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The fear of the LORD is the beginning of wisdom and the knowledge
of the holy is understanding.
Proverbs 9: 10
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Abbreviations

ACE
CNS
CSF
DOP
ELE
EM-1
EM-2
i.c.v.
i.p.
i.t.
KAS
KOP
MIF
MOP
NEP
NKA
NKB
NPγ
PHYS
POMC
PPT
RIA
SP
SPE
VTA

angiotension-converting
enzyme
central nervous system
cerebrospinal fluid
delta opioid peptide
eledoisin
endomorphin-1
endomorphin-2
intracerebroventricular
intraperitoneal
intrathecal
kassinin
kappa opioid peptide
melanocyte inhibitoring
factor
mu opioid peptide
neutral endopeptidase
neurokinin A
neurokinin B
neuropeptide gamma
physalaemin
proopiomelanocortin
preprotachykinin
radioimmunoassay
substance P
substance P endopeptidase
ventral tegmental area

Abbreviation for amino acid sidechain
Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Alanine
Arginine
Asparagine
Aspartic Acid
Cysteine
Glutamine
Glutamic Acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

Introduction

The substance P (SP) system has recently received attention as an important
target for drug therapy. It is highly expressed in the central nervous system
where it plays an important role in many different physiological processes.
Studies have shown that SP can be converted to several bioactive fragments,
one of which is SP(1-7). This peptide is one of the dominating SP fragments
in the CNS. During the last decade considerable attention has been focused
on the role of SP(1-7) during drug dependence and in particular on its function in opioid withdrawal. Studies have shown that SP(1-7) effectively inhibits the expression of opioid withdrawal in rat and mice indicating an important role of SP(1-7) system in opioid dependence. Since SP(1-7) is found in
brain areas related to the endogenous opioid peptide system containing high
levels of opioid receptors, it is suggested that SP(1-7) is involved in opioid
withdrawal mechanisms by acting on opioid receptors through an interaction
of the two systems. Thus, a better understanding of targets, i.e. receptor systems that SP(1-7) act on may help in the aim of designing potent and selective drugs that may be used in the treatment of opioid withdrawal syndromes.
In spite of its apparent importance as drug target, very little is known
about the receptor that mediates the actions of SP(1-7). A putative receptor,
which is described as the SP N-terminal receptor (SPN) or SP(1-7) receptor
usig binding techniques, has not yet been cloned, characterized, sequenced
or expressed in cells and yet there are no selective agonists developed for
this receptor site.
Studies described in this thesis attempted for the first time to characterize
the SP(1-7) receptor in the rat CNS as an important step towards understanding the SP(1-7) function and its interaction with the endogenous opioid systems. Moreover, studies of the structural requirements for activation of this
putative receptor were carried out in order to develop new analogues that
may act on SP(1-7) with high affinity.
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Background

Tachykinins and their Receptors
Tachykinins
The tachykinins (Tks) represent a group of structurally and biologically active peptides acting as neurotransmitters or neuromodulators that share a
variety of biological activities. They comprise a large family of both mammalian and non-mammalian peptides found in all kinds of animals from amphibians to mammals (Beaujouan et al., 2004; Helke et al., 1990; Maggio,
1988; Pennefather et al., 2004; Severini et al., 2002). The tachykinin family
is phylogenetically ancient and it has remained conserved regarding evolutionary aspects (Holmgren and Jensen, 2001). The tachykinins are recognized for their rapid actions on smooth muscle contractions compared to the
slower acting bradykinins (Khawaja and Rogers, 1996; Severini et al., 2002).
Members of the tachykinin family are characterized by a common Cterminal amino acid sequence: Phe-X-Gly-Leu-Met-NH2 where X is either
an aromatic (Phe, Tyr) or aliphatic (Ile, Val) side chain (Kurtz et al., 2002;
Maggio, 1988; Zhang et al., 2000). This common region, often referred to as
the message domain is believed to represent the active part of the peptide,
essential for its affinity and responsible for most of its tachykinin effects,
whereas the N-terminal region, referred to as the address domain varies in
amino acid sequence and length and is believed to play a role in determining
the receptor subtype specificity (Almeida et al., 2004; Satake and Kawada,
2006). The amino acid sequence from mammals, birds and reptiles are fairly
similar, whereas those from amphibians and fish are quite diverse possibly
reflecting their evolutionary position (Holmgren and Jensen, 2001; Severini
et al., 2002). As shown in Table 1 all tachykinins are short peptides, deca- or
undecapetides consisting of 10-12 amino acid residues. They are peptides
with their C-terminal Met residue being amidated.
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Table 1. Amino acid sequences of various tachykinins
Mammalian tachykinins
SP
Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2
NKA
His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2
NKB
Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH2
HK-1
Ser-Arg-Thr-Arg-Gln-Phe-Tyr-Gly-Leu-Met-NH2
mHK-1
Arg-Ser-Arg-Thr-Arg-Gln-Phe-Tyr-Gly-Leu-Met-NH2
hHK-1
Thr-Gly-Lys-Ala-Ser-Gln-Phe-Phe-Gly-Leu-Met-NH2
EKA/B
Gly-Lys-Ala-Ser-Gln-Phe-Phe-Gly-Leu-Met- NH2
Non-mammalian tachykinins
PHYS
pGlu-Ala-Asp-Pro-Asn-Lys-Phe-Tyr-Gly-Leu-Met-NH2
ELE
pGlu-Pro-Ser-Lys-Asp-Ala-Phe-Ile-Gly-Leu-Met-NH2
KAS
Asp-Val-Pro-Lys-Ser-Asp-Gln-Phe-Val-Gly-Leu-Met-NH2
Bufokinin
Lys-Pro-Arg-Pro-Asp-Gln-Phe-Tyr-Gly-Leu-Met-NH2
Ranakinin
Lys-Pro-Asn-Pro-Glu-Arg-Phe-Tyr-Gly-Leu-Met-NH2
Tachykinin gene related peptides
EKC
Lys-Lys-Ala-Tyr-Gln-Leu-Glu-His-Thr-Phe-Gln-Gly-Leu-Leu-NH2
EKD
Val-Gly-Ala-Tyr-Gln-Leu-Glu-His-Thr-Phe-Gln-Gly-Leu-Leu-NH2

Mammalian Tachykinin Peptides
A number of tachykinin peptides have been identified in mammalian tissue.
These peptides differ from each other at the position the corresponding to
Phe8 in the SP sequence and in the N-terminal amino acids. (Table 1) The
three best characterized mammalian tachykinins, also known as neurokinins,
are in additon to SP, neurokinin A (NKA) and neurokinin B (NKB)
(Maggio, 1988; Severini et al., 2002; Wormser et al., 1986). Among other
mammalian tachykinins are neuropeptide K (NPK) (Tatemoto et al., 1985)
and neuropeptide  (NP) (Kage et al.,1988) which contain NKA at their Cterminal and are N-terminally extended forms, hemokinin-1 (HK-1), endokinin A and endokinin B (EKA/B). (Page et al., 2003; Zhang et al., 2000).
Additional two tachykinin gene-related peptides endokinin C (EKC) and
endokinin D (EKD) have been identified on TAC4 (Page et al., 2003). They
have a different C-terminal sequence, Phe-X-Gly-Leu-Leu-NH2, where X is
the hydrophilic amino acid glutamine and thus can not be included in the
tachykinin peptide family but have instead been designed as tachykinin
gene-related peptides (Page et al., 2003). While the amino acid sequence of
SP, NKA and NKB is identical in all mammalian species, the amino acid
sequence of HK-1, EDA and EDB appear to be different comparing the
mouse, rat and human species (Almeida et al., 2004; Kurtz et al., 2002; Page
et al., 2003; Zhang et al., 2000).
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Mammalian tachykinins have been localized to a variety of tissues with
high density in the CNS but also in the peripheral nervous systems (PNS),
gastrointestinal tract, respiratory, cardiovascular and immune systems, pain
processing areas and in areas related to mood and behaviour (Maggio, 1988;
Pennefather et al., 2004; Satake and Kawada, 2006). They are implicated in
these areas to have a wide variety of actions including smooth muscle contraction, pain transmission, vasodilatation, neurogenic inflammation and
activation of immune cells (Helke et al., 1990; Khawaja and Rogers, 1996;
Maggio, 1988; Severini et al., 2002). In several CNS areas the neurokinins
seem to co-exist with each other or with other neuropeptides such as calcitonin gene-related peptide (CGRP) and exhibit similar but pharmacologically distinct biological effects (Severini et al., 2002; Takeda et al., 1990;
Valentino et al., 1986)
In mammals, the tachykinins are mainly expressed in neuronal tissues. SP
and NKA are present in the CNS and in capsaicin sensitive primary afferent
neurons innervating peripheral tissues (Almeida et al., 2004; Holzer, 1988;
Maggi and Meli, 1988). They are released from nerve endings at both the
spinal cord and peripheral level playing a role as excitatory neurotransmitters (Almeida et al., 2004; Otsuka and Yanagisawa, 1987; Otuska and Yoshioka, 1993) NKB is expressed mainly in the dorsal horn of the spinal cord
(Kangawa et al., 1983; Merchenthaler et al., 1992; Patacchini and Maggi,
2000). However, there are several evidences suggesting the expression of
tackykinins in non-neuronal cells suggesting a wide spread distribution not
restricted to neuronal tissues. SP is expressed in human endothelial cells,
human and mouse Leydig cells and different types of inflammation and immune cells from human, rat and mouse (Chiwakata et al., 1991; Lai et al.,
2002; Linnik and Moskowitz, 1989; Maggi., 1997; Page et al., 2003; Patak et
al., 2003; Pennefather et al., 2004). NKB precursor mRNA has been shown
to be present in human and rat placenta and uterus and in different types of
non-neuronal reproductive cells (Page et al., 2000; Patak et al., 2003; Pinto
et al., 2001). The peripherally located HK-1 is found in non-neuronal cells.
EKA and EKB are expressed in heart, liver, uterus and placenta. It is suggested that these peptides may be the main endogenous ligands for the peripheral NK-1 receptor in non-neuronal tissues (Page, 2004, 2005; Patak et
al., 2003; Pennefather et al., 2004; Pintado et al., 2003).
Non-mammalian Tachykinins
Early advances in studies of the tachykinins were made using nonmammalian species including octopus and amphibians (Erspamer et al.,
1981; Sevirini et al., 2002). The most important non-mammalian tachykinins
are physalaemin (PHYS), kassinin (KAS) identified in tissues of amphibians
and eledoisin (ELE) originally recovered from octopus salivary gland (Erspamer, 1981; Erspamer and Merchiorri, 1980; Erspamer et al., 1981). These
peptides were found to be more potent than the mammalian peptides and
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possess a much higher potency than SP in certain mammalian tissues and
differ in pharmacological actions and receptor binding. For example, SP is
more potent than ELE in stimulating salivation and lowering blood pressure
but less potent in stimulating smooth muscle contraction (Severini et al.,
2002). On the other hand, SP is shown to be the most active peptide at
guinea pig ileum, while ELE and KAS are the most active in the rat vas deferens assay (Erspamer et al., 1981; Negri and Melchiorri, 1988). Further, a
number of tachykinins with structural similarities to the mammalian
tachykinins have been identified in various vertebrate species as SP-like,
NKA-like, NKB-like and NP-like (Liu and Burcher, 2005; Negri and Melchiorri, 1988; Satake et al., 2003). In the frog brain, two tachykinins with
structure similar to mammalian tachykinins were identified, ranakinin, a SPlike isolated from the European green frog Ranna and bufokinin whose
structure is identical to the mammalian NKB isolated from cane toad intestine (see table 1) (Liu et al., 2000; OHarte et al., 1991). -PPT gene has been
identified in goldfish brain and periphery containing the sequence of SP,
NKA and carassin (Lin and Peter, 1997; Peyon et al., 2000). Peptides with
similarities to SP are widely distributed in all vertebrates. They can be divided into two groups: aliphatic and aromatic represented by PHYS and
KAS. A Tyr residue at the X-residue position appear to be a common feature
of all known amphibian SP-related peptides whereas fish SP-related peptides
have Phe, Ile or Val at this position (Liu and Burcher., 2005)
History of Substance P and other Neurokinins
SP was the first tachykinin to be discovered and this compound has a long
and interesting scientific history, which dates back to 1931 when it was identified and recovered from extracts of horse brain and gut by von Euler and
Gaddum (von Euler and Gaddum, 1931). In their studies on the distribution
of acetylcholine in the intestinal tract, they observed a bioactive substance
that showed ability to lower blood pressure and contract intestinal smooth
muscles that was distinctly separate from acetylcholine, histamine and adenine nucleotides and its biological effects were not blocked by atropine (von
Euler and Gaddum, 1931; Leeman and Fergusson, 2000). The new compound was given the name preparation P due to its powdered form and was
later termed substance P (Gaddum and Schild, 1935). A few years later the
peptidergic characteristics of SP were discovered and in 1936 SP was recognized as a peptide (Euler, 1936). In the early 1950’s Pernow and Lembeck
studied the distribution of SP in the CNS using various bioassays and made
the observation that SP is present in the dorsal roots of the spinal cord at
concentrations much higher than in the ventral roots (Pernow, 1953). This
finding encouraged Lembeck in 1953 to suggest that SP might be a neurotransmitter of primary sensory neurons (Lembeck, 1953). This hypothesis
was supported by research suggesting a potent excitatory action of SP on
isolated spinal cord motorneurons (Konishi and Otsuka, 1974). In 1970 SP
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was isolated to homogeneity from bovine hypothalamus by Chang and Leeman (Chang and Leeman, 1970). Subsequent to this (in 1971), the primary
amino acid sequence of SP was determined. SP was identified as the undecapeptide
H-Arg1-Pro2-Lys3-Pro4-Gln5-Cln6-Phe7-Phe8-Gly9-Leu10-Met11NH2 (Chang et al., 1971).
Almost 50 years after the discovery of SP, some additional mammalian
tachykinins were described. Thus, two new substances named neurokinin A
(ELE like) and neurokinin B (KAS like) were discovered and isolated from
bovine and porcine spinal cord (Kangawa et al., 1983; Kimura et al., 1983).
These two peptides each with a structure consisting of ten amino acids
showed sequence similarities with substance P and together with SP they
were classified as mammalian tachykinins (Beaujouan et al., 2004; Kangawa
et al., 1983; Kimura et al., 1983). More recently two additional tachykinins,
neuropeptide K and neuropeptide , an extended form of NKA were discovered (Kage et al., 1988; Tatemoto et al., 1985) and most recently, a third
preprotachykinin gene (TAC4) containg several new mammalian tachykinins
has been identified in non-neural tissues. This group includes HK-1 in rat
and mouse, endokinin-1 in rabbit and human hemokinin-1 (Kurtz et al.,
2002; Page et al., 2003; Zhang et al., 2000)
Biosynthesis of Mammalian Tachykinins
Like most other neuropeptides the mammalian tachykinin peptides are produced within the cell bodies of the peptidergic neuron. They are synthesized
as large prepropeptides (known as preprotachykinins) on the ribosomes of
the Golgi apparatus (Harrison and Geppetti, 2001; Hökfelt et al., 2001).
Three genes encoding the mammalian preprotachykinins have been cloned
(Bonner et al; 1987; Nawa et al., 1983; Page et al., 2003). They are termed
Tachykinin 1 (TAC1), Tachykinin 3 (TAC3) and Tachykinin 4 (TAC4)
known previously as preprotachykinin A (PPT-A), preprotachykinin B (PPTB) and preprotachykinin C (PPT-C) (Page, 2005).
TAC1
TAC1 is a single copy gene containing seven exons. Alternative splicing of
the TAC1 gene leads to the expression of four different mRNAs in bovine
brain (Hökfelt et al., 2001; Page, 2003). These are named , ,  and 
mRNA and are known to produce four different precursors with different
combination of tachykinin peptides (Hökfelt et al., 2001; Harrison and Geppetti, 2001). Precursors sequences giving rise to SP are encoded by all four
TAC1 mRNAs (Page, 2005). In TAC1 exon 3 encodes the protein sequences
corresponding to SP, whereas exon 6 encodes the sequences giving rise to
NKA (Carter and Krause, 1990). The spliced mRNAs for -TAC1 (missing
exon 6) and -TAC1 of the TAC1 gene encodes SP as the only tachykinin
peptide. The -TAC1 mRNA containing sequences from all seven exons of
the TAC1 gene, encodes SP, NKA and NPK whereas -TAC1 mRNA (miss14

ing exon 4) gives rise to SP, NKA and NP (Fiskestrand and Quinn., 1996;
Nakanishi, 1987; Page, 2005).
TAC1 is expressed in the CNS and PNS and in non-neuronal tissues. Its
expression has been found in all human tissues in brain, heart, spleen, colon,
placenta and immune cells (Page et al., 2003; Pinto et al., 2004)
TAC3
The TAC3 gene, which is expressed both in the brain and peripheral tissues
includes seven exons, where exon 5 encodes the sequence of NKB (Kotani et
al., 1986; Lang and Sperk, 1995; Page, 2005). TAC3 is transcribed to two
forms of mRNA but does not contain any tachykinin sequences other than
NKB, which is the only tachykinin peptide derived from this gene (Bonner et
al., 1987; Kotani et al., 1986)
There is evidence for the existence of an extended form of NKB in the rat
brain and the existence of two TAC3 precursor isoforms ( and  TAC3)
that vary in their last 24 C-terminal acid residues (Lang and Sperk, 1995;
Page, 2004).
TAC4
A third tachykinin gene TAC4, almost exclusively expressed in peripheral
tissues of non-neuronal origin has been identified and cloned in mouse, rat
and human (Kurtz et al., 2002; Page et al., 2003). In mouse, it gives rise to a
single transcript containing HK-1 (Zhang et al., 2000), while in human it
encodes 4 transcripts containing the endokinins (Page et al., 2003). The human TAC4 gene consists of 5 exons, where HK-1 is encoded by exon 2
(Kurtz et al., 2002; Page et al., 2003). Alternative splicing of the TAC4 transcript generates four distinct mRNAs (, , , ) giving rise to four different
peptides, endokinin A (EKA), endokinin B (EKB), endokinin C (EKC) and
endokinin D (EKD) (Page et al., 2003). -TAC4 encodes EKA and EKC, TAC4 encodes EKB and EKD and - and -TAC4 encode only for EKB
(Page et al., 2003). The biosynthesis of mammalian tachykinins are shown in
Table 2
TAC mRNAs are differently expressed in different species and tissues. The
bovine -TAC1 seems to be the most abundant in the brain, whereas - and
-TAC1 are mainly located in peripheral tissues (Nawa et al., 1984). The
amount of -, - and -TAC1 mRNA varies markedly in various tissues. The
level of TAC1 in bovine brain is two to three times higher than that of TAC1, while the level of -TAC in the peripheral tissues particularly in the
thyroid gland is much higher than that of -TAC1 (Goedert and Hunt, 1987;
Page et al., 2004).
As the three mammalian tachykinins SP, NAA and NKB are expressed in
different neurons and they are liberated from the same precursor, it is believed that the neurokinins act on specific receptors.
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Table 2. Tachykinins, their genes and gene transcripts
Tachykinins

Gene

mRNA

SP
NKA
NKB
mHK-1
hHk-1
EKA
EKB

TAC1 (PPT-A)
TAC1 (PPT-A)
TAC3 (PPT-B)
TAC4 (PPT-C)
TAC4 (PPT-C)
TAC4 (PPT-C)
TAC4 (PPT-C)

α, β, γ, δ -TAC1
β, γ-TAC1
α, β -TAC3
mTAC4
hTAC4
α -TAC4
β, γ, δ -TAC4

Release of Substance P
Following biosynthesis, SP and prestages of this peptide are mainly distributed by axonal transport to nerve terminal endings where it is released (Gillbert and Emson, 1978). The release of the undecapeptide has been studied
extensively using a variety of in vivo and in vitro methods including electrical or chemical stimulation, radioimmunoassay, microdialysis and antibody
microprobes (Brodin et al., 1987; Duggan et al., 1987; Duggan and Hendry,
1986; Helme et al., 1985; Otsuka and Konishi, 1976). These studies revealed
that following stimulation of the SP containing neuron, the peptide is released from primary afferent terminals in both CNS and PNS.
Using the in vivo microdialysis technique, SP release from the spinal cord
has been observed following chemical activation of primary afferent C-fibers
by capsaicin or high potassium medium (Akagi et al., 1980; Brodin et al.,
1987; Gamse et al., 1979). In the rat and cat, the peptide is released from the
spinal cord in response to electrical stimulation of dorsal nerve roots and
peripheral nerve C-fibers in a Ca2+ dependent manner (Brodin et al., 1987;
Konishi, 1976; Otsuka and Konishi, 1976; Yaksh et al., 1980) and mechanical and inflammatory stimuli (Kuraishi et al., 1989)
Furthermore, these studies have indicated that SP is released following
noxious stimulation. For instance, noxious heat stimulation applied to the rat
skin was found to produce an increase immunoreactive SP release and to
induce neurogenic stimulation (Duggan et al., 1987). Antibody microprobes
studies using microelectrode inserted into spinal cord of anaesthetised rats
subsequent to noxious thermal stimulation elicited a release of immunoreactive SP and increased activation of primary afferent C-fibers in dorsal horn
resulting in an increase amount of SP (Duggan and Hendry, 1986; Helme et
al., 1985). The release of SP has also been recorded in rat models of chronic
pain. Following cutaneous stimulation, a significant increased amount of
immunoreactive SP in the dorsal horn of spinal cord was evoked (Oku et al.,
1987).
The release of SP from the peripheral terminals was observed by electric
stimulation of the dental pulp and the eye (Brodin et al., 1981; Olgart et al.,
1977). Histamine was found to be involved in antidromic stimulation by
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activating sensory nerves to release immunoreactive SP. The release of SP
induces histamine release from mast cells, which in turn stimulates sensory
nerves to more release of immunoreactive SP and results in vasodilatation
(Foreman et al., 1982). The antidromic-induced vasodilatation is mediated
by C-fibers, which are involved in the transmission of nociception.
Opioid peptides can activate presynaptic receptors to inhibit the release of
SP from both central and peripheral terminals (Jessel and Iversen, 1977;
Yaksh et al., 1980). Intrathecally administrated morphine was shown to inhibit SP from peripheral and primary afferent terminals in the cat dental pulp
at concentrations known to elicit analgesia and could be reversed by
naloxone (Olgart et al., 1977). Enkephalins act to decrease the release of SP
at synapses of primary afferent neurons, thereby modulate the pain influx in
primary afferents (Jessel and Iversen, 1977).
Distribution of Substance P and other Neurokinins
As mentioned above, the tachykinins are widely expressed in various tissues
and organs throughout the body in both mammalian and non-mammalian
species (Helke et al., 1990; Hökfelt et al., 2001; Maggio, 1988; Severini et
al., 2002). In the rat CNS as demonstrated by RIA and immunochemical
studies, immunoreactive SP is unevenly distributed and is found to be present in most parts of the brain (Ari and Emson, 1986; Cuello and Kanazawa,
1978). Particular high concentrations of SP are found in terminals of sensory
afferent nerves and nerve terminals in the dorsal horn of the spinal cord
(Severini et al., 2002). Within both CNS and PNS the peptide is shown to
coexist with other neurotransmitters such as dopamine, GABA, NKA and
CGRP (De Biasi and Rustioni, 1988; Khawaja and Rogers, 1996; Severini et
al., 2002).
Regarding the distribution of SP in the brain, high concentrations of the
peptide is detected in substantia nigra where it is localized in synaptosomal
fractions in both human and rat (Cuello and Kanazawa, 1978; Severini et al.,
2002). In the rat brain, immunoreactive SP displays high concentration in
hypothalamus, septum, amygdala, striatum, trigeminal nucleus, midbrain and
brainstem (Hökfelt et al., 2001; Khawaja and Rogers, 1996; Maggio, 1988).
In these brain regions SP is localized in fiber tracts, cell bodies and nerve
terminals (Cuello and Kanazawa, 1978; Severini et al., 2002). Significantly
high density of immunoreactive SP is found in small sensory neurons in the
dorsal root ganglion and in nerve terminals in the Laminae I-III of the dorsal
horn of the spinal cord, where primary afferent fibers terminate (Quartara
and Maggi, 1998; Severini et al., 2002). The SP levels in the dorsal roots of
the spinal cord significantly exceed those detected in the ventral roots
(Cuello and Kanazawa, 1978; Maggio, 1988; Pernow, 1953). High levels of
immunoreactive SP are also found in VTA and nucleus accumbens, areas
associated with brain reward (Hökfelt et al., 2001; Khawaja and Rogers,
1996). In these brain areas SP is shown to activate dopaminergic neurons
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and to elicit dopamine mediated behaviours. SP is also present in various
pathways and regions involved in pain processing (Severini et al., 2002).
Low or negligible amounts of immunoreactive SP have been detected in
cerebral cortex and cerebellum (Maggio, 1988; Quartara and Maggi, 1998).
In fact, SP levels in the cerebral cortex are reported to be around 100-fold
lower than those detected in the substantia nigra (Severini et al., 2002).
In peripheral tissues immunoreactive SP is present throughout the gastrointestinal tract associated with neurons in ganglia of the subsmucosal and
myenteric plexa and with endocrine cells of mucosa, where the undecapeptide may affect the motility, secretion and blood flow (Hökfelt et al., 2001;
Severini et al., 2002). Furthermore, immunoreactive SP has been detected in
urogenital and respiratory tracts, urinary bladder, heart, pancreas, blood vessels, skin, dental pulp and in the eye (Hökfelt et al., 2001; Maggio, 1988;
Pernow, 1983; Severini et al., 2002).
Functional Aspects
The tachykinins and particular SP are shown to produce a variety of effects
on the CNS but they are also known to play an important regulatory role in
peripheral tissues (Beaujouan et al., 2004; Maggio, 1988; Severini et al.,
2002). SP induces contraction of a large number of smooth muscles in the
gastrointestinal, urogenital and respiratory tracts (Pernow, 1983). It may also
induce vasodilatation, hypotension, plasma extravasation and depolarization
of peripheral neurons (Almeida et al., 2004; Hökfelt et al., 2001; Khawaja
and Rogers, 1996; Lembeck and Holzer, 1979). Among other effects described for SP are its stimulatory effects on the secretion of salivary and
pancreatic enzymes. SP also affects pituitary hormone secretion, activates
immune cells and causes hyperglycemia. It is involved in inflammatory
processes, learning and memory, reinforcement, opioid withdrawal and acts
as a neurotransmitter or modulator in the processing of pain signals (De
Felipe et al., 1998; Huston and Hasenohrl, 1995; Huston et al.,1993; Otsuka
and Yanagisawa, 1987). As SP and NKA are co-localized in primary afferent
neurons it has been suggested that also NKA may play a role in the transmission of nociceptive information (Hökfelt et al., 2001; Severini et al., 2002).
Further, SP is reported to be involved in the central regulation of the cardiovascular system and through actions on blood pressure and heart rate and
in the physiological control of airways, where it induces bronchoconstriction
and elicits inflammatory effects in the airway in both animal and man (Advenier et al., 1997; Quartara and Maggi, 1998; Takano et al., 1990; Severini
et al., 2000). The undecapeptide is also recognized for interactions with
other neurotransmitter system. It thus stimulates cholinergic, dopaminergic
and serotinergic neurons, enhances the release of neurotransmitters such as
dopamine, acetylcholine, opioids, serotonin, GABA, histamine from mast
cells and modulates the mesolimbic dopamine patrhway (De Biasi and Rus-
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tioni, 1988; Elliott et al., 1992; Maehara et al., 1993; Reiner and Anderson,
1990; Severini et al., 2002)
Studies have demonstrated the involvement of SP in opioid tolerance and
dependence. Both in vitro and in vivo studies have indicated that SP is involved in the physiological changes of opioid withdrawal (Maldonado et
al.,1993; Staubli and Huston, 1985; Tiong et al., 1992). SP levels were altered during opioid dependence and withdrawal (Morley et al., 1980).
Concentrations of SP were found to be increased in morphine dependent
rats during long term morphine treatment and attenuated after treatment with
naloxone (Bergström et al., 1984; Morley et al., 1980; Nylander et al., 1991).
SP was shown to mediate the withdrawal reactions to opioids in the CNS and
to increase induced signs of morphine withdrawal (Chahl and Johnston,
1993; Sharpe and Jaffe, 1989). Following i.c.v. injection of SP, a number of
withdrawal signs including grooming, rearing, face wash, scratching and wet
dog shake were observed (Kelly and Iversen, 1978; Staubli and Huston,
1985). A loss of morphine rewarding properties and withdrawal has been
shown in mice lacking NK-1 receptor indicating a role of SP in opioid withdrawal (Murtra et al., 2000). Further, blockade of NK-1 receptor induces a
decrease in the expression of naloxone precipitated morphine withdrawal in
rats suggesting that the release of SP from primary afferents contributes to
the opioid withdrawal response (Maldonado et al., 1993).
Dysfunction in the SP system may lead to neurological and psychiatric
disorders including Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease and migraine. Deficiency in the SP system may also contribute to the
development of chronic pain (Lembeck et al., 1981). High levels of immunoreactive SP in the CSF of chronic pain patients were found (Almay et al.,
1988). In the PNS, SP plays a key role in inflammatory processes involved
in several inflammatory diseases including arthritis, asthma, bronchitis, allergic rhinitis and psoriasis (Pernow, 1983; Quartara and Maggi, 1998).

Tachykinin Receptors
Tachykinins are believed to exert their actions through tachykinin receptors.
They are proteins that consist of a single polypeptide chain that transverse
the cell membrane with seven transmembrane domains (Maggi et al., 1993;
Quartara and Maggi, 1997). At present, three genetically distinct tachykinin
(or neurokinin) receptors have been cloned and characterized, NK-1, NK-2
and NK-3 receptors (Gurd and Watson, 1991; Khawaja and Rogers, 1996;
Patacchini and Maggi, 1995). A fourth neurokinin receptor almost identical
with the NK-3 receptor was proposed but not confirmed or cloned. These
receptors are able to recognize the C-terminal sequence of tachykinin peptides and transform the tachykinin messages into biological effects (Khawaja
and Rogers, 1996; Maggi, 1997; Nakanishi, 1991; Quartara and Maggi,
1998). Each receptor of this family consist of a cytoplasmic carboxy termi19

nus, an extra cellular amino terminus and seven transmembrane domains (IVII) connected by three intracellular loops. The extracellular N-terminus and
the extracellular loops 2 and 3 display a considerable variation across species, whereas the transmembrane regions II and VII and the cytoplasmatic
loop 1 are highly conserved (Khawaja and Rogers, 1996; Maggi, 1995; Regoli et al., 1994). The neurokinin receptors belong to the G protein-coupled
receptor family mediating their effects after ligand activation through two
different effector systems: activation of adenylate cyclase activity and activation of phospholipase C resulting in an increase of intercellular calcium
(Regoli et al., 1994). This increase of Ca2+ leads to the pharmacological responses.
Molecular and binding studies have shown that the affinities of the endogenous ligands for the three neurokinin receptors vary with potency orders
of SP > NKA > NKB at the NK-1 receptor, NKA > NKB > SP at the NK-2
receptor and NKB> NKA > SP at the NK-3 receptor (Khawaja and Rogers,
1996; Maggi, 1995; Patacchini and Maggi, 1995). Each mammalian
tachykinin acts on a separate receptor suggesting the existence of multiple
tachykinin receptors (Hökfelt et al., 2001; Maggi, 1995). In rat brain these
three types appear to be differentially expressed in the CNS and the periphery with NK-1 type being the most abundant present in all brain regions.
NK-2 appears to be mainly expressed in peripheral tissues, while NK-3 predominates in the CNS (Harrison and Geppetti, 2001; Khawaja and Rogers,
1996; Maggi et al., 1993; Saffroy et al., 1988; Severini et al., 2002)
Due to a common C-terminal amino acid sequence, all mammalian
tachykinins are unselective having a good affinity to the three receptors and
they are able to interact at each receptor type, however at variable potency
(Harrison and Geppetti, 2001; Khawaja and Rogers, 1996; Maggi et al.,
1993). Thus, SP, NKA and NKB are the endogenous ligands for and act as
full agonists at NK-1, NK-2 and NK-3 receptor types, respectively (Maggi et
al., 1993; Maggi, 1995; Regoli et al., 1994; Severini et al., 2002). HK-1,
EKA and EKB act as full agonists at the NK-1 receptor and as preferring
agonists at the NK-2 and NK-3 receptors producing effects almost identical
to those of SP (Kurtz, 2002; Morteau et al., 2001; Page, 2003; Pennefather et
al., 2004). EKA and EKB may represent the main endogenous ligands for
the peripheral NK-1 receptor in non-neuronal tissues (Page, 2004; Pennefather et al., 2004). NP and NPK preferentially bind to the NK-2 receptor
but also have high affinity also for the NK-1 receptor (Maggio, 1988; Prat et
al., 1994; Takeda et al., 1990). The non-mammalian PHYS shows high affinity and selectivity for NK-1 receptor, whereas the affinity of ELE and KAS
for the tachykinin receptors is weak and their selectivity is not pronounced
(Erspamer et al., 1980; Liu and Burcher, 2005). Both befokinin and
ranakinin exhibit a high affinity at all three tachykinin receptors in the rat.
Befokinin shows higher affinity for the NK-1 receptor than SP (Conlon et
al., 1998; Satake and Kawada, 2003)
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Table 3. The tachykinins and their receptor preference
Tachykinin

Receptor

Substance P
NKA
NKB
NPγ
NPK
mHK-1
hHK-1
EKA/EKB
PHYS
ELE
KAS
Ranakinin
Bufokinin

NK-1
NK-2
NK-3
NK-2
NK-2
NK-1
NK-1
NK-1
NK-1
NK-2
NK-3
NK-1
NK-1

A number of selective synthetic tachykinin agonists for each receptor type
that show greater selectivity for NK-1, NK-2 and NK-3 receptors than the
endogenous ligands have been described in monoreceptor tissues, the dog
carotid artery (NK-1), rabbit pulmonary artery (NK-2) and rat portal vein
(NK-3) (Drapeau et al., 1975; Regoli et al., 1988; Wormser et al., 1986).
Species differences have been shown in tachykinin antagonist binding.
CP 96,345 has about a100-fold higher affinity for the NK-1 receptor to
guinea-pig and human than to rat or mouse while RP 67,580 has five fold
higher affinity to the rat NK-1 receptor than in human receptor. The NK-3
selective antagonist SR 142801 has a higher affinity for human and guineapig NK-3 receptor than for the rat NK-3 receptor (Fong et al., 1992).

Substance P (1-7) and its Binding Sites
Enzymatic Degradation of SP
The physiological actions of the tachykinins are terminated by enzymatic
inactivation (Hall et al., 1989; Nyberg and Terenius, 1991). Within the CNS,
SP is inactivated by several more or less specific proteases, some of which
may release bioactive fragments of the undecapeptide (Hall et al., 1989;
Hallberg and Nyberg, 2003; Nyberg and Terenius, 1991; Terenius and Nyberg, 1988). Several membrane-bound neuropeptidases in CNS are capable
of degrading SP in the synaptic region including post-proline endopeptidase
(PPEP), angiotension converting enzyme (ACE), neutral endopeptidase
(NEP), SP-degrading enzyme (SPDE) and SP-endopeptidase (SPE) (Lee et
al., 1981; Persson et al., 1995). In rat brain and spinal cord, SP is cleaved
into shorter fragments, C-terminal fragments such as SP(2-11), SP(4-11),
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SP(6-11), SP(7-11) and N-terminal fragments such as SP(1-6), SP(1-7),
SP(1-8) and SP(1-9) (Conlon and Sheehan, 1983; Sakurada et al., 1999).
These fragments may differentiate and activate substance P receptors with
different potencies (Adina et al., 1999; Piercey et al., 1982). C-terminal sequences bind to and are active at the NK-1 receptor, whereas N-terminal
fragments appear to act by a different mechanism than the C-terminal region
(Hallberg and Nyberg, 2003; Igwe et al., 1990). The N-terminal fragments
seem to have their actions mediated through a site different from tachykinin
receptors (Hall et al., 1989; Khan et al., 1998). The C-terminal region is essential for the biological activity of SP on the NK-1 receptor. SP(5-11) and
SP(6-11) fragments, sharing the same C-terminal sequence as SP, are also
shown to bind to SP receptors (Almeida et al., 2004; Satake and Kawada,
2006). Within CNS, C-terminal fragments exert actions similar to those of
SP. In contrast, N-terminal fragments of SP have been found to induce effects similar or opposite to those of SP. The similar effects of SP and SP(17) indicate that some tissues in the mouse and rat brains can recognize the Nterminal sequence, while opposite effects indicate that both N- and Cterminal fragments act via different sites (Burry and Masford, 1977; Hallberg and Nyberg, 2003; Igwe et al., 1990; Khan et al., 1998).

Figure 1. Enzymatic degradation of substance P

SP(1-7)
According to the above, SP(1-7) seems to represent a bioactive SP fragment
composed of seven amino acids. It is structurally related to other tachykinin
peptides but does not bind to tachykinin receptors and induces its biological
activity through acting via receptors other than tachykinins. This heptapeptide is the major fragment of SP in the CNS and is produced as a result of
enzymatic conversion most likely in the synaptic cleft following the synaptic
release of SP (Igwe et al., 1990)
Enzymatic release of SP(1-7)
A metalloenzyme, SP endopeptidase (SPE) first isolated and characterized
from cerebrospinal fluid (CSF) by Nyberg and his co-workers appears to be
very specific for SP (Nyberg et al., 1984). This endopeptidase, which is
mainly found in CSF and the spinal cord (Karlsson et al., 1997; Persson et
al., 1995) is capable to generate SP(1-7) and SP(1-8) fragments with retained
biological activities. It has a high specificity for SP cleaving it at its N22

terminal side primarily between the Phe7-Phe8 residues and secondarily between the Phe8-Gly9 residues and is not affected by either captopril nor
phosphoramidon (Hallberg and Nyberg, 2003; Nyberg et al., 1984; Persson
et al., 1995). It has been shown that the activity of SPE is altered during
morphine tolerance and withdrawal (Zhou et al., 2001). During opioid withdrawal, the SPE activity is significantly enhanced in various areas of the
brain with the highest increase in the VTA indicating the involvement of
SPE in opioid withdrawal (Zhou et al., 2001).
Other enzymes of major importance in the generation of N-terminal SP(17) are angiotension converting enzyme (ACE) and neutral endopeptidase
(NEP). Both these enzymes are membrane-bound zinc metallopeptidases
involved in hydrolyses of SP at its C-terminal side (Persson et al., 1995).
ACE is found in the brain, plasma and hCSF and is co-localized with SP in
substantia nigra. ACE, although not specific for SP cleaves it at two different
sites, primarily at Phe7-Phe8 residues and secondarily at Gly9 -Leu10 residues
(Sakurada et al., 1999; Skidgel et al., 1984). Even though it is shown that
ACE is predominantly playing a role in the secondary hydrolysis of SP, it
cleaves SP into SP(1-7) and SP(1-8). Neutral endopeptidase (NEP), also
known as enkephalinase, is believed to be the main enzyme to degrade SP in
the rat CNS and is co-localized with SP in a number of brain regions. NEP is
shown to cleave SP at two different sites, Gln6-Phe7 and Phe7-Phe8 (Nyberg
et al., 1986; Sakurada et al., 1999; Skidgel et al., 1984). It is sensitive to
phosphoramidon and is inhibited by CGRP (Le Greves et al., 1989)

Figure 2. Enzymatic release of SP(1-7)

Distribution of SP(1-7)
SP(1-7) has been found in the CNS of rat (Sakurada et al., 1985; Zhou et al.,
1998) and in human CSF (Rimon et al., 1984). The concentration of SP(1-7)
has been determined in the CNS by radioimmunoassay (RIA) (Sakurada et
al., 1988; Zhou et al., 1998). In rats, SP(1-7) is found throughout the brain
and the spinal cord at levels of pmol/g tissue (Zhou et al., 1998). High concentrations of SP(1-7) are found in the hypothalamus and nucleus accum23

bens and the peptide is also present at high amounts in the dorsal spinal cord
and VTA (Zhou et al., 1998). Furthermore, SP(1-7) is found in moderate
concentrations in substantia nigra and pituitary while much lower concentrations are found in striatum, hippocampus and cerebral cortex (Zhou et al.,
1998). Also, studies have shown that in the rat CNS there are differences
between the concentrations of N-and C-terminal fragments. Thus, the level
of SP(1-7) was found to be higher than those of SP C-terminal fragments
(Sakurada et al., 1985).
Functions of SP(1-7)
Several studies have shown that SP(1-7) is a bioactive fragment of SP that
exerts a variety of biological actions in multiple systems, acts as a modulator
of several CNS functions (Fredricksson et al., 1982; Hallberg and Nyberg,
2003; Herrera et al., 1990) and is suggested to act as neurotransmitter or
modulator in the CNS (Herrera et al., 1990; Severini et al., 2002; Stewart et
al., 1982). Among these several activities, SP(1-7) is involved in nociception, hypotension, learning and memory and abstinence reaction to morphine
withdrawal (Hall and Stewart, 1983; Hallberg and Nyberg, 2003; Hasenohrl
et al., 1990; Herrera et al., 1990; Kreeger and Larson, 1993; Stewart et al.,
1982).
SP(1-7) is shown to modulate several effects of SP, exerts effects similar
to or opposite to those of the undecapeptide and antagonizes several effects
that result from SP-induced responses (Hall and Stewart, 1983; Huston et al.,
1993; Persson et al., 1995; Skilling et al., 1990; Stewart et al., 1982; Wiktelius et al., 2006). For instance, the hypotensive effect of centrally administrated SP, the antinociceptive effect as well as the memory promoting effects
of SP appear to be mediated through an action of SP(1-7) rather than SP
(Hasenohrl et al., 1990; Herrera et al., 1990). Similar to SP, the N-terminal
SP(1-7) stimulates dopamine release in substantia nigra, which is suggested
to be the site of action for both SP and SP(1-7) when given i.c.v. (Hall and
Stewart, 1992; Reid et al., 1990). It significantly enhances rearing, sniffing
and locomotor in rats after infusion into the substantia nigra (Hall and Stewart, 1992). SP(1-7) and C-terminal fragments of SP exert opposite effects on
several behavioural responses in mice e.g. nociception, grooming, learning
and memory (Hall and Stewart, 1983). The heptapeptide was shown to antagonize SP-induced aversive behavioural effects in rats, affect naloxone
withdrawal behaviours in mice, inhibit SP mediated scratching of ears and
body, and skin biting when injected i.t. (Hall and Stewart, 1983; Herrera et
al., 1990; Sakurada et al., 1990; Stewart et al., 1982) and induces antinociception in mice when administrated i.c.v. (Mousseau et al., 1994). SP(1-7)
prevents tolerance, inhibits the expression of withdrawal at low doses capable of modulating tolerance and dependence when injected i.t. or i.p. and
attenuates withdrawal signs in rats during morphine withdrawal (Kreeger
and Larson, 1993). Studies in our laboratory indicated an increase in SP(1-7)
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content after chronic exposure to morphine and we observed a further significant increase in the concentrations of SP(1-7) in different brain areas
during morphine withdrawal (Zhou et al., 1998). The possible mechanism of
SP(1-7) in opioid tolerance and withdrawal was suggested to involve an
indirect action through the mu opioid receptor as SP(1-7) was found to affect
the binding of DAMGO to the mu opioid receptor (Igwe et al., 1990; Krumins et al., 1989). SP(1-7) seems to be an endogenous modulator of SP actions in the brain (Hallberg and Nyberg, 2003; Herrera et al., 1990). When
injected in rats or mice it acts as a very potent antagonist against responses
induced by SP and PHYS (Igwe et al., 1990; Severini et al., 2002). It is suggested to be more potent in its ability to inhibit the effects of SP than SP
antagonists (Igwe et al., 1990).
Further, SP(1-7) has been shown to induce actions also in peripheral tissues. A recent study indicated the involvement of SP(1-7) in the modulation
of peripheral inflammation. It was shown that SP(1-7) acts as a modulator of
the neurogenic inflammatory process in different inflammatory conditions in
the skin (Wiktelius et al., 2006).

SP(1-7) Binding Sites
Previous studies have shown that SP heptapeptide fragment SP(1-7) may
bind to specific sites in the mouse CNS, that are not identical to any
tachykinin or opioid peptide receptor (Igwe et al., 1990). The Lack of binding of SP(1-7) to any of the three classical tachykinin receptors and the lack
of blocking effects of any NK-1 receptor antagonist and the inability of
opioid antagonist naloxone to block the SP(1-7) binding to these sites suggested that they may account for a specific receptor for SP(1-7). The specific
sites for SP(1-7) were identified by Igwe and co-workers in the mouse brain
and spinal cord and SP as well as its C-terminal fragments were found to
exhibit a weak binding to these sites (Igwe et al., 1990). In mice spinal cord
they found evidence for two distinct sites for the heptapeptide, one of which
was suggested to be senstitive to the SP(1-7) antagonist D-SP(1-7) as confirmed by studies of the antinociceptive effects of the heptapeptide in both
the writhing and the formalin assays (Igwe et al., 1990; Krumins et al.,
1989).

Opioid Receptors and their Ligands
Endogenous Opioid Peptides
The endogenous opioid peptides are naturally occurring peptides produced in
the body and recognized for opioid actions. They act with high affinity and
selectivity for specific brain opioid receptors that can produce morphine-like
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effects, which in turn can be inhibited by opioid antagonists such as
naloxone or naltrexone (Akil et al., 1998; Chang and Cuatrecases, 1979;
Chang et al., 1980; Lord et al, 1977). Numerous endogenous opioid peptides
have been identified and these are synthesized by neurons widely distributed
in the CNS and PNS (Akil et al., 1998; Mayer et al., 1976). Some of the
opioid peptides contain the N-terminal sequence Tyr-Gly-Gly-Phe-(Met or
Leu) termed opioid motif because it is important for opiod activity followed
by different C-terminal extensions yielding peptides ranging from 3-31 residues in length. Removal of the N-terminal amino acid Tyr compeletly eliminates the opioid activity (Frederickson and Geary, 1982; Mansour et al.,
1988). In the CNS opioid peptides are located in the limbic system including
hippocampus and in areas known to be involved in pain transmission including periaqueductal gray matter, spinal cord, cerebral cortex and thalamus.
They are also found in endocrine and immune systems and gastrointestinal
tract (Akil et al., 1998; Hedner and Cassuto, 1987; Olson et al., 1997).
Opioid peptides have a variety of actions throughout the body. They are
shown to mediate actions such as sedation, euphoria and respiratory depression, considered to function as neurotransmitters, neuromodulators or hormones and are thought to be involved in the physiological control of various
functions including analgesia, reward, motor behaviour, food intake, release
of hormones, drinking behaviour, cardiovascular regulation, respiratory,
gastrointestinal, immune and neuroendocrine functions (Bodner and Klein,
2005; Hender and Cassuto, 1987; Kromer, 1988; Olson et al., 1997). The
endogenous opioid peptides bind to specific receptors on the target cell. As
indicated above, there are at least three primary opioid receptors termed mu
(), delta () and kappa () receptors belonging to the family of G-protein
coupled receptors of the pertussis toxin-sensitive, Gi/Go type and differ in
their affinities and selectivities for these classical opioid receptors (Childers,
1991; Knapp et al., 1995; Lutz and Pfister, 1992).
The endogenous opioids comprise a large family of both mammalian and
non-mammalian peptides. Based on the N-terminal amino acid sequence,
two types of mammalian opioid peptides exist in the nervous system. One
containing a Tyr-Gly-Gly-Phe sequence at the N-terminus and represent
three well known families called endorphins, enkephalins and dynorphins
that vary in their affinities for mu, delta and kappa receptors but that do not
bind exclusively to one of them (Akil et al., 1988; Olson et al., 1997). The
other type of endogenous opioid peptides containing the Tyr-Pro-Trp/Phe
sequence at their N-terminal includes several peptides, among them the endomorphin-1 (EM-1) and endomorphin-2 (EM-2) which are characterized to
be highly selective and having high potency for the mu-opioid receptor
(Zadina et al., 1997, 2002), hemorphins, peptides drived from hemoglobin
(Brantl et al., 1986; Nyberg et al., 1997), -casomorphins drived from the
milk protein ß-cassin (Brantl, 1984) and Tyr-MIF-1 peptides isolated from
bovine and human brain (Reed et al., 1994).
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The first member of the endogenous opioid peptides, enkephalins were
originally isolated and sequenced in 1975 by John Hughes and his coworkers (Hughes et al., 1975). They constitute two structurally related pentapeptide Leu-enkephalin, with the amino acid sequence Tyr-Gly-Gly-PheLeu and Met-enkephalin with the amino acid sequence Tyr-Gly-Gly-PheMet.(Comb et al., 1982, 1983). Soon after their discovery, the enkephalins
were found to exhibit a morphine-like activity in various assay systems
(Teschemacher et al., 1975). They could modulate or regulate the acute and
chronic actions of opioids and modify the analgesic action of morphine
(Herz, 1987). Leu-enkephalin was found to develop tolerance to morphine
and enhance physical dependence (Nitsche et al., 2002). Enkephlins are
widely distributed in the CNS, the periphery, immune cell and endocrine
tissue (Hedner and Cassuto, 1987; Hökfelt et al., 1977; Khachaturian et al.,
1985). Met- and Leu-enkephalins and other larger peptides are derived from
pro-enkephalin precursor protein (Comb et al., 1982, 1983). It includes
seven copies of Met-enkephalin and one copy of Leu-enkephalin. Both Metand Leu-enkephalins are relative selective for delta-opioid receptors (Akil et
al., 1998; Olson et al., 1997).
In 1976, the second endogenous opioid peptide, -endorphin was discovered, a 31 amino acid peptide isolated from pituitary gland. -endorphin is a
very potent opioid analgesic with long lasting effects (Akil et al., 1978,
1981; Bradbury et al., 1976; Kangawa et al., 1979; Minamino et al., 1981). It
is widely distributed in the brain with high concentrations in hypothalamus,
limbic system and brainstem (Akil et al., 1981; Khachaurian et al., 1985;
Loh et al., 1976). -endorphin is derived from pro-opiomelanocortin
(POMC) precursor (Uhler and Herbert, 1983; Noda et al., 1982). POMC, the
first precursor to be identified, is mainly expressed in the pituitary and CNS
and synthesized by neurons located in the brain (Akil et al.,1998;
Khachaturian et al., 1985). POMC includes -endorphin within its long
polypeptide sequence as well as other non-opioid peptides such as the stressrelated hormone (ACTH) and melanocyte-stimulating hormone (MSH)
(Guiliemin et al., 1977). Within the POMC sequence one copy of Metenkephalin included in the N-terminal of -endorphin makes this precursor
unique compared to other opioid peptide precursors, which are polyvalent
and contain several opioid active sequences in their structures
(Khatchaturian et al., 1985). -endorphin have been shown to have similar
affinities for mu and delta opioid receptors but is much less active at the
kappa opioid receptor (Akil et al., 1998).
The isolation of dynorphin peptides with properties different from enkephalins and -endorphins in 1979 marks the last of the three known families of the endogenous opioid peptides. The Pro-dynorphin precursor mainly
expressed in the CNS and pituitary gives rise to three active sequences selective for the -opioid receptor, dynorphin A, dynorphin B and neo-endorphin
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(Civelli et al., 1985; Kakidani et al., 1982; Goldstein and Ghazarossian,
1980).
Dynorphin A is a 17 amino acids long peptide with profound effects
throughout the CNS and PNS (Goldstein et al., 1979; Fischli et al., 1982).
Two years later, a second peptide belonging to the dynorphins, dynorphin B
was isolated (Goldstein et al., 1981) followed by another opioid called neoendorphin also classified in the dynorphin family (Kangawa et al., 1981;
Minamino et al., 1981). Dynorphin A (1-13) has been found in the striatonigral pathway and may regulate the activity of dopamine in the striatum
(Goldstein et al., 1979). Dynorphins have their highest affinity for the opioid receptor but may also bind to μ- and -opioid receptors (Satoh and
Minami, 1995; Akil et al., 1998; Olson et al., 1997).
Table 4. Amino acid sequences, precursors and preference receptors of opioid peptides
Opioid peptide

Structure

Precursor

Receptor

Met-enkephalin

Tyr-Gly-Gly-Phe-Met

Proenkephalin

delta ( )

Leu-enkephalin

Tyr-Gly-Gly-Phe-Leu

Proenkephalin

delta ( )

β-endorphin

Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-LysSer-Gln-Thr-Pro-Leu-Val-Thr-Leu-PheLys-Asn-Ala-Ile-Ile-Lys-Asn-Ala-TyrLys-Lys-Gly-Glu

Pro-opiomelanocortin

mu, delta (μ, )

Dynorphin A

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-ArgPro-Lys-Leu-Lys-Trp-Asp-Asn-Gln

Prodynorphin

kappa (κ)

Dynorphin B

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-GlnPhe-Lys-Val-Val-Thr

Prodynorphin

kappa (κ)

Endomorphin-1

Tyr-Pro-Trp-Phe-NH2

Not identified

mu (μ)

Endomorphin-2

Tyr-Pro-Phe-Phe-NH2

Not identified

mu (μ)

Endomorphins
The discovery of the potent and selective μ-opioid receptor ligands, endomorphins in 1997 opened new possibilities in opioid research (for review on
endomorphins, see Fichna et al., 2007). These tetrapeptides, which have
been detected in mammalian CNS tissue, contain the Tyr-Pro-Trp/Phe sequence and are known as EM-1 and EM-2 (Martin et al., 1997; Zadina et al.,
1997, 2002). They have received their names endomorphins because they
possess morphine-like effects and bind with the highest affinity and selectivity to the μ-opioid receptor of all known opioid peptides and therefore, they
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are considered as the natural selective ligands for this receptor (Fichna et al.,
2007). In their structure, the endomorphins differ from other endogenous
opioid peptides in their N-terminal sequence, peptide length and C-terminal
amidation (Goldberg et al., 1998; Zadina et al., 2002). Both EM-1 and EM-2
selectively bind to mu-opioid receptor sites with high affinity and with no
affinities for delta and kappa opioid receptors (Martin-Schild et al., 1997).
EM-1 and EM-2 are differently distributed in the CNS. EM-1 is widely distributed in the brain with the highest concentrations in the thalamus, hypothalamus, cortex, and striatum (Zadina et al., 2002), while EM-2 is mostly
concentrated in the spinal cord. EM-2 is co-localized with SP and CGRP
(Martin-Schild et al., 1997). EM-1 and EM-2, given i.c.v. or i.t., dose dependently produce antinociception. However, there is a differential activation of
the μ-opioid receptors by EM-1 and EM-2 (Monory et al., 2000). Studies
have shown that EM-2 stimulates a different subtype of μ-opioid receptor
from that of μ-opioid receptor stimulated by EM-1 suggesting that different
subtypes of μ-opioid receptors are involved in the pharmacological actions
produced by EM-1 and EM-2. EM-2 acts primarily at the μ1 binding site
while EM-1 acts primarily at the μ2 site (Sakurada et al., 2001; Tseng et al.,
2000). Furthermore, studies have indicated differences between the pharmacological effects of endomorphins and other μ-opioid receptor selective
ligands (Champion et al., 1997; Lonergan et al., 2003). The endomorphins
have been examined for their abilities to functionally interact with their receptor and were found to selectively stimulate the GTPS binding, which is
blocked by μ-opioid receptor antagonists but not by delta or kappa receptor
antagonists (Narita et al., 1998). So far no precursor for the endomorphins
has been identified.
ȕ-Casomorphins
-casomorphins are a family of opioid peptides derived from the milk protein -casein that consist of -casomorphin-4, -5, -6, -7 and –8 and were the
first milk protein-derived opioid receptor ligands whose amino acid sequences were identified. (Brantl, 1984; Teschemacher et al., 1990). casomorphins are obtained by successive C-terminal cleavage of the 60-66
sequence in -casein (Tyr-Pro-Phe-Pro-Gly-Pro-Ile). They are released from
-casein during gastrointestinal digestion of milk protein and are isolated
from both bovine and human -casein (Teschemacher et al., 1997; Trompette et al., 2003). The bovine -casomorphins, Tyr-Pro-Phe-Pro-Gly-Pro-Ile
were found to be about 10-fold more potent than the human -casomorphins,
Tyr-Pro-Phe-Val-Glu-Pro-Ile. Sequence comparison between the bovine and
the human –casomorphins suggested 47% identity (Brantl, 1984). The casomorphin fragments are opioid active peptides that possess preferentially
μ-receptor agonist activity and differ from other opioid peptides in one residue present in the N-terminal position 2, Tyr-Pro sequence instead of TyrGly, which is characteristic of endogenous opioid peptides (Koch et al.,
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1985). The peptide fragment casomorphin-5, Tyr-Pro-Phe-Pro-Gly is the
most potent fragment of all -casomorphins (Chang et al., 1981). All casomorphins display opioid activity and can bind to opioid receptors
(Brantl, 1984 , Koch et al., 1985; Teschemacher et al., 1997). The affinity
was highest for mu-receptors, less for delta-receptors and lowest for kappareceptors. -casomorphins share the N-terminal Tyr-Pro sequence with TyrMIF-1 and show binding affinity to Tyr-MIF-1 binding sites (Reed et al.,
1994).
-casomorphin-4 amide, Tyr-Pro-Phe-Pro-NH2 also called morphiceptin
is a selective agonist for the mu-opioid receptor. Morphiceptin exhibits a
high affinity and selectivity at dihydromorphine binding sites (Chang et al.,
1981). Morphiceptin also binds to the non-opioid Tyr-MIF-1 receptor in the
rat brain and interact with Tyr-MIF-1 (Zadina et al., 1985).
Tyr-MIF-1 peptides
The endogenous Tyr-MIF-1 family of peptides include MIF-1, Tyr-MIF-1,
Tyr-w-MIF-1 and Tyr-k-MIF-1 peptides. They have been isolated from bovine hypothalamus and human brain cortex and are thought to be a melanocyte-stimulating hormone release inhibiting factor (MIF) (Plotnikoff et al.,
1971; Reed et al., 1994). Tyr-MIF-1 peptides bind to mu-opioid receptors
(Zadina and Kastin, 1986; Zadina et al., 1996) and have been proposed to
play a role in opiate tolerance and dependence and to modulate opioid activity (Zadina et al., 1985, 1996).
The main member in this family of peptides is Tyr-MIF-1, a naturally occurring tetrapeptide with the amino acid sequence Tyr-Pro-Leu-Pro-GlyNH2. The amidation of Tyr-MIF-1 is important for opioid binding since
binding of the free acid Tyr-Pro-Leu-Gly is lower than the corresponding
amidated form (Erchegi et al., 1993). Tyr-MIF can bind to mu-opioid receptor and attenuates the analgesic effects of morphine. It is highly selective for
mu-receptors over delta and kappa receptors but with lower affinity than
Tyr-w-MIF-1 acting as agonist or antagonist when binding to opioid receptors (Zadina and Kastin, 1986; Zadina et al., 1992). Tyr-MIF-1 also bind to a
non-opiate receptor in the brain labelled by Tyr-MIF-1 at 50-fold higher
affinity than to the mu-opioid receptor (Erchegyi et al., 1993; Zadina and
Kastin, 1985). This binding is not inhibited by opioid ligands but is displaced by Tyr-MIF-1. -casomorphins such as morphiceptin which share the
N-terminal Tyr-Pro sequence with Tyr-MIF-1 show a high binding affinity
to the Tyr-MIF-1 binding site (Zadina et al., 1985, 1996). Tyr-MIF-1 antagonize opioid induced analgesia in opioid tolerant rats. Chronic administration of morphine to rats decreases levels of the Tyr-MIF-1 binding site
(Zadina et al., 1989).
Tyr-w-MIF-1 with the amino acid sequence Tyr-Pro-Trp-Gly-NH2 differs
from Tyr-MIF-1 in one amino acid, Trp. This aromatic amino acid may enhance opioid receptor binding (Reed et al., 1994). Tyr-w-MIF-1 can bind to
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opioid receptors with 200-fold selectivity for mu-opioid receptors over delta
and kappa receptors and is shown to have a higher affinity for the mu opioid
receptor than Tyr-MIF-1 but it appears less potent than DAMGO (Zadina et
al., 1994). Furthermore, Tyr-w-MIF displays both agonistic and antagonistic
effects and can induce prolonged naloxone-reversible analgesia after i.c.v.
injection of the rat (Erchegi et al., 1992).
Table 5. The amino acid sequence of selected peptides, including substance P, substance P fragments and some Tyr-Pro-containing opioid peptides.
Peptide

Amino acid sequence

β-casomorphin (bovine)

Tyr-Pro-Phe-Pro-Gly-Pro-Ile

DAMGO

Tyr-D-Ala-Gly-N-Me-Phe-Gly-ol

D-SP1-7

Arg-D-Pro-Lys-Pro-Gln-Gln-D-Phe

Endomorphin-1

Tyr-Pro-Trp-Phe-NH2

Endomorphin-2

Tyr-Pro-Phe-Phe-NH2

MIF-1

Pro-Leu-Gly-NH2

Morphiceptin

Tyr-Pro-Phe-Pro-NH2

R396

Ac-Leu-Asp-Gln-Trp-Phe-Gly-NH2

[Sar Met(O2) ]-SP

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Sar-Leu-Met(O2)-NH2

Senktide

Suc-Asp-Phe-N-Me-Phe-Gly-Leu-Met-NH2

SP

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2

SP1-6

Arg-Pro-Lys-Pro-Gln-Gln

SP1-7

Arg-Pro-Lys-Pro-Gln-Gln-Phe

SP1-8

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe

SP1-9

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly

Tyr-MIF-1

Tyr-Pro-Leu-Gly-NH2

Tyr-Pro-D-Phe-Pro-Gly

Tyr-Pro-D-Phe-Pro-Gly

Tyr-Pro-Val-Pro-Gly

Tyr-Pro-Val-Pro-Gly

Tyr-w-MIF-1

Tyr-Pro-Trp-Gly-NH2

9

11

Opioid Receptors
Endogenous and exogenous opioid peptides produce their biological actions
by binding opioid receptors in the CNS (Chang et al., 1980; Goldstein and
Naidu, 1989; Martin et al., 1976). Opioid receptors were first demonstrated
in 1973 by using high specific activity radioligand binding assays on isolated
brain tissues (Pert and Synder, 1973; Simon et al., 1973; Terenius, 1973).
Based on binding studies, pharmacological assays and selective antagonists,
it became clear that there are three well defined and cloned types of opioid
receptors, each with a unique anatomical distribution in brain, spinal cord
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and peripheral tissues and a dictinct pharmacological profil, functional characteristics and affinity (Chang and Cuatrecases, 1979; Mansour et al., 1988;
Paterson et al., 1983; Rynor et al., 1994). According to the International
Union for pharmacology (Dhawan et al., 1996), these receptors are characterized as:
MOP-R: mu (μ)-opioid peptide receptor
DOP-R: delta ( )-opioid peptide receptor
KOP-R- kappa (k)-opioid peptide receptor
Each of these receptor types is further divided into multiple subtypes based
on their ability to bind selective ligands. Thus, multiple μ-receptors (μ1, μ2),
-receptors ( 1, 2) and k-receptors (1, 2, 3) have been differentiated
(Clark et. al., 1989; Negri et al., 1991; Pasternak and Wood, 1986).
Opioid receptors are located on primary afferent neurons and are widely
distributed throughout the CNS and peripheral tissues (Atweh and Kuhar,
1986). The receptors are observed in areas known to be involved in pain
transmission including brainstem, thalamus, hypothalamus, spinal cord and
limbic structures where they inhibit the release of neurotransmitters (Akil et
al., 1998; Knapp et al., 1995; Mansour et al., 1988).
The MOP-receptor is the most important opioid receptor with the greatest
clinical implications. It binds morphine and its derivatives, DAMGO and the
antagonist naloxonazine with high affinity and is considered to be the major
mediator of analgesia and drug dependence (Mansour et al., 1995). It is the
most widely distributed opioid receptor, localized throughout the CNS in
areas involved in sensory and motor functions including cerebral cortex and
amygdala and in several areas involved in nociception (Ding et al., 1996;
Yaksh, 1987). High densities of MOP receptors are found in neocortex, caudate putamen, nucleus accumbens, thalamus, hippocampus, spinal trigeminal
nucleus, striatum, VTA and dorsal horn. Relative moderate densities are
observed in PAG, an area involved in the control of nociception transmission, while low amounts are found in hypothalamus and globus-pallidus.
MOP-receptors are located presynaptically on primary afferent neurons
within the dorsal horn of the spinal cord where they inhibit glutamate and SP
release and thereby inhibiting pathways for pain (Ding et al., 1996; Mansour
et al., 1987; Paul et al., 1989; Pasternack and Wood, 1986; Tempel and
Zukin, 1987).
The DOP-receptor has a high affinity for enkephalins, DADLE and the opioid selective ligand DPDPE but does not bind to DAMGO or
naloxonazine and morphine is much less potent at delta receptors (Satoh and
Minami, 1995). KOP receptors are more restricted in their distribution and
less distributed than the other opioid receptors. They are predominant in
olfactory, neocortex, caudate putamen, amygdala and nucleus accumbens
where they play a role in motor intergration and cognitive function. Lower
amount of DOP receptors are found in thalamus, hypothalamus and brain
stem. They are located presynaptically on primary afferent where they in32

hibit the release of neurotransmitters (Mansour et al., 1993; Wang et al.,
1997; Zaki et al., 1996).
The KOP-receptor has a high affinity for dynorphin A (1-17) which is
considered to be the endogenous ligand for -receotpr. Dynorphin A is much
less potent at -receptor and does not interact with the -receptor (Satoh and
Minami, 1995). KOP receptors are more widely distributed than the DOP
receptors and are localized in high concentrations in olfactory, caudate putamen, nucleus accumbens, amygdala, hypothalamus and nucleus tractus
solitarius where they can regulate water balance, food intake and pain transmission. A less amount of KOP receptors are found in PAG, thalamus spinal
trigeminal nucleus and dorsal horn (Li et al, 1993; Mansour et al., 1987,
1988).
Opioid receptors activation by opioid ligands induce many physiological
and pharmacological effects including analgesia, feeding, hormone secretion, depression, immune, respiratory and gastrointestinal functions, euphoria, respiratory depression, reward, release of hormones and opioid addiction. Furthermore, opioid receptors are believed to play a role in the control
of automatic functions, gastrointestinal motility, modulating behaviours,
immune system and reinforcement (Bodner and Klein, 2005; Hedner and
Casuto, 1987; Holaday, 1982; Koob and Bloom, 1983; Satoh and Minami,
1995). MOP and DOP receptor selective agonists are rewarding whereas
selective agonists for KOP receptors are dysphoric. Morphine activates
MOP-receptors and is a major drug for treatment of chronic pain. However,
its long-term use leads to the development of physical dependence. On the
basis of different binding characteristics of opioid ligands, the MOP receptor
can be divided in two subunits, one of which appears to mediate analgesia
and euphoria and the other is suggested to be involved in respiratory depression and physical dependence (Pasternak, 1993). The DOP receptors are
known to play a role in analgesia as well as enforcing the action of morphine
(Quock et al., 1999) whereas KOP receptors produce miosis, sedation and
dysphoria (Meng et al., 1993).
All three opioid receptors have been cloned using molecular biological
techniques. The mouse DOR was the first opioid receptor to be cloned (Evans et al., 1992; Kieffer et al., 1992) followed by cloning of MOR (Chen et
al., 1993; Thompson et al., 1993) and KOR (Li et al., 1993; Minami et al.,
1993) from various species. Amino acid sequences of the cloned opioid receptors have confirmed that these receptors belong to the superfamily of Gprotein coupled receptors posses the same structure of an extracellular Nterminal region, seven transmembrane domains and an intracellular Cterminal structure (Loh and Smith, 1990). The opioid MOP, DOP and KOP
receptors show a high degree of homology sharing about 60% amino acid
identity between opioid receptor types and about 70% similarity (Chen et al.,
1993; Reising and Bill, 1993). Further, the opioid receptors display a high
degree of structural similarity between the transmembrane domains and in33

tracellular loops. Studies have shown a relationship between opiod peptides
and their receptors. The KOR displays the highest selectivity across the endogeneous ligands. MOR and DOP recognize the common N-terminal TyrGly-Gly-Phe core whereas KOR discriminates among the larger variation in
C-terminal region. The sequence Tyr-Gly-Gly-Phe-Met-Arg-Phe binds with
a sub-nanomolar concentration to each of the cloned receptor. (Akil et al.,
1998; Mansour et al., 1995)
Table 6. Opioid receptors in the CNS
Opioid
Receptors

Location in the CNS

Endogenous
Opioid Peptides

Effects

MOP

Thalamus, cerebral cortex, spinal
cord, PAG, nucleus accumbens,hippocampus, substantia
nigra
Olfactory, neocortex, caudate
putamen, amygdala, nucleus
accumbens, cortex

Endomorphin-1
Endomorphin-2
β-endorphin
β-neoendorphin
Leu-enkephalin
Met-enkephalin
Deltorphin

Amygdala, neocortex, olfactory,
nucleus accumbens, amygdala,
hypothalamus, PAG, spinal cord

Dynorphin A
Dynorphin B

Analgesia, respiratory depression, physical dependence,
euphoria,
miosis
Analgesia, increase of food
intake, inhibition of neurotransmiiter release, euphoria, physical
dependence
Analgesia, physical dependence,
dysphoria, increase of food
intake miosis, sedation

DOP

KOP

Sigma Receptors and their Ligands
Sigma Receptors
Sigma receptor was originally classified as novel subtype of opioid receptors
by Martin et al in 1976 based on the actions of (±)SKF 10.047 and related
benzomorphans (Gilbert and Martin, 1976; Martin et al., 1976). Later, it was
confused with phencyclidine (PCP), proposed to be identical with PCP site
on NMDA receptor based on the displacement of 3H-PCP binding by sigma
ligand (+)SKF 10,047 (Mendelsoln et al., 1985; Quirion et al., 1987). But the
fact that none of the classical opioid antagonists were able to block sigma
receptor mediated effects led to the recognition of sigma receptor as distinct
entity (Su, 1982; Vaupel, 1983). Later, with the use of new selective ligands,
binding studies differentiated sigma receptor from the PCP site (Quirion et
al., 1987). Thus classification of sigma receptor as PCP site was discarded.
At present, sigma receptor is considered to be a unique receptor family defined as non-opioid, non-PCP and non-dopamine membrane proteins distinct
from any other known class of receptor in drug selectivity pattern and anatomical distribution (Ferris et al., 1991; Walker et al., 1990).
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Based on receptor binding studies, there are at least two subtypes of
sigma receptor termed sigma-1 and sigma-2 receptors (Bowen et al., 1989;
Quirion et al., 1992). These two subtypes are believed to mediate various
pharmacological effects of sigma ligands. They display a different tissue
distribution profile and mediate different pharmacological functions in the
central and peripheral nervous systems although few functions are mediated
by both subtypes (Bowen et al., 1989; Walker et al., 1990). Sigma-1 subtype
is the best characterized receptor while sigma-2 is much less known than
sigma-1 due to the lack of high affinity and highly selective ligands (Quirion
et al., 1992; Walker 1990). A third subtype, the sigma-3 receptor was proposed but not been confirmed (Booth and Wyrick, 1994). However studies
indicate that sigma-3 receptor is a histamine (H-1) receptor (Booth et al.,
1999).
Sigma-1 receptor gene has been isolated and cloned from several tissues
and species including guinea pig, mouse, rat and human (Hanner et al., 1996;
Kekuda et al., 1996; Mei et al., 2001; Pan et al., 1998; Seth et al., 1998). The
protein coded in the rat brain consists of 223 amino acid sequences with
three hydrophobic domains, an extracellular domain at N-terminus, an intracellular domain at C-terminus and a transmembrane domain at the middle of
the protein (Hayashi and Su, 2005; Mei et al., 2001). Sigma-1 is a single
transmembrane receptor located on the outer cell membrane and the endoplasmic reticulum. It revealed no homology to any known mammalian protein (Hanner et al., 1996; Hayashi and Su, 2005). The amino acid sequences
of sigma-1 receptor exhibit more than 90% identity in different mammalian
species (Hanner et al., 1996; Kekuda et al., 1996). On the other hand, sigma2 receptor has not been cloned yet.
Both sigma-1 and sigma-2 receptors are widely expressed in the central
nervous system and peripheral tissues (Bowen et al., 2000; Gundlach et al.,
1986; Walker et al., 1990; Wolfe et al., 1989). In the brain, high levels of
sigma receptors are found in areas involved in motor sensory and endocrine
function (Guitart et al., 2004; Hellewell et al., 1994; Walker et al., 1990). In
the peripheral tissues, they are present in high abundance in heart, spleen,
placenta, lever, kidneys, immune cells and gastrointestinal tract (Hellewell et
al., 1994; Whitlock et al., 1996; Wolfe et al., 1997). Sigma-1 receptor plays
a role in regulation of gastrointestinal effects, modulation of opioid analgesia, regulation of glutamate NMDA receptor function, release of neurotransmitters such as dopamine and attenuation of cocaine-induced locomotor
activity (Booth and Baldessarini, 1991; Guitart et al., 2004; King et al.,
1997; McCracken, 1999; Sharkey et al., 1988). Further, sigma 1 and sigma-2
receptors were shown to have a high density in tumor cell lines of various
tissues such as prostate cancer, melanoma and breast cancer (Vilner et al.,
1995). Both subtypes have a function in psychosis since they have high affinities to neuroleptic haloperidol and anti-depressant pentazocine (Tam and
Cook, 1984).
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Sigma Receptor Ligands
Binding studies demonstrated that sigma receptors bind diverse classes of
pharmacological compounds that comprise several chemically unrelated
structures including benzomorphans, haloperidol, phencyclidine and neurosteroids. Other functional groups can be peperidine, guanidine, piperazine,
benzamide and imipramine (Largent et al., 1987; Martin et al., 1984; Su,
1982, 1988; Tam, 1983; Tam and Cook, 1984). Some of sigma receptor
ligands are listed in Table 7. Among these compounds, haloperidol exhibits
the highest affinity for both subtypes (Maier and Wuensch, 2002). Sigma
receptors have a high stereoselectivity for the ± isomer. Sigma-1 receptor
shows very high affinity for (+)benzomorphans including (+)pentazocine,
(+)SKF 10.057 and (+)cyclazocine, while sigma-2 receptor has low affinity
for these compounds (Brady et al., 1982). For sigma-2, (-) benzomorphans
are more potent compared to their (+)isomers. Further, it has been shown
that neurosteroids like progesterone, testosterone and pregnenolone have
high affinity at sigma-1 receptor but their roles as endogenous ligands are
not yet identified (Maurice et al., 2001, 2004). (+)pentazocine represent a
selectrive agonist that is used as tritiated ligand to label sigma-1 receptor
while it shows a very low affinity for sigma-2 receptors (Bowen et al.,
1993). Other selective agonists for sigma-1 receptor are BD 737, guanidine
and SA5403 while for sigma-2 ligands, CB-64D and ibogaine are the most
important. Rimcazole, BD1047 and BD1063 are among selective sigma-1
antagonists (Bowen et al., 2000; Walker et al., 1990)
Sigma receptor ligands represent a new class of therapeutic agents. Antagonists of sigma-1 receptors could be used in treatment of many diseases.
They can produce anti-cocaine properties and are useful in treatment of cocaine induced effects and cocaine overdose (Matsumoto et al., 2001). They
also can be used in treatment of neurological, psychiatric, gastrointestinal,
cardiovascular and endocrine disorders (Matsumoto et al., 2001; Maurice et
al., 2002; Walker et al., 1990). Sigma-2 receptors are target for cancer treatment and could be target in the treatment of both drug-sensitive and drugresistant metastatic tumors and a biomarker of proliferation in solid tumors.
(Bowen et al., 2000; Maurice et al., 2001; Wheeler et al., 2000)
Table 7. Sigma receptor ligands
Compound

Receptor selectivity

Activity

(+)SKF 10.047
(+)Pentazocine
(+)Cyclazocine
BD 737
BD 1008
BD 1047
BD 1063

sigma-1
sigma-1
sigma-1
sigma-2
sigma-1, sigma-2
sigma-1, sigma-2
sigma-1, sigma-2

agonist
agonist
agonist
agonist
antagonist
antagonist
antagonist
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Aims of the Study

The overall aim of this thesis was to study the binding properties of SP(1-7)
receptors identified in the rat spinal cord and VTA and compare the affinity
to these sites of some endogenous opioids, tachykinins, synthetic peptides
and various ligands to some known receptors.
Specific aims of the thesis were:
1. To develop an assay for studies of specific binding of SP(1-7) in
the rat brain and spinal cord
2. To characterize specific SP(1-7) binding sites in the rat spinal cord
3. To characterize specific SP(1-7) binding sites in the rat VTA.
4. To study the interaction of the endogenous opioid peptides endomorphins with SP(1-7) binding in the rat spinal cord and VTA.
5. To study the binding affinity of synthetic SP(1-7) analogues to
specific sites of the heptapeptide in rat spinal cord tissues.
6. To study the effect on opioid withdrawal by the SP(1-7)-amide in
morphine dependent rats.
7. To study the interaction of sigma receptor ligands with SP(1-7)
binding sites in the rat VTA
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Materials and Methods

In vitro receptor binding studies based on measuring the amount radioligand
bound to the receptor was the technique used in all studies in the thesis. This
method has been used to study binding of various radioligands to membrane
fractions from different brain regions and from intact cells. Receptors for
several drugs and neurotransmitters have been determined, localized, identified and characterized by in vitro binding studies. This unit describes the
procedures for measuring binding of radioligand to SP(1-7) receptors expressed in rat spinal cord, VTA and C 6 glioma cells.

Chemicals
The synthetic peptides used in this thesis were purchased from Bachem
(Bubendorf, Switzerland) and Sigma Chemical Co (St. Loius, US. [35S]GTPS (specific activity, 46.25 TBq/mmol (1250 Ci/mmol)) was purchased
from Perkin Elmer Life Sciences (Boston, MA). All other chemicals and
solvents were of analytical grades from commercial sources. C6 glioma cell
line transfected with the human MOP receptor was a generous gift from Dr.
Eric Simon, NYU School of Medicine, New York. The precursor peptide for
tritium-labeling [ Pro2,4]SP(1-7) was prepared by standard solid-phase peptide synthesis techniques using Fmoc/t-butyl protection. The crude peptides
were purified using RP-HPLC with a Vydac C18 column (10B, 2.2 cm × 25
cm) with an acetonitrile–water gradient in the presence of 0.1% trifluoroacetic acid (TFA). Amersham Biosciences (Cardiff, UK) performed the tritium
labeling of the synthesized [ Pro2,4]SP(1-7) peptide, which resulted in 370
MBq (10 mCi) of [3H]-SP1–7 with a specific activity of 3.11 TBq/mmol (84
Ci/mmol). SP (1–8) and D-SP (1–7) used in paper I as well as the peptides
used in paper III were all prepared by standard solid-phase peptide synthesis
techniques using Fmoc/t-butyl protection. Following the synthesis all peptides were purified by RP-HPLC. The peptide content were usually 70-80%
on a weight basis and the purity in most cases 98 %.

38

Animals
All animal procedures followed the guidelines of European Communities
Council Directive (86/609/EEC) and were approved by the local ethical
committee in Uppsala, Sweden.
Male Sprague-Dawley or Wister adult rats (Alab AB, Sollentuna, Sweden) weighing 200-250 g were housed in groups of four in air-conditioned
rooms under an artificial light-dark cycle (lights from 6.00 to 18.00) at a
temperature 22-23°C in an air humidity of 50-60%. They had free access to
food and water. Prior to tissue sampling, the rats were allowed to adapt to
the laboratory environment for one week. The animals were killed by decapitation and brains were taken out. The spinal cord and VTA were rapidly
removed on ice and dissected using a rat brain matrix. Tissues were then
kept at –80°C until analysis.

Animals Treatment
In opioid withdrawal studies (paper IV) animals were anaesthetized with
chloral hydrate-pentobarbital sodium and surgically implanted a guide cannulae in right lateral ventricle. The coordinates were: A – 0.8mm; L –
1.4mm, V -4mm. All rats were allowed to rest for 3 days following surgery.
Then morphine was injected (s.c.) twice daily for 8 days. The dose of the
opiate was progressively increased from 2.5 mg to 5 mg and 10 mg /kg over
period of 3 days. Thereafter, the dose of 10 mg/kg twice daily was kept until
rats became tolerant to the drug. The development of tolerance was followed
by assessment of the tail flick latency every other day. The body weight was
recorded every second day, as well.
On day 9, rats received i.c.v. injections of SP(1-7)-amide or of artificial
CSF (control), respectively, at 30 minutes before the naloxone (2 mg/kg)
challenge. In some case the SP(1-7) -amide was combined with the sigma
receptor agonist SK10047. Immediately after naloxone injection, withdrawal
signs (diarrhea, digging, escape jumping, face washing, grooming, rearing,
teeth chattering, wet-dog shakes, writhing, yawn) were evaluated during a
period of 30 min. At 4 hours after the i.c.v. injections rats were anaesthetized
using chloral hydrate. CSF was collected from each rat and following decapitaion CNS tissue was dissected out and kept at –80°C before further
analysis.

Membrane Preparations
Frozen membranes were placed on ice, weighed and homogenized for 30 sec
using a Polytron homogenizer at setting 7 in 30 volumes of ice-cold Tris39

buffer (pH 7.4) containing 50 mM Tris, 5 mM KCl and 120 mM NaCl. The
homogenate was then centrifuged at 40.000 x g for 20 min at 4°C and the
supernatant was discarded. The resulting pellet (P1) was re-suspended in 30
volumes of ice-cold buffer, containing 50 mM Tris, 300 mM KCl and 10
mM EDTA buffered with HCl at pH 7.4. Following incubation on ice for 30
min sample was centrifuged at 40.000 x g for 20 min at 4°C. The pellet obtained was diluted and homogenized in 30 volumes of ice cold 50 mM TrisHCl, containing 0.02% BSA, 5 mM EDTA, 3 mM MnCl2 and 40 μg/ml
bacitracin and re-centrifuged twice as described above. The final pellet was
re-suspended and homogenized in 5 volumes of ice-cold 50 mM Tris-HCl
buffer (pH 7.4) and immediately frozen at -80°C until used in binding studies. The protein concentration of membrane suspension was determined according to the method of Lowry using bovine serum albumin as protein
standard (Lowry et al., 1951).
A C6 glioma cell line transfected with the human MOP receptor was also
used to characterize the receptor binding of SP(1-7). Cells were grown to
confluence in Dulbeccos modified medium containing 5% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PEST) at 5% CO2. After 5 days
of growth, cells were harvested and washed twice in phosphate-buffered
saline (10 mM sodium phosphate pH 7.5, 0.15 M NaCl, 1 mM CaCl2, 1 mM
MgCl2). Cells were then collected by centrifugation for 5 min at 1000 x g at
4°C. The pellet was suspended in 50 mM Tris-HCl buffer (pH 7.4) containing 1 mM EDTA, homogenized for 1-2 s using a polytron homogenizer (setting 7) and centrifuged for 15 min at 35.000 x g at 4°C. The final pellet was
resuspended in a buffer containing 10% ice-cold sucrose, 10 mM Tris-HCl
buffer (pH 7.4). 0.2 mM EDTA and kept frozen at -80°C in 150 μl aliquots
containing 11 μg/μl protein for [3H]-SP(1-7) assay or 1.3 ml aliquots containing 2.4 mg/ml protein for GTPS assay. The protein concentration was
determined according to the method of Lowry using bovine serum albumin
as a standard (Lowry et al., 1951).

Radioligand Binding Studies
[3H]-SP(1-7) Binding Assay
Binding was performed by incubating aliquots (50 l) of the membrane
preparation from spinal cord and VTA (protein conc. 0.4 and 0.6 mg/ml,
respectively) at 4°C for 60 min with aliquots (50 l) of 0.9 or 0.2 nM [3H]SP(1-7) in a final volume of 0.5 ml binding buffer. Incubation was terminated by rapid filtration through Whatman GF/C glass filters presoaked with
PEI solution overnight and the radioactivity on the filters was counted in a
scintillation counter. Total binding was determined by the absence of any
competing ligand while the nonspecific binding was determined in the pres40

ence of 1 M unlabelled SP(1-7). The specific binding was then calculated
as the difference between the total and the nonspecific binding. The dissociation constant (Kd) and the maximal binding (Bmax) were determined by
saturation experiments using eight different concentrations of [3H]-SP(1-7).
The competition experiments were performed using sex different concentrations of competing ligands. Results were reported as mean ± S.E.M. of three
experiments, each performed in triplicate.
Cell membranes (120 μg protein) were incubated at 4°C for 60 min in
binding buffer containing 50 mM Tris, 3 mM MnCl2, 0.2% BSA, 40 ug/ml
bacitracin, 4 μg/ml leupeptin,2 μg/ml aprotinin and 4 μg/ml phosphoramidon
with 0.9 nM of [3H]-SP(1-7) in the presence or absence of unlabeled ligand,
1 μM cold SP(1-7) in a final volume of 0.5 ml. The reaction was terminated
by rapid filtration as described above and radioactivity was assessed by a
liquid scintillation counter.

[35S]-GTPS Binding Assay
Assay for [35S]-GTPS was designed as described previously (Childers et al.,
1998). Briefly, 20 μg of membrane protein and the appropriate ligand was
preincubated for 15 minutes at 30°C with 50 mM Tris-HCl (pH 7.6), 3 mM
MgCl2, 100 mM NaCl, 0.2 mM EGTA, 10 μM GDP in a final volume of 1
ml. After adding 0.05 nM [35S]-GTPS, the samples were further incubated
for 1 h. Non specific binding was assessed in the presence of 10 μM GTPS
and basal binding was determined in the absence of agonist. The incubation
was terminated by rapid filtration on pre-soaked GF/B filters followed by
three washes with cold (4°C) 50 mM Tris-HCl (pH 7.4) containing 1 mM
EDTA using a Brandel cell harvester. Bound radioactivity was determined
by scintillation counter. Net agonist-stimulated [35S]-GTPS binding was
calculated by subtracting basal binding from total agonist-stimulated binding.

Data Analysis
Data from saturation binding assays and GTPS binding were analyzed in
the Prism 4.0 program (GraphPad, San Diego, CA, USA). Statistical evaluation of data was performed using Student’s t-test and Factorial ANOVA
analysis computer program. F-test was used to elucidate whether a nonlinear
saturation curve fitted to a one or a two sites model where the statistical significance level was set at P<0.05. Data from the competition experiments
were analyzed in the GraFit program (Erithacus Software, UK) using the
nonlinear regression analysis. The dissociation constants Ki values for the
unlabeled ligands were calculated from IC50 using Cheng and Prusoff equation (Cheng and Prusoff, 1973).
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Results

[3H]-SP(1-7) Binding to Rat Brain and Spinal Cord
In order to determine the optimal conditions needed for specific binding of
[3H]-SP(1-7) to rat brain and spinal cord membranes, the membrane protein
concentration, incubation time and temperature were measured. Within a
range of 0.1 to 0.6 mg/ml protein concentrations, the specific binding increased with increasing protein concentration and was highest at 0.5 mg/ml.
A protein concentration of 0.4 mg/ml was chosen for all assays performed
with spinal cord membranes. The same procedure was done for VTA membranes and a protein concentration of 0.6 mg/ml was used in all assays. Specific binding of [3H]-SP(1-7) was also measured as function of temperature
and time and was shown to be temperature and time dependent. Incubation
temperature was determined by incubating tissue with radioligand at different temperatures. At 37°C and 25°C incubation at 0.4 mg/ml protein, the
specific binding was low, 4% and 40% respectively and not stable compared
with binding at 4oC which was relative high (60%). Time course of [3H]SP(1-7) was carried out at 4°C and 0.4 mg/ml protein with a constant concentration of 0.1 nM [3H]-SP(1-7) at 1, 5, 20, 30, 45, 60 and 90 minutes incubation time. The specific binding increased with increasing time and
reached equilibrium at 60 minutes. To further minimize the nonspecific
binding, the optimal number and volume of filter washing was determined.
The total and nonspecific binding of [3H]-SP(1-7) were measured by washing the filter with buffer at varying numbers and volumes. Nonspecific binding was reduced remarkably by 2 quick washes with 3 ml buffer. A larger
wash did not reduce the nonspecific binding. Accordingly, all assays were
performed at 4°C with protein concentration of 0.4 mg/ml for spinal cord
and 0.6 mg/ml for VTA, 60 minutes incubation and filters wash twice with 3
ml buffer. Under these conditions, the specific binding of [3H]-SP(1-7) was
70% to75% of the total binding.
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Characterization of [3H]-SP(1-7) Binding Sites in the
Rat Spinal Cord (Paper I)
SP(1-7) like immunoreactivity has been observed in the laminae of the dorsal horn of the spinal cord. Studies have shown that SP(1-7) is present in the
dorsal spinal cord at high concentration, represents 9.5 % of SP. In Paper I,
we studied the characterization of binding sites of SP(1-7) in the rat spinal
cord.

Binding of SP(1-7)
The binding characteristics of [3H]-SP(1-7) were investigated in membrane
preparations from spinal cord. The binding properties were characterized by
two types of binding studies, saturation and competition binding. Saturation
binding studies were performed by incubating membranes with increasing
concentrations of [3H]-SP(1-7) in the absence or presence of 1 M unlabeled
SP(1-7). It appeared that the binding sites described here are in agreement to
previously described by Igwe and his co-workers in the mouse spinal cord
(Igwe et al., 1990). Binding data for the spinal cord membranes demonstrated a saturable and high affinity binding site that binds to a single population of site. The dissociation constant, Kd was 13.1±1.4 and a maximal density of binding sites Bmax of 439±4 fmol/mg protein. The mean saturation
curve is shown in Fig. 1 in Paper 1. Binding data obtained suggested that
[3H]-SP(1-7) binds to more than one site. Data analysis however was better
fit to one site. Attempts to apply a two-site model suggested that it might be
possible to distinguish one site characterized by high affinity and low density
and another site by low affinity and high density. Statistical evaluation of
binding data showed that it is not possible to attain statistical significance for
the existence of a two site model. Therefore we have calculated Kd and
Bmax values using a one site model. The corresponding figures for a twosite model were estimated as 0.5±0.18 nM and 42±4.3 fmol/mg protein for
the high affinity site and 12±1.6 nM and 390±3 fmol/mg protein for the low
affinity site. Competition binding studies performed with [3H]-SP(1-7) demonstrated a high affinity binding site for the peptide in the spinal cord. As
shown in Fig 3, unlabeled SP(1-7) fully inhibited the binding of [3H]-SP(1-7)
with an IC50 of 0.8±0.06, a dissociation constant Ki of 0.7±0.06 and a specific binding of 72±0.6% of total binding
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Figure 3. Displacement of [3H]-SP(1-7) binding by SP(1-7) to spinal cord membrane. Each point represents the mean % specific binding from three separate experiments performed in triplicate.

Binding of Amino Terminal Fragments of SP and Tachykinins
To further characterize the specificity of [3H]-SP(1-7) binding to rat spinal
cord membranes, various tachykinins and SP fragments were tested at several concentrations for inhibition of [3H]-SP(1-7) binding at a constant concentration (0.9 nM) of the radioligand and their ability to compete with [3H]SP(1-7) for the specific binding to spinal cord membrane preparations were
determined (Table 8). The SP(1-7) antagonist D-SP(1-7) showed a high
binding affinity equipotent with that of SP(1-7) whereas SP and C-terminal
fragments showed a very low affinity for [3H]-SP(1-7). SP (1-8) and SP (19) were more potent than SP in competing for [3H]-SP(1-7). SP was about
200 times lower than (SP1-7) while SP (1-8) and SP (1-9) were 100 times
lower. In addition, it was further indicated that the NK-1 selective receptor
agonist [Sar9Met (O2)11]-SP has a very weak affinity to SP(1-7) sites. This
low affinity to SP(1-7) suggests that NK-1 receptors display a very low affinity on SP(1-7) binding. Phenylalanine (Phe7) appears to be fundamental
for the binding affinity. SP (1-6), which lacks the Phe7, is 2000 times less
potent than SP(1-7). NK-2 selective receptor antagonist R396 and the NK-3
selective receptor agonist senktide exhibit negligible affinity for these sites.
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This clearly suggested that SP(1-7) sites are not identical to any of
tachykinin receptors. The rank order of potency at SP(1-7) site was SP(1-7)
> SP (1-8) > SP (1-9) > SP > [Sar9MetO2)11] -SP > SP (1-6) > R396 = senktide.
Table 8. IC50 and Ki values för inhibition of SP 1-7 binding to rat spinal cord
membrane.Data are expressed as mean IC50 values ±.S.E.M. for three determinations performed in triplicates
Ligands

IC50(nM) ± S.E.M.

Ki(nM) ± S.E.M.

Relative affinity

SP(1-7)
SP (1-6)
SP (1-8)
SP (1-9)
SP
D-SP(1-7)
[Sar9Met(O2)11]-SP
R396,NK-2 antagonist
Senktide
DAMGO
Endomorphin 1
Endomorphin 2
Morphiceptin
Naloxone
Naloxnazine
MIF-1
Tyr-MIF-1
Tyr-w-MIF-1
β-casomorphin

0.8±0.06
1956±127
79±6.61
94±7.95
170±12.9
1.9±0.44
869±32.5
>10000
>10000
14±1.13
1096±46.2
8±0.93
141±22.1
>10000
>10000
150±4.34
11.7±0.69
>10000
340±9.92

0.75±0.06
1831±118
74±5.83
88±7.74
159.2±12.3
1.78±0.25
813.6±30.5
>10000
>10000
13.1±0.79
1026±43.3
7.5±0.68
132±20.6
>10000
>1000
140.4±4.02
11±0.53
>10000
318.4±9.32

100
0.04
1,0
0.85
0.47
42
0.09
<0.007
<0.007
5.7
<0.07
10.0
0.57
<0.007
<0.007
0.5
6.8
<0.007
0.24

Binding of Opioids and Related Peptides
To further discriminate between the identified SP(1-7) sites from other receptors, various opioid and related peptides were characterized in competition studies. As seen in Table 8, the  -opioid selective agonist DAMGO was
very active on SP(1-7) binding sites with a dissociation constant, Ki of
14±1.1 nM while the -opioid antagonists naloxone and naloxonazine were
inactive. Most interestingly in this thesis was that the endomorphin-2, a
highly potent - opioid receptor selective ligand showed a high binding affinity for the SP(1-7) sites almost equipotent with DAMGO in spinal cord
tissue. In contrast endomorphin-1 was ineffective competitor. It can be seen
further in Table 8 that Tyr-MIF-1 exhibit a high affinity for [3H]-SP(1-7)
binding with a binding potency about 15 times lower than SP(1-7) but 13
and 29 times higher affinity for [3H]-SP(1-7) than MIF-1 and ßcasomorphin, respectively.
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The binding sites in human C6-cells transfected with the MOP receptor
were also characterized as shown in Table 9. [3H]-SP(1-7) had a very low
specific binding to membranes preparations from these cells while high
binding for DAMGO, EM-1, and EM-2 was observed. No stimulation was
observed by [3H]-SP(1-7) in the [35S]-GTPS assay.
Table 9. Binding % of SP(1-7) and DAMGO to receptor membrane from C6 glioma
cells
Ligand

Transfected with the human
μ-opioid receptor %

Normal non-transfected
C6 cells %

SP(1-7)

28±1.73

22±2.44

DAMGO

76±1.96

31±1.82

Characterization of [3H]-SP(1-7) binding sites in the rat
VTA (Paper II)
The VTA is located in the midbrain and is considered to be a center of dopamine neurons sending axons to the nucleus accumbens and prefrontal cortex, important areas in drug addiction. VTA contains high concentration of
SP(1-7). Paper II describes the binding characteristics of SP(1-7) in the
VTA. Tritiated SP(1-7) with high activity (84 Ci/mmol) was synthesized in
order to characterize the binding sites in VTA membranes. High levels of
SP(1-7) binding sites were detected in VTA membranes, as indicated by Kd
and Bmax. Saturation binding assays on membranes from VTA revealed a
single high affinity binding site that fit a one site-model with a Kd of
4.4±0.02 and Bmax of 200±0.4. A representative saturation curve is shown
in Fig. 1 in Paper II.
The interaction of SP(1-7) was further studied in a competition binding
studies. SP(1-7) completely inhibited [3H]-SP(1-7) at subnanomolar concentrations. Specific binding represented 75±0.7% of total binding. The competition binding data fitted a single receptor site model with IC50 of 4.4±0.2
and Ki of 4.2±0.1 providing further evidence for the existence of distinct
binding sites for SP(1-7) in the VTA.
The affinities of several tachykinins and SP fragments were also determined as shown in Table 10. Both tachykinins and C-terminal fragments
showed a very low affinity for the [3H]-SP(1-7) binding site. The N-terminal
fragment SP(1-8) showed an about 15 times less binding potency compared
to SP(1-7) but was more potent than SP. SP(1-6) exhibited a poor binding
affinity for the SP(1-7) sites confirming the importance of a Phe residue for
interacting with these sites. The bindning potency observed for ligands of the
tachykinin receptors NK-1, NK-2 and NK-3 showed no or negligible binding
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to the SP(1-7) sites. These results are in full agreement with those found in
spinal cord membranes (Paper I).
The binding affinities for the μ-opioid receptor selective agonists
DAMGO, endomorphin-1 (EM-1) and endomorphin-2 (EM-2) and the antagonists naloxone and naloxonazine were also studied using [3H]-SP(1-7).
As shown in Table 10, all three -opioid selective agonists, DAMGO, EM-1
and EM-2 showed different affinities. DAMGO displayed the highest affinity with 2-fold less than SP(1-7). EM-2 appeared to be approximately equipotent compared to DAMGO. In contrast EM-1 displayed very low affinity
for [3H]-SP(1-7). Also, the -opioid antagonists naloxone and naloxonazine
have very low affinity for SP(1-7) identified sites.
Table 10. Displacement of 3H-SP(1-7) binding by tackykinins, SP fragments and
opioid agonists and antagonists in the membrane preparation of VTA
Ligand

IC 50(nM)

Ki (nM)

Relative affinity

SP(1-7)
SP(1-6)
SP (1-8)
SP (5-11)
SP (NK-1)
[Sar9Met(O2)11]-SP
R396 (NK-2)
Senktide (NK-3)
DAMGO
Endomorphin-1
Endomorphin-2
Naloxone
Naloxonazine

4.4±0.2
1505±16.2
66.4±2.4
>10000
166.3±1.9
604±7.2
>10000
>10000
8.1±0.2
105.9±3,9
22.3±0.9
5754±1.9
>10000

4.2±0.1
1440±15.4
63.5±2.3
>10000
159.1±1.6
578±6.9
>10000
>10000
7.75±0.2
101.4±3.8
21.3±0.8
5709±1.9
>10000

100
0.29
6.6
<0.007
2.77
0.73
<0.007
<0.007
54.3
4.2
19.7
0.076
<0.007

Structure-Activity Studies on Substance P (1-7) (Paper
III)
Structure activity studies of SP(1-7) were investigated at rat spinal cord
SP(1-7) receptor. Analogues of this peptide containing alanine (Ala) were
prepared to examine the importance of each residue on SP(1-7) interaction in
a competition binding assay with SP(1-7) as radioligand. Table 11 summarizes the binding affinities of these analogues to SP(1-7) receptors. As seen
in the table, all Ala analogues showed lower affinity than SP(1-7). When
Phe7 was changed to an Ala, the modified SP(1-7) was unable to compete
with [3H]-SP(1-7) indicating a total loss in affinity. Gln6 also showed its
importance for the binding of SP(1-7) since replacement of this amino acid
residue by Ala caused a great reduction in the binding affinity. Binding af-
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finity was also decreased when substituting Gln5 and Arg1 with Ala, while
replacement of Pro2, Lys3 and Pro4 residues did not alter the binding affinity
and seemed less important for binding. Further, binding of SP(1-7) terminally modified and truncated peptides were studied as shown in Table 12.
Acylation of the N-terminal amine was shown to attenuate the binding affinity. On the contrary, amidation of the C-terminal increased the affinity significantly. The SP(1-7) amide displayed [3H]-SP(1-7) with the best affinity
among all of the analogues tested with a Ki value of 0.3 nM and was able to
displace [3H]-SP(1-7) in dose dependent manner and to inhibit binding of
radioligand at nM concentration. All of the peptides delivered were approximately 5-10 times more potent after their C-terminal being amidated.
Furthermore, sequential N-terminal peptide truncations of SP(1-7) had little
effect on binding to the SP(1-7) receptor. Truncations of SP(1-7) and the
SP(1-7) amide resulted in progressive decrease in affinity (Table 12). However, truncation of the peptide chain by N-terminal region did not significantly affect the binding affinity. The truncated analogue SP(5-7) had only a
12-fold lower affinity than the full sequence of the heptapeptide. The amidated C-terminal region of SP(1-7) Gln-Gln-Phe-NH2 was almost equipotent
with the parent peptide in the SP(1-7) receptor binding assay.
New series of compounds related to SP(1-7) both long and short chain
SP(1-7) analogues and groups changed to other structures have been prepared and compared for their ability to recognize SP(1-7) binding sites on rat
spinal cord preparation. Several of these compounds were able to bind to the
SP(1-7) receptor but only few of them have a high binding affinity. Most
interesting were the SP(1-8) amide with a 6-fold higher affinity than SP(1-8)
and Gln-Phe-NH2 with a Ki of 3.1 nM (Table 12).
Table 11. Displacements of [3H]-SP(1-7) binding by analogues of SP(1-7) in which
alanine(Ala) is replaced by each SP(1-7) residue in membrane preparations of spinal
cord
Analogues
SP(1-7)
SP-A1
SP-A2
SP-A3
SP-A4
SP-A5
SP-A6
SP-A7
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Sequence

IC 50

Ki

RA%

Arg-Pro-Lys-Pro-Gln-Gln-Phe
Ala-Pro-Lys-Pro-Gln-Gln-Phe
Arg-Ala-Lys-Pro-Gln-GlnPhe
Arg-Pro-Ala-Pro-Gln-Gln-Phe
Arg-Pro-Lys-Ala-Gln-Gln-Phe
Arg-Pro-Lys-Pro-Ala-Gln-Phe
Arg-Pro-Lys-Pro-Gln-Ala-Phe
Arg-Pro-Lys-Pro-Gln-Gln-Ala

1.8±0.06
13.3±0.4
1.9±0.07
3.1±0.06
3.0±0.1
84.9±5.5
395,1±3.1
>10000

1.6±0.06
12.3±0.4
1.7±0.05
2.8±0.05
2.8±0.1
78.6±5.1
365.8±2.8
>10000

100
13.5
94.7
58.1
60.0
2.1
0.45
<0.007

Table 12. Binding (nM) of SP(1-7) terminally modified and truncated peptides
Compound

Sequence

Ac-SP(1-7)
SP (1-8)-amide
SP(1-7)-amide
SP (2-7)
SP (2-7)-amide
SP (3-7)
SP (3-7)-amide
SP (4-7)
SP (4-7)-amide
SP (5-7)
SP (5-7)-amide
SP(6-7)-amide

Ac-Arg-Pro-Lys-Pro-Gln-Gln-Phe
Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-NH2
Arg-Pro-Lys-Pro-Gln-Gln-Phe-NH2
Pro-Lys-Pro-Gln-Gln-Phe
Pro-Lys-Pro-Gln-Gln-Phe-NH2
Lys-Pro-Gln-Gln-Phe
Lys-Pro-Gln-Gln-Phe-NH2
Pro-Gln-Gln-Phe
Pro-Gln-Gln-Phe-NH2
Gln-Gln-Phe
Gln-Gln-Phe-NH2
Gln-Phe-NH2

IC50
7.7±0.5
13.9±0.8
0.4±0.03
32.1±0.8
3.1±0.3
33.4±0.5
4.8±0.2
28.3±0.8
4.9±0.3
22.1±0.9
2.2±0.1
3.4±0.6

Ki
7.1±0.4
12.9±0.6
0.3±0.02
29.6±0.8
2.8±0.25
30.9±0.4
4.4±0.1
26.2±0.7
4.5±0.3
20.4±0.8
1.9±0.05
3.1±0.3

Effect of SP(1-7)- Amide on the Expression of
Naloxone Precipitated Withdrawal in Morphine
Dependent Rats (Paper IV)
The effect of SP(1-7)-amide on the naloxone-induced withdrawal behavior
in rats has been investigated in Paper IV. Results indicated that following
infusion of the SP(1-7)-amide, a significant attenuating effect was found.
The SP(1-7)-amide potently reduced the expression of morphine withdrawal
in morphine dependent rats (Table 13). This effect was dose dependent and
more pronounced for a number of withdrawal signs e.g. theeth chattering,
pstosis and writhing (See Fig. 4 and Table 13). Further, the effect was significantly more potent compared to that observed by SP(1-7). By adding the
sigma selective receptor agonist SK10047, the attenuating effect induced by
SP(1-7)-amide was partly reversed (see Paper IV).

49

Figure 4.
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Table 13. The effect of i.c.v. SP(1-7)-amide on the expression of various signs of
morphine withdrawal.
Withdrawal
Signs

Artificial CSF
3 μl / rat
n=8

SP(1-7) amide
18,7 nmol/ rat
n=8

SP(1-7) amide
55.5 nmol/ rat
n=8

SP(1-7) amide
165.5 nmol/ rat
n=7

Rearing

14.3 ± 1.76

10,8 ± 2.20

11.9 ± 1.60

Escape

0.50 ± 0.27

8.75 ± 1.62
*
0.63 ± 0.26

2.75 ± 1.86

0.86 ± 0.34

Wet dog
Shake
Teeth chattering
Digging

5.88 ± 2.02

3.63 ± 0.57

2.88 ± 1.09

17.6 ± 2.76
6.38 ± 2.26

4.13 ± 2.25
***
5.63 ± 1.97

1.25 ± 0.65
***
6.25 ± 1.96

2.43 ± 0.78
P=0.077
0.71 ± 0.36
***
8.14 ± 2.44

Face wash

3.63 ± 1.03

2.38± 0.68

1.00 ± 0.33 **

2.14 ± 0.55

Yawn

1.63 ± 0.63

Grooming

4.75 ± 1.62

0±0
***
5.00 ± 1.18
α

0±0
***
1.25 ± 0.31
*

0±0
**
3.43 ± 0.65

Diarrhea

0.88 ± 0.13

0.88 ± 0.13

0.63 ± 0.18

0.57 ± 0.20

Writhing

11.13 ± 2.21

Ptosis

1.00 ± 0

Arch

0.38 ± 0.26

4.63 ± 2.53
**
0.88 ± 0.13
α; ββ
0.25 ± 0.16

1.13 ± 0.52
**
0.38 ± 0.18
**
0±0

0.57 ± 0.30
**
0.29 ± 0.18
**
0±0

Body weight
7.2 ± 1.40
7.9 ± 0.54
6.1 ± 1.3
4.6 ± 0.48
loss
β
P=0.08
:
P
<
0.05,
:
<
0.01,
:
P
<
0.001,
Artificial
CSF
vs.
SP(1-7)amide;
*
**
***
α: P < 0.05, 18,7 nmol SP(1-7)amide vs. 55.5 nmol SP(1-7)amide;
β: P < 0.05, ββ: P < 0.01, 18,7 nmol SP(1-7)amide vs. 165.5 nmol SP(1-7)amide.

The effect of sigma receptor ligands SKF 10.047 and pentazocine on the
identified SP(1-7) binding sites was further demonstrated using membranes
from VTA. They were examined for their ability to displace [3H]-SP(1-7)
from SP(1-7) receptor and bind to [3H]-SP(1-7) and were found to inhibit
[3H]-SP(1-7) binding but with weak affinity. As shown in Table 14, SP(1-7)amide showed a high binding affinity equipotent with that of SP(1-7)
whereas SKF 10.047 and pentazocine showed a low affinity for [3H]-SP(1-
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7). Pentazocine was 1.5 times more potent than SKF 10.047 in competing for
[3H]-SP(1-7) but 67 times less potent than SP(1-7).
Table 14. Affinities (Ki) for sigma receptor ligands at 3H-SP(1-7) binding to membranes of rat VTA
Ligands

Ki (nM)

SP(1-7)
SP(1-7)-amide
(+)Pentazocine
(+) SKF 10047

3.9±0.1
4.0±0.1
262.7±3.7
366.9±6.9
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Discussion

Studies presented in this thesis strongly demonstrate the presence of specific
binding sites for SP(1-7) in the rat spinal cord and VTA. These binding sites
are specific, saturable and dependent on temperature, pH and incubation
time. Two population of binding sites were observed in the spinal cord but as
mentioned before they were not confirmed by data analysis of binding.
Moreover binding sites were similar in both tissues. The properties of the
SP(1-7) binding fulfill requirements consistent with the existence of a specific receptor for the SP heptapeptide. Thus, these binding sites are considered to be receptors for SP(1-7). A variety of N- and C-terminal fragments of
SP were tested for their ability to inhibit the binding of [3H]-S(1-7) to rat
spinal cord and VTA. Results obtained with spinal cord membrane were
found to be in agreement with the results found in VTA membranes. SP(1-7)
exhibits the highest affinity in competing for [3H]-SP(1-7) binding. Ki for
SP(1-8) and SP(1-9) were about the same and were both more potent than
SP. Thus, it appears that the SP(1-7) affinity is dependent upon the length of
the peptide sequence. Potencies decreases with increasing chain length up to
SP, which was about 200 times lower than SP(1-7) in the spinal cord. The
aromatic C-terminal amino acid Phe7 which is important for the pharmacological properties of SP, appears to be essential also for SP(1-7) binding,
determining its binding affinity since omission of this amino acid results in a
decline in affinity. SP(1-6), lacking the Phe7 in its structure, was almost
inactive. However, DAMGO with a single Phe competes well at SP(1-7)
site. SP and C-terminal fragment SP(5-11) showed a very low binding affinity. Moreover, the specific agonist for NK-1 receptor [Sar9Met (O2)11]-SP
competes poorly with [3H]-SP(1-7) binding. Accordingly, the C-terminal
region of SP does not seem to interact with the SP(1-7) sites and is not likely
to be involved in effects related to the SP N-terminal. Results also suggest
that SP(1-7) receptor is not identical to any of neurokinin receptors. It was
proposed that, within CNS, the intact SP sequence is degraded by various
membrane bound enzymes to active fragments (Hallberg and Nyberg, 2003;
Nyberg and Hallberg, 2007). Our results suggest that the proposal of Stewart
and co-workers and others that both N- and C-terminal fragments of SP may
exert actions within the CNS similar to those observed with SP may be a
correct hypothesis (Stewart et al., 1982). No binding affinity of SP(1-7) for
-opioid receptor sites have so far been demonstrated, although studies have
shown that SP(1-7) may interact with and affect the binding to these recep53

tors. The poor binding of SP(1-7) to the -opioid receptor expressed in C6
cell indicates that the identified SP(1-7) sites in the spinal cord are not related to the -opioid receptors. Although the selective -opioid agonist
DAMGO competes well at SP(1-7) binding, SP(1-7) does not seem to be an
-opioid receptor ligand since both naloxone and the selective -opioid antagonist naloxonazine did not compete with [3H]-SP(1-7) binding. However,
some actions of SP(1-7) are suggested to be mediated through a mechanism
that involves the μ-opioid receptor as these effects may be blocked by
naloxone. Furthermore, SP(1-7) reduces the binding affinity and increases
the binding capacity of DAMGO at the -opioid receptor by an interaction
with [3H]-DAMGO (Igwe et al., 1990; Krumins et al., 1989).
Previous studies have confirmed that SP(1-7) may have a role in opioid
tolerance and withdrawal. High levels of the heptapeptide have been observed in VTA in morphine dependent rats during naloxone-precipitated
withdrawal (Zhou et al., 1998). Moreover, injection of SP(1-7) in morphine
dependent mice increased the withdrawal jumping behaviour suggesting an
activation of specific receptor for SP(1-7) distinct from the -opioid receptor
subtypes (Kreeger and Larson, 1993). More recently, SP(1-7) was found to
attenuate morphine wothdrawal also in rats (Zhou et al., 2003). The results
presented in Paper IV appear to be in accordance with these studies. However, the mechanism by which SP(1-7) exerts its effects is not yet fully clarified.
A major finding in this thesis that is of particular interest is the high affinity binding of EM-2 for [3H]-SP(1-7) binding compared to EM-1. Endomorphins were shown to be the most potent of all endogenous opioids with selectivity for -opioid receptors (Zadina et al., 1997). EM-1 and EM-2 are
widely distributed in the central nervous system and have been shown to
produce strong analgesic effects (Zadina et al., 1997). EM-1 and EM-2 are
differently distributed. EM-1 is widely distributed in the brain while EM-2 is
mostly concentrated in the spinal cord (Zadina et al., 1997). It is shown in
this thesis that EM-2 exhibited strong binding affinity for the identified
SP(1-7) sites, whereas EM-1 showed an about 100 times less binding affinity. The present results give further support to previous finding that EM-1
and EM-2 exhibit different profiles regarding their receptor selectivity. The
amino acid residue Phe in position 3 seems to be essential for the affinity of
EM-2. A substitution of the Trp in EM-1 with a Phe yields the EM-2 structure with a strong increase in binding affinity (137-fold) in the spinal cord,
which stresses the importance of this single Phe for the binding affinity to
the SP(1-7) binding sites. Thus it appears that DAMGO and EM-2 bind to a
non--opioid receptor site. Besides the role of Phe in SP(1-7) binding, also
the amino acid Leu appears to influence the SP(1-7) binding. Substitution of
the Leu residue residue in Tyr-MIF-1 with a Trp in Tyr-w-MIF-1 results in
substantial loss in binding affinity.
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The GTP analogue, GppNHp, induced a dose-dependent inhibitory effect
on SP(1-7) binding suggesting that the binding sites for SP(1-7) identified in
the spinal cord may represent a G-protein coupled receptor or a binding
complex involving a G-protein. However, in order to fully clarify this issue
additional studies have to be carried out.
With the purpuse of getting insight into the basic structural requirements
that determine ligand-receptor interaction important for activation of the
identified SP(1-7) site, extensive structure activity studies have been performed by substitution of each of the seven amino acid residues by alanine
(Ala). Affinities of SP(1-7) analogues were then tested toward SP(1-7) receptors of the rat spinal cord. The affinities of these analogues were evaluated by their ability to bind to SP(1-7) binding sites. The ability of SP(1-7) to
compete with SP(1-7) binding sites appears to require the presence of the Cterminal region of SP(1-7) since results strongly underlined the important
role of the C-terminal part of SP(1-7) for effective binding to the identified
binding sites. C-terminus was shown to be the most sensitive part of the
heptapeptide. Any substitution of amino acid at the C-terminus causes a
dramatically decrease in affinity. The C-terminal region was a potent inhibitor of [3H]-SP(1-7), diplaced [3H]-SP(1-7) with a potency comparable to that
of SP(1-7). The tetrapeptide with Gln5-Gln6 and Phe7 contains the key residues of the heptapeptide that are involved in forming contact to the SP(1-7)
receptor sites since replacement of these residues leads to significantly altered receptor binding properties. Phenylalanine at position 7 (Phe7) seems to
be the most essential residue for receptor recognition where it displayed
[3H]-SP(1-7) binding with potency comparable to that of the full sequence
peptide and is therefore required for optimal ligand-receptor interaction. The
presence of the residue glutamine at position 5 and 6 (Gln5-Gln6) were found
critical for SP(1-7) binding since substitution by Ala was deleterious. When
these two residues were replaced, affinity decreased significantly. For exemple when Ala was used to replace Gln6, the heptapeptide maintained only
0.45% of its affinity. Further, removal of the benzyl ring by substituting Phe7
with Ala inactivated the heptapeptide and abolished the ability of Gln5-Gln6
to bind resulting in total loss in affinity suggesting that the presence of the
aromatic Phe7 addresses the peptide ligand toward the SP(1-7) receptor providing the binding interaction of SP(1-7) with its binding site. Moreover,
amidation at C-terminal Phe7 represents an important group in the interaction with SP(1-7) receptor that appears more potent than the heptapeptide.
The SP(1-7)-amide was shown to be extremely critical for the activation of
SP(1-7) site and results in substantial increase in the affinity of SP(1-7) binding site. Accordingly, amide seems to be essential for SP(1-7) specificity.
The C-terminal amide was shown to be much more potent and effective than
SP(1-7) where it produces a large increase in affinity from 1.6 nM to 0.2-0.3
nM suggesting that the C-terminal amide may be directly involved in the
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interaction with SP(1-7) receptor and may provide protection against the
enzymatic degradation of SP(1-7).
Although the N-terminal residues do not appear to be essential residues
for interaction with the SP(1-7) receptor, a complete reduction of the Nterminus results in progressive loss in affinity suggesting that the N-terminal
part of the heptapeptide provides additional binding affinity and may participate in the interaction with the receptor considered to be the address domain.
In contrast, the C-terminal part is responsible for the high binding affinity
suggesting that the important residues for binding to the SP(1-7) receptor are
in the C-terminal region of the peptide and therefore it can be considered to
be the message domain.
SP(1-7) was previously shown in our laboratory to attenuate somatic
signs of morphine withdrawal. Therefore, we have investigated the ability of
SP(1-7)-amide to affect the expression of morphine withdrawal. Opioid dependence was induced in male rats by daily injection of morphine during 8
days and withdrawal signs were induced by adminstration of naloxone. The
SP(1-7)-amide caused a significant decrease in withdrawal signs. The effect
was dose dependently and more pronounced for some signs of withdrawal.
The SP(1-7)-amide may be further studies in search to find a lead for development of drugs which be effective for the treatment of opioid addiction.
The sigma receptor agonist SK10047 effectively attenuated the SP(1-7)amide-induce response indicating that the counteracting effect of the peptide
is mediated by inhibition of the sigma receptor system.
In conclusion, the work presented in this thesis has contributed the characterization of the binding properties of highly selective binding sites for
SP(1-7) in the rat spinal cord and VTA. These sites appear to be distinct
from the μ-opioid receptor or any of the known neurokinin receptors. A major interesting finding is that the highly selective and potent endogenous
opioid peptide EM-2, in contrast to EM-1, exhibits high affinity for binding
to the SP(1-7) receptor sites. Another major interesting finding is that SP(17)-amide was shown to be potent for the activation of SP(1-7) site but also
with regard to its effect on opioid withdrawal.
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Conclusions

From the results presented in this thesis the following can been concluded:
• Characterization of [3H]-SP(1-7) provides evidence for the existence of distinct binding sites for SP(1-7) in the rat spinal cord and
VTA and these binding sites may account for the existence of specific receptors for SP(1-7)
• Characterization of [3H]-SP(1-7) binding revealed that these binding sites are clearly distinguishable from the NK-1, NK-2, NK-3
receptors and from the μ-opioid peptide receptors.
• SP(1-7) completely inhibits the binding of [3H]-SP(1-7) to rat brain
and spinal cord membranes, which indicates that SP(1-7) mediates
its actions through binding to a receptor that may be unique for the
heptapeptide
• The binding affinity of the SP N-terminal fragments from SP(1-7)
decreases with increasing chain length up to SP.
• The amino acid residue Phe7 in the SP sequence appears critical for
the binding of SP(1-7) and plays a major role in determining its affinity.
• The μ-opioid receptor selective agonists DAMGO and endomorphin-2 exhibit high affinity for SP(1-7) binding sites.
• In contrast to EM-2, its congener EM-1 exhibits low potency for
binding to the SP(1-7) sites.
• Since the highly selective μ-opioid receptor agonists DAMGO and
EM-2 effectively displaced [3H]-SP(1-7), the both compounds are
suggested to act on two separate receptors.
• [3H]-SP (1-7) has no binding to membrane prepared from C6 cells
expressing the -opioid receptors and no stimulatory activity was
induced by SP(1-7) in [35S]-GTPS assay.
• The GppNHp induced dose-dependent inhibitory effect on SP(1-7)
binding suggesting that SP(1-7) may represent a G-protein coupled
receptor or a binding complex involving a G-protein.
• The C-terminal region of SP(1-7) is the most sensitive part of the
heptapeptide and is required for ligand-receptor interaction.
• SP(1-7)-amide was shown to be a potent activator of the SP(1-7)
receptor site both with regard to its binding and to its ability to reduce the expression of opioid withdrawal in rat.
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