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ABSTRACT

The opioid system has been shown to be one of the most important neurochemical
systems involved in centrally mediating ingestive behaviors. Following peripheral, systemic
and site-specific injections, opioid agonists and antagonists respectively induce and reduce
feeding in rats. Because of the existence of multiple opioid receptor subtypes (i, & and k).
an obvious question is what is the nature of the interactions between the receptor subtypes
and their various agonists and antagonists vis a vis the induction or attenuation of feeding .
The nucleus accumbens is a forebrain structure implicated in the mediation ot motivated
behaviors, including food intake. Whereas its core region appears to share commonalities with
the neighboring neostriatal motor system, its shell region appears similar to the extended
amygdala and limbic system in terms of anatomical connections, histology and cytology. The
ventral tegmental area is the primary source of dopaminergic projections to the nucleus
accumbens, and in turn receives reciprocal projections. Likewise, it has been implicated in
affecting motivated behaviors through dopamine input to the nucleus accumbens where it
interacts with opioids in the shell region.

The first aim of this dissertation examined the role of general (naltrexone), u (-
funaltrexamine), p, (naloxonazine) or x (nor-binaltorphamine) opioid receptor subtype
antagonists in mediating feeding induced by deprivation, glucoprivation and palatable
conditions following intracerebral injections into the shell region of the nucleus accumbens.
Data indicate that general, p and x, but not p, opioid antagonists in the NAcc each
significantly decreased deprivation-induced intake. Further, general, u and x opioid

antagonists in the NAcc each significantly reduced 2-deoxy-D-ghucose (2DG)-induced
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feeding. Finally, while general and u opioid antagonists in the NAcc significantly decreased
sucrose intake, the k antagonist was ineffective. These data established the NAcc as an
integral structure in mediating different forms of feeding controlled by opioid receptor
blockade.

The second aim of the dissertation was to examinc whe: *ier the ventral tegmental area
(VTA) shared similarities with the NAcc by evaluating effects upon feeding under deprivation,
glucoprivic and palatable conditions following general (naltrexone), p (B-funaltrexamine), x
(nor-binaltorphamine), 8, (DALCE) or 8, (naltrindole isothiocyanate) opioid receptor subtype
antagonist microinjections. The data from the second series of studies clearly showed that
opioid antagonists effects in the VTA were far less effective than in the NAcc. Only general
and 9§, opioid antagonism in the VTA significantly decreased deprivation-induced intake at
high doses; p, k, and &, opioid antagonists in the VTA were ineffective. An identical pattern
of antagonist results was observed for the VTA in mediating 2DG-induced intake. Whereas
sucrose intake was significantly decreased by VTA microinjections of general and o,
antagonists, g, K, and 8, opioid antagonists were again ineffective.

Analgesic studies strongly suggest receptor subtype specificity between opioid
agonists and antagonists, while feeding studies have shown that feeding induced by selective
opioid agonists can be mediated through multiple (and probably trans-synaptic) receptors.
This issue was explored in the third aim by challenging opioid agonist-induced feeding by
selective § (DAMGO), 8, (DPDPE) and 9, (deltorphin) agonists microinjected into the shell
region of the NAcc following intracerebral pretreatment with general, p, p, x, 6, and §,

opioid antagonists. Pretreatment with selective p, but not y, opioid receptor subtype
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antagonists reduced DAMGO-induced feeding. Additionally, 8, and «, but not d, opioid
receptor subtype antagonists also reduced NAcc DAMGO-induced feeding. Therefore, it
appears that the multiple p, 6, and k, opioid receptors antagonists, but not u, or 8, opioid
receptor antagonists administered into the NAcc block feeding induced by the p opioid
agonist, DAMGO. A somewhat similar pattern of effects was observed for antagonist effects
upon DPDPE-induced feeding in the NAcc with p, §,, 8, and k,, but not u, opioid receptor
antagonists effective in blocking this ingestive response. An important exception 1o this
pattern was observed for deltorphin-induced feeding in the NAcc. Whereas 8, opioid
antagonism failed to alter this ingestive response, both p and k opioid antagonists augmented
NAcc deltorphin-induced feeding. Thus, multiple opioid receptors in the NAcc mediate
feeding induced by individual opioid receptor subtype agonists with the pattern of antagonist
effects dependent upon the selective agonist employed.

Given that a major modulatory input to the NAcc is dopaminergic innervation from
the VTA, the fourth and final group of experiments ascertained whether feeding induced by
opioid agonists in the shell region of the NAcc was altered by intracerebral pretreatment with
selective dopamine D, or D, receptor antagonists. The selective D, antagonist, SCH23390
dose-dependently and significantly reduced NAcc DAMGO-induced feeding at higher doses
with the selective D, antagonist, raclopride, producing less consistent effects. In contrast,
neither SCH23390 nor raclopride produced any consistent inhibition of deltorphin-induced
feeding in the NAcc. These data suggest that dopamine, considered to be a major modulatory
influence upon feeding and other motivated behaviors in the shell region of the NAcc plays

only a minor role in mediating opioid-induced feeding in this nucleus.
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This dissertation firmly established the NAcc, and secondarily the VTA, as putative
sites of action at which opioid peptides and their receptors act to modulate feeding under a

wide variety of conditions.
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upon DPDPE-induced feeding following pretreatment (24 h) with different
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(SCH23390) or D,-selective (raclopride) antagonist respectively.
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Ragnauth, André NAcc and Opioid Feeding 1
SPECIFIC AIMS

The underlying neurochemical control of food intake depends upon the interplay of
multiple neurotransmitter and neuropeptide systems in multiple sites in the brain. Whereas
some of these systems are primarily involved in the cessation of intake through regulatory or
satiety mechanisms, other systems are primarily involved in the elicitation of ingestive
behavior. Substantial research over the past 20 years has identified the endogenous opioid
system as involved in the elicitation of feeding behavior such that opioid antagonists typically
reduce food intake under a variety of situations, whereas opioid agonists typically stimulate
food intake under a variety of situations (see reviews: Morley et al., 1983; Levine et al., 1985;
Cooper et al., 1988; Gosnell and Levine, 1996; Bodnar, 1996).

The three classic opioid receptor subtypes (u, 8, k) and their opioid receptor clones
(MOR-1, DOR-1 and KOR-1), as well as the more recently-identified ORL-1 clone each elicit
feeding following agonist stimulation. Such activation occurs under a wide range of ingestive
situations, including spontaneous intake as well as intake under conditions of food
deprivation, glucoprivation, and exposure to palatable ingesta. The supraspinal sites where
such activation takes place have been identified as well, and includes limbic and gustatory
nuclei, including the hypothalamic paraventricular and ventromedial nuclei, the amygdala, the
nucleus tractus solitarius, and the parabrachial region. One traditional pathway that has
historically been implicated in reward and reinforcement processes in general, the connections
between the ventral tegmental area (VTA) and the nucleus accumbens (NAcc), has also been
intimately implicated in their ability to elicit feeding responses following opioid agonist

microinjection. This pathway has come under intense scrutiny as a potential interface between
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Ragnauth, André NAcc and Opioid Feeding 2
motivational, regulatory and motor processes for reinforcement mechanisms, including
ingestive behavior.

The present proposal attempts to integrate the role of specific opioid receptor
subtypes in mediating feeding behavior elicited by this pathway under a variety of ingestive
situations. Given that selective p and x, and to a lesser degree & opioid receptor subtype
antagonists have been shown to differentially modulate feeding under deprivation, glucoprivic
and palatable situations following ventricular administration, the first specific aim of this
dissertation is to ascertain whether general (naltrexone), p (B-funaltrexamine) or x (nor-
binaltorphamine) opioid receptor subtype antagonists significantly altered food intake under
deprivation (24 h), glucoprivic (2-deoxy-D-glucose) or palatable (exposure to 10% sucrose
solutions) conditions following antagonist microinjections into the NAcc.

Given that p. § and « receptor agonists stimulate feeding in the VTA, and to assess
potential antagonist similarities with the NAcc, the second specific aim of this dissertation
is to ascertain whether general (naltrexone), p (B-funaltrexamine), k (nor-binaltorphamine),
8, (DALCE) or 9, (naltrindole isothiocyanate) opioid receptor subtype antagonists
significantly altered food intake under deprivation, glucoprivic or palatable conditions
following antagonist microinjections into the VTA.

Given that the shell region of the NAcc has been established as the site responsible for
opioid-induced feeding elicited by p and 8, but not k agonists, and given the observation that
multiple opioid receptors participate in modulating feeding elicited by specific agonists in
other brain areas, the third specific aim of this dissertation examined whether pretreatment

of selective opioid receptor subtype antagonists (u, p,, K, 8,, 8,) would differentially alter
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Ragnauth, André NAcc and Opioid Feeding 3

spontaneous food intake elicited by selective p (DAMGO), 8, (DPDPE) or 6, (deltorphin)
opioid receptor agonists administered into the shell region of the NAcc.
Given the important modulatory role of dopaminergic input from the VTA to the
NAcc upon other reinforcement mechanisms in the latter structure, the fourth specific aim
of this dissertation examined whether pretreatment of selective dopamine receptor subtype
antagonists (D,, D,) would differentially alter spontaneous food intake elicited by selective
u (DAMGO) or 3, (deltorphin) opioid receptor agonists administered into the shell region of
the NAcc. The following sections of the introduction will provide background relevant to
. these specific aims according to the following organization: L. opioid peptides, II. opioid
receptors, I. opioid receptor clones, IV. role of systemically-applied and ventricularly-
applied opioids and ingestion, V. central sites of action of opioid agonist-induced feeding, V1.
opioid-induced feeding along the VT A-NAcc axis. VIL anatomy and projections of the NAcc,

and VIIL. a rationale for the present experiments.
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INTRODUCTION
L Opioid peptides

For centuries extracts from the poppy seed, opium, have been used as analgesics and
to induce a “dream-like” state of euphoria. Morphine, named after the Greek god of sleep and
dreams, Morpheus, was identified early on as the most active constituent, with codeine and
papaverine being isolated later. The identification of the opiate receptor came as the result of
a search for the site of action of morphine (Pert and Snyder, 1973; Simon et al., 1973;
Terenius, 1973). Martin and co-workers (Martin et al., 1976), using a chronic spinal dog
preparation, soon recognized that there appeared to be three subtypes of opioid receptors
based on the inability of prototypical drugs to show significant cross-tolerance for each other:
morphine (n), SKF 10047 (o) and ketocyclazocine (x). This was soon followed by the
description of another (d: deferens) opioid receptor subtype, discovered using the mouse vas
deferens bioassay, while the p receptor was further characterized in the guinea pig ileum assay
where morphine was more potent than the enkephalins (Lord et al., 1977).

In 1975, the identification of met- and leu-enkephalin as endogenous opioid penta-
peptides (Hughes et al., 1975) began a greater understanding of opioid pharmacology.
Subsequently, it was found that opioid peptides are derived from one of five gene precursor
molecules: a) pro-opiomelanocortin (POMC), b) pro-enkephalin, c) pro-dynorphin, d) pro-
nociceptin and ) endomorphins. The first three opioid peptide precursors all share a common
opiate-active pentapeptide core (Try-Gly-Gly-Phe), while the latter two peptide precursors
vary from this classical opioid motif (see review: Sherman, Akil and Watson, 1989; Mansour

etal.,, 1995; Meunier et al., 1995; Reinscheid et al., 1995; Zadina et al., 1997). Interestingly,
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because invertebrate tissues contain mammalian-like proopiomelanocortin, proenkephalin and
prodynorphin, exhibiting high sequence homology with their mammalian counterparts, and
because opioid precursor processing is also similar to that described in mammals, it appears
that the opioid precursors and their processing enzymes first evolved early in "simple" animals
and since then have been maintained and embellished during the course of evolution, perhaps
guided by conformational matching (see review: Stefano and Salzet, 1999; Zagonet al., 1995)
A. POMC. The C-terminus of POMC contains the 3 1-amino acid peptide B-endorphin,
and its 91 amino acid precursor f-lipotropin which also gives rise to - and z-endorphin (Eipper
and Mains, 1978; Mains et al., 1977; Roberts et al., 1979). POMC can also be cleaved into
ACTH (18-39), a-melanotropin and corticotropin-like intermediate lobe protein. However. of
all the POMC derived peptides. B-endorphin is the only opioid peptide (Mains et al.. 1977).
Whereas the pituitary is the major site of POMC synthesis, the brain contains two distinct
POMC-derived cell groups (Khachaturian et al., 1985). The first cell group is in the arcuate
nucleus and surrounding peri-arcuate nuclei of the hypothalamus (Watson et al., 1978). These
cells project extensively throughout the brain (Khachaturian et al., 1985). Specifically, rostrally-
projecting fibers course through periventricular, diencephalic and telencephalic areas,
innervating many hypothalamic and limbic structures, including the pre-optic area, septum, and
bed nucleus of the stria terminalis. Lateral projections extend through the medial-basal
hypothalamic region to the temporal cortex and amygdala. Caudally-projecting fibers innervate
the periventricular thalamus, the periaqueductal gray (PAG), the nucleus raphé magnus (NRM),
the nucleus reticularis giganto cellularis (NRGC), the nucleus tractus solitarius (NTS) and the

nuclei reticularis lateralis, parabrachialis, ambiguus as well as the dorsal motor nucleus of vagus.
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The second cell group containing $-endorphin is located in the caudal region of the NTS which
projects laterally to the lateral reticular nucleus (Khachaturian et al., 1985).

B. Pro-enkephalin. Pro-enkephalin contains several opioid peptides including leu--
enkephalin, met-enkephalin, met-enkephalin-Arg-Phe and met-enkephalin-Arg-Gly-Leu (Kimura
et al., 1980; Comb et al., 1982). Hughes was the first to isolate leu- and met-enkephalin from
brain and to demonstrate their opioidergic activity (Hughes et al., 1975). Enkephalins are found
as inter-neurons in many neuronal systems from the telencephalon to the spinal cord.
Specifically. immunoreactive enkephalin perikarya are found in such telencephalic structures
as the cerebral cortex, olfactory tubercle, amygdala, hippocampus, bed nucleus of the stria
terminalis and pre-optic area, such diencephalic structures as the hypothalamus and
periventricular and lateral genicuiate nuclei of the thalamus, such mesencephalic structures as
the superior and inferior colliculi, PAG and interpeduncular nucleus, and such metencephalic
and myelencephalic structures as the parabrachial, dorsal tegmental, vestibular and raphé nuclei.
NRM, NRGC, NTS§, lateral reticular nucleus, spinal trigeminal nucleus and spinal cord dorsal
gray (Hokfelt et al.. 1977; Khachaturian et al., 1983, 198S; Sar et al., 1978). Extrinsic
enkephalinergic pathways project from the central and medial nuclei of the amygdala to the
PAG and adjacent dorsal raphé nucleus (Rizvi et al., 1991), and also project from the PAG to

the NRM (Beitz. 1982).

C. Pro-dynorphin. Pro-dynorphin is cleaved into three leu-enkephalin-containing
peptides: a and B-neoendorphin, dynorphin A and dyvnorphin B (Goldstein et al., 1981:
Kangawa et al., 1981). There are several peptides synthesized from dynorphin A that are

biologically active, including dynorphin A, ;, dynorphin A, ., and several other intermediate-
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length peptides (Goldstein et al., 1981; Seizinger et al., 1981; Suda et al., 1982). Immuno-
reactive dynorphin perikarya are located in telencephalic (cerebral cortex, hippocampus,
striatum and amygdala), diencephalic (supra-optic, paraventricular [PVN], and arcuate nuclei
of hypothalamus), mesencephalic (PAG) and metencephalic/myelencephalic (parabrachial and
spinal trigeminal nucleus, NTS, lateral reticular nucleus) structures as well as the dorsal and
ventral horns of the spinal cord. Further, most dynorphin perikarya in the PVN of the
hypothalamus co-exist with vasopressin in the magnocellular nuclei (Watson et al., 1982).

D. Pro-orphanin/Pre-nociceptin. Orphanin (OFQ) is a recently discovered (Meunier

etal., 1995; Reinscheid et al., 1995) heptadecapeptide which is structurally similar to dynorphin
A. Unlike classical opioid peptides, OFQ does not have a Tyr-Gly-Gly-Phe core at the N-
terminus, but rather has a Phe-Gly-Gly-Phe motif. Further, unlike traditional opioid peptides,
it binds with very low affinity to classical opioid receptor subtypes. Like POMC., the pre-pro-
orphanin/nociceptin gene contains additional pairs of basic amino acid residues that delineate
two putative biologically-active peptides that are respectively 17 and 35 amino acids long
immediately downstream of OFQ (Meunier et al., 1995; Reinscheid et al.. 1995). The pre-pro-
orphanin gene also contains a precursor peptide that is biologically active called nocistatin
(Okuda-Ashitake et al., 1998). Further, OFQ contains two pairs of basic amino acids, raising
the possibility that it may be subject to post-translational processing into either QFQ,_,,, or
OFQ,., which may have biological activity (see review: Henderson and McKnight. 1997).
Immunohistochemical and autoradiographic studies have identified OFQ in the bed nucleus of
the stria terminalis, medial pre-optic area, lateral septum, amygdala and median eminence. A

dense plexus of OFQ terminal fibers are also present in the superficial layer of the dorsal horn,
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in the sensory trigeminal complex, raphé nuclei and PAG (Henderson and McKnight, 1997).

E. Endomorphins. Endomorphins are the most recent opioid peptides to be isolated
from the brain (Zadina et al., 1997). Their N-terminus sequence differs from the classical opioid
peptides: endomorphin-1 (Try-Pro-Trp-Phe-NH) and endomorphin-2 (Try-Pro-Phe-Phe-NH).
Preliminary radioimmunoassay studies of endomorphin-1 suggest that it is found in the
thalamus, hypothalamus, cortex and striatum (Zadina et al., 1997). Further, endomorphin-2-like
immunoreactivity has been localized in the medulla and dorsal root and dorsal root ganglia of
the spinal cord (Martin-Schild et al., 1997).

Summary: Thus, at least five classes of opioid peptide families exist. The following
section will summarize the different opioid receptor subtypes and how they interact with
endogenous opioid peptides.

[I. Opioid receptors and selective agonists and antagonists

Although both endogenous opioid peptides and receptors have been localized. there is
relatively poor anatomical correspondence between them (see review: Akil et al., 1984).
Further, there appears to be cross-reactivity between opioid peptides and receptors in binding
assays. f-endorphin selectively binds both p and & opioid receptors, but not k opioid receptors.
Enkephalins and dynorphins bind preferentially to  and k opioid receptors respectively in vitro.
Moreover. all proenkephalin and pro-dynorphin peptides can bind to u, k and & opioid
receptors depending on the peptide product and species (Corhett et al., 1982; Quirion et al.,
1983). Subsequent studies indicated that the ¢ receptor may not be an opioid receptor, since
actions mediated by this receptor are not reversed by the general opioid antagonist, naloxone

(Vaupel, 1983). Unlike classical opioid peptides, the newer peptides, OFQ and endomorphin,
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demonstrate selective biochemical correspondence with their endogenous opioid receptors.
Whereas OFQ shows little or no affinity for p, x and 8 opioid receptors, it displays high affinity
for the orphanin receptor (Meunier et al., 1995; Reinscheid et al., 1995). Endomorphin-| and
endomorphin-2 have a high affinity and selectivity for the p receptor, and it has been suggested
that they are the actual endogenous ligands for the p receptor (Zadina et al., 1997). This section
will briefly review the yu, 6 and k opioid receptors and their pharmacologically-identified
subtypes.

A. n opioid receptors. p receptors are widely distributed throughout the forebrain,
midbrain and hindbrain. Binding of the pu receptor is most dense in the neocortex, caudate-
putamen, NAcc, thalamus, hippocampus, amygdala, inferior and superior colliculi, NTS. spinal
trigeminal nucleus and dorsal horn. Moderate binding is observed in the PAG and raphé nuclei,
and little binding is observed in the hypothalamus, pre-optic area and globus pallidus (Mansour
et al., 1988). The pu receptor has been characterized pharmacologically using the p-selective
agonist (i.e., D-Ala’ Met-Phe* Gly (ol)’-enkephalin, DAMGO: Handa et al., 1981) and
antagonists (i.e, B-funaltrexamine, f-FNA: Portoghese et al., 1980; Takemorietal., 1981)and
(Cys*-Tyr’-Orn*-Pen’, CTOP: Gulya et al., 1986).

L. u, and p, opioid receptors. The p receptor has been further classified into u, and
u, receptor subtypes based on pharmacological assays in which naloxone and naloxonazine
selectively antagonize p receptor actions in vitro and in vivo (Hahn et al., 1982. Ling et al.,
1986, Pasternak et al., 1980; Pick et al., 1991). The p receptor binds opiates and most
enkephalins with similar high affinity while the y, receptor binds morphine more potently than

enkephalins (see review: Pasternak et al., 1986). Autoradiographic studies revealed similar, but
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not identical, distributions of p and p, receptors (Goodman et al., 1985; Moskowitz et al.,
1985). u binding is denser in the frontal cortex, striatum, ventral palladium, NAcc, medial
thalamus, interpeduncular nucleus, median raphé and PAG. p, binding is denser in the parietal,
occipital and temporal cortices, hippocampus, amygdala, dorsal motor nucieus of vagus and
NTS. Behavioral studies have also distinguished the actions of , and y, receptors in spinal and
supraspinal analgesia (Bodnar et al., 1988; Paul et al., 1989; Pick et al.. 1991).

B. 0 opioid receptors. Autoradiographic studies indicate that d receptor binding is
densest in the olfactory-related neural areas, neocortex, caudate-putamen, NAcc and amygdala.
[n contrast, little or no binding is observed in the thalamus, hypothalamus and brainstem
(Mansour et al., 1988). Initial studies characterizing the 8 receptor utilized enkephalin
analogues as general 8 agonists: D-Ser®, Leu-enkephalin-Thr® (DSLET) and D-Ala® D-Leu’-
enkephalin (DADL) (Lord et al., 1977; Mosberg et al., 1983a), and general d antagonists, ICI
174864 (Cotton et al., 1984) and naltrindole (Portoghese et al., 1988). Subsequently, more
selective 0 ligands were developed.

L. 6, and d, opioid receptors. The development of selective & receptor agonists and
antagonists led to the classification of 8 and 0, receptor subtypes. The & receptor has been
pharmacologically characterized by the agonist D-Pen?, D-Pen’-enkephalin (DPDPE: Mosberg
etal., 1983b) and long-term actions of the antagonist D-Ala’*, Leu®,Cys®-enkephalin (DALCE:
Bowen et al., 1987; Jiang et al, 1990a). The d, receptor has been pharmacologically
characterized by the agonist D-Ala®, Glu*-deltorphin (Jiang et al., 1991) and the antagonist
naltrindole-5’-isothiocyanate (NTII) (Portoghese et al., 1990). Behavioral studies have also

distinguished the actions of 6 and 3, receptors in spinal and supraspinal analgesia (Jiang et al.,
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1991; Mattia et al., 1992).

C. x opioid receptors. x receptor binding is densest in the caudate-putamen, NAcc,
amygdala, hypothalamus, neural lobe of the pituitary, median eminence, and NTS and moderate
in the PAG, raphé nuclei, spinal trigeminal nucleus and dorsal horn (Mansour et al., 1988).

L. k, receptors. Selective agonists and antagonists have also distinguished multiple

K receptor subtypes. The K, receptor subtype has been characterized using the agonist
U50.488H (Van Voigtlander et al., 1983) and the antagonist nor-binaltorphamine (Nor-BNI:
Portoghese et al., 1987). The k,receptor has been demonstrated in biochemical assays as being
U50,488H-insensitive but has not been demonstrated in vivo (Zukin et al., 1988).

2. k; receptors. A K, receptor has also been identified as a U50,488H-insensitive site
which selectively binds the agonist naloxone benzoylhydrazone (NaIBzOH: Clark et al.. 1989:
Gistrak et al.. 1989; Paul et al, 1990). Hyperphagia induced by centrally-administered
NaIBzOH was also insensitive to Nor-BNI pretreatment (Koch et al., 1992).

D. Pitfalls of Selective Agonists and Antagonists. Many of the selective agonists and
antagonists described above exhibit a high degree of selectivity and specificity. However, under
certain conditions, the selectivity of some of the agonists and antagonists has been challenged.
For example, repeated administration of the selective k antagonist Nor-BNI equally blocked the
analgesic actions of u, 8 and x agonists (Spanagel et al., 1994). The characterization of the
opioid receptor subtypes using selective agonists and antagonists has been aided by the recent
cloning of the traditional opioid receptor subtypes. The isolation of the cDNA's encoding the
opioid receptors has allowed for biochemical, molecular, and functional analysis confirming

earlier distinctions made employing selective agonists and antagonists.
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Summary: Thus, at least three classes of opioid receptor families exist. The following
section will summarize the recently-cloned opioid receptors, and how they interact with
endogenous opioid peptides.
I11. Opioid receptor clones

The DNA sequence for the 8 opioid receptor (DOR) was first identified simultaneously
in 1992 by two groups (Evans et al., 1992; Kieffer et al., 1992) from cDNA libraries derived
from the RNA of NG108-15 cells. The similarity of the cloned DOR to the somatostatin
receptor enabled the cloning of the k opioid receptor (KOR) in 1993 (Yasuda et al., 1993).
Hybridization of cDNA probes for the DOR has also led to the cloning of the u opioid receptor
(MOR) from rat brain (Chen et al., 1993). As a result of the cloning of the DOR, two separate
groups (Mollereau et al., 1994; Bunzow et al., 1994) were able to clone and identify yet another
receptor (ORL1) with strong homology to the three previously cloned opioid receptors. This
receptor shares between 49-50 % sequence homology with the previously cloned DOR, KOR
and MOR. While there are many different subtypes of opioid receptors, u, u, K, k; 8,and 8.
the cloned sequences are very specific for which receptors they code for. The DOR receptor
appears to code for the 8, opioid receptor, the KOR receptor appears to code for the k, opioid
receptor and the MOR appears to code for the p, opioid receptor. This may be explained on
the grounds that the various subtypes of the receptors are alternate splice variants of the cloned
receptors. Data obtained from the cloned receptors has confirmed much of the previous
pharmacological and biochemical data obtained using opioid selective agonists and antagonists
regarding affinity, specificity and localization.

Summary: Therefore, cloned opioid receptor subtypes have been identified that show
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both similarities and differences from the receptor subtypes defined using pharmacological and
biochemical techniques. The major goal of this dissertation is to establish specific brain sites in
opioid mediation of ingestive behavior, and the roles of endogenous opioid peptides and their
receptors in eliciting feeding responses are reviewed in the next section.
IV. Systemic and Ventricular Opioids and Ingestion

That opioids may be involved in ingestion was first noted by Flowers, et at., (Flowers,
Dunham and Barbour, 1929) when it was observed that chronic morphine increased water
intake while opiate withdrawal increased food intake in rats. Further, morphine increased basal
metabolic rates in dogs. suggesting opioid involvement in both energy expenditure and intake
(Barbour, Gregg and Hunter, 1930). Morphine-tolerant rats also ate large amounts of food
following daily morphine treatment (Martin et al., 1963). The role of the central endogenous
opioid system in opioid modulation of ingestion was first confirmed by the observation that f3-
endorphin microinjected into the ventromedial hypothalamus (VMH) increased food intake
(Grandison and Guidotti. 1977), whereas general opioid antagonisim decreased food and water
intake in deprived rats (Holtzman, 1974). Later studies examined the role of various opioid
agonists and antagonists on ingestion in a variety of brain sites across a number of intake
conditions. Finally, recent resuits of studies examining the feeding responses of molluscs and
arthropods treated with various opiate agonists and antagonists indicate that p, d and k opioid
systems differentially and selectively mediate various components of their natural feeding
behavior, indicating that opioid influences on feeding may have been conserved through

evolution (see review: Kavaliers and Hirst, 1987).

A. Endogenous opioid peptides and ingestion. Opioid effects on ingestion as a
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consequence of specific brain site injections have been studied primarily by examining food
intake during the light cycle, when rats normally eat very little. Food intake can be stimulated
following B-endorphin microinjection into the lateral ventricle (icv) and PVN (Leibowitz and
Hor, 1982), the VMH (Grandison and Guidotti, 1977) and the NAcc (Przewlocka et al., 1986).
Both met- and leu-enkephalin into the VMH elicit feeding (Tepperman and Hirst, 1983) and
dynorphin induces feeding in non-deprived rats (Morley and Levine, 1983). While dynorphin, ,,
increases feeding in the NAcc (Majeed et al., 1986), VMH and PVN (Gosnell et al., 1986),
dynorphin,_; increases feeding when injected into the VT A (Hamilton and Bozarth, 1988). OFQ
induces feeding when injected into the lateral ventricle (Pomonis et al.. 1996), VMH and NAcc
(Stratford et al., 1997). Ventricular administration of antisense probes directed against either
exons 1, 2 or 3 of the ORL-1 clone each reduce feeding elicited by OFQ (Leventhal et al..
1998a). Finally, endomorphins, the most recently-discovered endogenous opioids for the MOR-
I clone (Gong et al.. 1998), have orexigenic effects when given icv (Asakawa et al., 1998).
B. Opioid receptor subtype agonists and ingestive behavior. Opioid agonists for
u, 6 and x opioid receptors all induce eating, which in some cases is greater after repeated
injections than after the first injection (Jalowiec et al., 1981). Systemic injections of both p
(morphine) and x (bremazocine) agonists increase food intake (Morley and Levine, 1983;
Sanger and McCarthy, 1980). In contrast, icv injection of p, 8, x and ORL-1 opioid receptor
agonists all elicit feeding through central rather than peripheral sites of action (Morley and
Levine, 1983; Jackson and Sewell, 1985; Gosnell et al., 1986). The following sections provide

a brief synopsis of each opioid receptor subtype in eliciting feeding under different ingestive

conditions.
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1. p receptor compounds and food intake. Chronic systemic administration of

morphine, heroin, codeine and levorphanol each increased spontaneous food intake (Martin et
al., 1963; Sanger and McCarthy, 1980; Thomhill et al., 1976). Central injections of the u
agonist DAMGOQO, also increased spontaneous food intake in rats (Gosnell et al., 1986). p-
agonists also alter intake of palatable foods, including sucrose, glucose, saccharin and sodium
chloride in both intake (Bertino et al., 1988; Cooper, 1983; Czirr and Reid, 1986; Gosnell and
Majchrzak, 1989, 1990; Ruegg et al., 1997), and operant (Gosnell and Patel, 1993) conditions.
While some studies suggest that morphine selectively increases fat intake (Marks-Kaufman,
1982; Marks-Kaufman and Kanarek, 1990), others suggest selective increases in fat intake only
in food-restricted rats (Shor-Posner et al., 1986). Indeed, morphine increases intake of fat,
protein and carbohydrate in non-deprived rats (Bhakthavatsalam and Leibowitz, 1986), which
led to the idea that opioid, and particularly p, agonists stimulate intake of the preferred
macronutrient (Gosnell et al., 1990).

The p receptor is involved in a wide variety of ingestive situations based on antagonist
studies. Antagonism of u receptors with 3-FNA decreased spontaneous food intake and body
weight in rats under acute and chronic conditions (Arjune et al., 1990; Cole et al., 1995), and
reduces intake following food deprivation (Arjune et al., 1990), 2DG and insulin glucoprivation
and mercaptoacetate-induced lipoprivation (Arjune et al., 1990; Beczkowska et al., 1992; Stein
et al., 2000). B-FNA also reduced intake of fat, sucrose, and maltose dextrin (Beczkowska et
al., 1992, 1993; Islam and Bodnar, 1990) as well as feeding elicited by tail-pinch or electrical
stimulation of the lateral hypothalamus (Koch and Bodnar, 1993). Likewise, antisense probes

directed against the MOR-1 clone reduce feeding under spontaneous, glucoprivic and lipoprivic
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conditions (Leventhal et al., 1996; Burdick et al., 1997; Stein et al., 2000). Antagonism of y,
receptors with naloxonazine significantly reduced spontaneous intake and body weight under
acute and chronic conditions (Coleet al., 1995; Mann et al., 1988), deprivation-induced feeding
(Koch and Bodnar, 1993; Simone et al., 1985) and tail-pinch feeding (Koch and Bodnar, 1993).
In contrast, naloxonazine failed to alter food intake under either glucoprivic or palatable intake
(see review: Bodnar, 1996). The ability of p and p, antagonists to alter intake under
spontaneous, deprivation or stress-related conditions implies a role for the p, receptor in these
ingestive responses. The ability of p, but not y, antagonists to alter palatable and glucoprivic
intake implies a role for the y, receptor in these ingestive responses.

Finally, feeding induced by selective p agonists appears to be mediated by multiple
opioid receptor subtypes in antagonist studies. DAMGO-induced feeding is diminished by
pretreatment with either the selective p-antagonist 3-FNA or the k,-selective antagonist. Nor-
BNI (Levine et al., 1990, 1991). These data either challenge the selectivity of the agents
employed, or imply that multiple opioid receptors are modulating specific opioid receptor
subtype agonist ingestive effects, probably through multiple, serially-linked synapses.

However, a more selective method of examining the effects of blocking DAMGO-
induced feeding, using antisense oligonucleotides (AS), has shown that icv administered
antisense probes, directed at exons | and 4 of the cloned MOR, significantly reduced DAMGO-
induced feeding. In contrast, AS probes directed against exons 3 and 4 of the cloned MOR
failed to alter DAMGO-induced feeding (Leventhal et al., 1997). Further, AS directed against
the morphine metabolite, morphine-6f-glucuronide (M6G), itself a potent inducer of feeding

showed the opposite effects to that of DAMGO-induced feeding. Whereas AS probes directed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ragnauth, André NAcc and Opioid Feeding 17

against exons 2 and 3 of the MOR significantly reduced M6G-induced feeding, AS directed
against exons | and 4 failed to significantly alter M6G-induced feeding (Leventhal et al., 1998).

2. O receptor compounds and food intake. Central injections of 8-agonists increase

spontaneous food intake (Gosnell et al., 1986), and selective icv administration of §, and 4,
receptor subtype agonists each increase spontaneous food intake in rats (Yu et al., 1997). &
receptor agonist also stimulate intake under palatable and challenge situations. The general d-
agonist, [D-Thr'}-leucine enkephalin-Thr (DTLET), significantly increased saccharin and
sodium chloride intake in rats (Gosnell and Majchrzak, 1989, 1990). While both DPDPE (§,)
and deltorphin (9,) increased sucrose intake in rats (Ruegg et al., 1997), only deltorphin
significantly enhanced 2DG-induced feeding (Yu et al., 1997). The ability of selective &
antagonists to block selective 8 agonist-induced feeding is somewhat unclear since data
obtained are somewhat conflicting. DSLET-induced feeding was blocked by central
pretreatment with either p or , antagonists (Levineet al., 1990). 6, (DPDPE) agonist-induced
feeding was reduced by &, (NTII) but not by 8, (DALCE) antagonist (Yu et al., 1997), vet
deltorphin-induced feeding was blocked by DALCE and NTII (Yu et al., 1997). Further, AS
probes directed against the exon 3 of the DOR-1 clone reduced deltorphin [I-induced feeding,
but failed to block M6G-induced feeding (Leventhal et al., 1998). Thus, whereas & receptor
subtype agonists reliably stimulate intake, a role for the & receptor in modulating ingestion
under a variety of situations appears to be limited in antagonists studies. Both chronic §,
(DALCE) and 6, (NTII) antagonism reduces spontaneous intake under deprivation, glucoprivic
and palatable conditions (review: Bodnar, 1996) except for a reduction in saccharin intake

(Beczkowska et al., 1993). The ability of 8 agonists, but not 8 antagonists, to alter intake is
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consistent with a modulatory rather that a direct role for this receptor in ingestion in which
agonists enhance the efficacy of a "final common pathway" for feeding which does not inciude
d receptors in its circuitry.

3. x receptor compounds and food intake. Systemic administration of k-selective
drugs including, cyclazocine, ketocyclazocine, bremazocine, butorphanol and US0,488H each
increase food intake (Gosnell et al., 1986; Levine and Morley, 1983a; Morley et al., 1982;
Morley and Levine, 1983; Sanger and McCarthy, 1981). Whereas central injections of both
selective k,(U50,488H) and k; (NaIBzOH) agonists increase spontaneous food intake (Gosnell
etal., 1986; Kochet al., 1992), both U50.488H and NalBzOH stimulate sucrose intake (Lynch
and Burns, 1990: Ruegg et al., 1997). Feeding induced by US0,488H is significantly reduced
by pretreatment with the x, antagonist, Nor- BNI or with AS probes directed against exon 3
of the KOR-1 clone, but AS probes against exon 3 fail to block M6G-induced feeding (Koch
et al., 1992; Leventhal et al., 1998).

The « receptor has been implicated in ingestive behavior in antagonists studies with
Nor-BNI producing potent reductions in nocturnal, sucrose and high-fat intake as well as intake
induced by 2DG (Arjune and Bodnar, 1990; Beczkowska et al., 1992). In contrast, Nor-BNI
produces only marginal reductions in deprivation-induced intake (Levine et al., 1990; Koch and
Bodnar, 1994) and chronic spontaneous intake (Cole et al., 1995). Nor-BNI fails to alter intake
induced by either insulin, tail-pinch, saccharin or maltose dextrin (Bodnar, 1996).

Summary: The foregoing section demonstrates that y, 8 and k opioid receptor subtype
agonists and antagonists differentially participate in either the elicitation and cessation of

feeding under different ingestive situations following systemic and ventricular administration.
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The following section provides details as to the anatomical sites of action at which these
agonists and antagonists exert their ingestive effects.
V. Ceutral sites of action of opioid agonists and antagonists upon feeding

Intracerebral sites of action of u-agonist-induced feeding include the VMH (Tepperman
and Hirst. 1982), PVN (McLean and Hoebel, 1983; Stanley et al., 1989; Woods and Leibowitz,
1985), amygdala (Gosnell, 1988; Stanley et al., 1989), VTA and NAcc (Mucha and Iverson.,
1986; Bakshi and Kelley, 1993a, 1993b). 6 feeding includes sites such as the VMH (Tepperman
and Hirst, 1983), NAcc (Majeed et al., 1986), amygdala (Stanley et al.. 1989) and PVN
(McLean and Hoebel, 1983; Gosnell et al., 1986). Neither the VTA nor NAcc produce
U50,488H-induced feeding (Bakshi and Kelley, 1993; Noel and Wise, 1993). Opioid agonists
and/or antagonists also alter spontaneous feeding following administration into the perifornical
area (e.g. Stanley et al., 1989), lateral parabrachial area (Carr et al., 1991) , ventral striatum
(Bakshi and Kelley, 1993a, 1993b). Amygdala microinjections of DAMGO, morphine and D-
Ala®, Met*-enkephalinamide (DALA) each elicit feeding, particularly from the central nucleus.
suggesting mediation by at least u and O receptors (Gosnell, 1988; Stanley et al., 1989;
Giraudo et al., 1998a, 1998b). In contrast, feeding is elicited by microinjections of u
(DAMGQO), but not 6 (DSLET) or « (dynorphin) opioid agonists into the NTS (Kotz et al.,
1997). Indeed, opioid receptors in the NTS appear to modulate feeding responses elicited by
NPY since naloxone and naltrexone pretreatment in the NTS significantly reduced NPY-
induced feeding elicited from the NTS (Kotz et al., 1995) and NPY pretreatment in the PVN
is blocked by naltrexone into the NTS (Kotz et al., 2000). Levine and co-workers (Giraudo et

al., 1998a, 1998b) have conducted several studies indicating interactions between brain sites
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for opioid-induced feeding. An opioid-opioid interaction has been described between the PVN
and the central nucleus of the amygdala (CNA) in that feeding elicited by DAMGO
microinjected into the CNA is blocked by naltrexone microinjected into the PVN (Giraudo et
al., 1998a). In contrast, feeding elicited by DAMGO microinjected into the PVN is unaffected
by naltrexone microinjected into the CNA, suggesting the existence of an opioid-opioid
signaling pathway from the CNA to the PVN. A bidirectional opioid-opioid signaling pathway
between the rostral NTS and the CNA has been proposed based upon the ability of naltrexone
microinjected into the rostral NTS to block feeding elicited by DAMGO microinjected into the
CNA, and the ability of naltrexone microinjected into the CNA to block feeding elicited by
DAMGO (Giraudo et al., 1998b).

Two main hypothalamic sites mediating opioid-induced feeding have been identified:
the ventromedial (VMH) and paraventricular (PVN) nuclei. Feeding is elicited following VMH
microinjections of B-endorphin. morphine, DADL, nociceptin and dynorphin (Grandison and
Guidotti, 1977, Tepperman and Hirst, 1983; Gosnell et al., 1986b; Stratford et al., 1997;
Tepperman et al., 1981; Tepperman and Hirst, 1982; Woods and Leibowitz, 1985), and
following PVN microinjections of B-endorphin, morphine, dynorphin, DADL and DAMGO
(Leibowitz and Hor, 1982; McLean and Hoebel, 1983; Gosnell et al., 1986b; Gosnell, 1988:
Woods and Leibowitz, 1985; Stanley et al., 1989). Other hypothalamic nuclei, including the
lateral, perifornical and dorsomedial areas produce either inconsistent effects, or have not been
mapped thoroughly (Gosnell and Levine, 1996). Therefore, hypothalamic sites appear to
support feeding elicited by agonists of each of the three major opioid receptor subtypes. The

PVN is also an active site at which general and selective opioid antagonists act to inhibit food
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intake. Deprivation-induced food intake is significantly reduced following microinjections of
general, p and k, but not 0 opioid antagonists into the PVN (Gosnell et al., 1986b; Woods and
Leibowitz, 1985; Koch et al., 1995; Levine et al., 1989).

Summary: The previous section indicates that a number of brain areas traditionally
related to motivational, homeostatic and gustatory sensory mechanisms appear to support
feeding elicited by intracerebral microinjection of opioid agonists. A central premise of the
dissertation is that the NAcc and the VTA are critical sites of action at which opioids induce
feeding; the following section reviews the available literature on these relationships.

V1. Opioid-induced feeding along the VTA-NAcc Axis

Feeding is also elicited following opioid microinjections along the mesolimbic
dopaminergic pathway, including the VTA and NAcc. Thus, VTA microinjections of either
morphine, DPDPE, DAMGO or D-Ala*-met-enkephalin elicit feeding (Stanley et al., 1989;
Cadoretal., 1986; Mucha and Iverson, 1986; Nencini and Stewart, 1990; Noel and Wise, 1993;
Noel and Wise, 1995; Badiani et al., 1995a), implicating u and & opioid receptors in this
response. A role for K receptors in feeding elicited from the VTA is less clear. Although
dynorphin stimulates spontaneous intake following VT A administration (Hamilton and Bozarth,
1988), and although U50, 488H in the VTA enhances feeding induced by electrical stimulation
of the lateral hypothalamus (Jenck et al., 1987), k-selective agonists in the VTA fail to stimulate
deprivation-induced food intake (Noel and Wise, 1993). These results appear somewhat
surprising given the presence of moderate to dense levels of p and k receptors in the VTA
(Mansour et al., 1987, 1994; German et al., 1993; Speciale et al., 1993; Tempel and Zukin,

1987). Although p agonists in the VTA potently increase dopamine release in the NAcc (Devine
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et al., 1993a; DiChara and Imperato, 1988; Noel and Gratton, 1995; Spanagel et al., 1990),
selective u antagonists paradoxically produce the same effects (Devine et al., 1993b). Notably,
locomotor activity is increased following VTA administration of both pu agonists and
antagonists (Wise and Bozarth, 1987, Badiani et al., 1995b). It has been hypothesized that the
parallel actions of p-selective agonists and antagonists in the VTA upon mesolimbic dopamine
release and locomotor activity may occur as a consequence of complex interactions between
opioid actions on GABAergic afferents to the VTA, and GABAergic interactions within the
VTA (Devine et al., 1993b). These data are consistent with the finding (Badiani et al.. 1995a)
calling the specificity of u agonist actions into question since VTA microinjections of DAMGO
elicit feeding, gnawing and drinking responses, and do not increase intake if rats must travel to
the food source.

The  agonist actions in the VTA are consistent with the presence of moderate densities
of & receptors (Mansour et al., 1987, 1994; German et al., 1993; Speciale et al., 1993; Tempel
and Zukin, 1987), and are consonant with the contention that & receptors serve a modulatory,
rather than a direct role in ingestion. In this model, 8 receptors in the VTA would not be in a
hypothesized ‘final common pathway’ for the elicitation and maintenance of ingestion, but
rather would be found in a hypothesized ‘modulatory’ pathway, that, if stimulated by & receptor
agonists, would increase the efficacy of the 'final common pathway’ and thereby increase
intake. The hypothesized pathway that 0 receptors in the VTA would modulate is the
dopaminergic projection from the VTA to the NAcc (see review: Moore and Bloom, 1978).
In this regard, opiate microinjections into the VTA increase dopamine turnover and release in

the NAcc ( Devine et al., 1993a; Noel and Gratton, 1995; Swanson, 1982; Joyce and Iversen,
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1979) as well as increase the firing rates of single dopamine neurons ( Leone et al., 1991;
Gysling and Wang, 1983).

According to the foregoing model, one proposed site involved in the *final common
pathway’ for ingestive behavior is the NAcc which is a major site of action for opioid-induced
feeding. The NAcc has immunoreactive cell bodies and terminals containing enkephalins and
dynorphin (e.g.. Fallon and Leslie, 1986; Jongen-Relo et al., 1993; Khachaturian et al., 1982;
Lewis et al., 1984, 198S; Van Bockstaele et al., 1994; Zamir et al., 1983, 1984) as well as
visualized p, 8 and  opioid receptors using autoradiography and mRNA gene expression (e.g.,
Herkenham et al., 1984; Lewis et al.. 1984, 1985, Mansour et al., 1995, 1987; Pert et al.,
1976). NAcc micro-injections of either morphine, DADL, DPDPE, B-endorphin, dynorphin,
DAMGQO, DPDPE and nociceptin stimulate feeding (Stratford et al.. 1997; Mucha and Iverson,
1986; Yim and Mogenson, 1980; Majeed et al.. 1986; Evans and Vaccarino, 1990; Bakshi and
Kelley, 1993a). Kelley and co-workers have characterized both the sites of opioid action within
the ventral striatum (Evans and Vaccarino, 1990) and the opioid agonist subtypes that elicit
feeding within the NAcc (Bakshi and Kelley, 1993a). Thus, although morphine could elicit
feeding following microinjection into such areas as the ventrolateral striatum, the anterior dorsal
striatum and the posterior dorsal striatum, the magnitude of the effects were relatively small and
occurred at high doses (Evans and Vaccarino, 1990). In contrast, morphine microinjections into
either the NAcc or the ventromedial striatum elicited strong feeding responses at low doses
which was dissociated from corresponding changes in locomotor behavior. The onset of
morphine-induced feeding in the NAcc was initially delayed, and subject to sensitization

following repeated morphine treatments.
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Summary: The previous section indicates that the VTA and the NAcc are integral
structures supporting the elicitation of feeding by opioid agonists, particularly those that
stimulate p and & receptor subtypes. How these structures support opioid-induced feeding is
a major goal of the present series of studies. The following section provides a detailed
examination of the morphoiogy of the NAcc, as well as its afferent and efferent projections.

VII. Anatomy and Projections of the NAcc

A. Morphological distinctions of NAcc regions. The NAcc is a nuclear mass in the
rostro-ventral part of the ventral striatum, bordered ventrally by the olfactory tubercle and
medizaily by the septum. A distinction among the core, shell and rostral pole regions can be
made within the NAcc on the basis of differing morphological characteristics with the core and
shell being readily identified in caudal areas (Zaborszky et al., 1985; Zahm and Brog, 1992).
The rostral pole appears to be contiguous with both the underlying olfactory tubercle and the
overlying caudate-putamen (Zahm and Heimer, 1992). The core and shell appear to be
comprised of two types of cellular compartments described as the patch and the matrix.
Whereas the patch appears to be opiate-rich and responds strongly to naloxone, the matrix
appears to be opiate-poor and responds strongly to calbindin. Patch cells receive inputs from
deep cortical laminae and DA neurons in the ventral substantia nigra, pars compacta (SNC) ,
and in turn send reciprocal projections to the SNC. Matrix cells receive inputs from superficial
cortical laminae and DA neurons inthe VTA, and project to the globus pallidus, entopeduncular
nucleus and substantia nigra, pars reticulata (SNR) (see review: Zahm and Brog, 1992).
Another substantial difference between the shell and the core is that while the core projects

densely to the basal ganglia circuitry through the striato-fugal pathway to the ventrolateral
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globus pallidus and the entopeduncular nucleus, the NAcc shell projects to the ventromedial
globus pallidus, ventral bed nucleus of the stria terminalis, lateral pre-optic area, and the entire
lateral hypothalamus (Heimer et al., 1991; Zahm and Heimer, 1990). The ventrolateral pallidum
receives substantial input from the core area of the NAcc, making it appear as a rostro-ventral
extension of the globus pallidus itself (Heimer et al,, 1985). The shell and rostral pole,
projections appear to fit well within the construct of the extended amygdala (Heimer et al..
1991) which has extensive outputs to brainstem autonomic and locomotor areas (Alheid and
Heimer, 1988; Alheid et al., 1990; Brog et al.. 1991; De Olmos, 1972, 1985; Heimer and
Alheid, 1991; Heimer et al., 1991). Further. the core appears to have more in common with the
overlying caudate-putamen, and may thus be more involved in voluntary motor movement (De
Olmos and Heimer, 1999).

In contrast, the shell appears to be more closely linked with the "extended amygdala"
and may be more involved with "motivational” systems (Alheid and Heimer, 1988). The
afferents to the shell area of the NAcc, especially its caudal-medial component, share a great
degree of similarity with the central nucleus of the amygdala with inputs from the basal
amygdaloid complex, infra-limbic cortex, and paraventricular thalamus. Similarly, they share
many of the same efferents, such as the ventral pallidum, pre-optic area, lateral hypothalamus
and VTA. However, the shell region and amygdala also show some degree of divergence in
their outputs to such caudal brainstem sites as the PAG and NTS in which practically no NAcc
inputs are observed, but which receive robust projections from the central nucleus of the
amygdala (see review: Zahm, 1998). Indeed, further evidence indicates that the core may be

specifically involved in instrumental conditioning, while the shell may be involved in the control
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of feeding (Kelley, 1999).

The pioneering work of Curt Richter and Eliot Stellar (see review: Kelley, 1999)
indicated that mativated behaviors were used to maintain the organism in a state of homeostatic
equilibrium for behaviors such as feeding and drinking and that excitatory and inhibitory control
was exerted by specific neural substrates. The NAcc is particularly well-suited to play this role.
The convergence of inputs originating from limbic structures, such as the hippocampus,
amygdala, prefrontal cortex and brainstem autonomic areas, and outputs projecting to skeletal
motor and visceral motor output centers, make this brain site particularly well-adapted to acting
as a mediator between limbic inputs and motor outputs. Recent research has indicated that the
shell region of the NAcc may be an important site for integrating feeding behavior, an effect
which appears to be at least partly mediated through NAcc efferents to the lateral
hypothalamus, and which appears to involve multiple neutotransmitter systems including
GABA. excitatory amino acids and opioids (see review: Kelley, 1999). Opioid mediation of
feeding within the NAcc (especially the shell region) is consistent with roles of this brain
structure in a number of rewarding processes (see reviews: DiChiara et al., 1999; Everitt et al..
1999; Kelley, 1999; Koob, 1992, 1999; Robinson and Berridge, 1993; Salamone et al.. 1994;
Wise and Bozarth, 1987).

B. Immunohistological distinctions of NAcc regions. Immunohistological
characterization of neurotransmitters and neuropeptides has indicated differences in the NAcc
in terms of projection systems (Zaborszky et al., 1985; Zahm and Brog, 1992). Additionally,
different neurotransmitters and their receptors exhibit differential distribution densities. Thus,

whereas the shell region is dense in enkephalin, dopamine and D, receptors, it has few D,
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receptors. [n contrast, the NAcc core exhibits a moderate density of enkephalin, dopamine,
D, receptors and D, receptors (Voorn et al., 1989; Jongen-Relo et ai., 1995). The NAcc
receives projections from the hippocampal region, basal amygdaloid complex, ventral
pallidum, dopaminergic ventral tegmental (A10) and retro-rubral (A8) cell groups, the
serotonergic medial raphé nucleus and the noradrenergic (A2) cell group of the NTS (see
review: Groenewegen, 1999). These structures project preferentially to different parts of the
NAcc, but, importantly, none goes exclusively to either the core or the shell. Thus, for
example, although both core and shell receive inputs from the hippocampus, the dorsal
subiculum projects to more to the core whereas the ventral subiculum projects exclusively to
the shell (Brog et al., 1993). The core-shell difference continues when one looks at their
etferents especially as it relates to the NAcc projections to the ventral pallidum and to the
ventral mesencephalon. In a series of reciprocal connections, the medial shell projects to the
ventromedial ventral pallidum, the lateral shell projects to the ventrolateral part of the ventral
pallidum and the core projects to the dorsal ventral pallidum, sub-thalamic nucleus and
substantia nigra (see review: Groenewegen, 1999). It should be noted that all three of these
structures are classic basal ganglia output structures. Opioid peptides in the NAcc come from
the medial basal hypothalamus (1), interneurons (enkephalins) and the PVN (dynorphin). The
connections with the ventral mesencephalon are more complicated. Generally, the shell
connects to sub-cortical areas such as the lateral hypothalamus, VTA and ventromedial
ventral pallidum. The VTA DA (A10) cell group projects primarily to the medial and ventral
shell, but also has projections in the medial core (Voorn et al., 1986). The medial shell sends

projections to the medial VTA, while the more lateral parts of the shell (ventromedial and
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ventral parts) project to the lateral VTA (Groenewegen et al., 1996; Heimer et al., 1991;
Zahm and Heimer 1990; Usada et al., 1998; Groenewegen et al., 1993; Voorn et al., 1986;
Beckstead et al., 1979; Berendse et al., 1992). Core projections may be distinguished on the
basis of the compartment of origination with patches projecting to substantia pars compacta
and matrix projecting to dorsomedial pars reticulata (Heimer et al., 1991; Zahm and Heimer,
1990; Usada et al., 1998; Groenewegen et al., 1993; Voorn et al., 1986; Beckstead et al.,
1979; Berendse et al., 1992; Gerfen et al., 1987; Deniau et al., 1994, Groenewegen et al.,
1994).

Summary: Using morphology. differential anatomical projections and differential
neurochemical distributions as markers for potential functional differentiation of the NAcc,
it becomes clear that the shell and core regions of this nucleus subserve different aspects of
motivated and motor behavior. Therefore, the aims of the dissertation will focus upon the
shell region as the critical locus for opioid-induced feeding. The following section provides

a rationale for the present studies.
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VIII. Rationale

A. The Use of Multiple Feeding Models: This dissertation examines opioid effects
on four types of feeding behaviors because although opioid agonists and antagonists
respectively stimulate and reduce feeding, they do so in a differential manner (see reviews:
Bodnar, 1996; Gosnell and Levine, 1996; Cooper, 1988; Levine et al., 1985). In most feeding
behavior studies investigating opioid effects, the consequences of opioid agonist
administration under spontaneous feeding conditions were studied. This approach will be used
in the Third and Fourth Specific Aims to determine the underlying pharmacology of feeding
elicited by p and O agonists administered into the shell region of the NAcc. In contrast, as
detailed previously, and summarized again below, food intake paradigms using food
deprivation, 2DG glucoprivation and exposure to such palatable ingesta as a sucrose solution
display differential effects as a function of the opioid receptor subtype antagonist employed.
These three situational conditions of feeding behavior constitute respectively a general
challenge to homeostasis related to negative energy balance (e.g.. food deprivation), a specific
glucoprivic challenge to homeostasis (2DG), and exposure tc palatable foods that result in
increased spontaneous intake (sucrose). This approach will be used in the First and Second
Specific Aims. Feeding induced by 24 h of food deprivation is significantly reduced by
general opioid antagonists (e.g., Holtzman, 1974; see review: Morley et al., 1983) as well as
ventricular microinjections of y, i, and x opioid receptor subtype antagonists, (Arjune and
Bodnar, 1990; Arjune et al., 1990; Koch and Bodnar, 1994; Levine et al., 1990, 1991; Simone
et al., 1985). It should be noted that whereas p opioid antagonists produced marked (~50%)

decreases in deprivation-induced intake, x antagonists produced marginal (~30%) reductions.
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In contrast, ventricular administration of & opioid receptor antagonists fail to alter
deprivation-induced intake (Arjune et al., 1991; Koch and Bodnar, 1994). Thus, y, y,, and
to a lesser degree, k opioid receptors participate in the regulatory homeostatic response to
food deprivation.

Feeding induced by the anti-metabolic glucose analogue, 2-deoxy-D-glucose (Smith
and Epstein, 1969) is significantly reduced by general opioid antagonists (Lowy et al., 1980).
This effect is more pronounced than general opioid antagonism of insulin-induced feeding
(Levine and Morley, 1981; Ostrowski et al., 1981). Ventricular antagonism of p receptors
with B-FNA reduces intake following 2DG and insulin glucoprivation (Arjune et al., 1990;
Beczkowska and Bodnar, 1991). In contrast, u, opioid receptor antagonism with
naloxonazine failed to alter either 2DG or insulin-induced feeding (Simone et al.. 1985;
Beczkowska and Bodnar, 1991), suggesting y, opioid receptor mediation of this response.
The k receptor has been implicated in feeding elicited by 2DG, but not insulin (Arjune and
Bodnar, 1990; Beczkowska and Bodnar, 1991). Further, both k, and x, receptor agonists
mildly enhance 2DG-induced feeding (Yu et al., 1997). Although 6 receptor antagonists fail
to alter 2DG-induced feeding (Arjune et al., 1991; Jackson and Sewell, 1985), the &, opioid
agonist, deltorphin significantly enhanced 2DG-induced feeding (Yu et al., 1997). Thus, p,
and K opioid receptors participate in the specific glucoprivic regulatory challenge, and its
compensatory feeding response.

Increased spontaneous intake has been observed for liquids containing simple sugars
such as sucrose (Ackroff and Sclafani, 1988; Ramirez, 1990) which is reduced by

pretreatment with general opioid antagonists with systemic (LeMagnen et al., 1980; Cooper,
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1983; Siviy and Reid, 1983; Lynch, 1986) or ventricular (Beczkowska et al., 1992)
administration. Whereas p-opioid agonists increase intake of palatable solutions, including
sucrose (Bertino et al., 1988; Cooper, 1983; Czirr and Reid, 1986; Gosnell and Majchrzak,
1989; Ruegg et al., 1997), selective y, but not p, antagonists potently reduce sucrose intake
under both real-feeding (Beczkowska et al., 1992) and sham-feeding (Leventhal et al., 1995)
conditions, indicating that these effects are mediated through the orosensory characteristics
of sucrose intake. Similarly, k antagonism potently reduces sucrose intake (Beczkowska et
al., 1992). In contrast, O receptor antagonism fails to alter sucrose intake, yet reduces the
intake of saccharin (Beczkowska et al., 1992, 1993; Leventhal et al., 1995). Agonist studies
reveal that selective u. 8,, 8,, K, and K, agonists increase sucrose intake as a function of the
sucrose concentration employed (Ruegg et al., 1997). Indeed, both general and selective
opioid receptor subtype antagonists reduce sucrose intake by interfering with the maintenance
rather than the initiation of intake (Kirkham and Blundell, 1984; Kirkham and Cooper. 1988
Leventhal et al.. 1995). Thus, u, and k opioid receptors participate in the increased intake to
simple carbohydrate solutions, and correspond to observed relationships between opioid

peptide levels and sucrose intake (Levine et al., 1995).

B. The PVN as a model system for the study of differential opioid antagonist
effects upon_different forms of ingestive behavior: The hypothalamic PVN has been
implicated in the mediation of ingestive behavior since food intake is increased ‘ollowing PVN
microinjections of norepinephrine (Goldman et al., 1985; Leibowitz, 1978), neuropeptide Y
(Stanley etal., 1985; Stanley and Leibowitz, 1984) and galanin (Kyrkouli et al., 1986; Tempel

et al., 1988) as well as mineralcorticoids and corticosterone (Tempel and Leibowitz, 1989;
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Tempel et al., 1992), and since food intake is decreased following PVN microinjections of
serotonin (Shor-Posner et al., 1986; Weiss et al., 1986) and neurotensin (Stanley et al., 1983).
Increases in spontaneous food intake also occur when either morphine (McLean and Hoebel,
1983; Woods and Leibowitz, 1985), B-endorphin (Grandison and Guidotti, 1977; Leibowitz
and Hor, 1982), enkephalins and their analogues (Stanley et al., 1989; Tepperman and Hirst,
1982, 1983 or dynorphin (Gosnell et al., 1986a, 1986b) is microinjected into the PVN and
surrounding medial hypothalamus. In like manner, PVN microinjections of p-selective, but
not k-selective or &-selective opioid agonists stimulate spontaneous water intake (Gosnell et
al., 1986a, 1986b; Ukai and Holtzman, 1988). In contrast, administration of general opioid
antagonists such as naloxone reduce feeding in deprived rats following PVN microinjection
(Gosnell et al., 1986a, 1986b; Leibowitz and Hor, 1982; McLean and Hoebel, 1983; Woods
and Leibowitz, 1985), as does B-endorphin antisera(Schulz et al., 1984). Deprivation-induced
drinking is also reduced by PVN microinjections of naloxone (Ukai and Holtzman, 1987).
Lesions placed in the PVN reduce, but do not eliminate the hyperphagic effects of morphine
(Shor-Posner et al.. 1986). Our laboratory (Koch et al., 1995) showed that general, p and
opioid antagonists microinjected into the PVN also reduce feeding elicited by deprivation,
2DG and sucrose intake. Deprivation intake was significantly reduced by nor-binaltorphamine
(30-33%), B-funaitrexamine (26-29%) or naltrexone (26%) inthe PVN. 2DG-induced feeding
was significantly reduced only after 2 h by naltrexone (69%), nor-binaltorphamine (69%) or
B-funaltrexamine (83%) in the PVN. Sucrose intake was significantly reduced by nor-
binaltorphamine (27-36%), naltrexone (18-31%) and {-funaltrexamine (20%) in the PVN.

These data indicate that general, p and x opioid antagonists administered into the
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hypothalamic paraventricular nucleus produce similar patterns of effects upon different forms
of food intake as ventricular administration, implicating this nucleus as part of the circuitry

underlying opioid mediation of ingestion.
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C. Specific Aim 1: Role of the Nucleus Accumbens in mediating selective opioid
receptor subtype antagonist effects upon different forms of feeding:

Spontaneous feeding significantly increases following NAcc microinjections of either
morphine, the p-selective agonist, DAMGO or the §,-selective agonist, DPDPE, but not the
K,-selective agonist, U50, 488H (Bakshi and Kelley, 1993a, 1993b, 1994; Evans and
Vaccarino, 1990; Majeed et al., 1986; Mucha and Iverson, 1986). Further, food restriction
increases levels of dynorphin A, 4in the NAcc (Berman et al., 1994), but fails to alter selective
u opioid binding (Wolinsky et al., 1994). Since p and k receptors mediate feeding following
either deprivation, 2DG glucoprivation or palatable sucrose intake following ventricular and
PVN administration, the present study examined the effects of NAcc microinjections of
general (naltrexone), p (B-FNA) or k (Nor-BNI) antagonists to inhibit these three different
forms of food intake in rats. Sincep, antagonism with naloxonazine selectively decreases
deprivation-induced intake, the present study evaluated its effectiveness in the NAcc. The
following major forms and, when appropriate, alternate forms of hypotheses will be tested:

1. Since p receptor agonists stimulate feeding in the NAcc, and since p and y,
antagonists each reduce deprivation-induced intake, it is hypothesized that B-FNA and
naloxonazine will each reduce deprivation-induced feeding following microinjection into the
NAcc.

2. Since p receptor agonists stimulate feeding in the NAcc, and since p antagonists
reduce 2DG and sucrose intake, it is hypothesized that B-FNA will reduce these responses

following microinjection into the NAcc.

3a. Since x receptor agonists fail to stimulate feeding in the NAcc, it is hypothesized
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that Nor-BNI will not reduce these responses following microinjection into the NAcc.

3b. Since k antagonists reduce deprivation, 2DG and sucrose intake, it is hypothesized
that Nor-BNI will reduce these responses following microinjection into the NAcc.

This aim of the dissertation has been published in the journal, Brain Research (Bodnar

et al, 1995).
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D. Specific Aim 2: Role of the Ventral tegmental area in mediating selective

opioid receptor subtype antagonist effects upon different forms of feeding:

The VTA has been implicated in the mediation of the reinforcing aspects of drugs,
including opiates, particularly through its meso-limbic dopamine connections with the NAcc
(e.g., see reviews: Self and Stein, 1992; Wise and Bozarth, 1987; Wise and Hoffman, 1992:
Wise and Rompre, 1989). Administration of opiate drugs and opioid peptides and their
analogues into the VTA differentially and selectively stimulate food intake (see review:
Gosnell and Levine, 1996) with increased intake noted following microinjections of either the
& agonist, D-ala-met-enkephalin (Cador et al., 1986), the opioid peptide., dynorphin,_,;
(Hamilton and Bozarth, 1988), morphine (Mucha and Iverson, 1986; Nencini and Stewart,
1990; Noel and Wise, 1993), the 8, agonist, DPDPE (Noel and Wise, 1995) or the u agonist.
DAMGO (Noel and Wise, 1995). In contrast, VTA microinjections of the k, agonist,
U50.488H fail to stimulate deprivation-induced food intake (Noel and Wise, 1993), but
enhance feeding elicited by electrical stimulation of the lateral hypothalamus (Jenck et al..
1986). The prophagic effects of u-selective opioid agonists in the VTA occur under both
spontaneous and deprived conditions, and act primarily upon the speed of intake rather than
the latency to commence feeding (Noel and Wise, 1993, 1995). The specificity of p agonist
actions in the VTA to feeding responses has been called into question since VTA
microinjections of DAMGO elicit feeding, gnawing and drinking, and do not increase intake
if rats must travel to the food source (Badiani et al.,, 1995). VTA microinjections of the
general opioid antagonist, naloxone reduces consumption of a sweet 50% apple juice solution

with more marked decreases noted in normally-fed rats relative to rats maintained at 85% of
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their normal body weight (Segall and Margules, 1989). Given the relationship between the
VTA and the NAcc in opioid reward-mediated processes (Self and Stein, 1992; Wise and
Bozarth, 1987; Wise and Hoffman, 1992; Wise and Rompre, 1989), the present study
examined the effects of VT A microinjections of either general (naltrexone), u (B-FNA), «,
(Nor-BNI), 8, (DALCE) or 8, (NTII) opioid antagonists to reduce either deprivation (24 h)-
induced intake, 2DG (500 mg/kg)-induced intake or sucrose (10%) intake in rats. The
following major forms and, when appropriate, alternate forms of hypotheses will be tested:

1. Since p receptor agonists stimulate feeding in the VTA. and since p antagonists
reduce deprivation, 2DG and sucrose intake, it is hypothesized that f-FNA will reduce these
responses following microinjection into the VTA.

2a. Since K receptor agonists fail to stimulate feeding in the VTA, it is hypothesized
that Nor-BNTI will not reduce thee responses following microinjection into the VTA.

2b. Since k antagonists reduce deprivation, 2DG and sucrose intake, it is hypothesized
that Nor-BNT will reduce these responses following microinjection into the VTA. 3a. Since
d receptor agonists stimulate feeding in the VTA, it is hypothesized that DALCE and NTII
will reduce these responses following microinjection into the VTA.

3b. Since  antagonists fail to reduce deprivation, 2DG and sucrose intake, it is
hypothesized that DALCE and NTII will fail to reduce these responses following
microinjection into the VTA.

This aim of the dissertation has been published in the journal, Brain Research

(Ragnauth et al, 1997).
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E. Specific Aim_3: Define which opioid receptor subtypes mediate feeding
induced by selective p and 3 opioid agonists in the NAcc:

The prototypical opioid agonist, morphine stimulates food intake following
administration into the NAcc (Bakshi and Kelley, 1993, 1994; Evans and Vaccarino, 1990;
Majeed et al., 1986; Mucha and Iverson, 1986). Receptor autoradiographic and mRNA gene
expression studies have verified that u, 8 and k opioid receptors can be found in the NAcc
(Herkenham et al., 1984; Lewis et al., 1985; Mansour et al., 1995, 1987). In assessing the
sensitivity of selective opioid receptor subtype agonists in the NAcc, Bakshi and Kelley
(1993b) observed that spontaneous feeding was elicited following administration of the
selective p opioid agonist, DAMGO, or the selective 8, opioid agonist, DPDPE, but not the
selective k, opioid agonist, U50,488H in the shell region of the NAcc. Similarly, DAMGO
and DPDPE, but not U50,488H or dynorphin, enhanced sucrose intake in the NAcc (Zhang
and Kelley, 1997). Moreover, DAMGO microinjected into the NAcc selectively increased
intake of a fat relative to a carbohydrate diet (Zhang et al., 1998).

While DAMGO has been generally accepted as a p-selective opioid agonist (e.g.,
Simon and Hiller, 1994), pharmacological and biochemical data have suggested the existence
of & opioid receptor subtypes termed &, and 8, (Jiang et al., 1990a, 1990b, 1991; Mattia et
al., 1991, 1992; Negri et al., 1991; Sofuoglu et al., 1991). These distinctions were confirmed
in analgesic assays such that the enkephalin analogue, DPDPE (Mosberg et al., 1993) acts as
a §,-opioid receptor agonist based upon its sensitivity to selective 8, opioid antagonism by
DALCE, but not to selective 8, opioid antagonism by naltrindole isothiocyanate (NTII) (Jiang

et al,, 1991; Sofuoglu et al., 1991). In contrast, analgesia elicited by the 3, opioid agonist,
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Deltorphin (Kreil et al., 1989), is sensitive to 0,, but not 8, opioid antagonism (Jiang et al.,
1991; Mattia et al., 1992; Raffa et al., 1992; Sofuoglu et al., 1991). Further, analgesic cross-
tolerance fails to occur between DPDPE and Deltorphin (Mattia et al., 1991). Moreover,
supraspinal analgesia elicited from the ventrolateral periaqueductal gray and the rostral
ventromedial medulla is observed following Deltorphin, but not DPDPE (Bodnar et al., 1988;
Rossi et al., 1994). Indeed, distinctions between analgesic responses elicited by DAMGO and
Deltorphin can be made in these sites such that the former response is blocked by u, but not
d opioid antagonism, whereas the latter response is blocked by 8, but not u opioid antagonism
(Rossi et al., 1994). These data suggest receptor selectivity and specificity in producing
analgesic responses elicited by opioid receptor subtype agonists.

Feeding responses induced by different opioid receptor subtype agonists do not
produce this clean-cut specificity between opioid receptor subtype agonists and antagonists.
Thus, ventricular administration of the «, antagonist, Nor-BNI significantly reduced feeding
induced by the k, agonist, U50,488H., but not by the x, agonist, naloxone benzoylhydrazone
(Koch et al., 1992; Levine et al.. 1990). However, Levine and co-workers subsequently
demonstrated that effective doses of Nor-BNI also decreased feeding elicited by either
DAMGO or the preferential d agonist, [D-Ser®, Leu®, Thr®]-enkephalin (DSLET). Although
Nor-BNI was initially characterized as a selective k antagonist (Portoghese et al., 1987),
further studies using chronic Nor-BNI injections indicated p and 0 activity as well (Spanagel
et al., 1994). Whereas B-FNA potently reduces feeding induced by ventricular administration
of the p agonist, DAMGO (Levine et al., 1990, 1991), this antagonist also reduces feeding

induced by ventricular administration of the & agonist, DSLET, but not the k, agonist,
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U50,488H. Similar separations between selective agonist and antagonist effects occurred for
feeding responses induced by 8, and 8, mechanisms. Thus, feeding induced by ventricular
administration of the 8, agonist, DPDPE, was blocked by general opioid antagonism with
naltrexone and &, antagonism with NTII, but not by §, antagonism with DALCE (Yu et al..
1997). Alternatively, feeding induced by ventricular administration of the 8, agonist,
Deltorphin was blocked by &, (DALCE) and &, (NTII) antagonist pretreatment, but not by
the general opioid antagonist, naltrexone (Yu et al., 1997). Given that ventricular routes of
administration were used in all of the above studies, it is possible that some of the multiple
and anomalous results may be due to actions at multiple opioid receptor sites.

The different effects of opioid peptides on analgesia and feeding may be explained
from an evolutionary perspective. Multiple receptors and receptor subtypes diversify the
response charactenistics of a neurotransmitter by providing different biophysical properties,
thereby eliminating the need for the evolution of a completely different neurotransmitter
system to serve a new function. They also help to ensure specificity for different systems. The
existence of a common precursor for opioid peptides and opioid receptors may mean that
while on the one hand there is specialization for peptide/receptor interactions, such as is seen
in analgesia, on the other hand there may be some vestigial effect such that multiple peptides
may act on multiple receptors, such as is seen in feeding.

Therefore, the present study had the following aims. First, our laboratory wanted to
determine whether Deltorphin would produce feeding following microinjection into the shell
region of the NAcc at similar dose levels and with similar magnitudes to that observed for

DAMGO and DPDPE (Bakshi and Kelley, 1993; Zhang et al., 1998; Zhang and Kelley,
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1997). Second, our laboratory examined whether feeding induced by either DAMGO,
DPDPE or Deltorphin in the NAcc were mediated through single or multiple opioid receptor
subtypes by pretreating rats in the NAcc with selective p (B-FNA), u, (NAZ), 3, (DALCE),
&, (NTII) or k, (Nor-BNT) opioid receptor antagonists. The following major forms and, when
appropriate, alternate forms of hypotheses will be tested:

la. Since p and 0 receptor agonists stimulate feeding in the NAcc, and since u and &
antagonists selectively reduce analgesiainduced by their respective agonists, it is hypothesized
that B-FNA will selectively reduce feeding elicited by DAMGO, but not DPDPE or deltorphin
following microinjection into the NAcc. Further, it is hypothesized that DALCE will
selectively reduce feeding elicited by DPDPE, but not DAMGO or deltorphin following
microinjection into the NAcc. Finally, it is hypothesized that NTII will selectively reduce
feeding elicited by deltorphin, but not DPDPE or DAMGO following microinjection into the
NAcc.

1b. Since multiple opioid receptor antagonists reduce different forms of opioid
agonist-induced feeding following ventricular or PVN injection, it is hypothesized that u and
d antagonists will selectively reduce feeding elicited by DAMGO, DPDPE and deltorphin
following micro-injections into the NAcc.

2a. Since k receptor agonists fail to stimulate feeding in the NAcc, it is hypothesized
that Nor-BNI will fail to reduce feeding elicited by DAMGO, DPDPE or deltorphin following
micro-injections into the NAcc.

2b. Since multiple opioid receptor antagonists reduce different forms of opioid

agonist-induced feeding following ventricular or PVN injection, it is hypothesized that
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aniagonists will selectively reduce feeding elicited by DAMGO, DPDPE and deltorphin
following microinjections into the NAcc.
This aim of the dissertation has been published in the journal, Brain Research

(Ragnauth et ai, 2000a).
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F. Specific Aim 4: Define whether dopamine receptor subtype antagonists
mediate feeding induced by selective u and d opioid agonists in the NAcc:

A role of dopamine in the NAcc has been formulated within the General Anhedonia
Model (Wise, 1982) in which dopamine innervation in the NAcc is conceived as a critical link
in reward systems mediating natural reinforcers such as food. Although dopamine antagonism
or depletion in the NAcc do not impair food-reinforced behaviors related to consumption and
goal-seeking (see review: Salamone et al., 1997), dopamine agonists in the NAcc can either
increase or decrease feeding, depending on dose and individual baseline intake (Carr and
White, 1986; Evans and Vaccarino, 1986; Kelley et al., 1989; Sills and Vaccarino, 1996).
Whereas injections of dopamine receptor antagonists into the NAcc suppress feeding elicited
by a low dose of systemically-administered amphetamine (Sills et al., 1993) and by electrical
stimulation of the medial forebrain bundle (Mogenson and Wu, 1982), lesions selectively
depleting dopamine levels in the NAcc produce marginal decreases in spontaneous food
intake (Koob et al., 1978; Salamone et al., 1993). Dopamine itself also stimulates feeding
behavior within the shell region of the NAcc as compared to the core region (Swanson et al.,
1997). Interactions between opioid and dopaminergic systems have been observed within the
NAcc in anatomical studies (Van Bockstaele et al., 1994), and in neurochemical studies
showing that fentanyl, the p opioid receptor agonist, in the NAcc stimulates dopamine release
which is blocked by general, 1 and & opioid receptor antagonists (Yoshida et al., 1999).
Similarly, dopamine release is increased by u (DAMGO), 6, (DPDPE) and 3, (deltorphin)
infused into the NAcc (Yoshida et al., 1999). Dopamine release in the NAcc is also increased

by systemic and VTA injections of opioids (e.g., DiChiara and Imperato, 1988; Kalivas and
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Richardson-Carlson, 1986; Latimer et al., 1987; Spanagel and Shippenberg 1990), effects
which appear necessary for the rewarding, locomotor and analgesic effects of opioids in this
system {Altier and Stewart, 1998; Churchill and Kalivas, 1992; Cunningham et al., 1997
Cunningham and Kelley, 1992)

Both D, and D, receptors are localized on dendrites and presynaptic terminals in the
shell and core regions of the NAcc (Koshikawa et al., 1996; Shetreat et al., 1996). Although
proenkephalin and prodynorphin mRNA are co-localized with D,, but not D, receptors
(Curran and Watson, 1995), antisera raised against both the -opioid receptor (DOR) and the
dopamine transporter (DAT) indicate that DOR appears on axon terminals apposed to DAT-
immunoreactive terminals (Svingos et al., 1999). Both D, and D, have recently been
implicated in reinforcement mechanisms (Braun and Chase, 1986; Nakajima et al., 1993;
Walters et al., 1987; White et al.. 1988). Therefore, to evaluate the relative roles of D, and
D, receptor subtype involvement in feeding elicited by p and 0 opioid agonists in the NAcc,
the present study examined the equimolar dose-dependent pretreatment effects of either the
selective D, receptor antagonist, SCH23390 (Christensen et al., 1984; lorio et al., 1983;
Sidhu et al., 1986) or the seiective D, receptor antagonist, raclopride (Kopp et al., 1992;
Protais et al., 1994) upon feeding elicited by either the p-selective opioid agonist, DAMGO
or the d.-selective opioid agonist, deltorphin in the NAcc in rats. The shell region of the NAcc
was chosen as the focal point for microinjections since dopamine concentrations are far higher
in this segment of the nucleus than in the core region (Deutsch and Cameron, 1992). The

following hypothesis will be tested:

1. Since u and O receptor agonists stimulate feeding in the NAcc, and since DA
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antagonists selectively reduce analgesia induced by p and & receptor agonists, it is
hypothesized that SCH 23390 and raclopride will selectively reduce feeding elicited by
DAMGO and deltorphin following microinjection into the NAcc.

This aim of the dissertation has been published in the journal, Brain Research

(Ragnauth et al, 2000b).
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GENERAL METHODS:

Subjects, Surgery and Histology: Adult male albino Sprague-Dawley rats (Charles
River Laboratories, Kingston, NY, 80-120 days of age) were housed individually in wire mesh
cages and maintained on a 12 h light/12 h dark cycle with Purina rat chow and water available
ad libitum. Each rat was pretreated with chlorpromazine (3 mg/kg, i.p.) and anesthetized with
Ketamine HCI (120 mg/kg, 1.m.). Bilateral stainless steel guide cannulae (26-gauge, Plastics
One) were placed stereo-taxically (Kopf Instruments) in either the NAcc or the VTA using
the following coordinates. NAcc coordinates were: incisor bar (+5), 3.5 mm anterior to the
bregma suture, 1.7 mm lateral to either side of the sagittal suture and 6.4-6.6 mm from the
top of the skull. VTA coordinates were: incisor bar (+5 mm), 5.6 mm posterior to the bregma
suture, 2.5 mm lateral to and angled 10° towards either side of the sagittal suture, and 8.4 mm
from the top of the skull. The cannulae were secured to the skull by 3 anchor screws with
dental acrylic. To allow full drug clearance, all animals were allowed at least two weeks to
recover from stereotaxic surgery before behavioral testing began. At the completion of
testing, all rats were overdosed with an anesthetic (Nembutal) and received a transcardiac
perfusion with 0.9% normal saline followed by 10% buffered formalin. Coronal 40-um
sections, stained with Cresyl violet, were examined by light microscopy by an observer
unfamiliar with the behavioral data; only animals with confirmed cannula placements were
included in the data analysis.

Statistical Analyses for Specific Aims 1 and 2: Cumulative intakes were evaluated
since unequal levels of intake occur across the time course in deprivation, glucoprivic and

palatable paradigms such that greater consumption occurs initially. Thus, separate analyses
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of variance were performed at each cumulative intake point for each feeding paradigm. Tukey
comparisons at the p<.0l level assessed specific antagonist effects relative to the
corresponding control condition. The more conservative criterion was utilized to minimize
the likelihood of false positives engendered by the cumulative repeated analyses.

Statistical Analyses for Specific Aims 3 and 4: Separate one-way repeated

measures analyses of variance were performed at each cumulative intake point for each
feeding paradigm. Tukey corrected comparisons (P <0.05) were used to assess significant
alterations in agonist-induced feeding relative to corresponding control conditions as well as
significant alterations induced by antagonist pretreatment upon agonist-induced feeding

relative to corresponding agonist-induced feeding per se.
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EXPERIMENT 1. Role of Opioid Receptor Subtype Antagonists in the Nucleus
Accumbens in Mediating Feeding Elicited by Food Deprivation, 2DG Glucoprivation
and Exposure to Sucrose Solutions.

Specific Methods, Experiment 1:

Deprivation Intake Protocol: Rats received the following bilateral microinjection

conditions in counterbalanced order at weekly intervals: a) vehicle (n=17), naltrexone (Sigma
Chemical Company) at total doses of b) 5 pg (n=6), c) 10 ug (n=6) and d) 20 pg (n=6), p-
FNA (Research Biochemicals Intl.) at total doses of e) | pug (n=6) and f) 4 ug (n=6). g)
naloxonazine (synthesized by Dr. GW Pasternak) at a total dose of 10 ug (n=6), and Nor-BN1
(Research Biochemicals Intl.) at total doses of h) 1 ug (n=6) and i) 4 ug (n=6). In this and
all subsequent experiments, each rat received a maximum of four bilateral microinjection
conditions, and the subgroups of rats receiving different antagonist conditions were matched
on the basis of the particular intake condition following vehicle treatment. At 5-7 h into the
light cycle, food was removed for 24 h, and long-acting antagonists (f-FNA and
naloxonazine) were administered. Short-acting antagonists (naltrexone and Nor-BNI) were
administered 1 h prior to food re-introduction. Naltrexone, 3-FNA and Nor-BNI were
dissolved in normal saline, and naloxonazine was dissolved in distilled water and 0.2% glacial
acetic acid. Food intake in deprived rats receiving either the saline vehicle (n=11) or the
distilled water and 0.2% glacial acetic acid vehicle (n=6) failed to differ from each other
across the time course. Thus, data from the two vehicle conditions were pooled. All
microinjections were administered bilaterally in 1 pul volumes over 30 sec through a stainless

steel internal cannula (33-gauge, Plastics One) connected to a Hamilton microsyringe by
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polyethylene tubing. Cumulative intakes were assessed 0.5, 1, 2 and 4 h after food
reintroduction by weighing food pellets before and after each condition, and adjusting for
spillage which was collected by paper under the wire mesh cage.

Glucoprivic Intake Protocol: Rats received the following bilateral microinjection

conditions in counterbalanced order at weekly intervals: a) vehicle (1 pl bilaterally,
icv)/vehicle (1 ml normal saline/kg, i.p.) (n=11), b) vehicle/2DG (500 mg/kg, i.p., Sigma
Chemical Company) (n=11), naltrexone at total doses of c) 10 ug (n=6) and d) 20 pg (n=7)
paired with 2DG, B-FNA at total doses of ) | pg (n=5) and f) 4 ug (n=6) paired with 2DG.
and Nor-BNI at total doses of g) 1 ug (n=6) and h) 4 ug (n=6) paired with 2DG. 2DG
injections occurred 3-5 h into the light cycle, and cumulative intakes were assessed at 0.5, 1.
2 and 4 h thereafter.

Sucrose Intake Protocol: Rats were introduced to 10% sucrose solution (Sigma
Chemical Company, 10%) in a sipper tube (Lab Products, 50 ml, | ml gradations) over |
week and had to exceeded a criterion intake (10 ml in 60 min). Rats received the following
bilateral microinjection conditions in counterbalanced order at weekly intervals: a) vehicle
(n=11), naltrexone at total doses of b) 20 ng (n=8) and c) 50 pg (n=8), B-FNA at total doses
of d) 1 ug (n=6) and e) 4 ug (n=7) and f) Nor-BNI at a total dose of 4 pg (n=5). At 3-S5 h
into the light cycle, cumulative sucrose intakes were assessed at 5, 10, 15, 30, 45 and 60 min

after introduction of the sipper tube.
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Results: Experiment 1:

Histological Placements: Figure | illustrates the bilateral cannula placements in the
NAcc in the three ingestive paradigms. All of the placements were found in the core of the
NAcc with a few placements bordering on the edge of the shell region. All NAcc placements
were found in the rostral two-thirds of the nucleus, and the placements were equally
distributed as a function of the ingestive paradigm.

NAcc Opioid Antagonists and Deprivation Intake: Significant differences in
deprivation intake were observed among conditions after 0.5 (F(8,128)=24.22, p<.0001), |
(F= 35.47, p<.0001), 2 (F= 37.26, p<.0001) and 4 (F= 45.07, p<.0001) h of food
reintroduction. Naltrexone in the NAcc significantly decreased deprivation-induced intake
(Figure 2A): 5 pg (1-4 h, 15-24%, p<.05), 10 pg (0.5-2 h, 20-32%, p<.01), 20 pg (0.5-4 h,
26-44%, p<.0l). B-FNA in the NAcc significantly decreased deprivation-induced intake
(Figure 2B): | ug (4 h, 17%, p<.0S5), 4 ug (0.5-4 h, 36-55%, p<.0l). In contrast,
naloxonazine in the NAcc significantly increased (p<.05) deprivation-induced intake by 18-
28% over 4 h (Figure 2B). Nor-BNI in the NAcc significantly decreased deprivation-induced
intake (Figure 2C): 4 ug (1-4 h, 21-31%, p<.0l).

NAcc Opioid Antagonists and Glucoprivic Intake: Significant differences in
glucoprivic intake were observed among conditions after 0.5 (F(7,70)= 16.45, p<.0001), 1
(F= 19.44, p<.0001), 2 (F=21.35, p<.0001) and 4 (F= 14.24, p<.0001) h. 2DG significantly
increased food intake over 4 h relative to vehicle treatment. Naltrexone in the NAcc
significantly decreased 2DG hyperphagia (Figure 3A): 10 ug (1 h, 34%, p<.05), 20 pg (0.5-2

h, 49-79%, p<.01). B-FNA in the NAcc significantly decreased 2DG hyperphagia (Figure
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3B): 1 pg (0.5-4 h, 61-100%, p<.01), 4 pg (0.5-4 h, 47-79%, p<.01). Nor-BNT in the NAcc
significantly decreased 2DG hyperphagia (Figure 3C): 1 pg (2 h, 31%, p<.05), 4 ug (0.5-4
h, 38-75%, p<.01).

NAcc Opioid Antagonists and Sucrose Intake: Significant differences in sucrose
intake were observed among conditions after 5 (F(5,50)= 13.22, p<.0001), 10 (F= 4.29,
p<.0025), 15 (F= 2.70, p<.031), 30 (F= 2.96, p<.02) and 60 (F= 4.31, p<.0024) min.
Naltrexone in the NAcc significantly decreased sucrose intake (Figure 4A): 50 pug (15-30 min,
26-27%, p<.05). B-FNA in the NAcc significantly decreased sucrose intake (Figure 4B): 1
ug (5 min, 41%, p<.01), 4 ug (5-60 min, 25-37%, p<.01). In contrast, Nor-BNI in the NAcc
failed to significantly alter sucrose intake (Figure 4B).

In contrast to these effects in the NAcc, microinjections delivered via cannulae
misplaced 2mm medial-lateral and dorsal-ventral to the NAcc did not reduce ingestion

induced by deprivation, glucoprivation or a palatable sucrose solution.
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Figure 1. Histological verification of cannula placements (asterisks) in the NAcc.
Note that virtually ail placements are found in the core region, and occupy the rostral two-
thirds of the nucleus. The number adjacent to the placement refers to the number of animals

in the three paradigms with placements at that location.
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Figure 2. Alterations in cumulative intakes (g, +S.E.M.) following micro-injections
of either naltrexone (Panel A), B-funaltrexamine (B, Panel B), naloxonazine (N, Panel B) or
nor-binaltorphamine (Panel C) into the NAcc in rats deprived of food for 24 h. The daggers
in this and subsequent figures denote significantly reduced intake relative to vehicle treatment

(Tukey comparisons).
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Figure 3. Alterations in cumulative intakes (g, +S.E.M.) following micro-injections
of either naltrexone (N, Panel A), -funaltrexamine (B, Panel B) or nor-binaltorphamine (N,

Panel C) into the NAcc in rats receiving 2-deoxy-D-glucose (2DG).
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Figure 4. Alterations in cumulative sucrose (10%) intakes (g, +S.E.M.)
following microinjections of either naltrexone (Panel A), B-funaltrexamine (B, Panel B) or

nor-binaltorphamine (N, Panel B) into the NAcc.
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Discussion: Experiment 1:

Deprivation-Induced Intake: The present study found that whereas bilateral NAcc
microinjections of either general (naltrexone), u (B-FNA) or x (Nor-BNTI) opioid antagonists
significantly reduced deprivation-induced intake, i, antagonism with naloxonazine transiently
stimulated this response. Naltrexone's reductions in deprivation-induced intake in the NAcc
approached the magnitude (44%) and duration (4 h) of action observed for ventricular (Koch
and Bodnar, 1994; Marks-Kaufman et al., 1985) or systemic (Brown and Holtzman, 1979;
Frenk and Rogers, 1979; Simone et al., 1985) injections and appeared more potent than PVN
administration (Koch et al.. 1995). These data agree with previously-observed (Bless and
Kelley, 1994) decreases in deprivation-induced intake and feeding duration after 0.5 h
following naloxone (30 pug) or naltrexone (20 ug) in the NAcc. B-FNA's reduction in
deprivation-induced intake in the NAcc also approached the magnitude (55%) and duration
(4 h) observed for ventricular administration (Arjune et al., 1990; Koch and Bodnar, 1994;
Levine et al.. 1991), and appeared more potent than PVN administration (Koch et al., 1995).
The present effects were far more pronounced than previous (Bless and Kelley, 1994) 10-
15% reductions in deprivation-induced intake after 0.5 h. This difference can be explained by
the increased magnitude of B-FNA's inhibition of deprivation-induced intake over time, and
agrees with the premise that opioid antagonists interfere with the maintenance and not the
initiation of intake (Kirkham and Blundell, 1984; Kirkham and Cooper, 1988a, 1988b). In
contrast to reductions in deprivation-induced intake by following systemic (Simone et al.,
1985) or ventricular (Koch and Bodnar, 1994) naloxonazine administration, NAcc

naloxonazine significantly stimulated deprivation-induced intake over 4 h. Given the selective
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antagonism by f-FNA (u=u, + p,: e.g. Pasternak and Wood, 1986; Portogese et al., 1980)
and naloxonazine (y,: e.g. Hahn et al., 1982; Pasternak and Wood, 1986), this suggests that
the p, opioid binding site is responsible for B-FNA's antagonism of deprivation-induced intake
in the NAcc. The 31% reduction in deprivation-induced intake by Nor-BNI in the NAcc is
in keeping with its limited though significant reductions following ventricular (Koch and
Bodnar, 1994; Levine et al., 1990) and PVN (Koch et al., 1995) administration. These data
differ from the failure (Bless and Kelley, 1994) to observe significant Nor-BNI effects upon
deprivation intake in the NAcc 0.5 after food reintroduction. Time sampling procedures are
important since Nor-BNI took | h to develop significant effects, and 2-4 h to produce its
most pronounced effects. Since & antagonists fail to alter deprivation-induced intake
following ventricular administration (Arjune et al., 1991; Kochand Bodnar, 1994), they were
not assessed in this intracerebral paradigm. Thus, u,, and to a lesser degree, k receptors
appear to mediate the opioid control of deprivation-induced intake in the NAcc. However,
potential differences in the potency of pu and k antagonists to reduce deprivation-induced
intake may not only reflect the specific actions of the antagonists at their specific receptors.
The contribution of antagonist differences in affinity and occupancy for their respective
receptors should be considered as well as potential differences in antagonist diffusion within
intracerebral sites. Finally, although the antagonist dose range (1-4 ug) was equated, less
Nor-BNI (MW= 735, 5.4 nmol) was administered relative to f-FNA (MW= 491, 8.2 nmol)
at the effective dose. In contrast to these effects in the NAcc, microinjections delivered via
cannulae misplaced 2mm medial-lateral and dorsal-ventral to the NAcc did not reduce

ingestion induced by deprivation.
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Glucoprivic Intake: General, u or x antagonists in the NAcc significantly reduced
2DG hyperphagia. Naltrexone's reductions of 2DG hyperphagia in the WNAcc were
substantially shorter (2 h) than ventricular (Arjune and Bodnar, 1990; Koch and Bodnar,
1994) or systemic (Beczkowska et al., 1992; Lowy et al., 1980) administration, but more
potent (49-79%) than PVN microinjections (Koch et al., 1995). The potent inhibition of
2DG-induced feeding by B-FNA or Nor-BNI in the NAcc was shorter than ventricular
administration (Bordi et al., 1989; Koch and Bodnar, 1994), but similar to PVN
administration (Koch et al., 1995). Since neither d nor pu, antagonists reduce glucoprivic
hyperphagia following ventricular (Arjune et al., 1991; Beczkowska and Bodnar1991; Koch
and Bodnar, 1994) or systemic (Simone et al., 1985) administration, they were not assessed
in this intracerebral paradigm. Again, the ability of f-FNA, but not naloxonazine to exert
effects upon glucoprivic intake suggests a role of the p, binding site. Thus, u, and k receptors
appear to mediate opioid control of glucoprivic intake in the NAcc by affecting the initiation
rather than the long-term maintenance of 2DG-induced feeding. In contrast to these effects
in the NAcc, microinjections delivered via cannulae misplaced 2mm medial-lateral and dorsal-
ventral to the NAcc did not reduce ingestion induced by glucoprivation.

Sucrose Intake: General and p, but not k antagonists in the NAcc significantly
reduced sucrose intake. Although sucrose intake is quite sensitive to systemic (60-75%) and
ventricular (ID,,= 6 nmol) naltrexone administration (Beczkowska et al., 1992, 1993:
Kirkham and Cooper, 1988a; 1988b; Rockwood and Reid, 1982; Siviy and Reid, 1983),
naltrexone (50 pug) in the NAcc only transiently (15-30 min) and marginally (27%) reduced

sucrose intake, an effect similar to that observed in the PVN (Koch et al., 1995). The
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significant reductions (25-41%) in sucrose intake across the time course by B-FNA in the
NAcc were more pronounced than PVN administration (Koch et al., 1995) and comparable
to ventricular administration (Beczkowska et al., 1992). In contrast to the potency (55-75%,
[D,,= 4 nmol) of ventricular Nor-BNI to reduce sucrose intake (Beczkowska et al., 1992,
1993), Nor-BNI in the NAcc failed to alter sucrose intake. This pattern agrees with recent
findings (Bless and Kelley, 1994) using a shorter (15 min) sampling interval. Since neither &
nor u, antagonists reduce sucrose intake following ventricular administration (Beczkowska
et al., 1992), they were not assessed in this intracerebral paradigm. Again, the ability of -
FNA, but not naloxonazine to exert effects upon sucrose intake suggests a role of the p,
binding site in the NAcc In contrast to these effects in the NAcc. microinjections delivered
via cannulae misplaced 2mm medial-lateral and dorsal-ventral to the NAcc did not reduce
ingestion induced by a palatable sucrose solution.

Caveats: Some concerns about diffusion from the injection site to other brain areas
have been raised in other studies involving opioids (Schroeder et al., 1991). However,
because micro-injections via misplaced cannulae did not affect feeding, this may not be a valid
concern.

Conclusions: Whereas general and p antagonists in the NAcc significantly reduce
intake under deprivation, glucoprivic and palatable conditions, k antagonists reduce intake
in the first two conditions. This opioid antagonist pattern is similar to the greater efficacy of
general and yu agonists to stimulate spontaneous intake in the NAcc relative to k agonists
(Bakshi and Kelley, 1993a, 1993b, 1994; Evans and Vaccarino, 1990; Majeed et al., 1986;

Mucha and Iversen, 1986). Since the NAcc is involved in reinforcement and reward
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mechanisms in addiction, drug self-administration and palatability studies (e.g. Bozarth, 1994;
Evans and Vaccarino, 1990; Koob and Bloom, 1988; Salamone, 1994; Wise and Bozarth,
1987), it was expected that opioid antagonists in the NAcc would potently affect palatable
intake, and that the x receptor subtype most effective in modulating sucrose intake in
ventricular studies (Beczkowska et al., 1992) would also be most effective in the NAcc. Both
our and other recent (Bless and Kelley, 1994) data are at variance with these expectations.
Interestingly, the NAcc has also been considered an interface for, or a chimera of, limbic-
striatal interactions, gating motivational and motor processes (Churchill and Kalivas, 1992;
Kalivas et al., 1983; Mogenson, 1987, 1980), including stereotyped oral behavior (Bordi et
al., 1989; Kelley et al., 1988; Koene et al., 1993; Prinssenet al.. 1994). Our laboratory
(Beczkowska et al., 1993; Koch and Bodnar, 1994) has hypothesized that the u receptor
mediates the amount of intake per se, and not its hedonic consequences, and based this upon
the consistent, steady inhibition of different forms of intake by B-FNA. Since -FNA's
respective inhibitions of intake for the three ingestive situations were similar following either
NAcc or ventricular administration, it would appear that the NAcc is a site of action in
exerting this form of ingestive control. Since f-FNA (u= y, + u,), but not naloxonazine (p,)
antagonism was effective, this suggests that the p , opioid binding site may be the receptor
within the NAcc mediating ingestive consequences. The second experiment in this series
examined whether these selective opioid antagonists exerted a similar pattern of effects upon

these forms of ingestive behavior following microinjection into the VTA.
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EXPERIMENT 2. Role of Opioid Receptor Subtype Antagonists in the Ventral

Tegmental Area in Mediating Feeding Elicited by Food Deprivation, 2DG

Glucoprivation and Exposure to Sucrose Solutions.

Specific Methods, Experiment 2:

Deprivation Intake Protocol: Rats received the following bilateral microinjection

conditions at weekly intervals: vehicle, naltrexone at total doses of 10. 20 and 40 pg, B-FNA
at a total dose of 4 pg, Nor-BNI at a total dose of 4 pg, DALCE (synthesized by Dr. W.D.
Bowen) at a total dose of 8 ug and NTII (Research Biochemicals Intl.) at a total dose of 4
ug. At 5-7 hinto the light cycle, food was removed for 24 h, and p (B-FNA) and 6 (DALCE
and NTII) antagonists were administered. General (naltrexone) and k, (Nor-BNI) antagonists
were administered 1 h prior to food re-introduction. All antagonists were dissolved in normal
saline, except for DALCE which was dissolved initially in 0.2 M HCl in distilled water with
the pH adjusted to 7.5-8.0 with 0.2 M NaOH. In order to administer the proper amount of
antagonist doses into the VTA, a | ul volume was needed to address solubility limitations.
For those antagonists in the following sections that failed to produce significant effects, the
dose used was the maximum due to solubility limitations. Cumulative intakes were assessed
0.5, 1, 2 and 4 h after food reintroduction by weighing food pellets before and after each
condition, and adjusting for spillage which was collected by paper under the wire mesh cage.

Glucoprivic Intake Protocol: Rats received the following bilateral microinjection
conditions at weekly intervals: vehicle/vehicle, vehicle/2DG (500 mg/kg, i.p.), naltrexone at
total doses of 20 and 50 pg paired with 2DG, B-FNA at a total dose of 4 ug paired with

2DG, Nor-BNI at total doses of 1 and 4 pg paired with 2DG, DALCE at a total dose of 4 pug
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paired with 2DG, and NTII at total doses of 1 and 4 ug paired with 2DG. 2DG injections
occurred 3-5 h into the light cycle, and cumulative intakes, adjusted for spillage, were
assessed at 0.5, 1, 2 and 4 h thereafter.

Sucrose Intake Protocol: Rats were introduced to the 10% sucrose solution over |
week and intake had to exceed a criterion (10 ml in 60 min). Rats received the following
bilateral microinjection conditions at weekly intervals: vehicle, naltrexone at total doses of 20
and 50 pg, B-FNA at a total dose of 4 ug, Nor-BN1 at a total dose of 4 ug, DALCE at a total
dose of 4 ug and NTII at doses of 1 and 4 pg. At 3-5 h into the light cycle, cumulative

sucrose intakes were assessed at 5, 10, 15. 30, 45 and 60 min after introduction of the sipper

tube.
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Results: Experiment 2:

Histological Placements: Figure 5 illustrates the bilateral cannula placements within
and immediately adjacent to the VTA for animals in the three ingestive paradigms (Paxinos
and Watson, 1997). Of the 38 rats that were tested in one of the three ingestive protocols. 3 1
rats had proper bilateral cannula placements which were included in the data analysis.
Twenty-four of these rats had bilateral cannulae localized within the VTA. The remaining
seven rats had one cannula in the VTA, and the second cannula placement in a zone between
the VTA and medial aspect of the substantia nigra, pars compacta. These two groups of
animals failed to differ from each other in their antagonist-induced effects, and their data tor
each protocol were therefore pooled. The remaining seven rats had one or both cannula
placements located either dorsal or dorsolateral to the VTA. none of these animals displayed
any significant antagonist effects upon their specific intake paradigm.

VTA Opioid Antagonists and Deprivation-Induced Intake: Significant differences
in deprivation-induced intake were observed among conditions after | (F(7,70)=2.11, p<.05),
2 (F= 4.64, p<.0003) and 4 (F= 3.52, p<.003), but not 0.5 (F= 1.02) h of food
reintroduction. Figure 6 illustrates the cumulative effects over 4 h of opioid antagonists in the
VTA upon deprivation-induced intake. Only the high (40 pg) total dose of naltrexone in the
VTA significantly decreased (21%) deprivation-induced intake after I, 2 and 4 h. Neither the
10 nor 20 pg naltrexone doses in the VTA significantly altered deprivaticn-induced intake.
Neither the u (B-FNA), k, (Nor-BNTI) nor 8, (DALCE) opioid antagonists in the VTA were
effective in significantly altering deprivation-induced intake at any point across the 4 h time

course. The 8, opioid antagonist, NTII in the VTA significantly decreased (19%) deprivation-
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induced intake after 2 and 4 h.

VTA Opioid Antagonists and Glucoprivic-Induced Intake: Significant differences
in glucoprivic-induced intake were observed among conditions after 0.5 (F(9,81)= 10.76,
p<.0001), I (F=12.94, p<.0001), 2 (F=16.14, p<.0001) and 4 (F=27.43, p<.0001) h.
2DG significantly increased food intake at each time point over 4 h relative to vehicle
treatment. Figure 7 illustrates the cumulative effects over 4 h of opioid antagonists in the
VTA upon 2DG-induced intake. Only the high (50 pg) total dose of naltrexone in the VTA
significantly decreased (64%) 2DG-induced intake across the 4 h time course. The lower 20
pg naltrexone doses in the VTA failed to significantly alter 2DG-induced intake. The p opioid
antagonist, B-FNA in the VTA only transiently decreased 2DG-induced intake after | and 2
h (data not shown). but these effects failed to persist after 4 h. 2DG-induced intake was also
transiently decreased by the 1 (1 h) and 4 (0.5-2 h) pg doses of the x, opioid antagonist, Nor-
BNI. The , opioid antagonist, DALCE in the VTA transiently decreased 2DG-induced
intake after 1 h, but produced subsequent significant increases (26%) in 2DG-induced intake
after 4 h. The higher 4 ug dose of the 8, opioid antagonist, NTII in the VTA significantly
decreased (27%) 2DG-induced intake across the time course while the lower | pg dose was
ineffective.

VTA Opioid Antagonists and Sucrose Intake: Significant differences in sucrose
intake were observed among conditions after 5 (F(7,63)= 7.87, p<.0001), 10 (F=4.49,
p<.0004), 15 (F=5.06, p<.0001), 30 (F=7.98. p<.0001), 45 (F=6.47, p<.0001) and 60
(F= 5.14, p<.0001) min. Figure 8 illustrates the cumulative effects over 1 h of opioid

antagonists in the VTA upon sucrose intake. Sucrose intake was significantly decreased by
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VTA microinjections of both the 20 (22%: 45-60 min) and 50 (39%: 10-60 min) pg doses of
naltrexone. The p opioid antagonist, J-FNA in the VTA failed to significantly alter sucrose
intake at any time point. Sucrose intake was significantly though only transiently decreased
by VTA microinjections of either the k, opioid antagonist, Nor-BNI (10-15 min) or the §,
opioid antagonist, DALCE (5-10 min). The higher 4 pg dose of the 8, opioid antagonist.
NTII in the VTA significantly decreased sucrose intake by 25% across the | h time course;

the lower | pg dose produced significant, though transient (5-45 min) reductions.
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Figure 5. Histological verification of cannula placements in the VTA. Note that 24
of the animals had bilateral (n=48) cannula placements in the VTA. Seven animals had a
unilateral (n=7) cannula placement in the VTA and the second (n=7) cannula placement in the
medial aspect of the substantia nigra (SN), pars compacta. The following numbers of cannula
placements were in the depicted areas: a (n=3)., b (n=2), c (n=11), d (n=14), e (n=3), f(n=14),
g (n=11) and h (n=4). Rats with bilateral VTA placements or VTA/SN combination
placements did not differ in their antagonist-induced effects, and their data were pooled. The
remaining seven animals had misplaced cannulae dorsal and/or lateral to the VTA. and were

not included in the data analysis. They failed to display antagonist-induced effects.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ragnauth, Andre

Reproduced with permission of the copyright owner.

NAcc and Opioid Feeding

Further reproduction prohibited without permission.

71



Ragnauth, André NAcc and Opioid Feeding 72

Figure 6. Alterations (Mean, +SEM) in food intake (4 h) following microinjections
(ng) of either vehicle (n=11), the general opioid antagonist, naltrexone (NTX) at doses of 10
(n=8), 20 (n=7) and 40 (n=7) pg, the p opioid antagonist, B-funaltrexamine (§-FNA. n=8).
the K, opioid antagonist, nor-binaltorphamine (Nor-BNI, n=8), the &, opioid antagonist,
DALCE (n=5) or the 8, opioid antagonist, naltrindole isothiocyanate (NTII, n=5) into the
VTA in rats deprived of food for 24 h. The daggers denote significantly reduced intake

relative to vehicle (VEH) treatment (Tukey comparisons, p<.01).
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Figure 7. Alterations (Mean, +SEM) in food intake (4 h) following microinjections
(ng) of either vehicle (n=10), naltrexone (NTX, upper panel) at doses of 20 (n=4) and 50
(n=5) pg, B-funaltrexamine (B-FNA. n=5, upper panel), nor-binaltorphamine (Nor-BNI.
lower panel) at doses of 1 (n=4) and 4 (n=4) ug, DALCE (n=6, lower panel) or naltrindole
isothiocyanate (NTII, lower panel) at doses of | (n=4) and 4 (n=5) pg into the VTA in rats
receiving 2-deoxy-D-glucose (2DG: 500 mg/kg, ip). The stars denote significant increases in
food intake in groups receiving 2DG relative to vehicle (VEH) treatment (Tukey
comparisons, p<.01). The daggers denote significantly reduced 2DG-induced hyperphagia

relative to VEH-2DG treatment (Tukey comparisons, p<.01).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



aSZlgal

VTA GENERAL AND MU QPIOID ANTAGONISTS
, AND 2DG HYPERPHAGIA

(9]

<
=
z
VEH VEH 20 50 4
---NTX--- BFNA
VEH 2DG  2DG  2DG  20G
VTA KAPPA AND DELTA OPIOID ANTAGONISTS
|2 \ND_2DG HYPERPHAGIA
"t
z
z

VEH VEH 1 4 4 1 4
-—NBNI- DAL --NTI--
VEH 2DG 2DG 2DG 2DG 2DG 2DG

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ragnauth, André NAcc and Opioid Feeding 76

Figure 8. Alterations (Mean, +SEM) in sucrose (10%) intake (1 h) following
microinjections (ug) ot either vehicle (n=10), naltrexone (NTX) at doses of 20 (n=6) and 50
(n=6) ug, P-funaltrexamine (B-FNA, n=6), nor-binaltorphamine (Nor-BNI, n=7), DALCE
(n=5) or naltrindole isothiocyanate (NTII) at doses of 1 (n=7) or 4 (n=7) pg into the VTA.
The daggers denote significantly reduced intake relative to vehicle (VEH) treatment (Tukey

comparisons, p<.01).
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Discussion: Experiment 2

General Opioid Antagonism in the VTA: The present study found that bilateral
VTA microinjections of general (naltrexone) opioid antagonists significantly reduced
deprivation-induced intake, 2DG-induced intake and sucrose intake. Naltrexone's reductions
of deprivation-induced intake in the VTA only occurred at a high (40 pg), but not lower (10-
20 pg) doses, persisted from -4 h after food reintroduction, and only produced an overall
21% decrease in intake over the 4 h paradigm. While the duration of naltrexone's effects in
the VTA was comparable to that observed following either systemic (Brown and Holtzman,
1979, Frenk and Rogers 1979) or ventricular (Koch and Bodnar, 1994; Marks-Kaufman,
1985) administration for deprivation-induced intake, the magnitude of naltrexone's effects in
the VTA was considerably smaller than the approximate 50% reduction in intake observed
following systemic and ventricular administration. One might question whether the relative
inability of naltrexone to exert effects in the VTA was due to th® modest role that the opioid
system plays in this site, or alternatively, whether the lipophilic characteristics of naltrexone
allowed it to disperse from the injection site and thereby raise the need for more compound
for receptor antagonism. The present study has no data indicating the dispersion rate of
naltrexone, but comparison of naltrexone's effects in other sites may provide insight. Far
lower doses (5-20 pg) of naltrexone produced larger (44%) reductions in deprivation-induced
intake over the same time course following microinjection into the NAcc (Experiment 1),
while it failed to produce significant reductions in shorter (0.5 h) feeding tests (Kelley et al.,
1996). A hypothesis citing rapid dispersion of naltrexone would predict the opposite pattern

with maximal effects immediately after injection and dissipating effects thereafter. Indeed, if
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naltrexone is administered into the PVN, a comparably-sized structure to the VTA. it reduced
deprivation-induced intake by 29% at far lower (10 pg) doses (Koch et al., 1995). A note of
caution is appropriate however in that some of the protocols or statistical tests used in other
studies were not always the same as those used in the current study. Therefore, these data
suggest, but do not prove that naltrexone's relative inaction in the VTA in this and the
following procedures is indicative of the limited role that the VTA plays in the mediation of
these behaviors, and not due to non-selective effects of rapid dispersion.

Naltrexone's reductions in the VTA of 2DG-induced intake again only occurred at a
high (50 pg), but not lower (20 ug) dose, persisted across the 4 h time course, and produced
an overall 64% decrease in intake. Both the magnitude and duration of naltrexone's effects
in the VT A were comparable to that observed following either systemic (Beczkowska et al..
1992; Lowy et al., 1980) or ventricular (Arjune and Bodnar, 1990; Koch and Bodnar. 1994)
administration for 2DG-induced intake. However, the VTA dose (50 ug) was considerably
higher than those doses used in ventricular studies (5-20 ug). Although the magnitude of
naltrexone's effects in the VTA upon 2DG-induced intake was comparable to that observed
following naltrexone administration into either the NAcc (10-20 ug: 79%:; 10) or the
hypothalamic PVN (10 pg: 69%; 32), a 2.5-fold higher dose was needed to produce this
effect in the VT A. However, naltrexone's effects in the VT A were more prolonged (4 h) than
naltrexone's effects (2 h) in either the NAcc or PVN. Therefore, it appears that VTA
naltrexone effects upon 2DG-induced intake appeared comparable to other intracerebral loci
in terms of magnitude, was more prolonged, but was less potent.

Naltrexone's reductions in the VTA of sucrose intake were dose-dependent (20-50
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ug), and produced 22-39% reductions in intake. The magnitude of the dose-dependent
reductions in sucrose intake by naltrexone in the VTA was quite comparable to this
antagonist's dose-dependent reductions in apple juice intake (Segall and Margules, 1989). The
magnitude and potency of naltrexone in the VTA to reduce sucrose intake were also quite
comparable to that observed for naltrexone administered into either the PVN (5-10 ug, 18-
31%; 36) or the NAcc (30-50 pug, 27-35%; (Experiment 1; Kelley et al., 1996). The limited
ability of either the VTA, NAcc or PVN to support naltrexone-induced reductions in sucrose
intake is in marked contrast to the 60-75% reductions observed following either systemic or
ventricular administration of naltrexone (Beczkowska et al., 1992; Kirkham and Cooper.
1988; Rockwood and Reid, 1982; Siviy and Reid, 1983).

1 Opioid Antagonism in the VTA: The inability of u opioid antagonism to reduce

either deprivation-induced intake, 2DG-induced intake or sucrose intake following VTA
microinjections was quite surprising given its purported roles in these forms of intake
following ventricular and other intracerebral microinjection studies. While naltrexone and p-
FNA block the pu receptor, the former, but not the latter produced effects in the VTA upon
these ingestive responses. Whereas 3-FNA is a highly selective antagonist for the p receptor
particularly after its reversible k agonist actions (0-6 h) have dissipated (Portoghese et al.,
1980; Takemori et al., 1981; Ward et al., 1982), naltrexone also has activity at d and, to a
lesser degree, x receptors (see reviews: Sawynok et al., 1979; Zukin and Zukin, 1981). Thus,
the limited naltrexone effects appear to be due to 3, and not p antagonism. p opioid
antagonism with B-FNA significantly reduced either deprivation-induced intake, 2DG-induced

intake or sucrose intake following ventricular microinjections (Arjune et al, 1990;
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Beczkowska et al., 1992; Koch and Bodnar, 1994; Levine et al., 1991). Administration of
opioid antagonists into either the PVN or NAcc significantly reduced all three forms of intake
(Experiment [; Kelley et al., 1996; Koch et al., 1995).

On the basis of autoradiographic, receptor binding and in situ hybridization mRNA
expression studies (German et al., 1993; Mansour et al., 1995, 1987; Tempel and Zukin,
1987), one would expect p-mediated opioid actions given the presence of moderate to dense
levels of opioid receptors in the VTA. Further, pu agonists administered into the VTA increase
dopamine release in the NAcc in a manner more potent than 6 and k opioid agonists (Devine
etal, 1993; DiChiara et al., 1988; Noel and Gratton, 1995; Spanagel et al., 1990). However,
the u antagonists, CTOP and 3-FNA also increase dopamine release in the NAcc (Devine et
al., 1993), indicating that both p agonists and p antagonists are producing similar and
seemingly paradoxical actions. [t should be further noted that increased locomotor activity
is observed following VT A microinjections of both p agonists (see review: Wise and Bozarth,
1987) and u antagonists (Badiani et al., 1985).

The parallel actions of p-selective agonists and antagonists in the VTA upon
mesolimbic dopamine release and locomotor activity may occur as a consequence of complex
interactions between opioid actions on GABAergic afferents to the VTA and GABAergic
interactions within the VT A (Devine et al., 1993). u-selective agonists in the VTA stimulate
intake, but produce more potent effects in deprived animals (Mucha and Iversen, 1986;
Nencini and Stewart, 1990; Noel and Wise, 1993, 1995). However, the p agonist effects in
the VT A may not be selective for ingestion since VT A DAMGQO also increases gnawing and

drinking when these objects were available, and since VTA DAMGQO did not stimulate intake
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of palatable food when it was only accessible by traversing a tunnel to another cage (Badiani
et al., 1995a). The present failure to observe VTA antagonist effects upon intake under
deprivation, glucoprivic and palatable conditions extends the observation that CTOP in the
VTA failed to alter palatable intake during the onset of the dark cycle (Badiani et al., 1995b),
and argues strongly for the proposition that the VTA is not an integral site for u-mediated
actions upon ingestion.

x Opioid Antagonism in the VTA: The inability of x, opioid antagonism to reduce
deprivation-induced intake, 2DG-induced intake and sucrose intake following VTA
microinjections was not surprising given the questionable actions of k agonists upon ingestion
at this site. VTA admunistration of the selective Kk, agonist, U50,488H fails to alter food intake
(Noel and Wise, 1993) and fails to alter dopamine release in the NAcc (Devine et al.. 1993),
yet it enhances feeding elicited by electrical stimulation of the lateral hypothalamus (Jenck et
al.. 1986). While dynorphin stimulates feeding in the VT A (Hamilton and Bozarth. 1988), this
study did not demonstrate that it was mediated specifically by k receptors. Therefore. while
K receptors are present in the VTA (Mansour et al., 1995, 1987, Speciale et al., 1993, Tempel
and Zukin, 1987), they do not appear to be important in mediating ingestive effects.

8 Opioid Antagonism in the VTA: The ability of 8, (NTII), but not 8, (DALCE)
opioid antagonists to reduce either deprivation-induced intake, 2DG-induced intake or
sucrose intake following VTA microinjections was also quite surprising given previous
failures to observe consistent & antagonist effects in ingestion. Neither & (naltrindole,
[C1174864) nor 8, (DALCE) opioid antagonists reduce deprivation-induced intake, 2DG-

induced intake or sucrose intake following ventricular or systemic administration (Arjune et
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al., 1991; Beczkowska et al., 1992; Jackson and Sewell, 1985; Koch and Bodnar, 1994).
Further, naltrindole administered into the NAcc actually enhanced the duration of chow
feeding in deprived rats (Kelley and Bless, 1996). The 8, opioid antagonist, NTII has only
been tested in limited ingestive paradigms, and ventricular administration reduced
spontaneous food intake and deprivation-induced water intake, but failed to reduce maltose
dextrin intake (Cole et al., 1995; Leventhal and Bodnar, 1996).

The present finding that 8,, but not 8, antagonists in the VTA reduced all three
ingestive paradigms suggests a specific 6 subtype action, but several factors need to be
considered. The specificity of DALCE and NTII for respective 8, and 8, opioid actions has
been confirmed largely in analgesic assays (Jiang et al.. 1991; Mattia et al.. 1992, 1991;
Sofuoglu et al., 1991). However, DALCE significantly reduced food intake elicited by the §,
opioid agonist, (D-Ala’,Glu*)-deltorphin (Delt IT), but not the 8, opioid agonist, DPDPE. In
contrast, NTII significantly reduced food intake elicited by either & subtype agonist (Yu et
al.. 1997). That 8, and 9, receptor subtypes are differentially involved in 2DG-induced intake
and sucrose intake is supported by agonist studies. Ventricular administration of Delt [I, but
not DPDPE produces 3-fold leftward shifts in 2DG's hyperphagic dose-response curve (Yu
etal., 1997). Whereas DPDPE stimulates sucrose intake at moderate (2.5%) and high (10%)
concentrations, Delt II stimulates sucrose intake at low (0.5%) and moderate (2.5%)
concentrations (Ruegg et al., 1997). Further, both general 6 (D-ala-met-enkephalin: Cador
et al., 1986) and selective 8, (DPDPE: Noel and Wise, 1995) agonists stimulate food intake
following microinjection in the VTA. The d agonist and antagonist actions in the VTA are

consistent with the presence of moderate densities of & receptors (German et al., 1993,
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Mansour et al., 1995, 1987; Speciale et al., 1993; Temple and Zukin, 1987).

The effects of 8 opioid agonists and antagonists in the VT A upon ingestive behavior
appear to support the contention that & opioid receptors serve a modulatory, rather than
direct role in ingestion (see review: Bodnar, 1996). In this model, & receptors in the VTA
would not be in a hypothesized "final common pathway" for the elicitation and maintenance
of ingestion, but rather would be found in a hypothesized "modulatory” pathway, that, if
stimulated by 0 receptor agonists, would increase the efficacy of the "final common pathway"
and thereby increase intake. The hypothesized pathway that 0 receptors in the VTA would
modulate is the dopaminergic projection from the VTA to the NAcc. In this regard, systemic
administration of naltrexone and selective dopaminergic antagonists interact with each other
to significantly reduce both deprivation-induced intake and 2DG-induced intake (Hobbs et
al., 1994; Schaefer et al., 1994). Further, injections of opiates into the VTA increases
dopamine turnover and release in the NAcc (Devine et al., 1993; Joyce and Iversen, 1979;
Leoneetal., 1991; Noel and Gratton, 1995), and increases the firing rates of single dopamine
neurons (Gysling and Wang, 1983; Yim and Mogenson, 1980). Further studies should
examine whether opioid agonist prophagic actions in the VTA can be altered by receptor
antagonists in the NAcc.

Conclusions: The VTA was chosen for the study of intracerebral opioid antagonist
effects because of'its well-established role in the mediation of the reinforcing and "rewarding”
aspects of drugs, including opioids (see reviews: Self and Stein, 1992; Wise and Bozarth,
1987; Wise and Hoffman, 1992; Wise and Rompre, 1989). Since opioid receptor agonists

appear to act in part through the "rewarding" aspects of feeding (see reviews: Cooper et al.,
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1988, Gosnell and Levine 1996; Levine et al., 1985), the VTA would appear to be an ideal
candidate at which these mechanisms work. However, the present set of studies largely fails
to support this hypothesis that opioid antagonists in the VTA would interfere with the
rewarding aspects of feeding. Although naltrexone in the VTA reduced intake in the three
feeding paradigms, it did so at higher doses than was needed for ventricular effects. Further,
neither p nor K, antagonists, highly effective in blocking intake under both challenging and
rewarding conditions following ventricular administration, were active following VTA
administration. Finally, 8, antagonists produced small, but consistently significant reductions
in each of the three forms of intake. Thus, these data indicate that the VTA plays a relatively
minor role in the elicitation of these forms of food intake, and that , receptors appear
responsible for this limited level of mediation. The results from the first and second
experiments of this dissertation indicate that selective opioid receptor subtype mediation of
feeding under deprivation, glucoprivic and palatable conditions occursin the NAcc rather than
in the VTA. Therefore, the third and fourth experiments in this dissertation focus upon the

pharmacological mechanisms underlying opioid-mediated ingestive effects in the NAcc.
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EXPERIMENT 3. Role of Opioid Receptor Subtype Antagonists in the Nucleus
Accumbens Shell in Mediating Feeding Elicited by Opioid Receptor Subtype Agonists
in the Nucleus Accumbens Shell.

Specific Methods, Experiment 3:

n_Agonist Intake Protocol: In all experiments, each rat received bilateral

microinjection conditions in counterbalanced order at weekly intervals. Subgroups of rats
receiving different antagonist conditions were matched on the basis of the particular intake
conditions following vehicle treatment. All drugs were dissolved in a 0.9% normal saline
solution except for DALCE (0.2 M HCl in distilled water with the pH raised to 7.5 to 8.0 by
adding 0.2 M NaOH) and NAZ (distilled water and 0.2% glacial acetic acid). In assessing
opioid receptor subtype antagonism upon p-opiotd agonist-induced feeding, subgroups of rats
received the following bilateral microinjection conditions: a) vehicle (n=22), b) DAMGO

(n=22, Peninsula Laboratories, Belmont, CA, 2.5 pg: 1.25 ugeachside), B-FNA (Research
Biochemicals Intl.. Natick, MA) at doses of either ¢) 0.1 (n=7), d) | (n=10) ore) 4 (n=9)
ug paired with DAMGQO, f) NAZ (synthesized by Dr. G.W. Pasternak) at a4 pg dose paired

with DAMGO (n=9), DALCE (synthesized by Dr. W.D. Bowen) at doses of either g) 1 (n=7)

or h) 4 (n=10) pg paired with DAMGO, NTII (Research Biochemicals Intl.) at doses of
either i) 1 (n=7) or j) 4 (n=8) nug paired with DAMGO, and Nor-BNI (Research
Biochemicals Intl.) at doses of either k) 1 (n=12) orl) 4 (n=8) ug paired with DAMGO.

6, Agonist Intake Protocol: In assessing opioid receptor subtype antagonism upon

d,-opioid agonist-induced feeding, subgroups of rats received the following bilateral
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microinjection conditions: a) vehicle (n=16), b) DPDPE (n=16, Peninsula Laboratories, 5 pg:
2.5 ug each side), B-FNA at doses of either ¢) | (n=8) or d) 4 (n=7) ug paired with
DPDPE, e) NAZ at a4 pg dose paired with DPDPE (n=7), DALCE at doses of either f) |
(n=7) or g) 4 (n=8) ug paired with DPDPE, NTII at doses of either h) | (n=7) or i) 4
(n=7) ug paired with DPDPE, and Nor-BNI at doses of either j) | (n=9) or k) 4 (n=7) ug
paired with DPDPE.

0, Agonist Intake Protocol: In assessing opioid receptor subtype antagonism upon
d,-opioid agonist-induced feeding, subgroups of rats received the following bilateral
microinjection conditions: a) vehicle (n=17), b) Deltorphin (n=17, Peninsula Laboratories, 5
ug: 2.5 ug each side), B-FNA at doses of either ¢) 1 (n=7) or d) 4 (n=7) ug paired with
Deltorphin, NTII at doses of either e) 1 (n=9), f) 4 (n=7) or g) 8 (n=8) pg paired with

Deltorphin, and h) Nor-BNI at a 4 ug dose paired with Deltorphin (n=8). It should be noted
that neither NAZ nor DALCE was available for the last part of this protocol, and therefore
these antagonists were not tested against Deltorphin-induced feeding. Antagonist treatments,
reflecting peak dose and time intervals, preceded agonist treatments by | h for Nor-BNI, and
by 24 h for B-FNA, NAZ, DALCE and NTIIL. On the test day at 3-5 h into the light cycle,
food was removed from the cages and antagonist-treated animals received the particular
opioid agonist. All microinjections were administered bilaterally in 1 pl volumes over 30 s
through a stainless steel internal cannula (33-gauge, Plastics One) connected to a Hamilton
microsyringe by polyethylene tubing. This relatively high injection volume was necessary

because of limited solubility of some of the antagonists. Cumulative intakes were assessed at
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1, 2 and 4 h after the last injection by measuring preweighed food which was adjusted for

spillage collected by paper towels placed under the wire mesh cages.
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Results: Experiment 3:

Histological Verification: Figure 9 is a schematic of representative bilateral guide
cannulae placements into the NAcc shell. Cannulae placements were all localized to the NAcc
shell as far rostral as Figure 9, and as far caudal as Figure 14 of the Paxinos and Watson atlas
(Paxinos and Watson, 1986). The blackened area represents the multiple locations of cannula
tips in the NAcc shell.

NAcc Opioid Receptor Subtype Antagonists and NAcc DAMGO-induced
Feeding: Significant differences in spontaneous food intake were observed among injection
conditions after 1 (F(11,231)=23.12. p<0.0001), 2 (F=21.30, p<0.0001) and 4 (F= 19.82.
p<0.0001) h. DAMGO significantly increased food intake relative to control treatment after
1. 2 and 4 h (Figures 10 and 11). Pretreatment in the NAcc with the selective u opioid
receptor subtype antagonist, B-FNA, dose-dependently reduced DAMGO-induced feeding
across the 4h time course (Figure 10A). Whereas rats pretreated with the 0.1 pg dose of 8-
FNA displayed normal DAMGO-induced feeding in the NAcc, rats pretreated with either |
or 4 ug doses of B-FNA failed to display significant feeding responses to DAMGO in the
NAcc over the 4h time course.

In contrast, pretreatment with the selective p, opioid receptor subtype antagonist,
NAZ in the NAcc failed to alter NAcc DAMGO-induced feeding at any time point (Figure
10B). Similarly, pretreatment with the selective 3, opioid receptor subtype antagonist.
DALCE, in the NAcc failed to alter NAcc DAMGO-induced feeding at any time point (Figure
11A). NAcc DAMGO- induced feeding was dose-dependently reduced by pretreatment with

the selective 8, opioid receptor antagonist, NTII in the NAcc with the 4, but not the 1 pg
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antagonist dose, thereby preventing the expression of NAcc DAMGO- induced feeding after
2 and 4 h (Figure 11B). Similarly, pretreatment of the selective k, opioid receptor subtype
antagonist, Nor-BNI, in the NAcc significantly reduced NAcc DAMGO- induced feeding
following the 4 but not the | ug dose across the 4 h time course (Figure 1 1C). Therefore, it
appears that the p, 0, and k, opioid receptors antagonists, but not u, or 8, opioid receptor
antagonists administered into the NAcc block feeding induced by the p opioid agonist,
DAMGO in the NAcc.

NAcc Opioid Receptor Subtype Antagonists and NAcc DPDPE-induced
Feeding: Significant differences in spontaneous food intake were observed among injection
conditions after 1 (F(10,150)= 12.15, p<0.0001), 2 (F=9.69, p<0.0001) and 4 (F= 10.89,
p<0.0001) h. DPDPE significantly increased food intake relative to control treatment after
l. 2 and 4 h (Figures 12 and 13). Pretreatment in the NAcc with the selective u opioid
receptor subtype antagonist, B-FNA, significantly reduced DPDPE-induced feeding following
both antagonist doses over the 4 h time course (Figure [2A). In contrast, pretreatment with
the selective u, opioid receptor subtype antagonist, NAZ in the NAcc failed to alter NAcc
DPDPE-induced feeding at any time point {(Figure 12B). Pretreatment with the selective 0,
opioid receptor subtype antagonist, DALCE, in the NAcc prevented NAcc DPDPE-induced
feeding after 4 h following the | ug antagonist dose, and after 2 and 4 h following the 4 ug
antagonist dose (Figure 13A). Pretreatment with the selective 3, opioid receptor antagonist,
NTII in the NAcc unexpectedly prevented NAcc DPDPE-induced feeding across the time
course following the 1. but not the 4 ug antagonist dose (Figure 13B). Pretreatment with the

selective x, opioid receptor antagonist, Nor-BNI in the NAcc prevented DPDPE-induced
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feeding across the time course following the 4, but not the 1 pg antagonist dose (Figure 13C).
Thus it appears that p, 8,, 8, and x,, but not p, opioid receptor antagonists injected into the
NAcc block feeding induced by the &, opioid agonist, DPDPE in the NAcc.

NAcc Opioid Receptor Subtype Antagonists and Deltorphin-induced Feeding:
Significant differences in spontaneous food intake were observed among injection conditions
after | (F(7.119)= 18.74, p<0.0001), 2 (F= 16.39, p<0.0001) and 4 (F= 10.84, p<0.0001) h.
Deltorphin significantly increased food intake relative to control treatment after |, 2 and 4 h
(Figure 14). Pretreatment with the selective 0, opioid receptor subtype antagonist, NTII, in
the NAcc failed to alter NAcc Deltorphin-induced feeding at any tiine point and at any of the
antagonist doses ranging from 1 to 8 ug (Figure 14A). Pretreatment with the selective p
opioid receptor subtype antagonist, B-FNA, in the NAcc, failed to alter NAcc Deltorphin-
induced feeding except for a transient (1 h) though significant increase in intake following the
4 ng antagonist dose (Figure 14B). Indeed, pretreatment with the selective k, opioid receptor
subtype antagonist, Nor-BNI. in the NAcc, significantly increased NAcc Deltorphin-induced
feeding across the entire 4 h time scale (Figure 14C). Thus, it appears that none of the
selective opioid receptor subtype antagonists tested decreased Deltorphin-induced feeding in

the NAcc, and that u and x, opioid antagonist pretreatment augmented this ingestive

response.
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Figure 9. Schematic depiction of directions of bilateral guide cannulae placements
positicned towards the shell region of the NAcc (AcbSh). The majority of the tips of the
confirmed cannula piacements were found in the shaded area. All placements were found
medial to the core region of the NAcc (AcbC) and lateral to the ventral diagonal band (VNB)
area. aca: anterior commissure. This schematic was based upon the Paxinos and Watson Brain

Atlas (42).
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Figure 10. Alterations in spontaneous food intake (g, + SEM) following a 2.5 ug
dose of the p-selective opioid agonist, DAMGO (DAM) bilaterally in the NAcc shell relative
to Control treatment. The upper and lower panels depict effects upon DAMGO-induced
feeding following pretreatment (24 h) with different doses (ug) of either the selective p-
opioid antagonist, (-funaltrexamine (B-FNA) or the selective y,-opioid antagonist,
naloxonazine (NAZ) respectively. The asterisks (*) in this and subsequent figures indicate
significant increases in food intake following opioid agonist treatment relative to Control
treatment (Tukey comparisons, p<0.05). The crosses (+) in this and subsequent figures

indicate significant alterations in food intake following opioid antagonist pretreatment relative

to opioid agonist treatment alone (Tukey comparisons, p<0.05).
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Figure 11. Alterations in spontaneous food intake (g, + SEM) following a 2.5 pg
dose of the p-selective opioid agonist, DAMGO (DAM) bilaterally in the NAcc shell relative
to Control treatment. The upper and middle panels depict effects upon DAMGO-induced
feeding following pretreatment (24 h) with different doses (ug) of either the selective §,-
opioid antagonist, DALCE or the selective d,-opioid antagonist, naltrindole isothiocyanate
(NTII)respectively. Thelower panel depicts effects upon DAMGO-induced feeding following
pretreatment (1 h) with different doses (ug) of the selective k,-opioid antagonist, nor-

binaltorphamine (Nor-BNI).
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Figure 12. Alterations in spontaneous food intake (g, + SEM) following a 5 ug dose
of the 3,-selective opioid agonist, DPDPE (DPD) bilaterally in the NAcc shell relative to
Control treatment. The upper and lower panels depict effects upon DPDPE-induced feeding
following pretreatment (24 h) with different doses (ug) of either the selective p-opioid
antagonist, B-funaltrexamine (3-FNA) or the selective u,-opioid antagonist, naloxonazine

(NAZ) respectively.
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Figure 13. Alterations in spontaneous food intake (g, = SEM) following a 5 ug dose
of the &,-selective opioid agonist, DPDPE (DPD) bilaterally in the NAcc shell relative to
Control treatment. The upper and middle panels depict effects upon DPDPE-induced feeding
following pretreatment (24 h) with different doses (pg) of either the selective §,-opioid
antagonist. DALCE or the selective 8,-opioid antagonist, naltrindole isothiocyanate (NTII)
respectively. The lower panel depicts effects upon DPDPE-induced feeding following
pretreatment (1 h) with different doses (pg) of the selective x,-opioid antagonist, nor-

binaltorphamine (Nor-BNI).
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Figure 14. Alterations in spontaneous food intake (g, + SEM) following a 5 ug dose
of the 0,-selective opioid agonist, Deltorphin (Delt) bilaterally in the NAcc shell relative to
Control treatment. The upper and middle panels depict effects upon Delt-induced feeding
following pretreatment (24 h) with different doses (ug) of either the selective d,-opioid
antagonist, NTII or the selective p-opioid antagonist, B-FNA respectively. The lower panel
depicts effects upon DAMGO-induced feeding following pretreatment (1 h) with different

doses (ug) of the selective k,-opioid antagonist, nor-binaltorphamine (Nor-BNI).
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Discussion: Experiment 3:

Similar magnitudes and time courses of feeding responses were elicited from the NAcc
following microinjections of either the p-selective opioid agonist, DAMGO, the d,-selective
opioid agonist. DPDPE. or the 3.-selective opioid agonist, Deltorphin In contrast to
intracerebral and supraspinal analgesic studies in which antagonist-specific effects produced
selective blockade of analgesic responses following either DAMGO, DPDPE or Deltorphin
(Jiang et al., 1990a, 1990b, 1991; Mattia et al., 1992, 1991; Rossi et al., 1991; Sofuoglu et
al., 1991), selective antagonists for different opioid receptor subtypes exerted effects upon
multiple opioid agonist-induced feeding responses within the NAcc.

First, the fact that DAMGQO, like morphine, elicited feeding following microinjection
into the NAcc (Bakshi and Kelley, 1993a ., 1993b, 1994; Evans and Vaccarino. 1990; Majeed
etal., 1986; Mucha and Iversen, 1986; Zhang et al., 1998; Zhang and Kelley, 1997) suggested
that the p opioid receptor was implicated in the mediation of opioid-induced feeding within
the NAcc. This hypothesis was supported by the observation that f-FNA. a u-selective opioid
receptor antagonist that alkylates this receptor (Portoghese et al., 1980) significantly and
dose-dependently reduced DAMGO-induced feeding in the NAcc. The p opioid receptor has
been subdivided into high-affinity u, and lower-affinity p, opioid binding sites (see review:
Pasternak and Wood, 1986) which can be pharmacologically differentiated using the selective
u, opioid antagonist, naloxonazine (Hahn et al., 1982). The respective ability of B-FNA (i,
+ p,) and the inability of naloxonazine (y,) to alter DAMGO-induced feeding in the NAcc
strongly suggest that the y, opioid receptor subtype mediates DAMGO-induced feeding in

the NAcc, a pattern that was also observed for selective u antagonist effects in the NAcc for
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feeding under deprivation, glucoprivic and palatable conditions (Experiment 1; Kelley et al.,
1996).

Differentiations between p,-mediated and p,-mediated effects upon other forms of
opioid-induced feeding following ventricular administration of opioid antagonists have been
described as well (e.g., see review: Bodnar, 1996). Although DAMGO-induced feeding in the
NAcc was largely unaffected by NAcc pretreatment with the selective ,-opioid antagonist,
DALCE (Bowen et al., 1987), this response was significantly reduced by the higher, but not
lower dose of the selective 0,-opioid antagonist, NTII (Portoghese et al., 1990) in the NAcc.
Further, NAcc pretreatment with the higher, but not lower dose of the k, opioid antagonist,
Nor-BNI (Portoghese et al., 1987) significantly reduced DAMGO-induced feeding in the
NAcc as well. This latter effect is quite similar to the abilities of ventricular administration of
the same p and k, opioid antagonists to reduce feeding induced by ventricular administration
of DAMGQO (Levine et al., 1990, 1991).

Three explanations can account for these results: a) DAMGO is not a selective p
opioid agonist in feeding studies; b) the antagonists are not entirely selective for their
respective opioid receptor subtypes; and/or c) feeding elicited by n opioid agonists in the
NAcc is mediated through multiple opioid receptors. The first of these explanations is quite
unlikely given the convergence of evidence using antisense oligodeoxynucleotide (AS ODN)
probes directed against either the MOR-1, KOR-1 or DOR-1 opioid receptor clones (see
reviews: Pasternak and Standifer, 1995; Rossi and Pasternak, 1997; Uhl et al, 1994).
DAMGO-induced feeding is selectively reduced following ventricular pretreatment with AS

ODN probes directed against either exons 1 or 4 of the MOR-1 clone, but unaffected by
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probes directed against either exons 2 or 3 of the MOR-1 clone or a missense probe
(Leventhal et al., 1997). These AS ODN effects upon DAMGO-induced feeding were
comparable in magnitude to those reductions observed following 3-FNA administration
(Leventhal et al., 1997).

In contrast, AS ODN probes directed against the MOR-1 clone that significantly
reduced DAMGO-induced feeding failed to affect feeding induced by ventricular
administration of either the 8, opioid agonist, Deltorphin or the k, opioid agonist, U50,488H
(Leventhal et al., 1998). Although Nor-BNI was initially proposed as a selective and
reversible k, opioid antagonist (Portoghese et al., 1987), both characteristics have been called
into question such that the antagonist has shown some longer-acting behavioral and
biochemical effects (Horan et al., 1992; Jones and Holtzman, 1992;, Paronis et al., 1993).
Further, chronic, but not acute administration of Nor-BNI appears to act at multiple opioid
receptor subtypes rather than selectively at the K, site (Spanagel et al.. 1994). In contrast, the
selectivity of NTII as a 8, opioid antagonist (Portoghese et al., 1990) has not been open to
as many questions. The lack of further opioid subtype receptor antagonists, particularly for
the k, receptor, precludes further and definitive rectification of this issue. Even if the third
hypothesis indicating that DAMGO-induced feeding in the NAcc is mediated through multiple
opioid receptors in this structure is true, the potency and magnitude of these effects strongly

suggest that the pu receptor, and particularly its low-affinity p, opioid binding site play more
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critical roles in this response than either the , or k, opioid receptor subtypes.

Both DPDPE (8,) and Deltorphin (8,) opioid agonists in the NAcc produced
comparable magnitudes and durations of feeding, confirming previous suggestions that the
d receptor is involved in agonist-induced feeding in this structure (Bakshi and Kelley, 1993;
Zhang and Kelley, 1997). Feeding elicited by DPDPE in the NAcc was reduced by NAcc
pretreatment with either p, 6,, 8, or k, opioid receptor subtype antagonists, but not by y,
opioid antagonism. Indeed, it appeared that p receptor antagonism with 3-FNA produced
more pronounced effects upon DPDPE-induced feeding than either DALCE, NTII or Nor-
BNI. Therefore, unlike ventricular analgesic studies in which DPDPE-induced analgesia is
selectively reduced by pretreatment with DALCE, but not NTII (Jiang et al., 1990, 1991:
Sofuoglu et al., 1991), it appears that multiple 8 receptor subtypes mediate the ingestive
response elicited by DPDPE within the NAcc. Indeed, ventricular administration of DPDPE
elicits feeding which was significantly reduced by the general opioid antagonist, naltrexone
and the 3, opioid antagonist, NTII, but not by the dose range (20-40 pg) of the 8, opioid
antagonist, DALCE employed in this study (Yu et al., 1997). In the present study, doses of
1-4 ug of DALCE prevented the full expression of DPDPE-induced feeding in the NAcc; both
solubility and availability issues precluded us from testing higher doses of this antagonist in
the NAcc.

The putative J, opioid receptor subtype agonist, Deltorphin displayed an entirely
different pattern of sensitivity to multiple opioid receptor subtype antagonists. Deltorphin-
induced feeding was unaffected by NAcc pretreatment of the 8, opioid antagonist, NTIL, even

at doses as high as 8 g, the limit of solubility. The inability of NTII to affect Deltorphin-
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induced feeding in the NAcc could not be attributed to any perturbation in antagonist efficacy
since NAcc NTII pretreatment concomitantly reduced feeding elicited by either DAMGO or
DPDPE in the NAcc. Previous work (Yu et al, 1997) indicated that ventricular
administration of Deltorphin produced feeding that was sensitive to both 6, and o,
antagonism; unanticipated unavailability of the antagonist, DALCE precluded testing upon
Deltorphin-induced feeding within the NAcc. Further support for the ability of 6 receptor
antagonists to reduce Deltorphin-induced feeding following ventricular administration (Yu
et al., 1997) has been provided by the ability of AS ODN probes directed against the DOR-1
clone to significantly reduce Deltorphin-induced feeding (Leventhal et al., 1998). Indeed, it
has been proposed in analgesic AS ODN studies that the DOR-1 clone possesses more
similarities with the pharmacologically-described 8, opioid receptor subtype (Rossi et al.,
1997). Therefore, it appears that the inability of NTII to alter Deltorphin-induced feeding in
the NAcc as expected is probably due to the ineffectiveness of delivering high enough
antagonist doses into the structure rather than to the failure of Deltorphin to act at a 9,
receptor in this site and paradigm. In marked contrast to the respective abilities of B-FNA and
Nor-BNI to reduce feeding elicited by either DAMGO or DPDPE in the NAcc, pretreatment
with each of these antagonists significantly and dose-dependently enhanced Deltorphin-
induced feeding in the Nacc. While this may be explained by minuscule, non-significant,
differences between the squads of rats used for the DAMGO study and the rats used for the
deltorphin study (data not shown), the same cannot be used as an explanation for the
differences between the data obtained from the DPDPE and the deltorphin studies. Further,

while deltorphin may be biochemically different from the other opioid peptides, and while this
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may be a possible explanation for the differences seen in these studies, the biochemical
differences may not be a valid explanation since these types of contradictory data are not
obtained in analgesia studies. One possible area of differences between the peptides, at the
receptor level. has been noted but it is not known how this may affect behavior (Befort et al ,
1996). It may also be possible that there were technical differences, but it is unlikely that this
would have been selective only for the deltorphin test animals. The most likely explanation
is pharmacological differences, either. Thus, while DPDPE and DAMGO share some common
opioid receptor substrates in mediating their ingestive responses in the NAcc, the feeding
response induced by Deltorphin appears to activate different pathways in the NAcc that are
modulated differentially by opioid receptor subtypes.

As indicated previously, p, 8 and k receptors have been localized in the NAcc using
receptor autoradiographic and mRNA gene expression techniques (Herkenham et al.. 1984
Lewis et al., 1985; Mansour et al., 1995, 1987). While these techniques verify the presence
of these receptors within the nucleus, they cannot specify the synaptic arrangement of these
receptors relative to each other and to other transmitter and modulator systems within the
nucleus. Ultrastructural studies have suggested that dynorphin activation of x opioid
receptors, Met’-enkephalin activation of 8 opioid receptors, and Leu’-enkephalin activation
of p opioid receptors in the NAcc may act on spiny neurons modulating responses to
excitatory and inhibitory amino acids (Svingos et al., 1998, 1999; 1996). Further, co-
localization in the shell region of the NAcc have been observed for both p and NMDA
receptors (Gracy et al., 1997) as well as for u opioid receptors and GABA-containing neurons

(Svingos et al., 1997). It is also known that proenkephalin and prodynorphin mRNA are co-
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localized with dopamine and substance P neurons (Van Bockstaele et al., 1995; 1994) and
with D,, but not D, dopamine receptors (Curran and Watson, 1995). Further, the DOR-1
opioid receptor clone appears to be on axon terminals apposed to terminals immunoreactive
to the dopamine transporter (Svingos et al., 1999). Moreover, agonists at p and d, receptors
stimulate dopamine release in the NAcc (Longoni et al., 1991; Pentney and Gratton, 1991;
Yoshida et al., 1999). Taken together, regulation of the NAcc by these multiple transmitter
systems, and particularly dopamine, appear to play an integral role in the elucidation of
ingestive and other (e.g., see reviews: [kemoto and Panksepp, 1999; Salamone, 1994)
motivated behaviors, and ingestion mediated by p and & opioid receptor agonists appear to
employ multiple opioid receptors within the NAcc in the differential expression of this
ingestive response. The fourth experiment of this dissertaion evaluated the role of dopamine
receptor subtypes in the mediation of opioid receptor subtype agonist-induced feeding in the

NAcc.
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EXPERIMENT 4. Role of Dopamine Receptor Subtype Antagonists in the Nucleus

Accumbens Shell in Mediating Feeding Elicited by Opioid Receptor Subtype Agonists

in the Nucleus Accumbens Shell.

Specific Methods, Experiment 4:

p Agonist Intake Protocol: In all experiments, each rat received bilateral

microinjection conditions in counterbalanced order at weekly intervals. Subgroups of rats
receiving different antagonist conditions were matched on the basis of the particular intake
conditions following vehicle treatment. All drugs were dissolved in a 0.9% normal saline
solution. In assessing dopamine receptor antagonism upon p-opioid agonist-induced feeding,
subgroups of rats received the following bilateral microinjection conditions: a) vehicle (n=13),

b) DAMGQO, (Peninsula Laboratories, Belmont, CA. 2.5 pg: 1.25 ugeach side), SCH23390
(Sigma Chemical Company, St. Louis. MO) at total doses of eitherc) 5 (n=6), d) 10 (n=6),
e) 16.5 (n=6), or f) 33 (n=7) pg paired with DAMGQO, and raclopride (Sigma Chemical
Company) at total doses of either g) 6 (n=6), h) 10 (n=6), 1) 25 (n=6), orj) 50 (n=6) ug

paired with DAMGO. At 3-5h into the light cycle, food was removed from the cages, and
animals received the dopamine receptor subtype antagonist followed 20 min thereafter with
the opioid agonist. All microinjections were administered bilaterally in 1 pl volumes over 30
sec through a stainless internal cannula (33-gauge, Plastics One) connected to a Hamilton
microsyringe by polyethylene tubing. This relatively high injection volume was necessary
because of limited solubility problems of some of the pharmacological agents. Cumulative

intake was assessed at 1, 2 and 4 h after the last injection by measuring preweighed food
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which was adjusted for spillage collected by paper towels placed under the wire mesh cages.
3, Agonist Intake Protocol: In assessing dopamine receptor antagonism upon 8,-
opioid agonist-induced feeding, subgroups of rats received the following bilateral

microinjection conditions: a) vehicle (n=16), b) Deltorphin, (Peninsula Laboratories, 5 pg:
2.5 pg each side), SCH23390 at total doses of either ¢) 5 (n=10), d) 10 (n=10), e) 16.5
(n=6), or f) 33 (n=7) pg paired with deltorphin, and raclopride at total doses of either g) 6
(n=5), h) 10 (n=8), i) 25 (n=11), or j) 50 (n=11) pg paired with deltorphin. These

SCH23390 and raclopride doses were equimolar with respect to each other.
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Results: Experiment 4:

Histological Verification: Bilateral cannulae placements were all localized to the
shell region of the NAcc which were medial to the core region and lateral to the ventral
diagonal band area. The shell region placements extended in the rostral-caudal dimension
from Figures 9 through 14 of the stereotaxic atlas of Paxinos and Watson (Paxinos and
Watson, 1986).

NAcc DA Antagonists and NAcc DAMGO-induced Feeding: In examining D,
receptor antagonist actions, significant differences in spontaneous food intake were observed
among injection conditions after 1 (F(5,60)= 19.58, p<0.0001), 2 (F= 23.28, p<0.0001) and
4 (F= 10.63. p<0.0001) h. DAMGQO significantly increased food intake relative to control
treatment across the time course (Figure 15). Pre-treatment with the selective D, antagonist
SCH 23390 dose-dependently and significantly reduced NAcc DAMGO-induced feeding
(Figure 15A). Whereas the two lower (5 and 10 ug) doses of SCH 23390 were without
effect, NAcc DAMGO-induced feeding was significantly reduced after 1 and 2 h by a 16.5
ng dose and after 2 h by the 33 pg dose. Both of these effective doses also prevented the
significant expression of DAMGO-induced feeding. In examining D, receptor antagonist
actions, significant differences in spontaneous food intake were observed among injection
conditions after 1 (F(5,60)= 8.82,p<0.0001), 2 (F=10.63, p<0.0001) and 4 (F= 16.99,
p<0.0001) h. Pretreatment with the selective D, antagonist, raclopride, produced less
consistent effects upon NAcc DAMGO-induced feeding (Figure 15B) despite the use of doses
equimolar to those of SCH23390. Thus, a 25 pg dose of raclopride prevented DAMGO-

induced feeding after 1 h, and significantly reduced this ingestive response after 2 and 4 h. A
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higher (50 pg) raclopride dose prevented DAMGO-induced feeding only after 1 h, while the

lowest (6 pg) raclopride dose prevented DAMGO-induced feeding only after 4 h.

NAcc DA Antagonists and NAcc Deltorphin-induced Feeding: In examining D,
receptor antagonist actions, significant differences in spontaneous food intake were observed
among injection conditions after 1 (F(5,75)= 18.26, p<0.0001), 2 (F= 19.38, p<0.0001) and
4 (F=20.52, p<0.0001) h. Deltorphin significantly increased food intake relative to control
treatment across the time course (Figure 16). In contrast to its more consistent dose-response
actions upon DAMGO-induced feeding in the NAcc, pretreatment with SCH23390 at doses
of 5 and 16.5 pg significantly reduced deltorphin-induced feeding after 1 and 2 h, and
prevented this ingestive response after 4h (Figure 16A). In contrast, the other SCH23390
doses of 10 and 33 pg failed to alter deltorphin-induced feeding across the time course. In
examining D, receptor antagonist actions, significant differences in spontaneous food intake
were observed among injection conditions after 1 (F(5,75)= 23.58, p<0.0001), 2 (F=19.71,
p<0.0001) and 4 (F= 21.76, p<0.0001) h. Pretreatment with raclopride had very limited
actions upon deltorphin-induced feeding (Figure 16B) with this ingestive response prevented

by the lowest (6 pg) antagonist dose only after 1 h, and by the highest (50 pg) antagonist dose

only after 4h.
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Figure 15. Alterations in spontaneous food intake (g, +SEM) following a 2.5 ug dose
of the p-selective opioid agonist, DAMGO (DAM) bilaterally in the shell region of the NAcc
relative to Control treatment. The upper and lower panels depict effects upon DAMGO-
induced feeding following pretreatment (20 min) with different doses (ug) of either a D,-
selective (SCH23390) or D,-selective (raclopride) antagonist respectively. The asterisks (*)
in this and the subsequent figure indicate significant increases in food intake following opioid
agonist treatment relative to Control treatment (Tukey comparisons, p<0.05). The crosses
(+) in this and the subsequent figure indicate significant decreases in food intake following
dopaminergic antagonist pretreatment relative to opioid agonist treatment alone (Tukey

comparisons, p<0.05).
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Figure 16. Alterations in spontaneous food intake (g, +SEM) following a 5 pg dose
of the 0,-selective opioid agonist, Deltorphin (DELT) bilaterally in the shell region of the
NAcc relative to Control treatment. The upper and lower panels depict effects upon
Deltorphin-induced feeding following pretreatment (20 min) with different doses (ug) of

either a D,-selective (SCH23390) or D,-selective (raclopride) antagonist respectively.
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Discussion: Experiment 4:

The role of dopamine receptors in mediating opioid-induced feeding within the shell
region of the NAcc was both dependent upon the dopamine receptor subtype that was
blocked (D, vs. D.) as well as the opioid receptor subtype that was being stimulated (p vs.
3,). Hence, NAcc DAMGO-induced feeding was significantly reduced by NAcc pretreatment
with the D, antagonist, SCH23390 across a 4 h time course, indicating that feeding induced
by u-selective opioid agonists in the NAcc is partially dependent upon the full integrity of D,
receptors in the NAcc. In contrast, equimolar doses of the D, antagonist, raclopride in the
NAcc produced far less consistent effects upon DAMGO-induced feeding in the NAcc,
suggesting that dopaminergic mediation of feeding elicited by selective u agonists is selective
to D,, but not D, receptors. [t should be noted that in behavioral activity studies. D, agonists
produce more potent locomotor effects than D, agonists in the NAcc (Breese et al., 1987:
Dreher et al., 1989; Gong et al., 1999; Phillips et al., 1995; Swanson et al.. 1997). Moreover.
the magnitude and potency of these effects appear less than the ability of both D, and D,
antagonists administered into the NAcc to produce equipotent reductions at lower effective
doses in the analgesic responses elicited by either morphine or substance P administered into
the VT A (Altier and Stewart, 1998). Although the present study showed that the 0,-selective
opioid agonist, deltorphin produced very comparable patterns and magnitudes of feeding
responses in the NAcc to that of p-selective agonist actions, the profiles of D, and D,
antagoriist pretreatment effects were markedly different from that observed with p-selective
opioid agonists. Therefore, pretreatment with either the D, antagonist, SCH23390 or the D,

antagonist, raclopride in the NAcc produced mild and inconsistent effects upon deltorphin-
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induced feeding in the NAcc across the time course, suggesting minimal participation of
dopamine receptor systems in mediating feeding induced by 8, opioid agonists in the NAcc.
The differential effects of dopamine receptor subtype antagonism upon feeding induced by
u and 0, agonists in the NAcc complement differences observed in the opioid mediation of
these respective responses in this nucleus. Thus, DAMGO-induced feeding in the NAcc was
significantly reduced by NAcc pretreatment with . 8, and x, but not y, or 8, opioid receptor
subtype antagonists. In contrast, deltorphin-induced feeding in the NAcc was largely
unaffected by NAcc 0, antagonist pretreatment, and was actually enhanced by NAcc
pretreatment with p or k, antagonists (Experiment 3).

Evidence exists linking potential mechanisms of action for dopaminergic mediation
of opioid-induced feeding in the NAcc. Dopamine stimulates feeding behavior within the shell,
but not the core region of the NAcc (Swanson et al., 1997). Anatomical interactions between
opioid and dopaminergic systems have been observed within the NAcc (Van Bockstaele et
al., 1994). The ability of D, and D, antagonists in the NAcc to reduce analgesia elicited by
morphine in the VTA (Altier and Stewart, 1998) correlates with the inhibitory actions on
NAcc neurons by VTA morphine reversed by dopamine antagonists in the NAcc (Hakan and
Henriksen, 1989). In neurochemical studies, the p opioid receptor agonists, fentanyl and
DAMGQO in the NAcc stimulate dopamine release which is blocked by general, 1 and 8 opioid
receptor antagonist pretreatment (Yoshida et al., 1999). These data are complementary to the
present findings that D,, and to a far lesser extent D,, receptor antagonists reduce DAMGO-
induced feeding in the NAcc. However, dopamine release has also been observed following

infusions of 8, (DPDPE) and 9, (deltorphin) agonists in the NAcc (Yoshida et al., 1999). Yet,
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deltorphin-induced feeding in the NAcc appears quite impervious to either D, or D,
antagonism, suggesting that such release is not a necessary and sufficient condition to elicit
this agonist-induced feeding response. It should also be noted that dopamine release in the
NAcc is also increased by systemic and ventral tegmental injections of opioids (e.g., DiChiara
and Imperato, 1988; Kalivas and Richardson-Carlson, 1986; Latimer et al;., 1987; Spanagel
et al., 1990), effects which appear necessary for the rewarding, locomotor and analgesic
effects of opioids in this system (Altier and Stewart, 1998; Churchill and Kalivas, 1992;
Cunningham and Kelley, 1997, 1992; Harris and Aston-Jones, 1994; Kalivas et al., 1983;
Kiyatkin et al., 1993).

Both D, and D, receptors are localized on dendrites and presynaptic terminals in the
shell and core regions of the NAcc (Koshikawa et al., 1996; Shetreat et al., 1996). There is
only limited anatomical and cytoarchitectural information concerning dopamine-opioid
interactions in the NAcc. Proenkephalin and prodynorphin mRNA are co-localized with D,
but not D, receptors (Curran and Watson, 1995), suggesting a possible mechanism of action
for the greater ability of D, relative to D, receptor antagonists to reduce DAMGO-induced
feeding in the NAcc. This suggestion must however be tempered by further evidence.
Although D, and D, receptors appear to be segregated in the neighboring dorsal neostriatum,
there is a substantial sub-population (20-25%) of medium spiny neurons that co-express these
receptors as well as enkephalins and substance P (Surmeier et al., 1996). However, these
levels of co-expression are not consistent with the present behavioral findings in that the more
effective D, receptor displays expression with substance P, while the less effective D, receptor

displays expression with enkephalin (LeMoine and Bloch, 1996; Lu et al., 1998; Schwartz et
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al., 1998). Finally, antisera raised against both the 5-opioid receptor (DOR) and the dopamine
transporter (DAT) indicate that DOR appears on axon terminals apposed to DAT-
immunoreactive terminals (Svingos et al., 1999). Although pre-synaptic and/or post-synaptic
effects have been proposed for D, and D, receptors, the technique of intracerebral
administration of these selective dopamine receptor subtype antagonists in the NAcc does not
allow us to definitively indicate_the pre-synaptic or post-synaptic location of the receptors
selectively blocked by these antagonists.

A simple explanation does not appear to be forthcoming for the differential actions
of dopamine receptor subtype antagonists (D, vs. D,) upon feeding induced by u and 9,
opioid agonists in the NAcc in which DAMGO-induced feeding is reduced by D,, but not D,
antagonism, while Deltorphin-induced feeding appears to act independently of dopamine
receptor manipulations. Part of this has to do with the difficulty in elucidating the precise
mechanisms by which dopamine modulates neural function within the NAcc (see review:
Nicola et al., 2000). Nevertheless, emerging evidence strongly suggests that feeding elicited
by the p-selective opioid agonist, DAMGO and the 0, opioid agonist, Deltorphin, employ
separable mechanisms of action within the NAcc which may have implications for other
opioid-mediated responses subserved by this nucleus, including locomotor activity, reward

and drug self-administration.
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GENERAL DISCUSSION

Based upon ventricular actions of these antagonists (see review: Bodnar, 1996), and
based upon the predominant role for p receptor agonists in stimulating feeding in the NAcc
(Bakshi and Kelley, 1993a, 1994), it was predicted that naltrexone, naloxonazine and B-FNA
microinjected into the NAcc would each reduce deprivation-induced feeding. Our data,
however, indicated that naloxonazine potentiated deprivation-induced feeding, while the other
antagonists had the expected effect of reducing deprivation-induced feeding. Thus,
deprivation-induced feeding is mediated primarily through low-affinity u, opioid receptors.
[t was further predicted that since ventricular administration of the k antagonist, Nor-BNI
marginally affected deprivation-induced feeding (Levine et al., 1990), and based upon the lack
of feeding elicited by x receptor subtype agonists in the NAcc (Bakshi and Kelley, 1993a),
Nor-BNI should have limited effects upon deprivation-induced feeding in the NAcc. Like
ventricular administration, Nor-BNI in the NAcc produced significant, though marginal
reductions in deprivation-induced feeding, suggesting that p, and, to a lesser extent k, opioid
receptors in the NAcc are involved in mediating deprivation-induced feeding. As predicted
(see review: Bodnar, 1996), general, u and k opioid antagonists each significantly and
potently blocked 2DG-induced feeding, indicating that the NAcc is involved in the opioid
mediation of this regulatory challenge.

Based upon ventricular studies, it was expected that general, u and k antagonists
would each reduce sucrose intake following microinjection into the NAcc (Beczkowska et
al., 1992). Whereas naltrexone and -FNA each potently reduced this palatable response,

Nor-BNI failed to affect sucrose intake in the NAcc. Therefore, whereas p receptors, and
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particularly the p, receptor subtype mediated the three disparate types of feeding responses
in the NAcc, k receptors were maximally involved in mediating glucoprivic intake, marginally
involved in deprivation-induced intake, and failed to affect palatable intake. The mediation
of palatable intake by the pu receptor in the NAcc is quite compatible with recent findings
demonstrating that the u opioid agonist, DAMGO in the NAcc, stimulated intake of both
palatable fat and sucrose diets (Zhang and Kelley, 1997; Zhang et al., 1998). Thus, the NAcc,
like the PVN (Koch et al., 1995) appears to be a critical locus for the opioid mediation of
different ingestive behaviors.

Given the intimate and reciprocal connections between the VTA and the NAcc (see
review: Heimer et al., 1991), it was expected that the pattern of opioid mediation of ingestive
behaviors in the VTA would be similar to that observed in the NAcc. Further, agonist studies
indicate that u and 8, but not x receptors were responsible for eliciting feeding in the VTA.
Thus, inthe VTA, it was predicted that VTA general, u and 0 opioid antagonists would block
deprivation, 2DG and sucrose-induced feeding, while k antagonists would not. Surprisingly,
while naltrexone, the general opioid antagonist reduced deprivation-induced feeding in the
VTA, it did so to a much lesser degree and at higher doses than was observed in systemic,
ventricular and intracerebral studies. Moreover. neither selective y, 8, nor k antagonists in
the VTA reduced feeding elicited by either deprivation, 2DG or sucrose. In contrast, 0,
receptor antagonism with NTII in the VTA reduced each of these forms of feeding. These
data indicate that the VTA does not appear to be a significant site of action for most opioid
receptor subtype antagonists despite its ability to support stimulation of spontaneous intake

by opioid receptor subtype agonists. The ability of O, receptor antagonism in the VTA to
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affect deprivation, 2DG and sucrose-induced feeding, together with the ability of 6 agonists
in the VTA to stimulate spontaneous intake suggests a modulatory action for this receptor
subtype in this nucleus. It is apparent that the endogenous opioid system in the VTA and
NAcc provide differential types of action upon these different types of feeding behavior with
the latter structure far more intimately involved in the direct opioid action upon the ingestive
behaviors per se.

The third experiment was based upon two competing hypotheses about selective serial
actions of opioid agonists upon their receptors as compared to parallel system actions. As
summarized in detail previously, analgesic studies demonstrate specificity such that selective
u (B-FNA), 8, (DALCE) and &, (NTI) opioid antagonists would respectively and only block
analgesia elicited by their selective opioid agonists like DAMGO, DPDPE and deltorphin:
such data are examplars of selective serial actions. In this model, NBNI, a k antagonist should
fail to exert actions upon these agonist effects. Alternatively, a parallel system action of
opioids has been observed in opioid-induced feeding studies such that multiple opioid
receptor subtype antagonists are capable of reducing feeding elicited by specific opioid
agonists. Thus, this experiment evaluated different opioid antagonist effects in the NAcc upon
feeding elicited by DAMGO, DPDPE or deltorphin. [t was found that DAMGO-induced
feeding in the NAcc was potently reduced by the u opioid antagonist 3-FNA across the time
course, while 0, and k, opioid antagonists reduced feeding orly at high antagonist doses.
Neither u, (NAZ) nor &, (DALCE) opioid antagonists in the NAcc affected NAcc DAMGO-
induced feeding, implying that the y, opioid receptor primarily mediates DAMGO-induced

feeding in this nucleus. NAcc DPDPE-induced feeding was blocked by antagonists specific
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for p, 8,, 0, and k, but not y, receptors. That both 0 receptor subtype antagonists reduced
intake elicited by a putative 0, agonist in the NAcc is similar to feeding studies using
ventricular routes of administration (Yu et al., 1997), but differs markedly from analgesic
studies used to delineate &, and &, receptors (Jiang et al., 1990; Mattia et al., 1992;
Sofouoglu et al., 1991). Interestingly, feeding elicited by the putative 8, agonist, deltorphin
in the NAcc was not blocked by the selective d, antagonist, NTII, an effect reminiscent of
ventricular feeding studies (Yu et al., 1997). In fact, no selective opioid antagonist in the
NAcc could reduce deltorphin-induced feeding since both x and u antagonists enhanced
deltorphin-induced feeding. Two major patterns of effects are observed for opicid agonist
effects upon feeding behavior in the NAcc. It appears that u agonist-induced feeding follows
quite predictable pharmacological effects with p opioid antagonism capable of eliminating this
response. A role for parallel system mediation is supported by the significant, though less
potent effects of k and 3, antagonists.

In contrast, the §,/d, pharmacological dichotomy used so well in analgesic assays,
seems less relevant in feeding studies using ventricular (Yu et al., 1997) and now intracerebral
NAcc injections. Indeed, the 6, agonist, DPDPE, exerts more traditional opioid sensitivity,
though through parallel mechanisms of action, whereas deltorphin, the 3, agonist, has far less
predictable sensitivity to opioid antagonism in the NAcc. Since DAMGO and deltorphin had
such great differential responses to opioid receptor subtype antagonists in the third
experiment, these agonists were chosen for study to assess dopaminergic mediation of opioid-
induced feeding in the NAcc.

The final series of experiments of this dissertation examined the effects of D, and D,
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dopamine antagonists upon opioid agonist-induced feeding in the NAcc. Since we knew that
both DAMGO and deltorphin induced feeding in the NAcc, and that SCH23390 (D,) and
raclopride (D,) both reduced DAMGO and deltorphin analgesia (Altier and Stewart, 1998),
it was hypothesized that these antagonists would reduce opioid-induced feeding in the NAcc.
Our results indicate that SCH23390, but not raclopride, dose-dependently reduced DAMGO-
induced feeding particularly at higher doses. In contrast, deltorphin-induced feeding was
inconsistently blocked by different SCH23390 and raclopride doses. These data indicate that
whereas the D, receptor may play a minor role in mediating opioid agonist-induced feeding
behaviors in the NAcc, the consistent effects of SCH23390 upon opioid-agonist feeding imply
a more active role for the D, receptor. In any case, it is quite clear that there is not an absolute
dependence upon dopamine receptors for the full expression of either y or §, opioid agonist-
induced feeding responses in the NAcc. These data appear to be consistent with the recent
findings of Unterwald and Cuntapay (2000) who failed to find clear-cut interactions between
opioid and dopaminergic systems within the rat striatum in their examination of dopamine
receptor subtype modulation of opioid receptor-mediated signal transduction of adenylyl
cyclase or G-protein activity.

These data appear to indicate that the NAcc is more directly involved than the VTA
in mediating opioid effects upon a wide variety of ingestive situations. Further, whereas
opioid receptors, and particularly 3, receptor antagonism, appear to be more robust in the
VTA, it would appear that this receptor subtype is primarily responsible for opioid
modulation of feeding in this nucleus. These data are consistent with the hypothesis that &

receptors play an indirect, modulatory role upon feeding, whereas p and k opioid receptors
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have been shown to exert more direct effects upon different feeding paradigms in ingestive
studies (see review: Bodnar, 1996). These data are also consistent with the finding that p
agonists in the VTA may be eliciting feeding responses through a primary effect upon
stereotypic motor behaviors related to chewing and gnawing (Badiani et al., 1995). Taken
together, these data indicate that the VTA acts to modulate feeding activity following
stimulation with opioid agonists, rather than act as part of some “final common pathway” for
feeding. Further, these data suggest that the dopaminergic input from the VTA to the NAcc
may also be participating in an indirect, modulatory way upon opioid-induced feeding in the
NAcc based upon the relatively-limited actions dopamine receptor antagonists have upon
opioid agonist-induced feeding in the NAcc.

Thus, these studies also suggest that the NAcc is the critical site in the VTA-NAcc
pathway for the direct mediation of opioid-induced feeding. The first study showed that u and
to a far lesser degree, k opioid receptor antagonists were highly effective in reducing feeding
under deprivation, glucoprivic and palatable conditions following injection into the NAcc.
Mapping studies using selective opioid agonists indicate a crucial role for  and 8, but not
receptor agonists in stimulating spontaneous intake in the NAcc (Bakshi and Kelley, 1993).
Finally, the third study of this dissertation indicated that selective y, 8, and 8, opioid receptor
agonists each stimulate spontaneous intake in the NAcc, but each utilize multiple opioid
sysnapses within the NAcc to elicit effects. While both 8, and pu opioid receptor agonists
appear to mediate feeding through fairly common multiple (u,, 8;, 8,, k) opioid receptor
subtypes, feeding elicited by 8, opioid agonists is actually potentiated by k and secondarily

u opioid receptor antagonists. The greater ability of D, antagonists to reduce DAMGO-
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induced feeding, relative to deltorphin-induced feeding in the NAcc is a further illustration of
differential processes mediating different types of opioid-induced feeding. If dopamine is not
a major mechanism of action through which opioids elicit feeding in the NAcc, what are some
other potential candidates?

Two other transmitter systems have been identified in the NAcc that may also
subserve feeding responses, and may thereby interact with the opioid system in mediating
ingestive responses. The first candidate is the excitatory amino acid transmitter system,
particularly through its interaction with AMPA/kainate receptors. Kelley and colleagues
recently found that bilateral microinfusion into the NAcc of 6,7-dinitroquinoxaline-2,3-dione
(DNQX), 6-cyano-7-nitroquinoxaline (CNQX), and 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo-
(F) quinoxaline (NBQX) markedly and dose-dependently stimulated food intake immediately
following infusion (Maldonado-Irizarry and Kelley. 1995; Maldonado-Irizarry et al., 1995;
Kelley and Swanson, 1997, Stratford et al., 1998; Stratford and Kelley, 1999). Moreover, 2-
amino-5-phosphonopentanoic acid (APS), an NMDA antagonist, infused into the NAcc core
blocks spatial learning on a food gathering task (Kelley, 1999), indicating a possible role for
both the core and shell in mediating feeding responses, instrumental learning and direct
control of feeding respectively. In contrast, infusion of AMPA into the NAcc suppressed both
sucrose intake and deprivation-induced intake (Stratford et al., 1998). Synaptic connections
between the NAcc and the lateral hypothalamus appear to mediate this ingestive response
through GABA,, receptors in the latter structure (Maldonado-Irizarry et al., 1995; Stratford
and Kelley, 1999). Dopamine receptors also appear to mediate feeding elicited by AMPA

antagonists in the NAcc, although systemic antagonist administration precluded identification
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of the site(s) at which these antagonists acted (Maldonado-Irizarry et al., 1995). Further,
pretreatment with naltrexone failed to affect DNQX-induced feeding. These findings
demonstrate a selective role for non-NMDA receptors in the nucleus accumbens shel! in
feeding behavior, and indicates the importance of functional links between two major brain
regions involved in reward, the NAcc and the lateral hypothalamus (Maldonado-Irizarry et
al., 1995). Our laboratory (Echo et al., 2000) has begun to examine the relationship, if any,
between excitatory amino acid systems and opioid systems in mediating feeding behavior in
the NAcc, and has found some surprising results. If excitatory amino acid antagonists and
opioid agonists each stimulate feeding, it would be expected that excitatory amino agonists
might antagonize opioid-mediated responses. However, the opposite effect occurred such that
simultaneous treatment of AMPA and DAMGO produced feeding that was greater than either
agonist alone. Indeed, AMPA itself induced feeding, although with a longer-latency time
course than its antagonist, DNQX. AMPA-induced feeding was reduced by pretreatment with
naltrexone and B-FINA, suggesting u receptor mediation, and the additive ingestive effects of
AMPA and DAMGQO were also blocked by general and p opioid antagonism. Thus, multiple
ingestive systems within the shell region of the NAcc interact with each other.

The second candidate system in the NAcc that may interact with opioid-induced
feeding is GABA. GABA interneurons and receptors are localized within the shell
compartment of the NAcc (Meredith et al., 1993). A GABA-opioid interaction withir the
NAcc exists, such that there are both GABA and enkephalin projections from the NAcc to
the ventral pallidum, and from both the NAcc and ventral pallidum to the VTA (Zahm et al.,

1985; Kalivas et al., 1993). Based on their observation that AMPA antagonists stimulated
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feeding behavior by reducing neural activity in the NAcc, Stratford and Kelley (1997)
hypothesized that GABA receptor subtype agonists should stimulate feeding in the shell
region of the NAcc by similarly reducing neural activity. In this vein, both the GABA,
receptor agonist, muscimol and the GABAy receptor agonist, baclofen elicited feeding
following microinjection into the shell region of the NAcc. These effects were receptor-
selective since the GABA, receptor antagonist, bicuculline reduced feeding induced by
muscimol, but not baclofen, and the GABAy receptor antagonist, saclofen reduced feeding
induced by baclofen, but not muscimol (Stratford and Kelley, 1997). Further, muscimol in the
shell region of the NAcc also stimulated both high-fat and high-carbohydrate diets as well as
palatable sucrose intake (Basso and Kelley, 1999). Our laboratory (Znamensky et al.. 2000)
showed differential GABA receptor interactions with opioid-induced feeding in the shell
region of the NAcc. Whereas simultaneous treatment of the GABA , antagonist, bicuculline
and DAMGO resulted in a potentiated ingestive response in the NAcc relative to DAMGO
alone, pretreatment with the GABA; antagonist, saclofen dose-dependently reduced
DAMGO-induced feeding in the shell region of the NAcc. Ongoing studies are exploring
further relationships between opioid, excitatory amino acid and GABA systems in the NAcc.
In conclusion, the metamorphosis in our understanding of how opioids induce feeding
behavior has moved markedly in the past two decades from initial o: -ervation that opiate
drugs stimulate food intake. The development of selective opioid receptor subtype agonists
and antagonists allowed us to delineate which neural opioid receptors mediated specific
ingestive effects. The use of ventricular routes of microinjections firmly established the role

of central opioid receptors in this response. The use of intracerebral microinjection techniques
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in studying agonist effects upon spontaneous intake identified possible sites of action. This
dissertation firmly established the NAcc, and secondarily the VTA, as putative sites of action
at which opioid peptides and their receptors act to modulate feeding under a wide variety of
conditions. The next step for ingestive behavior is to follow in the footsteps of its sister
function, analgesia, in elucidating specific synaptic connections between brain sites that
mediate specific pharmacological responses including those elicited by opioids. This approach
will hopefully identify the specific substrates by which feeding is modulated by opioid peptides
and receptors under natural conditions, and establish relationships, if any, with other
behaviors related to reinforcement, reward and other primary motivational functions

modulated by this important system.
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