varied by <20% over 3 d.
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Once responding stabilized at a given unit dose of cocaine, M100907 was
administered intramuscularly 1 h before the initiation of the schedule
contingencies, including the availability of cocaine. As some drugs that
target serotonin systems are more effective when given over several
days (Davidson et al., 2004), we determined whether subchronic ad-
ministration of M100907 over 3 contiguous days (Wednesday through
Friday) engendered more effective suppression of cocaine self-
administration. The effects of M100907 were determined across a range
of cocaine doses (0.01, 0.03, and 0.1 mg/kg/infusion). Following testing
of the effects of M100907 on cocaine self-administration at a given unit
dose, the unit dose of cocaine was changed and responding was allowed
to stabilize. All subjects were maintained on the same unit dose of cocaine
during a round of testing. The unit doses of cocaine were examined in
pseudo-randomized order.

Reinstatement. For the reinstatement experiments, behavior was
maintained by the unit dose of cocaine that engendered the highest re-
sponse rates (0.03 mg/kg/infusion). Each round of reinstatement testing
consisted of extinguishing the behavior, a reinstatement test day, and
subsequently re-establishing stable cocaine self-administration. Behav-
ior was extinguished by substituting the drug-vehicle saline for cocaine,
and was operationally defined as a rate of responding over two sequential
sessions that was <20% of the 3 d mean rate of responding during the
maintenance of cocaine self-administration. During the extinction ses-
sions, the conditioned reinforcer was never illuminated. Otherwise, the
extinction sessions were identical to the maintenance sessions. The rein-
statement test day consisted of an experimenter-administered prime of
cocaine given through the vascular access port immediately before the
initiation of the 5 min start delay that immediately proceeded the active
period of the first component. During these sessions, the completion of
the response requirement resulted in the intravenous delivery of saline
and the illumination of the conditioned reinforcer over 3 s. Therefore, we
subsequently describe these reinstatement tests as drug- and cue-induced
reinstatement. We used this combined procedure because it produces
pronounced reinstatement of behavior in nonhuman primates (Ander-
sen et al., 2010). To examine the role of 5-HT2, receptors in drug- and
cue-induced reinstatement, M100907 (0.3 mg/kg, i.m.) or its vehicle was
administered 1 h before the cocaine prime. The effects of M 100907 in this
reinstatement were determined across a range of cocaine priming doses
(0.1, 0.3, or 0.56 mg/kg, i.v.), which were administered in a pseudo-
randomized order.

In vivo microdialysis. Microdialysis samples were collected and ana-
lyzed in a manner similar to previously described procedures (Murnane
et al,, 2010, 2012). Briefly, all procedures were performed in fully con-
scious subjects while they sat in commercially available primate chairs
(Primate Products) within sound-attenuated testing chambers. After the
subject was placed in the chamber, 24 mm (for the caudate) or 28 mm
(for the NAc) stainless steel microdialysis probes with 4 mm membranes
(CMA Microdialysis) were inserted into the subject’s surgically im-
planted guide cannulae. Cocaine was administered through the subcuta-
neous vascular access port, whereas M100907 was given intramuscularly.
Experiments consisted of a 1 h equilibrium period after which samples
were collected every 10 min for 3.5 h. M100907 was administered intra-
muscularly 30 min after the sampling began to provide a baseline period
for the assessment of any effects of 5-HT, , receptor antagonism on do-
pamine levels. As in the behavioral experiments, M100907 (0.3 mg/kg,
i.m.) was administered 60 min before cocaine administration. Following
cocaine administration (1.0 mg/kg, i.v.), samples were collected samples
over the next 2 h. Adequate probe recovery was verified for each experi-
mental session, both presession and postsession. The viability of the sam-
pling site was verified through retrodialysis of a potassium-enriched (100
mM) solution otherwise ionically matched to CSF. Dopamine concentra-
tions within the dialysate were quantified via electrochemical detection
using high-pressure liquid chromatography with electrochemical detec-
tion, as previously described (Murnane et al., 2010, 2012). The data were
analyzed by comparison with standard concentration curves using
EZChrom Elite 3.1 (Scientific Software).

Data analysis. In the self-administration and reinstatement studies, the
dependent measure was the rate of operant responding (responses per
second). The primary dependent variable tested in the microdialysis ex-
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Figure1. Theeffects of 3 consecutive days of pretreatment with M100907 (0.3 mg/kg, i.m.)
on the self-administration of cocaine at a unit dose of 0.03 mg/kg/infusion. Open circles repre-
sent vehicle pretreatment weeks, and filled triangles represent M100907 pretreatment weeks.
All data points (n = 3) represent the mean == SEM. Abscissae: interval between pretreatments,
expressed in days, and plotted on a linear scale. Ordinates: response rate, expressed as re-
sponses per second, and plotted on a linear scale.

periments was the extracellular concentration of dopamine in the cau-
date or NAc. All data were analyzed by two-way repeated-measures (RM)
ANOVA, with post hoc comparisons using Dunnett’s test or paired ¢ tests.
For the behavioral studies, the main factors were pretreatment and either
the unit dose of cocaine available for self-administration or the dose of
the noncontingent cocaine priming injection. For the microdialysis stud-
ies, the three data points immediately preceding the cocaine infusion
were averaged to create the baseline. All data points were then normal-
ized as a percentage of this baseline. The main factors in these analyses
were time (baseline, 10, 20, and 30) and pretreatment. All data points
represent the mean * the SEM. All graphical data presentations were
created by using Prism 4 (GraphPad Software), all statistical tests were
performed using SigmaStat 3 (Systat Software), and significance was ar-
bitrated at a probability of p < 0.05 for all statistical tests.

Results

Cocaine self-administration

Under the three-component FR schedule of reinforcement used
in this study, the subjects readily exhibited high rates of operant
responding, stable performance, and the inverted-U-shaped dose—
response function typical of this procedure (Mello and Negus,
1996). A maximum of 8 infusions per component and 24 infu-
sions per session were available. The subjects typically received
18-22 infusions at unit doses of cocaine of 0.01 and 0.03 mg/kg/
infusion, and 11-21 infusions at a unit dose of 0.1 mg/kg/infu-
sion. The dose of cocaine that maintained the highest mean rate
of responding was 0.03 mg/kg/infusion, with rates generally be-
tween 1.5 and 2.5 responses/s. Response rates were commonly
between 1.4 and 2.1 and 0.4 and 0.8 when unit doses of 0.01 and
0.1, respectively, were available. The subjects characteristically
only responded in the presence of the session light and rapidly
completed each ratio following initiation of responding, demon-
strating a good schedule control of behavior. As some drugs that
target serotonin systems are more effective when given over
several days (Davidson et al., 2004), we determined whether
subchronic administration of M100907 over 3 d (Wednesday
through Friday) engendered more effective suppression of co-
caine self-administration than acute administration (Fig. 1).
However, there were no significant changes in the effectiveness of
M100907 over the 3 d of treatment that were consistent across the
three unit doses of cocaine. A two-way RM ANOVA did reveal
the main effects of pretreatment (F, ,, = 26.96, p = 0.035) and
day (F;6 = 6.38, p = 0.027) but no significant interaction
(Fi3,6) = 1.809, p = 0.246) at the lowest dose of cocaine tested.
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Figure 2.  Cocaine self-administration dose—response functions determined from 3 d aver-
ages following pretreatment with M100907 (0.3 mg/kg, i.m.; open circles) or vehicle (filled
triangles). All data points (1 = 3) represent the mean == SEM Abscissae: unit dose of cocaine
available for self-administration, expressed in milligrams per kilogram per infusion, and plotted
onalogarithmicscale. Ordinates: response rate, expressed as responses per second, and plotted
on a linear scale.

However, subsequent paired ¢ test and one-way RM ANOVA
revealed no significant differences between any of the days or
pretreatments. Therefore, for the purposes of clarity and simplic-
ity, we averaged the 3 d of treatment to generate a dose—effect
function across all three unit doses of cocaine tested (Fig. 2).
Two-way repeated-measures ANOVA revealed no main effects of
pretreatment or dose and no significant interaction. Therefore,
consistent with previous reports in nonhuman primates and ro-
dents (Fantegrossi et al., 2002; Fletcher et al., 2002; Nic
Dhonnchadha et al., 2009), we found little to no effect of antag-
onizing 5-HT,, receptors on cocaine self-administration, even
under conditions optimized to detect these effects.

Reinstatement

In the reinstatement experiments, ongoing behavior was main-
tained by the 0.03 mg/kg/infusion unit dose of cocaine because
this dose maintained the highest response rates of any of the three
unit doses tested, and the subjects underwent multiple rounds of
extinction, reinstatement testing, and re-establishment of stable
cocaine self-administration in a pseudo-randomized order. Dur-
ing extinction, response rates typically declined within a couple of
sessions from ~2.0 to ~0.1-0.2 responses/s. Two-way RM
ANOVA revealed a significant main effect of the priming dose
(F56) = 8.684, p = 0.013) but not pretreatment, and no signifi-
cant interaction (F; 4) = 2.468, p = 0.160; Fig. 3). A subsequent
one-way RM ANOVA (F; 5, = 5.677, p = 0.035) corrected for
multiple comparisons using Dunnett’s test identified that a prim-
ing dose of 0.3 mg/kg cocaine following vehicle pretreatment
significantly reinstated operant behavior compared with extinc-
tion (p < 0.05). The priming dose of 0.3 mg/kg engendered re-
sponse rates of ~0.8 responses/s, which were ~40% of the rates
typically observed during self-administration of the unit dose of
cocaine that maintained the highest rates of behavior. In contrast,
following pretreatment with M100907, one-way RM ANOVA
revealed no main effect of priming dose (F;5 = 1.087, p =
0.424). Consistent with previous studies in rodents (Fletcher et
al., 2002; Nic Dhonnchadha et al., 2009), these data show that the
5-HT,, receptors have a more critical role in reinstatement of
extinguished behavior previously maintained by cocaine delivery
than in the ongoing maintenance of cocaine self-administration.
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Figure 3.  Drug- and cue-induced reinstatement of behavior previously maintained by co-
caine delivery following pretreatment with M100907 (0.3 mg/kg, i.m.; filled triangles) or vehi-
cle (open circles). All data points (n = 3) represent the mean == SEM. Asterisks (*) indicate a
significant difference (p << 0.05) from extinction. Abscissae: dose of the cocaine priming injec-
tion noncontingently administered before reinstatement test sessions, expressed in milligrams
per kilogram per infusion, and plotted on a logarithmic scale. Ordinates: response rate, ex-
pressed as responses per second, and plotted on a linear scale.

In vivo microdialysis

To elucidate the neuroanatomical and neurochemical basis
for the differential role of 5-HT,, receptors in cocaine self-
administration and reinstatement, we examined whether these
receptors differentially regulate cocaine-induced overflow
through the nigrostriatal and mesolimbic dopamine path-
ways. Consistent with its lack of influence on cocaine self-
administration, two-way RM ANOVA revealed no main effects of
M100907 pretreatment on cocaine-induced dopamine overflow
in the NAc (Fig. 4A). This same analysis revealed a main effect of
time (F(; 4y = 14.150, p < 0.001) and no significant interaction
(F3.9) = 0.498, p = 0.693). A subsequent one-way RM ANOVA
(F3,3 = 6.321, p = 0.014) corrected for multiple comparisons
using Dunnett’s post hoc test showed that, following vehicle pre-
treatment, cocaine significantly elevated extracellular dopamine
levels in the NAc at 20 min after injection compared with the
baseline (p < 0.05), and one-way RM ANOVA (F; ;) = 12.794,
p = 0.001) showed that, following M100907 pretreatment, co-
caine significantly elevated extracellular dopamine levels in the
NAc at 20 and 30 min after injection compared with the baseline
(p <0.05). Furthermore, consistent with its effective attenuation
of cocaine- and cue-induced reinstatement, two-way RM
ANOVA revealed significant main effects of time (Fg; , =
25.457,p < 0.001) and pretreatment (F, ,) = 10.741, p = 0.031),
and a significant interaction (F;,, = 9.376, p = 0.002) on
cocaine-induced dopamine overflow in the caudate (Fig. 4B).
Dunnett’s post hoc tests showed that, following vehicle pretreat-
ment, cocaine significantly elevated extracellular dopamine levels
in the caudate at 10 and 20 min after injection compared with the
baseline (p < 0.05), and, following M100907 pretreatment, co-
caine significantly elevated extracellular dopamine levels in the
caudate at 20 and 30 min after injection compared with the base-
line (p < 0.05). A paired ¢ test revealed that cocaine was signifi-
cantly less effective in increasing dopamine overflow in the
caudate following M100907 pretreatment than following vehicle
pretreatment. It is important to note that cocaine elicited com-
parable increases in dopamine in the two brain regions after ve-
hicle pretreatment, with levels reaching 1010 = 342% of baseline
in the NAc and 840 * 58% of baseline in the caudate. These
values are within the range that would be expected under these
conditions (Kirkland Henry et al., 2009). The potassium chal-
lenge produced a 1020 % 396% change in dopamine levels in the
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component FR schedule (Fantegrossi et
al., 2002). However, one major difference
between the previous rodent and primate
studies was the reported baseline rate of
behavior. The primates showed one to
two orders of magnitude higher rates of
behavior, and M100907 produced a trend
toward suppression of behavior in these
subjects, albeit a nonsignificant trend.
Therefore, we designed the current study
to include a schedule of reinforcement
that would engender high and consistent
rates of behavior in well trained subjects,
with the expectation that this would

provide optimized conditions to detect
any effects of M100907. In addition, we
determined whether subchronic adminis-
tration of M100907 would produce any ef-
fects on cocaine self-administration. As
M100907 had trivial effects on cocaine self-
administration despite these design ele-
ments, the consistency of the results among
these studies strongly indicates that 5-HT,
receptor antagonism does not alter the rein-
forcing effects of cocaine.

The present study is the first to report
whether 5-HT,, receptor antagonism
alters reinstatement of extinguished behav-
ior previously maintained by cocaine deliv-
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Figure4. A, B, Cocaine-induced increases in extracellular dopamine levels in the nucleus accumbens (n = 4; A) and caudate
(n = 5; B) following pretreatment with M100907 (0.3 mg/kg, i.m.; filled triangles and filled squares, respectively) or vehicle (open
squares). All data points represent the mean == SEM. Pound signs (#) indicate a significant difference between vehicle and
M100907 pretreatments (p << 0.05). Asterisks (*) indicate a significant difference from baseline (p << 0.05). Abscissae: time in
relation to cocaine injection, expressed in minutes, and plotted on a linear scale. Ordinates: extracellular dopamine concentration,

expressed as a percentage of baseline levels, and plotted on a linear scale.

caudate following administration of cocaine plus vehicle and a
716 * 248% change in dopamine levels in the caudate following
administration of cocaine plus M100907. The potassium chal-
lenge produced a 821 * 292% change in dopamine levels in the
NAc following administration of cocaine plus vehicleand a 772 +
307% change in dopamine levels in the NAc following adminis-
tration of cocaine plus M100907.

Discussion

The major findings of this study are that antagonism of 5-HT,
receptors attenuates reinstatement of extinguished behavior pre-
viously maintained by cocaine delivery and attenuates cocaine-
induced dopamine overflow in the caudate nucleus. Moreover, in
contrast to these effects, antagonism of 5-HT,, receptors does
not effectively alter cocaine self-administration or cocaine-
induced dopamine overflow in the NAc. Previous studies in ro-
dents have similarly shown insignificant effects of 5-HT,,
receptor antagonism by M100907 on cocaine self-administration
under a progressive ratio schedule (Fletcher et al., 2002) or an
FR schedule (Nic Dhonnchadha et al., 2009) of reinforcement.
Likewise, M100907 did not significantly alter rates of cocaine
self-administration in rhesus monkeys working under a multi-

80 -60 40 -20 0 20 40 60 80 100 120

cocaine self-administration, M100907 ef-
fectively attenuated the reinstating effects
of a combination of an experimenter-
administered priming injection of cocaine
and the reintroduction of drug-paired stim-
uli. This is consistent with rodent studies
showing M100907 attenuates the reinstat-
ing effects of a cocaine prime (Fletcher et
al., 2002) or cocaine-paired cues (Nic
Dhonnchadha et al., 2009). These studies
strongly support a role for 5-HT, , receptors
in the reinstatement of extinguished behav-
ior previously maintained by cocaine delivery. Moreover, insofar as
reinstatement is a predictive model of therapeutic effectiveness (Katz
and Higgins, 2003), these data further suggest clinical utility for
5-HT, 4 receptor antagonism in relapse prevention.

The present study is the first to begin to elucidate the neuro-
chemical and neuroanatomical mechanisms by which 5-HT,,
receptor antagonism differentially regulates cocaine self-
administration and reinstatement. Using a powerful and directly
interpretable microdialysis technique, we found that M100907
attenuated cocaine-induced overflow in the caudate, but not in
the NAc. An important limitation of the present study is the lack
of ex vivo histological verification of the location of the microdi-
alysis probes within the striatum. It is important to note, how-
ever, that we have developed a set of surgical coordinates through
along series of studies that provide highly consistent and accurate
targeting of the striatum in primates (Banks et al., 2009; Kimmel
et al., 2009; Kirkland Henry et al., 2009; Andersen et al., 2010;
Murnane et al., 2010, 2012). Although there is a paucity of data
regarding the effects of 5-HT, , receptor antagonism on cocaine-
induced dopamine overflow, M100907 attenuates amphetamine-
induced dopamine overflow in the caudate in rhesus monkeys
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(Murnane et al., 2013), and the nonselective 5-HT, 5, receptor
antagonist SR 46349B attenuates amphetamine-induced dopa-
mine overflow in the caudate in rodents (Egerton et al., 2008). As
such, there is accumulating evidence that 5-HT, , receptors mod-
ulate the nigrostriatal dopamine pathway.

The major dopamine pathways largely arise in the midbrain
and project to subcortical and cortical regions. As such, two
major points at which 5-HT,, receptors could differentially
modulate dopamine overflow through the nigrostriatal and me-
solimbic pathways are at the level of the dopamine cell bodies,
which send ascending projections to the dorsal and ventral stria-
tum, and at the level of cortical glutamatergic cells that send
descending projections back to the striatum and midbrain, which
modulate dopamine neurotransmission. A mechanism made ap-
pealing by its simplicity is that 5-HT, , receptors are expressed on
dopamine cell bodies in the SN but not on those in the VTA.
However, this appears not to be the case because direct infusion
of M 100907 into the VTA attenuates cocaine-induced locomotor
activity (McMahon etal., 2001), and 5-HT, , receptors have been
reported on dopamine cells in both the SN and VTA in postmor-
tem human tissue (Ikemoto et al., 2000). Moreover, a long series
of studies in the field of psychosis has shown that 5-HT, , recep-
tors modulate the mesocortical dopamine pathway, which, sim-
ilar to the mesolimbic pathway, arises in the VTA (Pehek et al.,
2001, 2006; Bortolozzi et al., 2005). For example, systemic ad-
ministration of the preferential 5-HT,, receptor agonist 1-[2,5-
dimethoxy-4-iodophenyl]-2-aminopropane (DOI) increases the
firing rates of VTA dopamine neurons and induces dopamine
release in the PFC through a 5-HT,, receptor-dependent mech-
anism (Bortolozzi et al., 2005; Pehek et al., 2006). It therefore
does not appear tenable to suggest that the VTA as a whole is
insensitive to modulation by 5-HT, , receptors.

Although some aspects of VTA-mediated activity are sensitive
to modulation by 5HT,, receptors, it is important to recognize
that the VTA gives rise to two distinct dopaminergic pathways,
namely the mesolimbic and mesocortical pathways. These path-
ways project from two distinct cellular populations within the
VTA, with paranigral dopamine cells giving rise to mesolimbic
projections and parabrachial dopamine cells giving rise to meso-
cortical projections (Lessard et al., 2009). As it is the mesolimbic
projections of the VTA that are critical for drug self-
administration, one could speculate that it is the mesolimbic
rather than the mesocortical system that is insensitive to modu-
lation by 5-HT,, receptors. Consistent with this contention,
5-HT,, receptor antagonists do not attenuate cocaine self-
administration in rodents or primates (Fantegrossi et al., 2002;
Nic Dhonnchadha et al., 2009), and SR 46349B does not attenu-
ate amphetamine-induced dopamine overflow in the NAc in ro-
dents (Auclair et al., 2004; Egerton et al., 2008). Moreover, there
are few convincing reports that 5-HT, , receptor agonists are self-
administered by laboratory animals (Siegel and Jarvik, 1980; Fan-
tegrossi et al., 2004). Therefore, it seems reasonable to suggest
that the emerging picture is one in which the nigrostriatal and
mesocortical dopamine pathways are far more sensitive to mod-
ulation by 5-HT,, receptors than the mesolimbic pathway. This
may be mediated not by differential expression of 5-HT,, recep-
tors between the SN and VTA but, rather, through differential
expression of 5-HT,, receptors within the VTA itself. Although
two previous studies in rodents indicated relatively equal levels of
expression of 5-HT,, receptors across the parabrachial and pa-
ranigral subnuclei (Doherty and Pickel, 2000; Nocjar et al., 2002),
another study showed that paranigral cells were more likely to
coexpress both 5-HT,, and NMDA glutamate receptors (Rodri-
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guez et al., 2000). As it is the mesolimbic pathway arising from
these paranigral cells that appears to be uniquely insensitive to
antagonism of 5-HT2A receptors, perhaps the coexpression of
NMDA receptors prevents 5-HT, , receptor antagonists from at-
tenuating paranigral-mediated dopamine overflow in the NAc.
To our knowledge, no similar work has been conducted in pri-
mates. Given the paucity of data, this hypothesis deserves further
study as it could account for the selective insensitivity of the
mesolimbic dopamine pathway to 5-HT,, receptors.

An alternative possibility is that 5-HT,, receptors differen-
tially regulate descending cortical glutamatergic projections to
nigrostriatal, mesocortical, and mesolimbic dopamine neurons.
Consistent with this idea, a recent study reported ~10-fold
higher in vivo availability of 5-HT,, receptors in the PFC of pri-
mates than in the midbrain or striatum (Sawyer et al., 2012).
Higher resolution ex vivo approaches showed the highest expres-
sion of 5-HT,, receptors in primates is found in apical dendrites
oflayer V cortical pyramidal glutamatergic cells of the PFC (Jakab
and Goldman-Rakic, 1998), which send both cortical and sub-
cortical projections. Furthermore, these receptors are capable of
modulating glutamate neurotransmission as DOI increases glu-
tamate release (Scruggs et al., 2003) through a 5-HT, , receptor-
dependent mechanism (Gewirtz and Marek, 2000; Zhang and
Marek, 2008). Moreover, direct PFC projections to the striatum
are integrated through a complex striatonigralstriatal system that
forms an “ascending spiral” (Haber et al., 2000; Haber and Knut-
son, 2010). Likewise, a recent study showed that direct infusion of
M100907 into the NAc attenuates cocaine-induced dopamine
and glutamate overflow in the NAc in cocaine-sensitized subjects
(Zayara et al., 2011). As such, there appear to be substantial op-
portunities for 5-HT, , receptors to regulate efferent glutamater-
gic modulation of specific dopaminergic systems.

Evidence has accumulated from a variety of sources that there
is a critical role for descending glutamate projections in drug- and
cue-induced reinstatement, and these projections are driven by
dopamine release via the mesocortical pathways into the PFC
(McFarland et al., 2003; Kalivas, 2007, 2009). Accordingly, it is
possible that 5-HT,, receptor antagonism attenuates reinstate-
ment of extinguished behavior previously maintained by cocaine
delivery by reducing mesocortical dopamine drive onto the PFC
through receptors expressed on parabrachial VTA neurons, and
attenuating glutamatergic output from the PFC though inhibi-
tion of layer V pyramidal cells. Moreover, it is likely that this
cortical glutamatergic output more strongly regulates reinstate-
ment than maintenance of ongoing self-administration (Kalivas,
2009). In primates, we have consistently shown using PET imag-
ing and functional MRI that noncontingent infusions of cocaine
activate the PFC (Howell et al., 2002, 2010; Henry et al., 2010;
Murnane and Howell, 2010), and we have recently reported that
the response of these areas changes following exposure to cocaine
(Henry etal., 2010). In future studies, we will continue to explore
this circuitry using behavior, neurochemical, and neuroimaging
approaches, and, particularly, functional connectivity between
the PFC and striatum, as this will allow for the further elucidation
of neurobiological circuits relevant for cocaine abuse and relapse,
and the development of biomarkers for successful treatment
responses.
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