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Abstract
Opioid signaling has been strongly implicated in driving palatable food consumption. The nucleus
accumbens (NAcc) is one important site of this effect; hyperphagia elicited by administration of
exogenous mu opioid receptor (MOR) ligands in this brain region has been well documented.
However, the role that endogenous opioid ligands in the NAcc play in controlling food intake remains
poorly understood. Enkephalins, which signal through both the MOR and delta opioid receptor
(DOR), are highly expressed within a subset of NAcc neurons, and have been shown to be sensitive
to manipulations of diet and motivation. To investigate a potential role for these signaling molecules
in regulating palatability-driven consumption, we measured high fat chow intake in rats following a
series of pharmacological manipulations of NAcc opioid signaling. NAcc infusion of the MOR
agonist [D-Ala2, N-MePHe4, Gly-ol]-enkephalin (DAMGO) robustly increased palatable food
intake, as has previously been demonstrated. In contrast, neither infusion of met-enkephalin, its
synthetic analogue [D-ala2] Met-enkephalin (DALA) nor the DOR-specific ligand [D-Pen2, Pen5]-
enkephalin (DPDPE) had significant effects on food intake. However, when administered in
combination with DAMGO, DPDPE significantly suppressed the magnitude of DAMGO-evoked
feeding. Further analysis of DPDPE effects revealed that the drug strongly increased locomotor
activity. Suppressive effects on feeding, then, may have occurred through competition between
feeding and locomotion for behavioral expression.
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1. Introduction
Opioid signaling has long been implicated in controlling short term food intake, particularly
of highly reinforcing food items. Several lines of evidence suggest that this behavioral effect,
which is dependent on a CNS site of action (Marks-Kaufman et al., 1985), occurs through
opioid-induced potentiation of the palatability of the food items. First, opioid-induced
hyperphagia is more robustly expressed during consumption of highly reinforcing (usually
sweet and/or fatty) foods (Cooper and Turkish, 1989). Second, opioid agonists increase (Doyle
et al., 1993, Pecina and Berridge, 1995, Rideout and Parker, 1996) while opioid antagonists
decrease measures of positive taste reactivity (Parker et al., 1992, Ferraro et al., 2002),
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stereotyped orofacial behaviors that are tightly correlated with the reinforcing value of tastants
(Berridge, 2000). Third, post-ingestive signaling is not necessary for opioid-induced
hyperphagia, as opioid effects are expressed in sham feeding animals (Kirkham and Cooper,
1988), as well as in animals consuming non-caloric tastants (Beczkowska et al., 1993). These
latter data are consistent with the notion that opioids alter neural representation of palatability,
rather than acting through direct effects on satiety mechanisms. Fourth and finally,
pharmacological blockade of opioid signaling in human subjects diminishes reports of the
hedonic impact of a palatable test meal (Yeomans and Wright, 1991, Yeomans and Gray,
1996). Importantly, opioid manipulations have no impact on taste discrimination in rodents
nor taste recognition in humans, arguing against the possibility that opioid effects on feeding
are the consequence of changes in neural processing of taste quality (O’Hare et al., 1997,
Yeomans and Gray, 2002).

Multiple neural sites of action have been identified for opioid-induced hyperphagia (Glass et
al., 1999). Opioid agonists have particularly potent effects when administered into the nucleus
accumbens (NAcc), the ventral striatal region which plays a critical role in reward-directed
behaviors (Mucha and Iversen, 1986, Bakshi and Kelley, 1993b, Pecina and Berridge, 2000,
Ragnauth et al., 2000, Kim et al., 2004, Taha et al., 2009). Opioid signaling in the NAcc elicits
an increase in feeding similar to that occurring after systemically administered opioids – the
effect is independent of caloric content (Zhang and Kelley, 2002); alters taste reactivity
measures (Pecina and Berridge, 2000); and is more pronounced for palatable tastants (Zhang
and Kelley, 2002). In addition, direct administration of the nonspecific opioid antagonist
naltrexone into the NAcc suppresses consumption of sucrose, implicating an endogenous
signaling system in this brain region in promoting palatable food intake (Kelley et al., 1996).

In the NAcc, signaling through the mu opioid receptor (MOR) most potently elicits
consumption, with administration of the MOR-specific agonist [D-Ala2, N-MePHe4, Gly-ol]-
enkephalin (DAMGO) resulting in uninterrupted hyperphagia that can be sustained for hours
(Zhang et al., 1998). Signaling through the delta opioid receptor (DOR) has also been reported
to increase consumption, usually in a more transient fashion (Majeed et al., 1986, Bakshi and
Kelley, 1993a, Zhang and Kelley, 1997, Ragnauth et al., 2000). However, the role of DOR
signaling in modulating feeding is not fully understood, as administration of a DOR antagonist
in the NAcc also causes an increase in consumption (Kelley et al., 1996). Finally, though kappa
opioid receptor signaling has well described aversive effects – eliciting conditioned place
aversion (Bals-Kubik et al., 1993) and suppressing NAcc dopamine release (Di Chiara and
Imperato, 1988) – studies of food intake suggest NAcc KOR signaling has limited effects on
consumption. NAcc infusion of KOR agonists does not alter food intake (Bakshi and Kelley,
1993a; Zhang and Kelley, 1997), while NAcc infusion of KOR antagonists has been reported
to have no effect (Kelley et al., 1996), or to suppress intake in certain behavioral contexts
(Bodnar et al., 1995).

These pharmacological studies provide a departure point for understanding mechanisms
contributing to opioid-induced hyperphagia, importantly identifying the MOR as a critical site
of action. They do not, however, clarify the role of endogenous opioid ligands in driving food
intake. Anatomical and functional data provide evidence suggestive of a role for NAcc
enkephalinergic signaling in modulating food intake. Within the NAcc, enkephalins are
abundant, and are expressed within roughly half of medium spiny neurons (Meredith, 1999).
Enkephalins bind to and activate the MOR (as well as the DOR) (Raynor et al., 1994), and
might thus, like DAMGO, activate MOR-dependent signaling pathways leading to
hyperphagia. Medium spiny neurons have abundant local collaterals, which provide the
anatomical substrate for local enkephalin release (Meredith, 1999). In addition, expression
levels of preproenkephalin (PPENK), the precursor gene for enkephalinergic ligands, are
sensitive to manipulations of diet and motivation (Schiltz et al., 2007, Will et al., 2007).
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In the present study, we evaluated consumption of a palatable food after direct NAcc infusion
of pharmacological agents manipulating opioidergic, particularly enkephalinergic, signaling.
While MOR-selective ligands elicited robust hyperphagia, as previously demonstrated, neither
DOR-selective nor mixed MOR/DOR ligands had significant effects on consumption.
Unexpectedly, administration of a DOR-selective agonist suppressed feeding elicited by MOR
stimulation; this suppressive effect on feeding appears to have been secondary to the vigorous
locomotion induced by DOR-stimulation.

2. Materials and Methods
2.1 Animals and experimental overview

All procedures used were approved by the University of Utah Medical School, Animal Care
and Use Committee and carried out in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Male Sprague-Dawley rats (n=21; 400–500
grams) were used in all experiments. Rats were allowed ad libitum access to food and water
throughout the experimental period. Two groups of rats were used in these experiments. Rats
in group 1 (n=10) were implanted bilaterally with cannulae directed at the NAcc core and shell
(a total of 4 cannulae/rat). Rats in group 2 (n=11) were implanted bilaterally with cannulae
directed at anterior and posterior sites within the ventrolateral striatum (4 cannulae/rat). In
Experiment 1, both groups of rats were used to assess the effects of met-enkephalin and
DAMGO infusions into these four distinct sites (NAcc core and shell; anterior and posterior
ventrolateral striatum) on high fat chow intake. In subsequent experiments (Experiments 2–5),
group 1 rats were used to assess the effects of pharmacological manipulations of opioid
signaling specifically in the NAcc core, the site at which DAMGO-induced feeding was most
robust. In Experiment 2, the effects of infusion of the enkephalinase inhibitor thiorphan on
high fat chow intake were assessed. In Experiment 3, the effects of [D-Ala2] Met-enkephalin
(DALA), a synthetic and protease-resistant analogue of enkephalin, on high fat chow intake
were evaluated. In Experiment 4, the effects of DAMGO and DPDPE (a DOR-specific agonist)
on high fat chow intake - administered singly and in combination - were measured. Finally, in
Experiment 5, the effects of DAMGO, DALA, and DPDPE on locomotor activity were
evaluated. Experimental treatments are summarized in Table 1.

2.2 Cannula implantation
In initial surgeries (n = 6 rats) anesthesia was induced and maintained with a cocktail of
ketamine and xylazine (induction, 75–100 + 0.5–1mg/kg IP; maintenance, 40–50 mg/kg
ketamine hourly). In subsequent surgeries (n = 15 rats), anesthesia was induced and maintained
with isoflurane (induction, 5%; maintenance, 2% in O2). 24 gauge stainless steel cannulae
(Small Parts, Miramar, FL) were targeted to four different sites in the ventral striatum: the
NAcc core and shell (Group 1) or anterior and posterior sites within the ventrolateral striatum
(Group 2). Stereotaxic coordinates for each site were: NAcc shell: anterioposterior (AP) +1.4,
mediolateral (ML) +/− 0.85, and dorsoventral (DV) −6.5; NAcc core: AP +1.4, ML +/− 1.85,
DV −6.5; anterior VL striatum: AP +1.6, ML +/− 3.4, and DV −6.2; posterior VL striatum:
AP +0.6, ML +/− 3.4, and DV −6.2. These coordinates describe the cannula placements, which
were 1 mm dorsal to the targeted injection site. All animals received 3 mLs lactated ringers
solution (SC), access to an ibuprofen solution in their home cage water bottle, and one week
of recovery post surgery.

2.3 Drug infusions and high fat chow intake
Following a one week recovery period, animals were habituated to a high fat diet (Bio-Serv,
Frenchtown, NJ) in daily one-hour exposures over 2–3 days, followed by 2 days of sham
injections, in which the animals were handled and injectors were placed within cannulae but
no drug was infused. Thereafter, drug injection commenced. For each experiment, drug
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infusions took place on alternate days, allowing a rest day between infusions. During infusions,
injectors extended 1mm beyond the tip of the cannulae; thus final injection sites were 1 mm
ventral to the cannula target coordinates. All drugs were infused in a total volume of 0.5 μl/
injection site at 0.25 μl/minute, and injectors were left in place for an additional minute
following the 2 minute infusion period. All measures of high fat chow intake were made in
animals’ home cages (pre-measured high fat chow was presented in a ceramic bowl) during 1
hour sessions. For feeding experiments, drug concentrations for met-enkephalin (0.025, 0.25,
2.5 nmoles/NAcc) and the enkephalin analogue DALA (0.025, 0.25, 2.5, 12.5 nmoles/NAcc)
were chosen to bracket a dose of DAMGO that elicits robust feeding (0.25 nanomoles/NAcc).
Thiorphan doses (4, 13, 40 nmoles/NAcc) were guided by previous reports that concentrations
as low as 1–10 nmoles were sufficient to elicit significant behavioral effects (Kalivas and
Richardson-Carlson, 1986, Cador et al., 2002). Finally, the DPDPE dose (4 nmoles/NAcc) was
chosen to match the concentration identified in a previous report as the dose maximally
effective in eliciting food intake when infused into the NAcc (Bakshi and Kelley, 1993a).
Experimental treatments, including drug concentrations, are summarized in Table 1. For each
experiment, drugs and doses were randomized across days.

2.4 Locomotion
In Experiment 5 the effects of DAMGO, DALA, and DPDPE infusions into the NAcc core on
locomotor activity were measured. For each drug, the highest concentration tested in feeding
experiments was used (DAMGO, 0.25; DALA, 12.5; DPDPE, 4 nmoles/NAcc). During the
first three infusion sessions, randomized infusions of control saline, DAMGO, or DALA were
administered. All DPDPE infusions occurred on the fourth and final infusion day to conserve
a limited supply of the drug. Immediately after each infusion, rats were placed into an 18″ ×
24″ locomotor chamber, the floor of which was marked with regular spaced gridlines.
Locomotor activity was recorded on digital video for one hour immediately following infusion.
Subsequently, rearing and locomotion (line crossings in the x and y dimensions) were
quantified by an observer blind to drug treatment.

2.5 Statistical analysis
One way repeated measures (RM) ANOVA was used to compare drug effects on high fat chow
consumption in Experiments 1–4. Two-way RM ANOVA was used to analyze locomotor
activity in Experiment 5 (comparing drug effects across time).

2.6 Histology
Rats were deeply anesthetized with sodium pentobarbital (Euthasol, 40 mg/kg) and perfused
with physiological saline and 4% formaldehyde. Brains were extracted, cryoprotected
overnight, and cryostat sectioned. Sections were stained with methyl red to anatomically
localize cannula placements, which were identified through visible inspection for cannula
tracks.

3. Results
In Experiment 1, we tested the effects of met-enkephalin infusion into the NAcc, measuring
high fat chow consumption after three doses of met-enkephalin in comparison to control saline
or DAMGO (Figure 1A–D). At each anatomical site tested, there was a significant main effect
of drug infusion (NAcc core: F(9,36) = 12.5; NAcc shell: F(9,36) = 13.9; anterior VL striatum:
F(9,36) = 10.3; posterior VL striatum: F(9,36) = 8.1; all p<0.001). However, post-hoc tests
revealed that in each case, this was the result of a significant elevation of consumption after
DAMGO infusion (p<0.001 relative to saline infusion). For posterior VL striatum infusions
only, post-hoc tests revealed a marginally significant effect of met-enkephalin infusions (0.25
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ng/NAcc dose, p = 0. 05). This effect was modest (27% increase over baseline, versus 66%
increase following DAMGO infusion), and no dose-dependence was evident.

In Experiment 2, we tested the effects of the enkephalinase inhibitor thiorphan on high fat chow
intake (Figure 2A). In this and subsequent experiments, we confined our study to the NAcc
core, the brain region in which DAMGO elicited the largest increase in consumption (Figure
1). In Experiment 3 (Figure 2B), we infused DALA, a long-lasting synthetic analogue of met-
enkephalin, into the NAcc core (Pert et al., 1976). As for Experiment 1, however, neither
infusion had significant effects on consumption (thiorphan: F(9, 26) = 0.36, p=0.78; DALA,
F(4, 30) = 0.26, p = 0.9). Even after infusion of DALA levels 50-fold higher than the effective
dose of DAMGO (12.5 nmoles DALA/NAcc vs. 0.25 nmoles DAMGO/NAcc), food intake
did not differ from baseline levels (Figure 2B).

Neither met-enkephalin nor DALA significantly affected high fat chow intake. Because these
peptides signal at both the MOR and DOR, we hypothesized that signaling through the DOR
might attenuate MOR-mediated hyperphagia. To study this directly, we investigated the effects
of DAMGO, the MOR-specific ligand, in combination with DPDPE, a DOR-specific ligand,
both singly and in combination (Figure 3). In this experiment, there was a main effect of drug
treatment (F(9,27)=11.0, p<0.001 relative to saline control). Post-hoc comparisons showed
that DAMGO, as expected, significantly elevated consumption (p<0.001). DPDPE alone did
not alter consumption (p=0.66 relative to saline control). Interestingly, however, DPDPE, when
administered in combination with DAMGO, significantly attenuated the resulting hyperphagia
(a 47% reduction in the magnitude of the DAMGO-induced hyperphagia; p<0.05, comparing
DAMGO to DAMGO + DPDPE treatment).

To probe the mechanism underlying DOR-induced attenuation of MOR-elicited hyperphagia,
we assessed locomotor activity in an open field test following DAMGO, DALA, and DPDPE
infusion into the NAcc core (Figure 4). For both locomotion and rearing, there were significant
main effects of drug (locomotion, F(3,27)=6.5, p=0.002; rearing, F(3,27)=4.4, p=0.01) and
time (locomotion, F(11,99)=3.5, p<0.001; rearing, F(11,99)=9.8, p<0.001) and a significant
interaction between the two (locomotion, F(33,297)=1.7, p=0.01; rearing, F(33,297)=1.7,
p=0.02). Notably, DPDPE infusion resulted in a highly significant, sustained elevation of
locomotion and rearing (both p<0.05, post-hoc test comparison to saline effects). Though
DALA infusion caused a transient and modest trend toward elevated locomotion and rearing
(e.g., p=0.07 analyzing locomotion over first 20 minutes), neither DALA nor DAMGO effects
differed significantly from those measured following saline control when analyzed over the
full hour (all p≫0.05).

4. Discussion
We found no significant effects of NAcc infusion of met-enkephalin; DALA, a long-lasting
enkephalin analogue; or thiorphan, an enkephalinase inhibitor, on consumption of a highly
palatable high fat chow (Figures 1–2). Because opioid receptor levels vary across the ventral
striatum (Mansour et al., 1987), the initial test of met-enkephalin and DAMGO effects were
made through infusions at four distinct sites spanning this region. Infusion of the MOR-specific
agonist DAMGO resulted in robust hyperphagia, with the largest effects occurring following
administration into the NAcc core, confirming the initial mapping study of this effect (Zhang
and Kelley, 2000). Together, our data provide little support for the notion that enkephalinergic
signaling in the NAcc has substantial effects on food intake.

These results were surprising, given that enkephalinergic signaling occurs through the DOR
and the MOR; signaling through both receptors has previously been shown to result in elevated
food intake (shown for example, in (Bakshi and Kelley, 1993a)). To investigate MOR/DOR
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interactions further, we extended our investigation to study the effects of DAMGO and DPDPE,
when infused singly or together, on food intake. Only under conditions of DAMGO+DPDPE
infusion did we find a significant effect of DOR signaling on food intake, as DPDPE infusion
significantly suppressed consumption stimulated by DAMGO (Figure 4). Further studies
revealed that this suppression was likely the consequence of the robust locomotor activity
elicited by DPDPE, which, given its magnitude and sustained duration (Figure 5), would be
expected to compete with DAMGO-induced feeding for behavioral expression. Consistent with
this idea, DPDPE alone did not suppress high fat chow intake relative to baseline consumption
levels. The suppressive effects of DPDPE on consumption were only apparent after DAMGO-
induced hyperphagia – a condition in which consummatory behaviors typically occupied much
of the experimental session.

The role of DOR signaling in the NAcc in modulating food intake remains puzzling. Though
we found no effects of DOR signaling on feeding in this study, many previous investigators
have reported a transient but significant elevation of food intake following administration of
DOR ligands (Majeed et al., 1986, Bakshi and Kelley, 1993a, Zhang and Kelley, 1997,
Ragnauth et al., 2000). Typically this effect has a rapid onset and fleeting duration, in contrast
to the delayed onset and prolonged duration of feeding following MOR stimulation (Majeed
et al., 1986, Bakshi and Kelley, 1993a, Zhang and Kelley, 1997, Ragnauth et al., 2000). These
results are consistent with a stimulatory role for DOR signaling in the control of consumption.
Intriguingly, however, Kelley and colleagues (Kelley et al., 1996) showed that antagonizing
NAcc DORs also results in increased food intake. Administration of the DOR-specific
antagonist naltrindole resulted in a near doubling of sucrose intake in this experiment -
surprisingly, this effect could be blocked by systemic administration of the nonspecific opioid
antagonist naltrexone. This suggests that the suppressive effects of DOR signaling on food
intake are dependent on an interaction with a second, undefined opioidergic signaling pathway
that promotes feeding. The authors hypothesized that the latter pathway may be mediated
through MOR signaling. Our own results are consistent with a suppressive effect of DOR
signaling on food intake, but as an indirect consequence of the potent increase in locomotion
caused by DOR stimulation. Notably, Bodnar and colleagues (Ragnauth et al., 2000) also
investigated MOR/DOR interactions, but arrived at conclusions opposite ours – they found
that feeding elicited by DAMGO infusion could be blocked by co-administration of the DOR
antagonist naltrindole, suggesting a cooperative effect of MOR and DOR signaling in
mediating food intake. Cooperative interactions of MOR and DOR signaling are also supported
by studies of nociception in MOR knockout mice, as the analgesic effects of DOR agonists are
absent or attenuated in these animals (Matthes et al., 1996, Sora et al., 1999, Gaveriaux-Ruff
and Kieffer, 2002).

To place our results into context, and to consolidate a more comprehensive view of the
pharmacology of NAcc opioidergic feeding, we summarize the relevant literature in Table 2.
In this table, we include the magnitude and direction of pharmacological manipulations of
NAcc opioids on feeding. Four clear trends are evident. First, unsurprisingly, there is strong
evidence that NAcc MOR signaling has pronounced and consistent effects in promoting food
intake. Second, despite our negative results following DPDPE infusion, previous studies report
consistent effects of DOR stimulation in increasing food intake. Third, DOR signaling clearly
and consistently increases locomotion, including in our present results. Fourth and finally,
NAcc KOR signaling has few consistent effects effect on feeding, with most experiments (six
of nine) suggesting minimal effects on intake.

It is unclear why we DPDPE administration did not increase food intake in our experiments.
It seems unlikely that technical difficulties with drug activity or infusion procedure were
responsible, however, as DPDPE did substantially elevate locomotion in our experiments
(Figure 4), as reported by other investigators (Cunningham and Kelley, 1992,Bakshi and
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Kelley, 1993a,Zhang and Kelley, 1997). Drug concentration is also unlikely to have been an
issue, as the concentration we used was identical to that effectively used to elicit increased
consumption in a previous study (Bakshi and Kelley, 1993a). One speculative possibility is
that DPDPE-induced feeding arises as a consequence of a general increase in arousal, rather
than through recruitment of neural circuits with more specific relevance to food intake (such
as neural circuits underlying palatability, as appear to be recruited by MOR agonists).
Consistent with this possibility, Kelley et al noted in a previous study that measures of
behavioral activation (locomotion, rearing) increased in parallel with and were correlated with
levels of sucrose consumption (drinking bouts, drinking duration) following DPDPE infusion
into the NAcc (Zhang and Kelley, 1997). Thus, in our experiments, increases in arousal may
have been primarily expressed through locomotion, rather than food intake, particularly given
that our sessions were relatively short (1 hour, rather than 4 hours, as used in other experiments
(Majeed et al., 1986,Bakshi and Kelley, 1993a,Ragnauth et al., 2000), and given that DOR-
induced changes in locomotion are generally much larger than changes in food intake. In a
short experimental session, DOR-induced behavioral changes may thus be principally evident
as changes in locomotion. Consistent with this interpretation, locomotor behavior is generally
more profoundly elevated by DOR stimulation than food intake (Table 2).

Though the effects of DOR signaling on feeding are unsettled, effects on locomotion appear
to be reliable – agonists increase, and antagonists decrease, locomotion (Table 2). This result
is intriguing for several reasons. First, PPENK levels are altered by manipulations of
motivational state. Short term hunger is correlated with increased PPENK levels (Will et al.,
2007), as is exposure to contextual cues associated with a highly palatable food (Schiltz et al.,
2007). These are both behavioral contexts in which food-seeking behaviors would be expected
to be elevated, as a natural prelude to consumption itself – indeed, the Schiltz (2007) study
demonstrated increased locomotion as a consequence of exposure to food-associated contexts.
Thus, these studies suggest a possible role for enkephalin in food-seeking behaviors preceding
consumption itself. Second, recent studies show that drug-seeking behaviors can be attenuated
with intra-NAcc infusion of naltrindole, the specific DOR antagonist (Ciccocioppo et al.,
2002,Ward and Roberts, 2007). The results of the Ciccocioppo et al (2002) study are
particularly intriguing in considering food-seeking behaviors, as animals in these experiments
were tested under extinction conditions, in which their behavior would not have been
influenced by acute pharmacological effects of drug administration in this study. Given
extensive overlap between drug and food-seeking circuits (Thiele et al., 2003), then, these
studies raise the possibility that DOR signaling may play an important role in food-seeking
behaviors, perhaps activated by endogenous enkephalin release. To our knowledge this
hypothesis has not investigated explicitly in the context of food seeking. Future studies focusing
on the role of endogenous DOR signaling in the context of foraging behaviors, rather than
consumption itself, will be interesting in addressing this point.
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Abbreviations

β-FNA Beta-funaltrexamine

DADLE [D-Ala2, D-Leu5]-enkephalin

DALA [D-Ala2] Met-enkephalin

DALCE [D-Ala, Leu5, Cys6]-enkephalin

DAMGO [D-Ala2, N-MePHe4, Gly-ol]-enkephalin
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DOR Delta opioid receptor

DPDPE [D-Pen2, Pen5]-enkephalin

KOR Kappa opioid receptor

MOR Mu opioid receptor

NAcc Nucleus accumbens

Nor-BNI Nor-binaltorphimine

PPENK Preproenkephalin
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Figure 1.
Met-enkephalin infusion into the ventral striatum does not alter high fat chow consumption.
Infusion sites in the NAcc core (A), NAcc shell (B), anterior ventrolateral striatum (C), and
posterior ventrolateral striatum (D), are shown. In each site, the effects of control saline, met-
enkephalin (3 concentrations), and DAMGO (1 concentration) on food intake were assessed.
DAMGO reliably elicited hyperphagia (p<0.001 in all sites), while met-enkephalin increased
consumption only after the 0.25 nmoles/NAcc dose in the posterior ventrolateral striatum, at
a marginally significant level (p=0.049). In this and other bar graphs, bars represent mean value
± SEM. For figures 1–4, consumption is presented as grams of high fat chow consumed over
a one hour session.
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Figure 2.
Neither the enkephalinase inhibitor thiorphan (A), nor the long-lasting synthetic enkephalin
analogue DALA (B) alter food intake when injected into the NAcc core. Food intake did not
differ from baseline levels after infusion of any concentration of either drug.
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Figure 3.
The DOR-specific agonist DPDPE attenuates DAMGO-induced hyperphagia. When infused
alone, DPDPE had no effects on consumption (third bar). However, when co-infused with
DAMGO (fourth bar), DPDPE significantly decreased DAMGO induced consumption
(compare with DAMGO alone, second bar). DAMGO was infused at 0.25 nmoles/NAcc in
these experiments; DPDPE was infused at 4 nmoles/NAcc. Brackets indicate significantly
different levels of high fat chow intake (p< 0.01).
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Figure 4.
Locomotor activity following manipulation of NAcc core opioid signaling. (A) Locomotion
and (B) rearing were significantly elevated relative to baseline levels only after infusion of the
DOR-specific agonist DPDPE. DALA caused a transient trend toward increased behavioral
activation over the first 20 minutes only.
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Figure 5.
Cannula placements. (A) Cannula placements in Group 1 were tightly clustered in the medial
shell (dashed lines) and central NAcc core (solid lines) near the anterior commissure.
Placements in Group 2 were clustered at the border of the ventrolateral striatum and the dorsal
endopiriform nucleus for anterior (solid lines) and posterior (dashed lines). Group 1 rats were
used in Experiments 1–5, while Group 2 rats were used only in Experiment 1 (Figures 1C–D).
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