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Abstract

The mechanisms involved in morphine tolerance are poorly understood. It was
reported that calcitonin gene-related peptide (CGRP) immunoreactivity was
increased in the spinal dorsal horn during morphine tolerance and an in vitro
repetitive morphine treatment was able to mimic the irn vivo results by inducing
increases in CGRP- and substance P (SP)-immunoreactive (IR) neurons in
cultured dorsal root ganglia (DRG). The aim of this study was to validate the
DRG cell culture model by establishing which subtypes of opioid receptors are
involved in the induction of CGRP and SP in cultured rat DRG neurons and to
examine the signaling pathway involved in the induction of the neuropeptides
following repetitive opiate treatments.

Following treatment with any of the three opioid agonists [u; DAMGO, &;
DPDPE, «; U50488H], the number of CGRP- and SP-IR neurons increased
significantly, in a concentration-dependent manner. Double-
immunofluorescence staining showed that the three opioid receptors were
colocalized with both of the pain-related neuropeptides. Protein kinase C
(PKC)-IR was found to be significantly increased following a repetitive
treatment with DAMGO. Double-immunofluorescence staining showed the
colocalization of PKCo with CGRP or SP in cultured DRG neurons.
Moreover, a combined treatment of the opioid with a PKC inhibitor was able to
block the effects of the opioid on increased CGRP-like IR.

In conclusion, the data suggests that the three opioid receptors may be involved
in the induction of CGRP and SP observed following chronic exposure to
opiates and that PKC probably plays a role in the signaling pathway leading to
the upregulation. These findings further validate the DRG cell culture as a
suitable model to study intracellular pathways that govern changes seen

following repetitive opioid treatments.
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Résumé

Les mécanismes impliquées dans le développement de la tolérance i la
morphine n’ont pas encore ¢été clairement déterminés. Certains résultats ont
démontrés que I'immunoréactivité du peptide relié au géne de la calcitonine
(CGRP) augmentait dans la corne de I’épine dorsale chez des rat tolérants a la
morphine. Des données comparables ont été obtenues in vitro alors qu’un
traitement répété & la morphine a augmenté le nombre de neurones
immunoreactifs au CGRP et a la substance P (SP) dans des neurones de la
corne de 1'épine dorsale en culture. Le but de ce mémoire était de valider ce
modeéle de culture cellulaire en déterminant quel sous-type de récepteurs
opiacés sont impliqués dans 1’augmentation de I'immunoréactivi¢ au CGRP et
a4 la SP. Un second objectif était d’examiner les mécanismes intracellulaires
qui jouent un rble dans l’induction des neuropeptides observé aprés un
traitement répété avec un opiacé.

Suite 4 un traitement répété avec un des trois agonistes opiacés (u; DAMGO,
8;DPDPE, x;U50488H), le nombre de neurones immunoréactifs pour le CGRP
et la SP est augmenté trés significativement. Un double marquage a de plus
démontré que les trois récepteurs opiacés et les deux peptides reliés a la
douleur étaient co-localisées. Un traitement avec le DAMGO induit aussi une
augmeritation du nombre de neurones immunoréactifs pour la proteine kinase C
(PKC). Une immunohistolocalisation double a aussi démontrée que la PKCa,
le CGRP et la SP sont exprimés par les mémes neurones. Finalement, un
traitement combiné avec un opiacé et un inhibiteur de la PKC a bloqué I’effet
des opiacés sur I'augmentation de I'immunoréactivité au CGRP.

En conclusion, nos résultats suggérent que les trois sous-types de récepteurs
opiacés sont capables d'induire 1'expression du CGRP et de la SP suite a un
traitement répété. Il semble aussi que la PKC soit impliquée dans les

mécanismes intracellulaires qui sont responsables de ces changements.
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CHAPTERI - REVIEW OF THE LITERATURE
A. OPIOIDS

The opium poppy (Papaver somniferum) has been known and used in Asia and
southeastern Europe for over 2000 years (for reviews see Brownstein et al.,
1993; Satoh and Minami, 1995; Dhawan ef al., 1996). Its juice was known to
contain an agent that relieved pain and diarrhea, produced sleep or drowsiness,
and in low doses produced a blissful or euphoric state. Only crude preparations
were available for medical use until the isolation and purification of morphine
by Serturer in 1805 who also gave it its name after the God of dreams,
Morpheus. Following the invention of the hypodermic syringe and the hollow
needle in the 1850s, the use of morphine was extended to surgical procedures,

postoperative and chronic pain, and also as an adjunct to general anesthetics.

Unfortunately, it was realized that morphine had a potential for abuse as great
as opium and was not safe for chronic use. Since that time a great deal of
energy has been spent trying to develop safer and more efficacious, non-
addictive opiates. In 1898, heroin was first synthesized and was claimed to be
more potent than morphine and free from abuse potential. This was the first of
such claims for novel opiates and still to date none of these have proven valid
as all cause tolerance as well as physical and psychological dependence. In the
1930s and 1940s, meperidine and methadone were synthesized; these were the
first opiates with structures different from that of morphine but with similar
pharmacological profiles. Around the same time, Weijlard and Erikson (1942)
produced nalorphine (N-allylnormorphine); the first opiate mixed agonist-
antagonist. This compound had the ability to reverse the respiratory depression
produced by morphine and to precipitate the withdrawal syndrome in addicts.
Its discovery was important since it lead to the development of other

compounds such as naloxone, which is a relatively pure opiate antagonist. By



the 1960s, it was evident that the actions of opiate agonists, antagonists and
mixed agonist-antagonists could only be explained by actions on multiple
opiate receptors (Portoghese, 1965). In 1971, Goldstein et al. attempted to
demonstrate the existence of these receptors and to characterize them using
radiolabeled drugs. However, their efforts failed because their radioligands
were not of high specific activity. In 1973, three different groups showed the
presence of stereospecific receptors for opioid drugs existed in the central
nervous system (Pert and Snyder, 1973; Simon ef al., 1973; Terenius et al.,
1973). Since it seemed improbable that the animal brain would have evolved
receptors for plant alkaloids to which it was never exposed, researchers
postulated that these receptors must normally mediate the effects of
endogenous material produced in the brain itself. Kosterlitz and colleagues
(Hughes et al., 1975) isolated the first such materials which were found to be
short peptides with morphine-like properties, and termed enkephalins. Soon
afterward, longer peptides with similar properties (endorphins, dynorphins)
were discovered (Bradbury er al., 1976; Pasternak et al., 1976; Goldstein ef al.,
1981). These are known collectively as endogenous opioids. These peptides
are synthesized within the brain itself as large precursor proteins
(proenkephalin, prodynorphin and proopriomelanocortin; Table 1; Nakanishi et
al., 1979; Noda et al., 1982; Kakidani ef al., 1982), which contain the opioid
peptides and other neuroendocrine peptides (ACTH, aMSH) as parts of their
amino acid sequences. These precursors are expressed in several regions in the
brain but are cleaved by different enzymes, thus giving rise to different
products at different sites.

Table 1. Affinity (K, — nM) of endogenous opiates.

LIGAND 1 8 K

- ’H] PAMGO [*H] naltrindole | ["H]U-69,593
Leu-enkephalin 34 4.0 >1000
Met-enkephalin 0.65 1.7 >1000
Dynorphin 32 >1000 0.5
B-endorphin 1.0 1.0 52

From Raynor et al., 1994.




The enkephalins are considered the endogeneous ligands for the 8 class of
opioid receptors and dynorphins are the endogenous ligands for the k receptor.
B-endorphin was found to bind with about equal affinity to both p and &
receptors. Recently, two peptides isolated from brain, endormorphin-1 and
endomorphin-2 showed the highest affinity and selectivity for the p-opioid
receptor (Zadina ef al., 1997). Further studies involving the pharmacological
characterization of these endogenous peptides support the possibility that they
may represent the endogenous p receptor ligands (Zadina et al., 1997; Goldberg
et al., 1998).

1. Opioid Receptors

The realization that many potential ligands were present in the central nervous
system gave credibility to the hypothesis of the existence of more than one
class of opioid receptors. This notion had been postulated when it was reported
that nalorphine, an opiate antagonist, did not antagonize different narcotic
analgesics to the same extent (Cox and Weinstock, 1964). Among the first
piece of evidence for this came in 1976 when Martin et al. performed a detailed
analysis of the neurophysiological and behavioral properties of several opiate
compounds and looked for “cross tolerance” among these opiates in the dog.
They proposed the existence of three opioid receptors named after the drugs
used: p (for morphine, which induced analgesia, miosis, bradycardia,
hypothermia, indifference to environmental stimuli), ¥ (for ketocyclazocine,
which induced miosis, sedation, depression of flexor reflexes) and ¢ (for N-
allylnormetazocine, which induces mydriasis, tachycardia, delirium, increased
respiration). Following the first discovery of native opioid peptides,
Kosterlitz and his colleagues attempted to know on which opioid receptors the
enkephalins were acting on (Lord et al., 1977). They were able to demonstrate
that opioid peptides appeared to be interacting with different populations of



opioid receptors in the mouse vas deferens and the guinea pig ileum. During
these studies, they found that enkephalins showed a higher potency relative to
morphine in the mouse vas deferens but lower potency relative to morphine in
the guinea pig ileum. Following these observations they proposéd that a fourth
type of opioid receptor, the & receptor, was present in the mouse vas deferens
but absent in the guinea pig ileum. Other pharmacological evidence for
multiple opioid receptors resulted from selective protection and inactivation
experiments with alkylating and acylating agents (Robson et al., 1979; Smith et
al., 1980).

a. Pharmacological classification

Opioids have a large number of actions, both centrally and peripherally.
Although most opioids produce analgesia, they differ a greatly in their other
effects. The discovery of different classes of opioid receptors has helped to
explain this spectrum of effects. The synthesis of highly selective opioid
agonists and antagonists has provided further evidence for the existence of
opioid receptor sub-types. Since these bind with high affinity and specificity,
they can be used for receptor binding as well as anatomical, receptor
autoradiograpy, physiological and pharmacological studies. Three major
classes of opioid receptors are recognized (for review see Adler et al., 1990;
Simon and Gioannini, 1993), with each class having its own pattern of affinity
for the various endogenous and synthetic opioid agonists and antagonists.
None of the opiate drugs appear to have absolute specificity for a single
receptor type; rather, each drug has a major affinity for one type, with lesser
degrees of affinity for the other types. The p-opioid receptor binds with high
affinity to morphine, naloxone and [D-Ala’, MePhe*, Gly-o0l’] enkephalin
(DAMGO) (Kosterlitz and Paterson, 1980). The 6-opioid receptor has high
affinity for [D-Ala’, D-Leu’] enkephalin (DADLE) and the more selective
ligand [D-Pen®, D-Pen’] enkephalin (DPDPE) (Mosberg et al., 1983). The x-



opioid receptor showed high affinity for the endogenous k-agonist dynorphin
A, the « selective synthetic ligands (+-)-trans-3, 4-dichloro-N-methyl-N-{2-(1-
pyrrolidinyl) cyclohexyl] benzeneacetamide (U50488H) and (+)-(5a,70t,8p)-N-
methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4,5]dec-8-yl bezeneacetamide
(U69593) (von Voigtlander ef al., 1983; Lahti ef al., 1985). At present, seven
subtypes of opioid receptor have been pharmacologically characterized: p,, p,
and p, (Ling er al., 1983; Martin, 1984; Pasternak et al., 1986; Stefano et al.,
1993), «,, k,and k; (Clark ef al., 1989) and §, and &, (Mattia et al., 1991, 1992;
Zhu et al., 1999). However, only three distinct clones (u, 8 and k) have been
characterized thus far. A fourth class was formerly believed to exist, the o-
receptor (Martin et al. 1976), but this is no longer considered to be an opioid
receptor. A major difficulty in studying the pharmacological pfoﬁle of opioid
receptors is that most tissues studied co-express several subtypes of these
receptors and many of the compounds used can cross-react with the other
receptors to varying degrees. Hence, molecular studies have proved most

useful to precisely identify and to pharmacologically characterize receptors.

b. Opiocid Receptor Clones

Attempts to purify opioid receptors to homogeneity were thwarted by their
paucity in most tissues and their lability after detergent solubilization. Many
attempts were made to clone cDNAs encoding opioid receptors. In 1989,
Schofield et al. isolated a cDNA encoding an opioid-binding protein with p
selectivity however the protein lacked transmembrane domains deemed
necessary for signal transduction. In 1992, the isolation of another cDNA was
obtained by expression cloning (Xie et al., 1992) but the affinity of opioid
ligands for this receptor expressed in COS cells was two orders of magnitude
below the expected value and no subtype specificity could be shown. The
structure of opioid receptors remained a mystery until 1993 when both Kieffer

et al. and Evans et al. reported the isolation and pharmacological



characterization of the first high affinity opioid receptor, the mouse & opioid
receptor. Both groups isolated the cDNA encoding the 8 opioid receptor by
transfecting a ¢cDNA library from NG-108-15 cells, which expresses a high
level of & receptors per cell, into COS cells. Kiefer er al. (1993) screened the
transfected cells with a *H-labeled Tyr-D-Thr-Gly-Phe-Leu-Thr (DTLET) to
find the presence of high-affinity binding sites with a K, similar to the native &
receptor. Evans et al. (1993) used a similar method to isolate the same ¢cDNA
clone and they also showed that activation of their receptor with selective &
agonists could decrease cAMP levels in transfected COS cells. The cloned
mouse receptor is 372 amino acid protein, whose sequence is related to that of
the somatostatin receptor, among members of the G protein-coupled family of

receptors.

Hybridization experiments with the 3-OR ¢cDNA as a probe then allowed the
isolation of cDNAs encoding another opioid-receptor subtype. The cloning of
the mouse k opioid receptor occurred during efforts to obtain mouse
somatostatin receptor cDNA probes. Yasuda et al. (1993) while trying to
isolate cDNAs encoding novel somatostatin receptors identified two closely
related G protein-coupled receptor clones in an adult mouse brain cDNA
library. One of these G protein-coupled receptor had the identical sequence of
the & opioid receptor that had been cloned by Evans ef al. (1993). Preliminary
binding studies with agonists selective for u, 8, x opioid receptors confirmed
that one of the receptors was indeed the 8 opioid receptor. The other G protein-
coupled receptor was shown to be the x opioid receptor since it was able to
only bind to [’HJnaloxone and the x-selective agonist PHJU-69-593. No
specific binding of [H]naltrindole (8), ['H]DPDPE (8), PHIDTG (w),
[*H]dextromethorphan (u) or PHJDAMGO () was detected. The mouse k
receptor is a 380 amino acid protein having 70% amino acid similarity with the
sequence of the mouse & receptor. The sequences of these two receptors were

most similar in the membrane-spanning segments and intracellular loops with



the amino- and carboxyl-termini showing differences in both sequence and
length. This group also showed that both of these opioid receptors were able to
mediate subtype-specific agonist-induced inhibition of adenylyl cyclase
activity in COS-1 cells (Yasuda ef al., 1993). These findings suggested that the

different opioid receptor classes originate from distinct gene products.

The first p opioid receptor cDNA clone was described by Chen et al. (1993).
The clone was identified from a rat brain cDNA library using a brobe obtained
from the same library through PCR amplification with two mouse & opioid
receptor primers corresponding to the region between the third transmembrane
domain to the third cytoplasmic loop. Through the agonist and antagonist
profile of the clone expressed in COS-7 cells, the authors were able to conclude
that they had isolated a rat p opioid receptor clone. The sequence of the 398
amino acid rat p opioid receptor showed 58% and 57% amino acid identity
with the sequences of the mouse 6 and k opioid receptors, respectively.
Similar to the other groups, Chen ef al. (1993) were able to show that the p
opioid receptor is functionally coupled to the inhibition of adenylyl cyclase.
Around the same period, two groups (Minami et al., 1994; Thompson et al.,

1993) were also successful in cloning the rat p opioid receptor.

Once the opioid receptor clones were identified in rodents, the next step was to
isolate the human counterparts since these are the ultimate targets of
therapeutic opioid drugs. The clones for each human opioid receptor type were
identified in 1994. Wang ef al. (1994) screened a human cerebral cortex cDNA
library using oligonucleotide fragments from the rat p-opioid receptor and
produced a human p-opioid receptor clone. The protein sequence had 95 %
amino acid identity to the rat p receptor. The cloning of a cDNA for a human &
opioid receptor was described by Knapp et al. (1994) using hybridization
screening methods. Two clones were identified, when they ligated them at an

overlapping region, the assembled open reading frame encoded a 372 residue



protein having 93% amino acid identity to both the mouse and rat 8 opioid
receptors. The cDNA for a human « opioid receptor was produced by Mansson
et al. (1994) using a consensus 5’ sense primer and 3’end antisense primer.
The PCR product had an open reading frame encoding 380 amino acids with
91% amino acid identity to the cloned rat « opioid receptor. The human p-, 8-,
and k-opioid receptor genes are located on chromosomes 6q24-25 (Wang et al.,
1994), 1p34.3-36.1 (Befort et al., 1994) and 8q11.2 (Yasuda ef al., 1994),
respectively. One of the principal motivations for cloning opioid receptors was
to provide information on their structures and to aliow their detailed
pharmacological characterization. With the availability of cloned opioid
receptors, it permitted each receptor type to be examined independently of the
others since cell lines can be generated that express only a single class of
opioid receptor. Although only three opioid receptors have been cloned, there
is evidence from binding and autoradiographic studies for further receptor
heterogeneity. ~ These multiple receptor subtypes must be a product of
alternative splicing (Pan ef al., 1999), heterodimerization (Heyman et al., 1989;
Traynor and Elliott, 1993), differential post-transiational modifications or
alterations in the molecular environment of the receptor protein. A number of
investigators have proposed that receptor-receptor interactions could form the
basis for some of the opioid receptor subtypes (Porreca et al., 1992; Xu et al.,
1993; Jordan and Devi, 1999). It has been shown that & receptors
heterodimerize with both p (Gomes et al., 2000) and «x receptors (Jordan and
Devi, 1999) thus changing their ligand binding and signaling properties (Jordan
and Devi, 1999; Jordan et al., 2000; Gomes et al., 2001). Another possibility
could be the existence of other opioid receptor genes that still need to be

cloned.

G-Protein Coupling

Hydrophobicity analyses of the deduced amino acid sequences of the three

cloned opioid receptors indicated that these receptors have seven putative



transmembrane helices characteristic of the G-protein coupled receptor family.
The comparison of the amino acid sequences of the three clones receptors
shows that the sequences of membrane spanning segments 2, 3 and 7 are highly
conserved whereas the sequences of segments 1, 4 and 5 are more divergent
(Dohlman er al., 1991). The sequences of the intracellular loops connecting
them are similar in the three opioid receptors, but the extracellular connecting
loops and -NH, and -COOH terminals are different in the three subtypes and
presumably account for the distinct ligand affinities and effects. The high
degree of sequence homology seen in the intracellular regions within the opioid
receptor family suggests that they may interact with similar G proteins (for
review see Law et al., 2000). Hence, these receptors may share similar second
messenger systems, since the intracellular loops are thought to be critical for

the coupling of this receptor family to G proteins.

Second Messenger Systems

The physiological responses activated by opiates are mediated by multiple
agonist-induced mechanisms, which in turn regulate various downstream
signaling pathways (for review, see Jordan and Devi, 1998; Law ef al., 2000).
G proteins link opioid receptors to second messengers that act to inhibit
adenylyl cyclase activity (Sharma et al., 1975; Yu et al., 1986, 1990; for
review, see Childers, 1993), decrease voltage-gated Ca*" currents (Seward et
al., 1991; Surprenant et al., 1990; for reviews, see North, 1986, 1993), regulate
the MAP kinase pathway (Li and Chang, 1996) and increase receptor-gated K
current leading to hyperpolarization (Tatsumi et al., 1990; for reviews, see
North, 1986, 1993). These cellular effects have been shown to be modulated
by protein kinases, including protein kinase A (PKA), protein kinase C (PKC)
and Ca*"/calmodulin-dependent protein kinase II (Yu et al., 1996). Activity at
opioid receptors stimulates the hydrolysis of phosphatidyinositol (PI) leading

to an increased production of the intracellular messengers inositol trisphosphate
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(AP,) and diacylglycerol (DAG). Intracellular Ca’* becomes increased in
response to the production of IP; , which then promotes the release of
intracellular Ca®* from its stores in the endoplasmic reticulum (Womack et al.,
1988). The increased Ca’" concentration and production of DAG leads to the
stimulation of various forms of protein kinase C (Hug ef al., 1993). PKC has
been implicated in signaling pathways that lead to the induction of various
proto-oncogenes such as c-fos and c-jun, which encode for transcription factors
controlling the expression of different genes that are involved in pain (Naranjo
et al., 1991; Li and Clark, 1999). Pertussin toxin abolishes the inhibition of
adenylate cyclase by opioids in NG108-15 cells (Burns er al., 1983),
suggesting that G;- (or G,-) protein couples to the opioid receptors to exert
these inhibitory effects. The reduction in Ca® currents and increases in K*
conductance through opioid receptors was also blocked by pertussis toxin
(Seward et al., 1991; Surprenant et al., 1990; Tatsumi ef al., 1990) further
indicating the involvement of G;- and/or G- proteins. The end result of opioid
receptor activation is the hyperpolarization of the neuron bearing the receptor,
with a concomitant reduction in its activity and its transmitter release. Opioids
appear to act essentially as inhibitors of neuronal electrical activity, both

spontaneous and evoked, and of neurotransmitter release.

2. Distribution of Opicid Receptors

The distribution of opioid receptors and opioid peptides is not uniform
throughout the nervous system. There is some important overlap in the
localization of each of these receptor types and their precise anatomical

distributions vary markedly in a given species and across species.

u Opioid Receptor

Autoradiographical studies with selective radioligands showed that the p-

opioid receptor is distributed throughout the neuraxis. The highest density of



11

receptors is present in the caudate putamen and the density diminished but
remained important in the neocortex, nucleus accumbens, hippocampus and
amygdala. Expression of p-opioid receptor mRNA is intense in the superficial
laminae of the dorsal horn (Jaminae I and II; Gouarderes et al., 1991; Maekawa
et al., 1994) where nociceptive C and AS fibers of primary afferents terminate
(Light et al., 1977; Beese et al., 1990) suggesting that the receptors play a role
in the modulation of nociceptive information at postsynaptic sites of the
primary afferents. Moderate amounts are observed in the periqueductal gray
and raphe nuclei while low densities are found in the hypothalamus, preoptic
area and globus pallidus (Waksman et al., 1986, Hawkins et al., 1988;
Mansour ef al., 1988; for review see Mansour et al., 1994).
Immunohistochemical investigations using antibodies raised against the cloned
p-opioid receptor confirmed the autoradiographical data (Bourgoin ef al., 1994,
Honda ef al., 1995; Mansour ef al., 1995; Arvidsson et al., 1995b). Moreover,
data at the ultrastuctural level (Arvidsson er al., 1995b) demonstrated that the
n-opioid receptor is localized both pre- and postsynaptically in the dorsal horn.
u-Opioid receptor are also widely distributed in the peripheral nervous system,
most notably in the myenteric neurons of the gut (Hutchison et al., 1975) and

the vas deferens (Lemaire ef al., 1978).

d-Opioid Receptor

In the central nervous system, &-opioid receptors have a more restricted
distribution than the other opioid receptors and predominantly seen in forebrain
structures. Autoradiographical studies with tritiated and radioiodinated ligands
have shown that the highest receptor densities are found in the olfactory bulb,
neocortex, caudate putamen and nucleus accumbens while the thalamus,
hypothalamus and brainstem show much lower levels (Mansour et al., 1988;
Dupin et al., 1991; Renda et al., 1993; LeMoine et al., 1994). These results
were later confirmed in both rodents and primates using immunohistochemical

studies with antibodies generated against portions of the &-opioid receptor
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(Dado et al., 1993; Arvidsson et al., 1995a; Bausch ef al., 1995; Honda et al.,
1995). In the rat spinal cord, the expression of §-opioid receptor mRNA is in
low to moderate amounts throughout laminae I-VIL Also,
immunocytochemistry at the ultrastuctural level (Cheng et al., 1995)
demonstrated the existence of presynaptic 8-opioid receptor that could be
responsible for the decrease in the release of neurotransmitters (substance P,
CGRP, etc.) from the primary afferent nerves within the dorsal horn of the
spinal cord (Bourgoin ef al, 1994). It has been postulated that the p- and -
opioid receptors were closely related and possibly physically associated
(Schoffelmer et al., 1987) however an autoradiographic study in p-opioid
receptor knockout mouse showed no difference in selective ligand binding to &-

opioid receptor between the homozygous mutant and wild-type mouse (Chen et

al., 2000).

k-Opioid Receptor

The x receptor demonstrates a third pattern, with its receptor binding sites
found in the preoptic area, hypothalamus and caudate putamen (Mansour et al.,
1988). The distribution of k-opioid receptor seems to vary widely across
species (Quirion ef al., 1983; Zukin et al., 1988; Boyle et al., 1990; Rothman et
al., 1992). For example, in the rat, low levels of receptors are found
throughout the cortex with the highest densities being observed in the nucleus
accumbens and claustrum (Nock ef al., 1988). On the other hand, in the guinea
pig, the highest density of k-opioid receptors is found in the inner layers of the
cerebral cortex and the substantia nigra. The mRNA is intensely expressed in
the locus coeruleus of the mouse brain, whereas only a small number of cells
express it in this region of the rat brain (Mansour er al., 1994). Such species
differences suggest differences in the roles of the k-opioid receptor in several
brain regions across the species. In the rat spinal cord (Maekawa et al., 1994),

high levels of k-opioid receptor mRNA are expressed in laminae I and II
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suggesting that these receptors play an important role in the modulation of
nociceptive information at postsynaptic sites of primary afferents. The
expression of the k-opioid receptor mRNA is also expressed in important
amounts throughout laminae III-VIII. The immunohistochemical localization
of the x-opioid receptor in both rats and guinea pig (Arvidsson et al., 1995¢)
corresponds well with the distribution of its binding sites (Unterwald et al.,
1991) and the localization of its mRNA (Mansour et al., 1994). Prominent
staining for the «-opioid receptor was seen in the ventral forebrain,
hypothalamus, thalamus, posterior pituitary and midbrain (Arvidsson ef al,
1995c¢). At the ultrastrutural level, the x-opioid receptor is mostly found
postsynaptically in the somatodendritic compartment (Arvidsson et al., 1995¢).
An autoradiographic study has demonstrated that a complete loss of p-opioid
receptors did not affect the distribution and expression levels of the x-opioid

receptor (Chen et al., 2000).

Expression in the Dorsal Root Ganglia

In situ hybridization histochemistry have shown that in the dorsal root ganglia
(DRG), where the cell bodies of primary afferent neurons are located, the
expression of p-, 6- and k-opioid receptor mRNAs is intense (Maekawa et al.,
1994; Minami ef al., 1995). The p-opioid receptor mRNA is highly expressed
in 55% of DRG neurons while the 8- and k-opioid receptor mRNAs are only
present in 20% and 18% of DRG neurons, respectively. The dorsal horn,
particularly laminae If and I, in all segments of the spinal cord was found to be
enriched with the p-opioid receptor (Kar and Quirion, 1995). The analgesic
actions of opiates such as morphine and opioid peptides are attributed, in part,
by their ability to inhibit the release of neurotransmitters from primary afferent
terminals in the spinal dorsal horn. For example, double in situ hybridization
histochemistry studies (Minami et al., 1995) have shown that all three opioid
receptors are present in substance P (SP)-containing neurons of the dorsal root

ganglia, suggesting that opioid receptor agonists can act directly on the afferent
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terminals of SP-containing neurons to modulate SP release. Also, other similar
studies were able to show that some opioid receptors were colocalized with
calcitonin gene-related peptide (CGRP), a peptide that enhances release of SP
from primary afferents (Oku ef al., 1987; Dado et al., 1993) and has a
nociceptive effect (Xu et al., 1990). Opiate receptors found in this region are
associated with areas receiving small afferent primary fibers and are
strategically placed to modulate noxious stimuli as well as explain some of the

side effects of opiate administration.

3. Opioid Functions As Relevant To Pain

Although a plethora of studies on the physiological and behavioral effects of
opioid peptides have been conducted, it is still difficult to fully characterize the
functional roles of the different opioid receptor types. Recently, mice lacking
opioid receptors were generated (Matthes ef al., 1996; Simonin ef al., 1998;
Zhu et al., 1999; for review see Kieffer, 1999) and have proven useful in
providing insights into the involvement of opioid receptors in physiological

and behavioral pain responses.

u-Opioid Receptor

The wide distribution of p-opioid receptors is consistent with its important
roles in pain regulation and with many other physiological functions. u-
receptors found in spinal, supraspinal structures (Fang et al., 1986; Porreca et
al., 1987) and the periphery (Stein, 1993) play an important role in nociception
(Hansen et al., 1984). p agonists have the ability to block nociceptive
responses to mechanical, thermal or chemical stimulations (Knapp et al.,
1989). Strong evidence indicates that the morphine-preferring p-opiate
receptor is the major site of action for the analgesic action of most clinically
relevant analgesics. This observation was further proven in p-opioid receptor

knockout mice (Matthes et al., 1996; Sora et al., 1997a; Schuller ef al., 1999)
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where morphine failed to reduce nociception in analgesia tests of homozygous
mice while heterozygotes displayed right and downward shifts in morphine
analgesia dose-effect relationships. Prototypical 5- and k-agonists have been
shown to function poorly without the presence of p-opioid receptor (Sora et al.,
1997b) however, this notion remains controversial as other studies (Loh ez al.,
1998) have shown that the effect of DPDPE (&) and U50488 (x) remained
unchanged in the heterozygote and homozygote p-opioid receptor knockout
mice. Some of the other functions that seem to involve the p-opioid receptor
include respiration, cardiovascular functions, intestinal transit, feeding,
learning and memory, locomotor activity, thermoregulation, hormone
secretion, all of which are usually attenutated by agonistic activity (for review
see Pasternak, 1988). p receptor agonists have a pronounced respiratory
depressant activity that likely involves a decreased sensitivity to CO,. This is
further demonstrated from the fact that the major acute toxicity associated with
morphine is death from respiratory failure. The cardiovascular effects of the -
opioid receptors are closely related to the respiratory effects and are mediated
through central and peripheral receptors. Constipation, which has also been
reported to be a major side effect of morphine use, is probably a result of p
receptor activity leading to a decrease in gastrointestinal secretions and
motility.

When the p-opiate, morphine, was injected into mice they exhibited increased
locomotor activity (Micheal-Titus er al., 1989), on the other hand, the
homozygous p-opioid receptor knockout mice was not affected by morphine
injection (Tian et al, 1997). Like most opioids, p-opioids inhibit the
thermoregulatory mechanisms which take place in the anterior hypothalamic
region, leading to the impaired ability of the body temperature to remain
constant. p-agonists have also been known to affect hormonal release and
neuroendocrine-related behaviors. These results were demonstrated by p-
agonist treatment leading to increased release of prolactin, growth hormone and

corticosteroids while decreasing the release of luteinizing hormone (Pang et al.,
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1977; Pfeiffer et al., 1985; Kehoe et al., 1993). Studies have supported the role
of opioids in modulating the host defense system (Stefano er al., 1996). This
was further examined in p-opioid receptor knockout mice which showed an
enhanced production of the myeloid progenitors (Tian et al., 1997) providing
evidence that the p-opioid receptor is involved in blood cell production,
probably as a negative regulatory influence. The p-opioid receptor also seems
to be involved in the reproductive system since homozygous p-opioid receptor
knockout male mice displayed decreased sexual activity (Tian et al., 1997).
Although many studies have involved the p-opioid receptor in many different
physiological functions, the more recent knockout models have provided strong
eVidence for the receptor’s role in analgesia, locomotor activity, constipation

and respiration.

d-Opioid Receptor

Similar to p-opioid receptors, the 3-opioid receptor is involved in analgesia,
gastrointestinal motility, olfaction, respiration and mood. The &-opioid
receptor is also associtated with tolerance (Kest e al., 1996) and reproduction
(Zhu and Pintar, 1998). A spinal administration of d-opioid receptor agonists
was effective in decreasing thermal and chemical stimuli (Schmauss et al.,
1984). The role of the d-opioid receptor in analgesia was further elucidated in
d-opioid receptor knockout mouse where DPDPE was less sensitive in eliciting
analgesia in homozygous mutant mice (Zhu et al., 1999). The involvement of
respiration was confirmed following an &-agonist treatment that led to
respiratory depression (Freye ef al., 1991). The d-opioid receptors have been
shown to be involved in analgesia, tolerance and the inhibition of

gastrointestinal transit hence sharing many effects with the p-opioid receptor.
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k-Opioid Receptor

k-opioid receptors have been proposed to be involved in the regulation of
different functions. Some of these include nociception, diuresis, feeding and
neuroendocrihe secretions (Hansen et al., 1984; Desjardins et al., 1990). In the
limbic system x-opioid receptors control mood and locomotion in opposition to
u- and d-opioid receptors (Millan, 1990). However studies done in the x-opioid
receptor knockout mouse have shown that the absence of the k-opioid receptor
had little influence on this behaviour (Simonin ef al., 1998). The p-, 8- and x-
opioid receptors have all been implicated in the mediation of ‘analgesia while
most studies have frequently attributed the mediation of nociception mostly to
the p receptors (Fang et al., 1986; Dauge et al., 1987), other studies have
suggested that the k-opioid receptors participate in the control of chemical,
mechanical and thermal pain at the spinal level (Millan, 1990). These results
are now controversial as the x-opioid receptor deficient mouse displayed no
change in their nociceptive threshold following mechanical, chemical and
thermal stimulus (Simonin et al., 1998). These same studies also demonstrated
that these receptors play a role in the analgesic repsonses to opioids as the k-
agonist, U50488H, displayed a lack of antinociception in the hot plate and tail-
flick tests in animals lacking k-opioid receptors (Simonin ef al., 1998). Like
the other two opioid receptors, k-opioid receptors has also been implicated in
the development of dependence following «-agonist administration

(Maldonado et al., 1992).

B. Calcitonin gene-related peptide

Calcitonin gene-related peptide (CGRP) is a 37 amino acid peptide arising
from the alternative splicing of the RNA transcript of the calcitonin gene

(Rosenfeld et al., 1983; MacIntyre et al., 1992; Feurstein et al, 1995;
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Wimalawansa et al., 1996; Wimalawansa et al., 1997; for reviews see van
Rossum et al., 1997; Jacques et al., 2000). CGRP is widely distributed in the
central and peripheral nervous systems where it plays a role in many biological
actions including cardioexcitatory effects (Brain et al., 1985b, 1996), inhibition
of gastric acid secretion (Hughes et al., 1984) and food intake (Krahn ef al.,
1984; Morley et al., 1996). CGRP shares homology with a number of other
peptides such as amylin and adrenomedullin (ADM) which are included in the
CGRP family. Calcitonin (CT) was the first member within this family to be
isolated and sequenced. Following the molecular cloning of the calcitonin
gene, Rosenfeld et al. discovered CGRP by using a recombinant DNA (Amara
et al., 1982; Rosenfeld ef al., 1983). Subsequently, the related peptides amylin
and adrenomedullin were isolated and found to share considerable homology
with CGRP, 46% and 24% respectively. These single-chain peptides all have
an amidated C-terminal and two N-terminal cysteines forming a disulfide

bridge.

Two forms of the calcitonin gene-related peptide have been identified, CGRPa.
and CGRPp (Bennett and Amara, 1992). Both of these genes encoding the two
CGRP isoforms are located on chromosome 11 and are thought to have risen
from gene duplication. CGRPo and CGRPP are highly homologous differing
by only 1 amino acid in rats and 3 amino acids in humans. Both isoforms are
present in the rat nervous system and exhibit nearly identical pharmacological

profiles (Amara et al., 1985).

1. Calcitonin gene mRNA maturation

The calcitonin gene is comprised of six exons and encodes two different
mRNAs that share an identical 5° sequence but have unique 3’ sequences.
Splicing of the first four exons generates calcitonin mRNA, which represents

over 98% of the mature transcripts in thyroid C cells (Rosenfeld er al., 1992).
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In non-neuronal tissues the calcitonin mRNA encodes a 17,500 molecular
weight calcitonin precursor protein, which is proteolytically processed to yield
the Ca*-regulating hormone calcitonin. ~ Alternative processing of the
calcitonin gene results in the production of a mature transcript in neural tissue
distinct from the predominant mRNA in thyroid cells. In the central and
peripheral nervous systems, splicing of the fifth and sixth exons generates the
mRNA encoding the 16,000 Dalton precursor of CGRPa (Rosenfeld et al.,
1992). The complex calcitonin/CGRP gene arose either by duplication and
sequence divergence of the primordial calcitonin-like exon itself or as a
consequence of gene duplication and rearrangement (Rosenfeld et al., 1992).
The expression of the calcitonin/CGRP gene is under control of hormones and
second messengers such as glucocorticoids (Tverberg and Russo, 1992) and
cAMP (Wind et al., 1993). The complete identification and combination of the
different factors contributing to the specificity of CGRP/calcitonin RNA

splicing remains to be established.

2. CGRP receptors

A wide variety of biological functions have been described for CGRP. These
effects are mediated through specific receptors. Through evaluation of the
pharmacological properties of numerous CGRP fragments and analogues in
several peripheral tissue preparations and in the brain, the existence of at least
two CGRP receptor sub-types was proposed, namely CGRP, based on the
strong antagonistic properties of the CGRP antagonist, CGRP; 3, and CGRP,,
based on the strong agonistic properties of the linear analogue of CGRP,
[Cys(ACM)>"ThCGRP and the weak binding affinity of CGRP,;, (Table 2;
Dennis et al., 1989; Dennis et al., 1990; Quirion et al., 1992, 1998; for review
see Juaneda et al., 2000).
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Table 2. Classification of CGRP receptor subtypes.

CGRP, CGRP,
Potency of CGRPa, CGRPB > ADM > | CGRPa, CGRPB > ADM >
endogeneous amylin amylin
homologues
Selective —-- [Cys(ACM)*"ThCGRPa
agonist
Selective hCGRPy 4, hCGRP; 5,
antagonist hCGRP, 4,
[Tyr”’, Asp®, Pro*, Phe*]-
CGRPy, 57
[Tyr”, Pro*, Phe*]-CGRP,, 1,
BIBN4096BS

From Jacques et al., 2000.

Various structure-activity studies have been conducted to develop smaller
molecules that could act as antagonists and attempt to further demonstrate the
existence of these receptor subtypes. To help this process, cell lines have been
characterized as enriched with CGRP, receptors (eg. human SK-N-MC cells
and rat L6 skeletal myocytes; Poyner et al., 1995; Howitt et al., 1997; Poyner ef
al., 1998, Quirion et al., 1998) or the CGRP, receptor (eg. COL-29 and HCA-7
colonic epithelium cells; Cox et al., 1994; Poyner et al., 1995; Quirion ef al.,
1998). [Asp”, Pro*, Phe®]|CGRP,,;; and [Pro*, Phe®|CGRP,,,;, are two
smaller peptide antagonists that have been recently reported to bind to the
CGRP, receptor expressed in SK-N-MC cells (Rist er al., 1998). More
recently, the first non-peptide CGRP receptor anatagonist, BIBN4096BS was
reported (Doods et al., 2000; Powell et al., 2000).

Pharmacological classification
The C-terminal fragment of hCGRP, hCGRP, ,,, competes for [*’IThCGRPa

binding sites with very high affinity (IC;, = 0.5-1 nM) both in the CNS and
peripheral membrane preparations (Dennis ef al., 1989, 1990). Its iodinated
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counterpart, ['*IThCGRP, ,,, binds with high affinity (K, = 0.075-0.215 nM) to
CGRP receptors in brain, atrium and vas deferens membrane preparations (van
Rossum et al., 1994). Shorter C-terminal fragments including CGRP,, .,
(Dennis et al., 1989), CGRP,y;, (Rovero et al., 1992) and [Tyr*JCGRP,q.,
(Chadker and Rattan, 1990) have also been defined as antagonists but with
lower potencies than CGRP,;_Q (Dennis ef al., 1989, 1990; Quirion et al., 1992).
CGRP,,, usually does not induce any biological activity in neither guinea pig
atrial or ileal preparations nor a variety of behavioural assays. However,
CGRP;,, was able to inhibit some of the effects of hCGRPa in these
preparations and is thus considered a relatively potent, competitive CGRP
antagonist (Dennis ef al., 1989, 1990). The antagonistic effects of CGRP, ,,
were shown to be much weaker in the rat vas deferens (Dennis ef al., 1989,
1990). The differential antagonistic potencies of hCGRPg,, in various
bioassays suggested the existence of multiple CGRP receptor subtypes. It was
therefore proposed by Dennis er al. (1990) that the hCGRP; 4,-sensitive sites be
classified as CGRP, receptors and the CGRPg,, rather resistant sites be
classified as the CGRP, subtype (for review see Juaneda et al., 2000). The
linear analogue of hCGRP, [Cys(ACM)>'ThCGRP, binds to rat whole brain
membranes with an affinity (3.0 1.4 nM) similar to the native peptide (2.4 +
0.6 nM). This synthetic linear peptide does not induce the cardioexcitatory
activity characteristic of hCGRP in atrial preparations. However,
[Cys(ACM)*’]ThCGRP does retain some of the agonistic properties of hCGRP
in the rat vas deferens (Dennis ef al., 1989). These results suggested that
[Cys(ACM)>"ThCGRP acts as a fairly selective agonist for the CGRP, receptor

subtype located in tissues resistant to the antagonistic properties of hCGRP, 4.

Most recently, BIBN4096BS, a non-peptide antagonist, demonstrated high
affinity for the CGRP, receptor expressed in SK-N-MC cells (14.4 £ 6.3 pM) to
block CGRPa-induced cAMP production in those cells (Doods et al., 2000).
In the rat atria, BIBN4096BS competitively antagonized the effects” of



22

hCGRPa, hCGRPJ and rCGRPa with pA, values in the nM range showing a
potency about ten-fold higher than hCGRP, ,, (Wu ef al., 2000). In the rat vas
deferens, BIBN4096BS was considerably less potent at inhibiting the effects of
these various CGRP homologues (Doods er al, 2000) therefore the non-
peptidic antagonist has a pharmacological profile that discriminates more
evidently between CGRP, and CGRP, receptor subtypes more than CGRP,,
(Wu et al., 2000). The use of BIBN4096BS has suggested the existence of
another CGRP receptor subtype in the rat vas deferens (Wu er al., 2000). In
this tissue preparation, the non-peptide antagonist weakly inhibited the effects
of endogeneous CGRP ligands but had the ability to block the action of both
ADM and [Cys(Et)>']ThCGRPa suggesting the presence of a receptor that is not
activated by CGRPa or CGRPJ but by the linear peptide and ADM. This
subtype would be different from the CGRP, receptor, which can bind the cyclic
and linear forms of CGRP and ADM but is less sensitive to BIBN4096BS.
Another CGRP receptor subtype could also be present in the rat colon where
[Cys(ACM)>']hCGRPo. and [Cys(Ety*’ThCGRPo. were unable to induce
agonistic actvity (Esfandyari ef al., 2000), indicating that CGRP is mediating
its activity through a receptor distinct from the CGRP, and CGRP, subtypes.
The antagonistic properties of BIBN4096BS and other non-peptidic analogs are
crucial to investigate and provide information on the different CGRP receptor

subtypes.

G-Protein Coupling

Evidence from biochemical and pharmacological studies suggests that CGRP
receptors belong to the family of G protein coupled receptors. Various reports
have described the effect of GTP or its analogues on [”’IJCGRP binding
affinity in a variety of tissue preparations (Roa et al., 1991; Chatterjee et al.,
1991a, 1991b, 1993; van Rossum et al., 1993). van Rossum et al. (1993)
studied the effects of the non-hydrolizable GTP nucleotide analogue Gpp(NH)p
in the brain, cerebellum, atria and vas deferens and showed that Gpp(NH)p
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induced a shift to a lower affinity receptor state, as expected for G-protein

coupled receptors.

Second Messenger Systems

Various reports have shown that CGRP’s actions is most likely mediated
through an increase in cAMP. Various tissue preparations such as cardiac
muscle (Edwards et al., 1991; Sun et al., 1995, Wellman et al., 1998), blood
vessels (Wellman ef al., 1998), isolated rat thymocytes (Kurz et al., 1995), rat
cardiac myocytes (Chatterjee et al., 1991b), primary cultures of neonatal rat
spinal cord (Parsons et al., 1997), heart and spleen (Sigrist et al., 1986) show
an increase in cAMP in the presence of CGRP. CGRP has also been shown to
modulate K* channels via cAMP-dependent protein kinase, protein kinase A, in
vascular smooth muscles (Miyoshi er al, 1995) and guinea pig ureter
(Santicioli et al., 1995). CGRP-dependent increases in cAMP have been
shown to be selectively antagonized by CGRP;,, (Parsons et al, 1997,
Yousufzai et al., 1998). There is also evidence that CGRP can mediate its
effects through nitric oxide synthesis and cGMP (Abdelrahman et al., 1992). It

appears that CGRP can activate different transduction signaling pathways.

CGRP Receptor Clones

Over the last few years, various putative CGRP receptor clones have been
isolated (Kapas ef al., 1995; Aiyar et al., 1996). The real identity of these
receptor clones remained controversial since they shared very low homology to
one another and do not seem to be expressed extensively in the CNS or on
blood vessels where CGRP binding sites have been shown to be found
(Wimalawansa et al., 1993; van Rossum et al., 1994). In 1995, Kapas et al.
identified a canine orphan receptor, RDC-1, as a CGRP, receptor. Northern blot
analysis showed that RDC-1 transcripts were highly expressed in the heart,
kidney and thyroid, with much weaker signals in the brain and spleen (Libert et
al., 1989). Moreover, Tong et al. (1998) showed that the RDC-1 receptor
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mRNA was observed in brain regions containing only low to very low levels of
CGRP binding sites. Also, the complete loss of mRNA for RDC-1 using
antisense oligonucleotides had no effect on CGRP-induced cAMP production
(Hall ez al., 1998).

Another interesting GPCR clone was isolated from rat pulmonary blood vessels
(Njuki et al., 1993; Chang et al., 1993; Fluhmann et al., 1995; Aiyar et al.,
1996) and referred to as the calcitonin receptor like receptor (CRLR). Northern
blot analysis revealed the expression of this putative CGRP, clone in cardiac
myocytes and alveolar cells of the lung (Han ef al., 1997). The importance of
CRLR as a CGRP receptor remained controversial until the discovery of
RAMPs (McLatchie et al., 1998). When CRLR was transfected in COS-7 cells,
specific binding for CGRP was difficult to detect (Fluhmann et al., 1995).
HEK 293 cells expressing the clone showed higher but still low affinity for '*’I-
CGRP-binding as well as an increase in cAMP in the response to CGRP (Aiyar
et al., 1996). This functional response to CGRP is competitively antagonized
by CGRPg;, (pA, =7.57; Aiyar et al., 1996).

Accessory Proteins

Recently, McLatchie ef al. (1998) cloned a series of receptor-activity
modifying proteins (RAMPs), a novel family of transmembrane proteins. The
RAMP-1 was isolated from Xenopus oocytes and encoded a 148 amino acid
single-domain protein. RAMP-1 is not, by itself, a CGRP receptor, as the
expression of RAMP-1 in mammalian cells did not induce cAMP responses to
CGRP or specific binding to '*’I-labelled CGRP. Neither RAMP-1 nor CRLR
induced significant responses to CGRP when transfected alone, but the
expression of both produced cells which conferred a CGRP,-receptor-like
profile to CRLR. Both CGRPoa and CGRP,,, exhibited a high affinity for
this receptor complex that has the ability to respond to CGRP by increasing
intracellular cAMP levels. RDC-1 did not induce binding or responses to

CGRP with or without expression of RAMP-1 further indicating that RDC-1 is
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not a genuine CGRP receptor. The requirement of CRLR and RAMP-1 to
reconstitute a CGRP receptor may explain why it has been difficult to use
expression cloning for CGRP receptors. Furthermore, the prerequisite
coexpression of CRLR and RAMP-1 for CGRP receptor function explains the
failure of CRLR alone to function in oocytes and the observation that CRLR
can only function as a CGRP receptor in certain cell lines which presumably
express an endogeneous RAMP-1. It was shown by fluorescence-activated
cell sorting (FACS) that RAMP-1 increased cell surface expression of CRLR
and plays a prominent role in the intracellular translocation of the CRLR-
maturing protein and its insertion into the plasma membrane. It is also
believed that RAMP-1 is necessary for the terminal glycosylation of CRLR
(McLatchie et al., 1998). RAMP-1 is part of a family of receptor-activity
modifying proteins. RAMP-2 and RAMP-3 have been cloned from SK-N-MC
cell ¢cDNA library and human spleen mRNA, respectively (McLatchie ef al.,
1998). In contrast to RAMP-1, RAMP-2 and RAMP-3 are unable to potentiate
the oocyte response to CGRP. In other cell lines, neither RAMP-2 nor RAMP-
3 enabled CRLR to function as a CGRP receptor. However, the coexpression
of RAMP-2 and CRLR resulted in a receptor complex that behaves as an
ADM receptor with ADM-like peptides having much greater affinity than the
CGRP derivatives (McLatchie ef al., 1998). This exciting discovery implies
that the same G-protein coupled receptor can demonstrate different
pharmacological profiles depending on the presence of chaperone proteins
such as RAMPs, a novel interaction in the GPCR family.

Hence, RAMP proteins not only facilitate the intracellular translocation of the
CRLR protein and its insertion into the membrane but they also significantly
modify the pharmacological profile of CRLR (McLatchie et al., 1998;
Christopoulos et al., 1999; Muff ef al., 1999). It has recently been shown that
RAMPs can not only modulate the profile of the CRLR receptor but also a
calcitonin receptor known as the human calcitonin receptor isotype 2 (hCTR2).

hCTR2 usually behaves as a mammalian calcitonin receptor but in the presence
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of RAMP1 or RAMP3, it forms a complex that behaves as an amylin receptor.
(Muff et al., 1999; Tilakaratne, et al., 2000). Recent data has also involved
RAMP1 in receptor desensitization through the modulation of protein kinase A
in SK-N-MC cells (Drake ef al., 1999).

In 1996, Luebke ef al. (1996) isolated a CGRP responsive protein from the
guinea-pig organ of Corti and the cerebellum. This short hydrophilic protein
(146 a.a.) does not belong to the typical seven transmembrane G-protein
coupled receptors and it has no homology to any known class of proteins. RCP
is referred to as the CGRP receptor component protein (CGRP-RCP). RCP
seems to be a component that is required in oocytes and NIH3T3 cells to
observe CGRP responsiveness,, this is further demonstrated with the use of
specific RCP antisense which resulted in a decrease in receptor response
(Rosenblatt ef al., 1998). A RCP homologue has recently been cloned from
ciliary body and was shown to be involved in ensuring CGRP receptor signal
transduction in that tissue by promoting coupling with G, leading to cAMP
production (Rosenblatt et al., 2000; Evans et al., 2000). The CGRP receptor
complex seems (likely CGRP,) to composed of the CRLR protein, a RAMP
that confers the pharmacological profile and properly translocates and inserts
the CRLR protein into the plasma membrane, and a RCP that is involved in the

signal transduction (for a recent review see Juaneda ef al., 2000).

3. Distribution of CGRP and its Binding Sites

Distribution of calcitonin gene-related peptides

Calcitonin gene-related peptide is widely distributed throughout the nervous
system of vertebrates as well as invertebrates (Skofitsch er al., 1985; Lee et al.,
1985; Kawai ef al., 1985; for review see Jacques et al, 2000). In the
periphery, CGRP is highly expressed in the bladder (Wimalawansa et al.,
1987a, 1992), pancreas (Wimalawansa, 1992), penis (Wimalawansa et al.,
1987a, 1992), skin (Brain et al., 1986; Ishida-Yamamoto ef al., 1989), smooth
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muscle layers of blood vessels (Rosenfeld er al., 1983; Wimalawansa et al.,
1987a, 1992), and the thyroid gland (Wimalawansa et al., 1987a, 1992).
CGRP was also observed in low amounts in the lung (Rosenfeld er al., 1983,
Wimalawansa et al., 1987a; Hokfelt er al., 1992), gastrointestinal tract (GI)
(Rosenfeld et al., 1983; Hokfelt et al., 1992), adrenal glands (Rosenfeld ef al.,
1983; Hokfelt et al., 1992) and in the heart (Rosenfeld ez al., 1983;
Wimalawansa et al., 1987a) where 4-fold higher levels were seen in the atria
compared to the ventricles (Franco-Cereceda et al., 1987b). Systemic
capsaicin treatments in adult guinea pigs (Franco-Cereceda et al., 1987b) and
newborn rats (Wimalawansa, 1993) decrease CGRP-immunoreactivity in the
circulation, cardiovascular tissues, lungs, GI tract, genitourinary tract and
nervous tissues. This suggests that CGRP-immunoreactivity in the peripheral
organs is associated with sensory neurons (Franco-Cereceda e al., 1987b). -
and B-CGRP are detected in the circulation in both human plasma and
cerebrospinal fluid (CSF; Wimalawansa ef al., 1987b, 1989). It is believed
that the high circulating levels of CGRP originate from the thyroid and
perivascular nerves suggesting that CGRP may play a role in the regulation of

vascular tone (Grigis et al., 1985; Zaidi et al., 1986).

Central Nervous System and Spinal Cord

In the central nervous system, CGRP is expressed in discrete brain regions and
in the spinal cord (Skofitsch et al., 1985; Kawai et al., 1985; Hokfelt et al.,
1992; Juaneda et al., 2000; for review see Jacques et al, 2000). The
distribution of CGRP mRNA detected through in situ hybridization
histochemistry (Amara et al., 1985; Kresse et al., 1995) revealed that the
highest densities of neurons expressing CGRP mRNA were mainly found in
the brainstem. More than 50% of the large sensory perikarya in the cranial
trigeminal ganglion showed high levels of CGRP mRNA (Kresse et al., 1995).
The majority of a-motoneurons of the spinal cord at the cervical level were

found to express high levels of CGRP mRNA (Kresse er al., 1995). Most of
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the neurons in the ventral horn of the cervical and lumbar regions of the spinal
cord were positive for CGRP mRNA while up to 75% of the motoneurons of
the ventral spinal cord were found to express CGRP mRNA (van Rossum e#
al., 1997). Like the distribution of CGRP mRNA, CGRP-like
immunoreactivity was widely but unevenly distributed in the rat brain. CGRP-
immunoreactivity (CGRP-IR) can be observed in various areas of the
hypothalamus, hippocampus, dendate gyrus and all cranial motor nuclei
(Rosenfeldbet al., 1983; Skofitsch et al., 1985; Hokfelt ez al., 1992; for review
see Jacques ef al, 2001). Several hypothalamic nuclei demonstrated high
amounts of CGRP-immunoreactvie fibers while at the level of the lower
brainstem, high concentrations of CGRP-IR were located in the superficial
layers of the sensory trigeminal areas (Jacques et al., 2000). In humans, the
pituitary shows high levels of CGRP with lower amounts in cerebral and
cerebellar cortices (Tschopp et al., 1985). In the spinal cord, CGRP-IR fibres
form a dense network in lamina I/IT of the spinal cord (Wiesenfeld-Hallin e
al., 1984; Skofitsch et al., 1985, Wimalawansa ef al., 1987a). In humans,

CGRP-IR fibers are concentrated in the spinal trigeminal nucleus and principal

sensory trigeminal nucleus (Unger ef al., 1991).

Sensory System

The high levels of CGRP-immunoreactivity in the dorsal horn suggests a role
for CGRP in sensory processes. CGRP is the most abundant peptide in
neurons of the dorsal root ganglia (DRG) with approximately 50% of the cells
showing immunoreactivity (Rosenfeld er al., 1983; Skofitsch et al., 1985;
Wimalawansa ef al., 1987a; Lawson, 1995). The spinal cord contains a dense
CGRP-IR innervation in the superficial layers of the dorsal horn (Gibson ef al.,
1984). The CGRP-positive neurons are mostly unmyelinated or small-
diameter myelinated neurons which constitute about 30% of the primary
afferent axons of the Lissauer’s tract, the major afferent input into the

superficial laminae of the dorsal horn (Levine et al., 1993). In spinal ganglia,
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all substance P-immunoreactive (SP-IR) cell bodies also contain CGRP-
immunoreactivity while not all CGRP-immunoreactive cells contain SP-
immunoreactivity (Wiesenfeld-Hallin et al., 1984; Lee et al., 1985). CGRP
and substance P are also colocalized in axonal buttons of the superficial dorsal
horn (Ribeiro-Da-Silva, 1995). CGRP-immunoreactive neurons have their
terminals in various areas of the spinal cord (laminae [I V X and I; Gibson et
al., 1984) and brainstem (Rosenfeld et al., 1983) and are believed to relay
somatic cutaneous pain and temperature information. CGRP-rich fibers form
part of the primary afferent nervous system, comprising capsaicin-sensitive
A(8) and C fiber afferent nerves (Franco-Cereceda er al., 1987b). Sensory
neurones are enriched in CGRPa, containing three to six times more CGRPa
than CGRPp (Gibson ez al., 1984; Mulderry et al., 1988). Both CGRPa and
CGRPP mRNAs are located in the dorsal root ganglia (Mulderry ef al., 1988).

Distribution of calcitonin gene-related peptide binding sités

CGRP binding sites have been studied in various species including man and rat
and are widely distributed throughout the nervous system (Skofitsch er al.,
1985; Tschopp et al., 1985; Dennis et al., 1991; Quirion et al., 1992; for review
see Jacques et al., 2000). CGRP receptors are also present in abundance in the
cardiovascular system (Sigrist et al., 1986; Wimalawansa et al., 1987a, 1992,
1993; Chang et al., 2001), blood vessels (Sigrist ef al., 1986, Wimalawansa et
al., 1987a, 1992, 1993; Jansen-Olesen et al., 2001), spleen (Sigrist ef al., 1986,
Wimalawansa et al., 1987a, 1992, 1993), penis (Wimalawansa et al., 1987a,
1992, 1993), vas deferens (Dennis et al., 1990), lungs (Wimalawansa, 1992)
and adrenal gland (Wimalawansa ef al., 1987a, 1992, 1993). Moderate levels
of binding are also observed in the pancreas (Wimalawansa, 1992) and bladder
(Wimalawansa ef al., 1987, 1992; Burcher et al., 2000). Negligible amounts
are detected in kidneys (Wimalawansa, 1992), muscle and liver (Wimalawansa

et al., 1987a).
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Nervous System

In the central system, high densities of CGRP binding sites are observed in the
cerebellum, dorsal spinal cord, nucleus accumbens, amygdaloid complex,
mammilary body, superior colliculus, inferior olive and temporal and frontal
cortices (Dennis ef al., 1991; Wimalawansa, 1992; van Rossum ef al., 1997; for
review see Jacques ef al., 2000). The substantia nigra, medulla, pons, striatum,
hypothalamus, hippocampus, medial geniculate nucleus and inferior colliculus
show intermediate levels of CGRP binding (Dennis ef al., 1991; Wimalawansa,
1992; van Rossum et al., 1997; for review see Jacques et al., 2000). In humans,
binding sites for '®I-CGRP are detected in high quantities in the cerebellar
cortex, spinal cord and nucleus dentatus; intermediate levels in the inferior
colliculus and substantia nigra while only low amounts in the hippocampus,
amygdala, superior colliculus, thalamus, hypothalamus and globus pallidus
(Tschopp et al., 1985; Wimalawansa ef al., 1993; van Rossum et al., 1997, for
review see Jacques ef al., 2000).). The highest density of specific '*I-hCGRPa.
binding in the rat spinal cord was observed around the central canal while the
deeper dorsal horn and ventral horn showed moderate labeling (Yashpal et al.,
1992; Kar et al., 1995). The supeficial dorsal horn and white matter showed
relatively low densities of specific labeling. The widespread distribution of '*’I-
hCGRP binding sites in the developing spinal cord suggests the possible
involvement of this peptide and its receptor in the growth, development and
normal maturation of the cord (Kar et al., 1995). No binding was observed in
the dorsal root ganglia of mature rats (Tschopp et al., 1985; Wimalawansa et
al., 1993). Overall, the distribution of CGRP mRNA, CGRP-like
immunoreactivity and CGRP binding sites throughout the brain correlated

rather well.
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4, CGRP Functions

Although the exact biological functions of CGRP have not been fully
characterised, its anatomical distribution suggests roles in autonomic,
somatosensory, integrative and motor functions (Rosenfeld et al., 1983, 1992;

Wimalawansa, 1996, 1997; van Rossum ef al., 1997; for review see Jacques et

al., 2000).

Nociception

CGRP-immunoreactive cells constitute 40-50% of dorsal root ganglia neurons
(Levine et al., 1993). Somatosensory systems containing CGRP originate
from the trigeminal ganglion to terminate in the spinal trigeminal nucleus
while those from the dorsal root ganglion project to the dorsal horn of the
spinal cord (Alvarez et al., 1993). CGRP is expressed by one-third of adult rat
lumbar DRG neurons, many of which play a role in mediating pain or
vasodilation (Ai et al., 1998). The localization of CGRP in small dorsal root
ganglion neurons and in most major sites of termination of nociceptors
suggests that CGRP may participate in nociceptive transmission. Intrathecal
injections of CGRP do not produce aversive reactions (Wiesenfeld-Hallin ef
al., 1984) nor analgesic responses (Jolicoeur ef al., 1992). However, when
injected along with substance P, it potentiates the scratching/biting behaviour
observed following the administration of SP alone (Wiesenfeld-Hallin et al.,
1984), possibly by inhibiting the metabolic degradation of substance P (Le
Greves et al., 1989; Mao et al., 1992). Intracerebroventricular (i.c.v.)
administration of CGRP produces antinociceptive responses in acute pain
assays such as tail-flick and hot-plate tests, an effect blocked by CGRP, .,
(Bates et al., 1984; Jolicoeur et al., 1992). Injection of CGRP in peripheral
tissues has the ability to elicit visceral pain (Friese et al., 1997). Noxious
thermal and mechanical stimulation have the ability to cause the release of

CGRP in the superficial dorsal horn (Morton et al., 1989). Furthermore, the
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role of CGRP in nociception is further complicated by its relationship with
opioids. Intrathecal injection of CGRP has the ability to decrease the analgesia
produced by opioid agonists (Welch et al., 1989). Studies in CGRP-deficient
mice have shown that these rodents display an attenuated response to
morphine analgesia, chemical pain and inflammation (Salmon et al., 1999,
2001). Taken together, these results indicate that CGRP is involved in the
complex process of pain signaling but its precise contribution remains to be

established.

Neuropathic Pain

Modulation of CGRP and CGRP binding sites have also been shown following
neuropathic injury. CGRP was shown to be decreased in the spinal cord
following chronic constriction injury (Kajander et al, 1995; Carlton et al.,
1996; Xu et al., 1996). Garry et al. (1991) found no change in '"”I-hCGRP
binding in the dorsal spinal cord of rats at 2, 5, 10 and 20 days following
chronic constriction injury. However, the same group showed a large increase
in '®I-hCGRP binding ipsilateral to the lesion at 4 and 8 days following dorsal
rhizotomy (Garry et al., 1991). In arthritic rats, there was an increase in CGRP-
IR fibers innervating the dorsal horn of the spinal cord (Kar ef al., 1994). The
same group also showed that following unilateral section of the peripheral
nerves lead to marked depletion of CGRP-IR fibers in the ipsilateral dorsal
horn. Sciatic nerve section or facial nerve crushing in rat can induce an
increase in the levels of immunoreactive CGRP and CGRP mRNA in
axotomized motoneurons (Piehl ef al., 1993). As for inflammation, CGRPg 4,
increased the withdrawal latencies to both thermal and mechanical stimulation

in rats with unilateral mononeuropathy (Yu er al., 1996).



C.SUBSTANCE P

Substance P, an 11 amino acid neuropeptide, was discovered in 1931 by von
Euler and Gaddum (1981) but it was not until 1971 that it was purified and its
structure isolated by Leeman and colleagues (Chang ef al., 1970). It is a
member of the tachykinin family along with neurokinin A (NKA), neurokinin
B (NKB), neuropeptide K (NPK) and neuropeptide gamma (NP-y; Tatemoto et
al., 1985; for review see Hokfelt ef al., 2001) who all share common amino
acids in their C-terminal sequences. The gene organization for the
preprotachykinin-A and preprotachykinin-B precursors are very similar
(Kotani et al., 1986). This suggests that the mammalian tachykinin system has
acquired diversity through various cellular mechanisms including gene
duplication, differential expression of duplicated genes, and alternative RNA
splicing (Kotani ef al., 1986). The rat preprotachynin-I (PPT-I) gene mRNA is
alternatively spliced in a tissue-specific manner to yield four different mRNA,
alpha-, beta-, delta- and gamma-preprotachynin (Nawa ef al., 1984;
MacDonald et al., 1989; Lai et al., 1998). Alpha-PPT is processed to the
mature undecapeptide substance P. Beta-PPT is processed into various
products including substance P, neurokinin A, neurokinin (3-10) and
neuropeptide K while gamma-PPT (Kawaguchi ef al., 1986) gives rise to
substance P, neurokinin A, neurokinin (3-10) and neuropeptide y. A delta
isoform of proprotachynin mRNA has also been identified in the rat intestine
(Khan et al., 1994), dorsal root ganglia (Harmar ef al., 1990) and human
mononuclear phagocytes and lymphocytes (Lai ef al., 1998). The sequence
analysis of the 8-PPT isoform predicts the existence of a novel tachykinin
precursor polypeptide containing substance P. However, it is still to be
determined if this new precursor is translatable (Lai ef al., 1998). The second
mammalian tachykinin precursor, preprotachykinin-II (PPT-II) is processed to

yield neurokinin B (Kotani ef al., 1986).
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1. Neurokinin Receptors

Three neurokinin receptors have been isolated: neurckinin-1 (NK-1),
neurokinin-2 (NK-2) and neurokinin-3 (NK-3; Nakanishi, 1991; Fong, 1996;
for review see Hokfelt et al.,, 2001). Neurokinin receptors belong to the G-
protein-coupled receptor family (Routh ef al., 1995). Like all G-protein-
coupled receptors, they have a-helical transmembrane domains, three
extracellular loops, three cytoplasmic loops and a cytoplasmic C-terminal
region. All three receptors are encoded in five exons that are very similar
between the three genes. Thus, the neurokinin receptors share 54-66%
homology in their transmembrane and cytoplasmic regions (Routh et al., 1995).
This considerable homology between the receptor subtypes is consistent with
the fact that all three tachykinins have the ability to bind all three receptors
(Quirion et al., 1991). Substance P binds preferentially to the NK-1 receptor
while neurokinin-A and neurokinin-B bind with higher affinity to the NK-2 and
NK-3 receptors respectively (Routh ef al., 1995). More recently, a binding site
for a NK-1 agonist septide, separate from substance P has lead to the
suggestion of a distinct receptor subtype, possibly a different conformation of
the NK-1 receptor (Maggi ef al., 1997; Ciucci et al., 1998). Like many G
protein-coupled receptors, their activation leads to intracellular signals via the
IP3/diacylglycerol pathway resulting in modulation of intracellular [Ca®"] and
increased levels of cAMP (Nakajima et al., 1991; Nakanishi, 1991; for review
see Quartara et al., 1997). More recently, it has been shown that the interaction
of substance P with the NK-1 receptor can activate members of the mitogen-
activated protein kinase (MAPK) such as ERK1/2 through the formation of j-
arrestin-containing scaffolding complexes (DeFea er al., 2000) leading to

proliferative and antiapoptotic effects.
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2. Distribution of Substance P and its binding sites

Substance P has a wide distribution and is likely involved in functions of the
central nervous system, peripheral nervous system, visual system,
gastrointestinal tract, endocrine system, skeletal system and the cardiovascular
system (Pernow, 1983; Kiyama et al., 1993; Goto et al., 1998; for review see
Hokfelt et al., 2001). Substance P can be extracted from the brain of all
vertebrate species from fish to mammals. Extensive radioimmunological and
immunohistochemical studies have established the presence of SP in most parts
of the central nervous system of all mammals (Hokfelt er al., 1975; Cuello et
al., 1997, for review see Hokfelt ef al., 2001). The highest amounts are present
in the mesencephalon, hypothalamus and preoptic area while much lower
concentrations can be found in the cerebellum. Substance P immunoreactivity
has been demonstrated in the nerve fibers of cerebral blood vessels (Shimizu et
al., 1999). Also, substance P immunoreactive nerve fibers have been localized
in different tissues of the pancreas such as the islets of Langerhans, acinis,
ducts and blood vessels (Schmidt et al, 2000). In situ hybridization
histochemistry was able to show that the NK-1 mRNA signal was present
throughout the brain and spinal cord (Kiyama et al., 1993). Strongly labeled
neurons were observed in the olfactory bulb, caudate putamen and amygdala
and locus coeruleus while poor localization of the NK-1 mRNA signal was

found in the superficial part of the dorsal horn (Kiyama et al., 1993).

In agreement with human and rat brains, a guinea-pig brain study showed that
the most marked NK-1 receptor immunoreactivity was found in the caudate-
putamen and widely distributed in diencephalic structures, thalamus,
hypothalamus, amygdala as well as the mid- and hind brain (Yip and Chahl,
2000). Substance P receptors have also demonstrated to exist in the cerebral
blood vessels and the cranial ganglia that innervate these vessels (Shimizu et
al., 1999). Neurokinin receptors have also been located outside the central

nervous system through in situ hybridization and immunohistochemisty.
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Numerous studies has been able to show that the NK-1, NK-2 and NK-3
receptors are expressed in multiple cell types found in the ileum and colon
(Smith et al., 1998; Renzi ef al., 2000; Vannucchi and Faussone-Pellegrini,
2000). Autoradiographic studies have also shown that both the NK-1 and NK-
2 receptor are located in different cell types of the urinary bladder (Burcher et
al., 2000). The NK-1, NK-2 and NK-3 receptors have also been localized in the
rat aﬁd rabbit retina (Denis et al., 1991; Oyamada et al., 1999) and in rat
kidney tissues (Chen and Hoover, 1995). NK-1 receptor immunoreactive
structures have been observed in rat bone tissues such as osteocytes and
osteoblasts (Goto et al., 1998). The NK-3 receptor is predominantly expressed
in the central nervous system however there are many species differences in
NK-3 receptor pharmacology. The autoradiographic distribution of NK-3 in
the rat brain revealed that it was highly concentrated in mid-cortical layers,
supraoptic nucleus, zona incerta and amygdala with lower levels observed in
the caudate-putamen and cerebellum (Dam et al., 1990). A study that compared
NK-3 receptor distribution in guinea-pig, gerbil and rat brain was able to show
that in all three species the NK-3 receptor was similarly distributed in the
cerebral cortex, the amygdaloid complex and the zona incerta (Lanlois e al.,
2001). Outside these structures, each species revealed a specific distribution
pattern of NK-3 receptors (Langlois et al., 2001). - Other studies in the guinea-
pig brain have provided similar results, showing the NK-3 receptor
immunoreactivity located in both the superficial and deep layers of the cortex
(Yip and Chahl, 2000). The distribution of NK-3 receptor-like
immunoreactivity has been shown to colocalize well with the presence of NK-3
receptor mRNA on neuronal cell bodies and dendrites of many structures
including the cortices, hypothalamic areas and the amygdala (Ding et al.,

1996).



37

Distribution of Substance P and its binding sites in the spinal cord

Substance P is highly concentrated in superficial layers (I-IIl) of the dorsal
horn where most primary afferent fibres terminate. The neuropeptide occurs in
higher concentrations in the primary sensory fibres that terminate in regions of
the dorsal horn where nociception has been shown to be integtated (Hokfelt er
al., 1975). Substance P is synthesized in nociceptive primary sensory neurons
sensory neurons, which send C- and A fibers to the dorsal horn projections in
laminae I nad IV-V. Unilateral rhyzotomy results in a dramatic decrease in
substance P content further suggesting its presence in primary afferent
terminals (Takahashi et al., 1975; Hokfelt et al., 1975; Kajander ef al., 1995).
Substance P-like immunoreactivity has been found in 18-20% of rat lumbar
DRG neurons (Lawson, 1992). The highest density of substance P binding
sites was observed in the superficial dorsal horn and in the region surrounding
the central canal (Rossler et al., 1993; Kar et al., 1995). Moderate to low
densities were detected in deeper laminae and in the ventral horn. Using
autoradiography, it was found that NK-1 bihding sites were localized in the
superficial layers of the dorsal horn particularly laminae I and II whereas lower
densities were observed in the deeper laminae (Yashpal er al., 1991; Kar and
Quirion, 1995). These data were then confirmed using NK-1 receptor
immunohistochemisty (Vigna et al., 1994) and in situ hybridization (Schafer et
al., 1993). Immunohistochemisty done with antibodies raised against the rat
NK-2 receptor were able to show that the receptor can be found in both the
dorsal and ventral horn of the spinal cord with the densest labelling was in the
outer part of laminae I (Zerari et al., 1998). The NK-3 receptors have also been
shown to be localized in the spinal cord through receptor autoradiography
(Beresford ef al., 1992; Kar and Quirion, 1995). In situ hybridization and
immunohistochemistry techniques have shown that the NK-3 receptor is
expressed in the spinal trigeminal nucleus and in the spinal dorsal horn (Ding et

al., 1996).
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3. Substance P Functions

In addition to their role in sensory transmission, tachykinins have been
implicated in a variety of CNS functions such as the control of motor activities,
autonomic and endocrine functions and memory processing. This section will
concentrate on the role of substance P in sensory processing (for review see
Cuello, 1993). The involvement of substance P in the development of chronic
pain has been studied in some details. It has been shown that substance P and
its binding sites are altered in various models of chronic pain. In models of
inflammation, it has been demonstrated that substance P immunoreactivity
(Smith et al., 1992) and preprotachykinin mRNA (Donaldson ef al., 1992) were
increased in dorsal root ganglia neurons. An increase in the release of
substance P (Oku ef al., 1987; Garry et al., 1992) and the expression of its
binding sites has also been demonstrated (Abbadie ef al., 1996). Differential
effects have been observed in models of neuropathic pain. Substance P
immunoreactivity was significantly increased in the dorsal horn (Takahashi er
al., 1975, Hokfelt et al., 1975) following neuropathy while substance P
receptor (NK-1) immunoreactivity was increased in nerve injury models of
chronic pain (Abbadie ef al., 1996). Hence, substance P has been proposed as a
pain transmitter (Henry, 1976; De Koninck ef al., 1992). Substance P has been
shown to excite nociceptive dorsal horn neurons (Henry, 1976) and to be
released in the spinal cord following activation of the primary sensory fibres
(Theriault er al., 1979). Nociceptive stimulation can trigger the release of
substance P from C-afferent terminals in the marginal layers of the spinal cord
(Duggan ef al., 1987) and evoke slow excitatory postsynaptic potentials in
sensory neurons of the dorsal horn '(De Koninck and Henry, 1991). Also,
treatment with a substance P receptor antagonist has been able to block
nociceptive responses (De Koninck and Henry, 1991). Recently, the
development of NK-1 receptor knockout mice (Bozic et al., 1996) has allowed

the involvement of the NK-1 receptor in pathophysiological states to be more
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closely examined. This group was able to demonstrate that the neurogenic
response to capsaicin applied topically to the ear was reduced in NK-1 receptor
knockout mice. Other reports have shown that the neurokinin receptors are
involved in pain response (De Felipe er al., 1998; Mansikka et al., 2000).
Using a mice with a targeted deletion of the tachykinin-1 gene, a group was
able to show that mice that were incapable of producing substance P displayed
no significant responses to a formalin injection and had an increased pain
threshold in the hotplate test (Zimmer ef al., 1998). Using similar techniques,
it was shown that the behavioral response to moderate to intense pain was
significantly reduced when the neurogenic inflammation that results from the
peripheral release of substance P was absent in mutant mice (Ahluwalia et al.,

1998; Cao et al., 1998; Laird et al., 1998).

D. GALANIN

Galanin is a 29-30 amino acid peptide isolated from the porcine upper small
intestine (Tatemoto et al., 1983). Its name is derived from its N-terminal
glycine and C-terminal alanine. The C-terminal region showed some sequence
similarity to other neuropeptides such as substance P and gonadotrophin-
releasing hormone. Galanin is a phylogenetically old peptide and was well
conserved throughout evolution; human, porcine and rat galanin showing 90%
homology. All galanin sequences determined so far consist of 29 amino acids
except the human galanin, which is comprised of 30 amino acids. The first 15
N-terminal residues are fully conserved while the C-terminal portion shows a
higher degree of variability. This neuropeptide has a wide distribution in
tissues such as brain, spinal cord and gut, and can regulate numerous functions
including endocrine secretions (Bauer et al., 1986), ingestive behaviour
(Crawley et ai., 1990), nociception (Kask et al., 1997) and memory (Kask et
al., 1997, for review see Branchek et al., 2000).
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Galanin Receptor Sub-Types
Three galanin receptors have so far been cloned, GalR-1, GalR-2 and GalR-3.

GalR-1 A cDNA coding for a human galanin receptor was isolated from a
Bowes melanoma cell line (Habert-Ortoli et al., 1994). It is a 349 amino acid
protein with 7 putative hydrophobic transmembrane domains and it shows
significant homology to the members of the guanine nucleotide binding
protein-coupled receptor family. The cloned receptor expressed in COS-cells
specifically binds human, porcine and rat galanin with high affinity (K, = 0.8
+0.2 nM). The primary sequence shows homology (30%) to the human
somatostatin and human delta opioid receptors. A rat GALR-1 homologue
comprising of 346 amino acids and showing 92% similarity with its human
counter part has been cloned from brain (Burgevin ef al., 1995). The cloned
GALR-1 has the ability upon activation to reduce cAMP concentrations
(Habert-Ortoli ef al., 1994; Burgevin et al., 1995), opens K* channels (Smith et
al., 1998) and stimulates MAP kinase activity (Wang et al., 1998; for review
see Branchek et al., 2000).

GalR-2 The GalR-2 receptor cDNA was isolated originally from the rat
hypothalamus (Smith ef al., 1997, Wang et al., 1997). The receptor is 372
amino acids in length G-protein-coupled receptor that shares 40% homology
with the rat GalR-1 receptor and 55% with the rat GalR-3. The human GalR-2
was then cloned and found to contain 387 amino acids with only 85%
similarity to the rat GalR-2 (Borowsky et al., 1998). '*’I-human galanin binds
with high affinity to the GalR-2 receptor expressed in COS-1 cells (K = 0.59
nM). Rat GalR-1 and GalR-2 share similar pharmacological profiles in that
they both possess high affinity for full-length and N-terminal fragments of
galanin (Smith er al., 1997, 1998). Their pharmacological differ in their

affinities for other galanin fragment such as galanin, ,, for which GalR-2 has a

low affinity (Wang ef al., 1997). Activation of the cloned GalR-2 receptor by
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galanin leads to the stimulation of multiple intracellular events. A major
pathway seems to involve phospholipase C since GalR-2 mediates inositol
phosphate hydrolysis (Smith et al, 1997, Borowsky et al, 1998) and
intracellular Ca** mobilization (Smith et al., 1997; Borowsky et al., 1998) as
well as the inhibition of cAMP accumulation (Wang et al., 1998; for review see
Branchek et al., 2000). GalR-2 has also been shown to mediate MAPK activity
(Wang et al., 1998).

GalR-3 The third cloned galanin receptor was initially cloned from rat
through both expression and homology cloning approaches (Smith et al., 1997,
Wang et al.r, 1997). The rat GalR-3 ¢cDNA encodes a G protein-coupled
receptor of 370 residues. The human GalR-3 was subsequently cloned from a
human genomic library based on its similarity to human GalR-1 and GalR-2
(Smith ef al., 1998). The human counterpart is comprised of 368 amino acids
and shares 90% homology fo the rat GalR-3. The pharmacology profile of
GalR-3 shares similarities with both GalR-1 and GalR-2. Both GalR-3 and
GalR-2 have weak selectivity for porcine galanin compare to galanin, ,, (Wang
et al, 1997, Smith et al., 1998; for review see Branchek er al., 2000).
Activation of GalR-3 leads to the activation of an inward K current when

transfected into Xenopus oocytes (Smith ef al., 1998) and inhibition of

adenylate cyclase.

1. Distribution of Galanin and its Binding Sites

Galanin is abundant in both the central and peripheral nervous systems as well
as in the intestine. In the central nervous system, galanin-immunoreactive
(Gal-IR) structures were observed in high levels in the superficial layers and
interneurons of the spinal cord (Melander er al., 1986). In the rat brain, the
highest concentrations were observed in posterior pituitary and the
hypothalamus (Ch’ng et al., 1985). In the peripheral nervous system, sensory

dorsal root ganglion cells (DRG) show moderate levels of galanin-
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immunoreactivity. Immunocytochemistry has also revealed a dense network of
galanin-immunoreactivity throughout the rat gastrointestinal tract (Ekblad er
al., 1985). GalR-1 mRNA has been detected in the central and peripheral
nervous system with the highest expression seen in the hypothalamus,
amygdala as well as the spinal cord and dorsal root ganglia (Waters and
Krause, 2000). Other in situ hybridization studies have confirmed these results
and showed that intense hybridizations signals were also observed in the
nucleus of olfactory tract, hippocampus and the parabrachial nucleus
(Gustafson er al, 1996). GalR-2 mRNA was highly expressed in
hypothalamus, dorsal root ganglia as well as tissues such as the kidneys, heart
and intestine (Borowsky et al., 1998; Waters and Krause, 2000). The GalR-2
transcript was also located in abundance in regions of the hippocampus, cortex,
Purkinje cells and brainstem nuclei as well as in the anterior lobes of the
pituitary (Depczynski er al., 1998; O’Donnell er al., 1999). GalR-3 mRNA
was also widely distributed at low to moderate levels in many central and
peripheral tissues with abundant expression in the hypothalamus, pituitary
olfactory cortex, the hippocampal CA regions and the dendate gyrus
(Kolakowski ef al., 1998; Smith ef al., 1998; Waters and Krause, 2000). GalR-
3 mRNA signal was also observed in testis, adrenal gland and pancreas

(Kolakowski et al., 1998).
Galanin Binding Sites in the Spinal Cord

Galanin binding sites show a widespread distribution in the nervous system
(Melander et al., 1986) and in neurons innervating the GI tract (King et al.,
1989). Their distribution seems to be well conserved among different species
(Ma et al., 1997). Autoradiographic mapping show that the expression of
galanin binding sites is in good correlation with the distribution of galainin-like
immunoreactivity. In the dorsal spinal cord, the highest density of labelling
was observed in superficial layers (laminae I and II) of the dorsal horn wile

moderate labeling was detected around the laminae 1II-IV (Melander ef al.,



1986; Kar et al., 1995). GALR-1 can be observed in about 20% of all neurons
of L4 and L4 DRGs in the rat (Xu et al., 1997). Under normal circumstances
the presence of galanin can be observed in low numbers of dorsal root ganglion
(DRG) neurons and in neurons of the superficial dorsal horn (Zhang ef al.,
1995). Northern blot analysis revealed a more widespread distribution for
GalR-2 suggesting a broader functional range than for GalR-1. GalR-2 mRNA
was found to be in high abundance in the dorsal root ganglia relative to other
brain regions (Ahmad et al., 1998; O’Donnell et al., 1999). The hybridizaiton
signal is mostly found on small and intermediate primary sensory neurons
(O’Donnell ef al., 1999). Nearly 25% of all DRG neurons were found to be
GALR-2 receptor mRNA-positive (Shi e al., 1997). They are mainly small
neurons that also contain substance P and CGRP and which store galanin into
large dense-core vesicles (LDCVs) in the Golgi complex (Zhang et al., 1995).
It has also been shown that approximately 50% of all dorsal root axons contain
galanin-immunoreactivity (Klein er al., 1990). These results suggest that
galanin binding sites in the superficial dorsal horn found on primary afferents

and local neurons have the ability to play a role at the spinal level.

2. Galanin Functions

Although galanin is involved in ingestive behaviour (Crawley et al., 1990),
cognition (Wrenn and Crawley, 2001) and the neuroendocrine system (Bauer et
al., 1986; Kask et al., 1997), this section will focus on the involvement of
galanin within the sensory system (Wiesenfeld-Hallin er al., 1992; for review
see Wiesenfeld-Hallin and Xu, 1998). Galanin has been shown to be inhibitory
to excitatory peptides in the spinal cord and to produce a tonic inhibition of
spinal cord neuronal excitability (Xu et al.,, 1989, 2000; for review see
Wiesenfeld-Hallin and Xu, 1998). Since galanin is co-stored with SP and/or
CGRP in the same LDCVs in DRG neurons, it can be suggested that galanin
can be released concomitantly with SP and/or CGRP. For example, galanin

antagonized the effect of substance P on the nociceptive flexor reflex in the rat
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Xu et al., 1989). Galanin has been shown to have weak analgesic effects in
acute pain assays such as mechanical and themial tests when administered
intrathecally in mice (Post et al., 1988) and rats (Wiesenfeld-Hallin et al.,
1993). A low dose of galanin, not antinociceptive by itself, was also shown to
potentiate the antinociceptive effects of morphine in thé “hot plate - test
(Wiesenfeld-Hallin ef al., 1990). Galanin has also been shown to be modulated
in models of chronic pain, however, this issue remains controversial. Some
studies have reported a decrease in galanin binding sites following sciatic nerve
cut (Kar et al., 1994) while others have reported no changes in the distribution
or intensity of galanin binding sites (Zhang er al, 1995). Also, galanin-
immunoreactivity has been shown to be significantly increased in the
superficial laminae of the dorsal horn following chronic constriction injury,
partial injury and complete transection of the sciatic nerve (Wiesenfeld-Hallin
et al., 1992; Carlton et al., 1996; Ma et al., 1997, Hu and McLachlan, 2000; for
review see Xu ef al., 2000) with a similar increase in galanin mRNA levels
(Villar ef al., 1989). Recent work studying GalR-2 mRNA in rat dorsal root
ganglia following peripheral tissue inflammation and axotomy showed that
there was a strong increase in the number and density of GalR-2 mRNA-
positive neurons after injury (Shi et al., 1997). After axotomy about 70% of
the neurons were shown to express galanin (Zhang et al., 1993). A study
showed that axonal blockade could be involved in this modulation (Kashiba et
al., 1992). A local application of colchicine, a blocker of axonal transport, on
the sciatic nerve caused an upregulation of galanin in dorsal root ganglia.
Galanin seems to occur normally in small primary sensory neurons and is
present in 2-3% of DRG cells however following peripheral nerve injury or
inflammation, expression of galanin in primary afferents and spinal cord is
upregulated with 40-50% of all DRG neurons positive for galanin (Hokfelt et
al., 1994, Hu and McLachlan, 2000; for review see Xu et al., 2000). These
different results suggest that galanin-related mechanisms may participate in

complex adaptive responses in dorsal root ganglia after inflammation and nerve
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injury. Furthermore, the generation of mice carrying a loss-of-function
mutation in the galanin gene (Wynick ef al., 1998) has further elucidated the
role of galanin in pain by showing that the absence of galanin m development
causes an attenuation in chronic neuropathic pain behavior (Kerr et al., 2000).
This decrease in pain function was likely due to developmental deficits in the
small peptidergic DRG neurons of the galanin mutant animals (Holmes et al.,

2000).

E. NEUROPEPTIDE Y

Neuropeptide Y (NPY) is a 36-amino acid peptide that belongs to a large
family of central and peripheral peptides including peptide YY (PYY) and
pancreatic polypeptides (PP; Tatemoto et al., 1982). All of the NPY-family
peptides contain the key residues to adopt a so-called PP-fold, which is
characterized by an extended proline helix with three prolines, a turn, and an
alpha helix with two tyrosines interdigitating with the three prolines. Despite
its relatively large size, NPY has been well conserved throughout evolution and
shows a high degree of sequence conservation among a wide variety of
vertebrates (Larhammar ef al., 1993). NPY has been shown to exert many
different effects on peripheral (blood vessels, heart, airways, gastrointestinal
tract, kidney, pancreas, thyroid gland, platelets, mast cells, and sympathetic,
parasymapathetic and sensory nerves) and central (pituitary hormone release,
behavior, central autonomic control) targets (McDonald et al., 1988;
Wabhlestedt ef al., 1989; Dumont et al., 1992; for review see Dumont et al.,
2000).

Neuropeptide Y Receptors

Five distinct NPY receptors have been cloned (Y,, Y,, Y,, Y, and y,; for review

see Dumont et al., 2000) which have been shown to belong the G protein-
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coupled receptor family. The pharmacological profile of a sixth NPY receptor

has been demonstrated but as yet to be cloned.
Y, Receptor

In 1990, a cDNA was isolated from rats that was thought to encode an orphan
receptor (Eva et al., 1990; Krause ef al., 1992). The mRNA distribution of this
receptor was very similar to the reported distribution of the Y,-like receptors in
the rat brain (Dumont ef al., 1990) and hence became known as the Y, receptor
subtype. Shortly after species homologs from mice (Eva ef al., 1992) and
humans (Larhammar et al., 1992) were identified. NPY and PYY have been
shown to be the most potent peptides at the Y, subtype receptor with NPY
having the highest potency. (Krause et al., 1992). SK-N-MC (Wieland et al.,
1995) and human erythroleukemia (Feth et al., 1992) are two human cell lines

that contain homogeneous populations of Y, receptor.
Y, Receptor

The cDNA for the Y, receptor was first isolated from human SMS-KAN cells
(Rose et al., 1995) and then from human brain cDNA libraries (Gerald et al.,
1995) and a human neuroblastoma cell line (Rimland et al., 1996). The Y,
receptor has now been cloned from other species such as rat (St-Pierre ef al.,
1998) and mouse (Nakamura et al., 1996) to reveal high homolgy between the
different species. For this receptor NPY and PYY are both equally potent at
binding the receptor (Rose er al., 1995). SMS-KAN cells as well as rabbit
kidney cells are two cells lines that contain a high amount of the Y, receptor

subtype (Wieland er al., 1995).

Y, Receptor
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Using sequence homology and screening with a NPY Y, receptor probe, the Y,
receptor was first isolated from a human genomic library and named “PP1”
(Lundell et al., 1995). Homologs from rat (Gerald et al., 1996) and mice
(Gregor er al., 1996) were cloned shortly afterwards. The main attribute that
characterizes the Y, receptor is its very high affinity for PP (Gregor et al.,
1996). This is in contrast to the low affinity of the PPs for the Y, and Y,
receptor subtypes (Michel ef al., 1998). The Y, receptor mRNA was found to
be mainly expressed in the colon, small intestine and prostate while different

CNS regions displayed low expression levels (Lundell et al., 1995).
Y Receptor

More recently, a Y;-like receptor cDNA was cloned from rats and humans
encoding a protein of 456 amino acids (Gerald ef al., 1996). The gene seems to
be found on the same chromosome as Y, but in the opposite orientation (Gerald
et al., 1996). This receptor has also been cloned from mouse (Nakamura ef al.,
1997) and dog (Borowsky ef al., 1998). This receptor showed a high affinity to
NPY and PYY when expressed in 293 cells and coupled to the inhibition of
cAMP accumulation (Gerald et al., 1996). Another characteristic of this
subtype is its high affinity for human PP but not for rat PP (Michel et al.,
1998). The mRNA for this receptor were found, through Northern blotting and
in situ hybridization, to be detected in the testis and in different brain areas

known to regulate food intake (Gerald ef al., 1996).
y¢ Receptor

The y, receptor subtype clone came from mouse DNA and encodes a 371
amino acid protein {Weinberg ef al., 1996). This receptor has been referred to
as the Y, (Weinberg et al, 1996), PP, (Gregor et al, 1996) and Y,
(Matsumoto et al., 1996) depending on the author. Homologues of this
receptor have been isolated from rabbit, monkey and humans (Gregor et al.,

1996). The order of potency of the different NPY peptides and fragments for
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this receptor has remained controversial, although it seems to have a similar
pharmacological profile to the Y, receptor (Weinberg et al, 1996). The
primate gene sequences of the protein differs from the ones in rabbits and
rodents by a frame shift mutation which results in a stop codon and a truncated
protein (Gregor et al., 1996). The expression of a functional protein from the
monkey or the human clone has not resulted in a functional receptor despite the
mRNA being present in many different human tissues (Gregor et al., 1996).
The physiological function of this truncated protein is still unknown.

Y, Receptor

Many pharmacological studies have proposed the existence of a sixth NPY
receptor that depicts a high affinity for NPY but not PYY (Dumont e? al., 1993,
1994; for review see Dumont et al., 2000). The cloning of a bovine Y, receptor
has been reported (Rimland et al., 1991) however it was found not to be a NPY

receptor (Herzog et al., 1993; for review see Dumont ef al., 2000).

1. Distribution of Neuropeptide Y and its Binding Sites

NPY and its receptors are abundantly present in many regions of the
mammalian brain, in fact, it is believed to be the most abundant and widely
distributed neuropeptide present in the mammalian central and peripheral
nervous system. NPY-like immunoreactivity (NPY-IR) has been found to be
most present in the amygdala, nucleus accumbens and basal ganglia while a
more moderate expression was found in the hypothalamus, hippocampus,
septal nuclei, cortex and periaqueductal grey (Adrian er al, 1983;
Schwartzberg et al, 1990; for review see Dumont et al, 2000).
Autoradiographic studies in the rat brain have demonstrated the presence of
NPY binding sites mostly concentrated in the hippocampus, cortex, spinal cord
and thalamic nuclei with lower levels seen in the striatum, hypothalamus and in
the cerebellum (Ohkubo ef al., 1990; Dumont et al., 1993b; Jacques et al.,
1996, 1997, 1998; for review see Dumont ef al., 2000) with significant species
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differences existing (Dumont et al., 1998). Other than the brain, radioligand
receptor studies with iodinated or tritiated NPY have shown the evidence of
binding sites in the vasculature, heart, kidneys, spleen and uvea (Wahlestedt e
al., 1990).

Distribution of NPY Receptor Subtypes in Rat Spinal Cord

NPY is widely distributed in the brain and it has also been identified in human,
lemur and rat spinal cord, where it seemed to be concentrated in the dorsal horn
region (Allen et al., 1983; Gibson et al., 1984; Rowan ef al, 1993). NPY
binding sites have been found in the trigeminal and dorsal root ganglia of rat,
rabbit and monkey (Mantyh ef al., 1994). Also, significant amounts of NPY
binding sites are expressed in laminae I and II of the dorsal horn (Kar and
Quirion, 1992). Moderate to high amounts of Y, receptor subtype labeling was
observed in laminae I and II of the dorsal horn of the cervical, thoracic, lumbar
and sacral segments of the spinal cord (Zhang et al., 1995; Dumont et al.,
2000; Migita et al., 2001). In contrast to the Y, receptor distribution confined
to laminae I and II, the distribution of the Y, receptor was observed in
moderate amounts in most laminae of the dorsal horn and ventral horns of the
cervical, thoracic, lumbar and sacral spinal cord (Dumont et al., 2000). The
distribution of the Y recepfor has been studied (Dumont ez al., 1998; Jacques
et al., 1998) but no information is available on its distribution in the spinal
cord. No detailed information regarding the presence of the Y, in the spinal
cord is available. Similar to the distribution of the Y, receptors, Y, receptor
mRNA-positive neurons were also observed in laminae I and II of the dorsal
horn of the spinal cord (Dumont et al, 2000). No positive hybridization
signals for the Y, receptor mRNA were detected in the dorsal horn of the spinal
cord suggesting that the Y, receptor protein that were detected in the dorsal
horn are likely projection neurons originating from the dorsal root ganglia

(Dumont et al., 2000).
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2. Neuropeptide Y Functions

Although NPY and its binding sites are widely distributed and have been shown
to be involved in many vital functions such as circadian rhythms (Calza et al.,
1990), body temperatures (Jolicoeur ef al., 1995), sexual behavior (Kalra ef al.,
1988), appetite (Kalra et al., 1988; Quirion et al., 1990) and neuroendocrine
secretions (Dumont ef al., 1992, Wettstein ef al., 1995; for review see Dumont

et al., 2000), the role of NPY on the sensory system will be closely examined.

As mentioned previously, NPY and its receptors have been found in
mammalian spinal cord concentrated in the spinal dorsal horn region (Allen et
al., 1983) as well as in the trigeminal and dorsal root ganglia (Mantyh et al.,
1994). A study has shown that NPY had the ability to produce an
antinociceptive effect when applied onto the spinal cord of rats (Hua ef al.,
1991). This effect occurs, at least in part, due to an inhibition of substance P
release in primary afferent fibres (Hua et al., 1991). NPY, PYY and a number
of their C-terminal fragments were administered and produced a dose-related
antinociception effect as measured by the 52.5°C hot plate test and electric tail
stimulation (Mellado et al., 1996; Broqua et al., 1996). The antinociceptive
activities of NPY and its analogs have shown that this action lies with the Y,
rather than the Y, or Y, receptor subtypes (Broqua ef al., 1996). NPY and Y,
agonists produced a dose-dependent and complete suppression of acetic acid-
induced writhing (Broqua et al., 1996). This seems to provide evidence to the
notion that NPY and its related peptides have the ability to in_ducé receptor-
mediated effects in the spinal cord. A similar experiment was performed where
NPY agonists were administered to rats through a lateral ventricular injection.
However, in this study there was no modification of the nociceptive threshold
assessed by the warm-water tail flick test (Heilig et al., 1992). An intra-
periaqueductal grey injection of NPY induced significant increases in hindpaw
withdrawal latency to thermal and mechanical stimulation n rats with

inflammation (Wang ef al., 2001).
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Complementary to this issue, NPY has been shown to be modulated in models
of chronic pain. In a peripheral tissue inflammation model where the animals
were injected with complete Freud’s adjuvant, there was a marked increase in
NPY mRNA expression observed in the dorsal horn as well as an increase in
NPY Y, receptor mRNA expression (Ji et al., 1994). The concentrations of
NPY and Y, receptor mRNA were markedly up-regulated in spinal gray matter
and dorsal root ganglion following sciatic nerve transection in Sprague-Dawley
rats (Wakisaka et al., 1992; Ma and Bisby, 1998; for review see Dumont ez al.,
2000).

More recently, the development of an NPY-transgenic mice (Bannon et al.,
2000) and rat (Thorsell er al., 2000) have attempted to elucidate the role of
NPY in nociception. Y1 (-/-) mice were normal in being able to develop
hyperalgesia to thermal, cutaneous and visceral pain and mechanical
hypersensitivity (Naveilhan ef al., 2001). Neuropathic pain in these mice was
increased and the mice showed a complete absence of the pharmacological
analgesic effects of NPY (Naveilhan er al., 2001). The Y, receptor may be
required in the periphery for substance P release and subsequent neurogenic

inflammation and plasma leakage (Naveilhan et al., 2001).

Although, NPY and its receptors are found in the sensory system, their

involvement in nociception is still uncertain.

F. MORPHINE TOLERANCE

Morphine is used widely in the management of pain and although it is useful
as an analgesic, its application to treat chronic pain is limifed by the
development to its antinociceptive properties (Johnstone ef al., 1992). The
development of tolerance necessitates an increase in drug doses, which results

in serious side effects. Considerable efforts have been made in order to
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understand the modifications occurring in the central nervous system (CNS)
during the long-term administration of opioids, particularly during
development of tolerance to their antinociceptive effects. Tolerance is
described as a diminution of effects after exposure to a drug or the need for a
higher dose of a drug to maintain a given response (Koob er al., 1992).
Exposure to a drug is thought to be the “driving force” for the development of
tolerance and the need for a higher dose due to progressing pathology should
not be considered as tolerance. It is well known that chronic morphine
administration produces tolerance to the analgesic, thermal, respiratory
depressant, euphoric, locomotor depressant and stimulant effects of the drug
(Bhargava, 1994). Opioids produce their pharmacological effects through
three types of receptors, p, & and k opioid receptors located in several regions
of the brain and spinal cord (Fowler et al, 1994, Bhargava, 1994).
Investigators first hypothesized that tolerance occurred primarily through
critical alterations in opiate receptors as well as endogenous opiate systems.
However, the nature of these critical alterations is not yet resolved as some
authors show no change (Hollt et al., 1975; Gouarderes et al., 1993), an
upregulation (Pert et al., 1976; Brady et al., 1989; Rothman et al., 1991), a
downregulation (Werling et al., 1989; Bhargava et al.,‘ 1990) or a
desensitization (Nestler, 1993; Childers, S., 1991) of the opioid receptors.
Consequently, other mechanisms that could possibly be involved in the
modulation of tolerance have been studied. These include changes in
neurotransmitter systems that appear to be the target of opiates and are closely
involved in the transmission of nociceptive signals (Yaksh er al., 1985;
Gouarderes et al., 1993). One of these neuropeptides is substance P since it is
thought that opiates act partly by inhibiting the release of SP in vivo (Yaksh et
al., 1980). This suggests that SP and neurokinin-I/SP receptor sites could be
modified during the development of tolerance. However, it was shown that SP
receptors were not significantly altered during morphine tolerance (Gouarderes

et al., 1993; Menard et al., 1995a).
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As described above, CGRP has been shown to be involved in nociception and
to be colocalized with substance P in dorsal root ganglia (Lee et al., 1985) and
superficial dorsal horn (Plenderleith et al., 1990; Ribeiro-da-Silva, 1995).
Important amounts of CGRP binding sites are concentrated in the dorsal horn
of the spinal cord (Yashpal ef al., 1992). More importantly, CGRP inhibits the
antinociception produced by morphine (Welch et al., 1989) while morphine is
able to inhibit the release of CGRP in the spinal cord (Pohl ef al., 1989). Thus,
it seemed plausible that CGRP may have a role in the development of tolerance
in animals administered a chronic intrathecal infusion of morphine. Menard et
al. (1995b) investigated the possible involvement of various neuropeptides
including CGRP, substance P, galanin and neuropeptide Y and their receptors
in the dorsal horn of the spinal cord during the development of tolerance to the
antinociceptive action of intrathecal morphine. Tolerance to the
antinociceptive effect of morphine was verified with the tail-immersion test. By
the 5™ day of treatment, the withdrawal latencies were not significantly
different from controls indicating the beginning of tolerance to the effects of
morphine. Tolerance to morphine analgesia persisted up to the last day of
infusion. A marked increase in CGRP immunostaining was observed in the
superficial laminae (I & II) of the spinal cord following 5 days of treatment.
Substance P immunostaining was slightly increased after 5 days only while no
change was observed in galanin immunostaining. Similar changes were
observed following the chronic infusion of the delta agonist DPDPE, [D-Pen2,
D-Pen 5], but not of the kappa agonist, U-50488H (Menard ef al., 1995b). ['*
IIBH-SP, [“T]galanin, ["*I]neurotensin and ["*’I]NPY receptor binding sites in
the dorsal horn of morphine-treated animals were not significantly different
from saline-treated animals on the 5* day of infusion. On the basis of these
results, Menard et al. (1995a, b) postulated that chronic morphine
administration is associated with desensitization to the inhibitory effect of
morphine on the release of CGRP. Consequently, there is an increase in CGRP

along with a concomitant downregulation of its receptors. Moreover, Menard



54

et al. (1996) have shown that the potent CGRP antagonist, hCGRP, ,;, could
prevent the development of morphine tolerance in acute pain models such as
the paw pressure and tail-immersion tests as well as the changes in hCGRPa
immunostaining and binding sites (Menard et al., 1996). More recently
BIBN4096BS, a potent non-peptide antagonist of the CGRP receptor was
shown to similarly block the development of tolerance to the antinociceptive

effect of morphine (Powell et al., 2000).

G. DORSAL ROOT GANGLION CULTURES

The mechanisms underlying the development of tolerance to the analgesic
effects of opiates are not clearly understood. Neuronal adaptation following
chronic exposure to morphine is thought to be one of the possibilities. It has
been suggested that pain-related neuropeptides such as CGRP and substance P
could be involved in the development of tolerance to opioids (Menard et al.,
1995a, 1995b, 1996). Chronic morphine exposure seems to induce the over-
expression of CGRP in dorsal root ganglion (DRG) neurons since the CGRP
immunoreactivity in the dorsal horn originates exclusively from primary
sensory afferents (Chung et al., 1988; Traub et al., 1989). The terminals of
nociceptive sensory neurons that project to the superficial layers of the dorsal
horn represent one site that has been proposed to mediate opioid analgesia at
the level of the spinal cord. The increase in CGRP in primary sensory afferents
likely promotes the release of CGRP in the dorsal horn, thus facilitating
nociception transmission. Using a DRG cell culture model, it was recently
shown that an in vitro treatment with morphine can mimic the in vivo findings
that showed an increase in CGRP-like immunostaining in momhine tolerant
animals (Ma et al., 2000). Following a repetitive exposure to morphine sulfate
for 6 days, the number of CGRP- and SP- immunoreactive neurons in cultured
DRG was significantly increased. The apparent increase in the number of
CGRP- and SP-immunoreactive neurons observed following morphine

treatment was blocked by naloxone, demonstrating the involvement of genuine
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opioid receptors. The aim of that stady was not only tobmimic some previous
in vivo results obtained in morphine tolerant rats but also to develop a simple in
vitro model that could be used to investigate the intracellular events triggered
by chronic morphine exposure in vivo. Earlier data has suggested that protein
kinase C (PKC) plays a role in both neuropathic pain (Malmberg et al., 1997)
and in morphine tolerance (Narita er al, 1994; Mayer et al., 1995).
Accordingly, cultured DRG neurons, which express CGRP, SP and opioid
recéptors may represent a suitable model to study intracellular pathways
leading to morphine induction of CGRP and SP expression. This is
pa;rticularly important since these events seem to be associated with the

development of tolerance to morphine’s antinociceptive effects.

H. AIM OF THESIS

The main objective of this thesis was thus to determine which subtype of
opioid receptors is involved in the induction of CGRP- and SP-like IR that is
observed following a repetitive treatment in DRG cultures. A second aim was
to further validate the DRG cell culture as a suitable model to study the
intracellular signal transduction events which could lead to morphine tolerance
We particularly focused on the proposed role of protein kinase C (PKC) in the
development of morphine tolerance, and its implication in the upregulation of

CGRP- and SP-like IR in the DRG cell culture model.
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CHAPTER 2 - MATERIALS AND METHODS

A. Primary Cell Culture Dorsal Root Ganglion (DRG) Neurons

Materials

Sprague-Dawley rats (male, 3 months old, body weight 225-275g) were
obtained from Charles River (St-Constant, Quebec, Canada). Animals were
maintained according to protocols and guidelines of the Canadian Council on
Animal Care and the McGill University Animal Care Committee. Hank’s
balance salt solution (HBSS), Dubelco modified Eagle medium (DMEM),
Ham’s F12 solution, HEPES buffer solution (1M), the heat inactivated fetal
bovine serum (FBS), the L-D-polylysine, the 2.5% trypsin and the 96-well
plates were all purchased from GIBCO/BRL (Burlington, Ontario, Canada).
The cell strainers (75um) were obtained from Becton Dickinson Labware
(Franklin Lakes, NJ, USA). The type II 2.5% collagenase was obtained from
Cedarlane Lab Ltd. (Hornby, Ontario, Canada). All of the dissection
instruments were purchased from Fine Point Instruments Inc. (Vancouver, BC,

Canada).

Methods
Preparation of the Solutions

Hanks Balance Salt Solution (HBSS)

HBSS 100 ml
HEPES buffer soln. (1IM) Iml
Penicillin/streptomycin 1:1000

The solution was prepared prior to the dissection and kept at 4°C for a few

days.
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Dubelco Modified Eagle Medium (DMEM)

DMEM 10 ml
HEPES butffer soln. (1M) 100 ml
Penicillin/streptomycin 50 pl
Fetal bovine serum 1 ml

The solution was prepared prior to the dissection and kept at 4°C for a few

days.

L-D-polylysine solution

L-D-polylysine 1mil
Distilled H,O 9 ml
The solution is prepared prior to the dissection and can be kept at 4°C for a few

weeks.

Coating of the Cell Culture Plate ,

About 1 hr. prior to seeding of the cells in the culture plate, 1 ml of the L-D-
polylysine solution is added to each well for coating purposes. At the end of
the 1-hr. period, the wells are rinsed twice with distilled H,O before being

ready for seeding.

Dissection

Prior to dissection all the instruments were immersed into 70% ethanol for at
least 1 hour. Animals were decapitated. The back area of the animal was
cleaned with 70% ethanol and then the backbone was cut out with a large pair
of scissors. Using the bone breaker instrument along with forceps and small
scissors, the DRGs (40-50) from the cervical, thoracic, lumbar and sacral levels
were removed aseptically and coliected in Hank’s balanced salt solution
(HBSS). After being minced into small pieces, DRG tissues was digested in
0.25% collagenase in Ham’s F12 medium at 37°C for 45 min followed by a 15

min incubation in HBSS containing 0.25% trypsin. Tissue was then triturated
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using a thin flame-polished pipet in Dubelco Modified Eagle Medium
(DMEM) containing 1% HEPES buffer solution, penicillin/streptomycin
(1:200) and 10% heat inactivated fetal bovine serum (FBS). Cells were then
subjected to density gradient centrifugation at 400g for 10 min. The resulting
pellet was resuspended in DMEM and the cell suspension was filtered through
a cell strainer (75um). DRG cells were seeded in a 96-well culture plate,
yielding a cell density of 5x10* cells/well, and cultured in a humid incubator at

37°C with 5% CO, and 95% O, for up to 8 days.

B. Opioid Treatments

Materials

DAMGO (n agonist - Tyr-D-Ala-Gly-N-Methyl-Phe-Gly-ol), CTOP (n
antagonist  -[D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr] amide, DPDPE (3
agonist - Tyr-D-Pen-Gly-Phe-D-Pen), naltrindole (8 antagonist - naltrindole
hydrochloride), U50488H (x agonist -(trans-(+-)3,4-dichloro-N-methyl-N-2-[1-
pyrrolidinyl]cyclohexyl)-benzeneacetamide) and n-BNI (x antagonist - nor-
binaltorphimine dihydrochloride) were all purchased from Sigma Aldrich (St-
Louis, MO, USA)

Methods

Treatment

Two days after seeding, the culture medium (DMEM) was changed. DAMGO
(1 agonist), CTOP (u antagonist), DPDPE (8 agonist), naltrindole (8
antagonist), U50488H (x agonist) and n-BNI (x antagonist) dissolved in
culture medium at various concentrations (10, 20 and 30 uM) were added. In
control welis only culture medium was added (vehicle treatment). Culture
medium, opioid agonists and antagonists were changed every other day. For
the combined treatment of the specific agonist and antagonist, two days after

seeding, the culture medium was changed and 10, 20 or 30 uM antagonist was
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given. Thirty minutes later, 10, 20 or 30 pM of the corresponding agonist was
then added. Subsequently, culture medium was changed every other day (48

hrs.), the agonist and antagonist being added simultaneously.
Four separate experiments were carried out for each receptor subtype. For each
experiment, new primary cultures were prepared under standard conditions.

Each treatment was repeated in 4 different wells.

C. Opioid Treatment/Protein kinase C Inhibition

Materials

The PKC inhibitor chlerythrine chloride was purchased from Biomolecular
Research Laboratory (Plymouth Meeting, PA, USA) and GO6976 from
Calbiochem (La Jolla, CA, USA).

Methods
Treatment

Two days after seeding the culture medium (DMEM) was changed. DAMGO
(30 uM) dissolved in culture medium was added. In control cells only culture
medium was added (vehicle treatment). The protein kinase C (PKC) inhibitors,
chelerythrine chloride (a non-selective PKC inhibitor; Herbert et al., 1990) and
GO6976 (an inhibitor of the o, f and y PKC isoenzymes; Qatsha et al., 1993)
were diluted in DMEM to concentrations of 5 uM. For the combined treatment
with DAMGO and the PKC inhibitors (chelerythrine chloride or GO6976), two
days after seeding, the culture medium was changed and DAMGO (30 uM) and
one of the PKC inhibitors (5 uM) were added simultaneously.

Four separate experiments were carried out for each receptor subtype. For each
experiment, new primary cultures were prepared under standard conditions.

Each treatment was repeated in 8 different wells.
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D. Immunocytochemistry

Materials

Rabbit anti-CGRP, NPY and galanin antibodies were purchased from
Peninsula Laboratories (Belmont, CA, USA). The primary antibody raised
against substance P was purchased from Chemicon (Temecula, CA, USA)k
while the anti-PKCa antibody was purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). The normal goat serum (NGS), goat anti-rabbit
IgG and the Elite Vectastain ABC kit were obtained from Vector Laboratories
(Burlingame, CA, USA). The glucose oxidase, 3,3’-diaminobenzidine (DAB)
and glycerol was purchased from Sigma-Aldrich Canada Ltd. (Oakville,
Ontario, Canada). All other chemicals were of analytical grade and obtained

from VWR Canlab (Mississaugua, Ontario, Canada).

Immunostaining
Immunostaining of the DRG neurons in culture were performed after 6 days of
opioid treatments according to the protocol described below. The same

protocol was used for CGRP, SP, galanin, NPY and PKCa immunostaining.

Methods

Preparation of solutions

Sodium Sorenson’s phosphate buffer (PB) (0.2 M)

Monobasic sodium phosphate (NaH,PO,) 12.69 g
Dibasic sodium phosphate (Na,HPO,) 4374 ¢
Distilled H,O 2L

The 0.2 M phosphate buffer solution was kept at room temperature for a few

weeks.
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Phosphate Buffered Saline / Triton Solution (PBS+T, 0.1M)

Phosphate buffer (PB) 50 ml/1
NaCl 8.8 g/l
KCl1 0.2 g/l
Triton-X 100 20 ml

Water was added to a final volume of one litre and the pH was adjusted to 7.4.
This solution was kept at room temperature. PBS+T 0.1M was prepared prior

to the experiment by mixing 100ml of PBS+T 1M with 900ml of H,O.

4% Paraformaldehyde in 0.1M Phosphate Buffer (4%PFA)
Under fumehood, a solution of 80g/l of PFA in H,O was heated to 60°C while

stirring constantly. Drops of 1M NaOH was added until the solution became
clear. It was then cooled on ice and filtered under vacuum. This 8% solution
was kept at 4°C for a few weeks. Prior to use, equal parts of 8%

paraformaldehyde and 0.2M PB were mixed.

Antisera Solutions

The rabbit anti-CGRP, SP, galanin and NPY antiserum were diluted 1:4000 in
0.01 PBS+T. The anti-rabbit IgG was diluted in PBS+T at 1:25 and the PKCa
antibody was diluted 1:2000.

Acetate Buffer

A stock solution of 0.2M acetate buffer was prepared by mixing 13.61g of
sodium acetate in 500 ml of H,0. The pH was adjusted to 6.0 using a 10%
solution of acetic acid. The 0.1M acetate buffer was diluted just before the

experiment in an equal part of H,O.
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3,3’ Diaminobenzidine Solution (DAB)

The DAB solution was prepared in the following manner:

3,3’ diaminobenzidine 25 mg
PBS 50 ml
H,0, (30%) 50 ul

This solution was prepared by adding the hydrogen peroxide and the 3,3°’DAB
and then diluting in PBS and filtering. The solution was then kept at -20°C for

a few weeks.

Glucose Oxidase-3,3’Diaminobenzidine Nickel Solution

0.1M Acetic buffer pH 6.0 25 ml
Nickel ammonium sulfate 0.625¢g

10% diaminobenzidine (DAB) 1.5 ml
D-glucose 50 mg

The solution was prepared and used immediately.

Immunostaining

Fixation: After 6 days of treatment, DRG cells were fixed in 4%
paraformaldehyde in 0.1M phosphate buffer for 20 min. The cells were then
washed and rinsed with PBS+T twice.

Preincubation: The DRG cells were pre-treated for 15 min. with 0.3% H,0,
and 10% normal goat serum (NGS) in 0.01M phosphate buffered saline
containing 0.3% Triton-X 100 (PBS+T) to block endogenous peroxidase. The
cells were then incubated with 50% ethanol for 30 min. to further remove
endogenous peroxidase and render the plasma membrane permeable to allow
penetration. An incubation with 10% NGS for 1 hr. was then performed to
block against non-specific staining. Between each incubation, cells were

washed in PBS+T twice.
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Incubation with primary antisera: The DRG cells were then incubated for 72
hrs. with antisera to rat CGRP (1:4000), SP (1:4000), Galanin (1:4000), NPY
(1:4000) or PKCa (1:2000) diluted in PBS+T containing 1% NGS. The cells

were then washed in PBS+T twice.

Incubation with secondary antibody: The cells were then incubated for 2 hr.

with a biotynilated goat anti-rabbit IgG (1:2000) diluted in PBS+T containing
1% NGS.

Visualization: The cultured cells were subsequently processed using the Elite
Vectastain ABC kit (Vector) according to the manufacturer’s instructions. The
cells were incubated for 1 hr. in a solution containing 1% Solution A and 1%
Solution B diluted in PBS+T with 1% NGS. Finally, immunoprecipitates were
developed and revealed using a 3,3’-diaminobenzedine method with the
glucose oxidase-3,3’-diaminobenzidine-nickel solution. All cultured cells were
washed thoroughly with the sodium acetate buffer before being placed and kept
in 70% glycerol.

Quantification: All quantitative analysis were performed using a Nikon F-

601M inverted phase microscope. All cells were counted with the help of a
delineated area in the camera-viewing field under 100X magnification. Fields
of approximately 1 mm? in which the immunopositive cells were counted, were
randomly chosen. The average number of counted cells was determined from
10 different fields in each well. The mean number of counted cells was

obtained from the different wells (4-8) for each treatment.

Statistical Analysis: Values were compared statistically using one-way

ANOVA and the post-hoc Student-Newman-Keuls multiple comparison
method (Graphpad, Prism III) to compare every treatment group to the control

(vehicle treatment) with p<0.05 being considered significant.
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E. DOUBLE IMMUNOFLUORESCENCE STAINING

Materials

Rabbit anti-CGRP was purchased frorh Peninsula Laboratories (Belmont, CA,
USA). The primary antibody raised against substance P, and the p- and o-
opioid receptots were obtained from Chemicon (Temecula, CA, USA) while
the anti-PKCao antibody was purchased from Transduction Laboratory
(Mississauga, Ontario, Canada). The rabbit anti-x-opioid receptor was kindly
provided by Dr. S. Watson (Mental Health Research Institute, University of
Michigan, MI, USA). Normal donkey serum (NDS), the donkey anti-rabbit
IgG conjugated with fluorescein (FITC) and the goat anti-mouse IgG
conjugated with rhodamine (TRITC) were obtained from Jackson
Immunoresearch Inc. (West Grove, PA, USA). The normal goat serum (NGS)
and the anti-fading mounting material Vectastain was obtained from Vector
Laboratories (Burlingame, CA, USA). The laser confocal microscope is a

TE300 from Nikon (New York, NY, USA).

Methods

Fixation: Following 6 days of treatment with the various opioid agonist,
cultured DRG cells were fixed with 4% paraformaldehyde in 0.1M PB for 20
min. The cells were then washed and rinsed with PBS+T twice. The cells were
then incubated with 50% ethanol for 30 min. to render the plasma membrane

permeable to allow immunostaining

Fluorescein Staining (green):
Preincubation: An incubation with 10% NDS for 1 hr. was then performed to
block against non-specific staining. Between each incubation, cells were

washed in PBS+T twice.
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Incubation with primary antisera: The DRG cells were then incubated for 72

hrs. with antisera to rat CGRP (1:500) or SP (1:500) diluted in PBS+T

containing 1% NDS. The cells were then washed in PBS+T twice.

Incubation with the secondary antibody: The cells were then incubated for 2

hrs. with a donkey anti-rabbit IgG conjugated with fluorescein (FITC; 1:50)
diluted in PBS+T containing 1% NDS. Once FITC-labeled CGRP- or SP-
positive cells were observed under epifluorescence microscope with blue light,

the cells were further processed.
Rhodamine Staining (red):
Preincubation: The cells were incubated with 10% NGS for 1 hour to block

against non-specific staining.

Incubation with primary antisera: The cells were washed with PBS+T twice.

The cultured DRG cells were incubated in mouse anti-PKCo (1:200), anti-p-
opioid receptor (1:500), anti-3-opioid receptor (1:500) or anti-k-opioid receptor
(1:500) diluted in PBS+T containing 1% NGS for 72 hrs. The cells were then

washed in PBS+T twice.

Incubation with secondary antibody: The cells were then incubated for 2hrs.

with goat anti-mouse IgG conjugated with rhodamine (TRITC; 1:50) diluted in
PBS+T containing 1% NGS. Once rhodamine-labeled positive cells were
observed under epifluorescence microscope with green light, the cells were
covered with anti-fading mounting material (Vectastain) and observed under a

laser confocal microscope for colocalization.
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CHAPTER 3 - RESULTS

A) Neuropeptide expression in DRG cultures treated with opioid agonists.

1. Immunocytochemistry Data

a) CGRP-IR Neurons

In vehicle- and opioid-treated DRG cultures, numerous CGRP-IR neurons were
observed. More abundant CGRP-IR cells were observed in opioid agonists
(10, 20 and 30 uM) treated DRG cultures than in the vehicle-treated DRG
cultures. Figure 1 shows CGRP-like immunostained neurons in DRG cuitures
following specific opioid agonist treatment (u, & or ) for 6 days at a
concentration of 20 pM. In both vehicle- and opioid-treated DRG cultures,

CGRP-IR cells are of various sizes and many express multiple long branches.

Following page:

Figure 1. CGRP-like Immunostaining

Photomicrographs of CGRP-IR neurons in cultured DRG. Following agonist
treatment (30 pM: B; DAMGO, C; DPDPE or D; U50488H) for 6 days, a
greater number of CGRP-IR neurons were observed in DRG cultures when
compared to vehicle-treated controls (A). CGRP-IR neurons were of various
sizes. Many CGRP-IR neurons exhibited multiple long branches. Scale bar,
100 pm.

Quantitatively, following treatment with 10, 20 and 30 uM DAMGO (p-opioid
agonist), the amount of CGRP-IR neurons in cultured DRG was significantly
increased compared to vehicle treatment in a concentration-dependent manner

(Figure 2). When the p-opioid antagonist, CTOP, was administered
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Figure 2. Cells in DRG cultures expressing CGRP-IR following exposure
to DAMGO and the effect of a co-treatment with CTOP.

Mean number (XSEM, 4 different wells, repeated 3 times) of CGRP-IR neurons
per 1 mm? in cultured DRG. Following a DAMGO treatment (10, 20 and 30
uM) for 6 days, the mean number of CGRP-IR neurons was significantly
increased when compared to control. Similarly, following a DAMGO
treatment (10, 20 and 30 uM) plus CTOP (10, 20 and 30 uM) treatment for 6
days, the mean number of CGRP-IR neurons was significantly different from
the DAMGO-treated cultures. *P<0.05; **P<0.01, comparison between

treatment and vehicle-treated controls.
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concomitantly with DAMGO (both at the same concentrations), the increases in
CGRP-IR neurons were significantly blocked. A co-treatment with CTOP and
DAMGO blocked the stimulatory effect of DAMGO on the increases of CGRP-
IR neurons in the DRG culture

A treatment with 10, 20 and 30 uM DPDPE (8-opioid agonist) also lead to
increases in CGRP-IR neurons in DRG cultures (Figure 3). When the 8-opioid
antagonist, naltrindole, was administered concomitantly with DPDPE (both at
the same concentrations), the increases in CGRP-IR neurons were attenuated to
a level similar to control. A co-treatment with naltrindole and DPDPE was
able to block the stimulatory effect of the §-opioid agonist on the number of
CGRP-IR neurons in DRG cultures.

Similar concentration-dependent increases in CGRP-IR were also observed
following a repetitive U50, 488H (x-opioid agonist) treatment (Figure 4).
Large increases in CGRP-IR neurons were seen following 10, 20 and 30 pM
treatments with U50, 488H compared to the vehicle. These increases in
CGRP-IR were blocked when DRG cultures were treated with bdth U50, 488H
and n-BNI (the k-opioid antagonist).

b) SP-IR Neurons

SP-IR neurons were also present in vehicle- and opioid agonists-treated DRG
cultures. A greater number of SP-IR neurons were observed following
repetitive treatments with the different opioid agonists (DAMGO, DPDPE and
U50, 488H) (Figure 5). Quantitatively, when treated with concentrations of 10,
20 and 30 uM of the opioid agonists, there was a concentration-dependent
increase in the relative number of SP-IR neurons in DRG cultures which was

significantly higher than that seen in vehicle treated DRG neurons.
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Figure 3. Cells in DRG cultures expressing CGRP-IR following exposure
to DPDPE and the effect of a co-treatment with naltrindole.

Mean number (ZSEM, 4 different wells, repeated 3 times) of CGRP-IR neurons
per 1 mm’® in cultured DRG. Following a DPDPE treatment (10, 20 and 30
uM) for 6 days, the mean number of CGRP-IR neurons was significantly
increased when compared to control. Similarly, following a DPDPE treatment
(10, 20 and 30 pM) plus naltrindole (10, 20 and 30 uM) treatment for 6 days,
the mean number of CGRP-IR neurons was significantly different from the
DPDPE-treated cultures. *P<0.05; **P<0.01, comparison between treatment

and vehicle-treated controls.
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Figure 4. Cells in DRG cultures expressing CGRP-IR following exposure
to US0488H and the effect of a co-treatment with n-BNL.

Mean number (£tSEM, 4 different wells, repeated 3 times) of CGRP-IR neurons
per 1 mm” in cultured DRG. Following a US0488H treatment (10, 20 and 30
uM) for 6 days, the mean number of CGRP-IR neurons was significantly
increased when compared to control.  Similarly, following a U50488H
treatment (10, 20 and 30 uM) plus n-BNI (10, 20 and 30 uM) treatment for 6
days, the mean number of CGRP-IR neurons was significantly different from
the US50488H-treated cultures. *P<0.05; **P<0.01, comparison between

treatment and vehicle-treated controls.
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Figure 5. Cells in DRG cultures expressing SP-IR following exposure to
opioid agonists.

Mean number (+SEM, 4 different wells, repeated 3 times) of SP-IR neurons per
1 mm? in cultured DRG. Following treatment with one of the three opioid
agonists (u: DAMGO, &: DPDPE and «: U50488H; 10, 20 and 30 pM) for 6
days, the mean number of SP-IR cultured DRG neurons was significantly
increased when compared with controls (*P<0.05, **P<0.01). In some cases,

no significant differences were seen at the lower concentration (10 pM).
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¢) NPY-IR Neurons

NPY-IR neurons were also present in vehicle- and opiate-treated DRG cultures.
However, the number of NPY-IR neurons seen in opiate-treated (DAMGO,
DPDPE and U50, 488H) cultures were not significantly different from that of
NPY-IR neurons observed in vehicle-treated DRG cultures (Figure 6).

d) Galanin-IR Neurons

Following repetitive opioid-agonist (DAMGO, DPDPE and US50, 488H)
exposure, the number of galanin-IR neurons was examined in vehicle- and
opiate-treated DRG neurons (Figure 7). There were no significant differences

between vehicle and treated groups.

B) Colocalization of CGRP and SP-IR and opioid receptors

1. Double Immunofluorescence Staining

DRG cultures treated repetitively with an opioid agonist (30 uM; DAMGO or
DPDPE or U50, 488H) were double-immunostained using specific antibodies
for CGRP or SP and the various opioid receptors (p, & and ). In accordance
with thé results stated above, the number of both CGRP- and SP-IR neurons

were remarkably increased post-treatment.

a) p-Opioid Receptor

The majority of CGRP-IR neurons co-expressed the u-opioid receptor (u-OR),
whereas only a few of the u-OR-IR neurons were CGRP positive (Figure 8).
Both CGRP-IR and u-OR-IR neurons were found throughout the cultured
neurons with low staining in the nucleus and as expected higher staining in the
cytoplasm and at the plasma membrane. Similar results were observed for SP.
Most SP-IR neurons co-expressed p-OR while only a fraction of u-OR-IR

neurons expressed SP.
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Figure 6. Cells in DRG cultures expressing NPY-IR following exposure to
opioid agonists.

Mean number (+SEM, 4 different wells, repeated 3 times) of NPY-IR neurons
per 1 mm” in cultured DRG. Following treatment with one of the three opioid
agonists (u: DAMGO, 6: DPDPE and «: U50488H; 10, 20 and 30 uM) for 6
days, the mean number of NPY-IR cultured DRG neurons was not significantly

increased when compared with controls.
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Figure 7. Cells in DRG cultures ekpressing galanin-IR following exposure
to opioid agonists.

Mean number (+SEM, 4 different wells, repeated 3 times) of galanin-IR
neurons per 1 mm” in cultured DRG. Following treatment with one of the three
opioid agonists (i: DAMGO, &: DPDPE and x: U50488H; 10, 20 and 30 pM)
for 6 days, the mean number of galanin-IR cultured DRG neurons was not

significantly increased when compared with controls.
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Figure 8. Cultured DRG neurons expressing CGRP-, SP- and the p-opioid
receptor- like IR.

Color confocal photomicrographs of double immunofluorescence staining of
cultured DRG neurons expressing CGRP (green)-, SP (green)- and 4-OR-IR in
DAMGO-treated (30 uM) cells.

b) 6-Opioid Receptor

DRG cultures treated with DPDPE (30 uM) for 6 days demonstrated CGRP-IR,
SP-IR and 8-opioid receptor-IR when immunostained with specific antibodies
(Figure 9). The majority of CGRP-IR neurons 3-OR-immunopositive and vice-
versa. A similar distribution of peptides and receptors was seen, the
neuropeptides being absent from the nucleus but evenly distributed throughout
the cytoplasm, while the 5-OR-IR seemed to be present throughout the cell but
with lower intensity in the nucleus. SP-IR neurons also coexpressed 5-OR,
while the majority of 3-OR-IR neurons were also SP-IR immunopositive.
Following page:

Figure 9. Cultured DRG neurons expressing CGRP-, SP- and the 5-opioid
receptor-like IR.

Color confocal photomicrographs of double immunofluorescence staining of
cultured DRG neurons expressing CGRP (green)-, SP (green)- and 6-OR-IR in
DPDPE-treated (30 uM) cells. Note that almost all CGRP-IR and SP-IR

neurons colocalized with p-OR-IR and vice-versa.

¢) k-Opioid Receptor

Following treatment with U50, 488H (30 uM), DRG cultures were investigated
for the colocalization of the x-opioid receptor (x-OR) with CGRP and SP
(Figure 10). In accordance with previous results, most CGRP- and SP-IR

neurons expressed the k-OR and vice-versa. The distribution of the ¥-OR was
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Figure 10. Cultured DRG neurons expressing céﬁP-, S$P- and the kappa;#pioid receptor-like IR.
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similar to that of other opioid receptors with staining throughout the neuron but
at a lower concentration within the nucleus.

Previous page:

Figure 10. Cultured DRG neurons expressing CGRP-, SP- and the x-
opioid receptor-like IR.

Color confocal photomicrographs of double immunofluorescence staining of
cultured DRG neurons expressing CGRP (green)-, SP (green)- and k-OR-IR in
U50488H-treated (30 uM) cells. Note that almost all CGRP-IR and SP-IR

neurons colocalized with k-OR-IR and vice-versa.

C) PROTEIN KINASE C (PKO)-IR, OPIOID EFFECTS AND CGRP
AND SP STAINING

1. Double Immunofluorescence Staining

DRG cultures treated with DAMGO (20 pM) for 6 days were double-
immunostained using specific CGRP, SP and PKCa antibodies (Figure 11).
Both the numbers of CGRP- and PKCo-IR neurons were increased post-
treatment. The majority of CGRP-IR neurons co-expressed PKCo-IR and vice-
versa. Similar results were obtained with substance P. The lower panel of the
figure shows the colocalization of two different antibodies to PKCoa, one

directed against rat PKCa (PK.C,) while the other is directed against the mouse

enzyme (PKC,,). Both antibodies show same level of staining.

Following page:

Figure 11. Cultured DRG neurons expressing CGRP-, SP and PKCo-like
IR.

Color confocal photomicrographs of double immunofiuorescence staining of
cultured DRG neurons expressing CGRP (green)-, SP (green)- and PKCa-IR in
DAMGO-treated (30 pM) cells. Note that almost all CGRP-IR and SP-IR

neurons colocalized with PKCa-IR and vice-versa. The lower panel of the



Figure 11. Colocalization of PKC with pain-related neuropeptides
CGRP-PKC
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figure shows the colocalization of two different PKCa antibodies from
different species (rat; PKC,, mouse;PKC,).

2. Immunocytochemistry

a) PKCua-IR Neurons

Many PKCa-IR neurons were observed in vehicle and DAMGO-treated DRG
cultures. A greater amount of PKCa-IR neurons were quantitated following
repetitive treatment with p agonist (10, 20 and 30 pM) for 6 days. There was a
significant concentration-dependent increase in PKCa-IR neurons following

treatment compared to vehicle-treated DRG cultured neurons (Figure 12).

b) CGRP-IR following PKC inhibition

Following a co-treatment with the protein kinase C inhibitors chelerythrine
chloride or GO6976 (5 pM) and DAMGO (30 uM) for 6 days, CGRP-IR
neurons were quantitated (Figure 13). As previously, there was a significant
increase in CGRP-IR neurons when DRG neurons were treated with 30 uM
DAMGO. PKC inhibitors blocked the effects of DAMGO on CGRP-IR.
Chelerythrine chloride (5 uM) blocked the stimulatory effect of DAMGO on
the number of CGRP-IR neurons. GO6976 (5 pM) had a weaker blocking
effect than chelerythrine chloride in inhibiting the increases in CGRP-IR
neurons (Figure 13). The increase in CGRP-IR following inhibition with
GO6976 became non-significant compared to control showing that the PKC
inhibitor had an inhibitory effect on the amount of CGRP-IR neurons in DRG
culture treated with DAMGO.
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Figure 12. Cells in DRG cultures expressing PKCo-IR following exposure
to DAMGO.

Mean number (£SEM, 4 different wells, repeated 3 times) of PKCa-IR
neurons per 1 mm’ in cultured DRG. Following a DAMGO treatment (10, 20
and 30 pM) for 6 days, the mean number of PKCa-IR neurons was

significantly increased when compared to control (¥*P<0.05, **P<0.01).
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Figure 13. Cells in DRG cultures expressing CGRP-IR following exposure
to DAMGO and PKC inhibitors. Mean number (xSEM, 4 different wells,
repeated 3 times) of CGRP-IR neurons per 1 mm” in cultured DRG. Following
a DAMGO treatment (30 uM) for 6 days, the mean number of CGRP-IR
neurons was significantly increased when compared to control.  The
concomitant use of PKC inhibitors (GO6976 and chelerythrine chloride) with
DAMGO inhibited the increase in CGRP-IR neurons that is observed following

exposure to morphine.
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CHAPTER 4 - DISCUSSION

There is accumulating evidence that the neuropeptide CGRP plays a prominent
role in nociceptive mechanisms. For example, CGRP is found in areas known
to be important to sensory processes (Skofitsch ef al., 1985; Franco-Cereceda
et al., 1987; Wimalawansa et al., 1987; Lawson et al., 1995) such as 40% of
the sensory neurons of the dorsal root ganglia and in both peripheral As and C
fibers of the primary afferent nerves of the spinal cord. CGRP has also been
found to be colocalized with substance P, another important nociceptive
neuropeptide, in dorsal root ganglia (Wiesenfeld-Hallin et al., 1984; Lee et al.,
1985) and superficial dorsal horn (Plenderleith et al., 1990; Ribeiro-da-Silva,
1995). In acute pain models, Menard ef al. (1995a) have reported a modulation
of CGRP binding sites and CGRP-like immunoreactivity following the
development of tolerance to morphine. In addition, the CGRP antagonist,
CGRP, ;, was shown to prevent the development of tolerance to morphine as
well as the modulation of CGRP binding sites and immunoreactivity that are
usually seen in tolerant animals (Menard er al, 1996). More recently
BIBN4096BS, a potent non-peptide antagonist of the CGRP receptor was
similarly shown to block the development of tolerance to the antinociceptive
effect of morphine (Powell ef al., 2000). Using a CGRP-deficient mice, Salmon
et al., (2001) were able to show that the mice lacking CGRP displayed an
attenuated response to both chemical pain and inflammation. Using a DRG
cell culture and an in vitro treatment with morphine, Ma et al. (2000) were able
to mimic these in vivo findings. Overall these data indicate that CGRP likely
plays a prominent role in the production and transmission of pain signals.
These results help to validate the DRG cell culture model as a simple in vitro
approach to investigate intracellular pathways that lead to opioid modulation of
CGRP and SP expression and their possible role on the development of

tolerance to morphine’s antinociceptive effects.
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The main aim of this thesis was to establish which subtype of opioid receptors
are involved in the induction of CGRP and SP in cultured DRG neurons. It has
been reported that the p-, 8- and x-opioid receptor mRNAs are expressed in
DRG neurons (Maekawa et al., 1994; Minami et al., 1995) and colocalized
with preprotachykinin o/SP mRNA in the rat DRG (Minami et al., 1995).
Moreover, p-opioid receptor immunoreactivity has been shown to be
coiocalized with CGRP and SP immunoreactivities in primary sensory neurons
(Li et al, 1998). Additional neuropeptides believed to be involved in
nociception but not in morphine tolerance, such as galanin and neuropeptide Y,
were also studied to assess the specificity of the changes observed with CGRP
and SP. A second aim of this thesis was to further validate the DRG cell
culture model as a representative in vitro model that expresses CGRP, SP and
the three opioid receptors so that it is suitable to investigate further the various
intracellular events that are triggered by chronic morphine exposure. Another
goal of this thesis was to utilize the DRG cell culture model to begin studying
the possible role of protein kinase C (PKC) in the development of morphine
tolerance and its implication in the upregulation of CGRP and SP. Activation
of PKC by Ca® and diacylglycerol (DAG) involves the translocation of the
enzyme from the cytosol to the plasma membrane (Hug et al., 1993). PKC
phosphorylates substrate proteins that can contribute to cellular processes such
as neurotransmitter release and transduction (Nishizuka, 1986). It was
previously shown that there was an increase in membrane-associated PKC in
the spinal cord in response to nerve constriction injury (Mao ef al., 1992b,
1993). Earlier in vivo data also suggested that PKC plays a role in both
neuropathic pain (Malmberg et al., 1997) as well as in morphine tolerance
(Narita et al., 1994a, 1994b; Mayer et al., 1995). In these studies, the authors
were able to show that PKC activity was increased following chronic morphine
administration (Narita et al., 1994b) and that the use of H-7, a PKC inhibitor,
was able to inhibit the development of morphine tolerance (Narita et al,

1994a).
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A. NEUROPEPTIDE EXPRESSION IN DRG CULTURES TREATED
WITH VARIOUS OPIOID AGONISTS

It was previously demonstrated that repetitive morphine exposure induced
increases of CGRP-IR and SP-IR neurons in DRG cultures (Ma e al., 2000),
extending earlier in vivo findings that CGRP-like immunoreactivity was
increased in the dorsal horn of morphine-tolerant rats (Menard et al., 1995a,
1995b, 1996). In these studies, the number of NPY- and GAL-IR neurons was
not modified in morphine treated DRG cultures or animals, suggesting the
specificity of morphine induction for CGRP and SP. More recently, it has been
shown that the exposure of DRG cultures to the CGRP antagonist, CGRPy 5,,
was able to block the effect of morphine on CGRP-IR increases (Powell et al.,
2001). These results are in accordance with our previous in vivo results and
also demonstrate that CGRP receptors are present in DRG cultures. In the
present study, it was shown that all three opioid receptors could be involved in
the induction of CGRP and SP occurring following repetitive opiate exposure.
There was significant increases (up to 100%) of CGRP-IR neurons in DRG
cultures upon repetitive treatment for 6 days with different concentrations of
various opioid receptor agonists. DAMGO (u), DPDPE () and U50, 488H (x)
all induced concentration-dependent increases in the level of CGRP-IR
neurons. For reasons yet still undetermined, neuronal primary cell cultures
require massive doses when treated with peptides (Mount ef al., 1991; Ma et
al., 2000). Since large doses of agonists were required to elicit the increases in
CGRP, it was suspected that the increase in CGRP-IR might not be due to the
unique activation of a single opioid receptor sub-type. Hence, a concomitant
treatment with their respective antagonist was used to show that the modulation
of the neuropeptide was not due to cross-activation of multiple receptor sub-
types. Indeed, the significant increases in CGRP-IR neurons induced by the

specific opioid agonists was blocked by each specific sub-type antagonists
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(CTOP (), naltrindole (8) and n-BNI (x)), indicating the respective
involvement of each of the three opioid receptors (i, 6 and x) in the observed

increase in CGRP-IR.

The repetitive treatment with each specific opioid agonist not only
induced concentration-dependent increases in CGRP-like IR but also in SP-like
IR in cultured DRG neurons. Similar results were reported earlier using
morphine (Ma et al., 2000). SP has been the focus of much interest in studying
the mechanisms possibly involved in the development of tolerance to morphine
because of its well established role in nociceptive transmission in the spinal
dorsal horn (Henry, 1976, Krause et al., 1995) and in functional synergistic
effects with CGRP in primary afferents in the dorsal horn (Woolf et al., 1986).
In the in vivo studies where morphine tolerance was induced through a
continuous intrathecal infusion of morphine for 7 days, non-significant changes
in SP related markers (immunoreactivity and binding sites) were observed
(Menard et al., 1995a, 1995b). Moreover, it was recently reported that a
selective non-peptide neurokinin-1 receptor antagonist, SR 14033, significantly
blocked the development of morphine tolerance (Powell et al., 2000b). These
in vivo and in vitro results suggest that as for CGRP, SP may play a role in the
development of tolerance to opioids. The present findings that all three opioid
receptors may induce the production of SP in DRG neurons further confirm
that all three opioid receptors induce similar neuropeptide changes in DRG

neurons following repetitive opiate exposure.

In accordance with previous in vivo and in vitro studies, GAL and NPY-
IR neurons were not affected when the DRG cultures were subjected to
repetitive opioid agonist treatment establishing further the specificity of opioids
induction of CGRP and SP in our model.
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B. VALIDATION OF THE DORSAL ROOT GANLION CELL
CULTURE MODEL

An important objective of our studies was to further validate the DRG cell
culture model that would permit, in future projects, the precise dissection of the
cellular and molecular mechanisms involved in morphine induction of CGRP
and SP expression following repetitive é;(posu're. DRG cultures have
previously been performed using ganglia from rat embryos where it was
possible to identify and characterize all three opioid receptors (Vaysee et al.,
1990; Chen et al., 1997). Ma et al. (2000) previously showed that post-natal
cultured DRG neurons expressed CGRP, SP and opioid receptors by
demonstrating that repeated morphine exposure modulated levels of CGRP and
SP in DRG cultured neurons. The use of primary cultures of sensory neurons
as a model system has an advantage in that a relatively homogeneous
population of nondividing neuronal cells is used and are functionally important
in mediating opioid analgesia at the level of the spinal cord. In order to show
that all three opioid receptors are present in DRG cultured neurons and that
each of them is able to modulate CGRP- and SP-immunoreactivity, it was
critical to demonstrate that each opioid receptor subtype was indeed expressed
in the DRG cultured neurons under our assay conditions and that they were at

least partly colocalized with CGRP-/SP-IR neurons.

Double immunoétairﬁng studies showed that all three opioid receptors are
present in DRG neurons and that they are colocalized with both CGRP- and
SP-like IR cells. These data are among the first evidence for the presence and
distribution of all three opioid receptor-like immunoreactivity in cultured DRG
neurons. These opioid receptors have an almost identical distribution in DRG
neurons however the p-opioid receptor seems to be more abundant than the
other two receptors. Most CGRP- and SP-IR neurons co-expressed the p-OR-
IR while only a fraction of the p-OR-IR neurons were positive for the

immunoreactivity of the neuropeptides.
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Accordingly, DRG neurons in culture express CGRP, SP and all three subtypes
of opioid receptors. Thus, they represent a suitable model to study cellular and
molecular mechanisms that are involved in the opioid modulation of CGRP

and SP expression following repetitive exposure.

C. POSSIBLE IMPLICATION OF PROTEIN KINASE C IN THE
MODULATION BY OPIOIDS OF CGRP AND SP

There is evidence to suggest that PKC is involved in pain transmission at the
spinal level. The PKC family of serine/threonine kinases is composed of at
least-10-isoforms-(ai; B1,-BIL -y, 8;-85 &;1;-0-and &; Nishizuka;-1992). - All PKC
isoforms exist in an inactive state within the cytosol and become translocated
to the plasma membrane by various stimuli, including activation of G protein-
coupled receptors (Nishizuka, 1992). There are controversies as to which
isozymes are present in specific brain regions. Nevertheless
immunocytochemical results seem to indicate that most PKC isozymes are
present in the superficial layers of the dorsal horn (Mori et al., 1990; Malmberg
et al., 1997). Thus far, PKC isozymes a, I, Il and y have been found in high
concentrations in the superficial laminae of the dorsal horn (Martin et al.,
1999). All PKC isozymes except for y have been identified in dorsal root
ganglions. Their presence in the spinal cord is an indication that they could
play a role in the processing of pain. Both pharmacological and anatomical
studies have shown that the translocation and activation of most PKC enzymes
in neurons of the spinal cord dorsal horn are involved in persistent pain
produced by chemical stimulation such as formalin and mechanical
hyperalgesia (Yashpal et al., 1995). Furthermore, intrathecal injection of
phorbol ester, a non-specific PKC activator, in awake rats evoked mechanical
allodynia and thermal hyperaigesia (Palecek ef al., 1999). Moreover, following
nerve injury (Coderre, 1992; Mao ef al., 1992) and inflammation (Martin et al.,
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1999), PKC is activated in dorsal horn neurons. Also, the inhibition of spinal
PKC reduced nerve injury-induced tactile allodynia in neuropathic rats (Hua et
al., 1999). Similarly, an intrathecal pretreatment of mice with the specific
inhibitor, calphostin C, prevented the development and expression of acute
antinociceptive tolerance following repeated spinal applications of deltorphin-
II (Narita ef al., 1996). The same group also showed that a repeated
administration of rats with morphine enhanced PKC activity in the brain with a
time course similar to the development of tolerance to morphine (Narita et al.,
1994b, 1994c¢). Only a few specific PKC enzymes have been examined. PKCy
was shown to be potentially involved in neuropathic pain and its
immunoreactivity was increased in the dorsal horn following nerve injury (Mao
et al., 1995). In PKCy null mice, pain responses, tissue swelling and plasma
extravasation were attenutated in the formalin test (Malmberg et al., 1997).
PKCzs has recently been found to be present in most DRG neurons of adult
mice and rats (Khasar ef al., 1999). The same group used a PKCe null mice to
show this isozyme was required for the full expression of carrageenan-induced

hyperalgesia.

In the present study, the role of PKC in opioid-induced up-regulation of CGRP
and SP was examined. Since PKCy is absent in DRG (Malmberg et al., 1997)
only PKCa expression was examined in DRG cultures. First by using double-
immunofluorescence staining, it was possible to replicate earlier results
showing the colocalization of CGRP-IR and PKCa-IR in the majority of
CGRP-positive neurons (Ma et al., 2001) and to also demonstrate that SP-IR
neurons also colocalized with PKCa-IR neurons in most SP-positive DRG

neurons.

By establishing that the pain-related neuropeptides were colocalized with
PKCoa, we examined next if changes occurred in PKCa following repetitive
opioid exposure. When the cultured DRG neurons were treated repeatedly with

DAMGQO, there was a concentration-dependent increase in PKCa-IR neurons.
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Taken together, these results may be taken as an indication that upon chronic
opioid exposure there is a concentration-dependent increase in PKC-IR and
possibly PKC activity, although functional enzymatic studies will be required
to establish this hypothesis.

To further examine the role that PKC could play in the induction of CGRP, it
was found that the PKC inhibitors, chelerythrine chloride and G0O6976 were
able to reverse the effects of DAMGO on the induction of CGRP-like IR in
cultured DRG neurons. The use of chelerythrine has important limitations
since it inhibits all PKC isoforms and thus could be toxic to DRG neurons
explaining the apparent decrease in CGRP-IR. However, GO6976, which only
inhibits a subset of the PKC isoenzymes (o, B, p and v), blocked the increase in
CGRP-IR providing additional evidence that various PKC isoenzymes are
present in DRG neurons and are likely involved in the opioid induction of pain-

related neuropeptides following chronic exposure.

Taken together, our results suggest that PKC signaling (likely of the a, B, 1 or
vy isoenzyme-type, according to the results obtained with GO6976) is involved
in opioid- induction of CGRP-IR in cultured DRG neurons.

D. FUTURE STUDIES

Previous in vivo studies have shown that in parallel to the increase in CGRP-like
immunoreactivity in the dorsal horn of morphine-tolerant rats, significant
decreases in CGRP receptor binding sites in the spinal dorsal horn also occured.
It is possible that the observed increases in CGRP levels in primary sensory
afferent are due to inhibited release by chronic opiate exposure, a compensatory
up-regulation in CGRP receptor levels is then observed. It is likely that a
repetitive opiate treatment may produce increases in CGRP and SP synthesis.

An in situ hybridization study would be useful to elucidate if CGRP and
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preprotachykinin mRNAs are modulated by chronic opiate exposure in DRG
cultured neurons and in vivo. The role of desensitization of opioid receptors
upon agonist activation in relation to the regulation of neuropeptides should also
be examined to shed further light on the mechanism and consequences of
desensitization. It would be interesting to quantify the number of opioid
receptors on the membrane either by staining or by binding prior and before the

upregulation of neuropeptides.

Further studies examining this topic should aim at determining the intracellular
events triggered by repetitive opiate exposure that lead to the upregulated
expression of CGRP and SP. I have shown here that there is an increase in
PKCa-IR and possibly activity upon opiate treatment. It would be interesting
to look at the relation between PKCoa-IR and its translocation and activity in
the immunoreactive neurons. Similar studies could be done in the DRG to look
at the influence of PKC on the levels of SP, galanin and NPY following
chronic morphine exposure. A similar approach could be taken to study the role
of desensitization of opioid receptors in the up-regulation of PKCa. It would
also be worthwhile to establish which pathways are activated by PKC to
eventually lead to the enhanced expression of pain-related neuropeptides.
There are over 20 PKC isoenzymes reported in the literature, it would thus be
important to identify and define the role of the key isoenzymes involved. This
would also help delineate the relationships with the other signaling pathways
affected by opiate receptors (i.e. MAPK, cAMP, CaM kinase) as well as

examine which pathways have an effect on gene expression.

Many transcription factors, including cFos, Fos B and CREB have been located
in the central nervous system and may be involved in pain processing. These
transcription factors would be interesting to observe in the spinal cord and
DRG under chronic opiate exposure. Immunohistochemical studies would be
able to identify in which regions they are expressed and may play a role. It

would then be worthwhile to search for target genes for these different
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transcription factors. It would then be possible to use transcription factor

expression as an index of gene regulation.

Once some pathways are defined, their importance could be clarified in in vivo
experiments. We could determine if specific opiates or dosing schedules are
more likely than others to cause changes in neuropeptide expression and
signaling pathways. For example one could monitor animals for changes in
opiate tolerance and in neuropeptide-immunoreactivity following acute and
chronic exposure. Also, whether chronic morphine treatment could change the
PKC activity in smaller and more anatomically defined brain regions is worth
investigating. These studies could help determine which specific
neuropeptides and signaling pathways play a role in hyperalgesia and allodynia
in neuropathic states. This could help us in determining if there is a change in
the population of C, Ad or AP neurons and to investigate possible differences
in morphological distribution of immunoreactive neurons following opiate
treatment. Likewise, we could be able to determine if agents that limit or
reverse tolerance to the analgesic effects of opioids do so by influencing
transcription factor or neuropeptide expression. A parallel behavioral study
could then help define the role of these neuropeptides and signal pathways in

the occurrence of dependence and withdrawal.
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CHAPTER 5- CONCLUSION

The DRG neuronal cell culture provides a simple, reliable in vifro model to
study cellular and molecular mechanisms that could be involved in the
development of morphine tolerance occurring in vive following repeated
exposure. My studies have shown that DRG neurons express different
neuropeptides (CGRP, SP, NPY and galanin), the three main subtypes of opioid
receptors (u, 8 and x) and also different PKC isoenzymes.

Moreover, my data suggest that pi-, 8- and k-opioid receptors could be involved
in the opiate induction of CGRP and SP, likely via a PKC pathway. These
findings further confirm previous in vivo and in vifro studies that CGRP
immunoreactivity is markedly increased in the dorsal horn and dorsal root
ganglia of rats chronically exposed to morphine. These results also lend support
to the existence of an interaction between CGRP and the development of

tolerance to the antinociceptive effects of opiates in the rat spinal cord.

Whereas the precise mechanisms responsible for the modulation of CGRP levels
and its receptors remains to be established, these findings provide new research
avenues and some understanding of changes that occur following repetitive

exposure to opiates.



96

CHAPTER 6 - REFERENCES

Abbadie, C., Brown, J.L., Mantyh, P.W. and Basbaum, A.I. (1996) Spinal cord
substance P receptor immunoreactivity increases both inflammatory and

nerve injury models of persistent pain., Neuroscience, 70:201-209.

Abdelrahman, A., Wang, Y.-X., Chang, S.D. and Pang, C.C.Y. (1992)
Mechanism of the vasodilator action of calcitonin gene-related peptide in

conscious rats., Br.J Pharmcol., 106:45-48.

Adler, B., Goodman, R.R. and Pasternak, G.W. (1990) Handbook of Chemical
Neuroanatomy, Part 2, eds. Bjorklund, A., Hokfelt, T. and Kuhar, M.J.,
Elservier, New York, pp. 359-393.

Adrian, T.E., Allen, J.M., Bloom, S.R., Ghatei, M.A., Rossor, M.N., Roberts,
G.W., Crow, T.J., Tatemoto, K. and Polak, J.M. (1983) Neuropeptide Y
distribution in human brain., Nature, 306:584-586.

Ahmad, S., O’Donnell, D., Payza, K., Ducharme, J., Menard, D., Brown, W.,
Schmidt, R., Wahlestedt, C., Shen, S.H. and Walker, P. (1998) Cloning
and evaluation of the role of rat GALR-2, a novel subtype of galanin

receptor, in the control of pain perception., Ann. NY Acad. Sci., 863:108-
119.

Al, X., MacPhedran, S.E. and Hall, A K. (1998) Depolarization stimulates
initial calcitonin gene-related peptide expression by embryonic sensory

neurons in vitro., J. Neurosci., 18:9294-9302.

Aiyar, N., Rand, K., Eishourbagy, N.A., Zeng, Z., Adamou, J.E., Bergsma, D.J.
and Li, Y. (1996) A cDNA encoding the calcitonin gene-related peptide



97

type 1 receptor., J. Biol. Chem., 271:11325-113209.

Ahluwalia, A., De Felipe, C., O’Brien, J., Hunt, S.P. and Perretti, M. (1998)
Impaired IL-1beta-induced neutrophil accumulation in tachykinin NK1

receptor knockout mice., Br. J. Pharmacol., 124:1013-1015.

Allen, Y.S., Adrian, T.E., Allen, J.M., Tatemoto, K., Crow, T.J., Bloom, S.R.
and Poiak, J.M. (1983) Neuropeptide Y distribution in the rat brain.,
Science, 221: 877-879.

Alvarez, F.J., Kavookjian, A.M. and Light, A.R. (1993) Ultrastructural
morphology, synaptic relationships, and CGRP immunoreactivity of
physiologically identified C-fiber terminals in the monkey spinal cord., J.
Comp. Neurol., 329: 472-490.

Amara, S.G., Jonas, V., Rosenfeld, M.G., Ong, E.S. and Evans, R.M. (1982)
Alternative RNA processing in calcitonin gene expression generates

mRNAs encoding different polypeptide products., Nature, 296:240-244.

Amara, S.G., Arriza, J.L.., Leff, S.E., Swanson, L.W., Evans, R.M. and
Rosenfeld, M.G. (1985) Expression in brain of a messenger RNA
encoding a novel neuropeptide homologous to calcitonin gene-related

peptide., Science, 229:1094-1097.

Arvidsson, U., Dado, R.J., Riedl, M, Lee, JH., Law, P.Y., Loh, H.H., Elde, R.
and Wessendorf, M.W. (1995a) $-opioid receptor immunoreactivity:
distribution in brain stem and spinal cord, and relationship to biogenic

amines and enkephalin., J Neurosci., 15:1215-1235.

Arvidsson, U., Riedl, M., Chakrabarti, S., Lee, J.-H., Nakano, A.H., Dado, R.J.,



Loh, HH., Law, P.-Y., Wessendorf, M.W. and Elde, R. (1995b)
Distribution and targeting of a p-opioid receptor (MOR1) in brain and
spinal chord., J Neurosci., 15:3328-3341.

Arvidsson, U., Riedl, M., Chakrabarti, S., Vulchanova, L., Leé, J.-H., Nakano,
AH, Lin, X., Loh, HH., Law, P.-Y., Wessendorf, M.W. and Elde, R.
(1995¢) The x-opioid receptor is primarily postsynaptic: Combined
immunohistochemical localization of the receptor and endogeneous

opioids., PNAS, 92:5062-5066.

Atweh S.F. and Kuhar, M.J. (1977) Autoradiographic localization of opiate
receptors in rat brain. I. Spinal cord and lower medulla., Brain Res.,

124:53-67.

Bannon, A.W., Seda, J., Carmouche, M., Francis, J.M., Norman, M.H.,
Karbon, B. and McCaleb, M.L. (2000) Behavioral characterization of
neuropeptide Y knockout mice., Brain Res., 868:79-87.

Bates, R.F.L., Buckley, G.A. and McArdle, C.A. (1984) Comparison of the
antinociceptive effects of centrally administered calcitonins and

calcitonin gene-related peptide., Br.J Pharmacol., 82:295.

Bauer, F.E., Ginsberg, L., Venetikou, M., MacKay, D.J., Burrin, J.M. and
Bloom, S.R. (1986) Growth hormone release in man induced by galanin,

a new hypothalamic peptide., Lancet, 2:192-195.

Bausch, S.S., Patterson, T.A., Aplleyard, S.M. and Chavkin, C. (1995)
Immunocytochemical localization of delta opioid receptor in mouse

brain., J. Chem. Neuroanat., 8:175-189.

98



99

Befort, K., Mattei, M.G., Roeckel, N. and Kieffer B. (1994) Chromosomal
localization of the delta opioid receptor gene to human 1p34.3-36.1 and

mouse 4D bands by in situ hybridization., Genomics, 20:143-145.

Beresford, [.J.M,, Ireland, S.J., Stables, J. and Hagan, R.M. (1992) Ontogeny
and characterization of ['*’I]bolton hunter-eledoisin binding sites in rat

spinal cord by quantitative autoradiography., Neuroscience, 46:225-232.

Bhargava, H.N. and Gulati, A. (1990) Down-regulation of brain and spinal
cord mu-opiate receptors in morphine tolerant-dependent rats.,

FEur.J Pharmacol., 190:305-311.

Bhargava, H.N. (1994) Diversity of agents that modify opioid tolerance,
physical dependence, abstinence syndrome and self-administrative

behaviour., Pharmacol Rev., 46:293-324.

Borowsky, B., Walker, M.W., Huang, L.Y., Jones, K.A., Smith, K.E., Bard,
J., Branchek, T.A. and Gerald, C. (1998) Cloning and characterization of
the human galanin GALR?2 receptor., Peptides, 19:1771-1781.

Borowsky, B., Walker, M.W., Bard, J., Weinshank, R.L., Laz, T.M., Vaysse,
P., Branchek, T.A. and Gerald, C. (1998) Molecular biology and

pharmacology of multiple NPY Y5 receptor species homologs., Regul.
Peptides, 75:45-53.

Bourgoin, S., Benoliel, J.J., Collin, E., Mauborgne, A., Pohl, M., Hamon, M.
and Cesselin, F. (1994) Opioidergic control of the spinal release of

neuropeptides: possible significance for the analgesic effects of opioids.,

Fundam.Clin. Pharmacol., 8:307-321.



100

Boyle, S.J., Meecham, K.G., Hunter, J.C. and Hughes, J. (1990) [’H]-CI-977: a
highly selective ligand for the k-opioid receptor in both guinea-pig and
rat forebrain., Mol Neuropharmacol., 1:23-29.

Bozic, C., Lu, B., Hopken, U.E., Gerard, C. and Gerard, N.P. (1996)
Neurogenic amplification of immune complex inflammation., Science,

273:1722-1725.

Bradbury, A.F., Smyth, D.G., Snell, C.R., Birdsall, N.J.M and Hulme, E.C.
(1976) C fragment of lipoprotein has a high affinity for brain opiate
receptors., Nature, 260:793-795.

Brain, S.D., Tippins, J.R., Morris, H.R., Macintyre, I. and Williams, T.J.
(1986) Potent vasodilator activity of calcitonin gene-related peptide in

human skin., J. Invest. Dermatol., 87:533-536.

Brady, L.S., Herkenham, M., Long, J.B. and Rothman, R.B. (1989) Chronic
morphine increases J-opiate receptor binding in rat brain: a quantitative

autoradiographic study., Brain Res., 477:382-386.

Branchek, T.A., Smith, K.E., Gerald, C. and Walker, M.W. (2000) Galanin
receptor subtypes., Trends Pharmacol. Sci., 21:109-117.

Broqua, P., Wettstein, J.G., Rocher, M.N., Gauthier-Martin, B., Riviere, P.J.,
Junien, J.L. and Dahl, S.G. (1996) Antinociceptive effects of
neuropeptide Y and related peptides in mice., Brain Res., 724:25-32.

Burcher, E., Zeng, X.P., Strigas, J., Shang, F., Millar, R.J. and Moore, K.H.
(2000) Autoradiographic localization of tachykinin and calcitonin gene-

related peptide receptors in adult urinary bladder., J. Urol., 163:331-337.



101

Burgevin, M.C., Loquet, I, Quarteronet, D., Harbert-Ortoli, W. (1995)
Cloning, pharmacological characterization, an anatomical distribution of

a rat cDNA encoding for a galanin receptor., J. Mol. Neurosci., 6:33-41.

Burns, D.L., Hewlett, E.L., Moss, J. and Vaughan, M. (1983) Pertussis toxin
inhibits enkephalin stimulation of GTPase of NG108-15 cells.,
J. Biol. Chem., 258:1435-1438.

Cao, Y.Q., Mantyh, P.W., Carlson, E.J., Gillespie, A.M., Epstein, C.J. and
Basbaum, A L. (1998) Primary afferent tachykinins are required to

experience moderate to intense pain., Nature, 392:334-335.

Calza, L., Giardino, L., Zanni, M., Velardo, A., Parchi, P. and Marrama, P.
(1990) Daily changes of neuropeptide Y-like immunoreactivity in the
suprachiasmatic nucleus of the rat., Regul. Peptide, 27:127-137.

Carlton, S.M. and Coggeshall, R.E. (1996) Stereological analysis of galanin
and CGRP synapses in the dorsal horn of neuropathic primates., Brain

Res., 711:16-25.

Ch’ng, J.L.C., Christofides, N.D., Anand, P., Gibson, S.J., Allen, Y.S., Su,
H.C., Tatemoto, K., Morrison, J.F.B., Polak, .M. and Bloom, S.R.
(1985) Distribution of galanin immunoreactivity in the central nervous
system and the responses of galanin-containing neuronal pathways to

injury., Neuroscience, 2:343-354.

Chadker, S. and Rattan, S. (1990) [Tyr0]-calcitonin gene-related peptide 28-37
(rat) as a putative antagonist of calcitonin gene-related peptide responses

on opossum internal and sphincter smooth muscle.,



102

J.Pharmacol. Exp.Ther., 253:200-206.

Chang, M.M. and Leeman, S.E. (1970) Isolation of a sialogogic peptide from
bovine hypothalamic tissue and its characterization as substance P.,

J.Biol.Chem., 24‘5 :4784-4790.

Chang, C.P., Pearse, R.V., O’Connell, S. and Rosenfeld, M.G. (1993)
Identification of a seven transmembrane helix receptor for corticotropin-

releasing factor and sauvagine in mammalian brain., Neuron., 11:1187-

1195.

Chang, Y., Stover, S.R. and Hoover, D.B. (2001) Regional localization and
abundance of calcitonin gene-related peptide receptors in guinea pig

heart., J Mol. Cel.l Cardiol., 33:745-54.

Chatterjee, T.K. and Fischer, J.A. (1991a) Multiple affinity forms of the
calcitonin gene-related peptide receptor in rat cerebellum.,

Mol. Pharmacol., 39:798-804.

Chatterjee, T.K., Moy, J.A. and Fischer, R.A. (1991b) Characterization and
regulation of high affinity calcitonin gene-related peptide receptors in

cultured neonatal rat cardiac myocytes., Endocrinology, 128:2731-2738.

Chatterjee, T.K., Moy, J.A., Cai, J.J., Lee, H.C. and Fischer, R.A. (1993)
Solubilization and characterization of a guanine nucleotide-sensitive

form of the calcitonin gene-related peptide receptor., Mol Pharmacol.,

43:167-175.

Chen, Y., Mestek, A., Lui, J., Hurley, J.A. and Yu, L. (1993) Molecular



103

Cloning and functional expression of a p-opioid receptor from mouse

brain., Mol. Pharmacol., 44:8-12.

Chen, J.J., Dymshitz, J. and Vasko, M.R. (1997) Regulation of opioid receptors

in rat sensory neurons in culture., Mol.Pharmacol., 51:666-673.

Chen, H.-C., Seybold, V.S. and Loh, H.H. (2000) An autoradiographic study in
p-opioid receptor knockout mice., Molec. Brain Res., 76:170-172.

Chen, Y. and Hoover, D.B. (1995) Autoradiographic localization of NK1 and
NK3 tachykinin receptors in rat kidney., Peptides, 16:673-681.

Cheng, P.Y., Svingos, A.L., Wang, H., Clarke, C.L., Jenab, S., Beczkowska,
LW, Intrurrisi, C.E. and Pickel, V.M. (1995) Ultrastructural
immunolabeling shows prominent presynaptic vesicular localisation of
d-opioid receptor within both enkephalin- and nonenkephalin-containing

axon terminals in the superficial layers of the rat cervical spinal cord.,

J Neurosci., 15:5976-5988.

Childers, S. (1991) Opioid receptor-coupled second messenger systems., Life
Sci., 48:1991-2003..

Childers, S.R. (1993) Opioid receptor-coupled second messenger systems. In:
Opioid I, Vol. 104, Handbook of Experimental Pharmacology, pp. 189
-216, Herz, A. (ed) Springer-Verlag, Berlin, Heidelberg, New York,
London, Paris, Tokyo, Hong Kong, Barcelona, Budapest.

Christopoulos, G., Perry, K.J., Morfis, M., Tilakaratne, N., Gao, Y., Fraser,



104

N.J., Main, M.J., Foord, S.M. and Sexton, P.M. (1999) Multiple amylin
receptors arise from receptor activity-modifying protein interaction with

the calcitonin receptor gene product., Mol Pharmacol., 58:235-242.

Chung, K., Lee, W.T. and Carlton, S.M. (1988) The effects of dorsal rhizotomy
and spinal cord isolation on calcitonin gene-related peptide labeled

terminals in the rat lumbar dorsal hOrn., Neurosci.Lett., 90:27-32.

Ciucci, A., Palma, C., Manzini, S. and Werge, T.M. (1998) Point mutation
increases a form of the NK-1 receptor with high affinity for neurkinin A

and B and septide., Br. J. Pharmacol., 125:393-401.

Clark, J.A., Liu, L., Price, M., Hersh, B., Edelson, M. and Pasternak, G.W.
(1989) Kappa opiate receptor multiplicity: Evidence for two U50,488

-sensitive k, subtypes and a novel x, subtype., J. Pharmacol. Exp. Ther.,

251:461-468.

Coderre, T.J. (1992) Contribution of protein kinase C to central sensitization

and perisistent pain following tissue injury., Neurosci.Lett., 140:181-184.

Cox, B.M. and Weinstock, M. (1964) Quantitative studies of the antagonism by

nalorphine of some of the actions of morphine-like analgesic drugs.,

Br.J. Pharmacol., 22:289-300.

Cox, HM. and Tough, L.R. (1994) Calcitonin gene-related peptide receptors in
gastrointestinal epithelia., Br.J. Pharm., 113:1243-1248.

Crawley, J.N., Austin, M.C., Fiske, S.M., Martin, B., Consolo, S., Berthold,
M., Langel, U., Fisone, G. and Barfai, T. (1990) Activity of centrally

administered galanin fragments on stimulation of feeding behavior and



1065

on galanin receptor binding in the rat hypothalamus., J Neurosci.,

10:3695-3700.

Cuello, A.C., Del Fiacco, M. and Paxinos, G. (1978) The central and peripheral
ends of the substance P-containing sensory neurons in the rat trigeminal

system., Brain Res., 152:499-509.

Cuello, A.C., Ribeiro-da-Silva, A., Ma, W., De Koninck, Y. and Henry, J.L.
(1993) Organization of substance P primary sensory neurons:

ultrastructural and physiological correlates., Reg Peptides., 46:155-164.

Dado, R.J., Law, P.Y., Loh, H.H. and Elde, R. (1993) Immunofluorescent
identification of a delta (8)-opioid receptor on primary afferent nerve

terminals., Neuroreport, 5:341-344.

Dam, T.V., Escher, E. and Quirion, R. (1990) Visualization of neurokinin-3
receptor sites in rat brain using the highly selective ligand [*H]senktide.,
Brain Res., 506:175-179.

Dauge, V., Petit, F., Rossignol, P. and Roques, B.P. (1987) Use of p and &
opioid peptides of various selectivity gives further evidence of specific
involvement of p opioid receptors in supraspinal analgesia (tail-flick

test)., Eur.J Pharmacol., 141:171-178.

DeFea, K.A., Vaughn, Z.D., O’Bryan, E.M., Nishijima, D., Dery, O. and
Bunnett, N.W. (2000) The proliferative and antiapoptotic effects of

substance P are facilitated by formation of a B-arrestin-dependent

scaffolding complex., PNAS, 97:11086-11091.

De Felipe, C., Herrero, J.F., O’Brien, J.A., Palmer, J.A., Doyle, C.A., Smith,



106

A.J.,, Laird, J M., Belmonte, C., Cervero, F. and Hunt, S.P. (1998)
Altered nociception, analgesia, and aggression in mice lacking the

receptor for substance P., Nature, 392:394-397.

De Koninck, Y. and Henry, J.L. (1991) Substance P-mediated slow excitatory
postsynaptic potential elicited in dorsal horn neurons in vivo by noxious

stimulation., PNAS, 88:11344-11348.

De Koninck, Y., Ribeiro-da-Silva, A., Henry, J.L. and Cuello, A.C. (1992)
Spinal neurons exhibiting a specific nociceptive response receive

abundant substance P-containing synaptic contacts., PNAS, 89:5073-
5077.

Denis, P., Fardin, V., Nordmann, J.P., Elena, P.P., Laroche, L., Saraux, H. and
Rostene, W. (1991) Localization and characterization of substance P

binding sites in rat and rabbit eyes., Invest. Ophtalmol. Vis. Sci.,
32:1894-1902.

Dennis, T., Fournier, A., St-Pierre, S. and Quirion, R. (1989) Structure-activity
profile of calcitonin gene-related peptide in peripheral and brain tissues.
Evidence for receptor multiplicity., J Pharmacol Exp.Ther., 251:718
-725.

Dennis, T., Fournier, A., Cadieux, A., Pomerleau, F., Jolicoeur, F.B., St-Pierre,
S. and Quirion, R. (1990) hCGRP, ;,, a calcitonin gene-related peptide
anatagonist revealing calcitonin gene-related peptide receptor
heterogeneity in brain and periphery., J. Pharmacol. Exp.Ther., 254:123-
135.

Dennis, T., Fournier, A., Guard, S., St-Pierre, S. and Quirion, R. (1991)



107

Calcitonin gene-related peptide (hCGRP alpha) binding sites in the
nucleus accumbens. Atypical structural requirements and marked

phylogenic differences., Brain Res., 539:59-66.

Depczynski, B., Nichol, K., Fathi, Z., Ilismaa, T., Shine, J. and Cunningham,
A. (1998) Distribution and characterization of the cell types expressing
GALR2 mRNA in brain and pituitary gland., dnn. NY Acad. Sci.,
863:120-128.

Desjardins, G.C., Brawer, J.R. and Beaudet, A. (1990) Distribution of u, 8 and
k opioid receptors in the hypothalamus of the rat., Brain Res., 536:114-
123.

Dhawan, B.N., Cesselin, F., Raghubir, T., Reisine, T., Bradley, P.B.,
Portoghese, P.S. and Hamon, M. (1996) International Union of

Pharmacology. XII. Classification of opioid receptors., Pharm. Rev.,

48:567-592.

Ding, Y.Q., Shigemoto, R., Takada, M., Ohishi, H., Nakanishi, S. and Mizuno,
N. (1996) Localization of the neuromedin K receptor (NK3) in the
central nervous system of the rat., J. Comp. Neurol., 364:290-310.

Dohlman, H.G., Throner, J., Caron, M.G. and Lefkowitz, R.J. (1991) Model
systems for the study of seven transmembrane-segment receptors.,

Annu.Rev.Biochem., 60:653-688.

Donaldson, L.F., Harmar, A.J., McQueen, D.S. and Seckl, J.R. (1992)
Increased expression of preprotachykinin, calcitonin gene-related
peptide, but not vasoactive intestinal peptide messenger RNA in dorsal

root ganglia during the development of adjuvant monoarthritis in the rat.,



108

Mol Brain Res., 16:143-149.

Doods, H., Hallermayer, G., Wu, D., Entzeroth, M., Rudolf, K., Engel, W. and
Eberlein, W. (2000) Pharmacological profile of BIBN4096BS, the first
selective small molecule CGRP antagonist., Br.J Pharm., 129:420-423.

Drake, W.M., Ajayi, A., Lowe, S.R., Mirtella, A., Bartlett, T.J. and Clark,
A.JL. (1999) Desensitization of CGRP and adrenomedullin
receptors in SK-N-MC cells: implications for the RAMP hypothesis.,
Endocrinology, 140:533-537.

Duggan, A.W., Morton, C.R., Zhao, Z.Q. and Hendry, .A. (1987) Noxious
heating of the skin releases immunoreactive substance P in the substantia
gelatinosa of the cat: a study with antibody microprobes., Brain Res.,

403:345-349.

Dumont, Y., Fournier, A., St-Pierre, S., Schwartz, T.W. and Quirion, R. (1990)
Differential distribution of neuropeptide Y1 and Y2 receptors in the rat
brain., Eur. J Pharmacol., 191:501-503.

Dumont, Y., Martel, J.-C., Fournier, A., St-Pierrre, S. and Quirion, R. (1992)
Neuropeptide Y and neuropeptide Y receptor subtypes in brain and

peripheral tissues., Prog Neurobiol., 38:125-167.

Dumont, Y., Satoh, H., Cadieux, A., Taoudi-Benchekroun, M., Pheng, LH., St-
Pierre, S., Fournier, A. and Quirion, R. (1993) Evalution of truncated
neuropeptide Y analogues with modifications of the tyrosine residue in

position 1 on Y1, Y2 and Y3 receptor sub-types., Eur. J. Pharmacol.,
238:37-45.



109

Dumont, Y., Fournier, A., St-Pierre, S. and Quirion, R. (1993b) Comparative
characterization and autoradiographic distribution of neuropeptide Y

receptor subtypes in the rat brain., J. Neurosci., 13:73-86.

Dumont, Y., Cadieux, A., Pheng, LH., Fournier, A., ’St-Pierre, S. and Quirion,
R. (1994) Peptide YY derivatives as selective neuropeptide Y/peptide
YY Y1 and Y2 agonists devoid of activity for the Y3 receptor sub-type.,
Mol. Brain Res., 26:320-324.

Dumont, Y., Jacques, D., Bouchard, P. and Quirion, R. (1998) Species
differences in the expression and distribution of the neuropeptide Y Y1,
Y2, Y4 and Y5 receptors in rodents, guinea pig and primates brains., J.

Comp. Neurol., 402:372-384.

Dumont, Y., Fournier, A. and Quirion, R. (1998b) Expression and
characterization of the neuropeptide Y Y receptor subtype in the rat

brain., J Neurosci., 18:5565-5574.

Dumont, Y., Jacques, D., St-Pierre, J.-A., Tong, Y., Parker, R., Herzog, H. and
Quirion, R. (2000) Neuropepide Y, peptide YY and pancreatic
polypeptide receptor proteins and mRNAs in mammalian brains.

In: Handbook of Chemical Neuroanatomy, Vol.16: Peptide Receptors,
Part I, (eds.), Quirion, R., Bjorklund, A. and Hokfelt, T., Elsevier

Science.
Dupin, S., Tafani, J.A., Mazarguil, H. and Zajac, .M. (1991) ['*’T][D
-Ala*]deltorphin-I: a high affinity, delta selective opioid receptor ligand.,

Peptides, 12:825-830.

Edwards, R M., Stack, E.J. and Trizna, W. (1991) Calcitonin gene-related



110

peptide stimulates adenylate cyclase and relaxes intracerebral arterioles.,

J.Pharmacol Exp.Ther., 257:1020-1024.

Ekblad, E., Rokaeus, A., Hakanson, R. and Sundler, F. (1985) Galanin nerve
fibers in the rat gut: Distribution, origin and projections., Neuroscience,

2:355-363.

Esfandyari, T., Macnaughton, W.K., Quirion, R., St-Pierre, S., Junien, J.-L. and
Sharkey, K.A. (2000) A novel receptor for calcitonin gene-related
peptide (CGRP) mediates secretion in the rat colon: implications for

secretory function in colitis., FASEB J., 14:1439-1446.

Eva, C., Keinanen, K., Monyer, H., Seeburg, P. and Sprengel, R. (1990)
Molecular cloning of a novel G protein-coupled receptor that may belong

to the neuropeptide receptor family., FEBS Lett., 271:81-84.

Eva, C., Oberto, A., Sprengel, R. and Genazzani, E. (1992) The murine NPY-1
receptor gene. Structure and delineation of tissue-specific expression.,

FEBS Lett., 314:285-288.

Evans, C.J., Keith, D.E., Morrison, H., Magendzo, K. and Edwards, R.H.
(1992) Cloning of a delta opioid receptor by functional expression.,
258:1952-1955.

Evans, B.N., Rosenblatt, M.J., Mnayer, L.O., Oliver, K.R. and Dickerson, .M.
(2000) CGRP-RCP: a novel protein required for signal
transduction at CGRP and adrenomedullin receptors., J. Biol. Chem.,

275:31438-31443.

Fang, F.G., Fields, H.L. and Lee, N.M. (1986) Action at the mu receptor is



111

sufficient to explain the supraspinal effects of opiates.,

J. Pharmacol. Exp.Ther.,238:1039-1044.

Feth, F., Rascher, W. and Michel, M.C. (1992) Neuropeptide Y (NPY)
receptors in HEL cells: Comparison of binding and functional parameters
for full and partial agonists and a nonpeptide antagonist.,

Br.J.Pharmacol., 105:71-76.

Fluhmann, B., Muff, R., Hunziker, W., Fischer, J.A. and Born, W (1995) A
human orphan calcitonin receptor-like structure.,

Biochem. Biophys.Res. Commun., 206:341-347.

Fong, T.M. (1996) Molecular Biology of Tachykinins. Chapter 1, In:
Neurogenic Inflammation., Geppetti, P. and Holzer, P. (eds), CRC Press,
Boca Raton, New York, 3-14.

Fowler, C.J. and Fraser, G.L. (1994) p-, 8- and x-Opioid receptors and their
subtypes. A critical review with emphasis on radioligand binding

experiments., Neurochem.Int., 24.401-426.

Franco-Cereceda, A., Henke, H., Lundberg, J.M., Petermann, J.B., Hokfelt, T.
and Fischer, J.A. (1987) Calcitonin gene-related peptide (CGRP) in
capsaicin-sensitive substance P-immunoreactive sensory neurons in

animals and man: distribution and release by capsaicin., Peptides, 8:399-

410.

Freye, E., Schnitzler, M. and Schenk, G. (1991) Opioid-induced respiratory
depression and analgesia may be mediated by different subreceptors.,

Pharm. Res., 8:196-199.



112

Friese, N., Diop, L., Chevalier, E., Angel, F., Riviere, P.J. and Dahl, S.G.
(1997) Involvement of prostaglandins and CGRP-dependent sensory

afferents in peritoneal irritation-induced visceral pain., Reg. Peptides,

70:1-7.

Garry, M.G., Kajander, K.C., Bennett, G.J. and Seybold, V.S. (1991)
Quantitative autoradiographic analysis of ['*I]-human CGRP binding
sites in the dorsal horn of rat following chronic constriction injury or

dorsal rhyzotomy., Peptides, 12:1365-1373.

Garry, M.G. and Hargreaves, K.M. (1992) Enhanced release of
immunoreactive CGRP and substance P from spinal dorsal horn slices

occurs during carrageean inflammation., Brain Res., 582:139-142.

Gerald, C., Walker, M.W., Vaysse, P.J.-J., He, C., Branchek, T.A. and
Weinshank, R.L. (1995) Expression cloning and pharmacological
characterization of a human hippocampal neuropeptide Y/peptide YY Y2
receptor subtype., J. Biol. Chem., 270:26758-26761.

Gerald, C., Walker, M.W., Criscione, L., Gustafson, E.L., Batzl-Hartmann, C.,
Smith, K.E., Vaysse, P., Durkin, M.M., Laz, T.M., Linemeyer, D.L.,
Schaffhauser, A.O., Whitebread, S., Hofbauer, K.G., Taber, R.1.,
Branchek, T.A. and Weinshank, R.L.(1996) A receptor sutype involved
in neuropeptide-Y-induced food intake., Nature, 382:168-171.

Gibson, S.I., Polak, J.M., Allen, J.M., Adrain, T.E., Kelly, J.S. and Bloom,
S.R. (1984a) The distribution and origin of a novel brain peptide,

neuropeptide Y, in the spinal cord of several mammals., Comp. Neurol.,

227:78-91.



113

Gibson, S.J., Polak, J.M., Bloom, S.R., Sabate, .M., Mulderry, P.K., Ghatei,
M.A., Morrison, J.F.B., Kelly, J.S., Evans, R.M. and Rosenfeld, M.G.
(1984b) Calcitonin gene-related peptide (CGRP) immunoreactivity in the
spinal cord of man and eight other species., J Neurosci., 4:3101-3111.

Girgis, S.I., Macdonald, D.W., Stevenson, J.C., Bevis, P.J., Lynch, C.,
Wimalawansa, S.J., Self, C.H., Morris, H.R. and Maclntyre, 1. (1985)
Calcitonin gene-related peptide: potent vasodilator and major product of

calcitonin gene., Lancet, 2:14-16.

Goldberg, LE., Rossi, G.C., Letchworth, S.R., Mathis, J.P., Ryan-Moro, J.,
Leventhal, L., Su, W., Emmel, D., Bolan, E.A. and Pasternak, G.W.
(1998) Pharmacological characterization of Endomorphin-1 and
Endomorphin-2 in mouse brain., J. Pharm. Exp. Ther.,286:1007-1013.

Goldstein, A., Lowney, L.I. and Pal., B.K. (1971) Stereospecific and
nonspecific interactions of the morphine congener levorphanol in

subcellular fractions of the mouse brain., PNAS, 68:1742-1747.

Goldstein, A., Fischli, W., Lowney, L.1., Hunkapiller, M. and Hood, L. (1981)
Porcine pituitary dynorphin: Complete amino acid sequence of the

biologically active heptadecapeptide., PNAS, 78:7219-7223.

Gomes, 1., Jordan, B.A., Gupta, A., Trapaidze, N., Nagy, V. and Devi, L.A.
(2000) Heterodimerization of p and & opioid receptors: A role in opiate

synergy., J. Neurosci., 20:RC110.

Gomes, 1., Jordan, B.A., Gupta, A., Rios, C., Trapaidze, N. and Devi, L.A.
(2001) G protein coupled receptor dimerization: implications in

modulating receptor function., J Mol Med., 79:226-242.



114

Goto, T., Yamaza, T., Kido, M.A. and Tanaka, T. (1998) Light- and electron-
microscopic study of the distribution of axons containing substance P
and the localization of neurokinin-1 receptor in bone., Cell Tissue Res.,

293:87-93.

Gouarderes, C., Beaudet, A., Zajac, J.-M., Cros, J. and Quirion, R. (1991) High
resolution radioautographic localization of ['*I]JFK-33824-1abelled mu
opioid receptors in the spinal cord of normal and deafferented rats.,

Neuroscience, 43:197-209.

Gouarderes, C., Jhamandas, K., Cridland, R., Cros, J., Quirion, R. and
Zandberg, J. (1993) Opioid and substance P receptor adaptations in the
rat spinal cord following sub-chronic intrathecal treatment with morphine

and naloxone., Neuroscience, 54:799-807.

Gregor, P., Millham, M.L., Feng, Y., Decarr, L.B., McCaleb, M.L. and
Cornfield, 1..J.(1996) Cloning and characterization of a novel receptor to

pancreatic polypeptide, a member of the neuropeptide Y receptor family.,

FEBS Lett., 381:58-62.

Gregor, P., Feng, Y., Decarr, L.B., Cornfield, L.J. and McCaleb, M.L. (1996)
Molecular characterization of a second mouse pancreatic polypeptide
receptor and its inactivated human homologue., J. Biol. Chem.,

271:27776-27781.

Gustafson, E.L., Smith, K.E., Durkin, M.M., Gerald, C. and Branchek, T.A.
(1996) Distribution of a rat galanin receptor mRNA in rat brain.,

Neuroreport, 7:953-957.



115

Habert-Ortoli, E., Amiranoff, B., Loquet, 1., Laburthe, M. and Mayaux, J.-F.
(1994) Molecular cloning of a functional human galanin receptor., PNAS,
91:9780-9783.

Han, Z.Q., Coppock, H.A., Smith, D.M., Van Noorden, S., Makgoba, M.W.,
Nicholl, C.G. and Legon, S. (1997) The interaction of CGRP and

adrenomedullin with a receptor expressed in the rat pulmonary vascular

endothelium., J. Mol Endocrinol., 18:267-272.

Hall, J.M. and Smith, D.M. (1998) Calcitonin gene-related peptide - a new

concept in receptor-ligand specificity? Trends Pharmacol.Sci., 19:303-

305.

Hansen, P.E. and Morgan, B.A. (1984) Structure-activity relationship in
enkephalin peptides. In The Peptides, ed. by J. Meienhofer and S.
Udenfriend, Vol. 6, pp.269-321, Academic Press, New York.

Harmar, A.J., Hyde, V. and Chapman, K. (1990) Identification and Cdna
sequence of delta-preprotachykinin, a fourth splicing variant of the rat

substance P precursor., FEBS Lett., 275:22-24.

Hawkins, K.N., Knapp, R.J., Lui, G.K., Gulya, K., Kazmierski, W., Wan, Y.P.,
Pelton, J.T., Hruby, V.J. and Yamamura, H.I. (1988) Quantitative
autoradiography of [’H] CTOP binding to mu opioid receptors in rat
brain., Life Sci., 42:2541-2551.

Heilig, M., McLeod, S., Koob, G.K. and Britton, K. T. (1992) Anxiolytic-like
effect of neuropeptide Y (NPY), but not other peptides in an operant
conflict test., Reg. Peptides, 41:61-69.



116

Henry, J.L. (1976) Effects of substance P on functionally identified units in cat
spinal cord., Brain Res., 114:439-452.

Herbert, J.M., Augereau, J.M., Gleye, J. and Maffrand, J.P. (1990)
Chelerythrine is a potent and specific inhibitor of protein kinase C.,
Biochem. Biophys.Res. Commun., 172:993-999.

Herzog, H., Hort, Y.J., Shine, J., and Selbie, L.A. (1993) Molecular cloning,
characterization, and localization of the human homolog to the reported
bovine NPY Y3 receptor: lack of NPY binding and activation., DNA Cell
Biol., 12:465-471.

Heyman, J.S., Vaught, J.L.., Mosberg, H.1., Hasseth, R.C. and Porreca, F.
(1989) Modulation of p-mediated antinociception by o agonists in the

mouse: Seclective potentiation of morphine and normorphine by [D-

Pen’, D-Pen’Jenkephalin., Eur.J. Pharmacol., 165:1-10.

Hokfelt, T., Kellerth, J.O., Nilsson, G. and Pernow., B. (1975) Substance P:
Localization in the central nervous system and in some primary sensory

neurons., Science, 190:889-890.

Hokfelt, T., Arvidsson, U., Ceccatelli, S., Cortes, R., Cullheim, S., Wiesenfeld
-Hallin, Z., Jonhson, H., Orazzo, C., Piehl, F., Pieribone, V., Schalling,
M., Terenius, L., Ulthake, B., Verge, V.M., Vilar, M., Xu, X.-J. and Xu,
Z. (1992) Calcitonin gene-related peptide in the brain, spinal cord and
some peripheral systems., Ann. NY Acad.Sci., 657:119-134.

Hokfelt, T., Zhang, X. and Wiesenfeld-Hallin, Z. (1994) Messenger plasticity
in primary sensory neurons following axotomy and its functional

implications., Trends Neurosci., 17:22-30.



117

Hokfelt, T., Pernow, B. and Wahren, J. (2001) Substance P: a pioneer amongst
neuropeptides., J. Intern. Med., 249:27-40.

Hollt, V., Dum, J., Blasig, J., Schubert, P. and Herz, A. (1975) Comparison of
in vivo and in vitro parameters of opiate receptor binding in naive and

tolerant/dependent rodents., Life Sci., 16:1823-1828.

Holmes, F.E., Mahoney, S., King, V.R., Bacon, A., Kerr, N.C.H., Pachnis, V.,
Curtis, R., Priestley, J.V. and Wynick, D. (2000) Targeted disruption of
the galanin gene reduces the number of sensory neurons and their

regenerative capactiy., PNAS, 97:11563-11568.

Honda, C.N. and Arvidsson, U. (1995) Immunchistochemical localization of
delta- and mu-opioid receptors in primate spinal cord., Neuroreport,

6:1025-1028.

Howitt, S.G. and Poyner, D.R. (1997) The selectivity and structural
determinants of peptide antagonists at the CGRP receptor of rat, L6
myocytes., Br.J Pharm.., 121:1000-1004.

Hu, P. and McLachlan, E.M. (2000) Long-term changes in the distribution of
galanin in dorsal root ganglia after sciatic or spinal nerve transection in

rats., Neuroscience, 103:1 059- 1071.

Hua, X.Y., Boublik, J.H., Spicer, M.S., Rivier, J.E., Brown, M.R. and Yaksh,
T.L. (1991) The antinociceptive effects of spinally administered
neuropeptide Y in the rat: systematic studies on structure-activity
relationship., J Pharmacol. Exp. Ther., 258:243-248.

-1004.



118

Hua, X.Y., Boublik, J.H., Spicer, M.A., Rivier, J.E., Brown, M.R. and Yaksh,
T.L. (1999) Inhibition of spinal protein kinase C reduces nerve injury
-induced tactile allodynia in neuropathic rats., Neurosci. Lett., 276:99-

102.

Hug, H. and Sarre, T.F. (1993) Protein kinase C isoenzymes: divergence in
signal transduction., Biochem..J., 291:329-343.

Hughes, J., Smith, T.W., Kosterlitz, H.-W., Forthergill, L.A., Morgan, B.A. and
Morris, H.R. (1975) Identification of two related pentapeptides from the
brain with potent opiate agonist activity., Nature, 258:577-579.

Hutchison, M., Kosterlitz, H.W., Lesie, F.M., Waterfield, A.A. and Terenius,
L. (1975) Assessment in the guinea pig ileum and mouse vas deferens of
benzomorphans, which have antinociceptive activity but do not substitute

for morphine in dependent monkey., Br.J. Pharmacol., 55:541-546.

Ishida-Yamamoto, A., Senba, E. and Tohyama, M. (1989) Distribution and
fine structure of calcitonin gene-related peptide-like immunoreactive

fibers in the rat skin., Brain Res., 491:93-101.

Jacques, D., Tong, Y., Dumont, Y., Shen, S.H. and Quirion, R. (1996)
Expression of the neuropeptide Y Y, receptor mRNA in the human brain:
an in situ hybridization study., Neuroreport, 7:1053-1056.

Jacques, D., Dumont, Y., Fournier, A. and Quirion, R. (1997) Characterization
of neuropeptide Y receptor subtypes in the normal human brain,

including the hypothalamus., Neuroscience, 79:129-148.



119

Jacques, D., Tong, Y., Shen, S.H. and Quirion, R. (1998) Discrete distribution
of the neuropeptide Y Y, receptor gene in the human brain: an in situ

hybridization study., Mol. Brain Res., 61:100-107.

Jacques, D., Dumont, Y., van Rossum, D. and Quirion, R. (2000) Calcitonin
gene-related peptide (CGRP), amylin and adrenomedullin: anatomical
localization and biological functions in the mammalian and human
brain., In: Handbook of Chemical Neuroanatomy, vol.16, Peptide
Receptors, Part I, Quirion, R., Bjorklund, A. and Hokfelt, T. (eds),
chapter VIII, pp.301-374, Elsevier Science.

Jansen-Oleson, ., Kaarill, I. And Edvinsson, L. (2001) Characterization of
CGRP(1) receptors in the guinea pig basilar artery., Eur. J. Pharmacol.,
414:249-58.

Ji, R.R., Zhang, X., Wiesenfeld-Hallin, Z. and Hokfelt, T. (1994) Expression of
neuropeptide Y and neuropeptide Y (Y1) receptor mRNA in rat spinal
cord and dorsal root ganglia following peripheral tissue inflammation., J.

Neurosci., 14:6423-6434.

Johnstone, R.E. and Smith, D.J. (1992) Complete tolerance to opioids.,
Anaesth.Analg., 75:467.

Jolicoeur, F.B., Menard, D.P., Fournier, A. and St-Pierre, S. (1992) Structure
activity analysis of CGRP’s neurobehavioral effects., Ann. NY Acad.Sci.,
657:155-163.

Jolicoeur, F.B., Bouali, S.M., Fournier, A. and St-Pierrre, S. (1995) Mapping
of hypothalamic sites involved in the effects of NPY on body
temperature and food intake., Brain Res. Bull., 36: 125—129.’



120

Jordan, B. and Devi, L.A. (1998) Molecular mechanisms of opioid receptor

signal transduction., Br.J Anaesth., 81:12-19.

Jordan, B.A., Cvejic, S. and Devi, L.A. (2000) Opioids and their complicated

receptor complexes., Neuropsychopharm., 23:54.

Juaneda, C., Dumont, Y. and Quirion, R. (2000) The molecular pharmacology
of CGRP and related peptide receptor subtypes., Trends Pharmacol.Sci.,
21:432438.

Kajander, K.C. and Xu, J. (1995) Quantitative evaluation of calcitonin gene
-related peptide and substance P levels in rat spinal cord following

peripheral nerve injury., Neurosci. Lett., 186:184-188.

Kakidani, H., Furutani, Y., Takahashi, H., Noda, M., Morimoto, Y., Hirose, T.,
Asai, M., Inayama, S., Nakanishi, S. and Numa, S. (1982) Cloning and
sequence analysis of cDNA for porcine beta-neo-endorphin/dynorphin
precursor., Nature, 298:245-249.

Kalra, S.P., Clark, J.T., Sahu, A., Dube, M.G. and Kalra, P.S. (1988) Control
of feeding and sexual behaviors by neuropeptide Y: physiological

implications., Synapse, 2:254-257.

Kapas, S., Clark, A.J.L. and Abbadie, C. (1995) Identification of an orphan
receptor gene as a type 1 calcitonin gene-related peptide receptor.,

Biochem. Biophys.Res.Commun., 217:832-838.



121

Kar, S. and Quirion, R. (1992) Quantitative autoradiographic localization of
[125I]neuropeptide Y receptor binding sites in rat spinal cord and the
effects of neonatal capsaicin, dorsal rhizotomy and peripheral axotomy.,

Brain Res., 574:333-337.

Kar., S. and Quirion, R. (1994a) Galanin receptor binding sites in adult rat
spinal cord respond differentially to capsaicin, dorsal rhizotomy and

peripheral axotomy., Eur.J. Neurosci., 6:1917-1921.

Kar, S., Rees, R.G. and Quirion, R. (1994b) Altered calcitonin gene-related
peptide, substance P and enkephalin immunoreactivities and receptor
binding sites in the dorsal spinal cord of the polyarthritic rat.,

Eur.J Neurosci., 6:345-354.

Kar, S. and Quirion, R. (1995) Neuropeptide receptors in developing and adult
rat spinal cord: An in vitro quantitative autoradiography study of
calcitonin gene-related peptide, neurokinins, p-opioid, galanin,
somatostatin, neurotensin and vasoactive intestinal polypeptide

receptors., J. Comp.Neurol., 354:253-281.

Kashiba, H., Senba, E., Kawai, Y., Ueda, Y. and Tohyama, M. (1992) Axonal
blockade induces the expression of vasoactive intestinal peptide and

galanin in the rat dorsal root ganglion neurons., Brain Res., 577:19-28.

Kask, K., Berthold, M. and Bartfai, T. (1997) Galanin receptors: involvement
in feeding, pain, depression and Alzheimer’s disease., Life Sci., 60:1523-
1533.

Kawagushi, Y., Hoshimaru, M., Nawa, H. and Nakanishi, S. (1986) Sequence

analysis of cloned cDNA for rat substance P precursor: existence of a



122

third substance P precursor., Biochem. Biophys. Res. Commun., 139:1040-
1046.

Kawai, Y., Takami, K., Shiosaka, S., Emson, P.C., Hillyard, C.J., Girgis, S.,
Maclntyre, 1. and Tohyama, M. (1985) Topographic localization of
calcitonin gene-related peptide in the rat brain: An

immunohistochemical analysis., Neuroscience,

15:747-763.

Kehoe, L., Parman, R., Janik, J. and Callahan, P. (1993) Opiate receptor
subtype involvement in the stimulation of prolactin release by

-endorphine in female rats., J Neuroendocrinol., 57:875-883.

Kerr, B.J., Cafferty, W.B., Gupta, Y.K., Bacon, A., Wynick, D., McMahon,
S.B. and Thompson, S.W. (2000) Galanin knockout mice reveal

nociceptive deficits following peripheral nerve injury., Eur. J. Neurosci.,

12:793-802.

Kest, B., Lee, C.E., McLenmore, G.L. and Inturrisi, C.E. (1996) An antisense
oligodeoxynucleotide to the delta opioid receptor (DOR-1) inhibits

morphine tolerance and acute dependence in mice., Brain Res. Bull.,

39:185-189.
Khan, I. and Collins, S.M. (1994) Fourth isomer of preprotachykinin

messenger RNA encoding for substance P in rat intestine.,

Biochem.Biophys. Res.Commun., 202:796-802.

Khasar, S.G., Lin, Y.H., Martin, A., Dadgar, J., McMahon, T., Wang, D.,



123

Hundle, B., Aley, K.O., Isenberg, W., McCarter, G., Green, P.G., Hodge,
C.W.,, Levine, J.D. and Messing, R.O. (1999)A novel nociceptor
signaling pathway revealed in protein kinase C epsilon mutant mice.,

Neuron, 24:253-60.

Kieffer, B.L., Befort, K., Gaveriaux-Buff, C and Hirth, C.G. (1992) The
-opioid receptor: Isolation of a cDNA by expression cloning and

pharmacological characterization., 89:12048-12052.

Kieffer, B.L. (1999) Opioids: first lessons from knockout mice., Trends
Pharmacol Sci., 20:19-26.

King, S.C., Slater, P. and Turnberg, L.A. (1989) Autoradiographical
localization of binding sites for galanin and VIP in small intestine.,

Peptides, 10:313-317.

Kiyama, H., Maeno, H. and Tohyama, M. (1993) Substance P receptor (NK-1)
in the central nervous system: possible functions from a morphological

aspect., Reg. Peptides, 46:114-123.

Klein, C.M., Westlund, K.N. and Coggeshall, R.E. (1990) Percentages of
dorsal root axons immunoreactive for galanin are higher than those for

immunoreactive for calcitonin gene-related peptide in the rat., Brain

Res., 519:97-101.

Knapp, R.J., Porreca, F., Burks, T.F. and Yamamura, H.I. (1989) Mediation of
analgesia by multiple opioid receptors. In Advances in Pain Research
and Therapy, ed. by C.S. Hill Jr. And W.S. Fields, pp.247-289, Raven
Press, New York.



124

Knapp, R.J., Maltynska, E., Fang, L., Li, X., Babin, E., Nguyen, M., Santoro,
G., Varga, E., Hruby, V.J., Roeske, W.R. and Yamamura, H.I. (1994)

Identification of a human delta opioid receptor: cloning and expression.,

Life Sci., 54:463-469.

Kolakowski, L.F., O’Neill, G.P., Howard, A.D., Broussard, S.R., Sullivan,
K.A., Feighner, S.D., Sawzdargo, M., Nguyen, T., Kargman, S., Shiao,
LL., Hreniuk, D.L., Tan, C.P., Evans, I., Abramovitz, M., Chateaunef,
A., Coulombe, N., Ng, G., Johnson, M.P., Tharian, A., Khoshbouei, H.,
George, S.R., Smith, R.G., O’Dowd, B.F. (1998) Molecular
characterization and expression of cloned human galanin receptors

GALR2 and GALR3., J. Neurochem., 71:2239-2251.

Koob, G., Maldonado, R. and Stinus, L. (1992) Neural substrates of opiate
withdrawal., Trends Neurosci.., 15:186-191.

Kosterlitz, H.W. and Waterfield, A.A. (1975) In vitro models in the study of
structure-activity relationships of narcotic analgesics.,

Annu.Rev. Pharmacol. Toxicol., 15:29-47.

Kosterlitz, H.W. and Patterson, S.J. (1980) Tyr-D-Ala-Gly MePhe
-NH(CH2)20H is a selective ligand for the p-opiate binding site.,
Br.J Pharmacol., 73:299.

Kotani, H., Hoshimaru, M., Nawa, H. and Nakanishi, S. (1986) Structure and
gene organization of bovine neuromedin K precursor., PNAS, 83:7074-

7078.

Krause, J., Eva, C., Seeburg, P.H. and Sprengel, R. (1992) Neuropeptide Y,

subtype pharmacology of a recombinantly expressed neuropeptide



125

receptor., Mol. Pharmacol., 41:817-821.

Kresse, A., Jacobwitz, D.M. and Skofitsch, G. (1995) Detailed mapping of
CGRP mRNA expression in the rat central nervous system: comparison

with previous immunocytochemical findings., Brain Res. Bull., 36:261-
274.

Kurz, B., von Gaudecker, B., Kranz, A., Krish, B. and Mentlein, R. (1995)

Calcitonin gene-related peptide and its receptor in the thymus., Peptides,
16:1497-1503.

Lahti, R.A., Mickelson, M.M., McCall, J.M. and von Voightlander, P.F. (1985)
*H-U-69,593 a highly selective ligand for the opioid « receptor.,
Eur.J Pharmol., 109:281-284.

Lai, J.P., Douglas, S.D., Rappaport, E., Wu, J.JM. and Ho, W.Z. (1998)
Identification of a delta isoform of preprotachykinin mRNA in human

mononuclear phagocytes and lymphocytes., J Neuroimmunol., 91:121-

128.

Laird, J.M., Olivar, T., Roza, C., De Felipe, C., Hunt, S.P. and Cervero, F.
(2000) Deficits in visceral pain and hyperalgesia of mice with a

disruption of the tachykinin NK1 receptor gene., Neuroscience, 98:345-
352.

Langlois, X., Wintmolders, C., Riele, P., Leysen, J.E. and Jurzak, M. (2001)
Detaile distribution of neurokinin-3 receptors in the rat, guinea pig and
gerbil brain: a comparative autoradiographic study.,

Neuropharmacology, 40:242-253.



126

Larhammar, D., Blomqvist, A.G., Yee, F., Jazin, E., Yoo, H. and Wahlestedt,
C. (1992) Cloning and functional expression of a human neuropeptide

Y/peptide Y'Y receptor of the Y1 type., J. Biol. Chem., 267:10935-10938.

Larhammar, D., Soderberg, C. and Blomqvist, A.G. (1993) Evolution of the
neuropeptide Y family of peptides. In Wahlestedt, C., Colmers, W.F.
(Eds) The Neurobiology of Neuropeptide Y and Related Peptides.,
Humana Press, Clifton, NJ, pp. 1-42.

Law, P.-Y., Wong, Y.H. and Loh, H.H. (2000) Molecular mechanisms and
regulation of opioid receptor signalling., Annu. Rev. Pharmacol. Toxicol.,

40:389-430.

Lawson, S.N. (1992) Morphological and biochemical cell types of sensory
neurons. In: S.A. Scott (ed) Sensory Neurones: Diversity, Development

and Plasticity., Oxford University Press, New York, pp. 27-59.

Lawson, S.N. (1995) Neuropeptides in morphologically and functionally
identified primary afferent neurons in dorsal root ganglia: substance P,

CGRP and somatostatin., Prog. Brain Res., 104:161-173.

Lee, Y., Takami, K., Kawai, Y., Girgis, S., Hillyard, C.J., Maclntyre, 1.,
Emson, P.C. and Tohyama, M. (1985) Distribution of calcitonin gene
-related peptide in the rat peripheral nervous system with reference to its

coexistence with substance P., Neuroscience, 15:1227-1237.

Le Greves, P., Nyberg, F., Hokfelt, T. and Terenius, L. (1989) Calcitonin gene
-related peptide is metabolized by an endopeptidase hydrolyzing
substance P., Reg. Peptides, 25:277-286.



127

Lemaire, S., Magnan, J. and Regoli, D. (1978) Rat vas deferens: a specific
bioassay for endogeneous opioid peptides., Br.J. Pharmacol., 64:327-329.

LeMoine, C., Kieffer, B., Gaveriaux-Ruff, C., Befort, K. and Bloch, B. (1994)
Delta-opioid receptor gene expression in the mouse forebrain:

localization in cholinergic neurons on the striatum., Neuroscience,

62:635-640.

Levine, J.D., Fields, H.L. and Basbaum, A L. (1993) Peptides and the primary
afferent nociceptor., J. Neurosci., 13:2273-2286.

Li, L.Y. and Chang K.J. (1996) The stimulatory effect of opioids on mitogen-
activated protein kinase in Chinese hamster ovary cells transfected to

express mu-opioid receptors., Mol. Pharmacol., 50:599-602.

Li, J.L., Ding, Y.Q., Li, Y.Q., Li, J.S., Nomura, S., Kaneko, T. and Mizuno, T.
(1998) Immunocytochemical localizaiton of mu-opioid receptor in
primary afferent neurons containing substance P or calcitonin gene-

related peptide. A light electron microscope study in the rat., Brain Res.,

794:347-352.

Li, X. and Clark, D. (1999) Morphine tolerance and transcription factor

expression in mouse spinal cord tissue., Neurosci.Lett., 272:79-82.

Libert, F., Parmentier, M., Lefort, A., Dinsart, C., Van Sande, J., Maenhaut, C.,
Simons, M.-J., Dumont, J., and Vassart, G. (1989) Selective
amplification and cloning of four new members of the G protein-coupled

receptor family., Science, 244:569-572.

Light, A.R. and Perl, E.R. (1977) Differential termination of large-diameter



128

and small-diameter primary afferent fibres in the spinal dorsal gray
matter as indicated by labeling with horseradish peroxidase.,

Neurosci.Lett., 6:59-63.

Ling, G.S.F., Spiegel, K., Nishimura, S.L. and Paternak, G.W. (1983)
Dissociation of morphine’s analgesic and respiratory depressant action.,

Eur.J Pharmacol., 86:487-488.

Lord, J.A H., Waterfield, A.A., Hughes, J. and Kosterlitz, H.W. (1977)
Endogeneous opioid peptides: multiple agonists and receptors., Nature,

267:495-499.

Luebke, A.E., Dahl, G.P., Roos, B.A. and Dickerson, .M. (1996) Identification
of a protein that confers calcitonin gene-related peptide responsiveness
to oocytes by using a cystic fibrosis transmembrane conductance

regulator assay., PNAS, 93:3455-3460.

Lundell, I., Blomgvist, A.G., Berglund, M.M., Schober, D.A., Johnson, D.,
Statnick, M.A., Gadski, R.A., Gehlert, D.R. and Larhammar, D. (1995)
Cloning of a human receptor of the NPY receptor family with high
affinity for pancreatic polypeptide and peptide YY., J Biol. Chem.,
270:29123-29128.

Ma, W. and Bisby, M. (1997) Differential expression of galanin
immunoreactivities in the primary sensory neurons following partial and

complete sciatic nerve injuries., Neuroscience, 79:1183-1195.

Ma, W. and Bisby, M. (1998) Partial and complete sciatic nerve injuries

induce similar increases of neuropeptide Y and vasoactive intestinal



129

peptide immunoreactivities in primary sensory neurons and their central

projections., Neuroscience, 86:1217-1234.

Ma., W., Zhang, W.-H., Kar, S. and Quirion, R. (2000) Morphine treatment
induced calcitonin gene-related peptide and substance P increases in

cultured dorsal root ganglion neurons., Neuroscience, 99:529-539.

Ma, W., Zhang, W.-H., Belanger, S., Kar, S. and Quirion, R. (2001) Effects of
amyloid peptides on cell viability and expression of neuropeptides in
cultured rat dorsal root ganglion neurons: A role for free radicals and

protein kinase C., Fur. J. Neurosci., 13:1125-1135.

MacDonald, M.R., Takeda, J., Rice, C.M. and Krause, J.E. (1989) Multiple
tachykinins are produced and secreted upon post-translational processing
of the three substance P precursor proteins, alpha-, beta- and gamma
-preprotachykinin. Expression of the preprotachykinins in AtT-20 cells

infected with vaccinia virus recombinants., J Biol. Chem., 264:15578-
15592.

Maekawa, K., Minami, M., Yabuuchi, K., Toya, T., Katao, Y., Hosoi, Y.,
Onogi. T. and Sanoh, M. (1994) In situ hybridization study of p- and

-opioid receptor mRNAs in the spinal cord and dorsal root ganglia.,

Neurosci Lett. ., 168:97-100.

Maggi, C.A. and Schwartz, T.W. (1997) The dual nature of the tachykinin
NK-1 receptor., Trends Pharmacol. Sci., 18:351-355.

Maldonado, R., Negus, S. and Koob, G.F. (1992) Precipitation of morphine
withdrawal syndrom in rats by adminstration of mu-, delta- and kappa-

selective opioid anatagonists., Neuropharmacology, 31:1231-1241.



130

Malmberg, A.B., Chen, C., Tonegawa, S. and Basbaum, A.l. (1997a) Preserved
acute pain and reduced neuropathic pain in mice lacking PKC gamma.,

Science, 278:279-283.

Malmberg, A.B., Brandon, E.P., Idzerda, R.L., Liu, H., McKnight, G.S. and
Basbaum, A.IL (1997b) Diminished inflammation and nociceptive pain
with preservation of neuropathic pain in mice with a targeted mutation of
the type I regulatory subunit of cAMP-dependent protein kinase.,
J.Neurosci., 17:7462-7470.

Mansikka, H.I, Sheth, R.N., DeVries, C., Lee, H., Winchurch, R. and Saja,
S.N. (2000) Nerve injury-induced mechanical but not thermal

hyperalgesia is attenuated in neurokinin-1 receptor knockout mice., Exp.

Neurol., 162:343-349,

Mansour, A., Khachaturian, H., Lewis, M.E., Akil, H. and Watson, S.J. (1988)
Anatomy of opioid receptors., Trends Neurosci., 11:308-314.

Mansour, A., Fox, C.A., Burke, S., Meng, F., Thompson, R.C., Akil, H. and
Watosn, S.J. (1994) p, 8 and « opioid receptor mRNA expression in the
rat CNS: an in situ hybridization study., J Comp. Neurol., 350:412-438.

Mansour, A., Fox, C.A., Burke, S., Akil, H. and Watson, S.J. (1995)
Immunohistochemical localization of the cloned p opioid receptor in the

rat CNS., J.Chem.Neuroanat., 8:283-305.

Mansson, E., Bare, L. and Yang, D. (1994) Isolation of a human x opioid
receptor cDNA from placenta., Biochem. Biophys. Res. Commun.,
202:1431-1437.



131

Mantyh, P.W., Allen, C.J., Rogers, S., DeMaster, E., Ghilardi, J.R., Mosconi,
T., Kruger, L., Mannon, P.J., Taylor, I.L. and Vigna, S.R. (1994) Some
sensory neurons express neuropeptide Y receptors: potential paracrine

inhibition of primary afferent nociceptors following peripheral nerve

injury., J. Neurosci., 14;3958-3968.

Mao, J., Cogghill, R.C., Kellstein, D.E., Frenk, H. and Mayer, D.J. (1992a)
Calcitonin gene-related peptide enhances substance P-induced behaviors
via metabolic inhibition: in vivo evidence for a new mechanism of

neuromodulation., BrainRes., 574:157-163.

Mao, J., Price, D.D., Mayer, D.J. and Hayes, R.L. (1992b) Pain-related
increases in spinal cord membrane-bound protein kinase C following

peripheral nerve injury., BrainRes., 588:144-149.

Mao, J., Mayer, D.J., Hayes, R.L. and Price, D.D. (1993) Spatial patterns of
increased spinal cord membrane-bound protein kinase C and their
relation to increases in *C-2-deoxyglucose metabolic activity in rats

with painful peripheral mononeuropathy., J Neurophysiol., 70:470-481.

Mao, J., Price, D.D., Phillips, L.L., Lu, J. and Mayer, D.J. (1995) Increases in
protein kinase C immunoreactivity in the spinal dorsal horn of rats with

painful mononeuropathy., Neurosci. Lett., 198:75-78.

Martin, W.R., Eades, C.G., Thompson, J.A., Huppler, R.E. and Gilbert, P.E.
(1976) The effects of morphine- and nalorphine-like drugs in the
nondependent and morphine-dependent chronic spinal dog.,

J.Pharmacol. Exp.Ther., 197:517-532.



132

Martin, W.R. (1984) Pharmacology of opioids., Pharmacol Rev., 35:283-323.

Martin, W.J., Liu, H.T., Wang, H., Malmberg, A.B. and Basbaum, A.1. (1999)
Inflammation-induced up-regulation of protein kinase C-gamma
immunoreactivity in rat spinal cord correlated with enhanced nociceptive

processing., Neuroscience, 88:597-605.

Matsumoto, M., Nomura, T., Momose, K., Ikeda, Y., Kondou, Y., Akiho, H.,
Togami, H., Kimura, Y., Okada, M. and Yamaguchi, T. (1996)
Inactivation of a novel neuropeptide Y/peptide Y'Y receptor gene in

primate species., J. Biol. Chem., 271:27217-27220.

Matthes, H.-W.D., Maldonado, F., Simonin, O., Valverde, S., Slowe, 1.,
Kitchen, K., Befort, A., Dierich, M., Le Meur, P., Dolles, E., Tzavara, J.,
Hanoune, B.P., Roques, B.L. and Kieffer, B.L. (1996) Loss of morphine
induced analgesia, reward effect and withdrawal symptoms in mice

lacking the p opioid receptor gene., Nature, 383:819-823.

Mattia, A., Vanderah, T., Mosberg, H.I. and Porreca, F. (1991) Lack of
antinociceptive cross-tolerance between [D-Pen2, D-PenS]enkephalin
and [D-Ala2]deltorphin II in mice: evidence for delta receptors
subtypes., J. Pharmacol Exp.Ther., 258:583-587.

Mattia, A., Farmer, S.C., Takemori, A.E., Sultana, M., Portoghese, P.S.,
Mosberg, H.I., Bowen, W.D. and Porreca, F. (1992) Spinal opioid delta
antinociception in the mouse: mediation by a 5’-NTII-sensitive delta

receptor subtype., J. Pharmacol. Exp. Ther., 260:518-525.

McDonald, J.K. (1988) NPY and related substances., CRC
Crit. Rev.Neurobiol., 4:97-135.



133

McLatchie, L.M., Fraser, N.J., Main, M.J., Wise, A., Brown, J., Thompson, N.,
Solari, R., Lee, M.G. and Foord, S.M. (1998) RAMPs regulate the
transport and ligand specificity of the calcitonin-receptor-like receptor.,

Nature, 393:333-339.

Melander, T., Hokfelt, T. and Rokaeus, A. (1986) Distribution of galanin-like
immunoreactivity in the rat central nervous system., J. Comp. Neurol.,

248:475-517.

Mellado, M.L., Gibert-Rahola, J., Chover, A.J. and Mico, J.A. (1996) Effect
on nociception of intracerebroventricular administration of low doses of

neuropeptide Y in mice., Life Sci., 58:2409-2416.

Menard, D.P., van Rossum, D., Kar, S., Jolicoeur, F.B., Jhamndas, K. and
Quirion, R. (1995a) Tolerance to the antinociceptive properties of
morphine in the rat spinal cord: alteration of calcitonin gene-related
peptide-like immunostaining and receptor binding sites.,

J. Pharmacol Exp.Ther., 273:887-894.

Menard., D.P., van Rossum, D., Kar., S. and Quirion, R. (1995b) Alteration of
calcitonin gene-related peptide and its receptor binding sites during the
development of tolerance to p and & opiotids., Can.J Physiol. Pharmacol.,

73:1089-1095.

Menard., D.P., van Rossum, D., Kar., S., St-Pierre, S., Sutak, M., Jhamandas,
K. and Quirion, R. (1996) A calcitonin gene-related peptide receptor
antagonist prevents the development of tolerance to spinal morphine

analgesia., J. Neurosci., 16:2342-2351.



134

Micheal-Titus, A., Dourmap, N. and Costentin, J. (1989) Mu and delta opioid
receptors control differently the horizontal and vertical components of

locomotor activity in mice., Neuropeptides, 13:235-242.

Michel, M.C., Beck-Sickinger, A., Cox, H., Doods, H.N., Herzog, H.,
Larhammar, D., Quirion, R., Schwartz, T. and Westfall, T. (1998) X VI
International Union of Pharmacology recommendations for the
nomenclature of the neuropepide Y, peptide YY, and pancreatic

polypeptide receptors., Pharmacol. Rev., 50:143-150.

Migita, K., Loewy, A.D., Rmabhadran, T.V., Krause, J.E. and Waters, S.M.
(2001) Immunohistochemical localization of the neuropeptide Y Y1

receptor in rat central nervous system., Brain Res., 889:23-37.

Millan, M.J. (1990) x-Opioid receptors and analgesia., Trends Pharmacol. Sci.,
11:70-76.

Minami, M., Onogi, T., Toya, T., Katao, Y., Hosoi, Y., Maekawa, K.,
Katsumata, S., Yabuuchi, K. and Satoh, M. (1994) Molecular Cloning

and in situ hybridization histochemistry for rat p-opioid receptor.,

Neurosci Res., 18:315-322.

Minami, M., Maekawa, K., Yabuuchi, K. and Satoh, M. (1995) Double in situ
hybridization study on coexistence of p-, - and k-opioid receptor

mRNAs with preprotachykinin A mRNA in the rat dorsal root ganglia.,
Mol Brain.Res., 30:203-210.

Miyoshi, H. and Nakaya, Y. (1995) Calcitonin gene-related peptide activates
the K* channels of vascular smooth muscle cells via adenylate cyclase.,

BasicRes.Cardiol., 90:332-336.



135

Mori, M., Kose, A., Tsujino, T. and Tanaka, C. (1990) Immunocytochemical
localization of protein kinase C subspecies in the rat spinal cord: light

and electron microscopic study., J. Comp. Neurol., 299:167-177.

Morton, C.R. and Hutchinson, W.D. (1989) Release of sensory neuropeptides
in the spinal cord: studies with calcitonin gene-related peptide and

galanin., Neuroscience, 31:807-815.

Mosberg, H.I., Hurst, R., Hruby, V.J., Gee, K., Yamamura, H.I., Galligan, J.J.
and Burks, T.F. (1983) Bis-penicillamine enkephalins possess highly
improved specificity toward & opioid receptors., PNAS, 80:5871-5874.

Mount, H., Quirion, R., Chaudieu, 1. and Boksa, P. (1991) Inhibitory and
potentiating influences of glycine on N-methyl-D-asparatate-evoked
dopamine release from cultured rat mesencephalic cells., Mol.

Pharmacol., 39:205-210.

Muff, R., Buhlmann, N., Fischer, J.A. and Brown, W. (1999) An amylin

receptor is revealed following cotransfection of a calcitonin receptor with
receptor activity modifying proteins-1 or -3.

Endocrinology, 140:2924-2927.

Mulderry, P.K., Ghatei, M.A., Spokes, R.A., Jones, P.M., Pierson, A M.,
Hamid, Q.A., Kanse, S., Amara, S.G., Burrin, J M. and Legon, S. (1988)\
Differential expression of alpha-CGRP and beta-CGRP by primary

sensory neurons and enteric autonomic neurons of the rat., Neuroscience,

25:195-205.

Nakajima, Y., Tsuchida, K., Negishi, M., Ito, S. and Nakanishi, S., (1991)



136

Direct linkage of three tachykinin receptors to stimulation of both
phosphotidyl inositol hydrolysis and cyclic AMP cascades in Chinese
hamster ovary cells., J Biol. Chem., 267:2437-2442.

Nakamura, M., Aoki, Y. and Hirano, D. (1996) Cloning and functional
expression of a CDNA encoding a mouse type 2 neuropeptide Y

receptor., Biochem. Biophys. Acta, 1284:134-137.

Nakamura, M., Yokoyama, M., Watanabe, H. and Matsumoto, T. (1997)
Molecular cloning, organization, and localization of the gene for the
mouse neuropeptide Y-YS5 receptor., Biochem. Biophys. Acta, 1328:83-
89.

Nakanishi, S., Inoue, A., Kita, T., Nakamura, M., Chang, A.C.Y., Cohen, S.N.
and Numan, S. (1979) Nucleotide sequence of cloned cDNA for bovine
corticotropin-beta-lipotropin precursor., Nature, 278:423-427.

Nakanishi, S. (1991) Mammalian tachykinin receptors., Ann. Rev. Neurosci.,

14:123-136.

Naranjo, J.R., Mellstrom, B., Achaval, M. and Sassone-Corsi, P. (1991)
Molecular pathways of pain: Fos/Jun-mediated activation of a

noncanonical AP-1 site in the prodynorphine gene., Neuron, 6:607-617.

Narita, M., Feng, Y., Makimura, M., Hoskins, B and Ko, [.K. (1994a) A
protein kinase inhibitor, H-7, inhibits the devlopment of tolerance to
opioid antinociception., Eur.J. Pharmacol., 271:543-545.

Narita, M., Makimura, M., Feng, Y., Hoskins, B. and Ko, [.K. (1994b)

Influence of chronic morphine treatment on protein kinase C activity:



137

comparison with butorphanol and implication for opioid tolerance.,

Brain. Res., 650:175-179.

Narita, M., Makimura, M., Feng, Y.Z., Hoskins, B. and Ho, LK. (1994c¢)
Influence of chronic opioid treatment on protein kinase C activity in rat

brain., FASEB J., A379.

Narita, M., Mizoguschi, H., Kampine, J.P. and Tseng, L.F. (1996) Role of
protein kinase C in desensitization of spinal delta-opioid-mediated

antinociception in the mouse., Br. J. Pharmacol., 118:1829-1835.

Naveilhan, P., Hassani, H., Lucas, G., Blakeman, K.H., Hao, J].X., Xu, X.J.,
Wiesenfeld-Hallin, Z., Thoren, P. and Ernfors, P. (2001) Reduced
antinociception and plasma extravasation in mice lacking a neuropeptide

Y receptor., Nature, 409:513-517.

Nawa, H., Kotani, H. and Nakanishi, S. (1984) Tissue-specific generation of
two preprotachykinin mRNAs from one gene by alternative RNA
splicing., Nature, 312:729-734.

Nestler, E. (1993) Cellular responses to chronic treatment with drugs of abuse.,

Crit.Rev. Neurobiol.., 7:23-29.

Nishizuka, Y. (1986) Studies and perspectives of protein kinase C., Science,
233:305-312.

Nishizuka, Y. (1992) Intracellular signalling by hydrolysis of phospholipids

and activation of protein kinase C., Science, 258:607-614.

Njuki, F., Nicholl, C.G., Howard, A., Mak, J.C., Barnes, P.J., Girgis, S.I. and



138

Legon, S. (1993) A new calcitonin-receptor like sequence in rat

Pulmonary blood vessels., Clin. Sci., 85:385-388.

Nock, B., Rajpara, A., O’Connor, L.H. and Cicero, T.J. (1988)
Autoradiography of [PHJU-69593 binding sites in rat brain: evidence for
k opioid receptor subtypes., Eur.J Pharmacol., 154:27-34.

Noda, M., Furutani, Y., Takahashi, H., Toyosato, M., Hirose, T., Inayama, S.,
Nakanishi, S. and Numa, S. (1982) Cloning and sequence analysis of
c¢DNA for bovine adrenal preproenkephalin., Nature, 295:202-206.

North, R.A. (1986) Opioid receptor types and membrane ion channels., Trends
Newrosci., 9:114-117.

North, R.A. (1993) Opioid actions on membrane ion channels. In: Opioid 1,
Vol. 104, Handbook of Experimental Pharmacology, pp.773-797, Herz,
A. (ed.) Springer, Verlag, Berlin, Heidelberg, New York, London, Paris,
Tokyo, Hong Kong, Barcelona, Budapest.

O’Donnell, D., Ahmad, S., Wahlestedt, C. and Walker, P. (1999) Expression
of the novel galanin receptor subtype GALR2 in the adult rat CNS:
distinct distribution from GALRI1., J. Comp. Neurol., 409:469-481.

Ohkubo, T., Niwa, M., Yamashita, K., Kataoka, Y. and Shigematsu, K. (1990)
Neuropeptide Y (NPY) and peptide YY (PYY) receptors in rat brain.,
Cell. Mol. Neurobiol., 10:539-552.

Oku, R., Satoh, M., Fujii, N., Otaka, A., Yajima, H. and Takagi, H. (1987a)

Calcitonin gene-related peptide promotes mechanical nociception by



139

potentiating release of substance P from the spinal dorsal horn of rats.,

Brain Res., 403:350-354.

Oku, R., Satoh, M. and Takagi, H. (1987b) Release of substance P from the
spinal dorsal horn is enhanced in polyarthritic rats., Neurosci. Lett.,

74:315-319.

Oyamada, H., Takatsuji, K., Senba, F., Mantyh, P.W. and Tohyama, M. (1999)
Postnatal development of NK 1, NK2 and NK3 neurokinin receptors

expression in the rat retina., Brain Res. Dev. Brain Res., 117:59-70.

Palecek, J., Paleckova, V. and Willis, W.D. (1999) The effect of phorbol esters
on spinal cord amino acid concentrations and responsiveness of rats to

mechanical and thermal stimuli., Pain, 80:597-605.

Pan, Y.-X., Xu, J., Bolan, E., Abbadie, C., Chang, A., Zuckerman, A., Rossi,
G. and Paternak, G.W. (1999) Identification and characterization of three

new alternatively spliced p-opioid receptor isoforms., Mol. Pharmacol.,

56:396-403.

Pang, C.N., Zimmerman, E. and Sawyer, C.H. (1977) Morphine inhibiton of
preovulatory surges of plasma luteinizing hormone and follicle

stimulating hormone in the rat., Endocrinology, 101:1726-1732.

Parsons, A.M. and Seybold, V.S. (1997) Calcitonin gene-related peptide
induces the formation of second messengers in primary cultures of

neonatal rat spinal cord., Synapse, 26:235-242.

Pasternak, G.W., Simantov, R. and Snyder, S.H. (1976) Characterization of an

endogeneous morphine-like factor (enkephalin) in mammalian brain.,



140

Mol Pharmacol., 12:504-513.

Pasternak, G.W. and Wood, P.J. (1986) Multiple mu opiate receptors., Life
Sci.., 38:1889-1898.

Pasternak, G.W. (ed.) (1988) The Opiate Receptors, Humana Press, Totowa,
NJ, 520pp.

Pernow, B. (1983) Substance P, Pharmacol.Rev., 35:85-128.

Pert, C.B. and Snyder, S.H. (1973) Opiate receptor: Demonstration in nervous
tissue., Science, 179:1011-1014.

Pert, C.B. and Snyder, S.H. (1976) Opiate receptor binding-enhancement by

opiate adminstration in vivo., Biochem.Pharmacol., 25:847-853.

Pfeiffer, A., Herz, A., Loriaux, D.L. and Pfeiffer, D.G. (1985) Central kappa
and mu opiate receptors mediate ACTH release in rats., Endocrinology,

116:2688-2690.

Piehl, F., Arvidsson, U., Johnson, H., Culheim, S., Dagerlind, A., Ulfhake, B.,
Cao, Y., Elde, R., Pettersson, R.F., Terenius, L.. and Hokfelt, T. (1993)
GAP-43, a-FGF, CCK, and a- and B-CGRP in rat spinal motoneurons

subjected to axotomy and/or dorsal root severance., Eur.J. Neurosci.,

5:1321-1333.

Plenderleith, M.B., Haller, C.J. and Snow, P.J. (1990) Peptide co-existence in
axon terminals within the superficial dorsal horn of the spinal cord.,

Synapse, 6:344-350.



141

Pohl., C.B., Lombard, M.C., Bourgoin, S., Carayon, A., Benoliel, J.J.,
Mauborgne, A., Besson, J.M., Hamon, M. and Cesselin, F. (1989) Opioid
control of the in vivo release of calcitonin gene-related peptide CGRP
from primary afferent fibres projecting in the rat cervical cord.,

Neuropeptides, 14:151-159.

Porreca, F., Mosberg, H.I., Omnaas, J.R., Burks, T.F. and Cowan, A. (1987)
Supraspinal and spinal potency of selective opioid agonists in the mouse

writhing test., J Pharmacol. Exp. Ther., 240:890-897.

Porreca, F., Takemori, A., Sultana, M., Portoghese, P., Bowen, W. and
Mosberg, H. (1992) Modulation of mu-mediated antinociception in the
mouse involves opioid delta-2 receptors., J. Pharmacol. Exp. Ther.,

263:147-152.

Portoghese, P.S. (1965) A new concept on the mode of interaction of narcotic

analgesics with receptors., J. Med.Chem., 8:609-616.

Post, C., Alari, L. and Hokfelt, T. (1988) Intrathecal galanin increases the

latency in tail-flick and hot-plate tests in mice., Acta Physiol.Scand.,

132:583-584.

Poyner, D. (1995) Pharmacology of receptors for calcitonin gene-related

peptide and amylin., Trends Pharmacol.Sci., 16:424-428.

Poyner, D., Soomets, U., Howitt, S.G. and Langel, U. (1998) Structural
determinants for binding to CGRP receptors expressed by human SK-N-
MC and Col 29 cells: studies with chimeric and other peptides.,
Br.J Pharmacol., 124:1659-1666.



Powell, K.J., Ma, W., Sutak, M., Doods, H., Jhamandas, K. and Quirion, R.
(2000) Blockade and reversal of spinal morphine tolerance by peptide
and non-peptide calcitonin gene-related peptide receptor antagonists.,

Br.J.Pharmacol., 131:875-884.

Powell, K.J., Sutak, M., Quirion, R. and Jhamandas, K.H. (2000b) Inhibition
and reversal of spinal morphine tolerance by the nonpeptide NK-1

receptor antagonist SR140333., Soc. Neurosci. Absr., 623.16:p.319.

Pdvvell, K.J., Trang, T., Quirion, R. and Jhamandas, K. (2001) The role of
CGRP in the development of morphine tolerance and physical

dependence., 4™ International CGRP Meeting, Copenhagen, Denmark,
September 2001.

Quartara, L. and Maggi, C.A. (1997) The tachykinin NK, receptor: Part I:
Ligands and mechanisms of cellular activation., Neuropeptides, 31:537-

563.

Qatsha, K.A., Rudolph, C., Marme, D., Schachtele, C. and Way, W.S. (1993)
Go 6976, a selective inhibitor of protein kinase C, is a potent antagonist
of human immunodeficiency virus 1 induction from latent/low-level-

producing reservoir cells in vitro., PNAS, 90:4674-4678..

Quirion, R., Finkel, M.S., Mendelsohn, F.A.O. and Zamir, N. (1983)
Localization of opiate binding sites in kidney and adrenal gland of the

rat., Life Sci., 33:299-302.

142

Quirion, R., Martel, J.C., Dumont, Y., Cadieux, A., Jolicoeur, F., St-Pierre, S.

and Fournier, A. (1990) Neuropeptide Y receptors: autoradiographic

distribution in the brain and structure-activity relationships., Ann. NY



143

Acad. Sci., 611:58-72.

Quirion, R., Dam, T.V. and Guard, S. (1991) Selective neurokinin receptor

radioligands., Ann. NY Acad. Sci., 632:137-144.

Quirion, R., van Rossum, D., Dumont, Y., St-Pierre, S. and Fournier, A. (1992)
Characterization of CGRP, and CGRP, receptor subtypes., Ann.NY
Acad Sci., 657:88-105.

Quirion, R. and Dumont, Y. (1999) Multiple receptors for CGRP and related
peptides. In The CGRP Family: Calcitonin Gene-Related Peptide
(CGRP), Amylin, and Adrenomedullin (Poyner et al., eds), pp. 1-11,

Landes Bioscience.

Raynor, K., Kong, H., Chen, Y., Yasuda, K., Yu, L., Bell, G.I. and Reisine, T.
(1994) Pharmacological charaterization of the cloned kappa-, delta-, and
mu-opioid receptors., Mol. Pharmacol., 45:330-334.

Renda, T., Negri, L., Tooyama, I., Casu, C. and Melchiorri, P. (1993)
Autoradiographic study on [*H]-[D-Ala’]deltorphin-I binding sites in the
rat brain., Neuroreport, 4:1143-1146.

Renzi; D., Pellegrini, B., Tonelli, F., Surrenti, C. and Calabro, A. (2000)
Substance P (neurokinin-1) and neurokinin A (neurokinin-2) receptor
gene and protein expression in the healthy and inflamed human

intestine., Am. J. Pathol., 157:1511-1522.

Ribeiro-da-Silva, A. (1995) Ultrastructural features of the colocalization of
calcitonin gene-related peptide with substance P or somatostatin in the

dorsal horn of the spinal cord., Can.J. Physiol. Pharmacol., 73:940-944.



144

Rimland, J., Xin, W., Sweetnam, P., Saijoh, K., Nestler, E.J. and Duman, R.S.
(1991) Sequence and expression of a neuropeptide Y receptor cDNA.,
Mol. Pharmacol., 40:869-875.

Rimland, J.M., Seward, E.P., Humbert, Y., Ratti, E., Trist, D.G. and North
R.A. (1996) Coexpression with potassium channels subunits used to

clone the Y, receptor for neuropeptide Y., Mol. Pharmacol., 49:387-390.

Rist, B., Entzeroth, M. and Beck-Sickinger, A.G. (1998) From micromolar to
nanomolar affinity: a systematic approach to identify the binding site of
CGRP at human calcitonin gene -related peptide 1 receptor.,

J Med Chem., 41:117-123.

Roa, M. and Changeux, J.-P. (1991) Characterization and developmental
evolution of a high-affinity binding site for calcitonin gene-related

peptide on chick skeletal muscle membrane., Neuroscience, 41:563-570.

Robson, L.E. and Kosterlitz, H.W. (1979) Specific protection of the binding
sites of D-Ala’>-D-Leu’-enkephalin (delta receptors) and
dihydromorphine (mu-receptors)., Proc. R.Soc.Lond., 205:425-428.

Rose, P.M., Fernandes, P., Lynch, J.S., Frazier, S.T., Fisher, S.M., Kodukula,
K., Kienzle, B. and Seethala, R. (1995) Cloning and functional
expression of a cDNA encoding a human type 2 neuropeptide Y

receptor., J Biol. Chem., 270:22661-22664.

Rosenblatt, M.I1.(1998) The CGRP receptor component protein: A novel
signal transduction protein. In The CGRP Family: Calcitonin Gene
Related Peptide (CGRP), Amylin, and Adrenomedullin (Poyner, D. et al,



145

eds), pp. 67-76, Landes Bioscience.

Rosenblatt, M.I., Dahl, G.P. and Dickerson, .M. (2000) Characterization and
localization of the rabbit ocular calcitonin gene-related peptide (CGRP)-
receptor component protein (RCP)., Invest. Ophthalmol. Vis.Sci., 41:1159-
1167.

Rosenfeld, M.G., Mermod, J.-J., Amara, S.G., Swanson, L.W., Sawchenko,
P.E., Rivier, J., Vale, W.W. and Evans, R.M. (1983) Production of a
novel neuropeptide encoded by the calcitonin gene via tissue-specific

RNA processing., Nature, 304:129-135.

Rosenfeld, M.G., Emeson, R.B., Yeakley, J.M., Merillat, N., Hedjran, F., Lenz,
J. and Delsert, C. (1992) Calcitonin gene-related peptide: a neuropeptide
generated as a consequence of a tissue-specific, developmentally
regulated alternative RNA processing events., Ann. NY Acad.Sci., 657:1-
17.

Rossler, W., Gerstberger, R., Sann, H. and Pierau, F.K. (1993) Distribution and
binding sites of substance P and calcitonin gene-related peptide and their
capsaicin-sensitivity in the spinal cord of rats and chicken: a comparitive

study., Neuropeptides, 25:241-253.

Rothman, R.B., Long, J.B., Bykov, V., Xu, H., Jacobson, A .E., Rice, K.C. and
Holaday, J.W. (1991) Upregulation of the opioid receptor complex by
the chronic administration of morphine: a biochemical marker related to

the development of tolerance and dependence., Peptides, 12:151-160.

Rothman, R.B., Bykov, V., Xue, B.G., Xu, H., De Costa, B.R., Jacobson, A.E.,
Rice, K.C., Kleinman, J.E. and Brady, L.S. (1992) Interaction of opioid



146

peptides and other drugs with multiple kappa receptors in rat and human

brain: evidence for species difference., Peptides, 13:977-987.

Routh, V.H. and Helke, C.J. (1995) Tachykinin receptors in the spinal cord.,
Chapter 6, In: Progree in Brain Research., Nyberg, F., Sharma, H.S. and
Wiesenfeld-Hallin (eds), 104:93-108.

Rovero, P., Giuliani, S. and Maggi, C.A. (1992) CGRP antagonist activity of
short C terminal fragments of human aCGRP, CGRP(19-37), CGRP (23-
37)., Peptides, 13:1025-1027.

Rowan, S., Todd, A.J. and Spike, R.C. (1993) Evidence that neuropeptide Y is
present in gabaergic neurons in the superficial dorsal horn of the rat

spinal cord., Neuroscience, 53: 537-545.

Salmon, A.-M., Damaj, M.I., Sekine, S., Picciotto, M.R., Marubio, L. and
Changeux, J.-P. (1999) Modulation of morphine analgesia in aCGRP

mutant mice., Neuroreport, 10:849-854.

Salmon, A.-M., Damaj, M 1., Marubio, L.M., Epping-Jordan, M.P., Merlo-Pich,
D. and Changeux, J.-P. (2001) Altered neuroadaptation in opiate
dependence and neurogenic inflammatory nociception in a-CGRP-

deficient mice., Nature Neurosci., 4:357-358.

Santicioli, P., Morbidelli, L., Parenti, A., Ziche, M. and Maggi, C.A. (1995)
Calcitonin gene-related peptide selectively increases cAMP levels in the

guinea-pig urether., Eur.J. Pharmacol., 289:17-21.

Satoh, M. and Minami, M. (1995) Molecular pharmacology of the opioid
receptors., Pharmac.Ther., 68:343-364.



147

Schafer, M.K.-H., Nohr, D., Krause, J.E. and Weihe, E. (1993) Inflammation-
induced upregulation of NK1 receptor mRNA in dorsal horn neurones.,

Neuroreport, 4:1007-1010.

Shi, S.T.J., Zhang, X., Holmberg, K., Xu, Z.Q. and Hokfelt, T. (1997)
Expression and regulation of galanin-R2 receptors in rat primary sensory
neurons: effect of axotomy and inflammation., Neurosci. Lett., 237:57-

60.

Shimizu, T., Koto, A.y, Suzuki, N., Morita, Y., Takao, M., Otomo, S. and
Fukuuchi, Y. (1999) Occurrence and distribution of substance P
receptors in the cerebral blood vessels of the rat., Brain Res., 830:372-

378.

Schmauss, C. and Yaksh, T.L. (1984) In vivo studies on spinal opiate receptor
systems mediating antinociception. II. Pharmacological profiles
suggesting a differential association of mu, delta and kappa receptors
with visceral and cutaneous thermal stimuli in the rat.,

J. Pharmacol. Exp.Thera., 228:1-11.

Schmidt, P.T., Tornoe, K., Poulsen, S.S., Rasmussen, T.N. and Holst, J.J.
(2000) Tachykinins in the porcine pancreas: potent exocrine and

endocrine effects via NK-1 receptors., Pancreas, 20:241-247.

Schoffelmer, A.N.M., Hogenboom, F. and Mulder, A.H. (1987) Inhibition of
dopamine-sensitive adenylate cyclase by opioids: possible involvement
of physically associated p- and 5-opioid receptors., Naunyn-

Schmiedeberg’s Arch. Pharmacol., 335:278-284.



148

Schofield, P.R., McFarland, K.C., Hayflick, J.S., Wilcox, J.N., Cho, T.M., Roy,
S.,Lee, N.M., Loh, H.H. and Seeburg, P.H. (1989) Molecular
characterization of a new immunoglobulin superfamily protein with

potential roles in opioid binding and cell contact.,, EMBO J., 8:489-495.

Schuller, A.G.P., King, M.A., Zhang, J., Bolan, E., Pan Y.-X., Morgan, D.J.,
Chang, A., Czick, M.E., Unterwald, E.M., Pasternak, G.W. and Pintar,
J.E. (1999) Retention of heroin and morphine-6p-glucuronide analgesia
in a new line of mice lacking exon 1 of MOR-1., Nature Neurosci.,

2:151-156.

Schwartzberg, M., Unger, J., Weindl, A. and Lange, W. (1990) Distribution of
neuropeptide Y in the prosencephalon of man and cotton-head tamarin:

colocalization with somatostatin in neurons of striatum and amygdala.,

Anat.Embryol., 181: 157-166.

Seward, E., Hammond, C. and Henderson, G. (1991) u-Opioid receptor
-mediated inhibition of the N-type calcium channel current.,

Proc.R.Soc.Lond., B244:129-135.

Sharma, S.K., Niremberg, M. and Klee, W. (1975) Morphine receptors as
regulators of adenylate cyclase activity, PNAS, 72:590-594.

Shi, T.-J.S., Zhang, X., Holmberg, K., Xu, Z.-Q.D. and Hokfelt, T. (1997)
Expression and regulation of galanin-R2 receptors in rat primary sensory

neurons: effect of axotomy and inflammation., Neurosci. Lett., 237:57-60.

Sigrist, S., Franco-Cereceda, A., Muff, R., Henke, H., Lundberg, J.M. and
Fischer, J.A. (1986) Specific receptor and cardiovascular effects of

calcitonin gene-related peptide., Endocrinology, 119:381-389.



149

Simon, E.J., Hiller, J.M. and Edelman, I. (1973) Stereospecific binding of the

potent narcotic analgesic [*H]etorphine to rat-brain homogenate., PNAS,

70:1947-1949.

Simon, E.J. and Gioannini, T.L. (1993) Opioid receptor multiplicity: isolation,
purification, and chemical characterization of binding sites. In: Opioid I,
Vol.104, Handbook of Experimental Pharmacology, pp.3-26, Herz, A.
(ed.) Springer-Verlag, Berlin, Heidelberg, New York, London, Paris,
Tokyo, Hong Kong, Barcelona, Budapest.

Simonds, W.F. (1988) The molecular basis of opioid receptor function.,
Endocrine Rev., 9:200-212.

Simonin, F., Valverde, O., Smadja, C., Slowe, S., Kitchen, 1., Dierich, A., Le
Meur, M., Roques, B.P., Maldonado, R. and Kieffer, B.L. (1998)
Disruption of the x-opioid receptor gene in mice enhances sensitivity to
chemical visceral pain, impairs pharmacological actions of selective k-
agonist U50,488H and attenuates morphine withdrawal., EMBO J.,
17:886-897.

Skofitsch, G. and Jacobsitz, M.D. (1985) Calcitonin gene-related peptide:
Detailed immunohistochemical distribution in the central nervous

system., Peptides, 6:721-745.
Smith, J.R. and Simon, E.J. (1980) Selective protection of stereospecific
enkephalin and opiate binding against inactivation of N-ethyl-maleimide:

evidence for two classes of opiate receptors., PNAS, 77:281-285.

Smith, G.D., Harmar, A.J., McQueen, D.S. and Seckl, J.R. (1992) Increase in



150

substance P and CGRP, but not somatostatin content of the innervating
dorsal root ganglia in adjuvant monoarthritis in the rat., Neurosci. Lett.,

137:257-260.

Smith, K.E., Forray, C., Walker, M.W., Jones, K.A., Tamm, J.A., Bard, J.,
Branchek, T.A., Linemeyer, D.L. and Gerald, C. (1997) Expression

cloning of a rat hypothalamic galanin receptor coupled to

phosphoinositide turnover., J. Biol. Chem., 272:24612-24616.

Smith, K.E., Walker, M.W., Artymyshyn, R., Bard, J., Borowsky, B. Tamm,
J.A., Yao, W.J., Vaysse, P.J., Branchek, T.A., Gerald, C. and Jones, K.A.
(1998) Cloned human and rat galanin GALR3 receptors. Pharmacology
and activation of G-protein inwardly rectifying K+ channels., J Biol.

Chem., 273:23321-23326.

Smith, V.C., Sagot, M.A., Couraud, J.Y. and Buchan, A.M. (1998)
Localization of the neurokinin 1 (NK-1) receptor in the human antrum

and duodenum., Neurosci. Lett., 253:49-52.

Sora, 1., Takahashi, N., Funada, M., Ujike, H., Revay, R.S., Donovan, D.M.,
Miner, L.L. and Uhl, G.R. (1997a) Opiate receptor knockout mice define

u receptor roles in endogeneous nociceptive responses and morphine-

induced analgesia., PNAS, 94:1544-1549.

Sora, II, Funada, M. and Uhl, G.R. (1997b) The p-opioid receptor is necessary
for [D-Pen®, D-Pen’] enkephalin-induced analgesia., Eur.J. Pharmacol.,
324:R1-R2.

Stefano, G.B. (1993) Opiatelike substances in an invertebrate, a novel opiate

receptor on invertebrate and human immunocytes, and a role in



151

immunosuppression., PNAS, 90:11099-11103.

Stefano, G.B., Scharrer, B., Smith, E.M., Hughes, T.K.J., Magazine, H.L.,
Bilfinger, T.V., Hartman, A .R., Fricchione, G.L., Liu, Y. and Makman,
M.H. (1996) Opiate and opiate immunoregulatory processes.,
Crit.Rev.Immunol., 16:109-144,

Stein, C. (1993) Peripheral mechanisms of opioid analgesia., Anesth.Analg.,
76:182-191.

St-Pierre, J.A., Dumont, Y., Nouel, D., Herzog, H., Hamel, E. and Quirion, R.
(1998) Preferential expression of the neuropeptide Y Y1 over the Y2
subtype in cultured hippocampal neurons and cloning of the rat Y2

receptor., Br. J. Pharmacol., 123:183-194.

Sun, Y.D. and Benishin, C.G. (1995) Effects of calcitonin gene-related peptide
on cyclic AMP production and relaxation of longitudinal muscle of

guinea-pig ileum., Peptides, 16:293-297.

Supowit, S.C., Christensen, M.D., Westlund, K.N., Hallman, D.M. and
DiPette, D.J. (1995) Dexamethasone and activators of the protein kinase
A and C signal transduction pathways regulate neuronal calcitonin gene-

related peptide expression and release., Brain Res., 686:77-86.

Surprenant, A., Shen, K.Z., North, R.A. and Tatsumi, T. (1990) Inhibition of
calcium currents by noradrenaline, somatostatin and opioids in guinea

-pig submucosal neurons., J. Physiol. (Lond.), 431:585-608.

Takahashi, T. and Otsuka, M. (1975) Regional distribution of substance P in

the spinal cord and nerve roots of the cat and the effect of dorsal root



152

section., Brain Res., 87:1-11.

Tatemoto, K., Carlquist, M. and Mutt. V. (1982) Neuropeptide Y - a novel
brain peptide with structural similarities to peptide YY and pancreatic

polypeptide., Nature, 296:659-660.

Tatemoto, K., Rokaeus, A., Jornvall, H., McDonald, T.J. and Muff, V. (1983)
Galanin - a novel biologically active peptide from porcine intestine.,

FEBS Lett., 164:124-128.

Tatemoto, K., Lundberg, J.M., Jornvall, H. and Mutt, V. (1985) Neuropeptide
K: isolation, structure and biological activities of a novel brain

tachykinin., Biochem. Biophys. Res. Commun., 182:947-953.

Tatsumi, H., Costa, M., Schimerlik, M. and North, R.A. (1990) Potassium
conductance increased by noradrenaline, opioids, somatostatin, and G
-proteins: whole-cell recording from guinea pig submucous neurons.,

J.Neurosci., 10-1675-1682.

Terenius, L. (1973) Characteristics of the “receptor” for narcotic analgesics in
synaptic plasma membrane from rat brain., Acta Pharmacol. Toxicol.,

33:377-384.

Theriault, E., Otsuka, M. and Jessel, T. (1979) Capsaicin-evoked release of

substance P from primary sensory neurones., Brain Res., 170:209-213.

Thompson, R.C., Mansour, A., Akil, H. and Watson, S.J. (1993) Cloning and
Pharmacological Characterization of a rat p opioid receptor., Neuron,

11:903-913.



153

Thorsell, A., Michalkiewicz, M., Dumont, Y., Quirion, R., Carberlotto, L.,
Rimondini, R., Mathe, A.A. and Heilig, M. (2000) Behavioral
insensitivity to restraint stress, absent fear, suppression of behavior and
impaired spatial learning in transgenic rats with hippocampal

neuropeptide Y overexpression., PNAS, 97:12852-12857.

Tian, B.M., Broxmeyer, H.E., Fan, Y., Lai, Z., Zhang, S., Aronica, S., Cooper,
S., Bigsby, R.M., Steinmetz, R., Engle, S.J., Mestek, A., Pollock, J.D.,
Lehman, M.N., Janse, H.T., Ying, M., Stambrook, P.J., Tischfield, J.A.
and Yu, L. (1997) Altered hematopoiesis, behavior and sexual function

in p opioid receptor deficient mice., J Exp. Med., 8:1517-1522.

Tilakaratne, N., Christopoulos, G., Zumpe, E.T., Foord, S.M. and Sexton, P.M.
(2000) Amylin receptor phenotypes derived from human calcitonin
receptor/RAMP coexpression exhibit pharmacological différences
dependent on receptor isoform and host cell environment.,

J. Pharmacol. Exp.Ther., 294:61-72.

Tong, Y., Dumont, Y., van Rossum, D., Clark, A., Shen, S.-H. and Quirion. R.
(1998) Discrete expression of a putative CGRP receptor (RDC-1) mRNA
in the rat brain and peripheral tissues. In The CGRP Family: Calcitonin
gene-related peptide (CGRP), Amylin, and Adrenomedullin (Poyner et
al., eds), pp.179-186, Landes Bioscience.

Traub, R.J., Solodkin, A. and Ruda M.A. (1989) Calcitonin gene-related
peptide immunoreactivity in the cat lumboscreal spinal cord and the

effects of multiple dorsal rhizotomies., J Comp. Neurol., 287:225-237.

Traynor, J.R. and Elliott, J. (1993) 5-Opioid receptor subtypes and cross-talk
with p-receptors., Trends Pharmacol.Sci., 14:84-86.



154

Tschopp, F.A., Henke, U.-K., Petermann, J.B., Tobler, P.H., Janzer, R.,
Hokfelt, T., Lundberg, J.M., Cuello, C. and Fischer, J.A. (1985)
Calcitonin gene-related peptide and its binding sites in the human central

nervous system and pituitary., PNAS, 82:248-252.

Tverberg, L.A. and Russo, A F. (1992) Cell-specific glucocorticoid repression
of calcitonin/calcitonin gene-related peptide transcription. Localization
to an 18-base pair basal enhancer element., J Biol. Chem., 267:17567-
17573.

Unger, J.W. and Lange, W. (1991) Immunohistochemical mapping of
neurophysins and calcitonin gene-related peptide in the human brainstem

and cervical spinal cord., J. Chem. Neuroanat., 4:299-309.

Unterwald, E.M., Knapp, C. and Zukin, R.S. (1991) Neuroanatomical
localization of kappa 1 and kappa 2 opioid receptors in rat and guinea pig

‘brain., Brain Res., 562:57-65.

Vannuchi, M.G. and Faussone-Pellegrini, M.S. (2000) NK1, NK2 and NK3
tachykinin receptor localization nad tachykinin distribution in the ileum

of the mouse., Anat. Embryol., 202:247-255.

van Rossum, D., Menard, D.P. and Quirion, R. (1993) Effect of guanine
nucleotides and temperature on calcitonin gene-related peptide receptor

binding sites in brain and peripheral tissues., Brain Res., 617:249-257.

van Rossum, D., Hanisch, U.-K. and Quirion, R. (1997) Neuroanatomical



155

localization, pharmacological characterization and functions of CGRP,

related peptides and their receptors., Neurosci. Biobehav. Rev., 21:649-
678.

Vaysse, P.J.-]., Zukin, R.S., Fields, K.L. and Kessler, J.A. (1990)

Characterization of opioid receptors in cultured neurons., J. Neurochem.,

55:624-631.

Vigna, S.R., Bowden, J.J., McDonald, D.M.,, Fisher, J., Okamoto, A., McVey,
D.C., Payan, D.G. and Bunnett, N.W. (1994) Characterization of
antibodies to the rat substance P (NK-1) receptor and to a chimeric

substance P receptor expressed in mammalian cells., J. Neurosci.,

14:834-845.

Villar, M.J., Cortes, R., Theodorsson, E., Wiesenfeld-Hallin, Z., Schalling, M.,
Fahrenkrug, J., Emson, P.C. and Hokfelt, T. (1989) Neuropeptide
expression in rat dorsal root ganglion cells and spinal cord after

peripheral nerve injury with special reference to galanin., Neuroscience,

33:587-604.

von Euler, U.S. (1981) The history of substance P., Trends Neurosci., 4:4-9.

von Voightlander, P.F., Lahti, R.A. and Ludens, J.H. (1983) U50,488: a
selective and structurally novel non-mu (kappa) opioid agonist.,

J. Pharmacol Exp.Ther., 224:7-12.

Wahlestedt, C., Ekman, R. and Widerlov (1989) Neuropeptide Y (NPY) and
the central nervous system: distribution, effects and possible relationship

to neurological and psychiatric disorders., Prog. Neuropsychopharmacol.,

31:13-54.



156

Wabhlestedt, C., Grundemar, L., Hakanson, R., Heilig, M and Shen, G. (1990)

Neuropeptide Y receptor subtypes, Y1 and Y2., Ann.NY Acad.Sci.,
611:7-26.

Wakisaka, S., Kajander, K.C. and Bennett, G.J. (1992) Immuochistochemical
analysis of changes in neuropeptide Y in rat sensory neurons following
peripheral nerve injury and local inflammation., In Processing and
Inhibition of Nociceptive Information, pp. 157-160, Inoke, R.,

Shegenaga, Y. and Tohyama, M. (eds), Elsevier Science Publishers, New
York.

Waksman, G., Hamel, E., Fournie-Zaluski, M.C. and Roques, B.P. (1986)
Autoradiogrphic comparison of the distribution of the neutral

endopeptidase “enkephalinase” and of mu and delta opioid receptors in

rat brain., PNAS, 83:1523-1527.

Wang, J.B., Johnson, P.S_, Persico, A.M., Hawkins, A.L., Griffin, C.A. and
Uhl, G.R. (1994) Human p opiate receptor: cDNA clones,

pharmacological characterization and chromosomal assignement., FEBS

Lert., 338:217-222.

Wang, J.Z., Lundeberg, T. and Yu, L.C. (2001) Anti-nociceptive effect of

neuropeptide Y in periaqueductal grey in rats with inflammation., Brain

Res., 893:264-267.

Wang, S., Hashemi, T., He, C.G., Strader, C. and Bayne, M. (1997) Molecular
cloning and pharmacological characterization of a new galanin receptor

subtype., Mol. Pharmacol., 52:337-343.



157

Wang, S., Hashemi, T., Fried, S., Clemmons, A.L. and Hawes, B.E. (1998)
Differential intracellular signaling of the GalR1 and GalR2 galanin
receptor subtypes., Biochemistry, 37:6711-6717.

Waters, S.M. and Krause, J.E. (2000) Distribution of galanin-1, -2 and -3
receptor messenger RNAs in central and peripheral rat tissues.,

Neuroscience, 95:265-271.

Weijlard, J. and Erikson, A.E. (1942) N-Allylnormorphine., J Am.Chem.Soc.,
64:869-870.

Weinberg, D.H., Sirinatsinghji, D.J.S., Tan, C.P., Shiao, L.-L.., Morin, N.,
Rigby, M.R., Heavens, R.H., Rapoport, D.R., Bayne, M.1., Cascieri,
M.A., Strader, C.D., Linemeyer, D.L. and MacNeil, D.J. (1996) Cloning
and expression of a novel neuropeptide Y receptor., J Biol. Chem.,

271:16485-16488.

Welch, S.P., Singha, A K. and Dewey, W.L. (1989) The antinociception
produced by intrathecal morphine, calcium, A23287, U50,488H, [D-Ala?,
N-Me-Phe’, Gly-ol]enkephalin and {D-Pen?, D-Pen’Jenkephalin after
intrathecal adminstration of calcitonin gene-related peptide in mice.,

J.Pharmacol . Exp.Ther., 251:1-8.

Wellman, G.C., Quayle, J.M. and Standen, N.B. (1998) ATP-sensitive K*
channel activation by calcitonin gene-related peptide and protein kinase

A in pig coronary arterial smooth muscle., J. Physiol., 507:117-129.

Werling, L.L., McMahon, P.N. and Cox, B.M. (1989) Selective changes in
opioid receptor properties induced by chronic morphine exposure.,

PNAS, 86:6393-6397.



158

Wettstein, J.G., Earley, B. and Junien, J.L. (1995) Central nervous system
pharmacology of neuropeptide Y., Pharmacol. Ther., 65:397-414.

Wieland, H.A., Willim, K.D., Entzeroth, M., Wienen, W., Rudolf, K., Eberlein,
W., Engel, W. and Dood, H.N (1995) Receptor binding profiles of NPY

analogues and fragments in different tissues and cell lines., Peptides,

16:1389-1394.

Wiesenfeld-Hallin, Z., Hokfelt, T., Lundberg, J. M., Forssman, W.G., Reinecke,
M, Tschopp, F.A. and Fischer, J.A. (1984) Immunoreactive calcitonin
gene-related peptide and substance P coexist in sensory neurons to the

spinal cord and interact in spinal behavioral responses of the rat.,

Neurosci.Lett., 52:199-204.

Wiesenfeld-Hallin, Z., Xu, X.-J., Villar, M.J. and Hokfelt, T. (1990) Intrathecal
galanin potentiates the spinal analgesic effect of morphine:
electrophysiological and behavioural studies., Neurosci.Lett., 109:217-
221.

Wiesenfeld-Hallin, Z., Xu, X.-J., Hokfelt, T., Bedecs, K. and Bartfai, T. (1992)
Galanin-mediated control of pain: Enhanced role after nerve injury.,

PNAS, 89:3334-3337.

Wiesenfeld-Hallin, Z., Xu, X.-J., Hao, J.-X. and Hokfelt, T. (1993) The
behavioural effects on intrathecal galanin on tests of thermal and

mechanical nociception in the rats., Acta Physiol.Scand., 147:457-458.

Wiesenfeld-Hallin, Z. and Xu, X.J. (1998) Galanin in somatosensory
function., Ann. NY Acad. Sci., 863:383-389.



159

Wimalawansa, S.J., Emson, P.C. and Maclntyre, 1. (1987) Regional
distribution of calcitonin gene-related peptide and its specific binding
sites in rats with particular reference to the nervous system.,

Neuroendocrinology, 46:131-136.

Wimalawansa, S.J., Morris, H.R. and Maclntyre, 1. (1989) Both alpha- and
beta-calcitonin gene-related peptides are present in plasma cerebrospinal

fluid and spinal cord in man., J Mol Endocrinol., 3:247-252..

Wimalawansa, S.J., (1992) Isolation, purification and biochemical
characterization of calcitonin gene-related peptide receptors., Ann. NY

Acad.Sci., 657:71-87.

Wimalawansa, S.J. and El-Kholy, A.A. (1993) Comparative study of
distribution and biochemical characterization of brain calcitonin gene-

related peptide receptors in five different species., Neuroscience, 54:513-

519.

Wimalawansa, S.J. (1996) Calcitonin gene-related peptide and its receptors:
molecular genetics, physiology, pathophysiology and therapeutics
potentials., Endocrine Rev., 17:533-585.

Wimalawansa, S.J. (1997) Amylin, calcitonin gene-related peptide, calcitonin
and adrenomedullin: a peptide superfamily., Crit. Rev. Neurobiol., 11:167-
239.

Wind, J.C., Born, W., Rijnsent, A., Boer, P. and Fischer, J.A. (1993)
Stimulation of calcitonin/CGRP-I and CGRP-II gene expression by
dibutyryl cAMP in a human medullary thyroid carcinoma (TT) cell line.,



160

Mol.Cell Endocrinol., 92:25-31.

Womack, M.D., MacDermott, A.B. and Jessell, T.M. (1988) Sensory
transmitters regulate intracellular calcium in dorsal horn neurons.,

Nature, 334:351-353.

Wrenn, C.C. and Crawley, J.N. (2001) Pharmacological evidence supporting
a role for galanin in cognition and affect., Prog. Neuropsychopharmcol.

Biol. Psychiatry, 25:283-299.

Wu, D., Eberlein, W., Rudolf, K., Engel, W., Hallermayer, G. and Doods,
H.(2000) Characterisation of calcitonin gene-related peptide receptors in
rat atrium and vas deferens: evidence for a [Cys(Et)(2,7)]hCGRP-
preferring receptor. Eur.J. Pharm., 400:313-319.

Wynick, D., Small, C.J., Bacon, A., Holmes, F.E., Norman, M., Ormandy,
C.J, Kilic, E., Kerr, N.C.H., Ghatei, M., Talamantes, F., Bloom, S.R.
and Pachnis, V. (1998) Galanin regulates prolactin release and lactotroph
proliferation., PNAS, 95:12671-12676.

Xie, B., Miyajima, A. and Goldstein, A. (1992) Expression cloning of a cDNA
encoding a seven-helix receptor from human placenta with affinity for

opioid ligands., PNAS, 89:4124-4128.

Xu, H., Partilla, J., de Costa, B., Rice, K. and Rothman, R. (1993) Differential
binding of opioid peptides and other drugs to two subtypes of opioid
delta ncx binding sites in mouse brain: further evidence for delta

receptor heterogeneity., Peptides, 14:893-907.

Xu, X.-J., Wiesenfeld-Hallin, Z., Villar, M.J., Fahrenkrug, J. and Hokfelt, T.



161

(1990) On the role of galanin, substance P and other neuropeptides in
primary sensory neurons of the rat: studies on spinal reflex excitability

and peripheral axotomy., Fur.J Neurosci., 2:733-743.

Xu, X.-J., Wiesenfeld-Hallin, Z., Villar, M.J. and Hokfelt, T. (1989) Intrathecal
galanin antagonizes the facilitatory effect of substance P on the

nociceptive flexor reflex in the rat., Acta Physiol. Scand., 137:463-464.

Xu, X.-1., Hokfelt, T., Bartfai, T. and Wiesenfeld-Hallin, Z. (2000) Galanin
and spinal nociceptive mechanisms: recent advances and therapeutic

implications., Neuropeptides, 34:137-147.

Xu, Z.-Q., Shi, T.-J., Landry, M. and Hokfelt, T. (1997) Evidence for galanin
receptors in primary sensory neurones and effect of axotomy and

inflammation., Neuroreport, 8:237-242.

Xu, J., Pollock, C.H. and Kajander, K.C. (1996) Chronic gut suture reduces
calcitonin gene-related peptide and substance P levels in the spinal cord

following chronic constriction injury in the rat., Pain, 64:503-509.

Yaksh, T.L., Jessell, T.M., Gamse, R., Mudge, A.W. and Leeman, S.E. (1980)
Intrathecal morphine inhibits substance P release from mammalian spinal

cord in vivo., Nature, 286:155-157.

Yaksh, T.L. and Noueihed, R. (1985) The physiology and pharmacology of
spinal opiates., Ann. Rev. Pharmacol. Toxicol., 25:433-462.

Yashpal, K., Dam, T.V. and Quirion, R. (1991) Effects of dorsal rhizotomy on
neurokinin receptor sub-types in the rat spinal cord: A quantitative

autoradiographic study., Brain Res., 552:240-247.



162

Yashpal, K., Kar, S., Dennis, T. and Quirion, R. (1992) Quantitative
autoradiographic distribution of calcitonin gene-related peptide (hCGRP

alpha) binding sites in the rat and monkey spinal cord., J Comp. Neurol.,
322:224-232.

Yashpal., K., Pitcher, G.M., Parent, A., Quirion, R. and Coderre, T.J. (1995)
Noxious thermal and chemical stimulation induce increases in *H-
phosborl-12,13-bibutyrate binding in spinal dorsal horn as well as
persistent pain and hyperalgesiam, which is reduced by inhibition of

protein kinase C., J. Neurosci., 5:3263-3272.

Yasuda, K., Raynor, K., Kong, H., Breder, C.D., Takeda, J., Reisine, T. and
Bell, G.I. (1993) Cloning and functional comparison of x and & opioid
receptors from mouse brain., PNAS, 90:6736-6740.

Yasuda, K., Espinosa, R., Takeda, J., Lebeau, M.M. and Bell, G.1. (1994)
Localization of the kappa opioid receptor gene to human chromosome

band 8q11.2., Genomics, 19:596-597.

Yip, J. and Chahl, L.A. (2000) Localization of NK(1) and NK (3) receptors in
guinea-pig brain., Regul. Pept., 98:55-62.

Yu, V.C. and Sadee W. (1986) A human neuroblastoma cell line expresses i
and & opioid receptor sites., J. Biol. Chem., 261:1065-1070.

Yu, V.C,, Eiger, S., Duan, D.S., Lameh, J. and Sadee, W. (1990) Regulation of
cAMP by the p-opioid receptor in human neuroblastoma SH-SYSY
cells., J Neurochem., 55:1390-1396.



163

Yu, L.C., Hansson, P., Brodda-Jansen, G., Theodorsson, E. and Lundberg, T.
(1996) Intrathecal CGRP, ;, induced bilateral increase in hindpaw

withdrawal latency in rats with unilateral inflammation.,

Br.J Pharmacol., 117:43-50.

Yu, L. (1996) Protein kinase modulation of mu opioid receptor signalling.,

Cell.Signal., 8:371-374.

Zaidi, M., Bevis, P.J., Abeyasekera, G., Girgis, S.1.,, Wimalawansa, S.J.,
Morris, H.R. and Maclntyre, 1. (1986) The origin of circulating calcitonin
gene-related peptide in the rat., J Endocrinol., 110:185-190.

Zadina, J.E., Hackler, L., Ge, L.J. and Kastin, A.J. (1991) A potent and
selective endogencous agonist for the p-opiate receptor., Nature,

386:499-502.

Zerari, F., Karpitskiy, V., Krause, J., Descarries, L. and Couture, R. (1998)
Astrolglial distribution of neurokinin-2 receptor immunoreactivity in the

rat spinal cord., Neuroreport, 84:1233-1246.

Zhang, X., Nicholas, A.P. and Hokfelt, T. (1993) Ultrastructural studies on
peptides in the dorsal horn of the spinal cord. I. Coexistence of galanin
with other peptides in primary afferents in normal rats., Neuroscience,

7:365-384.
Zhang, X., Ju, G., Elde, R. and Hokfelt, T. (1993) Effect of peripheral nerve
cut on neuropeptides in dorsal root ganglia and the spinal cord of

monkey with special reference to galanin., J Neurocytol., 22:342-381.

Zhang, X., Aman, K. and Hokfelt, T. (1995) Secretory pathways of



164

neuropeptides in rat lumbar dorsal root ganglion neurons and effects of

peripheral axotomy., J.Comp. Neurol., 352:481-500.

Zhang, X., Ji, R.-R., Nilsson, S., Villar, M., Ubink, R., Ju, G., Wiesenfeld
-Hallin, Z. and Hokfelt, T. (1995) Neuropeptide Y and galanin binding
sites in rat and monkey lumbar dorsal root ganglia and spinal cord and

effect of peripheral axotomy., Eur.J. Neurosci., 7:367-380.

Zhu, Y. and Pintar, J.E. (1998) Expression of opioid receptors and ligands in
pregnant mouse uterus and placenta., Biol. Reprod., 59:925-932.

Zhu, Y., King, M.A., Schuller, A.G.P., Nitsche, J.F., Reidl, M., Elde, R.P.,
Unterward, E., Pasternak, G.W. and Pintar, J.E. (1999) Retention of
supraspinal delta-like analgesia and loss of morphine tolerance in &

opioid receptor knockout mice., Neuron, 24:243-252.

Zimmer, A., Zimmer, A.N., Baffi, J., Usdin, T., Reynolds, K., Konig, M.,
Palkovits, M. and Mezey, E. (1998) Hypoalgesia in mice with a targeted
deletion of the tachykinin gene., PNAS, 95:2630-2635.

Zukin, R.S., Eghbali, M., Olive, D., Unterwald, E.M. and Tempel, A. (1988)
Characterization and visualization of rat and guinea pig brain kappa

opioid receptors: evidence for x, and k, opioid receptors., PNAS,

85:4061-4065.



