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Abstract
The anterior cingulate cortex (ACC) and opioid receptors have been suggested to play a role in
attributing incentive motivational properties to drug-related cues. We examined whether blockade
of ACC opioid receptors would reduce cue-induced ethanol-seeking behavior in mice. We show
that intra-ACC opioid receptor blockade disrupted expression of an ethanol-induced conditioned
place preference, suggesting that endogenous opioid modulation in the ACC may be critical for
maintaining the cue’s conditioned rewarding effects.
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Drug-associated cues can exert strong motivational influences, increasing drug-seeking
behaviors that potentially lead to relapse (Everitt & Robbins, 2005; See, 2002). Human brain
imaging studies have identified several neural areas activated by drug-related cues,
including the anterior cingulate cortex (ACC), which has been hypothesized to reflect
incentive motivational effects of drug-related cues (e.g., Childress et al., 1999; Grüsser et
al., 2004; Myrick et al., 2004) and to regulate conditioned cue relapse (See, 2002). The ACC
is also a key site of opioid action in human as well as rodent prefrontal cortex (e.g., Jones et
al., 1991; Vogt et al., 1995; Vogt et al., 2001). Interestingly, opioid receptor binding in the
ACC is highly correlated with craving during early abstinence in alcohol- (Williams et al.,
2009) and cocaine- (Gorelick et al., 2005) dependent subjects. Also, antagonism of opioid
receptors reduces cue-induced craving and reactivity in alcoholics (O’Malley et al., 2002;
Monti et al., 1999). Thus, it is possible that the ACC’s role in cue-induced drug seeking is
mediated, at least in part, by opioid signaling within the ACC.

General support for this hypothesis comes from rodent models that show changes in ACC
Fos expression following behaviors induced by cues previously paired with cocaine
(Crawford et al., 1995; Neisewander et al., 2000), morphine (Harris & Aston Jones, 2003)
and ethanol (Dayas et al., 2007). Further, animal studies have shown that opioid receptor
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blockade modulates cue-induced ethanol-seeking behavior (Ciccocioppo et al., 2002;
Cunningham et al., 1995, 1998; Dayas et al., 2007; Katner et al., 1999; Kuzmin et al., 2003;
Marinelli et al., 2009; Middaugh & Bandy, 2000). For example, a non-selective opioid
antagonist (naloxone) was previously shown to facilitate extinction, but not acquisition or
initial expression, of cue-induced ethanol-seeking behavior in mice (Cunningham et al.,
1995; 1998) using the conditioned place preference (CPP) procedure, a well-established
model of cue-induced seeking behavior (Cunningham et al., 2006; Tzschentke, 2007). The
authors hypothesized that opioid receptor blockade altered the conditioned motivation that
normally maintained cue-induced seeking behavior during testing (Cunningham et al.,
1998). Later studies showed that naloxone’s effect was attributable, in part, to actions at
opioid receptors located in the ventral tegmental area (VTA), but not in nucleus accumbens
(Bechtholt & Cunningham, 2005). Additional studies identified a crucial role for dopamine
receptors in the amygdala (Gremel & Cunningham, 2009), suggesting that ethanol CPP
might depend on opioid receptor modulation of VTA dopamine neurons leading to
downstream release and activation of BLA. In addition, the BLA is activated by cortical
glutamatergic afferents, including those from the ACC (e.g., Gabbott et al., 2005), raising
the possibility that amygdala activation during cue-induced ethanol-seeking behavior is also
influenced by the ACC.

Taken together with previous work suggesting a role for the ACC in conditioned behavior
(e.g., Cardinal et al., 2002) and the high density of opioid receptors in the ACC (Vogt et al.,
1995, 2001), we hypothesized that expression of cue-induced ethanol-seeking behavior
depends on opioid signaling within the ACC. To examine this, we infused the opioid
receptor antagonist methylnaloxonium into the ACC immediately before testing expression
of an ethanol-induced CPP.

DBA/2J adult male mice (N = 127) were obtained from Jackson Laboratory at 6 weeks of
age. Surgeries were performed at 7-9 weeks of age. Initially mice were housed 4 per cage;
after surgery mice were housed 2 per cage. Mice were maintained at 20-24°C on a 12 h light
dark cycle (lights on at 7:00 am) with food and water available ad libitum. All procedures
were conducted in accordance with The National Institute of Health (NIH) “Principles of
Laboratory Animal Care” and the Oregon Health & Science University IACUC approved
the protocol.

Mice were anesthetized with an IP injection (4 ml/kg) of an anesthetic cocktail containing
ketamine (30.0 mg/ml) and xylazine (3.0 mg/ml). The NSAID analgesic Meloxicam (0.2
mg/kg SC) was used to manage post-operative pain. A single guide cannula (10 mm, 25
gauge) was implanted midline anchored to the skull with stainless steel screws, 1 mm above
the ACC (from Bregma: anterior = 0.74; lateral = 0.00; ventral = −1.0) (Paxinos & Franklin,
2001). Given the midline location of the ACC and its small size (which made bilateral
cannulation difficult), we decided to give one larger midline infusion rather than two smaller
bilateral infusions. Mice were given 4-9 days of recovery (counterbalanced within infusion
groups) before beginning the experimental procedure.

Ethanol (20% v/v, saline vehicle) was prepared from a 95% stock solution and administered
IP at a dose of 2 g/kg (injection volume, 12.5 ml/kg). These parameters were chosen on the
basis of many studies reporting robust CPP to tactile stimuli in DBA/2J mice at this dose
and concentration (e.g., Groblewski et al., 2008). Methylnaloxonium (Naloxone methiodide;
Sigma, St. Louis, MO) was dissolved in artificial cerebral spinal fluid (aCSF) containing
glucose. Methylnaloxonium, a quaternary derivative of naloxone, was used because it does
not cross the blood-brain barrier and it has been shown to diffuse away from the injection
site more slowly than naloxone (Schroeder, Weinger, Vakassian, & Koob, 1991). Doses of
0.750 and 0.375 μg/0.2 μl were chosen based on previous work showing reduced expression
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of an ethanol-induced CPP when these doses were infused into mouse VTA (Bechtholt &
Cunningham, 2005).

The apparatus and procedure have previously been described in greater detail (Cunningham
et al., 2006). In brief, 12 identical place conditioning chambers (30 × 15 × 15 cm) were
enclosed in sound and light attenuated chambers. Infrared light sources and photodetectors
(mounted 2.2 cm above the floor at 5-cm intervals) were used to measure general activity
(beam crosses) and the time spent on each side of the box. Two distinct interchangeable
floor halves were used as tactile conditioned stimuli (CSs). The grid floor consisted of
stainless steel rods (2.3 mm diameter) mounted 6.4 mm apart in acrylic rails. The hole floor
was made from perforated 16-gauge stainless steel with 6.4-mm round holes on 9.5-mm
staggered centers. These two textures have repeatedly been shown to produce approximately
equal preference for each tactile floor cue, allowing for unbiased detection of CPP
(Cunningham et al., 2003).

An unbiased conditioned place preference procedure was used (e.g., Cunningham et al.,
2003), which consisted of 3 phases: habituation (one session), conditioning (eight sessions)
and testing (one session). During habituation, mice received an IP saline injection before
placement on a smooth paper floor for 5 min to reduce the novelty associated with handling
and injections. Mice underwent four conditioning trials (CS+ and CS− trial types)
alternating trial type across days, where they were given either saline or ethanol (2g/kg)
injections immediately before being placed in the apparatus for 5 min. Mice in the Grid+
conditioning subgroup received ethanol paired with the grid floor (CS+) and saline paired
with the hole floor (CS−). Conversely, mice in the Grid− conditioning subgroup received
ethanol paired with the hole floor (CS+) and saline paired with the grid floor (CS−). The
order of CS exposure was counterbalanced within groups. After conditioning, all mice
received a place preference test involving 15-min exposure to a half hole/half grid floor. The
order of CS exposure during conditioning and position (left vs. right) of grid floor during
testing was counterbalanced within groups.

An 11 mm stylet was lowered to the injection site 24 – 36 h before the first intracranial
infusion to minimize interference from potential behavioral effects of initial injector
lowering. Immediately before testing, all mice were given a midline infusion via a
microinfusion pump (Model A-74900-10; Cole Parmer, Vernon Hills, IL) of aCSF or
methylnaloxonium (0.375 or 0.750 μg/0.2 μl) at a rate of 0.1 μl/min. Injectors were kept in
place for an additional 30 sec to allow for diffusion of the drug away from the injection site.
Then, to mimic the conditioning day procedure, animals were weighed, injected with saline
and placed in the apparatus for the choice test session. Within 24 h of the final CPP test, all
mice were euthanized with pentobarbital (150 mg/kg). Brains were postfixed in 2% w/v
paraformaldehyde in phosphate-buffered saline (PBS), and then sucrose cryoprotected.
Cannula and injector placement were determined by examining thionin stained 40 μm
sections.

Time spent on the grid floor (mean sec/min) during the place preference test served as the
primary dependent variable. In this unbiased design, the difference in time spent on the grid
floor by the Grid+ and Grid− conditioning subgroups provides an index of CPP
(Cunningham et al., 2003,2006). Preliminary analyses of test data in consecutive 5-min
blocks indicated drug treatment effects in all three blocks. Thus, the primary data analyses
focused on performance averaged over all 15 min. An overall two-way (Dose ×
Conditioning Subgroup) analysis of variance (ANOVA) was followed by planned
comparisons between the Grid+ and Grid− conditioning subgroups to determine whether
place conditioning was significant within each dose group (Bonferroni corrected p values).
Additional two-way ANOVAs were used to directly compare each methylnaloxonium dose
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group to the aCSF control group. Activity during the place preference test (counts/min) was
assessed using one-way ANOVA (Dose). Conditioning trial activity data were analyzed by
two-way (Dose × CS trial type) repeated-measures ANOVA (collapsed across trials).

Data from one mouse were removed due to a procedural error. Data from five additional
mice were discarded due to problems with histological determination of cannula placement.
An example photomicrograph of the ACC injection site is shown in Figure 1. The majority
of our placements were midline, but those that were slightly off-midline were equally
distributed between the left and right hemispheres. Behavioral data were included in our
analyses only for mice that showed a clearly identified injector tract in the ACC (n = 65; see
Figure 2 caption for group n’s). Ten mice were excluded for incorrect cannula placements
(injector tract in secondary motor cortex, n = 5; corpus callosum, n = 5). Further, midline
infusions into the ACC through a chronic indwelling cannula in mice presented difficulties
in assessing cannula placement. Since the injector only extended 1 mm beyond the cannula
tip, and the cannula was positioned midline above the saggital vein, identifying the location
of the injection itself was difficult due to the cannula- or histology-induced damage in the
surrounding tissue. Additionally, a longer delay in extracting the brain may have resulted in
an increased infection rate. Keeping inclusion criteria consistent with our previous work, we
conservatively excluded 46 additional mice (Bechtholt & Cunningham, 2005;Gremel &
Cunningham, 2009; Gremel & Cunningham, 2010). Less conservative data analyses that
included these 46 mice yielded conclusions identical to those based on the primary data
analyses (see next section).

Methylnaloxonium-infused mice spent 58.4 ± 4.2% (0.750 μg) and 68 ± 5.3% (0.375 μg)
time on the previously drug-paired floor compared to 74.4 ±5 .3% for aCSF-infused mice.
Control (aCSF) mice showed a strong place preference, as indicated by a large difference in
time spent on the grid floor between mice in the Grid+ and Grid− conditioning subgroups
(see Figure 2). However, blockade of ACC opioid receptors dose-dependently interfered
with CPP expression. Two-way (Dose × Conditioning Subgroup) ANOVA yielded a
significant main effect of Conditioning Subgroup [F(1, 59) = 35.7, p < 0.001] and a trend
towards a significant interaction [F(2, 59) = 3.0, p = 0.06]. Planned comparisons between
the Grid+ and Grid− subgroups showed significant CPP in mice infused with aCSF or the
low methylnaloxonium dose (Bonferroni corrected p’s < 0.007). However, mice infused
with the high (0.750 μg) methylnaloxonium dose did not show a significant CPP. Additional
comparisons between pairs of dose groups (i.e., Dose × Conditioning Subgroup ANOVAs)
revealed a significant difference in CPP magnitude only between aCSF and the high
methylnaloxonium dose group [F(1,39) = 6.8, p < 0.02], confirming that this dose disrupted
expression of ethanol-induced CPP. Analysis of data from an additional 15 min of testing
during the same test session showed a similar pattern of group differences (data not shown),
although CPP was generally weaker during the second half of the session, presumably due to
extinction (aCSF: 69.6 ± 5.4%; 0.375 μg: 58.4 ± 6.1%; 0.750 μg: 58.2 ± 4.6%).

As noted earlier, an overall two-way (Dose × Conditioning Subgroup) ANOVA that
included both the 65 mice with cannula located in ACC as well as the 46 mice eliminated by
our conservative histological criteria yielded conclusions similar to those from our primary
analyses [significant main effect of Conditioning Subgroup: F(1,105) = 69.8, p < 0.0001;
significant interaction: F(2,105) = 5.3, p < 0.007]. Averaged over all 111 mice, mean (±
SEM) percent times spent on the ethanol-paired floor were 75.3±3.5, 64.4±3.8 and 59.6±2.9
for the aCSF, 0.375 μg and 0.750 μg groups, respectively.

To assess anatomical specificity, we also analyzed CPP in the 10 mice that were excluded
for incorrect cannula placement. Although low numbers of mice in each conditioning
subgroup precluded a complete factorial analysis of these data, we were able to compare
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percent time spent on the ethanol paired floor between aCSF treated mice (66.9±11.9%, n =
6) and mice in the high dose group (71.9±2.3%, n = 3). One-way ANOVA indicated no
significant difference between these two groups. These data suggest that methylnaloxonium
had no effect on CPP when it was infused either above or below the ACC.

All groups showed a similar level of activity (mean counts/min ± SEM) during the 15-min
test session (aCSF = 51.7 ± 3.8; 0.375 μg = 53.0 ± 3.5; 0.750 μg = 61.6 ± 4.8; F = 1.7, p =
0.18). Additionally, all groups showed similar levels of activity during conditioning.
Activity levels collapsed across trials showed similar stimulation to ethanol [main effect of
drug: F(1, 61) = 809.9, p < 0.001] (aCSF = 184.0 ± 4.2; 0.375 μg = 186.6 ± 4.4; 0.750 μg =
177.2 ± 5.0), as well as similar activity on saline trials (aCSF = 71.4 ± 2.0; 0.375 μg = 71.8
± 2.0; 0.750 μg = 66.9 ± 2.1). These results indicate that the effect of intra-ACC
methylnaloxonium on CPP expression cannot be attributed to activity differences during
conditioning or testing (Gremel & Cunningham, 2007).

To the best of our knowledge, we present the first data demonstrating a functional role for
ACC opioid receptors in the modulation of cue-induced drug-seeking behavior. Specifically,
we identify the first cortical site modulating ethanol-induced CPP by showing that blockade
of ACC opioid receptors disrupts expression of ethanol CPP in mice. Thus, these data
suggest that endogenous opioid activation of the ACC is involved either in memory retrieval
or in the expression of cue-induced incentive motivational effects that influence drug-
seeking behavior (Cunningham et al., 2011).

Although the role of the ACC in appetitive-conditioned behaviors has been extensively
studied (Cardinal et al., 2002), previous studies of ACC opioid receptors have focused
primarily on their role in pain processing (e.g., Petrovic et al., 2002). However, a recent
study showed a graded effect of naloxone on hedonic processing of rewards in humans, as
indexed by a reduction in pleasure ratings for larger rewards and a corresponding attenuation
of associated brain activity in the rostral ACC (Petrovic et al., 2008). This study also showed
that negative outcomes (i.e., loss of reward) were rated as more unpleasant under naloxone,
an effect that was associated with increased activity in caudal ACC. Overall, these data
suggest a potential role of ACC opioid receptors in the processing of both rewarding and
aversive hedonic events, a possibility that receives further support from our finding that site-
specific blockade of ACC opioid receptors interferes with responding to a conditioned
stimulus previously paired with ethanol. In contrast to our previous studies with systemic
naloxone (Cunningham et al., 1995, 1998), intra-ACC opioid receptor blockade disrupted
the initial expression of CPP. Moreover, in contrast to systemic naloxone, intra-ACC
methylnaloxonium did not gradually induce avoidance of the cue previously paired with
ethanol. However, the latter effect of naloxone required repeated systemic exposure to the
antagonist over several long-duration (60-min) tests, a procedure that would be difficult to
duplicate using site-specific infusions whose efficacy presumably diminishes as the drug
diffuses away from the injection site.

Our findings are generally consistent with previous studies suggesting a potential role for the
ACC in place conditioning based on a positive correlation between Fos expression in ACC
and drug-induced CPP (e.g., Crawford et al., 1995; Harris & Aston-Jones, 2003). Moreover,
these data are consistent with a previous study showing that reversible inactivation of the
ACC (using tetrodotoxin) reduces conditioned-cue reinstatement of an extinguished cocaine-
seeking response (McLaughlin & See, 2003). However, our study is at odds with one study
that showed mixed effects of quinolinic acid induced ACC lesions on CPP in rats. That
study showed no effect of ACC lesions on morphine or cocaine-induced CPP, but lesions
did interfere with CPP induced by a competitive NMDA receptor antagonist (CGP37849)
(Tzschentke & Schmidt, 1999). There are several possible reasons for this apparent
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discrepancy (e.g., conditioning drug, species), including the possibility of post-lesion
compensations in other brain areas or neurotransmitter systems.

In contrast, results from other lesion studies have implicated the ACC in conditioned
behaviors, and suggest a role in discriminating between reward-predictive and neutral cues
(Bussey et al., 1997; Cardinal et al., 2003; Parkinson et al., 2000). This hypothesis can
explain the present results because blockade of ACC opioid receptors might have impaired
ability to differentially associate ethanol with CS+ but not with CS−. However, in a recent
study of cue-induced alcohol seeking in a self-administration procedure, an opioid
antagonist-induced decrease in responding was not easily attributed to an inability to
discriminate between cues. Instead, systemic opioid receptor blockade selectively altered
responding only after exposure to a reward-predictive cue (S+) and not after exposure to a
neutral cue (S−) (Dayas et al., 2007). In self-administration procedures in general, cue-
induced alcohol seeking behavior is selectively attenuated with administration of opioid
antagonists (e.g., Ciccociopo et al., 2002; Dayas et al., 2007; Katner et al., 1999; Marinelli et
al., 2009). When considered together with findings from self-administration studies, the
present results generally support the idea that ACC opioid receptors mediate predictive
information about learned cue-drug associations.

Although a non-specific antagonist was used in the present study, it is tempting to speculate
about the specific opioid receptor subtype responsible for the disruption of ethanol CPP.
Within the ACC, delta receptors seem to be localized to cortical neurons, while mu receptors
are localized to both cortical neurons and thalamic afferent axons (Vogt 1995; Vogt et al.,
2001). Studies of reinstatement behavior after extinction of ethanol self-administration have
suggested that the delta opioid receptor subtype mediates reinstatement induced by both
context (i.e., static apparatus cues) and discrete cues (i.e., a phasic light-noise stimulus),
while the mu opioid receptor subtype may have a more limited role only in context-induced
reinstatement (Marinelli et al., 2009). Assuming that the mechanisms underlying stimulus
control of CPP are more like those mediating context-induced reinstatement, these data
suggest that activation of either of these opioid receptor subtypes within the ACC or on
thalamic input might be involved in the expression of ethanol-induced CPP. Future studies
examining specific receptor subtypes in and on pathways to the ACC could provide
important information related to their potential roles in the memory and motivational
processes that underlie performance of ethanol-induced CPP.

In summary, we found that blockade of opioid receptors in the ACC reduced cue-induced
ethanol-seeking behavior in mice. The identification of a cortical site of opioid action adds
to previous findings suggesting VTA opioid receptor involvement in cue-control over
ethanol-seeking behaviors (Bectholt & Cunningham, 2005). Further, the ACC is
anatomically connected to the amygdala and nucleus accumbens (e.g., Gabbot et al., 2005)
in which we have previously identified specific receptor mechanisms governing the
expression of ethanol CPP (Gremel & Cunningham, 2009). Overall, these data suggest a
corticostriatal circuit regulates the expression of cue-induced ethanol-seeking behavior.
Importantly, our findings shed new light on potential neural mechanisms underlying the
conditioned motivational processes that contribute to addiction and relapse.
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Figure 1.
Photomicrograph showing thionin-stained coronal section of intra-ACC injection site. For
reference, the location of the cingulate cortex, area 1 (Cg1), cingulate cortex area 2 (Cg2),
and the secondary motor cortex (M2) are indicated by their abbreviations. Number in the
upper left hand corner indicates the distance from bregma in millimeters of the section
(Paxinos & Franklin, 2001).
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Figure 2.
Intra-ACC methylnaloxonium disrupts cue-induced ethanol-seeking behavior. Mean time (s/
min; + SEM) spent on the grid floor during a 15-min test after intra-ACC
methylnaloxonium. Mice in the Grid+ conditioning group were given ethanol paired with
the grid floor (aCSF n = 10; 0.375 μg methylnaloxonium n = 13; 0.750 μg
methylnaloxonium n = 13). Mice in the Grid− conditioning group were given ethanol paired
with the hole floor (aCSF n = 9; 0.375 μg methylnaloxonium n = 9; 0.750 μg
methylnaloxonium n = 11) Brackets indicate a significant Dose × Conditioning group
interaction. *p < 0.02 **p < 0.01 ***p < 0.0001
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