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Abstract

PHARMACOLOGICAL AND BEHAVIORAL ANALYSIS OF NOCICEPTIVE 
MODULATION OF RAT PREPRE-ORPHANIN FQ/NOCICEPTIN 

FRAGMENTS IN THE AMYGDALA OF RATS

By

Randi M. Shane

A dvisor Professor Richard Bodnar

Orphanin FQ/nociceptin (OFQ/N) is a heptadecapeptide that binds with high 

affinity to the ORL-l/KOR-3 opioid receptor clone, yet binds poorly with traditional 

opioid receptors. OFQ/N previously exhibited a complex functional profile with 

relation to nociceptive processing, displaying pro-nociceptive properties in some 

studies, acting as an inhibitor of stress-induced analgesia in others, yet producing 

both spinal and supraspinal antinociceptive action in other studies. Prepro- 

Orphanin (ppORPH), the precursor gene for OFQ/N, contains several paired basic 

am ino acids suggesting that it may be responsible for the production o f additional 

biologically active peptide fragments. The first two studies o f this dissertation 

examined the antinociceptive actions o f rppOFQ/N 135.151 and two o f its truncated 

fragments, rppOFQ/N 135.145 and rppOFQ/Ni35.i4 i, together with another biologically- 

active fragment o f ppOrph, rppO F Q /N ^ui, following microinjection into the 

amygdala. Since the amygdala has been implicated in both antinociceptive and 

stress-related responses, and possesses a dense distribution o f ORL-1 receptors, it 

was hypothesized that OFQ/N would exhibit its antinociceptive and potential 

hyperalgesic effects in the amygdala. rppOFQ/Nns-isi, its shorter-chained active 

.fragments, rppOFQ/Nus-us and rppOFQ/Nns-ui, as well as rppOFQ/Ni54-ui each
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produced antinociception as measured by reactivity to high-intensity radiant heat.

In  contrast to traditional p  and k opioids and P-endorphin, none o f the OFQ/N 

fragments in the amygdala exhibited antinociception on a test measuring shock 

reactivity. These ppOrph fragments failed to produce hyperalgesia as measured by 

reactivity to lower-intensity radiant heat. Therefore, OFQ/N fragments exert only 

antinociceptive responses in the amygdala with quantitative and qualitative 

differences relative to traditional opioid agonists. To establish whether OFQ/N- 

induced-antinociception is mediated by traditional opioids, the effects o f systemic or 

intracerebral pretreatment with general or selective opioid receptor subtype 

antagonists was examined upon OFQ/N-induced antinociception elicited from the 

amygdala. This antinociceptive response was significantly reduced by general, p, tc, 

and 5 opioid antagonists, indicating an intrinsic circuitry within the amygdala 

involving these receptors and the ORL-1 receptor. The final study evaluated 

regional interactions between the amygdala and ventrolateral periaqueductal gray 

(vlPAG) in mediating rppOFQ/Nus-isi-induced antinociception. OFQ/N-induced 

antinociception elicited from the amygdala was blocked by pretreatment with 

general and S opioid antagonists in the vlPAG, whereas OFQ/N-induced 

antinociception elicited from the vlPAG was blocked primarily by pretreatment 

with general opioid antagonists in the amygdala. These studies indicate that OFQ/N 

appears to utilize a  similar anatomical and functional pathway to that o f the 

traditional opioid agonists in eliciting antinociceptive responses, and that its 

hyperalgesic properties are in all probability mediated by different supraspinal 

circuits.
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1

CHAPTER 1. INTRODUCTION

The family of opioid peptides, identified following the characterization o f the 

opiate receptor, plays a major role in the control o f nociception among a number o f other 

behaviors. The existence o f opioid receptors was first validated following demonstration 

o f high-affinity, saturable, and stereospecific binding o f opiate alkaloid compounds 

(Terenius, 1973; Simon et al., 1973; Pert and Snyder, 1973), such as morphine (Archer, 

1998; Rees and Hunter, 1990), on brain membranes. Opiate drugs produce their strong 

antinociceptive and addictive actions by mimicking endogenous opioid peptides, and it is 

believed that over-activation o f their receptors and interference with their signal 

transduction pathways are partly responsible for their adverse side effects.

The postulated existence o f at least three opioid receptor classes was established 

using biochemical binding, pharmacological and bioassay techniques. These traditional 

p, 6 , and k  opioid receptors display different pharmacological profiles (Goldstein and 

Naidu, 1989) and anatomical distributions (Mansour et al., 1987). In vivo assays have 

demonstrated overlapping but distinct biological actions for p, 8, and k opioid agonists. 

Thus, in addition to their commonly-implicated roles in antinociceptive processes, the 

three traditional opioid receptors have been associated with distinguishable responses to 

painful stimuli, variable potential for dependence, as well as distinct and sometimes 

antagonistic mood-altering, autonomic, and neuroendocrine effects (Millan, 1990; 

Rapaka and Porreca, 1991).

Soon after the discovery o f opiate receptors, putative endogenous ligands for 

these receptors were identified, and were surprisingly (at the time) found to be peptides 

rather than classic amino acid-based neurotransmitters. The first members o f this family
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2

to be characterized were Met- and Leu-enkephalin, isolated from the brain where they are 

most abundant (Hughes et al., 1975). These classic opioid peptides shared a common N- 

terminal sequence (NH2-Tyr-Gly-Gly-Phe-Met/Leu), and were derived from larger 

precursor proteins that were translated from three different genes (Rossier, 1993; Young 

et al., 1993; Day et al., 1993). Subsequently, other traditional opioid peptides, such as fi- 

endorphin ((5END) and Dynorphin were identified in the late 1970’s and early 1980’s 

(Goldstein et al., 1979; Guillamen et al., 1976). During the 1980’s, a great deal o f 

attention was paid to the development of selective opioid receptor subtype agonists and 

antagonists and the pharmacological and biochemical characterization o f further subtypes 

o f p. (p.i, p2)> 5 (8 i, &2) and k (ki, <2, K3) opioid receptors (Pastemak & Wood, 1986). 

Opioid peptides were shown to play a major role in endogenous pain-controlling systems 

(Fields, 1993), were involved in the mediation o f certain forms of stress-induced 

analgesia (Akil et al., 1984), modulated affective behavior including motivation and 

reward (DiChiara and North, 1992), affected locomotor activity (Cowan, 1993) and 

played a role in learning and memory (McGaugh et al., 1993). This group of opioid 

peptides was also found to modulate neuroendocrine physiology and controlled such 

autonomic functions as respiration (Shook et al., 1990), blood pressure thermoregulation 

(Adler and Geller, 1993), and gastrointestinal motility (Krommer, 1988).

Following the advent o f molecular techniques used to identify the synthesis o f 

receptors, the opioid receptors were finally cloned (Evans et al., 1992; Kieffer et al., 

1992) and each o f the major p. (MOR-1), 5 (DOR-1), and ie (KOR-1) opioid receptor 

genes were identified (see reviews: Reisine and Bell, 1993; Uhl et al., 1994). In 

addition, a  new “orphan” receptor (ORL-1) was characterized (Mollereau et al., 1994).

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



3

This led to the subsequent recent discoveries o f a new generation o f opioid peptides, 

including endomorphin (Zadina, 1997) and the subject o f this dissertation, Orphanin FQ 

(OFQ) (Meunier et al., 1995) or Nociceptin, so named because in initial studies the 

peptide significantly lowered thermal latencies (Reinscheid et al., 1995). OFQ/N appears 

to be synthesized as part of a larger polyprotein precursor, Pre-Pro-Orphanin (ppOrph), 

which has multiple bioactive peptides, two o f which are rppOFQi3$.isi, and a second 

peptide downstream, rppOFQis4-igi- Thus, it is important to note that whereas the 

traditional opioid receptors were characterized initially by biochemical, pharmacological 

and behavioral evidence, and subsequently confirmed by molecular techniques, the ORL- 

1 receptor and its endogenous ligand, OFQ/N, were first identified by molecular 

techniques and the process by which they are being characterized biochemically, 

pharmacologically and behaviorally has only begun over the last seven years and 

continues. Therefore, the discovery o f OFQ/N is an example o f reverse pharmacology or 

functional genomics (see review: Meunier, 2000).

The descending pain-inhibitory system utilizes the endogenous opioid peptides to 

produce opioid inhibition o f nociceptive input to the brain. The classic pathway 

subserving supraspinal opioid antinociception is mediated by neurons originating in the 

ventrolateral periaqueductal gray (vlPAG), which synapses in the rostral ventromedial 

medulla (RVM), including the nucleus raphe magnus (NRM), the nucleus reticularis 

giganotcellularis (NRGC) and the nucleus reticularis gigantocellularis pars a , and 

projects to the substantia geladnosa o f the spinal cord through the dorsolateral funiculus 

(see reviews: Fields and Basbaum, 1978; Basbaum and Fields, 1884; Bodnar, 2000). 

Forebrain structures have also been found to be involved in the antinociceptive process as
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well, including the amygdala, which has a well-studied anatomical and functional 

relationship with the vlPAG (Tershner and Helmstetter, 1995).

The purpose o f the present dissertation is to characterize the novel “orphan” ORL- 

1 receptor and its endogenous ligand, OFQ/N within the amygdala through analysis of 

pharmacological, anatomical, and mostly behavioral evidence. Four series of specific 

experiments are proposed.

The first study will evaluate the antinociceptive and hyperalgesic effects o f 

rppOFQ/Nt35.tsi and two o f its truncated fragments rppOFQ/Ntfs-us and rppOFQ/Ni35.i4 i 

in the amygdala in rats on both radiant heat (tail-flick) and shock (jump threshold) tests. 

These fragments were chosen because rppOFQ/N 135-151 and its two active truncated 

versions, rppOFQ/Ni35_i4 5 and rppOFQ/Ni35.141 were found to produce antinociception in 

mice following ventricular administration, which was blocked by antisense probes 

targeted at exons 2 and 3, but not exon 1 of the ORL-1 clone (Rossi et al., 1997), and 

because their amino acid sequence suggests that they may be ideal splice sites to produce 

physiologically relevant peptides.

The second study will evaluate the antinociceptive and hyperalgesic effects o f a 

related peptide, rppOFQ/Ni54.igi in the amygdala o f rats on both radiant heat and shock 

tests and to asses its interaction with classic opioid receptors using the antagonist 

naloxone. This peptide is at the end o f the pre-pro Orphanin precursor gene. Initial 

studies with this and other related peptides found that it elicited similar antinociceptive 

effects to rppOFQ/Nns-m when given i.c.v. in mice (Rossi et al., 1998). The present 

study using the rppOFQ/N 154.181 was part o f a larger study examining at the effects o f the 

peptide in other supraspinal sites (e.g., vlPAG, RVM and LC).
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The third study will determine whether rppOFQ/N135-151  -induced antinociception 

in the amygdala can be blocked by pretreatment with equimolar doses o f either general 

(naltrexone), p (p-FNA), k (NBNI) or 5 (NTI) selective opioid receptor subtypes in rats. 

Autoradiographic and immunohistochemical techniques have shown that there is a dense 

distribution of ORL-1 as well as traditional opioid receptors in the amygdala (Letchworth 

etal., 2000; Mansour et al., 1987,1994a, 1994b, 1994c, 1995a, 1995b, 1996). Previous 

studies (Pavlovic, et al., 1996; Pavlovic and Bodnar, 1998) found that antinociception 

elicited following amygdala microinjections o f selective p , Ki and P-endorphin is blocked 

by pretreatment o f general and selective opioid antagonists within the same site. This 

present study would elucidate whether rppOFQ/N^s-i 5 1 -induced antinociception acts 

through a similar mechanism to that o f traditional opioid peptides, and whether this 

antinociception is mediated through a local amygdala circuit utilizing the traditional 

opiate receptors.

Antinociceptive responses following amygdala microinjections o f traditional 

opioid agonists such as morphine, DAMGO, p-endorphin and U50 488H have been 

linked to an intrinsic pain-inhibitory pathway originating in the vlPAG in anatomical 

studies. (Krettak and Price, 1978; Beitz, 1982; Basbaum and Fields, 1984; Rizvy et al., 

1991). Pretreatment within the vlPAG with lidocaine or microinjections o f either general 

or selective p or 6 2  opioid receptor antagonists significantly reduced the antinociception 

elicited by either morphine, P-endorphin, DAMGO or U50 488H in the amygdala 

(Pavlovic et al., 1996; Pavlovic et al., 1998; Helmstetter et al., 1998; Tershner and 

Helmstetter, 2000). The fourth study will evaluate whether rppOFQ/N 135-151-induced 

antinocicetpion elicited from the amygdala can be blocked by pretreatment with
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equimolar doses o f general (naltrexone), |x (p-FNA), k  (NBNI) and 5 (NTI) opioid 

receptor subtypes in the vlPAG in rats, indicating the peptide utilizes a similar anatomical 

and functional pathway to that o f the traditional opioid agonists. To examine the site- 

specificity o f such antagonists effects, misplaced cannulae lateral and ventral to the 

vlPAG were also tested in antagonist studies. Finally, to examine reciprocal ascending 

influences, the ability o f selective opioid antagonists administered into the amygdala 

were assessed for effects upon rppOFQ/Ni3s.isi-induced antinociception elicited from the 

vlPAG.

To provide an underlying conceptual basis, background and rationale for these 

experiments, the following sections o f the Introduction will examine: A) the traditional 

endogenous opioid peptide families, B) the traditional opioid receptor subtypes, C) opioid 

receptor genes, D) the ORL-1 receptor, E) the pre-pro-orphanin precursor, F) orphanin 

FQ/nociceptin (OFQ/N), G) behavioral effects o f OFQ/N, H) the endogenous pain- 

inhibitory system, I) the role o f the amygdala in opioid-induced antinociception and 

stress-induced analgesia (SIA) and J) a  rationale for the present experiments.

A. Endogenous Opioid Peptide Families

By the early 1970's, it was suggested, but not confirmed, that opiates modulate 

pain perception by acting at putative receptors in the brain. In 1973, opioid receptors 

were discovered in the CNS (Terenius, 1973; Pert and Snyder, 1973; Simon et al., 1973), 

which immediately started the search for their endogenous ligands. Hughes et al., (1975) 

were the first to describe the structure o f two opioid peptides, Leucine-enkephalin (Leu- 

Enk) and Methionine-enkephalin (Met-Enk), from pig and cow brains. Both peptides had 

potent agonist activity at opiate receptor sites producing a dose-related inhibition of
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electrically-evoked contractions o f the guinea-pig ileum and the mouse vas deferens 

(Hughes, Kosterlitz and Leslie, 197S). The characterization o f (3-endorphin and related 

peptides (Guillamin et al, 1976), and dynorphin and related peptides (Goldstein et al., 

1979) soon followed which revealed a common amino acid Tyr-Gly-Gly-Phe core 

sequence present in each o f these opioid peptides. It was later demonstrated that these 

peptides were derived from three distinct precursor molecules, or pro-hormones 

respectively, pro-enkephalin (Pro-Enk), pro-opiomelanocortin (POMC), and pro- 

dynorphin (Pro-Dyn), corresponding to the three distinct genes that were differentially 

distributed through the CNS (see review: Alai et al., 1984). It is now known that these 

three genes include approximately 2 0  peptides with opioid-like activity thereby acting as 

putative transmitters. Each o f the opioid peptides is first synthesized as a part o f one of 

the larger, inactive pro-hormone precursors. Cleavage at basic residues (e.g., arginine- 

arginine, lysyl-lysyl, or lysyl-arginine signal-specific cleavage) within these precursors 

results in the formation o f biologically active neuropeptides (Young et al., 1993). A brief 

synopsis of each opioid peptide family now follows.

I.) POMC: POMC is the common precursor for beta-endorphin, its precursor 

beta-lipotropin (B-LPH), adrenocorticotropic hormone (ACTH) and related bioactive 

peptides (Mains, Eipper and Ling, 1977). ACTH 1.39 is further cleaved into a -  

melanocyte-stimulating hormone (a-M SH) and corticotropin-like intermediate lobe 

peptide (CLIP) (Brownstein, 1980; Mains, Eipper and Ling, 1977). (3-endorphin, the 31 

residue C-tenninal component o f P-LPH is generated from the post-translational process 

o f p-LPH (Guil’emin et al, 1976). P-endorphin 1.31 displays good affinity for p. and 8
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opioid receptors and comparatively low affinity for k opioid receptors (Mansour et al., 

1995).

2.) Pro-Enk: W ithin the Pro-Enk precursor, a second major opioid gene product, 

are several active opioid peptides, including four copies o f M et-Enk, and one o f each 

copy of Leu-Enk, Met-Enk-Arg-Phe, and Met-Enk-Arg-Gly-Leu (Hughes et al., 1975; 

Kimura et al., 1980; Akil et al., 1984). Met- and Leu-Enk bind to the 8  opioid receptor 

with high affinity, and to the |i  receptor with good affinity (Lord et al., 1977; Chavkin et 

al., 1982). In contrast, they have markedly poor affinity for the k opioid receptor, despite 

the presence o f three copies o f Leu-Enk in the Pro-Enk precursor (Mansour et al., 1995).

3.) Pro-Dyn: The Pro-Dyn precursor is cleaved to produce three Leu-Enk- 

containing peptides: a  and ^-neo-endorphin, dynorphin A (DynA), and dynorphin B 

(Goldstein et ai., 1981). There are three peptide lengths o f DynA that are biologically 

active, DynA1.17, Dyni-* (DynB), and a -  and p -neoendorphin (Hollt, 1986). DynA|.g- 

induced antinociception can occur following co-administration of an endopeptidase 24.15 

inhibitor (Chu and Orlowski, 1985) that was blocked by k , but not p, opioid antagonists 

(Kest et al., 1992), suggesting K-receptor opioid activation with Dyn. A detailed 

discussion o f Pre-Pro-Orphanin, the OFQ/N precursor gene, will follow in section E.

B. Opioid Receptor Subtypes

Since the discovery o f opioid receptors almost 30 years ago (Pert & Snyder, 1973; 

Simon, et al., 1973; Terenius, 1973), bioassays, pharmacological, and biochemical 

approaches provided evidence for the existence o f multiple receptor subtypes (Martin et 

al., 1976; Lord et al., 1977). Three distinct opioid receptors were proposed based on the 

lack o f cross-tolerance among opioid receptor agonists: p. (morphine), k
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(ketocyclazocine), and a  (SKF 10,047) (Martin et al., 1976). The latter subtype was 

subsequently characterized as nonopioid because it was unaffected by the prototypical 

opioid antagonist, naloxone (Vaupel, 1983; Zukin, Brady, Slifer and Balster, 1984).

Using bioassay and binding studies dissociations were found between morphine and 

endogenous enkephalin peptides since the enkephalins were more potent than morphine 

in the mouse vas deferens assay and less potent than morphine in the guinea pig ileum 

assay, leading to the suggestion o f the existence o f a 5 opioid receptor (Lord et al., 1977). 

Based on the differential binding patterns and affinities between opioid receptors and 

opioid gene families, the p  opioid receptors were generally associated with POMC- 

derived opioid peptides, k opioid receptors were generally associated with Pro-Dyn- 

derived opioid peptides, and 5 opioid receptors were generally associated with Pro-Enk- 

derived opioid peptides (Bowen, et al., 1987; Cotton et al., 1984). However, as noted 

above, there is considerable cross-reactivity between different opioid peptides and 

receptors. Further, in contrast to the commonly-held assumptions o f appositional 

synapses with transmitters and receptors in close proximity to each other, 

autoradiographic localization o f opioid receptors and immunocytochemical localization 

of opioid peptides revealed receptor-peptide mismatches, providing evidence for 

modulatory actions by these peptides at distal sites (Herkenham et al., 1984). A brief 

discussion o f each o f the classic opioid receptors and their subtypes now follows.

1.) p. Opioid Receptors p receptors are widely distributed throughout the brain, 

especially in areas related to pain control including the amygdala, PAG, dorsal raphe, 

locus coeruleus (LC), nucleus raphe magnus (NRM), nucleus reticularis gigantocellularis 

(NRGC) and the dorsal horn o f the spinal cord (Mansour et al., 1988). O f the three major
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types o f opioid receptors, the p. receptor displays the highest affinity for morphine and 

other alkaloids with high abuse potential. The p  opioid receptor has been characterized 

pharmacologically using selective agonists, such as DAMGO, and the antagonists, (3- 

FNA and CTOP. The p  receptor has been sub-characterized into pi and p2 receptor 

subtypes based on pharmacological assays (see review: Pasternak & Wood, 1986). The 

Pi receptor binds morphine, ethylketocyclazocine, and enkephalin peptides with equally 

high affinity and is blocked by the antagonist, naloxonazine, while the p2 receptor binds 

morphine with high affinity and displays lower affinity for other opioid peptides and is 

naloxonazine-insensitive. Autoradiographic studies reveal similar, but not identical, 

distributions o f p t and p 2 receptors (Goodman & Pasternak, 1985; Moskowitz & 

Goodman, 1985).

2.) 8  Opioid R eceptors Mansour et al., (1988) showed through autoradiographic 

studies that 5 opioid receptor binding is densest in the olfactory tubercle, neocortex, 

neostriatum, nucleus accumbens (Nacc), and the amygdala. Pharmacological analysis of 

the 5 receptor has utilized the general 5 opioid agonists, DSLET and DADL (Lord et al., 

1977; Mosberg et al., 1983), and the general 8  opioid receptor antagonist, IC I174864 and 

naltrindole (Cotton et al., 1984). The 8  opioid receptor has been further classified into 

two subtypes, 5i and 8 2  (Negri et al., 1991). The 8 1  receptor subtype has been 

pharmacologically characterized by the selective agonist actions o f DPDPE and the 

antagonist actions o f DALCE, and a nonpeptide opioid antagonist 7- 

benzylidenenaltrexone (BNTX) (Vanderah et al., 1994; Portoghese et al., 1992). The 8 2  

receptor subtype has been pharmacologically characterized by the selective agonist 

actions o f D-Ala2-deltorphin II and the antagonist actions o f naltrindole 5’-isothiocyanate
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(NTH) and the naltrindole analogue, Naltiben (NTB) (Vanderah et al., 1994). The effects 

o f Si and 5 2  agonists and antagonists have also been dissociated from each other in 

antinociceptive assays (Mattia, et al., 1991; Jiang et al., 1991).

3.) k Opioid Receptor The distribution of k opioid receptor indicate dense 

binding in the striatum, Nacc, amygdala, hypothalamus, neural lobe o f the pituitary, 

median eminence and the nucleus tractus solitarius (NTS) and moderate binding in the 

PAG, NRM, other raphe nuclei, spinal trigeminal nucleus and the spinal cord (Mansour et 

al., 1988). Selective agonists and antagonists have been used to distinguish multiple k 

receptor subtypes. The ki receptor has been characterized using the selective agonist 

USO 488H (VanVoigtlander, Lahti and Ludens, 1983) and the antagonist 

norbinaltorphamine (NBNI: Portoghese, Lipkowski and Takemori, 1987). The existence 

o f a USO 488H-insensitive K2 binding site was first demonstrated (Zukin et al., 1988) by 

examining the binding o f [3H]ethylketocyclazocine in the rat brain. Unfortunately, their 

pharmacological actions remain unknown. Another USO 488H-insensitive binding site 

(K3) was identified using naloxone benzoylhydrazone (NalBzoH), a novel opiate 

derivative (Clark, Liu, Price, Leison, Howard, Pack, Hahn and Pasternak, 1989,1990; 

Gistrak, Paul, Hahn and Pasternak, 1990). Interestingly, opioid peptides, like opiate 

drugs, can have functionally antagonistic effects upon each other. For example, low 

doses o f nalorphine, a drug which elicits its antinociceptive effects through a k  receptor 

subtype (Paul et al., 1991), antagonizes the antinociception produced by fixed doses o f 

morphine (Lasagna et al., 19S4; Houde et al., 1956). This is o f importance because 

OFQ/N was also initially proposed as an anti-opiate. A detailed discussion o f this issue 

will follow in section F.
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C. Opioid Receptor Genes

In the 1980’s, there was a merging o f neuroscientific and molecular biological 

techniques allowing neurotransmitter receptors to be cloned and their genes identified. 

The first cDNA encoding o f an opioid receptor was isolated simultaneously by two 

laboratories in 1992. This cDNA was identified by expression cloning in mammalian 

cells (Evans et al., 1992; Kieffer et al., 1992), and encoded a mouse 5 opioid receptor.

The cloned receptor belonged to the family o f seven trans-membrane G-protein-coupled 

receptors (Kenakin, 1997). Homology cloning strategies led to subsequent cDNA 

encoding of p. and k opioid receptors. The first identification o f an opioid receptor 

cDNA has opened the way to the identification o f the opioid receptor gene family and 

provided molecular tools to study opioid receptor diversity and function both in vitro and 

in vivo (Uhl et al., 1994; Pasternak and Standifer, 1995).

Thus the opioid receptor family was characterized at the molecular level. At 

present, this family consists o f three homologous genes, MOR-1, DOR-1, and KOR-1, 

encoding p., §, and k opioid receptors, respectively. The concept o f multiple receptor 

subtypes within each p, 5, and tc receptor class has emerged from accumulating 

pharmacological data. The availability o f numerous synthetic opiates and their use in 

biological assays has indicated a possible heterogeneity within each receptor class. Thus, 

the existence o f a 8 i- and 8 2 , p i- and P2-, as well as Kia-, Kib, <2-, and K3-opioid receptors, 

distinguishable by highly specific ligands, has been proposed (Traynor, 1989; Traynor 

and Elliot, 1993; Pasternak, 1993). Although only one receptor has been cloned for each 

class, its relationship to the pharmacologically defined opioid receptor subtypes is 

unclear. Studies using antisense mapping suggest that these opioid receptor subtypes are
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a result o f alternative splicing o f the opioid receptor clones (Rossi et al., 1995). Over ten 

alternative splice variants for the MOR-1 clone have been identified (Pan et al., 2001); 

however, how these multiple isoforms correlate with the pharmacologically distinct y- 

receptor subtype is not known. It is o f note that low stringency hybridization procedures 

have also led to the isolation o f an opioid receptor-like cDNA with strikingly high 

homology to the three opioid receptor clones (Mollereau et al., 1994). This putative 

receptor clone, expressed in mammalian cells, does not encode an opioid binding site and 

therefore remains as a brain orphan receptor, and will be discussed in the next section.

Protein sequences o f the cloned human y, 5, and k  opioid receptors indicates the 

presence o f seven putative trans-membrane domains, characteristic of G-protein-coupled 

receptors (Probst et al., 1992). The three intracellular loops; and a short region of the C- 

terminal tail are almost identical across subtypes. Little or no homology is found in the 

extracellular loops or in the N- and C-terminal tails. Intracellular domains o f the 

receptors are implicated in receptor signaling and regulation. Extracellular loops, which 

differ in sequence between opioid receptor types, play a role in discriminating y, S, and k  

opioid ligands. This suggests a possible functional organization in which a similar 

opioid-binding pocket, formed by the seven putative alpha-helixes, might exist within all 

three opioid receptors, while their extracellular loops would discriminate various classes 

o f opioid ligands and define y-, 5-, and K-selectivity (KiefFer, 1995).

The strong sequence homology in the third intracellular loop as well as in the 

short amino acid stretch o f the C-terminal tail suggests that the three opioid receptor 

types interact with similar G-proteins (Strader, 1994). This observation is consistent with 

the ability o f all three receptors to activate almost identical intracellular effectors and

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



14

transduction pathways. The lack o f sequence identity in the C-terminal tail, a region 

which has been shown critical for desensitization o f G-protein coupled receptors, raises 

the possibility of distinct regulation patterns for p, 5, and k receptors by intracellular 

components. Coupling properties are similar for all three receptor types whereas the 

regulation of their activity may differ widely (Reisine, 1995).

Opioid receptors are coupled to G proteins which in turn modulate intracellular 

effectors. All three receptor classes have been shown to inhibit adenylate cyclase, 

decrease the conductance of voltage-gated Ca++ channels or activate inwardly rectifying 

K+ channels. Any o f these effects ultimately leads to inhibition o f neuronal activity. 

Inhibition o f the cAMP pathway has been demonstrated in various cell lines and for all 

three cloned opioid receptors (North, 1986).

D. The ORL-1 Receptor

Another opioid receptor-related cDNA, with high-sequence homology to the three 

cloned opioid receptors (MOR-1, DOR-1, and K.OR-1) was isolated from rat, mouse, and 

human brain cDNA libraries (reviewed in Kieffer, 1997). Attempts to measure specific 

opioid binding to the recombinant receptor were unsuccessful. It did not bind any of the 

known opiate ligands with high affinity. This cDNA was named the opioid-like orphan 

receptor (ORL-1: Mollereau et al., 1994). Then, two groups subsequently reported the 

isolation o f an endogenous ligand for this receptor (Meunier et al., 1995; Reinscheid et 

al., 1995). This heptadecapeptide, called orphaninFQ or nociceptin, displays structural 

similarities to opioid peptides but does not act at opioid receptors as detailed by its lack 

o f pharmacological effects using opioid antagonists. With the discoveries o f MOR-1, 

DOR-1, and K.OR-1 genes, this confirmed and validated all o f the pre-existing ideas
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about opiate receptors and their heterogeneity. However, the discovery of the ORL-1 

gene by Mollereu, et al., (1994) created a paradigm shift in the understanding of opiate 

pharmacology since it led not only to a new receptor (ORL-1) but to a new opioid peptide 

family (Pro-Nociceptin). Early studies that will be detailed below suggested anti-opioid 

and anti-stress actions o f the novel receptor and its peptides, further distinguishing them 

from traditional opioids. Therefore, this and the next sections will discuss the “orphan” 

receptor, ORL-1, the novel gene family, Pre-Pro-Orphanin (ppOrph), and ORL-1 ’s 

endogenous ligand, OFQ/N.

The discovery o f the ORL-1 receptor was driven by advances in molecular 

biology. After cloning the 8  opioid receptor (DOR-1) (Evans et al., 1992; Kieffer et al., 

1992), probes based on its structure were used to screen cDNA libraries for homologous 

receptors. In addition to the cloning o f the p. and k opioid receptors, this procedure 

resulted in the cloning o f an “orphan” opioid receptor (Bunzow et al., 1994;Mollereau et 

al., 1994). The ORL-1 receptor shares many characteristics with the traditional opioid 

receptors. It is similar in length to opioid receptors: ORL-1 (367 amino acids), MOR-1 

(398 a.a.), DOR-1 (380 a.a.), and KOR-1 (372 a.a.). The overall amino acid similarity 

between ORL-1 and the traditional opioid receptor from various species is about 65% 

(Chen, et al., 1994), whereas amino acid identity is about 50% (Bunzow, et al., 1994). 

The ORL-1 receptor also belongs to the super-family o f seven trans-membrane G- 

protein-coupled receptors. Alignment o f the amino acid sequences o f the M O R -1D O R - 

1-, KOR-1-, and ORL-1 receptors reveal that the most highly conserved regions are the 

trans-membrane helices and cytoplasmic loops displaying about 80% similarity (Chen, et 

al., 1994) and 65% identity (Bunzow et al., 1994). Thus, the major differences among
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opioid receptors are in their extracellular and intracellular domains reflecting differential 

binding and signal transduction mechanisms.

The distribution of the ORL-1 receptor was examined at the mRNA levels using 

in situ hybridization, and was found to be similar to that o f traditional opioid receptors, 

especially in neuroanatomical areas involving pain processing. In rodents, moderate to 

high levels o f mRNA were found in the cerebral cortex, septum, diagonal band o f Broca, 

subfornical organ, nucleus accumbens, amygdala, thalamus, hypothalamus, 

suprachiasmatic nucleus, hippocampus, periaqueductal gray, dorsal raphe, locus 

coeruleus, dorsal hom o f the spinal cord, and dorsal root ganglia (Bunzow,et al., 1994; 

Mollereau et al., 1994). Extensive immunohistochemical mapping o f the ORL-1 receptor 

shows a similar distribution pattern to that o f the mRNA, indicating that the ORL-1 

receptor is expressed predominantly in local-circuit neurons (Anton, et al., 1996), 

suggesting local modulatory actions. Despite the structural and anatomical similarities 

between the ORL-1 receptor and the traditional opioid receptors, opioid ligands do not 

bind specifically or with high affinity to ORL-1 (Bunzow, et al., 1994).

E. Pre-Pro-Orphanin (ppOrph) Precursor

The novel peptide, OFQ/N, appears to be synthesized as part o f a larger 

polyprotein precursor (187 amino acids), Pre-Pro-Orphanin (ppOrph) (see reviews: 

Meunier, 1997; 2000). It shares several properties with POMC, Pro-Dyn, and Pro-Enk, 

and it has been suggested that all four share a common evolutionary origin (Mollereau, et 

al., 1996). For example, ppOFQ shares 27% similarity with Pro-Dyn, 25% with Pro-Enk, 

and 13% with POMC (Nothacker, et al., 1996).
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The ppOFQ gene contains only one copy o f the OFQ/N sequence (residues 135- 

151) flanked by pairs o f basic amino acid residues. Whenever there is a double amino 

acid (i.e., Lys-Lys or Arg-Arg) this is a potential cleavage site for a  functional peptide 

(see review: Pasternak, 1993). In addition to the cleavage sites flanking rppOFQ/Ni3$.isi, 

ppOFQ contains further basic amino acid proteolytic cleavage sites, suggesting that it 

may also be a  precursor o f other bioactive peptides such as rppOFQ-2141-157 and 

rppOFQ/N 154-isi, as well as two truncated fragments o f rppOFQ/Nus-isw including 

rppOFQ/Ni3$.us and OFQ/Nus-mi; these points will be discussed in a later section. 

Because ppOFQ contains only one copy of OFQ/N, and potentially contains other 

biologically active peptides with other functions, it may act more like POMC than the 

other opioid precursors (Mollereau, et al., 1996) (Figure 1).

Extensive precursor mapping studies have been done using in situ hybridization 

showing that the location o f ppOFQ is in general agreement with the ORL-1 receptor 

(Neal, et al., 1999; Boom, et al., 1999). Immunohistochemical antisera to ppOFQ label 

different fiber systems in several pain-modulatory areas, including the superficial dorsal 

hom, sensory trigeminal complex, the PAG and the amygdala (Riedl, et al., 1996).

F. Orphanin FQ/Nociceptin (OFQ/N)

Two groups simultaneously reported the isolation and identification o f a novel 

peptide from the brain with high affinity for the ORL-1 receptor. Orphanin 

FQ or nociceptin (OFQ/N) (Reinscheid et al., 1995; Meunier et aL, 1995) is a 

heptadecapeptide with the sequence Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala- 

Arg-Lys-Leu-Ala-Asp-Glu which is structurally similar to Dynorphin A. However, 

unlike the opioid peptides with their N-terminal Tyr-Gly-Gly motifr OFQ/N has a Phe-
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Figure 1. A schematic drawing of the Pre-Pro-Orphanin FQ/Nociceptin gene containing 

peptide location of rppOFQ/Nns-isw rppOFQ/Nis4-i8i, OFQ/N2 and nocistatin.
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Gly-Gly sequence. OFQ/N also contains two pairs o f basic amino acid residues, raising 

the possibility that the peptide may be further processed to either rppOFQ/N 135-145 or 

OFQ/N135.141 (Rossi etal., 1997).

The wide distribution o f OFQ/N in the CNS has been confirmed by several 

groups. The results of alternative approaches (e.g., autoradiography and binding studies) 

are all in agreement as to the localization o f this endogenous peptide. OFQ/N has been 

shown to influence nociception and locomotion (Meunier et al., 1995; Reinsheid et al., 

1995; Florin et al., 1996), which is consistent with the anatomical localization o f OFQ/N 

and its receptor, ORL-1. With regard to the processing o f nociceptive information, dense 

levels o f OFQ/N have been reported in the superficial layers of the dorsal horn, the 

sensory trigeminal complex, the PAG, amygdala and the raphe nuclei (Schulz, et al., 

1996; Riedl, et al., 1996, Letchworth et al., 2000). Several areas o f the CNS involved in 

motor control showed the presence o f OFQ/N. It is densely distributed in the motor 

cortex and subcortical motor nuclei in the mesencephalon including the subthalamic 

nucleus, the substantia nigra and the red nucleus (Sim and Childers, 1997). High levels 

o f OFQ/N in the cortex, hippocampus, and hypothalamus suggest that this system may be 

involved in memory and cognition (Sim and Childers, 1997). The traditional opioid 

peptides show high levels o f binding in the amygdala and ventral tegmental area, which 

is consistent with the reinforcing effects o f opioids (Ciccocioppo, et al., 2000). OFQ/N is 

apparently not reinforcing (Devine et al., 1996), which may be reflected by the low levels 

o f OFQ/N binding in the nucleus accumbens (Sim and Childers, 1997). Although 

OFQ/N is related structurally to the classic opioid peptides, its anatomical distribution 

suggests that there may be some important functional differences.
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G. Behavioral Effects o f OFQ/N1.17

1. Nociceptive Responses: Pharmacologically, OFQ/N has a complex series of 

actions. In the original papers on the isolation and characterization of OFQ/N, the 

authors showed that when OFQ/N was administered to the mouse by i.c.v. injection, the 

peptide produced a hyperalgesic response, i.e., a hypersensitivity to pain, measured by 

either the hot-plate (Meunier et al., 1995) or the tail-flick (Reinscheid et al., 1995) test 

Hence, Meunier and co-workers gave this peptide the name “nociceptin,” to highlight the 

seemingly paradoxical ‘ pro-nociceptive ’ action. However, further investigations have 

indicated that the effect o f OFQ/N on nociceptive responses is far more complicated than 

simply lowering nociceptive thresholds. Further studies have shown either hyperalgesia, 

blockade of stress-induced analgesia, inhibition o f opioid induced antinociception, 

allodynia, and even antinociception. Many factors have differed among these studies, 

such as species, route and sites o f administration, the nociceptive test used, the 

methodological procedures, dose o f OFQ/N administered, the time course of action, and 

the physiological state o f the subjects. These differences clearly contribute to the various 

outcomes o f OFQ/N. It should be noted here that it is not unusual for an opioid peptide 

to have such a wide spectrum o f antinociceptive responses. For example, k  opioid 

agonists, such as Dynorphin, have been known to inhibit p  opioid-induced analgesia 

(Lasagna et al., 1954; Houde et al., 1956), as mentioned earlier in the paper. A brief 

discussion of the various nociceptive responses now follows.

OFQ/N as a Hyperalgesic or Anti-Opioid agent:

The first behavioral effect o f OFQ/N to be described was a  hyperalgesic response 

following i.c.v. injections in mice (Meunier et al., 1995; Reinscheid et al., 1995).
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However, subsequent studies with additional controls showed that the i.c.v. injection 

itself caused an opioid-mediated stress-induced analgesia (SLA.) that can be reversed by 

either naloxone or OFQ/N (Mogil et al., 1996a). Analgesia is typically assessed in the 

tailflick assay, one o f the more common nociceptive tests used, and when used in naive 

animals, it produces a prolonged tailflick latency. This type o f nociceptive response is 

known as novelty-induced analgesia (Rochford and Dawes, 1993; Spreekmeister and 

Rochford, 2000) and auto-analgesia (Chance, 1980). Conversely, an increased sensitivity 

toward a nociceptive stimulus results in shorter latencies, or hyperalgesia. When mice 

were given i.c.v. saline injections, they displayed longer latencies to a lower-intensity 

nociceptive stimulus. OFQ/N reversed this form o f SIA, and the resultant shorter 

latencies were interpreted as hyperalgesia. In addition, OFQ/N was shown to reduce 

antinociception induced by selective p-, 5-, and K-opioid receptor agonists (Mogil et al., 

1996b). Analgesia induced by the p agonist DAMGO, the 5 agonist DPDPE, or the k 

agonist U50 488H was blocked by i.c.v. OFQ/N-pretreatment as was morphine-induced 

analgesia in mice (Mogil et al., 1996a) and rats (Tian et al., 1997). However, there is 

considerable literature demonstrating that simultaneous administration of k and |x 

agonists produce greater antinociception than p agonists alone (Bodnar et al., 1991) and 

5-p. combinations produce less antinociception than p agonists alone (Porreca et al.,

1984; 1987). Since k  and 8 agonists produce antinociception alone, they were not 

proposed as “pro-nociceptive” or “anti-opioid.”

One difference that may help explain why anticnocicepdon was not observed in 

initial reports may be due to species and strain differences. It has been demonstrated that 

OFQ/N antinociception is dependent on the strain o f mouse examined. CD-I mice have
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proven to be sensitive to a wide variety o f antinociceptive, including opioids inactive in 

other strains. Thus, the sensitivity o f these mice to OFQ/N is consistent with previous 

observations with other opioids (Mogil et al., 1996; Rossi et al., 1997).

OFQ/N as an Antinociceptive Agent:

Rossi et al., (1996) performed the initial study reporting a biphasic response 

following i.c.v. injections of OFQ/N comprising a brief period o f hyperalgesia followed 

by a prolonged period o f naloxone-sensitive antinociception in mice. The OFQ/N 

hyperalgesia gradually resolved over time, with tail-flick latencies continuing to increase 

significantly above their initial baseline levels, implying antinociception. In control 

studies, saline-treated mice did not demonstrate any significant changes in tail-flick 

latencies over time. When the mice were pretreated with diprenorphine, an opioid 

antagonist, no effect on the OFQ/N hyperalgesia was found; however, it completely 

reversed the antinociceptive effects o f OFQ/N. The loss o f antinociceptive activity and 

the persistent hyperalgesia implies that the tail-flick responses results from different 

hyperalgesic and antinociceptive systems in the CNS. Based on the diprenorphine 

sensitivity, the OFQ/N- induced hyperalgesia can be classified as nonopioid-mediated, 

while the antinociception is opioid-mediated. Important methodological differences 

could also account for these results. Instead o f using naive animals acutely exposed to 

the nociceptive stimulus and subject to antinociceptive actions o f novelty or stress, these 

animals were habituated to the test procedures producing more normal nociceptive 

responses.

After the initial reports o f hyperalgesia and reversal o f opioid antinociception, 

reports o f OFQ/N-induced antinociception began to emerge. Initial studies that detected
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antinociception utilized the intrathecal (i.t.) route o f administration with OFQ/N doses in 

the microgram (jig) range. King et al., (1997) detected a rapidly-appearing spinal 

antinociception in mice which was induced by OFQ/N and reversed by naloxone and the 

p. antagonist [3-FNA (Jhamandas et al., 1998). Spinally-delivered OFQ/N was found to 

reduce flinching behavior in the formalin test, a model o f inflammatory pain, in rats 

(Yamamoto et al., 1997), as well as reduce thermal hyperalgesia caused by paw injection 

o f carrageenan (Yamamoto et al., 1997). Intrathecal administration of OFQ/N does not 

appear to antagonize morphine antinociception; rather it actually potentiates it through 

additive or multiplicative interactions (Tian et al., 1997; Jhamandas et al., 1998). Also,

i .t  administration o f OFQ/N potentiates electroacupuncture antinociception, which is 

presumably produced by the release of endogenous opioids (Tian et al., 1997). Further, 

OFQ/N was examined for its role in pregnancy-induced antinociceptive processes 

(Dawson-Basoa and Gintzler, 1997; Gupta et al., 2001) with spinal pretreatment with 

OFQ/N reducing the magnitude of pregnancy-induced antinociception. Pregnancy 

induces spinal dynorphin and kappa opioid receptor activity that can be reduced by 

pretreatment with OFQ/N (Gupta et al., 2001), suggesting that it is a negative modulator 

o f spinal dynorphin release. However, the same type o f reduction is induced by 

pretreatment with exogenous k and 5 agonists. Therefore, this suggests that these receptor 

subtypes sometimes act in an inhibitory manner relative to each other, and not in an “anti­

opioid” mode.

A dichotomy was emerging in which supraspinal (i.c.v.) administration o f OFQ/N 

produced hyperalgesia and antagonism o f opioid antinociception, whereas spinal (i.t.) 

administration produces antinociception, and opiate-like action. It should be noted that
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not all investigators found that spinal administration o f OFQ/N induces antinociception 

Intrathecal injections o f very low nanogram (ng) range doses o f OFQ/N in mice causes 

allodynia, a pain-like response to innocuous stimulation, while even lower picogram 

doses elicits hyperalgesia and a decrease o f nociceptive thresholds on the hot plate test 

(Okuda-Ashitaka et al., 1996; Hara et al., 1997). However, similar effects are also seen 

following spinal morphine administration. Neither the effects o f morphine or OFQ/N at 

these low doses are naloxone-reversible (Hara et al., 1997). OFQ/N spinal-induced 

allodynia is blocked by prostaglandin, 8 2  and glycine antagonists (Minami et al., 1997), 

and the hyperalgesia is blocked by glycine and tachykinin NK1 receptor antagonists 

(Hara et al., 1997). One explanation for the opposing effects o f spinally-administered 

OFQ/N at different doses may in fact reflect recruitment o f distinct populations of 

neurons. Low doses (nanogram and picogram range) o f i .t  OFQ/N may have diffused 

only superficially to cause allodynia and hyperalgesia, whereas higher doses (microgram 

range) may have reached deeper into the spinal cord to produce antinociception (see 

review: Meunier, 2000).

More recent studies have shown OFQ/N-induced antinociception following i.c.v. 

and i.e. injections. Rossi et al., (1997) examined OFQ/N antinociception in the tailflick 

assay following i.c.v. injections o f the peptide. In this assay, baseline latencies typically 

range between 2 to 3 seconds and antinociception is defined as a doubling or greater of 

the baseline latency (Rossi et al., 1997). This assay is relatively insensitive to 

hyperalgesia. It was found that OFQ/N antinociception was dose-dependent, and 

remained sensitive to diprenorphine, naloxone, and naltrexone, confirming the general 

opioid nature o f its actions. It is possible that the opioid sensitivity seen with OFQ/N
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may reflect the activation o f traditional opioids downstream o f the ORL-1 receptor. 

However, this seems unlikely since antisense probes directed against the MOR-1, DOR- 

1, or KOR-1 opioid genes, a receptor knockdown procedure, respectively effectively 

blocked p, 5, and Ki-mediated antinociception, yet each o f these probes had no effect on 

OFQ/N antinociception (Pasternak & Standifer, 1995; Pan et al., 1995; Rossi et al.,

1995).

A second difference that may account for the contrasting effects o f OFQ/N, i.e., 

hyperalgesia that is insensitive to opioid antagonism versus antinociception that is readily 

reversed by naloxone, naltrexone, and diprenorphine, (Rossi et al., 1997; Gintzler et al., 

1997), may be a result o f two distinct receptor mechanisms for the peptide. Such a model 

might argue that different receptor subtypes or splice variants o f OFQ/N differentially 

mediate these effects. The best way to study this hypothesis would be to develop an 

antagonist for each ORL-receptor subtype. Antagonists have recently been discovered 

for OFQ/N; however, none o f them seem to specify receptor subtypes like the selective 

traditional opioid antagonist naloxonazine (pi), DALCE (50, or NTH (52). However, 

there is another way to study the possible existence o f multiple receptor subtypes, and 

that is by utilizing antisense oligodeoxynucleotides, a short-term knockdown o f a 

receptor due to injection o f nucleotides which can bind to a particular receptor’s mRNA 

to delay their translation and enhance their degradation (Pasternak and Standifer, 1995). 

The use o f antisense deoxynucleotides as a tool to study the possibility o f multiple 

receptor subtypes for the ORL-1 clone was very elegantly demonstrated by Rossi et al., 

(1997). In this study, antisense probes targeting the first coding exon o f the ORL-1 

receptor blocks OFQ/N hyperalgesia without altering OFQ/N antinociception (Pasternak
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& Standifer, 1995, Pan et al., 1995). However, hyperalgesia remains untouched by two 

antisense probes aimed against the second and third coding exons (Pasternak & Standifer, 

1995; Pan et al., 1995), while OFQ/N-induced antinociception was completely blocked 

by the antisense probes. These results raise the possibility that the various effects o f 

OFQ/N may be due to the peptide acting through multiple OFQ/N receptors created by 

splice variants.

A third possibility for the differential pharmacological actions o f OFQ/N may be 

due to separate and distinct systems for pain perception. In a study by Rossi et al.,

(2002), rppOFQ/Ni54.i8 i, a second active peptide o f ppOFQ and related to OFQ/N, was 

administered into four brain sites involved in pain-inhibitory processing: the amygdala, 

the vlPAG, the LC, and the RVM, to explore its antinociceptive and pronociceptive 

effects. Interestingly, in the four rat brain sites examined, rppOFQN 154.1 si produced 

potent antinociception. However, the antinociceptive effects in only two o f the sites, the 

amygdala and the vlPAG, were naloxone reversible, while the other two sites, the LC and 

RVM displayed naloxone-insensitivity. In contrast, those sites that did not produce an 

opiate reversible antinociception, the LC and the RVM, showed significant 

pronociceptive effects, or hyperalgesia, whereas the amygdala and vlPAG did not. This 

double dissociation provides evidence for the evolution o f at least two distinct systems 

for OFQ/N pain perception (opiate and non-opiate), which may be dependent on the 

supraspinal site of action at which OFQ/N may be released; this study is discussed in 

detail in the second specific aim.
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OFQ/N has been well-established as a pain modulatory peptide; however, like 

other opioid peptides, it also has effects on other behaviors reviewed below, such as 

reward and addiction, stress and anxiety, locomotion, feeding, and learning and memory.

2. rppOFQ/N 135.151 and Reward and Addiction: In a test o f conditioned place 

preference, in which chronic i.c.v. administration o f OFQ/N was paired with a particular 

compartment o f a shuttle box, OFQ/N failed to induce either place preference nor 

aversion, implying that the peptide is devoid o f abuse potential (Devine et al., 1996). It 

did, however, block morphine-induced conditioned place preference following i.c.v. 

administration (Murphy et al., 1999). OFQ/N does no affect heroin self-administration in 

rats (Walker et al., 1998), but it does decrease alcohol consumption in genetically 

selected alcohol-preferring rats (Ciccocioppo et al., 1999).

There is some evidence for adaptation (upreguladon) o f the ORL-1 receptor 

system in the morphine-tolerant/dependent rodent. Mice that lack the prepro-OFQ gene 

through gene knockout have been tested for their ability to become tolerant to chronic 

morphine. These mice show a 50% reduction in the development o f tolerance to chronic 

morphine, as compared with wild-type controls (Ueda et al., 1997). The fact that 

tolerance was only reduced by 50% in OFQ/N knockout animals suggests that although 

OFQ/N may play a role, it is not the only factor participating in tolerance and may not be 

the only opiate-modulating peptide involved (Harrison and Grandy, 2000).

3. rppOFQ/Ni3s.tsi and Stress and Anxiety: OFQ/N has been proposed to have 

anxiolytic properties based on its effects in several behavioral tests o f anxiety. In mice, 

i.c.v. injection o f OFQ/N increases exploratory behaviors (Florin et al., 1996). The

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



29

actions o f OFQ/N resemble that o f diazepam and suggest that the peptide can decrease 

anxiety (Jenck et al., 1997).

4. rppOFQ/Ni3s.i5 i and Locomotion: OFQ/N has been shown to have an effect 

on locomotion; however, the exact nature o f this effect remains controversial. Like other 

opioids (cf, in: Leventhal et al., 1996), studies have demonstrated both increases and 

decreases in locomotion. I.c.v. injections o f low doses (10-100 ng) o f OFQ/N in mice 

stimulate locomotor activity (Florin et al., 1996), whereas higher doses (>1 fig), 

decreases such activity, causing ataxia (Reinscheid et al., 1995). I.c.v. injections of the 

peptide into rats (20-200 pg) induces pronounced long-lasting motor impairments 

including loss of balance and muscle tone (Devine et al., 1996). The ability o f OFQ/N to 

impair locomotion may be supraspinal since rats that have received i.t. injections o f the 

peptide (1-20 pg) do not show signs of motor deficiency (Xu Xj et al., 1996).

5. rppOFQ/Nus.151 and Feeding: OFQ/N has stimulatory effects on feeding 

behavior such that i.c.v. injections o f 1-10 nM of the peptide increases feeding in satiated 

rats. This effect resembles that o f other opiates and is naloxone reversible (Pomonis et 

al., 1996). An involvement o f both ORL-1 and other opioid receptors is also implied by 

studies in which hyperphagia following i.c.v. injection o f OFQ/N is antagonized by either 

antisense probes directed against ORL-1 receptor mRNA, and is blocked by naloxone 

(Leventhal et al., 1998). Injection o f OFQ/N into the shell o f the nucleus accumbens or 

the ventromedial hypothalamus produce significant increases in food intake in satiated 

and unsatiated rats (Stratford et al., 1997).

6. rppOFQ/Ni35 .ist and Learning and Memory: A role for OFQ/N in spatial 

learning has been suggested by studies in which the peptide was injected into the
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hippocampus and by studies using the ORL-1 gene knockout mice. Microinjection of 

OFQ/N into the CA3 region o f the hippocampus in rats markedly impaired spatial 

learning without affecting swimming ability on the Morris water task, in which subjects 

must learn the location o f submerged platforms (Sandin et al., 1997). Greater learning 

ability and memory capacity is observed in mutant mice lacking the ORL-1 receptor 

gene, compared with wild type control animals (Mamiya et al., 1998). The deleterious 

effects o f OFQ/N on learning may be correlated with the ability o f the peptide to inhibit 

long-term potentiation (LTP) in hippocampal slices (Yu et al., 1997). Mice lacking the 

ORL-1 receptor gene exhibit substantially larger LTP that do wild type control animals 

(Manabe et al., 1998).

Since its discovery in 1995 (Meunier et al., 1995; Reinscheid et al., 1995), OFQ/N 

has been established as a modulatory peptide with multiple actions in the nervous system. 

The widespread localization o f OFQ/N and the ORL-1 receptor throughout the CNS 

correlates with the peptide’s diverse actions. Behavioraily, OFQ/N has been reported to 

affect nociception, reward and addiction, stress and anxiety, locomotion, feeding, and 

learning and memory. However, it is not unusual for a peptide to exhibit such diverse 

effects (Kastin et al., 1987).

A striking feature o f OFQ/N and its ORL-1 receptor is their similarity, based on 

sequence homology, to opioid peptides and their receptors, respectively. Many o f the 

diverse actions o f OFQ/N such as antinociception, stress responses, and feeding, are 

known to involve endogenous opioids (Akil, 1984; Bodnar, 1996). There are several 

relationships between OFQ/N and opioid peptides. First, OFQ/N could act in a similar 

manner to the other opioids, possibly as a fourth class o f the opioid receptor family. This
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idea stems from their sequence homology and presumed evolutionary relationship, and 

similarities in their anatomical localization and signal transduction mechanisms (Harrison 

and Grandy, 2000). Alternatively, OFQ/N could function in an opposite manner then that 

o f the traditional opioids, so that their actions oppose one another. Finally, the actions o f 

OFQ/N and the traditional opioids could be connected to one another such that the action 

o f one induces the production and/or action o f the other (Harrison and Grandy, 2000). 

This latter explanation holds the most resonance based on the most recent literature 

reviewed, and is the focus o f the present studies examining antinociceptive interactions. 

The next section will briefly review endogenous pain-inhibitory pathways.

H. Endogenous Pain Inhibitory Pathway

Neural circuits in the mammalian nervous system modulate ascending 

transmission o f noxious information when activated by environmental stressors, or by 

direct stimulation (Fields & Basbaum, 1978; Basbaum & Fields, 1984). Several discrete 

neuronal sites have been implicated as being a part of this descending pain-inhibitory 

pathway, such as the amygdala, vlPAG, LC, RVM, and a number o f spinal sites (Fields 

and Basbaum, 1978; Basbaum and Fields, 1984; Helmstetter, 1992; Watkins et al., 1993). 

Opioids can modulate pain perception at both the spinal and supraspinal levels o f the 

neuroaxis. The following sections briefly highlight a large literature on these subjects.

Spinal Systems: The ultimate effect o f stimulation o f supraspinal sites involved 

in pain control is inhibition o f spinal cord neurons. The descending inhibitory effects are 

exerted on neurons in the substantia gelatinosa (SG), lamina II o f the dorsal hom o f the 

spinal cord (see review: Basbaum & Fields, 1984). The SG contains neurons that are 

responsive to  noxious and non-noxious stimuli (Light et al., 1979; Bennett et al., 1980).
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Enkephalin and dynorphin are contained within SG neurons, indicating an opioid- 

mediated effect of nociceptive inhibition o f spinal cord neurons (Hunt et al., 1980;

Gibson et al, 1981). I .t  administration o f opiates produces dose-dependent 

antinociception that can be blocked by pretreatment with naloxone (Yaksh & Rudy,

1978; Yaksh, 1981). The modulation o f spinal antinociception has been characterized 

through the use of selective opiate-receptor agonists and antagonists. I .t  administration 

of p-selective antagonists elicited antinociception that was blocked by (3-FNA, but not 

naloxonazine, indicating a p.2 mechanism o f action (Paul et al., 1989). 5 and k selective 

agonists administered i.t  produced antinociception that was blocked by selective 

antagonists for these receptors, indicating that 5 and k  opioid receptors are essential in 

mediating antinociception from spinal cord neurons (Yaksh, 1984a; Porreca et al., 1984, 

1987; Wuster et al., 1980; Heyman et al., 1987, 1988). Norepinephrine and serotonin 

administered i .t  produces dose-dependent antinociception that is blocked by their 

specific receptor antagonists (Wang, 1977; Yaksh & Wilson, 1979; Reddy et al., 1980; 

Reddy and Yaksh, 1980; Schmauss et al., 1983; Howe et al., 1983; Fleetwood-Walker et 

al., 1985; Crisp et al., 1986; Kellstein et al., 1988; Castiglioni et al., 1978). The effect of 

norepinephrine and serotonin interactions with opioid-mediated spinal antinociception 

has produced conflicting results. I.t. administration o f naloxone has no effect on spinal 

norepinephrine antinociception (Kellstein et al., 1988) and no cross-tolerance is seen 

between i.t. administration of morphine and ST-91, an ct2 adrenergic agonist (Tung et al., 

1981). Other studies, however, have shown the development o f cross-tolerance between 

i .t  injections o f morphine and noradrenergic agonists (Solomon & Gebhart, 1987). 

Studies that examined at whether serotonin spinal antinociception was mediated by
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opioids were mixed. I.t. injections o f naloxone inhibited i.t. serotonin antinociception 

(Kellstein et al., 1988). However, cross-tolerance was not observed between i.t. 

morphine and seratonin injections (Loomis et al., 1987). Spinally-mediated opioid 

antinociception appears distinct yet interactive with supraspinally-mediated opioid 

antinociception. As noted previously, supraspinally-mediated morphine-induced 

antinociception is dependent upon spinal serotonergic and noradrenergic receptors yet is 

unaffected by spinally-administered naltrexone which blocks intrathecal morphine- 

induced antinociception (Yeung et al., 1980a). In contrast, supraspinally-mediated P- 

END-induced antinociception is blocked by spinal opioid, but not serotonergic or 

noradrenergic antagonist pretreatment, and supraspinal P-END administration fosters 

spinal met-enkephalin release (see review: Tseng, 2001). However, a classic interaction 

study (Yeung et al., 1980b) indicated that synergistic antinociceptive interactions 

occurred between ventricularly-applied and intrathecally-applied morphine. The next 

section briefly describes the supraspinal opioid pain-inhibitory system.

Supraspinal Systems: According to Basbaum and Fields’ (1984) original three­

tiered model, pain control circuits originated in the ventrolateral periaqueductal gray 

(vlPAG), then synapsed in the rostral ventromedial medulla (RVM), including the 

nucleus raphe magnus (NRM), the nucleus reticularis giganotcellularis (NRGC) and the 

nucleus reticularis gigantocellularis pars a , and finally projected to the substantia 

gelatinosa o f the spinal cord through the dorsolateral funiculus (DLF) (see reviews:

Fields and Basbaum, 1978; Basbaum and Fields, 1984; Bodnar, 2000; Tershner and 

Helmstetter, 1995). Electrical stimulation or microinjection o f opiates in the vlPAG, 

generate antinociception by ultimately inhibiting neurons in the spinal cord. Opiate
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agonists administered in the RVM also block nociceptive responses. (Bodnar et al.,

1988; Jensen et al., 1986; Satoh et al., 1983). Evidence suggests that there is a direct 

projection between the vlPAG and various nuclei in the RVM. Lesions or injection of 

local anesthetic in the RVM or the DLF block the effects o f midbrain stimulation (Prieto 

et al., 1983; Sandkuhler et al., 1982; Basbaum and Fields, 1984).

In addition to voluminous work studying the nature of opioid-induced 

antinociception in the brainstem sites, several studies have shown that changes in 

nociception in response to stress often depends on neurons within the amygdaloid 

complex (Helmstetter et al., 1992; Helmstetter et al., 1993). Microinjection of opiates 

into the amygdala produce profound antinociception (Helmstetter et al., 1993; Rodgers, 

1977). Presumably, the opioid-mediated antinociception elicited from the amygdala is 

achieved via connections with the vlPAG (Beitz, 1982; Krettak & Price, 1978). Thus, it 

appears that there are several supraspinal structures that are linked anatomically and 

physiologically, and play a crucial role in the mediation o f opioid-mediated 

antinociception (see review: Bodnar, 2000).

Two approaches have been used to identify the neurochemical substrates involved 

in opioid-mediated antinociception between two sites within this proposed descending 

pain-control pathway. The first approach determines whether opioid antinociception 

elicited from one site can be blocked by pretreatment with an antagonist in a second site. 

This antagonist approach addresses several issues. First, full dose-response curves of 

antagonigsts are studied to see whether the antagonist alone has any effects on basal 

nociceptive responses (e.g., hyperalgesia). Further, control placements, either dorsal or 

lateral to the site o f interest, are used to assess the site specificity o f the antagonist
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effects. The second approach studying the relationship between sites involved in the 

descending pain pathway examine synergistic effects between two sites. Synergy is a  

greater than additive effect when sub-threshold doses o f opioid agonists are administered 

simultaneously in two different sites (see review: Bodnar, 2000).

F irst Approach: Using the two criteria listed above, relationships were 

established between the vlPAG and the RVM, and the amygdala and vlPAG for opioid 

agonists. The direct projections between the vlPAG and the RVM appear to contain 

serotonin fibers (Abols & Basbaum, 1981; Beitz, 1982; Beitz et al., 1983). 

Autoradiography confirmed the presence of serotonin receptors on RVM neurons (Pazos 

et al., 1985; Waeber, 1988). Pretreatment o f the RVM with either general 

(methysergide), 5HT2 (ritanserin) or 5HT3 (ICS205930) receptor antagonists 

significantly and dose-dependently inhibited morphine antinociception elicited from the 

vlPAG. These antagonist effects appeared to be selective to opioid antinociception since 

antagonists alone failed to produce changes in nociceptive responses. The effects also 

seem to be site-specific, since cannulae placed dorsal or lateral to the RVM failed to alter 

vlPAG antinociception (Kiefel et al., 1992a; Keifel et al., 1992b). It has also been 

established that the projections between the vlPAG and RVM also contain enkephalin 

fibers (Abols & Basbaum, 1981; Beitz, 1983). Pretreatment in the RVM with either 

general (naltrexone), p (p-FNA) or 5 (naltrindole)-opioid receptor antagonists 

significantly and dose-dependently inhibited morphine antinociception elicited from the 

vlPAG (Kiefel et al., 1993). The antagonist effects were selective and site-specific 

(Bodnar et al., 1988). Excitatory amino acid (EAA) receptors, especially the NMDA 

receptor, have been implicated in mediating supraspinal antinociceptive effects.
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Pretreatment o f the RVM with either competitive NMDA (AP-7), noncompetitive 

NMD A (MK-801) or kainate/AMPA (CNQX) EAA receptor antagonists showed 

differential results. Both o f the NMDA receptor antagonists significantly and dose- 

dependently altered morphine antinociception elicited from the vlPAG; however, the 

kainate/AMPA receptor failed to do so. The effects o f the EAA antagonists were 

selective and site specific (Spinella et al., 1996). Cholinergic drugs administered into 

medullary sites produce antinociception (Brodie & Proudfit, 1984; Iwamoto, 1989; Klamt 

& Prado, 1991). Pretreatment o f RVM with either muscarinic (scopolamine), Mi 

(pirenzepine), M2  (methoctramine) or nicotinic (mecamylamine) cholinergic receptor 

antagonists resulted in significant and dose-dependent inhibition o f morphine 

antinociception elicited from the vlPAG. Although these effects were selective, however, 

they were not site-specific since cannulae placed dorsal and lateral to the meduallary site 

of interest were also effective in blocking vlPAG antinociception (Spinella et al., 1997).

The functional relationship between the amygdala and the vlPAG has also been 

established by examining at opioid-opioid interactions. Pretreatment o f the vlPAG with 

either general (naltrexone), or 8 2  (naltrindole isothiocyanate) opioid receptor antagonists 

resulted in an inhibition in morphine antinociception elicited from the amygdala, but not 

following pretreatment with the p (P-FNA) receptor antagonist in the vlPAG (Pavlovic et 

al., 1996). Similar results were seen when (3-endorphin antinociception was assessed in 

the amygdala. Pretreatment o f the vlPAG with either general or 6 2 , but not p, receptor 

antagonists inhibited (3-endorphin antinociception elicited from the amygdala (Pavlovic et 

al., 1996). USO 488H-induced antinociception elicited from the amygdala was blocked 

by either general, p- or 5 2 -opioid receptor antagonists administered into the vlPAG
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(Pavlovic and Bodnar, 1998b). Finally, DAMGO-induced antinociception elicited from 

the amygdala was blocked by pretreatment with either general or ^.-antagonists, but not 

P-endorphini-27 (an antagonist for the putative e receptor) in the vlPAG (Tershner and 

Helmstetter, 2000).

Second A pproach: The second approach used to study site interactions used at 

synergy studies. Synergy is defined as a greater than additive effect when sub-threshold 

doses o f opioid agonists are used in two different sites (see review: Bodnar, 2000). 

Synergy studies have been used to establish relationships between both the vlPAG and 

RVM, and the amygdala and vlPAG. Subthreshold doses o f morphine, which are 

inactive when administered alone, produced a potent antinociceptive response when 

simultaneously coadministered in the vlPAG and RVM (Bodnar et al., 1991; Rossi et al., 

1993, 1994). Synergistic interactions between the vlPAG and RVM were also observed 

when subthreshold doses o f the p-receptor agonist, DAMGO, the 5 2 -receptor agonist 

deltorphin II, and a combination o f DAMGO and deltorphin II were administered into 

each site (Sutters et al., 1990, Heyman et al., 1998; Rossi et al., 1994). Synergistic 

antinociceptive interactions have also been examined between the amygdala and the 

vlPAG using morphine and P-endorphin (Pavlovic & Bodnar, 1998). Simultaneous and 

subthreshold doses o f morphine in both sites and P-endorphin in both sites produced 

synergistic interactions. When morphine and P-endorphin were given in combination, 

synergistic interactions were seen only when morphine was administered in the amygdala 

and P-endorphin in the vlPAG, but not vice versa (Pavlovic & Bodnar, 1998). Thus, 

these approaches indicate that the amygdala has functional similarities to the other pain-
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inhibitory nuclei; the next sections detail the role o f this nucleus in opioid-mediated and 

stress-mediated antinociception.

I. The Role o f the Amygdala in Opioid-induced Antinociception:

Several forebrain regions, especially the amygdala, have been implicated to be a 

part o f this endogenous pain-inhibitory pathway (Helmstetter et al., 1993; Manning and 

Mayer, 1995a; 1995b; Pavlovic et al., 1996). Stimulation o f the amygdala inhibits the 

activity of dorsal hom spinothalamic neurons (Carstens, 1986). Systemically 

administered morphine requires the integrity o f the amygdala in order to suppress spinal 

nociceptive signals (Mayer and Manning, 1995b). Bilateral lesions placed in the 

amygdala (including the central (Ce), and basolateral (BLA) nuclei) attenuate morphine- 

induced antinociception on several nociceptive assays (Helmstetter et al., 1993; Mayer 

and Manning, 1995a; 1995b; Pavlovic et al., 1996). Microinjection o f either p-opioid 

agonists (morphine and DAMGO), (5-endorphin, an enkephalinase inhibitor, neurotensin 

or carbachol into the amygdala result in antinociception on the tail flick test (Kalivas et 

al., 1982; Helmstetter et al., 1993; Manning and Mayer, 1995a; 1995b; Pavlovic et al., 

1996; Al-Rodhan et al., 1990; Klamt and Prado, 1991; Helmstetter et al., 1993,1995; 

Pavlovic et al., 1996). Morphine, |3-endorphin, and the selective K-receptor agonist, U50 

488H produced antinociception on the jump test (a test measuring reactivity to shock) 

following amygdala micro injections (Rodgers, 1977,1978; Pavlovic et al., 1996; 

Pavlovic and Bodnar, 1998a). Neither the K-selective agonist, U50 488H, or the 5- 

selective opioid agonist, DPDPE, were capable o f eliciting antinociception from the 

amygdala on the tail-flick test (Helmstetter et al., 1995; Pavlovic and Bodnar, 1998b).
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Studies have shown that there are anatomical and functional relationships between 

the amygdala and other nuclei involved in the descending pain-inhibitory pathway, 

especially that o f the vlPAG. There are direct reciprocal connections project between the 

amygdala and vlPAG (Tershner and Helmstetter, 1995; Pavlovic et al., 1996; Helmstetter 

et al., 1998). As detailed previously, an opioid synapse in the PAG appears to be 

essential for the full expression o f antinociception elicited by amygdala microinjections. 

Pretreatment o f the PAG with general or selective (particularly 5) opioid-receptor 

antagonists results in inhibition o f opioid agonist-induced antinocicption elicited from the 

amygdala (Pavlovic 1996a, 1996b, 1998; Helmstetter etal., 1998).

J. The Role o f the Amygdala in Stress:

The amygdala has been implicated involved in the regulation o f the 

neuroendocrine stress response. The paraventricular nucleus (PVN) o f the hypothalamus, 

especially the corticotropin releasing factor-(CRF)-containing neurons, controls the 

stress-response (Bohus et al., 1996). There are some direct connections between the 

hypothalamic PVN and the amygdala (Silverman et al., 1981; Tribollet and Dreifuss, 

1981; Gray et al., 1989; Marcilhac and Siaud, 1996); however, the amygdala also has 

indirect connections to the PVN via the bed nucleus o f the stria terminalis (BNST) 

(Krettek and Price, 1978; W eller and Smith, 1982; DeOlmos et al., 1985). The amygdala 

also contains CRF-containing neurons with widespread projections throughout the 

neuroaxis (Gray and Bingaman, 1996). Lesions o f the PVN CRF -containing neurons 

increases CRF expression in the central nucleus (Ce) o f the amygdala, indicating that 

compensatory mechanisms in the amygdala can replace the actions o f PVN neurons

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



40

(Walker et al., 1997). Lesions placed in the Ce and BLA nuclei o f the amygdala blocked 

conditioned increases in corticosterone release (Goldstein et al., 1996).

The amygdala also plays a modulatory role in the stress response by regulating 

the release of dopamine (DA), serotonin (5-HT) and norepinephrine (NE) in the 

prefrontal cortex (PFC) as a  result of exposure to mild stressors (Goldstein et al., 1996). 

Lesions in the amygdala block the stress-induced increases in DA release in the frontal 

cortex following mild footshock or exposure to a novel environment (Davis et al., 1994).

The amygdala also appears to be important in the mediation o f some, but not all 

forms o f opioid-mediated stress-induced analgesia. Thus, forms o f stress -induced 

analgesia (e.g., conditioned fear, exposure to shock, exposure to a predator) that can be 

blocked by general opioid antagonist pretreatment, are also reduced following lesions 

placed in the amygdala (Helmstetter, 1992; 1993; Helmstetter and Bellgowan, 1993; Fox 

and Sorenson, 1994; Bellgowan and Helmstetter, 1996; but see Watkins et al., 1993). In 

contrast, lesions placed in the amygdala failed to affect analgesia elicited by either 

continuous (nonopioid-mediated) or intermittent (opioid-indicated) cold-water swims 

(Pavlovic et al., 1996b). Given the putative role of OFQ/N in stress-related responses 

(Goldstein et al., 1996; Walker et al., 1997), the amygdala would appear to be an ideal 

site to study such relationships. This is considered in the next Rationale section.

K. Rationale:

To recapitulate, during the successful cloning o f the traditional types o f opioid 

receptor (p, x, 6 ) (Evans et al., 1992; Kieffer et al., 1992), a fourth orphan-like opioid 

receptor was identified, the ORL-1 receptor, which did not bind traditional opioid 

agonists with high affinity (Mollereau et al., 1994). Subsequently, an endogenous ligand
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for the ORL- 1  receptor was identified, rat-pre-proOrphanin FQ/Nociceptmus-isi 

(rppOFQ/Nns.isi) (Meunier et al., 1995; Reinscheid et al., 1995) which is part o f a 

prepro-Orphanin (ppOFQ) precursor gene (see reviews: Meunier, 1997,2000). Initial 

studies using rppOFQ/Nns-isi demonstrated that this ligand had hyperalgesic, anti-stress 

and/or anti-opioid properties following ventricular administration in rodents (Meunier et 

al., 1995; Reinscheid et al., 1995; Mogil et al., 1996a, 1996b; Tian et al., 1997).

However, subsequent studies found that rppOFQ/Ni3s.isi, and two of its truncated 

fragments, rppOFQ/N 135-145 and rppOFQ/Ni35.u-, as well as other related peptides from 

the ppOFQ/N precursor gene (e.g., rppOFQ/N 154-1 gi), display dose-dependent, route- 

dependent and time-dependent antinociception (Rossi et al., 1996,1997,1998; King et 

al., 1997; Tian et al., 1997; Jhamandas et al., 1998; Shane et al., 2000), and that pain 

control nuclei such as the vlPAG, the LC and the RVM differentially elicit these 

antinociceptive effects (Rossi et al., 2002).

The nuclei o f the amygdala are also known to elicit antinociceptive responses 

following administration o f p-receptor agonists morphine or DAMGO, P-endorphin, or 

the K-selective agonist U50 488H, which depend on an opioid synapse in the vlPAG for 

their full expression (Pavlovic et al., 1996a, 1996b, 1998; Helmstetter et al., 1998; 

Tershner and Helmstetter, 2000). Thus, pretreatment o f the vlPAG with general and 

selective opioid receptor antagonists results in reduced opioid agonist-induced 

antinociception elicited from the amygdala. In addition, the autoradiographic studies 

have shown that the amygdala has an abundance o f ORL-1 receptors (Letchworth et al.,

2000) as well as other opioid receptor subtypes (Mansour, 1987). Since the amygdala is 

also intimately involved in the mediation o f stress-related responses (Goldstein et al.,
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1996; Walker et al., 1997), this makes it an ideal candidate for mediating the multi­

faceted actions of rppOFQ/Nus-isi.

Thus, the purpose o f the present dissertation is to characterize the novel “orphan” 

ORL-1 receptor and its endogenous ligand, OFQ/N through analysis o f pharmacological, 

anatomical, and mostly behavioral evidence. Four series of specific experiments are 

proposed.

Specific Aim One evaluated the analgesic and hyperalgesic effects o f 

rppOFQ/Ni35.tsi and two o f its truncated fragments rppOFQ/N 135.145 and rppOFQ/Ni35_ui 

in the amygdala in rats on both radiant heat (tail-flick) and shock (jump threshold) tests. 

These fragments were chosen because rppOFQ/N 135.151 and its two active truncated 

versions, rppOFQ/Nus-us and rppOFQ/N 135441 were found to produce antinociception in 

mice following ventricular administration, which was blocked by antisense probes 

targeted at exons 2 and 3, but not exon 1 o f the ORL-1 clone (Rossi et al., 1997). Two 

different nociceptive tests were employed to allow for the assessment o f generalizability 

vs. specificity across nociceptive stimuli. Although the vlPAG is a site at which 

traditional opioid agonists like morphine and P-endorphin produce marked 

antinociception on both tests (e.g., Kiefel et al., 1992a; 1992b; 1993; Spinella et al., 1996; 

1997; 1999), the amygdala is a site at which traditional opioid agonists like morphine, P- 

endorphin and USO 488H produce marked antinociception on the jump (a more reactive 

measure) than on the tail-flick (a more reflexive measure) test (Pavlovic et al., 1996; 

Pavlovic and Bodnar, 1998). The tail-flick test is an ideal measure with which to assess 

both antinociceptive and hyperalgesic responses within the same paradigm such that 

high-intensity radiant heat elicits short latencies that are conducive to measurement o f
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antinociception (observing increases in latencies) and lower-intensity radiant heat elicits 

longer latencies that are conducive to measurement o f hyperalgesia (observing decreases 

in latencies). ippOFQ/Ni35.isi and its fragments were tested over a very wide dose range 

since this peptide can conceivably produce an inverted U-shaped function rather than the 

traditional linear dose-response relationships for antinociception elicited by p opioid 

antagonists. The studies included in this specific aim have been published (Shane et al.,

2001) in the journal, Brain Research.

Specific Aim Two evaluated the antinociceptive and hyperalgesic effects o f a 

related peptide, rppOFQ/Ni$4-i8 i in the amygdala o f rats on both radiant heat and shock 

tests according to a similar strategy to that employed in the first study. This peptide is at 

the end o f the pre-proOFQ gene. Initial studies with this and other related peptides found 

that it elicited similar antinociceptive effects to rppOFQ/Ni3$.isi when given i.c.v. in mice 

(Rossi et al., 1998). The present study examined rppOFQ/Nis4-i8 i in the amygdala, and 

was part o f a larger study evaluating the effects o f this peptide in other supraspinal sites 

as well including the vlPAG, RVM and LC. The studies included in this specific aim 

have been published (Rossi et al., 2002) in the Journal o f Pharmacology and 

Experimental Therapeutics.

Specific Aim Three determined whether rppOFQ/Nns-isi antinociception in the 

amygdala can be blocked by pretreatment in the same amygdala site with equimolar 

doses o f either general (naltrexone), p  ((3-FNA), k  (NBNI) or 8 (NTI) opioid receptor 

subtypes in rats. Autoradiographic and immunihistochemical techniques have shown that 

there is a  dense distribution o f ORL-1 and traditional opioid receptors in the amygdala 

(Letchworth et al., 2000; Mansour et al., 1987,1994a, 1994b, 1994c, 1995a, 1995b,
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1996). Antinociception elicited following amygdala microinjections o f the selective Ki 

agonists, U50 488H, is blocked by amygdala pretreatment of general and selective Ki 

opioid antagonists. This present studies purpose was to elucidate whether rppOFQ/N 135- 

151-induced antinociception is mediated through a functional circuit utilizing the 

traditional opiate receptors. The studies included in this specific aim have been accepted 

for publication (Shane et al., 2002) in the journal, Analgesia.

Antinociceptive responses following amygdala microinjections o f traditional 

opioid agonists such as morphine, DAMGO, p-endorphin and U50 488H have been 

linked to an intrinsic pain-inhibitory pathway originating in the vlPAG. (Krettak and 

Price, 1978; Beitz, 1982; Basbaum and Fields, 1984; Rizvy et al., 1991). Pretreatment o f 

the vlPAG with lidocaine or microinjections o f either general or selective p. or 8 2  opioid 

receptor antagonists significantly reduced the antinociception elicited by either morphine, 

P-endorphin, DAMGO or U50 488H in the amygdala (Pavlovic et al., 1996; Pavlovic et 

al., 1998; Helmstetter et al., 1998; Tershner and Helmstetter, 2000). Specific Aim Four 

evaluated whether rppOFQ/N 135.151 antinociception elicited from the amygdala can be 

blocked by pretreatment with equimolar doses o f general (naltrexone), p (P-FNA), k 

(NBNI) and 5 (NTI) opioid receptor subtypes in the vlPAG in rats to indicate whether 

this peptide utilizes a similar anatomical and functional pathway to that o f the traditional 

opioid agonists. Site-specificity o f any positive antagonist effects within the vlPAG was 

assessed by determining antagonist effectiveness in misplaced mesencephalic 

placements. Finally, reciprocal ascending influences were examined, the ability o f 

selective opioid antagonists administered into the amygdala were assessed for effects 

upon rppOFQ/Ni3s.isi-induced antinociception elicited from the vlPAG.
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CHAPTER 2. GENERAL METHODS 

Subjects. Surgery and Histology: Adult male albino Sprague-Dawley rats 

(Charles River Laboratories, Wilmington, MA, 80-100 days o f age) were housed 

individually in polyethylene cages and maintained on a 12:12 h lightrdark cycle with food 

and water available ad libitum. Following anesthetization with chlorpromazine HCL (3 

mg/kg, i.p.) and ketamine HC1 (120 mg/kg, ion.), a  stainless-steel guide cannula (26- 

gauge, Plastics One, Roanoke, VA) was placed stereotaxically (Kopf Instruments, 

Tujunda, CA) into the amygdala in all experiments, the amygdala and either the vlPAG 

or a control misplaced mesencephalic site lateral to the vlPAG in experiment four, and 

bilaterally into the amygdala and the vlPAG in experiment four. Stereotaxic coordinates 

were: (a) unilateral amygdala: incisor bar (-3.3mm), 2.8 mm posterior to the bregma 

suture, 3 mm lateral to and angled 13° away from the sagittal suture, and 8.4 mm from 

the top o f the skull (Experiments 1 ,2 ,3  and 4), (b) bilateral amygdala: incisor bar (-3.3 

mm), 2.8 mm posterior to bregma suture, 4.5 mm lateral to and angled 5° away from the 

sagittal suture, and 8.4 mm from the top o f the skull (Experiment 4), (c) vlPAG: incisor 

bar (-5 mm), 0.5 mm anterior to the lambda suture, 1.5 mm lateral to and angled 12° 

toward the sagittal suture, and 6.8 mm from the top o f the skull (Experiment 4), and (d) 

misplaced control: incisor bar (-5 mm), 0.5 mm anterior to the lambda suture, 2.0 mm 

lateral to the sagittal suture, and 6.8-7.0 mm from the top o f the skull (Experiment 4). 

Cannulae were secured to three anchor screws with dental acrylic. All animals were 

allowed one week to recover from surgery and clear anesthetic. After the completion of 

testing, all animals were anesthetized (Euthanasia, Henry Schein), and received a 

transcardiac perfusion with 0.9% normal saline followed by 10% buffered formalin. The

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



46

brains were removed, blocked and cut coronally in 40 |im  sections through the cannula 

placement. The tissue, stained with cresyl violet was examined using light microscopy 

by an observer unfamilia r with the behavioral data. Only animals with confirmed 

cannulae placements were included in the data analysis.

Nociceptive tests: A tail-flick analgesiometer (ITTC, Woodland Hills, CA) 

provided a radiant heat source that was mounted 8 cm above the rat’s tail. Radiant heat 

was applied 3-9 cm proximal to the tip o f the rat’s tail: removal o f the tail activated a 

photocell and determined the latency (0.01-s accuracy). In the first nociceptive 

paradigm, a high-intensity thermal stimulus was set to produce baseline tail-flick 

latencies between 2 and 3.5 s. Each session consisted o f 3 latency determinations at 

different points on the tail at 10 - s  intervals. To avoid tissue damage, a trial was 

automatically terminated if  a response did not occur within 12 s. Baseline latencies were 

determined for at least 4 days before experimental testing began to insure stability of 

responding. This paradigm was used to assess antinociception (Experiments 1 ,2 ,3  and 

4). In the second nociceptive paradigm, radiant heat was applied in an identical manner 

to that described above except that a lower-intensity thermal stimulus was applied to 

produce baseline tail-flick latencies between 7 and 10 s with an automatic cut-off o f 20 s. 

This paradigm was capable o f assessing both antinociception and hyperalgesia 

(pronociception) (Experiments 1 and 2).

A third nociceptive paradigm was employed to examine reactivity to shock (jump 

test). Rats were tested on this measure in Experiments 1 and 2 immediately after the high- 

intensity tail-flick testing. A previous study has demonstrated that there is no carry-over 

effect when the tail-flick test is done prior to the jump test; however, the reverse is not
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true (Kelly et al., 1982). Electric shock was delivered to the feet o f the rat by a shock 

generator (BRS/LVE) and a shock scrambler (Campden Instruments). The jump 

threshold was defined in mA as the lowest o f two consecutive ascending intensities in 

which the animal simultaneously removed both hindpaws from the grids. Each o f the six 

trials began with the animal receiving a 300-ms footshock at a current intensity o f 0.10 

mA with subsequent shocks increased in 0.05 mA steps at 10-s intervals until either the 

jump threshold was determined or a cutt-off threshold o f 1.2 mA was reached. Baseline 

thresholds were determined for at least 4 days before experimental testing began to 

ensure stability o f responding. All animals displayed consistent latencies and thresholds 

in baseline and vehicle testing that did not appear subject to desensitization.

Peptides, Antagonists and Microinicctions: rppOFQ/Ni35-i5 i was synthesized 

by Dr. G.W. Pasternak (Experiment I) or purchased from Peninsula Laboratories 

(Belmont, CA, Experiments 3 and 4). rppOFQ/Ni3s.us and rppOFQ/Nus-ui were 

synthesized by Dr. G.W. Pasternak. (Experiment 1). rppOFQ/Nis4-i8 i was synthesized by 

Dr. R.G. Allen (Experiment 2). Naloxone (Experiment 2) and naltrexone (NTX: 

Experiment 3 and 4) were purchased from Sigma Chemical Co. (St. Louis, MO). P-FNA, 

NBNI and NTI were all purchased from Sigma RBI and used in Experiments 3 and 4. All 

peptides and antagonists were dissolved fresh in 0.9% saline, and were microinjected at 

3-8 h into the light cycle in 0.1 pi volumes at a rate o f 0.2 p i every 10 s through a 

stainless-steel internal cannula (33-gauge, Plastics One) which was connected to a 

Hamilton microsyringe by polyethylene tubing. A dummy cannula was in place before 

and after microinjections to insure patency o f the guide cannula. Injection treatments 

were separated by at least 1 week to minimize tolerance. rppOFQ/Nns-tsi, rppOFQ/N 135.
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145, rppOFQ/Ni35-i41 and rppOFQ/N 154-181 were made daily immediately before testing. 

Microinjections o f either NTX (20 min), P-FNA (16-23 h), NBNI (1 h) or NTI (30 min) 

preceded agonist microinjections to reflect the peak opioid antagonist activity (Mattia et 

al., 1992; Portoghese et al., 1980,1987,1990; Takemori et al., 1981; Zukin and Zukin, 

1981).

Statistical Analyses; Two-way repeated measures analyses o f variance or 

randomized block analyses o f variance assessed significant effects, with experimental 

conditions as one variable and test times as the second variable, and the interaction 

between conditionsand times. Tukey controlled comparisons (p, 0.05) were used to 

determine the antinociceptive effects o f OFQ/N across conditions relative to 

corresponding vehicle treatment, and/or antagonist actions.
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CHAPTER 3: SPECIFIC AIM ONE 

rppOFQ/Ni35_i5i, rppOFQ/N135.145 and rppOFQ/Nus-ui Antinociception and 

Hyperalgesia Elicited from the Amygdala:

Introduction

The present study examined the effects o f equimolar doses o f either rppOFQ/Ni3$. 

151, rppOFQ/Ni35.us or rppOFQ/Nns-ui administered into the amygdala would produce 

antinociception on the tail-flick test using high intensity thermal stimuli to elicit short 

baseline latencies as well as on the jump test. It should be noted that morphine, (3- 

endorphin and U50 488H antinociception elicited from the amygdala is more robust on 

the jump test relative to the tail-flick test (Pavlovic and Bodnar, 1998a; Pavlovic et al., 

1996a; Rodgers, 1977, 1978). Hyperalgesia cannot be typically observed in traditional 

tail-flick paradigms due to short baseline latencies. Therefore, as performed previously 

(Rossi et al., 1996), the present study evaluated potential hyperalgesic effects o f 

rppOFQ/Ni35_i5 i, rppOFQ/N135-M5 and rppOFQ/Nus-ui elicited from the amygdala by 

decreasing the intensity o f the thermal stimulus, lengthening baseline latencies and 

permitting hyperalgesia to be potentially detected.

Methods

A total o f seven different protocols were employed and are summarized on Table 

1. The first three protocols employed the high-intensity tail-flick test to assess: a) a dose- 

response curve (0.027-54.27 pg) for rppOFQ/Ni3s_isi-induced antinociception in the 

amygdala; b) a dose-response curve (1.65-33.0 pg) for rppOFQ/N 135-145-induced 

antinociception in the amygdala; and c) a dose-response curve (0.1-19.6 pg) for
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Table I . Summary of experimental groups in Experiment 1.

A. rppOFQ/N135.151-indaced antinociception on higb-intensity tail flick test:
m

Vehicle
nmol n

54
0.027 0.015 7
027 0.15 6

1.5 0.75 8

2.7 1.5 6

5.5 3 6

1 0 5.5 8

2 0 11 7
27.14 15 6

5427 30 6

B. rppOFQ/NuM4s-induced antinociception on higb-intensity tail flick test:
Vehicle 24
1.65 1.5 6

32 3 6

6.04 5.5 6

12.08 11 4
16.5 15 7
33 30 7

C. rppOFQ/N135.141-induced antinociception on higb-intensity tail flick test:
Vehicle 7
0.1 0.15 6

1.0 1.5 6

723 11 6
19.6 30 6

D. Low-intensity tail flick test (hyperalgesia):
Vehicle 8

rppOFQ/Nt3j-isi 2 0  11 8
rppOFQ/N,35.U5 12.14 11 8
rppOFQ/N, 35-141 723 11 8

E. rppOFQ/N135.isi-induced antinociception on jnmp test:
Vehicle 15
10 5.5 8

20 11 7

F. rppOFQ/Ni35.i45-induced antinociception on jnmp test:
Vehicle 15
16.5 15 7
33 30 7

G. rppOFQ/Nus-Mi-nduced antinociception on jnmp test:
Vehicle 15
7.2 11 7
19.6 30 7

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



51

rppOFQ/N os-141-induced antinociception in the amygdala. The fourth protocol employed 

the low-intensity tail-flick test such that one dose o f each OFQ/N fragment was injected 

into the amygdala and all animals were tested for hyperalgesia: rppOFQ/Nns-isi 2 0 pg, 

rppOFQ/N 135.1 4 5 12.14pg, and rppOFQ/N 135.141 11.06pg). The last three protocols 

employed the jump test for a dose-response curve (5.5-11.0 pg) for OFQ/N-induced 

antinociception in the amygdala; a dose-response curve (15.0-30.0 pg) for rppOFQ/N 135. 

145-induced antinociception in the amygdala; and a dose-response curve (11.0-30.0 pg) 

for rppOFQ/Ni35-m-induced antinociception in the amygdala. In all protocols, tail-flick 

latencies and jump thresholds were determined 5 ,15 ,30  and 60 minutes following 

vehicle treatment and agonist microinjections. There was a one-week interval between 

particular conditions; this interval minimized agonist-induced tolerance effects. No 

animal in any protocol received more that five microinjection conditions in a given site.

Results

Histological verification. The 121 rats in the treatment protocols had cannula 

placements in the central and baso-lateral nuclei o f the amygdala. The placements o f the 

cannulae across paradigms were quite similar, and no significant differences were 

observed in the magnitude of OFQ/N-induced antinociception between nuclei, and thus 

data for each agonist treatment for the two amygdala placements were pooled.

Amygdala rppOFO/Nns-m and the high-intensity tail-flick assay. Significant 

differences were observed among experimental conditions (F(9,477)=1389.43, P<0.001), 

across test times (F(3,159>=607.34, P<0.001) and for the interaction between conditions 

and times (F(27,1431)=81.68, P<0.001). A wide range (0.015-30 nmol) o f rppOFQ/Nns- 

i5 i doses in the amygdala significantly increased high-intensity tail-flick latencies with
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effects observed up to 5 min following the 0.15-nmol dose, up to 15 min following the 

1 lnmol dose, up to 30 min following the 0.015-nmol dose and across the 60-min time 

course following the 0.75-5.5- and the 15-30 -nm ol dose ranges (Fig. 2). The magnitude 

of rppOFQ/Ni3s-t5 i-induced antinociceptive effects in the amygdala displayed an inverted 

U-shaped function such that latencies increased from 0.15 to 0.75 nmol, peaked at 1.5-3 

nmol, and then declined in analgesic efficacy from 5.5 to 30 nmol.

Amygdala rppQFQ/Nns.us and high intensity tail-flick assay. Significant 

differences were observed among conditions (F(6,138)=68.55, P<0.001), across times 

(F(3,69)=158.42, P<0.001) and for the interaction between conditions and times (F(18, 

414)=34.68, P0 .0 0 1 ). Whereas low ( 1 .5-5.5 nmol) doses of rppOFQ/Nns-us produced 

meager and transient effects upon high-intensity tail-flick latencies in the amygdala, 

latencies significantly increased for up to 15 min following the 1 1 -nmol dose and across 

the time course following the 15- and 30-nmol doses (Fig. 3). The greatest magnitude of 

rppOFQ/Ni3s.i4 5-induced antinociception in the amygdala occurred 5 min following the 

15-nmol dose, an effect (5.4 s) that was considerably less than that observed for the larger 

OFQ/N (8-9.4 s).

Amygdala rppOFQ/Nns-ui and the high-intensity tail-flick assay. Significant 

differences were observed among conditions (F(4,24)=7.06, P<0.007). across times 

(F(3,18)=7.30, PO .021) and for the interaction between conditions and times 

(F(12,72)=3.32, P<0.007). Whereas low doses o f ippOFQ/Ni35-ui in the amygdala 

produced transient, significant increases in high-intensity tail-flick latencies following the 

0.15- (5 min) and 1.5- (5-15 min) nmol doses, higher (11-30 nmol) doses of 

rppOFQ/Ni3$.i4 i in the amygdala failed to alter latencies (Fig. 3). The greatest magnitude
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Figure 2. Alterations in high-intensity tail-flick latencies (s, + S.E.M.) following 

administration o f rppOFQ/Nns.151 into the amygdala across a wide dose range (0.015-3 

nmol, upper panel; 5.5-30 nmol, lower panel) relative to vehicle treatment. The asteriks 

in this and subsequent figures indicate significant increases in latencies relative to 

corresponding vehicle control conditions.
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Figure 3. Alterations in high-intensity tail-flick latencies (s, +S.E.M.) following

administration of either rppOFQ/N 1 35-145 (upper panel) or rppOFQ/Ni3 5-ui (lower panel)

into the amygdala relative to vehicle treatm ent
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o f rppOFQ/Ni35-ui-induced analgesia in the amygdala occurred 5 min following the 1.5- 

nmol dose, an effect (5.3 s) that was considerably less than that observed for the larger 

OFQ/N (8-9.4 s).

Amygdala OFQ/N fragments and the low-intensitv tail-flick assay. Significant 

differences were observed among conditions (F(3,21)=10,25, P<0.002) and for the 

interaction between conditions and times (F(9,42)=2.11, P<0.42), but not across times 

(F(3,21)=1.87, NS). Low-intensity tail-flick latencies failed to be altered by an equimolar 

( 1 1  nmol) dose o f either rppOFQ/Nus-isi or rppOFQ/Nns-ui in the amygdala, and were 

only transiently (15 min) but significantly increased by an equimolar dose of 

rppOFQ/Ni35.us in the amygdala (Fig. 4). In all cases, amygdala microinjections of each 

o f the OFQ/N peptide fragments tended to increase low-intensity latencies rather than 

produce decreases in these latencies as expected for the presence o f a hyperalgesic state.

Amygdala OFQ/N fragments and jump thresholds. Significant differences in the 

rppOFQ/Ni35.isi paradigm were observed across test times (F(3,42)=12.72, P<0.001) and 

for the interaction between conditions and times (F(6,84)=10.45, P<0.001), but not 

among conditions (F(2,28)=1.28, NS). Jump thresholds failed to be altered by 

rppOFQ/Nus-isi in the amygdala following the 1 1 -mol dose, and were only transiently 

(60 min) but significantly increased following the 5.5-nmol dose (Fig. 5). Significant 

differences in the rppOFQ/Nus-us paradigm failed to be observed among conditions 

(F(2,12)=3.62, NS) across times (F(3,18)=1.57, NS) or for the interaction between 

conditions and times (F(6,36)=0.54, NS). Jump thresholds failed to be altered by either 

the 15- or the 30-nmol doses o f rppOFQ/Ni35.us in the amygdala (Fig. 5). Significant 

differences in the rppOFQ/Ni35.i4 i paradigm were obtained across times (F(2,10)=3.20,
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Figure 4. Alterations in low-intensity tail-flick latencies (s, +S.E.M.) following

administration o f either rppOFQ/Ni3 s.i5 i, (upper panel) rppOFQ/N 1 3 5 -1 4 5 (middle panel)

or rppOFQ/Ni3 5 .u i (lower panel) into the amygdala relative to vehicle treatment.
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Figure 5. Alterations in jump thresholds (mA, + S.E.M.) following administration of

either rppOFQ/Nns-isi, (upper panel) rppOFQ/Nns.us (middle panel) or rppOFQ/N 135 .141

(lower panel) into the amygdala relative to vehicle treatment.
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NS) or for the interaction between conditions and times (F(6,30)=0.64, NS). Jump 

thresholds failed to be altered by either the 1 1 - or 30-nmol doses o f rppOFQ/Ni3s-(4 i in 

the amygdala (Fig. 5).

Discussion

The present study had the following three major findings. First, rppOFQ/Nus-isi, 

and both o f its truncated active fragments, rppOFQ/N 135.145 and rppOFQ/Nus-ui, 

administered into the amygdala produced antinociception on the tail-flick test using high- 

intensity thermal stimuli set to produce short baseline latencies. The antinociceptive 

responses induced by the three OFQ/N fragments in the amygdala appeared to produce 

different dose-response profiles; the parent heptadecapeptide, rppOFQ/Nus-isw produces 

dose-dependent increases in tail-flick latencies between 0.15 and 0.74 nmol, which 

peaked at 1.5-3nmol, and then the magnitude of antinociception declined as the doses 

increased from 5.5 to 30 nmol. The antinociceptive magnitude (8-9.4 s) o f rppOFQ/Nt35. 

151 on the tail-flick test in the amygdala is considerably higher than those elicited by 

amygdala microinjections o f either morphine, (5-endorphin or U50 488H under similar 

testing circumstances (Pavlovic and Bodnar, 1998; Pavlovic et al., 1996). The dose- 

response curve for rppOFQ/Nus-isi is bell-shaped with some o f the lower doses 

producing a greater magnitude o f antinociception than the higher doses. This is possibly 

due to the higher doses producing a hyperalgesia, but the high-intensity tail-flick test 

cannot show this effect Whereas rppOFQ/N 135.145 in the amygdala produced dose- 

dependent increases in high-intensity tail-flick latencies across a 1.5-3- nmol dose range, 

rppOFQ/Ni35-ui in the amygdala significantly increased latencies following the lower 

(0.15-1.5 nmol), but not higher (11-30 nmol), doses. The peak magnitude (-5  s) o f the
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two truncated OFQ/N fragments, rppOFQ/Nns-us and rppOFQ/Nns-ui, in the amygdala 

were less than those observed for the parent peptide rppOFQ/Ni3$.i5i (8-9.4 s) on the 

high-intensity tail-flick test; this pattern is similar to that observed following peripheral 

(Kolesnikov and Pasternak, 1999), intrathecal (King et al., 1997) and ventricular (Rossi et 

al., 1998) administration. Since rppOFQ/Ni3s.isi contains two pairs o f basic amino acids, 

facilitating its further processing to either ippO F Q /N ^uf or rppOFQ/Ni3s.Mi, it raises 

the possibility that the antinociception observed in the amygdala is due to activity o f the 

fragments rather than the original peptide. However, the greater magnitude of 

rppOFQ/N 135-ui -induced antinociception in the amygdala suggests that it retains its 

continued structural activity rather than undergoing this form of processing.

Second, neither rppOFQ/Nns-isi. rppOFQN 135.145 and rppOFQ/Ni35.i4 i 

administered into the amygdala altered jump thresholds except for a transient (60 min) 

and small increase following the 5.5 nmol dose o f rppOFQ/Ni35.isu indicating test 

specific antinociceptive responses o f OFQ/N fragments in the amygdala for thermal, but 

not electrical noxious stimuli. This profile o f OFQ/N antinociception in the amygdala 

again indicates important differences from amygdala antinociception elicited by 

traditional opiate agonists. Thus, jump thresholds are markedly increased over a 120-min 

duration following comparable doses o f either morphine, (3-endorphin or U50 488H in 

the amygdala (Pavlovic and Bodnar, 1998; Pavlovic et al., 1996a; 1996b; Rodgers, 1977; 

1978). These test-specific data suggest that the opioid receptors mediating traditional p, 

k  and potentially 6  agonists in the amygdala (Paden et al., 1987) probably have a 

different distribution than rppOFQ/Nt35-isi and rppOFQ/N 135.M5 binding sites identified 

in the amygdala using autoradiography (Letchworth et al., 2000). The jump test is a
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measure o f pain-inhibition, but there are also some motivational properties associated 

with this test, for example, the motivation to escape from the box. It is conceivable that 

the lack o f effects seen on the jump test could be due to OFQ/N affecting motoric 

activity. However, Dr. Rossi (unpublished data) found that OFQ/N, at the doses used in 

this study, had no effect on locomotor activity.

Third, the amygdala does not appear to support any o f the hyperalgesic effects of 

rppOFQ/Nt3Msi or its fragments at least under the dose and testing situations employed 

in the present study. The original reports that OFQ/N produced hyperalgesia (Kavaliers 

and Perrot-Sinalts, 1996; Meunier et al., 1995; Reinscheid et al., 1995) were subsequently 

modified (Meunier, 2000) such that OFQ/N 1.17 produced anti-opioid effects in both stress 

and opioid agonist antinociceptive assays (Grisel et al., 1996; Mogil et al., 1996a, 1996b, 

Tian et al., 1997). Given the selective deficits in opioid antinociceptive and opioid- 

mediated stress-induced analgesic responses following amygdala lesions (Fox and 

Sorenson, 1994; Helmstetter, 1993; Helmstetter et al., 1993; Manning and Mayer, 1995a; 

1995b; Pavlovic et al., 1996a; Watkins et al., 1993), it would appear that this site would 

be a strong candidate for displaying such hyperalgesic responses. Since the traditional 

tail-flick paradigms using high-intensity thermal stimuli are not good indicators o f 

hyperalgesia because o f short baseline latencies, a less intense thermal stimulus was used 

to yield longer latencies. Yet, neither rppOFQ/Nns-isi, rppOFQ/Nu-.us nor 

rppOFQ/Ni3s.i41 decreased low-intensity tail-flick latencies following amygdala 

microinjections; indeed, the trend o f the data for each OFQ fragment indicated further 

increases in these longer latencies. One might question whether this is a  reliable measure 

o f such effects. First, this procedure yields a reliable hyperalgesia in the mouse following
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ventricular (Rossi et al., 1996), but not intrathecal (King et al., 1997) administration, 

suggesting a supraspinal mechanism o f hyperalgesic action. Second, the profile of 

rppOFQ/N 135-151-induced hyperalgesia differs from that o f rppOFQ/N 135-us-induced 

antinociception since antisense probes directed against coding exon 1 , but not coding 

exons 2 and 3, of the ORL-l/KOR-3 clone block the former response while antisense 

probes directed against coding exons 2 and 3, but not coding exon 1, block the latter 

response (Rossi et al., 1997).

Two important caveats to the interpretation o f these results is the volume of the 

microinjection which raises questions as to whether the site of action was actually in the 

amygdala. There are several lines o f evidence which suggest, but cannot conclusively 

indicate the presence or absence o f site-specificity. First, placements in both the central 

and basolateral nuclei o f the amygdala produce sim ilar patterns o f dose-dependent and 

time-dependent agonist-induced effects, not only for the OFQ/N fragments in the present 

study, but for other opioid agonists reported previously (Helmstetter et al., 1993,1995, 

1998; Pavlovic and Bodnar 1998a, 1998b; Pavlovic et al., 1996; Rizvy et al., 1991; 

Rodgers, 1978; Tershner and Helmstetter, 2000). Therefore, either multiple nuclei in the 

amygdala mediate such effects, or agonist diffusion is occurring uniformly to one integral 

site within or outside o f the amygdala. Second, there do not appear to be any profound 

differences between the agonists in their pharmacokinetic actions related to diffusion or 

their reactivity to lipids or water. Yet, as indicated, the OFQ/N fragments appear to 

display a different pattern o f test-specific analgesic effects relative to morphine, 

DAMGO, P-endorphin and U50 488H. Although we did not perform a full mapping 

study, the ineffectiveness o f a few misplaced cannula placements together with the
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orderly dose-dependent and short-onset nature o f OFQ/N fragment effects in verified 

amygdala placements suggest strongly that the amygdala is the site o f action.

At least three possibilities exist for how OFQ/N is producing its effects. Firstly, it 

could be binding to an ORL-l/KOR-3 receptor. Secondly, it is conceivable that it is 

binding to one o f the other traditional opioid receptors. While OFQ/N has low affinity 

for the traditional opioid receptors as compared to the ORL-l/KOR-3 receptor, it is still 

sufficient for some effects to take place (Gintzler et al., 1997). In either case, OFQ/N is 

activating descending pain inhibition and activating opioid neurons. We can’t 

differentiate which possibility is occurring because no ORL-l/KOR-3 antagonist was 

used. There is an antagonist available, however, I could not get it. Finally, it is 

conceivable that OFQ/N is activating a disinhibiting neuron downstream (e.g. GABA).

Based on previous studies that showed that rppOFQ/Nus-isi produces pro­

nociceptive, hyperalgesic, anti-opioid, anti-stress or antinociceptive effects, I thought that 

OFQ/N injections into the amygdala would produce a few of these effects when tested on 

the high-intensity tail-flick, low-intensity tail-flick and jump tests. However, I did not 

find this to be the case. On all nociceptive assays used OFQ/N seemed to produce either 

antinociceptive effects or no effect at ail. One possibility may be that a lot o f doses were 

tested on the high-intensity tail-flick test, which tested for the antinociceptive properties 

o f the OFQ/N fragments, whereas fewer doses o f OFQ/N were used to test for 

hyperalgesic effects (the low-intensity tail flick test) and antinociceptive effects on other 

nociceptive assays (jump test). It is conceivable that some other doses would have 

produced other effects, possibly hyperalgesia on the low-intensity tail-flick test, or 

antinociception on the jump test There are several reasons why this was not done in this
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experiment. Firstly, OFQ/N was expensive and hard to get. The peptide had to be 

prepared daily just before testing, and had to be discarded at the end o f the testing session 

due to the instability of the peptide. So, when no effects were seen on the initial doses 

used for the low-intensity tail-flick and jump test, these two tests were aborted. Also, the 

time course used during this experiment made it prohibitive to use more than one 

nociceptive assay since each animal was tested five minutes post-agonist injection. 

Another possibility may be due to method differences among different studies relative to 

the state o f the animal. In all my studies the animals were habituated (e.g., handling and 

repeated testing) to all nociceptive assays used so the animals were not stressed. Other 

studies may not have habituated their animals thus inducing some sort o f stressful state, 

and then testing the animal on a nociceptive assay.

The next study provides further support for the present set o f data indicating that 

OFQ/N peptide effects occurred within the amygdala. The precursor responsible for 

producing rppOFQ/Nns-isi (Houtani et al., 1996; Meunier et al., 1995; Pan et al., 1996) 

yields rppOFQ/N2 (rppOFQ/N>54.170) which also produces antinociception (Rossi et al., 

1998). In analyzing the peptide fragments responsible for rppOFQ/N2-induced 

antinociception, we (Shane et al., 1999) found that rppOFQ/N 154-1 gi produces 

antinociceptive and hyperalgesic responses using high-intensity and low-intensity tail- 

flick assays following microinjections into the locus coeruleus and RVM, but produces 

antinociceptive without hyperalgesic responses using these procedures following 

microinjections into the vlPAG. The next study examines the effects o f rppOFQ/Ni$4-isi 

upon antinociceptive and hyperalgesic responses using high-intensity and low-intensity 

tail-flick assays as well as the jump te s t
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CHAPTER 4: SPECIFIC AIM TWO 

rppOFQ/Ni54-isi Antinociception and Hyperalgesia Elicited from the Amygdala:

Introduction

This study evaluated the antinociceptive and hyperalgesic effects o f a related 

peptide, rppOFQ/N 154-1 si in the amygdala of rats on both radiant heat and shock tests 

according to a  similar strategy to that employed in the first study. This peptide is at the 

end o f the pre-pro Orphanin precursor gene. Initial studies with this and other related 

peptides found that it elicited similar antinociceptive effects to ippOFQ/Ni35.i5I when 

given i.c.v. in mice (Rossi et al., 1998). The present study examining the rppOFQ/N 154- 

isi in the amygdala was part o f a larger study evaluating the effects of this peptide in 

other supraspinal sites as well including the vlPAG, RVM and LC.

Methods

Three different protocols were employed and are summarized in Table 2. First, a 

dose-response (0.005-30 pg) curve for rppOFQ/N154- 181 -induced antinociception in the 

amygdala was assessed on the high intensity tail-flick test. Then a dose (20 pg) o f 

rppOFQ/Ni54-i8 i was assessed for hyperalgesia on the low-intensity tail-flick test as well 

as the jump test. Finally, the ability o f systemic administration o f the opioid antagonist, 

naloxone (5 mg/kg) to attenuate OFQ/N154.1S1 in the amygdala was evaluated. In all three 

protocols, high-intensity and low-intensity tail-flick latencies and jump thresholds were 

determined 5,15, 30 and 60 minutes following vehicle treatment and agonist 

microinjections. In protocol C, naloxone (5mg/kg) was given systemically 15 minutes 

before rppOFQ/Ni54-isi
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Table 2. Summary o f experimental groups in Experiment 2.

A. rppOFQ/Ni54.i8i-induced antinociception on high-intensity tail flick test:
nmol n

Vehicle 34
0.005 0.0015 6
0.05 0.015 6
0.5 0.15 6
2.5 0.75 6
5 1.5 6
10 3 6
20 6 7
30 9 6

B. Low-intensity tail flick test (hyperalgesia):
Vehicle 6

rppOFQ/Ni54.i8i 20 6 6

C. Jump test:
Vehicle 6

rppOFQ/NisMsi 20 6 6

D. Pretreatment with Naloxone systemically with a fixed dose of rppOFQ/Ni54. 
i8i (20pg/pl) in amygdala.

mg/kg n
Vehicle 12
0.5 6
5.0 6
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injection in the amygdala. There was a one week interval between particular conditions; 

this interval minimized agonist-induced tolerance effects. No animal in any protocol 

received more that five microinjection conditions in a given site.

Resnlts

Histological verification. All the rats in the treatment protocols had cannula 

placements in the central and baso-lateral nuclei o f the amygdala. The placements o f the 

cannulae across paradigms were quite similar, and also similar to those in Experiment 1. 

No significant differences were observed in the magnitude o f OFQ/N-induced 

antinociception between nuclei, and thus data for each agonist treatment for the two 

amygdala placements were pooled.

Amygdala rppOFQ/N is4-m  and the high-intensity tail-flick assay. Significant 

differences were observed among experimental conditions (F(7,56)=l 16.89, P<0.0001), 

across test times (F(3,168)=17.04, P<0.0001) and for the interaction between conditions 

and times (F(21,168)=2.78, P<0.0001). A wide range (0.0015-9 nmol) o f rppOFQ/Nis4- 

i8i doses in the amygdala significantly increased high-intensity tail-flick latencies with 

effects observed up to 5 minutes following the 0.15 nmol dose, up to 15 min following 

the 9 nmol dose and across the 60-min time course following the 0.75-6 nmol dose ranges 

(Fig. 6). The magnitude o f rppOFQ/Nis4.igi-induced antinociceptive effects in the 

amygdala displayed an inverted U-shaped function such that latencies increased from 

0.15 nmol, peaked at 0.75-6 nmol, and then declined in antinociceptive efficacy from 9 

nmol.

Amygdala rppOFQ/Nm-im and the low-intensity tail-flick assay. Significant 

differences were observed among conditions (F(l, 10)=7.12, P<0.0235) and across
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Figure 6. Alterations in high-intensity tail-flick latencies following administration o f

rppOFQ/Nis4.isi into the amygdala across a wide dose range (0.015-30 nmol) relative to

vehicle treatment. Peak effects at 5 min are shown.
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times (F(2,2)=2.64, P<0.256), but not for the interaction between conditions and times 

(F(2,20)=0.40, NS). Amygdala microinjections o f rppOFQ/Ni54-i8 i peptide increased 

low-intensity latencies rather than produce decreases in these latencies as expected for the 

presence o f a hyperalgesic state (Fig. 7).

Amygdala rppOFQ/Ni54.igi and jump thresholds. Significant differences in the 

rppOFQ/N 154-igi paradigm were observed across test times (F(3,36)=3.66, P<0.021) but 

not among conditions (F (l, 12)=0.04, NS), and the interaction between conditions and 

time (F(3,36)=0.77, NS). Jump thresholds failed to be altered by rppOFQ/Niso-isi in the 

amygdala following the 6-mol dose (Fig. 8).

rppOFQ/N iM.181 Antinociception and Opioid Receptor Antagonism in the 

Amygdala. Significant differences were observed among experimental conditions 

(F(3,33)=167.96, p<0.0001), across test times (F(2,22)=17.65, p<0.0001), and for the 

interaction between conditions and times (F(6,66)=2.32, p<0.043). rppOFQ/N 154- 181 

administered into the amygdala significantly increased latencies across the 60-min time 

course relative to vehicle treatment (Fig. 9). Naloxone significantly reduced the 

magnitude o f rppOFQ/N 154-1 si antinociception elicited from the amygdala following 

agonist treatment for the low and high antagonist doses (Fig. 9).

Discussion

The results o f the present study indicated that rppOFQ/Ni54-i8 i produced dose- 

dependent analgesic responses on the high-intensity tail-flick test following 

microinjection into the PAG, amygdala, LC and RVM, indicating multiple sites o f 

supraspinal action. Although nalaxone was capable of eliminating rppOFQ/Ni54-isi - 

induced analgesia in the PAG and amygdala, it generally failed to alter this
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Figure 7. Alterations in low-intensity tail-flick latencies (s, +S.E.M.) following

administration o f rppOFQ/Ni$4-isi into the amygdala relative to vehicle treatment.
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Figure 8. Alterations in jump thresholds (mA, +S.E.M.) following administration of

rppOFQ/Ni54.i8 i (20 pg), into the amygdala relative to vehicle treatment.
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Figure 9. Alterations in high-intensity tail-flick latencies following administration of 

rppOFQ/Ni54-i8 i (20 ng), or pretreament with Naloxone (Smg/kg, s.c.) prior to 

rppOFQ/Ni54-i8 i into the amygdala o f rats. The crosses in this and subsequent figures 

denote significant decreases in latencies relative to corresponding OFQ/N values.
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analgesic response in the LC and RVM, suggesting site-specific pharmacological 

mechanisms o f action. Although rppOFQ/Nis^igi was capable o f producing a 

hyperalgesic response in the LC and RVM when tested at the low-intensity tail-flick test, 

it failed to produce hyperalgesia under these conditions in the PAG and amygdala, 

suggesting different site-specific mechanisms o f action. Therefore, these data indicate 

site-specificity mediating the mechanism o f antinociceptive actions and hyperalgesia. The 

presence o f this double- dissociation serves as an important control in analyzing the 

specificity o f the responses. These pairs o f sites behave quite similarly in eliciting 

traditional opioid antinociception with greatest sensitivity to mu-selective ligands 

(Bodnar et al., 1988, Smith et al., 1988, Pavlovic et al., 1996, Fang et al., 1986, 

Helmstetter et al., 1995) as well as exhibit antinociceptive opioid synergy using morphine 

and P-endorphin (Rossi et al., 1993, 1994; Pavlovic and Bodnar, 1998).

Interestingly, in the four rat brain sites examined, rppOFQ/N 154-181 produced 

potent antinociception. However, the antinociceptive response in two o f the cannulated 

sites (amygdala and PAG) was naloxone-reversible. Moreover, those sites that did not 

produce an opiate-reversible antinociception (the LC and the RVM), showed significant 

hyperalgesia. Is it possible for the same brain region to produce two different effects, 

both antinociception and pronociception? Previous research shows that pronociceptive 

and antinociceptive effects o f Orphanin FQ/Nociceptin (OFQ/N) are dissociable. The 

first line o f evidence comes from earlier studies in our laboratory showing that anti sense 

which targets the coding region o f exon 1 o f the ORL1 receptor clone decreases OFQ/N 

hyperalgesia when given icv, however, antisense targeting exons 2 and 3 o f the same 

clone are ineffective icv. In contrast, ORL1 antisense to exons 2 and 3 decrease OFQ/N
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icv antinociception, while ORL1 exon 1 is ineffective in the RVM and LC ( Rossi et al., 

1997). In addition, other laboratories have confirmed the possibility o f dissociation in a 

single brain region. In 1991, the Fields laboratory, showed an interesting line of evidence 

that supports this dissociation in the RVM which is highly compelling (Fields et al.,

1991). Fields and his co-workers demonstrated ON-OFF cells in the RVM which were 

both pain-facilitory and pain-inhibitory systems. This neurophysiological evidence for 

the role o f pro-nociceptive and antinociceptive dissociation is remarkably seen in further 

reports from Dr. Heinricher’s laboratory (Heinricher et al., 1999; Heinricher and 

Roychowdhury, 1997). Our data now implicate RVM rppOFQ/N 154-1 gi in this 

dissociation. Interestingly, this pain-facilitory and pain-inhibitory dichotomy of cell 

neurophysiological responsivity is not apparent in the PAG. Our data now confirms this. 

Hyperalgesia was not elicited from the PAG, merely antinociception in the PAG and 

amygdala. Therefore, the present study demonstrates that it is possible to produce both 

pronociceptive and antinociceptive effects following rppOFQ/N 1 5 4 .^ 1  microinjection. 

Moreover, this possibility o f opiate or non-opiate action is clearly based upon the 

supraspinal site o f action.

The opioid receptor-like (ORL1) receptor is structurally related to opioid 

receptors and the ORL1 receptor agonist, OFQ/N, induces antinociception at the spinal 

level, but appears to recruit different circuitry than that used by traditional p. opioids 

(Monteillet-Agius, 1999). The functionally distinct actions o f antinociception and 

hyperalgesia in the ORL1 receptors may be activated by rppOFQ/Nis4-isi by functionally 

distinct intracellular signaling systems, as well as being explained by their differential 

cellular localization. Interestingly, the ability o f the full-length peptide, rppOFQ/Ni54-i8 i
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to induce hyperalgesia is site-specific with caudal sites (LC and RVM) mediating this 

response. This suggests that different functional and physiological mechanisms other than 

the amygdala and PAG may mediate the pro-nociceptive effects o f  the full-length peptide 

in the rostral part o f the brain.

The ability o f naloxone to reverse the antinociceptive actions o f the full-length 

peptide (Rossi et al., 2002; Gintzler et al., 1997) raises interesting questions. We have 

shown that both the full-length peptide (rppOFQ/Nis4-is i)  and the N-terminal fragment 

(rppOFQ/Ni54-i7o) possess bioactivity, with the parent peptide showing more potency in 

most physiological tests. In contrast, the small C-terminal peptide shows no bioactivity. 

Nevertheless, the minimum peptide sequence for complete bioactivity is not known at 

present, but nonetheless active in the brain.

The biochemical isolation of rppOFQ/N 154-1 si, combined with the demonstration 

of its complex physiological activities, provides evidence that biologically active peptides 

are processed from the precursor peptide, ppOFQ/N. Studies by Danielson et al., (2001) 

describe the cloning o f OFQ and provide further evidence that ppOFQ/N evolved from a 

prodynorphin-like molecule and that the proOFQ/N molecule has no homologous C- 

terminal peptide, indicating that the mouse, rat and human evolved separate, distinct 

peptides that are identical at the amino acid level. These studies from the Danielson and 

Dores’ laboratory, in addition to ours, provide insight into the underlying mechanisms by 

which novel, and often divergent, physiological functions arise in opioid and non-opioid 

systems (Danielson, et al., 2001). Therefore, it is possible and probable, that the OFQ/N 

system may have evolved as a separate and distinct system for pain perception.
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Thus, this related OFQ/N peptide seems to share very similar characteristics 

relative to rppOFQ/Nns-isi and its truncated fragments as described in Chapter 3. This 

suggests that perhaps all o f the biologically-active fragments o f ppOFQ/N may act 

similarly with respect to modulating antinociceptive and pro-nociceptive actions. To 

explore the relationships o f these interesting peptides with traditional opioid systems, the 

next experiment examined whether pretreatment with general or selective opioid 

antagonists would affect the antinociceptive response to the originally-described 

hepadecapeptide, rppOFQ/Nus-isi.
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CHAPTER S: SPECIFIC AIM THREE 

rppOFQ/N 135.151-Induced Antinociception Elicited from the Amygdala: Role of 

Amygdala Opioid Antagonists

Introduction

The present study determined whether rppOFQ/Ni3s.isi antinociception in the 

amygdala can be blocked by pretreatment in the same amygdala site with equimolar 

doses o f either general (naltrexone), p. ((J-FNA), k  (NBNI) or 8 (NTI) opioid receptor 

subtypes in rats.

Methods

Table 3 summarizes the number and sample sizes of the different experimental 

groups. OFQ/N(.i7 (5.5 pg, 3 nmol, 0.1 pi) was injected into the amygdala and high- 

intensity tail-flick latencies were assessed. This dose produced the most pronounced 

analgesic effects over a 0.027-55 pg dose-response curve over a similar time course 

(Shane et al., 2001). Subgroups o f rats, matched both for vehicle tail-flick latencies and 

for magnitude o f rppOFQ/NnMsi-induced antinociception, received either NTX at doses 

o f either 0.1 or 1.0 pg, [5-FNA at doses of either 0.133 or 1.33 pg, NBNI at doses o f 

either 0.2 or 2.0 pg, and NTX at doses o f either 0.135 or 1.35 pg prior to rppOFQ/Nus-isi 

in the amygdala. Tail-flick latencies were determined 5 ,15 ,30  and 60 minutes following 

rppOFQ/Ni35.i5 i microinjections. Each o f the high (2.7 nmol) and each o f the low (0.27 

nmol) antagonist doses were equimolar with respect to one another. The dose range o f 

each selective antagonist has previously been shown to block intracerebral 

antinociception elicited by a receptor-selective agonist: DAMGO-induced 

antinociception by (3-FNA,
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Table 3. Summary o f experimental groups in Experiment 3.

rppOFQ/Ni35.i5i-induced antinociception (5.5 pg, 3nmol) and opioid antagonists 
in the amygdala:
Antagonist Dose (ue/nmol) n
Vehicle 25
NTX 0.1/0.27 6
NTX 1.0/2.7 6
P-FNA 0.133/0.27 6
p-FNA 133/2.7 6
NBNI 03/0.27 6
NBNI 2.0/2.7 6
NTI 0.135/0.27 6
NTI 1.35/2.7 6
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deltorphin-induced antinociception by NTI, and USO 488H-induced antinociception by 

NBNI (Rossi et al., 1994; Pavlovic and Bodnar, 1998).

Results

Histological Verification. The 25 rats in the treatment protocols had cannula 

placements in the medial, central and baso-lateral nuclei of the amygdala similar to those 

found in previous studies (Pavlovic et al., 1996; 1998a; 1998b; Rossi et al, 2002; Shane et 

al., 2001) and the previous two chapters. Since no significant differences were observed 

in the magnitude o f rppOFQ/Nos-ist antinociception between nuclei, these data were 

pooled.

rppOFQ/Nns-isi Antinociception and Opioid Receptor Antagonism in the 

Amygdala. Significant differences were observed among experimental conditions 

(F(9,88)=3.41, p<0,0012), across test times (F(3,264)=2.77, p<0.042), but not for the 

interaction between conditions and times (F(27,264)= 1.06, n.s.). rppOFQ/Ni35-isi 

administered into the amygdala significantly increased latencies across the 60-min time 

course relative to vehicle treatment (Fig. 10), an effect that was not observed for 

antagonist-rppOFQ/N135-151  pairings. NTX significantly reduced the magnitude o f 

rppOFQ/N 135-151 antinociception elicited from the amygdala following agonist treatment 

for the low (15 min) and high (30 min) antagonist doses (Fig. 10, Panel A). The p- 

selective antagonist, (3-FNA dose-dependently and significantly reduced rppOFQ/N 135-151 

antinociception elicited from the amygdala with the low dose producing transient (5 min) 

effects and the high dose effective across the entire time course (Fig. 10, Panel B). The 

k -  selective antagonist, NBNI dose-dependently and significantly reduced rppOFQ/N 135-  

151 antinociception elicited from the amygdala with the low dose, producing transient
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Figure 10. Alterations (Mean, +S.E.M.) in tail-flick latencies in rats receiving vehicle, 

rppOFQ/Ni3MSi (5.5 pg), or pretreatment with either naltrexone (NTX, Panle A), p- 

funaltrexamine ((3FNA, Panel B), nor-binaltorphamine (NBNI, Panel C) or naltrindole 

(NTI, Panel D) prior to rppOFQ/Nns-isi into the amygdala o f rats.
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(30 min) effects and the high dose effective 15-60 min after agonist treatment (Fig. 10, 

Panel C). The 5-selective antagonist, NTT significantly reduced rppOFQ/N 135-151 

antinociception elicited from the amygdala 5 min following the low dose and 5-15 min 

following the high dose (Figure 10, Panel D).

Discussion

The present study indicated that antinociception elicited by rppOFQ/Ni3s.isi 

administered in the amygdala is dependent upon the intact functioning o f p, k  and 5 

opioid receptors in the amygdala since pretreatment with either general or selective 

opioid antagonists in the amygdala significantly reduced this agonist’s antinociceptive 

response. Three possibilities exist to explain these effects. First, it is conceivable that 

rppOFQ/Ni35_i5 i is binding directly with p, tc or 6  receptors in the amygdala (Mansour et 

al., 1987; 1994a; 1994b; 1994c; 1995a; 1995b; 1996) to elicit antinociceptive effects 

rather than to the ORL-l/KOR-3 receptor in the amygdala (Anton et al., 1996;

Letchworth et al., 2000; Neal et al., 1999a). This possibility is unlikely because 

definitive initial characterization of rppOFQ/Nos-isi showed that it binds poorly to 

traditional p, k  and 5 opioid receptors as compared to its high affinity for ORL-l/KOR-3 

receptors (Butour et al., 1997; Meunier et al., 1995; Reinscheid et al., 1995). Second, it is 

conceivable that the four antagonists (NTX, P-FNA, NBNI, NTT) are successfully 

competing with rppOFQ/N 135-151 in the amygdala to act at the ORL-l/KOR-3 receptor 

rather than acting at their respective traditional opioid receptor subtypes. This possibility 

is unlikely given the high affinity of rppOFQ/Nns-isi for the ORL-l/KOR-3 receptor 

(Butour et al., 1997; Meunier et al., 1995; Reinscheid et al., 1995) relative to the poor and 

even negligible affinity for the ORL-l/KOR-3 receptor o f traditional p (e.g., morphine,
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fentanyl) k  (dynorphin A (l-8 ), tifluadom) or 5  (e.g., D-Pen2, D-Pen5-enkephaIin) 

agonists which are readily and respectively reversed by P-FNA, NBNI and NTI (Bunzow 

et al., 1994; Mollereau et al., 1994, Pan et al., 1994; Pan et al., 1995; Wick et al., 1994). 

Whereas these first two possibilities invoke antagonist-agonist interactions at common 

receptor sites within the amygdala, the third possibility posits physiological interaction in 

the amygdala between neurons with traditional opioid receptors (Mansour et al., 1987; 

1994a; 1994b; 1994c; 1995a; 1995b; 1996) and neurons with the ORL-l/KOR-3 receptor 

(Anton et al., 1996; Letchworth et al., 2000; Neal et al., 1999a) as well as the localization 

o f rppOFQ/N 135-isi to the amygdala (Neal et al, 1999b). These studies reveal that the 

medial amygdaloid nucleus is a common site at which dense distributions of traditional p, 

k  and 5  opioid receptors. However, the autoradiographic and mRNA techniques used to 

visualize these receptors in the amygdala do not specify their synaptic distribution so it is 

not clear whether such interactions occur at the same neuron or at trans-synaptically 

linked neurons. Electron microscopic evidence of opioid receptor distributions within the 

amygdala is limited to findings that p-opioid receptors are on efferents from the central 

nucleus o f the amygdala to the nucleus of the solitary tract (Pickel and Colago, 1999). 

Nevertheless, the present evidence strongly suggests that ippOFQ/Ni3$.isi produces 

antinociception elicited from the amygdala by activating traditional opioid receptor 

synapses within the same structure.

The next study examined whether traditional opioid receptors mediated OFQ/N- 

induced antinociception elicited from the amygdala through synapses in another highly- 

related structure, the vlPAG, and whether this regional interaction between sites occurred 

in ascending as well as descending directions.
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CHAPTER 6: SPECIFIC AIM FOUR 

rppOFQ/N 135.151-Induced Antinociception Elicited from the Amygdala or the 

vIPAG: Role of Opioid Antagonists in the Other Site

Introduction

The present study evaluated whether rppOFQ/Nns-isi antinociception elicited 

from the amygdala can be blocked by pretreatment with equimolar doses o f general 

(naltrexone), p. (P-FNA), k (NBNI) and 5 (NTI) opioid receptor subtypes in the vIPAG in 

rats to indicate whether this peptide utilizes a similar anatomical and functional pathway 

to that of the traditional opioid agonists. Site-specificity o f any positive antagonist 

effects within the vIPAG were assessed by determining antagonist effectiveness in 

misplaced mesencephalic placements. Finally, to examine reciprocal ascending 

influences, the ability of selective opioid antagonists administered into the amygdala 

were assessed for effects upon rppOFQ/N 135-151 -induced antinociception elicited from the 

vIPAG.

Methods

Four different protocols were employed and are summarized in Table 4: a) opioid 

antagonists in the vIPAG and rppOFQ/Ni3s.ist in the amygdala, b) opioid antagonists in 

misplaced mesencephalic placements and rppOFQ/Ni35.isi in the amygdala, c) opioid 

antagonists in the amygdala and rppOFQ/N 135.151 in the vIPAG, and d) opioid antagonists 

in the amygdala or the vIPAG. In Protocols A-C, tail-flick latencies were assessed at 5, 

15,30 and 60 minutes following rppOFQ/Ni3s.isi micro injections. In Protocol D, tail- 

flick latencies were assessed at 25 ,35,50 and 80 minutes following antagonist 

microinjection to adjust for when naltrexone was administered prior to the agonist.

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



92

Table 4. Summary o f experimental groups in Experiment 4:

Opioid antagonists in the vIPAG and rppOFQ/NuMsi (5.5 pg, 3nmol) in 
amygdala:
Antagonists Dose (pg) n
Vehicle 2 1

NTX 0 . 1 6

NTX 1 . 0 7
p-FNA 0.133 6

P-FNA 1.33 7
NBNI 0 . 2 6

NBNI 2 . 0 7
NTI 0.135 6

NTI 1.35 6

Opioid antagonists in misplaced mese
pg, 3nmoI) in amygdala:
Antagonists Dose (ug) n
Vehicle 7
NTX 1 . 0 5
P-FNA 1.33 5
NBNI 2 . 0 5
NTI 1.35 5

Opioid antagonists in bilateral amygd
nmol) in the vIPAG:
Antagonists Dose (ug) n
Vehicle 9
NTX 0.5 5
p-FNA 0.665 7
NBNI 1 . 0 6

NTI 0.675 7

NTX in amygdala or vIPAG:
Amygdala n=4
VIPAG n=4
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Double-injection Procedures: Protocols A and B utilized this procedure. Each rat 

received a maximum o f four double microinjections at weekly intervals. The first 

injection was pretreatment o f the vIPAG or misplaced mesencephalic cannula placement 

with general (NTX) or selective (P-FNA, NBNI, and NTI) opioid antagonists at a 

previously established dose (1.0 pg, 1.33 pg, 2.0 pg and 1.35 pg, respectively). The 

second injection was rppOFQ/Ni3s.isi (5.5 pg) into the amygdala.

Triple-Injection Procedures: Protocol C utilized this procedure. Each rat received 

a maximum of four triple injections at weekly intervals. The first two injections were 

pretreatment o f bilateral amygdala with general (NTX) or selective (P-FNA, NBNI, and 

NTI) opioid antagonists at a previously established dose mentioned above (half of each 

dose was given into each amygdala placement). The third injection was rppOFQ/N 135-151 

(10 pg) into the vIPAG. This rppOFQ/N 135.151 dose produced the most pronounced 

antinociceptive effects in the vIPAG in previous studies (data not published).

Results

Histological Verification

All rats in the treatment protocols had cannula placements in the medial, central 

and baso-lateral nuclei o f the amygdala similar to those found in previous studies 

(Pavlovic and Bodnar, 1998a, 1998b; Pavlovic et al., 1996; Rossi et al., 2002; Shane et 

al., 2001). Since no significant differences were observed in the magnitude of 

rppOFQ/N 135-151 antinocieption between nuclei, these data were pooled.

vIPAG Naltrexone and rppOFO/Ni«.m Antinociception elicited from the 

Amygdala: Significant differences were observed among experimental conditions

(F (4 ,60) = 44.21, p<0.0001), across test times (F(3,45) = 5.58, p<0.002) and for their
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interaction (F (12 ,180) -  2.47, p<0.005). rppOFQ/Nns-isi administered into the amygdala 

significantly increased latencies across the 60-min time course relative to vehicle 

treatment (Fig. 1 1 , upper panel). The magnitude o f rppOFQ/N[3s.isi antinociception 

elicited from the amygdala was significantly reduced after 5,15 and 30 min following 

vIPAG pretreatment with either the lower or higher doses o f naltrexone. In contrast, 

naltrexone pretreatment in misplaced mesencephalic sites failed to reduce amygdala 

rppOFQ/N[35-isi antinociception, and indeed enhanced this response after 15 and 60 min.

vIPAG B-FNA and rppQFO/N™«-m Antinociception elicited from the 

Amygdala; Significant differences were observed among experimental conditions 

(F(4,60) = 72.07, p<0.0001), across test times (F(3,45) = 3.50, p<0.023) and for their 

interaction (F (12 ,180) = 4.84, p<0.0001). rppOFQ/Nt3s-i5 i administered into the 

amygdala significantly increased latencies after 5,15 and 30 min relative to vehicle 

treatment (Fig. 11, lower panel). In contrast to naltrexone’s effects, the magnitude of 

rppOFQ/Ni35-isi antinociception elicited from the amygdala was significantly reduced 

only after 5 min following vIPAG pretreatment with only the higher dose o f p-FNA. p- 

FNA pretreatment in the vIPAG at both doses prevented the expression o f significant 

ippOFQ/Ni3$.i5 t antinociception elicited from the amygdala. In contrast, rats receiving P- 

FNA pretreatment in misplaced mesencephalic sites displayed significant amygdala 

rppOFQ/N 135-15 i antinocieption with this response enhanced after 60 min.

vIPAG NBNI and rppOFO/Ni«.m Antinoccicption elicited from the 

Amygdala: Significant differences were observed among experimental conditions

(F (4 ,56) = 71.30, p<0.0001), for the interaction between conditions and times (F(12,

168) = 4.51, p<0.0001), but not across test times (F(3,42) -  1.94, n.s.).rppOFQ/N 135.151
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Figure 11. Alterations (Mean, +SEM) in tail-flick latencies in rats receiving 

vehicle, rppOFQ/Nus-isi (5.5 ug) in the amygdala, or pretreatment with either naltrexone 

(NTX, Panel A) or P-funaltrexamine (P-FNA, Panel B) in the vIPAG prior to 

rppOFQ/Ni3s.i5 i into the amygdala o f rats.
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administered into the amygdala significantly increased latencies after 5,15 and 30 min 

relative to vehicle treatment (Fig. 12, upper panel). In contrast to naltrexone’s effects, the 

magnitude of rppOFQ/Nus-isi antinociception elicited from the amygdala was 

significantly reduced only after 5 min following vIPAG pretreatment with only the lower 

dose o f NBNI. Like P-FNA, NBNI pretreatment in the vIPAG at both doses prevented the 

expression of significant rppOFQ/Ni35-isi antinociception elicited from the amygdala. In 

contrast, rats receiving NBNI pretreatment in misplaced mesencephalic sites displayed 

significant amygdala rppOFQ/N 135.151 antinociception with this response enhanced after 

15-60 min.

vIPAG NTI and rppOFO/Ni».m Antinociception elicited from theAmygdala;

Significant differences were observed among experimental conditions (F(4, 56) = 35.21, 

p<0.0001), across test times (F (3 ,42) = 11.75, p<0.0001) and for their interaction (F(12, 

168) = 3.63, p<0.0001). rppOFQ/Ni3$.isi administered into the amygdala significantly 

increased latencies across the 60-min time course relative to vehicle treatment (Fig. 12, 

lower panel). Similar to naltrexone, the magnitude of rppOFQ/Nus-isi antinociception 

elicited from the amygdala was significantly reduced after 5 and 15 min following vIPAG 

pretreatment with either the lower or higher doses of NTI. In contrast, NTI pretreatment 

in misplaced mesencephalic sites failed to alter amygdala rppOFQ/Ni3s.i$i 

antinociception.

rppQFQ/NiK.m Antinociception elicited from the vBPAG and Opioid 

Antagonists in the Amygdala;

Significant differences were observed among experimental conditions (F (5 ,37) = 

3.71, p<0.008), across test times (F (3 ,15) = 2.86, p<0.04), but not for their interaction
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Figure 12. Alterations (Mean, +SEM) in tail-flick latencies in rats receiving 

vehicle, rppOFQ/Ni35.isi (5.5 jig) in the amygdala, or pretreatment with either nor- 

binaltorphamine (NBNI, Panel A) or naltrindole (NTI, Panel B) in the vIPAG prior to 

rppOFQ/Ni35.i5 i into the amygdala o f rats.
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(F (15,111) = 0.83, n.s.). rppOFQ/Nns-isi administered into the vIPAG significantly 

increased latencies after IS, 30 and 60 min relative to vehicle treatment (Fig. 13). The 

magnitude of rppOFQ/Ni3s.isi antinociception elicited from the vIPAG was significantly 

reduced after IS, 30 and 60 min following amygdala pretreatment with naltrexone. 

However, amygdala pretreatment with an equimolar dose o f NBNI significantly reduced 

rppOFQ/Nus-isi antinoccieption elicited from the vIPAG only after IS min, but prevented 

its expression over the time course. In contrast, neither P-FNA nor NTI pretreatment in 

the amygdala significantly affected the magnitude o f rppOFQ/Ni3 $.i$i antinociception 

elicited from the vIPAG.

General Opioid Antagonism in the Amygdala and vIPAG:

Significant differences were observed among experimental conditions (F(2, 13) = 

16.98, p<0.0002), but not across test times (F (3 ,6 ) = 1.98, n.s.) or for their interaction 

(F(6 , 39) = 1.29, n.s.). Administration o f the opioid antagonist, naltrexone into the 

amygdala produced small (~1.5 s), but significant increases in latencies after 25 and 55 

min relative to vehicle treatment. In contrast, naltrexone administration into the vIPAG 

failed to alter latencies.

Discussion

The present study clearly indicated that rppOFQ/N 135.15 pinduced antinociception 

elicited from the amygdala is dependent upon an opioid synapse within the vIPAG for its 

full expression since pretreatment with the general opioid antagonist, naltrexone into the 

vIPAG significantly reduced the magnitude and duration o f rppOFQ/Ni35.isi-induced 

antinociception elicited from the amygdala. The specificity o f these effects was insured in 

two different ways. There was site-specificity since naltrexone administered into
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Figure 13. Alterations (Mean, +SEM) in tail-flick latencies in rats receiving 

vehicle, rppOFQ/Ni35.i5 i (5.5 pg) in the vIPAG, or pretreatment with either naltrexone 

(NTX), P-funaltrexamine (P-FNA), nor-binaltorphamine (NBNI) or naltrindole (NTI) 

bilaterally in the amygdala prior to rppOFQ/Nus-isi into the vIPAG of rats.
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mesencephalic sites lateral and ventral to the vIPAG failed to alter either the magnitude 

or the duration o f rppOFQ/N 135-15 [-induced antinociception elicited from the amygdala. 

One alternative reason why naltrexone in the vIPAG could reduce rppOFQ/Nns-isi- 

induced antinociception elicited from the amygdala is that the former injection could 

conceivably have elicited a hyperalgesic response that thereby cancelled the latter 

injection’s antinociceptive response. The fact that naltrexone administration into the 

vIPAG alone failed to alter latencies discounts this alternative explanation. Therefore, it 

appears that an opioid synapse within the vIPAG is an integral part o f the circuitry 

mediating rppOFQ/Nus-isi-induced antinociception elicited from the amygdala. 

Therefore, the antinociceptive response to rppOFQ/Nus-isi elicited from the amygdala is 

quite similar in this respect to the antinociceptive responses of either DAMGO, 

morphine, P-endorphin or U50,488H elicited from the amygdala (Pavlovic et al., 1996x; 

Pavlovic and Bodnar, 1998x; Tershner and Helmstetter, 2000).

Opioid receptor subtype antagonist pretreatment into the vIPAG differentially 

altered rppOFQ/Ni35.ui-induced antinociception elicited from the amygdala such that the 

8 -selective opioid antagonist, NTI strongly and significantly reduced this antinociceptive 

response. In contrast, rppOFQ/N 135-15 i-induced antinociception elicited from the 

amygdala was m arginally  and transiently reduced by vIPAG pretreatment with either p- 

selective (P-FNA) or K-selective (NBNI) opioid receptor subtype antagonists. Again, 

each o f these responses were site-specific since specific antagonist pretreatment in 

mesencephalic cannula placements ventral and lateral to the vIPAG failed to alter the 

magnitude or duration o f rppOFQ/Nns-isrinduced antinociception elicited from the 

amygdala. Thus, general and 8  opioid receptor antagonists were more effective than p
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and k  opioid receptor antagonists in the vIPAG in mediating rppOFQ/N 135.151-induced 

antinociception elicited from the amygdala. This relationship is quite similar to the 

greater potency o f general and 5 relative to p opioid receptor antagonists in the vIPAG to 

reduce amygdala antinociception following either morphine, (3-endorphin or U50488H 

(Pavlovic et al., 1996x; Pavlovic and Bodnar, 1998). However, this pattern differs 

markedly from the approximately equal effectiveness o f general, p-selective, 5 -seIective 

and K-selective opioid antagonist pretreatment within the amygdala upon subsequent 

rppOFQ/Ni35.i5 i-induced antinociception elicited from the amygdala (Chapter 5; Shane et 

al., 2002). The enhanced analgesia seen with the misplaced mesencephalic sites may be 

due to rppOFQ/Ni35.i5 i activating a disinhibitory system somewhere downstream from 

the amygdala; however, based on the results of the present study, we do not know where 

this system is.

The present study also clearly indicated the existence o f a reciprocal relationship 

in that rppOFQ/Ni3s.i$i-induced antinociception elicited from the vIPAG is dependent 

upon a bilateral opioid synapse within the amygdala for its full expression. This was 

supported by the finding that pretreatment with the general opioid antagonist, naltrexone 

into the amygdala significantly reduced the magnitude and duration o f rppOFQ/Nus-isr 

induced antinociception elicited from the vIPAG. In assessing whether naltrexone in the 

amygdala produced a countervailing hyperalgesic response in and o f itself, it was found 

that naltrexone treatment in the amygdala actually increased latencies, thereby 

eliminating this alternative explanation for the present effects. This small, but significant 

antinociception elicited by general opioid antagonism in the amygdala is in contrast to the 

inability of naltrexone to significantly alter latencies in other supraspinal sites like the
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vIPAG or the RVM (e.g., Kiefel et al., 1993; Rossi et al., 1993,1994). The receptor 

subtypes mediating this effect were not clearly defined using selective antagonists since 

pretreatment with either K-selective (NBNI), ^-selective (P-FNA) or 6 -selective (NTI) 

opioid antagonists were far less effective in significantly reducing rppOFQ/Ni3s.isi- 

induced antinociception elicited from the vIPAG. The lesser effectiveness o f NBNI and 

the ineffectiveness o f either P-FNA or NTI administration into the amygdala upon 

rppOFQ/N [35-15 i-induced antinociception elicited from the vIPAG was not due to 

ineffective dose choices o f the antagonists since each o f the same antagonists 

administered into the amygdala potently reduced subsequent rppOFQ/N 135-151 -induced 

antinociception elicited from the same nucleus.

These data provide further support to the hypothesis of both ascending and 

descending influences between supraspinal sites mediating pain-inhibition. Such sites as 

the amygdala, vIPAG and RVM elicit opioid-mediated antinociceptive responses that 

interact with each other in synergy studies (Pavlovic and Bodnar, 1998x; Rossi et al.,

1993,1994). A role for vIPAG and RVM synapses in mediating antinociceptive 

responses elicited by morphine, DAMGO, P-endorphin or U50488H administered into 

the amygdala has been conclusively established in antagonist studies (Helmstetter et al., 

1999?; Pavlovic et al., 1996x; Pavlovic and Bodnar, 1998x; Tershner and Helmstetter, 

2000). A role for RVM synapses in mediating antinociceptive responses elicited by 

morphine, but not P-endorphin administered into the vIPAG has also been conclusively 

established in antagonist studies (Kiefel et al., 1992a, 1992b, 1993; Spinella et al., 1996, 

1997,1999; Urban and Smith, 1993,1994a, 1994b; vanPraag and Frenk, 1990). A role 

for ascending pain control systems from the vIPAG has been examined in a few studies.
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Thus, naloxone pretreatment into the habenula significantly reduced vIPAG morphine- 

induced antinociception, and administration into the nucleus accumbens significantly 

reduced morphine-induced antinociception elicited from the habenula (Ma et al., 1992). 

Further, capsaicin-induced antinociception was significantly reduced by the GABA 

agonist, muscimol, but not the opioid antagonist, naloxone administered into the RVM, 

and was significantly reduced by either dopaminergic (flupentixol) or opioid (naloxone) 

antagonists administered into the nucleus accumbens (Gear et al., 1999). Finally, 

morphine antinociception elicited from the vIPAG is significantly reduced by either 

bilateral administration o f the general serotonergic antagonist, methysergide into either 

the amygdala or the nucleus parafascicularis thalami or by unilateral methysergide 

administration into both the amygdala and nucleus parafascicularis thalami (Borszcz, 

1999; Borszcz and Streltsov, 2000). The present findings that rppOFQ/Ni3s.isi-induced 

antinociception elicited from the vIPAG is significantly reduced by general opioid 

antagonism pretreatment in the amygdala provide further support for the role o f 

ascending influences in opioid pain-inhibitory sy stems.
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CH A PTER 7: GENERAL DISCUSSION

Research, particularly over the past decade, has clearly established the 

amygdala as an important rostral brain site involved in pain inhibition. Thus, a 

number of opiate drugs, opioid peptides, opioid analogues, and endopeptidase 

inhibitors associated with the opioid system each are capable o f eliciting 

antinociception from the amygdala. This dissertation clearly establishes that a number 

o f peptide fragments o f the ppOFQ/N precursor gene, which have been classically 

associated with paradoxical pro-nociceptive actions, each act selectively and 

specifically within the amygdala to produce antinociceptive responses. A relationship 

between classic opioid agonists and these ppOFQ/N gene peptides have also been 

established within the amygdala using opioid receptor subtype antagonists. This is 

supported by autoradiographic studies showing that the amygdala has an abundance 

o f ORL-1 receptors (Letchworth et al., 2000) as well as other opioid receptor 

subtypes (Mansour, 1987). The amygdala does not stand alone in the modulation of 

these pain-inhibitory processes. Rather, it is clearly connected with other important 

parts of a supraspinal opioid pain-inhibitory system, particularly the vIPAG. Hence, 

the nuclei o f the amygdala, known to elicit antinociceptive responses following 

administration o f p-receptor agonists morphine or DAMGO, p-endorphin, or the k- 

selective agonist USO 488H, depend on an opioid synapse in the vIPAG for their full 

expression (Pavlovic et al., 1996a, 1996b, 1998; Helmstetter et al., 1998; Tershner 

and Helmstetter, 2000). Thus, pretreatment o f the vIPAG with general and selective 

opioid receptor antagonists results in reduced opioid agonist-induced antinociception 

elicited from the amygdala. This dissertation confirms a similar relationship for
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rppOFQ/N 135-isi-induced antinociception elicited from the amygdala. Further, we 

have also established a role for the amygdala in mediating rppOFQ/N 135-15 i-induced 

antinociception elicited from the vIPAG. Finally, since the amygdala is also 

intimately involved in the mediation of stress-related responses (Goldstein et al.,

1996; Walker et al., 1997), this makes it an ideal candidate for mediating the multi­

faceted actions o f rppOFQ/Nns-isi.

Specific Aim One evaluated the antinociceptive and hyperalgesic effects of 

rppOFQ/Ni3s.i5 i and two of its truncated fragments rppOFQ/Ni35.i45 and OFQ/N 135-141 in 

the amygdala in rats on both radiant heat (tail-flick) and shock (jump threshold) tests. 

These fragments were chosen because rppOFQ/Ni35.isi and its two active truncated 

versions, rppOFQ/Nus-ns and OFQ/Ni3s.ui were found to produce antinociception in 

mice following ventricular administration, which was blocked by antisense probes 

targeted at exons 2 and 3, but not exon 1 of the ORL-1 clone (Rossi et al., 1997). This 

study confirmed the antinociceptive actions o f rppOFQ/Ni35.isi, and both active 

fragments, rppOFQ/Ni3$.|4s and rppOFQ/N 135.141 after administration into the amygdala 

produce antinociception on the tail-flick test using high-intensity thermal stimuli set to 

produce short baseline latencies. In contrast, they each failed to alter jump thresholds 

when administered into the amygdala, indicating test specific antinociceptive responses 

o f OFQ/N fragments in the amygdala for thermal, but not electrical noxious stimuli. This 

nociceptive test profile is quite different from other opioid agonists in the amygdala 

which show greater effectiveness on the jump test relative to the tail-flick test (Pavlovic 

and Bodnar, 1998; Pavlovic et al., 1996). These test-specific data suggest that the opioid 

receptors mediating traditional p, te and potentially 5 agonists in the amygdala (Paden et
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al., 1987) probably have a different distribution than OFQ/N binding sites identified in 

the amygdala using autoradiography (Letchworth et al., 2000).

The amygdala does not appear to support any o f the hyperalgesic effects of 

rppOFQ/Ni3$.isi or its fragments at least under the dose and testing situations employed. 

The original reports that OFQ/N produced hyperalgesia (Kavaliers and Perrot-Sinalts, 

1996; Meunier et al., 199S; Reinscheid et al., 1995) were subsequently modified 

(Meunier, 2000) such that rppOFQ/Nns-isi produced anti-opioid effects in both stress and 

opioid agonist antinociceptive assays (Grisel et al., 1996; Mogil et al., 1996a, 1996b,

Tian et al., 1997). Given the selective deficits in opioid antinociceptive and opioid- 

mediated stress-induced analgesic responses following amygdala lesions (Fox and 

Sorenson, 1994; Helmstetter, 1993; Helmstetter et al., 1993; Manning and Mayer, 1995a; 

1995b; Pavlovic et al., 1996a; Watkins et al., 1993), it would appear that this site would 

be a strong candidate for displaying such hyperalgesic responses. Yet neither 

rppOFQ/Ni35.i5 i, rppOFQ/Ni3s.i4s norrppOFQ/Ni35.|4 i decreased low-intensity tail-flick 

latencies following amygdala microinjections; indeed, the trend o f the data for each OFQ 

fragment indicated further increases in these longer latencies. One might question 

whether this is a reliable measure o f such effects. First, this procedure yields a reliable 

hyperalgesia in the mouse following ventricular (Rossi et al., 1996), but not intrathecal 

(King et al., 1997) administration, suggesting a supraspinal mechanism o f hyperalgesic 

action. Second, the profile o f rppOFQ/Ni3 $.isrinduced hyperalgesia differs from that of 

rppOFQ/Ni35.i5 i-induced antinociception since antisense probes directed against coding 

exon 1, but not coding exons 2 and 3, o f the ORL-l/KOR-3 clone block the former
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response while antisense probes directed against coding exons 2 and 3, but not coding 

exon 1, block the latter response (Rossi et al., 1997).

These data raise the question as to whether the antinociceptive, but not 

hyperalgesic properties o f rppOFQ/Nus-isi or its fragments administered into the 

amygdala are common to all ppOFQ/N fragments. This question was addressed in 

Specific Aim Two. The precursor responsible for producing rppOFQ/N^s-isi (Houtani et 

al., 1996; Meunier et al., 1995; Pan et al., 1996) yields OFQ/N2 (rppOFQ/Nis^no), 

which, in initial studies, were found to elicit similar antinociceptive effects to 

rppOFQ/Nj35.[5 i when given i.c.v. in mice (Rossi et al., 1998). This study examined 

rppOFQ/Ni54-i8 i in the amygdala as part o f a larger study evaluating the effects o f this 

peptide in other supraspinal sites as well including the vlPAG, RVM and LC. In 

analyzing the peptide fragments responsible for OFQ/N2-induced antinociception, we 

(Rossi et al., 2002) found that rppOFQ/N 154.1 si produced antinociceptive and 

hyperalgesic responses using respective high-intensity and low-intensity tail-flick assays 

following microinjections into the locus coeruleus and RVM, but produces 

antinociceptive without hyperalgesic responses using these two respective procedures 

following microinjections into the vlPAG and amygdala.

Interestingly, in the four rat brain sites examined, rppOFQ/Nis4-i8 i produced 

potent antinociception. However, the antinociceptive response in two of the cannulated 

sites (amygdala and PAG) was naloxone-reversible. Moreover, those sites that did not 

produce an opiate-reversible antinociception (the LC and the RVM), showed significant 

hyperalgesia. Therefore, these data indicate site-specificity mediating the differentiated 

mechanisms o f antinociceptive actions and hyperalgesia. The presence o f this double­
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dissociation serves as an important control in analyzing the specificity o f the responses. 

Previous research shows that pronociceptive and antinociceptive effects o f OFQ/N are 

dissociable. The first line o f evidence comes from earlier studies showing that antisense 

which targets the coding region o f exon 1 o f the ORL1 receptor clone decreases OFQ/N 

hyperalgesia when given icv, however, antisense targeting exons 2 and 3 o f the same 

clone are ineffective icv. In contrast, ORL1 antisense to exons 2 and 3 decrease OFQ/N 

icv analgesia, while ORL1 exon 1 is ineffective in the RVM and LC (Rossi et al., 1997). 

In addition, other laboratories have confirmed the possibility o f dissociation in a single 

brain region. Fields and his co-workers demonstrated ON-OFF cells in the RVM which 

were both pain-facilitory and pain-inhibitory systems (Fields et al., 1991). Therefore, the 

present study demonstrates that it is possible to produce both pronociceptive and 

antinociceptive effects following rppOFQ/Nts4-|gi microinjection. Moreover, this 

possibility of opiate or non-opiate action is clearly based upon the supraspinal site of 

action. The ability o f the full-length peptide, rppOFQ/Nis4-isi to induce hyperalgesia is 

site-specific with caudal sites (LC and RVM) mediating this response. These groups o f 

sites behave quite similarly in eliciting traditional opioid antinociception with greatest 

sensitivity to mu-selective ligands (Bodnar et al., 1988, Smith et al., 1988, Pavlovic et al., 

1996, Fang et al., 1986, Helmstetter et al., 1995) as well as exhibiting antinociceptive 

opioid synergy using morphine and (3-endorphin (Rossi et al., 1993,1994; Pavlovic and 

Bodnar, 1998).

Interestingly, this suggests that different functional and physiological mechanisms 

other than the amygdala and PAG may mediate the pro-nociceptive effects o f the full- 

length peptide in the rostral part o f the brain. In addition, previous studies have shown a
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dissociation between spinal versus supraspinal sites o f action for OFQ/N. Supraspinally- 

administered OFQ/N was capable o f producing both hyperalgesia and antinociception, 

whereas spinally-administered OFQ/N produced a robust antinociception that was 

naloxone-sensitive, but failed to produce hyperalgesia (King et al., 1997). These, and 

other, studies provide insight into the underlying mechanisms by which novel, and often 

divergent, physiological functions arise in opioid and non-opioid systems (Danielson, et 

al., 2001). Therefore, it is both possible and probable, that the OFQ/N system may have 

evolved as a separate and distinct system for pain perception.

Thus, this related OFQ/N peptide seems to share very similar characteristics 

relative to rppOFQ/Ni3 s.isi and its truncated fragments. This suggests that perhaps all o f 

the biologically-active fragments of ppOFQ/N may act similarly with respect to 

modulating antinociceptive and pro-nociceptive actions. This still however doesn’t 

answer the question about potential relationships between ppOFQ/N peptides and 

traditional opioid receptor systems.

Thus, Specific Aim Three determined that antinociception elicited by 

rppOFQ/Ni3s-isi administered in the amygdala is dependent upon the intact functioning 

o f p, k  and 5 opioid receptors in the amygdala since pretreatment with either general or 

selective opioid antagonists in the amygdala significantly reduced this agonist’s 

antinociceptive response. Autoradiographic and immunihistochemical techniques have 

shown that there is a  dense distribution o f ORL-1 and traditional opioid receptors in the 

amygdala (Letchworth et al., 2000; Mansour et al., 1987,1994a, 1994b, 1994c, 1995a, 

1995b, 1996). Antinociception elicited following amygdala microinjections o f the 

selective K| agonists U50 488H is blocked by amygdala pretreatment of general and
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selective ki opioid antagonists. It is unlikely that OFQ/N1.17 is binding directly with p., k  

or 8  receptors in the amygdala (Mansour et al., 1987; 1994a; 1994b; 1994c; 1995a;

1995b; 1996) to elicit analgesic effects rather than to the ORL-l/KOR-3 receptor in the 

amygdala (Anton et al., 1996; Letchworth et al., 2000; Neal et al., 1999a) since definitive 

initial characterization of rppOFQ/Nus-isi showed that it binds poorly to traditional p ., k  

and 5 opioid receptors as compared to its high affinity for ORL-l/KOR-3 receptors 

(Butour et al., 1997; Meunier et al., 1995; Reinscheid et al., 1995). It is also improbable 

that the four antagonists (NTX, p-FNA, NBNI, NTI) are successfully competing with 

rppOFQ/Ni3$.isi in the amygdala to act at the ORL-l/KOR-3 receptor rather than acting 

at their respective traditional opioid receptor subtypes given the high affinity o f 

rppOFQ/N 135-151 for the ORL-l/KOR-3 receptor (Butour et al., 1997; Meunier et al.,

1995; Reinscheid et al., 1995) relative to the poor and even negligible affinity for the 

ORL-l/KOR-3 receptor o f traditional p. (e.g., morphine, fentanyl) tc (dynorphin Ai-g, 

tifluadom) or 8  (e.g., D-Pen2, D-Pen5-enkephalin) agonists which are readily and 

respectively reversed by p-FNA, NBNI and NTI (Bunzow et al., 1994; Mollereau et al., 

1994, Pan et al., 1994; Pan et al., 1995; Wick et al., 1994). Studies have revealed that the 

medial amygdaloid nucleus is a common site at which dense distributions o f traditional p, 

k and 8  opioid receptors. However, the autoradiographic and mRNA techniques used to 

visualize these receptors in the amygdala do not specify their synaptic distribution so it is 

not clear whether such interactions occur at the same neuron or at trans-synaptically 

linked neurons. Nevertheless, the present evidence strongly suggests that rppOFQ/N 13$. 

i5 i produces antinociception elicited from the amygdala by activating traditional opioid
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receptor synapses within the same structure. This then led us into a last series of studies 

linking the amygdala with a prototypical traditional pain-inhibitory nucleus, the vlPAG.

Specific Aim Four clearly indicated that rppOFQ/Nus-isrinduced 

antinociception elicited from the amygdala is dependent upon an opioid synapse within 

the vlPAG for its full expression since pretreatment with the general opioid antagonist, 

naltrexone into the vlPAG significantly reduced the magnitude and duration of 

rppOFQ/Ni3s-i5 i7-induced antinociception elicited from the amygdala.

Antinociceptive responses following amygdala microinjections o f traditional 

opioid agonists such as morphine, DAM GO, (3-endorphin and U50 488H have been 

linked to an intrinsic pain-inhibitory pathway originating in the vlPAG. (Krettak and 

Price, 1978; Beitz, 1982; Basbaum and Fields, 1984; Rizvy et al., 1991). Pretreatment of 

the vlPAG with lidocaine or microinjections o f either general or selective p or Si opioid 

receptor antagonists significantly reduced the antinociception elicited by either morphine, 

(3-endorphin, DAMGO or U50 488H in the amygdala (Pavlovic et al., 1996; Pavlovic et 

al., 1998; Helmstetter et al., 1998; Tershner and Helmstetter, 2000).

Opioid receptor subtype antagonist pretreatment into the vlPAG differentially 

altered rppOFQ/Ni35.isi-induced antinociception elicited from the amygdala in that 

general and 5 opioid receptor antagonists were more effective than p and ic opioid 

receptor antagonists in the vlPAG in mediating rppOFQ/N 135.151-induced antinociception 

elicited from the amygdala. This relationship is quite similar to the greater potency of 

general and 8  relative to p  opioid receptor antagonists in the vlPAG to reduce amygdala 

antinociception following either morphine, |3-endorphin or U50488H (Pavlovic et al., 

1996x; Pavlovic and Bodnar, 1998). However, this pattern differs markedly from the
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approximately equal effectiveness o f general, ^-selective, 5-selective and K-selective 

opioid antagonist pretreatment within the amygdala upon subsequent rppOFQ/Nns-isi- 

induced antinociception elicited from the amygdala (Chapter 5; Shane et al., 2002).

The existence of a reciprocal relationship in that rppOFQ/Nus-isi-induced 

antinociception elicited from the vlPAG is dependent upon a bilateral opioid synapse 

within the amygdala for its frill expression was also indicated in Specific Aim Four. This 

was supported by the finding that pretreatment with the general opioid antagonist, 

naltrexone into the amygdala significantly reduced the magnitude and duration of 

rppOFQ/Ni3$.isi-induced antinociception elicited from the vlPAG. The receptor subtypes 

mediating this effect were not clearly defined using selective antagonists since 

pretreatment with either K-selective (NBNI), ^-selective (P-FNA) or 5-selective (NTI) 

opioid antagonists were far less effective in significantly reducing rppOFQ/Ni3$-isr 

induced antinociception elicited from the vlPAG.

These data provide further support to the hypothesis o f both ascending and 

descending influences between supraspinal sites mediating pain-inhibition. Such sites as 

the amygdala, vlPAG and RVM elicit opioid-mediated antinociceptive responses that 

interact with each other in synergy studies (Pavlovic and Bodnar, 1998x; Rossi et al.,

1993,1994). A role for vlPAG and RVM synapses in mediating antinociceptive 

responses elicited by morphine, DAMGO, (3-endorphin or U50488H administered into 

the amygdala has been conclusively established in antagonist studies (Helmstetter et al., 

1999?; Pavlovic et al., 1996x; Pavlovic and Bodnar, 1998x; Tershner and Helmstetter, 

2000). A role for RVM synapses in mediating antinociceptive responses elicited by 

morphine, but not ^-endorphin administered into the vlPAG has also been conclusively
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established in antagonist studies (Kiefel et al., 1992a, 1992b, 1993; Spinella et al., 1996, 

1997,1999; Urban and Smith, 1993,1994a, 1994b; vanPraag and Frenk, 1990). A role 

for ascending pain control systems from the vlPAG has been examined in a  few studies. 

Thus, naloxone pretreatment into the habenula significantly reduced vlPAG morphine- 

induced antinociception, and administration into the nucleus accumbens significantly 

reduced morphine-induced antinociception elicited from the habenula (Ma et al., 1992). 

Further, capsaicin-induced antinociception was significantly reduced by the GABA 

agonist, muscimol, but not the opioid antagonist, naloxone administered into the RVM, 

and was significantly reduced by either dopaminergic (flupentixol) or opioid (naloxone) 

antagonists administered into the nucleus accumbens (Gear et al., 1999). Finally, 

morphine antinociception elicited from the vlPAG is significantly reduced by either 

bilateral administration of the general serotonergic antagonist, methysergide into either 

the amygdala or the nucleus parafascicularis thalami or by unilateral methysergide 

administration into both the amygdala and nucleus parafascicularis thalami (Borszcz, 

1999; Borszcz and Streltsov, 2000). The present findings that rppOFQ/Ni3 s.isi-induced 

antinociception elicited from the vlPAG is significantly reduced by general opioid 

antagonism pretreatment in the amygdala provide further support for the role of 

ascending influences in opioid pain-inhibitory systems.

The findings presented in this dissertation have provided a more detailed 

understanding o f the receptor pharmacology and antinociceptive actions o f fragments of 

the ppOrph gene. Several studies support the antinociceptive actions o f OFQ/N, and the 

mediation of these effects through the utilization o f an opioid system (Rossi et al., 2002; 

Gintzler et al., 1997; Shane et al., 2002, in press). The endogenous opioid system
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modulates a number of physiological functions and behaviors including gastrointestinal 

motility, respiration, feeding, stress, and antinociception. A main conclusion o f these 

studies is that the role o f OFQ/N in the modulation of these behaviors can be considered 

as part of a larger physiological system that is mediated by other traditional opioids and 

has evolved to maintain homeostatic functions rather than the inherently “different” 

profile ascribed to OFQ/N in its initial characterization (Meunier et al., 1995; Reinscheid 

e ta l., 1995).
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