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Summary
This thesis deals with the description of experiments done with ligands acting at the p
opioid binding sites. It describes different steps of the process taking place naturally in a
living organism from the binding of the ligand, through the mediation of the signal to
the generation of second messenger molecules by effector proteins using in vitro
biochemichal assays.
In the first part the biochemical characterisation of a series of newly synthesised 14alkoxycodeinones and 14-alkoxydihydrocodeinones is described by in vitro radioligand
binding assays in rat brain membrane preparations. This particular group of morphine
derived alkaloids bears dual importance. First, molecules with similar structure have
great antinociceptive potency, while causing no respiratory depression or other side
effects described for morphine. Second, those ones, binding irreversibly to the opioid
binding sites can be useful tools for further receptor identification studies. The tested
compounds show the highest affinity for the p opioid binding sites. Most of them have
agonistic character and some of them are able to block irreversibly a part (40-60%) of
the high affinity (putative pi) opioid binding sites while all of them act as reversible
ligands at the low affinity (putative p2) sites.
The recently discovered endomorphin 1 (Tyr-Pro-Trp-Phe-NH2) and endomorphin 2
(Tyr-Pro-Phe-Phe-NH2) are studied in the second part, their signalling properties are
described in both cellular and animal models. [j5S]GTPyS binding and adenylyl cyclase
assays were carried out on rat striatal membranes, on membranes of CHO cells
transfected either with p or 5 opioid receptors, and on brains of wild type or mutant mice
lacking the p opioid receptor gene. Both tetrapeptides stimulated [j3S]GTPyS binding
and inhibited adenylyl cyclase activity in membranes from rat striatum, brains of wild
type mice and CHO cells stably expressing the p receptor. These effects were reversed
by the p receptor specific antagonist СТАР (D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-ThrNH2). Endomorphins were unable to produce such changes in cells stably expressing the
5 receptor and in membranes of mutant mice. Functional data are confirmed by results of
direct and indirect binding assays done by other members of our research group. These
data strongly support the hypothesis that endomorphin 1 and 2 act through the p opioid
receptor exclusively.
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1. Introduction

1.1. The opioid receptor
For thousands of years the extract of poppy plant (Papaver somniferum, Fig. 1.1.) has
been known to cure pain and diarrhoea and cause mood changes. Excavations of the
remains of Neolithic settlements in Switzerland (the Cortaillod culture, 3200-2600 B.C.)
have shown that Papaver was already being cultivated then - perhaps for the food value
in the seeds (45% oil). The slightly narcotic property of this plant was undoubtedly
already known then. The milky fluid extracted from the poppyhead is highly narcotic
after drying. This is then opium. The writings of Theophrastus (3rd century, B.C.) are
the first known written source mentioning opium. (The word opium derives from the
Greek word for juice of a plant.) The Arabic doctors were well aware of the beneficial
effects of opium and Arabic traders introduced it to the Far East. In Europe it was
reintroduced by Paracelsus (1493-1541) and in 1680 the English doctor Sydenham
wrote: „Among the remedies which it has pleased Almighty God to give man to relieve
his sufferings, none is so universal and so efficacious as opium” [Baumhaker 1995].

Figure 1.1.
Poppy plant (Papaver somniferum)
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The active compounds of opium cause not only pain relief, but severe side effects too;
most problematically, they are addictive. These two facts, clinical usefulness and the
long history of abuse urged researchers to find the mechanisms of action of these plant
alkaloids in the human body.
Several decades of investigations revealed that opiates couple to specific binding
sites, opioid receptors, being present predominantly in the nervous system modulating a
lot of different autonomic, endocrine and behavioural functions. It became evident that
these receptors in the mammalian organism are not there for the plant alkaloids — they
have their own natural endogenous peptide ligands. Hence, opioid receptors transduce
information about ambient levels of opioid peptides. This is done by activating G
proteins, which in turn alter membrane conductances for K+ and Ca2 and alter levels of
second messengers such as cAMP and inositol 1,4,5-trisphosphate (IP3). These changes
cause the hyperpolarisation of the cells, leading to the inhibition of the synaptic
transmission of stimuli. Also, genes are being activated in the nucleus of the cell,
resulting in the synthesis of new proteins. These subcellular changes manifest
themselves eventually in the known autonomic, hormonal and behavioural effects of
opioids.
1.1.1. The discovery of opioid receptors
The hypothesis that specific receptors for opiates exist in the CNS of animals and men
arose from pharmacological studies of narcotic analgesics. It was recognised that many
of the actions of opiates, such as analgesia, and addiction liability, are stereospecific, i.e.
these activities are evoked by only one enantiomer of a racemic mixture. These findings
were most readily explicable by the existence of highly specific binding sites to which
these drugs attach to exert their effects. The biochemical demonstration of these binding
sites occurred in 1973, when three laboratories simultaneously and independently
reported the existence of stereospecific opiate binding in brain membranes [Simon et al.
1973, Terenius 1973, Pert and Snyder 1973]. The first evidence for multiple opioid
receptors came from experiments of Martin et al. [1976] in chronic spinal dogs. They
found striking differences in pharmacological responses to different narcotic analgesics,
with no ability to substitute for each other in suppressing withdrawal symptoms in
addicted dogs. These let them postulate the existence of three types of opioid receptors,
named after the prototypic drug used: p for morphine, к for ketocyclazocine, and a for

1. Introduction

page 3

SKF 10047 (N-allylnormetazocine). In 1977 Lord et al. provided evidence for yet
another receptor type. They found that the electrically evoked contractions of the
isolated guinea pig ileum were much more sensitive to inhibition by morphine and
related alkaloids than by enkephalins, whereas the opposite was observed in the mouse
vas deferens. They suggested that the two bioassay systems contained different
populations of receptors: predominantly p in the guinea pig myenteric plexus, and a new
class, S in the mouse vas Referens, preferring enkephalins. Later, the existence of three
more opioid receptor types were suggested, the ß-endorphin-preferring s [Wüster et al.
1979], the „labile” X [Grevel et al. 1985], and the „growth related” £, [Zagon et al.
1991]. However, for the time being, only the existence of three types — p, 5 and к — is
accepted generally.
1.1.2. The classification of opioid receptors: pharmacological, anatomical and
biochemical evidence of multiplicity
1.1.2.1. Pharmacological evidence for multiplicity of binding sites
The pharmacological properties of the three opioid receptor classes are distinct and can
be clearly differentiated [Wood and Iyengar 1988]. The most important pharmacological
effect of activating opioid receptors is the failure to respond to noxious stimuli, i.e. the
antinociception. This effect can be evoked through all the three types of opioid
receptors, though agonists acting at к receptors reduce responses to visceral and
chemical stimuli more effectively than to thermal ones. Generally, p and 5 sites are
considered to mediate analgesia at supraspinal, while к and 5 sites at spinal level. A
number of autonomic responses are also mediated by opioid receptors. Among them
respiratory depression [Florez and Mediavilla 1977] is an important one, mediated by p
receptors, since this is the main undesirable side effect of the narcotic analgesics. On the
other hand, that is why some opiate alkaloids, e.g. codeine, can be used as a remedy for
coughing. Nausea, hypothermia, bradycardia and antidiuretic effect are also mediated
trough p sites. The 5 sites are responsible for mediating hyperthermia and hypotension,
while к sites mediate miosis and diuresis. The targets of the endocrine effects of opioids
are mainly the pituitary hormones [Holaday and Loh 1979]. They increase the release of
ACTH (p, к), MSH (p), prolactin (p), growth hormone (5), while inhibit the release of
ADH (к), LH (p) and oxytocin (p, к). Opioids cause behavioural changes as well. Most
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easily recognisable, mood changes: p receptors mediate euphoria, while the opposite
effect, dysphoria is mediated by к sites. Furthermore, agonists acting at к sites cause
sedation and appetite suppression as well. The elevated locomotor activity is mediated
through p sites.
1.1.2.2. Distinct anatomical localisation of opioid receptors
Opioid receptors also have different neuroanatomical distributions in some brain areas.
Results of autoradiographic studies done on rat and guinea pig brain with type specific
radiolabelled ligands show that opioid receptors of the p type are found in cortical layers
I and IV and in the caudate, putamen, amygdala, thalamus, periaqueductal grey matter,
median raphe, hypothalamus, and hippocampus. In contrast, 8 binding is seen in cortical
layers П, III and V (densest in forebrain structures) and in the caudate putamen,
amygdala, pontine and septal nuclei, olfactory bulb and tubercle. The distribution of к
receptor demonstrates the largest species differences. Mostly they are located in cortical
layers and caudate putamen, amygdala, thalamus, hypothalamus, hippocampus,
substantia nigra, nucleus accumbens, n. tractus solitarius, paprabrachial n., and zona
incerta. While overlap of receptor types clearly exists, their general anatomical
localisation is relatively distinct [Mansour et al. 1988, Lutz and Pfister 1992, Simon and
Hiller 1994]. Within the nervous tissue, opioid receptors are localised in the synaptic
regions. Both pre- and postsynaptic localisations have been proven [Simon and Hiller
1994]. Through presynaptic receptors opioids can modulate the release of other
neurotransmitter molecules, while at postsynaptic receptors they can .act as
neurotransmitters.
Opioid receptors can be found in some peripheral tissues too, like in the myenteric
plexus of the gut, adrenal medulla, heart, retina, vas deferens and placenta [Cox 1988].
1.1.2.3. Biochemical differences between the three opioid receptors
Before the cloning of the opioid receptors, it was an open question whether the known
types are separate molecules or they are different conformations of the same molecule.
Bowen et al. [1981] provided evidence that the p receptors in striatum interconvert into
5 sites in the presence of bivalent cations and GTP. However, most of the researchers
suggested the opioid receptors to be separate molecules. Different ligands were used to
protect

a

given

receptor

type

selectively

against

chemical

reagents,

like

phenoxybenzamine [Robson and Kosterlitz 1979] or N-ethylmaleimide (NEM) [Smith
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and Simon 1980]. Both reagents are irreversible inactivators of opioid receptors. The
presence of p ligands selectively protected p sites against inactivation, while the
presence of 8 or к ligands protected the corresponding sites. Hiller et al. [1981] found
that ethanol and related short-chain alcohols can distiguish between receptor types: their
reversible inhibiting effect on opioid binding is more pronounced on 8 sites than on p
and к sites. Since these results support, but not prove the distinctiveness of the three
opioid receptors, physical separation was necessary.
The first successful solubilisation experiment dates back to 1975 [Simon et al. 1975],
but the protein complex achieved lost its binding capability. In 1980, Ruegg et al. was
able to solubilise active opioid binding sites from toad brain. In the same year active 8
receptors were solubilised from NG108-15 cells [Simonds et al. 1980], and in 1982, the
first successful experiments on solubilising opioid receptors from a mammalian source
are reported [Howells et al. 1982]. Solubilisation results in little or no purification, but
certain parameters of the receptors can be studied. An important finding achieved using
solubilised receptors was that opioid receptors are glycoproteins [Gioannini et al. 1982].
Later on, the purification studies carried out in several laboratories made it possible to
estimate the molecular weight of the purified receptor, examine its different biochemical
properties and determine its binding properties [Simon et al. 1985].
The physical separation and purification studies were made possible by the existence
of ligands covalently attaching to the receptors, called affinity labels. These compounds
are ligands with high affinity and preferentially high specificity for a given receptor type,
containing a chemically reactive group allowing covalent bonds to form between the
ligand and the receptor. The first successful affinity labelling was carried out with
nitrogen mustard derivatives of alkaloid opiates (ß-chlomaltrexamine [ß-CNA], ßchloroxy-morphamine [ß-COA]). The fumarate methyl esther derivative of naltrexone,
ß-funaltrexamine (ß-FNA) had higher selectivity compared to ß-CNA. Isothiocyanate
and azine derivatives were also used for this purpose. In our institute, there is a long
history of the research on affinity labels. Both peptide and alkaloidé ligands were used
for this purpose. The most important groups of these ligands that has to be mentioned
are the chloromethyl-ketones of opioid peptides [Szűcs et al. 1983a, Benyhe et al. 1986,
Szűcs et al. 1987, Benyhe et al. 1997], melphlan substituted peptides [Szűcs et al. 1985,
Szücs et al. 1983b, Sartania et al. 1999] and the C6-substituted morphinan derivatives
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[Varga et al. 1987, Krizsán et al. 1991]. These ligands were useful in both in vitro and
in vivo studies [Simon and Hiller 1988].
Hydrazones, oximes, carbazones and semicarbazones of dihydromorphinone and
oxymorphone were shown to block the high affinity opioid binding sites (putative px
receptors) selectively and irreversibly [Pasternak and Hahn 1980, Varga et al. 1987,
Krizsán et al. 1991]. The corresponding dihydrocodeinone derivatives inactivate the low
affinity (p2) binding site which is associated with side effects of opioids such as
respiratory depression and inhibition of gastrointestinal motility [Fürst et al. 1992, Fürst
et al. 1994]. It was suggested that the methylmorphinan derivatives having a double
bond at C6 bind irreversibly to the opioid receptors, and that the irreversible blockade of
the binding is due to the formation of a Schiff-base. The pharmacological analysis of
these ligands revealed that the hydrazones, oximes, carbazones and semicarbazones of
oxycodone exhibit high antinociceptive potency (several times higher than that of
morphine) in the rat hot plate assay whereas no respiratory depression and no inhibition
of gastrointestinal motility was found.
1.1.2.4. Heterogeneity proven by radioreceptor studies
Besides being present at different parts of the CNS and mediating distinct functions, the
three opioid receptor types bind different ligands with high affinity. Based on
radioreceptor binding experiments in membrane fragments, and bioassays done in
isolated intact tissues being rich in p, S or к binding sites, even subtypes can be
differentiated [Borsodi 1991].
[Leu5]enkephalin is a relatively selective 5 ligand (see 1.2.1.), but, like most
endogenous opioid peptides, it is rapidly degraded by tissue peptidases. The first
analogue resistant to the peptidases was [D-Ala2,Leu5]enkephalin (DADLE), with only
slightly improved 5 selectivity [Corbett et al. 1984]. Further modifications led to [DSer2,Leu5,Thr6]enkephalin [Gacel et al. 1980], with higher affinity towards the 5, but
towards the p sites, too. The cyclic enkephalin analogues, [D-Pen2,L-Pen5]enkephalin
(DPLPE) and [D-Pen2,D-Pen5]enkephalin (DPDPE) [Mosberg et al. 1983] have a much
improved selectivity for the 8 binding site. The introduction of a halogen atom, e.g. Cl,
at position 4 further enhances 5 selectivity [Tóth et al. 1990]. Deltorphins are peptides
isolated from frog skin [Erspamer et al. 1989], which are the most potent and selective
natural 5 agonists currently known. Modifications of these sequences led to even more
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selective compounds [Nevin et al. 1994, Spetea et al. 1997], which are indeed able to
discriminate between the putative 5i and 82 sites. Probably the best known 5 specific
antagonist is naltrindole [Porthogese et al. 1988], where an indole moiety is fused to the
morphinan skeleton. Peptide antagonists are also known for the 5 sites. Among them the
tetrapeptides

Tyr-Tic-Phe-Phe-OH

(TEPP)

and

Tyr-Tic\j/[CH2NH]-Phe-Phe-OH

(TIPPvy), designed by Schiller et al. [1993] containing l,2,3,4-tetrahydroisoqinoline-3carboxilic acid (Tic) were found to be selective and potent 5 antagonists [Nevin et al.
1993, 1995]. Very recently a dipeptide sequence (Tyr-Tic) was found to be a highly
potent antagonist at the 5 sites [Temussi et al. 1994].
Ketocyclazocine, the prototypic к ligand has fairly good affinity towards the p and
even the 5 sites too. The most selective agonists for the к binding sites are the
aminoalkyl-arylacetamide derivatives, U-50488 [Von Voigtlander et al. 1983] and U69593 [Lahti et al. 1985]. It seems, that the benzomorphan (e.g. bremazocine,
ethylketocyclazocine) and the aminoalkyl-arylacetamide derivatives bind to different
receptor

populations,

ki

and

K2

sites,

respectively

[Smith

et

al.

1989].

Norbinaltorphimine (Nor-BNI) is a potent antagonist molecule acting at Ki sites
[Portoghese et al. 1987, Márki et al. 1995]. The kinetic analysis of radioligand binding
studies done after blocking the receptors with naloxone-benzoyl-hydrazone suggests the
existence of a third к subtype, K3 [Clark et al. 1989, Wollemann et al. 1993].
The prototypic p agonist morphine has a relative affinity for the p binding site of
0.975 [Magnan et al. 1982], but a number of opioid compounds, which are more
selective for the p binding sites have been developed. Among them, fentanyl derivatives
— sufentanyl, afentanyl and ohmefentanyl — are very promising with very good affinity
and moderate to good potency in bioassays. Although [Met5]enkephalin has a preference
for the 5 binding sites (see chap. 1.2.1.), the stable analogue [D-Ala2,MePhe4,Glyol5]enkephalin has a high p preference with a relative affinity of 0.994 [Corbett et al.
1984]. Morphiceptin (Tyr-Pro-Phe-Pro-NH2), an opioid peptide derived from ß-casein
[Henschen et al. 1979] is a highly selective p ligand with a relative affinity of 0.990, but
with a low potency. Of the many analogues synthesised, Tyr-Pro-MePhe-D-Pro-NPL (PL
017) [Chang et al. 1983] displays both an increase in potency and selectivity compared
to morphiceptin. The amphibian opioid dermorphin (Tyr-D-Ala-Phe-Gly-Tyr-Pro-SerNH2) is a highly p selective ligand as well, having a 0.47 nM K, value for p sites
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[Amiche et al. 1988], but its tetrapeptide derivative Tyr-D-Ala-Phe-Phe-NH2 (TAPP)
has even better selectivity values [Spetea et al. 1998]. Naloxone, the first known opioid
antagonist [Blumberg et al. 1961], has high affinity for the p binding sites, but also has
high affinity for the к binding sites and less for the 5 sites. More recently, the morphinan
cyprodime has been synthesised [Schmidhammer et al. 1989]; it has a greater preference
for p sites than naloxone, but it is less potent [Schmidhammer et al. 1989, Márki et al.
submitted]. The somatostatin analogue cyclic peptide derivative, СТАР [Kramer et al.
1989] is a highly p selective antagonist too.
1.1.2.5. Multiplicity of the p binding sites
Radioligand binding studies done with [3H]DHM revealed that the p binding consists of
two components: a high (<1 nM) and a low (1-10 nM) affinity one [Pasternak and
Snyder 1975]. The low affinity component referred to the previously known p site,
whereas the high affinity component had not been described before. This finding led to
the suggestion of pi and рг sites existing. Preincubation of the membranes with
naloxazone or naloxone-azine irreversibly diminished the high affinity site both for
agonists and antagonists. Saturation experiments done with [JH]DADLE in the presence
of low concentrations of unlabelled morphine diminished the high affinity site, and the
same result was observed when using ["’FQmorphine and low concentrations of DADLE.
This new (pi) site was suggested to represent a unique, common site for opiates and
opioid peptides (Fig. 1.2.) [Wolozin and Pasternak 1981]. This hypothesis was quite
unusual, since the classical idea presumes divergence (one transmitter-several
receptors), instead of convergence.
Computer assisted analysis of displacement experiments done with [3H]DADLE,
[3H]DAMGO, DADLE and DAMGO in all the possible combinations could fit the
curves to 3 binding sites with the smallest error value [Lutz et al. 1985]. The relative
capacity of the putative three binding sites were 57% for p, 39% for 5 and 4% for pi
sites. The distribution of this putative new receptor type was extensively studied
[Goodman and Pasternak 1985, Moskowitz and Goodman 1985]. Results showed that
the localisation of pi and p2 sites is about the same but the ratio of the two sites vary in
great measure. For example, in the hypothalamus and the spinal cord pi sites represent
up to 60% of the total p binding, in the frontal cortex and the striatum this value is 2735%, while in the brain stem only 18%.
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The physiological role of pi receptors was studied in tail-flick assays on mice and rat,
where a pronounced (4-12x) shift to the right was observed in the morphine doseresponse curves after the administration of naloxazone or naloxon-azine, ligands known
to inactivate pi sites irreversibly. However, the dose needed for morphine lethality did
not change compared to the untreated animals. This finding led to the conclusion that pi
sites mediate supraspinal analgesia, while p2 sites are responsible for the main
undesirable side effect, respiratory depression [Pasternak et ál. 1980а]. Further
experiments revealed that hypothermia, catalepsy, prolactin release and decrease of ACh
turnover is also mediated by pi sites, while p2 sites mediate bradycardia, GH release and
regulation of dopamine turnover [Pasternak and Wood 1986].
The hypothesis, that analgesia and respiratory depression may be mediated through
different receptors urged researchers to develop new, highly specific ligands acting at
only pi sites. This could solve the problem of a long-sought safe analgesic, though
addiction would remain to be unsolved since euphoria is also thought to be mediated
through pi sites.
Morphine Enkephalin

Mu, Receptor

Ш

Mu2 Receptor

■

Delta Receptor

':

Figure 1.2.
Schematic representation of pi, рг and 5 opioid binding sites (from
Goodman and Pasternak 1985)
pi Sites also differ from p2 and 5 sites in their development. As saturation studies
showed, the order of receptor appearance in the ontogenesis is p2, 5 and pi. At the age of
two days, rats only have22% of the pi sites of the amount adult animals possess. By the
end of the second week this amount rises to 50% [Pasternak et al. 1980b].
• v=. craoazs

A'
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Phylogenetically pi sites seem to be the latest formations too, since among the species
examined, goldfish does not have pi sites [Nishimura and Pasternak 1982].
1.1.3. Cellular mechanisms of opioid action
Opioid receptors couple to different G proteins and, through them, second messenger
systems present in different cells (Fig. 1.З.). Membership of the opioid receptors in the
family of Gi/Go-coupled (inhibitory) seven transmembrane-domain receptors was
predicted by the finding that each native opioid receptor type inhibits adenylyl cyclase in
a GTP-dependent manner [Sharma et al. 1975] in the presence of agonists.
The effect of an opioid agonist is mediated through different steps in the cell: the
receptor, the transducer (G proteins) and the effector (adenylyl cyclase, ion channels,
etc.). G proteins are heterotrimers and consist of an a and a covalently bound ßy subunit.
The a subunit is а 40-50 kDa protein, having intrinsic GTPase activity. Presently, there
are at least 40-42 known types of Ga subunits. The main groups are differentiated upon
the stimulatory (Gs) or inhibitory (G,, G0) effect of the protein in the signal transduction
cascade. The a subunit confers binding sites for GDP, GTP, Mg2+ and the ßy subunit,
too. The ß subunit is a 35-36, while the у subunit is a 5-10 kDa protein [Gudermann et
al. 1996].
In the resting state, the a and the ßy subunits are coupled, and a GDP molecule is
bound to the a subunit. Upon agonist activation of the receptor, due to the
conformational changes in the receptor, and in turn, in the G protein, GDP is changed to
a GTP molecule. This alters the conformation of the G protein again, so the ßy subunit
dissociates from the a subunit. The two activated proteins now activate (or inhibit) other
elements of the signal transduction cascade. Ga has intrinsic GTPase activity, so the
bound GTP molecule is cleaved to GDP, which allows the circle to close, ßy subunit to
couple again to the Ga.
The best-characterised effector molecule activated by opioids in the cell is adenylyl
cyclase (AC). AC is a 110-180 kDa membrane-bound glycoprotein, which has two
major TM domains (each containing six membrane-spanning regions) and two longer
intracellular loops. This structure resembles to a number of transporter (for example the
multi-drug transporter) and ion-channel molecule, suggesting a common evolutional
origin. The two intracellular loops confer the catalytic activity, while the TM regions are
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responsible for stabilising the suitable conformation of the loops. The activating effect
of forskolin on AC activity is most probably due to the enhancement of the fluidity of
the lipid environment, thus allowing the catalytic subunits to achieve a better
conformation. There are at least eleven known types of ACs, regulated by different
entities (Gsa, Ga, forskolin, Са2+, Ca2+/CaM, РКА, PKC, etc.) in an inhibitory or
stimulatory manner. The different AC types have distinct tissue distributions too
[Iyengar 1993]. AC type VIII may be functionally coupled to opioid receptors, since it is
со-expressed with p opioid receptors in many brain regions, and the mRNA level of AC
type Vin is elevated after chronic morphine treatment in LC, amygdala and thalamic
nuclei [Matsuoka et al. 1994].

agonist

Figure 1.3.
Signal transduction events evoked by an opioid agonist, (op. rec.: opioid
receptor; Gi/0: G protein; AC: adenylyl cyclase; PKA: protein kinase A;
PLC: phospholipase C; PKC: protein kinase C)
By inhibiting AC, opioids decrease the amount of the second messenger adenosine
3’,5’-cyclic monophosphate (cAMP). Reduced concentrations of cAMP decrease PKA
activity and the phosphorylation of the responsible channel or pump [Chen and Yu
1994]. Inhibition of the cAMP pathway also decreases phosphorylation of numerous
other proteins and thereby affects many additional processes in the neuron. For example,
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it reduces the phosphorylation state of CREB, which may inhibit the longer-term
changes in LC function [Guitart et al. 1992].
Immediate early genes, Fos and Jun were found to target the preproenkephalin gene
after seizures, suggesting that these proto-oncogenes may play a role in neuronal
responses to stimulation [Sonnenberg et al. 1989].
Apart from modulating PKA, opioids modulate PKC, PLD [Mangoura and Dawson
1993], PLC [Misawa et al. 1995] and PLA2 [Vaughan et al. 1997] too. They also have
inhibitory effects of N-type Ca2' -channels [Kim et al. 1997], and the nonselective cation
channel Ih [Ingram and Williams 1994], and stimulatory effect on K+-channels [Ikeda et
al. 1995]. Each of the cloned and expressed p, 5, к and even the putative s receptor
clones were able to inhibit adenylyl cyclase activity in COS, CHO or other cell types as
well as modify ion channels [Kieffer 1995].
1.1.4. Molecular biology of opioid receptors
A lot of effort has been made in order to elucidate the primary structure of the opioid
receptors by several investigators since eukaryotic gene cloning became generally
practicable. The first trials used receptor purification and peptide sequencing to lead on
to oligonucleotide probes for hybridisation screening. Only in one case this approach led
to a protein sequence [Schofield et al. 1989], but the cDNA obtained gives no
expression of opioid binding and lacks any encoded putative transmembrane domains
(TMs). Rather, this protein displays homology to several members of the
immunoglobulin superfamily, especially to the neural cell adhesion molecule (NCAM).
Cloning opioid receptor cDNA by homology screening has also failed. Finally, receptor
expression cloning led to success, though the first cDNA obtained from human placenta
using this method [Xie et al. 1992] displays low affinity towards both peptide and
alkaloid opioid ligands and is expressed in tissues where opioid receptors were not
known to be present (skeletal muscle, kidney). In an attempt to isolate a cDNA encoding
an opioid receptor Cabon et al. [1993] also used the expression cloning approach, but
the sequence found, though coding a protein having high affinity for opiate alkaloids,
turned out to be the part of the E. coli genome.
The first ‘real’ opioid receptor gene identified was the one of the 5 opioid receptor
type described simultaneously by two research groups [Kieffer et al. 1992, Evans et al.
1992]. Both of these groups used cDNA libraries derived from NG-108 neuroblastoma-
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glioma cell line. The clones encode a 372 amino acid-residue protein (KiefFer et al.
reported 371, but then identified a cloning mistake in their sequence) which refers to the
mouse 6 opioid receptor. In situ hybridisation studies localised the mouse 5 opioid
receptor to the olfactory bulb, hippocampus, hypothalamic nuclei, cortex, anterior
pituitary and pineal glands [Bzdega et al. 1993]. Strong correlation is shown between
areas detected by in situ hybridisation being rich in 8 opioid receptor mRNA and areas
detected by antisera being rich in the gene product itself [Keith et al. 1993]. The 5
opioid receptor was cloned from rat brain too [Fukuda et al. 1993, Abood et al. 1994].
The 372 amino acid residue protein shares 97% homology with the murine 5 receptor,
and displays similar pharmacological pattern. Simonin et al. [1994] described the human
5 opioid receptor, which shares 94% identity with the rodent sequences. The genomic
organisation showed two introns between the coding regions. Northern blot analysis
proved the transcipt to be present in frontal and parietal cortex, hippocampus and
hypothalamus.
Searching for a new somatostatin receptor gene, Yasuda et al. [1993] cloned the к
receptor as well as the 5 receptor by screening the mouse brain cDNA library with
probes selective for the cloned somatostatin receptors. Several other research groups
were able to clone rat к receptors with similar amino acid sequences as the mouse
receptor [Chen et al. 1993a, Nishi et al. 1993, Minami et al. 1993, Li et al. 1993, Meng
et al. 1993]. The pharmacological characterisation showed the к agonists and
antagonists to bind with high affinity to the cloned receptor. The mRNA level of the к
receptor was high in the n. accumbens, parietal cortex, hypothalamus, amygdala,
substantia nigra and ventral tegmental area. The guinea pig к receptor has also been
cloned [Xie et al. 1994]. This receptor is 90% identical to the other two rodent к
receptors, with the greatest divergence in the N-terminal region. This may explain the
differences in ligand specificity, since the N-terminal region is thought to play a role in
ligand recognition of the receptor. The human к opioid receptor [Simonin et al. 1995,
Zhu et al. 1995] is a 380 amino acid residue protein, having 87% homology with the
rodent к receptors, and about 60% homology to human 5 and p receptors.
Chen et al. [1993b] cloned the p opioid receptor using probes against conserved
regions of the 5 opioid receptor to screen a rat brain library. In similar studies, Fukuda et
al. [1993], Thompson et al. [1993] and Wang et al. [1993] have cloned rat p opioid
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receptors with similar amino acid sequence to that reported by Chen et ál. [1993b]. The
cDNA is translated to a 398 amino acid residue protein, binding the classical p ligands
with high affinity and being present in striatum, amygdala, n. accumbens, olfactory
tubercle and thalamic nuclei. Human p opioid receptor cDNA has been identified from a
cerebral cortical cDNA library using sequences from the rat p opioid receptor cDNA
[Wang et al. 1994]. The expressed p opioid receptor is 400 amino acid long, recognises
the tested opiate drugs and opioid peptides in a sodium- and GTP-sensitive manner with
affinities virtually identical to those displayed for the rat p opioid receptor.
The cloned receptors have the highest similarity with somatostatin receptors but are
distinct from any other neurotransmitter receptor family. The three opioid receptors are
65-70% identical in amino acid sequence. Four domains diverge in sequence among the
receptors, the amino and carboxyl terminus, and the second and third extracellular loop
[Reisine and Brownstein 1994].

TABLE 1.1.
В
Gene family

5

к

G protein coupled receptors (containing 7 TM regions)
3

2

2

10- 16 kb

4.5- 11.0 kb

5.2 kb

400 aa [human]
398 aa [mouse]
398 aa [rat]

372 aa [human]
372 aa [mouse]
372 aa [rat]

5

2

2

Number of
phosphorylation sites

3-4

4-7

5-7

Chromosomal
localisation [human]

6 q24-25

1 p34-36

8 ql 1-12

Number of introns
Size of mRNA
Amino acid length of
the gene product
Number of
glycosylation sites

380 aa [human]
380 aa [mouse]
380 aa [rat]

From Benyhe [1994] and Kieffer [1995].

Main features of the cloned p, 5 and к opioid receptors as revealed by the
molecular cloning experiments.

1. Introduction

page 15

The pharmacological characteristics of the cloned receptors are similar to the
previously described 62, Ki and pi receptors [Raynor et al. 1994]. However, it has to be
noted that almost all the numerous research groups who tried to clone opioid receptors
found the same three clones in every species at the same chromosome localisation. Pan
et al. [1995] described a k3 receptor in mouse brain. This clone was distinguishable from
the previously cloned к receptor with immunoblotting and pharmacological
characterisation too. However, later this clone turned out to be the “anti-opiate”
nociceptin receptor gene [Mollereau, 1994]. Zimprich et al. [1995] described a splice
variant for the p receptor, but the two variants differ only in their capability for
desensitisation, not in pharmacological properties. Therefore, the existence of the
subtypes may be due to alternative splicing, post-translational modifications or other
differences in the environment of the receptor molecule.
Several sorts of post-translational modifications of opioid receptors were documented.
The presence of several sites for N-linked glycosylation on the N-terminus was noted for
each of these receptors [Kieffer 1995]. Eppler et al. [1993] showed that more than 15
kDa of the 66 kDa mature molecular mass of the purified rat brain p opioid receptor
preparation consisted of sugars. However, these sugars might not be of substantial
importance for binding. Wang et al. [1993] described near wild type affinities for
DAMGO binding to p receptors lacking most of the N-terminal domain, including each
of these potential glycosylation sites. Gaibelet et al. [1997] described mutations in the
cysteines in extracellular loops two and three that reduced functional coupling of p
receptors, suggesting that these cysteine residues form a disulphide bond in the wild type
protein. Each of the receptors display consensus sequences for phosphorylation in
putative intracellular loops. A conserved cysteine residue lying in the last putative
intracellular domain is a possible site for palmitoylation.
All these data described above became available by the use of site-directed
mutagenesis and the generation of chimeric receptors (Fig. 1.4.). These studies were also
used for the identification of the parts of the receptor, which are responsible for the
binding (“ligand binding pocket”). Experiments show that there are certain regions and
amino acids, which are crucial in conferring specificity. For example, the TM1 region of
the p receptor is essential for the p selectivity [Onogi et al. 1995], while TM3 seemed to
be the most important in the case of 5 receptors [Wang et al. 1995]. More detailed
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mapping studies revealed several individual amino acids to have important roles in highaffinity binding. Some show the distinctiveness of agonist and antagonist [Kong et al.
1994] or peptide and non-peptide ligand binding sites [Xue et al. 1994]. However,
Befort et al. [1996a] suggest an individual binding pattem for each ligand. Metzger et al.
[1995] offer another hypothesis for the binding: they propose that the binding occurs
through a mechanism of exclusion rather than specific pharmacophore recognition
within the extracellular loops and the N-terminal domain.
The very latest molecular biological tool used in this field is the gene-targeting by
insertion or deletion, called „knock-out” technique. Disruption of the p opioid receptor
gene in mice results in no morphological abnormalities, infertility or any obvious
abnormalities. Animals lacking p opioid receptor gene have normal levels of 5 and к
receptors too, and have no drastic changes in the expression of endogenous opioids.
However, analgesia and morphine lethality disappear in mice lacking p receptor gene.
Reward effect of morphine cannot be observed either. Furthermore, both behavioural
and intracellular symptoms of withdrawal are diminished [Matthes et al. 1996, Sora et
al. 1997, Loh et al. 1998].

Extracellular

Intracellular

(a) Na*
regulation
site

(b) Needed for
selective agonist
binding

(c) Needed for
agonist binding

HOOC-

Figure 1.4.
Schematic model of an opioid receptor (source: Reisine and Brownstein
[1994]) (a), (b), (c): amino acids found to be important in different
functions of opioid receptors as revealed by the site directed mutagenesis
studies
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1.2. The endogenous opioids
1.2.1. General overview of endogenous opioids
The first specific neuropeptides to be recognised, the two enkephalins (for „in the head”)
[Hughes et al. 1975] were found to be natural ligands of the opioid receptors. That is,
opioid receptors recognise not only natural and synthetic drugs, but also they have
natural peptide ligands with similar morphine-like actions. The enkephalin neuropeptide
family became widened with the discovery of a number of peptides with opioid-like
effects. Among them, ß-endorphin [Cox et al. 1976] and dynorphin [Goldstein et al.
1979] were found in mammalian brain (Table 1.2.), while deltorphins [Erspamer et al.
1989] and dermorphins [Montecucchi et al. 1981] were isolated from amphibian skin.
These endogenous opioid peptide molecules vary in size, but at their amino terminals
most share a similar enkephalin sequence of amino acids. The amphibian opioids have a
D-amino acid at the second position as a result of post-translational enzymatic
isomerisation.
The major opioid peptides are cleavage products of three distinct proteins, which are
the primary product of three genes, proopiomelanocortin (POMC), proenkephalin (A)
and prodynorphin (proenkephalin B). POMC gives rise to the opioid peptides a-, ß-, and
y-endorphin, and the non-opioid ACTH and MSH [Mains et al. 1977]. POMC was the
first of the opioid peptide precursors sequenced [Nakanishi et al. 1979]. The gene was
found to contain three exons and two introns. Proenkephalin was first discovered in
bovine adrenal cortex [Lewis et al. 1980]. It contains one copy of Leu-enkephalin, four
copies of Met-enkephalin, and two copies of C-terminal extended Met-enkephalin, a
heptapeptide and an octapeptide. The gene, coding for proenkephalin contains five
exons and four introns [Noda et al. 1982]. Prodynorphin, the last of the opioid peptide
precursors to be characterised [Fischli et al. 1982], has been isolated from various
mammalian tissues, including brain and spinal cord, pituitary, adrenal and reproductive
organs. All of the opioid peptides derived from this protein, dynorphin A and В and aand ß-neoendorphin, are C-terminal extensions of Leu-enkephalin. The human
prodynorphin gene has four exons and three introns [Horikawa et al. 1983].
There are considerable similarities between the three precursors and the genes that
code for them. They contain almost the same total number of amino acids. All have
several opioid peptides contained in the C-terminal half of the molecule all framed by
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pairs (and rarely a single) of basic amino acids. They all possess a cysteine-rich Nterminal sequence preceded by similarly sized signal peptides. There is a considerable
amino acid sequence homology, which in the case of proenkephalin and prodynorphin
exceeds 50%. The genes also exhibit considerable similarity in the placement and size of
their respective introns and exons. All this evidence gave rise to the hypothesis that the
three genes have developed from a common ancestor gene by gene duplication [Simon
1991].
A wide range of pharmacological, electrophysiological and ligand-binding studies, in
many laboratories, have led to these neuropeptides being related to the three well
characterised opioid receptor types, p, 5 and к, though none of the identified
endogenous opioids has absolute specificity for a given receptor type. However, the
match between Leu-enkephalin and 5, dynorphins and к, Met-enkephalin-Arg-Phe and
k2 receptors

seems to be unambiguous.

An interesting, though not unusual feature of opioid peptides and receptors in the
brain is that the distribution of the opioid receptors often does not follow the same
pattern as the distribution of the endogenous opioids themselves.
The physiological roles of endogenous opioids have been extensively studied.
Injections of ß-endorphin can produce antinociception. This antinociceptive effect is
stronger than that of morphine [Loh et al. 1976]. Met- and Leu-enkephalin have very
weak analgesic potencies. However, this is due to their quick metabolism, and can be
strengthened by application of specific enkephalinase inhibitors [Noble et ál. 1992].
Dynorphins reduce responses most effectively to chemical stimuli [Gairin et al. 1988].
Analgesia observed following experimental stress (“stress-induced analgesia”) is also
mediated by opioid peptides [Bodnar et al. 1980].
The discovery of the endogenous opioid peptides brought new hope for a solution of
the problem of addiction, tolerance and dependence. Indeed, injections of opioid
peptides produce potent analgesia in animals and men. Unfortunately, however,
continued opioid peptide treatment can produce the same tolerance and physical
dependence which classic opiate alkaloids such as morphine do [Wei and Loh 1976].
Many other physiological functions were also described for opioids. They seem to
have roles in learning and memory [Izquierdo 1982], such as have anticonvulsant effect
in brains after seizure [Tortella 1988]. Opioid peptides depress CNS respiratory centres
[Florez and Mediavilla 1977], modify immune functions [Ruff et al. 1985, Gilman et al.

1. Introduction

page 19

1982, Kay et al 1984] and regulate the release of different hormones [Ferin 1984]. The
GH secretion, evoked by the tactile connection between the mother and the infants is
mediated by ß-endorphin [Greer et al. 1991]. Fragments of ß-endorphin (1-27),
somatostatin and CCK can act as natural antagonists at the opioid receptors.
[Hammonds et al. 1984, Faris et al. 1983].
1.2.2. Endomorphins
Two new endogenous, potent, and selective opioid peptides, named endomorphin 1
(Tyr-Pro-Trp-Phe-NH2) and endomorphin 2 (Tyr-Pro-Phe-Phe-NH2), have recently been
isolated from bovine brain. They exhibited p. agonist action on isolated guinea pig ileum,
as well as produced antinociception in mice after intracerebroventricular administration
and displayed extraordinarily high selectivity toward p opioid receptors in radioreceptor
binding assays. It was concluded therefore that these peptides might be natural ligands
for the p receptors [Zadina et al. 1997].
This finding is a major breakthrough in opioid research, since there was no acceptable
candidate for endogenous p ligands for more than twenty years, though p receptor,
primary site of action of morphine, has the greatest clinical importance. For this reason,
many laboratories turned with attraction to this new field of opioid research. These
peptides differ from the previously known endogenous opioid ligands in their Nterminal sequence (Tyr-Pro vs. Tyr-Gly), length and C-terminal amidation. This can
possibly explain the long delay between the discovery of other opioid peptides and
endomoiphins.
Shortly after the isolation from bovine brain, endomorphins were isolated from human
cerebral cortex too [Hackler et al. 1997]. Localisation studies done with a polyclonal
antibody against endomorphin 2 reveals dense aggregations of endomorphin 2-like
immunoreactivities in rat medulla and spinal cord [Martin-Schild et al. 1997], in n.
accumbens, septum, midline thalamic nuclei, hypothalamic and amygdala nuclei, locus
coeruleus, periaqueductal grey and spinal cord dorsal hom, but not cortex and striatum
[Schreff et al. 1998], and in small-diameter primary afferent fibres in the spinal cords of
rodents and primates [Pierce et al. 1998].
The precursor peptide of endomorphins has just been isolated and is being sequenced
presently in James Zadina’s laboratory [L. Hackler, personal communication].

TABLE 1.2.
Precursor

Structure

Opioid peptide

Specificity

Year of
discovery

POMC

ß-endorphin

7yr-G7y-(j/>’-/>/i<?-Met-Thr-Ser-Glu-Lys-Gln-Thr-Pro-Leu-Val-Thr-

(i, 8>8»K

1976

Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys- Asn-Ala-Tyr-Lys-Lys-Gly-Glu
Proenkephalin

Prodynorphin

[Leu5]-enkephalin

Tyr- Gly-Gly-Pli e-Lcu

5>р»к

1975

[Met5]-enkephalin

Tyr-Gly-Gly-Phe-Met

ц=5»к

1975

[Met5]-enkephalin-Arg6-Phe7

Tyr-Gly-Gly-Phe-Met-Aig-Phe

k2

1980

dynorphin A(i>8)

Tyr-Gly-Gly-Plie-Leu-Arg-Avg-\\c

K»p>8

1979

dynorphin A(M3)

Tyr-Gly-Gly-P/ie-Lcu-Arg-Arg-lls-Arg-Fro- Lys-Leu-Lys

к>р=5

1979

dynorphin A(i.i7)

7yr-GYy-C7/y-/Vie-Met-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-

к>р=5

1979

Asn-Gly

Unknown

a-neoendorphin

Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys

1979

ß-neoendorphin

Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Fro

1979

endomorphin 1

Tyr-Pro-Trp-Phe-NH2

ц»5>к

1997

endomorphin 2

Tyr-Pro-Phe-Phe-NH2

р»5>к

1997

Main features of the endogenous opioid peptides
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Despite being active in mouse tail-flick tests [Zadina et al. 1997], endomorphins are
potent, short acting, naloxone-sensitive antinociceptive agents in mouse spinal cord. The
two compounds were also effective anti-allodynic agents in a model of neuropathic pain
[Stone et al. 1997]. The spinal effects of endomorphins were examined by
electrophysiological methods too. Chapman et al. [1997] found, that endomorphin 2 had
selective effects on noxious responses, whereas endomorphin 1 was non-selective.
A number of publications appeared showing possible physiological roles of
endomorphin 1 and 2 on the cardiovascular system too. These effects include
hypotensive/vasodilator activity in rats [Champion et al., 1997a and b, Czapla et al.
1998], in rabbits [Champion et al. 1997c], and in mice [Champion et al. 1998]. The
mechanisms mediating haemodynamic effects of endomorphin 2 and TAPP in rat were
also studied, and found NO to be involved in this process [Champion and Kadowitz
1998].
Meanwhile our study was done and published, some other publications describing the
intracellular changes occurring after the binding of the peptides to the receptors have
also appeared. Thus, G protein activation by endomorphins is reported by Sim et al
[1998], Burford et al. [1998], Hosohata et al. [1998], Harrison et al. [1998], Alt et al.
[1998], Narita et al. [1998] and Kakizawa et al. [1998] while the inhibition of the highthreshold Ca2+-channels were described by Mima et al. [1997] and Higashida et al.
[1998].
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2. Aim of the studies
The present study was dedicated to biochemical and functional analysis of opioid
ligands acting at the p opioid receptor.
In the first part a number of new oxycodone derivatives are characterised. The main
goals were:

•

to characterise biochemically the binding parameters of the novel compounds

•

to identify ligands acting irreversibly at the opioid binding sites

•

to analyse the structural requirements of the irreversible binding

The used methods were:

radioligand binding assays
irreversibility studies

In the second part two new endogenous tetrapeptides, endomorphin 1 and 2 are
analysed functionally. The main goals were:

•

to test if these peptides are able to generate the intracellular responses characteristic
to opioids (G protein activation, adenylyl cyclase inhibition)

•

to test if these effects are p receptor specific (reversibility by a p antagonist; use of
different tissue/cell preparations, expressing or deprived of p receptors)

•

determination of the agonist/antagonist character of endomorphins

The used methods were:

[35S]GTPyS binding assays
adenylyl cyclase activity measurements
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3.1 Chemicals
3.1.1 Radioch emich als
Tritiated

[D-Ala2,(N-Me)Phe4,Gly5-ol]enkephalin

([JH]DAMGO,

59

Ci/mmol),

[a32P]ATP (30 Ci/mmol) and 8-[3H]cAMP (30 Ci/mmol) were purchased from
AMERSHAM (Amersham Place, Little Chalfont, UK). Tritiated 5a,7oc,8ß-(-)-Nmethyl-N[7-(l-pyrrolidinyl)-l-oxaspiro(4-5)dec-8-yl]benzyle-acetamide ([3H]U69,593,
47 Ci/mmol) was purchased from Du Pont-New England Nuclear (Boston, MA, USA).
Tritiated naloxone (72 Ci/mmol) [Tóth et al. 1982], and naltrindole (46.1 Ci/mmol)
[Tóth et al. 1993, Borsodi et al. 1993] were synthesised and labelled in the Isotope
Laboratory of the Biological Research Center, Hungarian Academy of Sciences, Szeged.
Guanosine-5’-[y-j5S]-triphosphate (1204 Ci/mmol) was purchased from the Isotope
Institute Ltd. (Budapest, Hungary).
3.1.2. Synthetic alkaloids
The tested oxycodone derivatives were synthesised by Dr. H. Schmidhammer (Institute
of Organic and Pharmaceutical Chemistry, University of Innsbruck, Innsbruck, Austria)
[(I)1]. Morphine, naloxone hydrochloride and oxycodone were prepared by Dr. S.
Hosztafi (Alkaloida Chemical Company Ltd, Tiszavasvári, Hungary).
3.1.3. Opioid peptides
Endomorphin

1

(Tyr-Pro-Trp-Phe-NH2), endomorphin 2 (Tyr-Pro-Phe-Phe-ML)

[Zadina et al. 1997] and Ile5,6deltorphin II (Tyr-D-Ala-Phe-Gly-Ile-Ile-Gly-NH2) [Sasaki
et al. 1991] were synthesised in the Isotope Laboratory of the Biological Research
Center (Szeged, Hungary) as previously described [Tóth et al. 1997].

1 Papers of the author of this thesis are indicated with Roman numerals, and listed in the “List of
publications ” section, other papers are cited by the first author and listed under “References ”.
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3.1.4. Other chemicals
Bovine serum albumin (BSA), DTT, EGTA, PMSF were from Sigma Chemicals (St.
Louis, MO, USA). Dulbecco's modified Eagle's medium and а-minimum essential
medium were obtained from Gibco (Grand Island, NY, USA). All other reagents used
were of analytical grade.

3.2. Animals
Wistar rats (250-300 g body weight) were obtained from the Animal House of the
Biological Research Center (Szeged, Hungary). Rats were housed in groups of four,
maintained on a 12/12-h light/dark cycle and allowed free access to food and water until
the time of sacrifice. Wild type and mutant mice, deficient in the p opioid receptor were
generated in CNRS UPR 9050, Illkirch France [Matthes et al. 1996]. Animals used in
this study were of hybrid B6/129 genetic background.

3.3. Cell lines
CHO cell line stably transfected with the human p opioid receptor gene, 3,5 pmol/mg
membrane protein (CHOp) [Capeyrou et al. 1997] was a generous gift of Dr. L. Emorine
(CNRS UPR 9062, Toulouse, France). CHO cells stably expressing the mouse 5 opioid
receptor, 4,3 pmol/mg membrane protein (CH05), have been described earlier [Befort et
al. 1996b],

3.4. Membrane preparations
3.4.1. Membrane preparation from cell cultures
CHOp and CH05 cells were grown in Dulbecco's modified Eagle's medium (DMEM,
Gibco) and in а-minimum essential medium (aMEM, Gibco), respectively. Both media
were supplemented with 10% foetal calf serum, 2 mM glutamine, 100 IU/ml penicillin,
100 mg/ml streptomycin, 25 mg/ml fungizone and 0.5 mg/ml geneticin. Cells were
maintained in culture at 37°C in a 5% C02 atmosphere. Membranes were prepared from
subconfluent cultures. Cells were rinsed three times with 10 ml PBS and removed with
20 mM Tris-HCl pH 7.6, 2 mM EGTA, 1 mM EDTA, 5 mM ß-mercaptoethanol and 0.5
mM PMSF buffer and homogenised for 15 sec with a polytron homogeniser in an ice-
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bath, followed by centrifugation at 500g for 5 min. The supernatant was centrifuged at
17000g for 20 min. The resulting pellet was resuspended in the above buffer and
centrifuged again. The final pellet was reconstituted in a small volume of a 20 mM TrisHC1 pH 7.6, 1 mM EGTA, 0.5 mM EDTA, 2.5 mM ß-mercaptoethanol and 0.25 mM
PMSF buffer and stored in aliquots at -70°C until use.
3.4.2. Crude brain membrane preparation
Mice and rat brain membrane preparation was executed according to Pasternak with a
small modification [Simon et al. 1986, (III)]. Animals were decapitated. The brains
without cerebella were removed and then homogenised in 20 volumes of ice-cold 50
mM Tris-HCl buffer (pH 7.4) with a Braun Teflon-glass homogeniser. This homogenate
was filtered through four layers of gauze and centrifuged with a Sorvall RC5C
centrifuge (40000g, 4°C, 20 min). The pellet was resuspended in fresh buffer and
incubated at 37°C for 30 minutes to remove any endogenous opioids. Centrifugation was
repeated and the final pellet was resuspended in five volumes of 50 mM Tris-HCl buffer
+0.32 M sucrose (pH 7.4). The membranes were stored in 5-ml aliquots at -70°C until
use. Before using them, the membranes were diluted and centrifuged (40000g, 4°C, 20
min) and then the pellet was resuspended in 50 ml buffer.
3.4.3. “Low pH” membrane preparation
In the functional assays done on rat striatal membranes, low pH treated membrane
preparations were used [Selley et al. 1993]. Briefly, rats were decapitated, striata was
rapidly removed, and homogenised in 10 volumes of the following buffer: 50 mM TrisHCl (pH 7.4), 3 mM MgCl2, 1 mM DTT, 0.5 mM PMSF (buffer I). The resulting
homogenates were centrifuged at 17000g for 30 min at 4°C. The pellets were
resuspended in 5 volumes of buffer II consisting of sodium acetate (pH 4.5), 5 mM
MgCl2, 1 mM DTT, 1 mM EGTA, and incubated on ice for 20 min with occasional
mixings. Then 5 volumes of buffer I was added to the preparations. This was followed
by centrifugation at 17000g for 30 min at 4°C to remove the remaining low pH buffer.
The final pellets were resuspended in buffer I and stored at -70°C until use.
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3.5. Radioligand binding assays
3.5.1. Theoretical basis
A radioligand is a radioactively labelled compound that can associate with a receptor,
transporter, enzyme, or any protein of interest. Measuring the rate and extent of binding
provides information on the number of binding sites, and their affinity and accessibility
for various drugs. Radioligand binding experiments are easy to perform, and provide
useful data in many fields.
Two basic types of assays utilise radioligands. The first, direct binding assays,
measure the direct interaction of a radioligand with a receptor. The second, indirect
binding assays, measure the inhibition of the binding of a radioligand by an unlabelled
ligand to deduce indirectly the affinity of receptors for the unlabelled ligand.
According to the experimental design, the following main types of the radioligand
binding experiments can be distinguished:
A) Saturation binding experiments
B) Kinetic experiments
В/l Association rate experiments
B/2 Dissociation rate experiments
C) Competitive binding experiments
C/1 Heterologous competitive binding experiments
C/2 Homologous competitive binding experiments
D) Irreversibility studies
A) Saturation binding experiments
Saturation binding experiments measure specific binding at equilibrium at various
concentrations (often 6-12) of the radioligand to determine receptor number and affinity.
Specific binding is plotted against the concentration of the radioligand. The linear
transformation of the saturation curve [Schatchard 1949, Rosenthal 1967] is used to
calculate the В max (maximal number of binding sites) and Kd (equilibrium dissociation
constant) values.
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В) Kinetic experiments
В/l Association rate experiments
Association binding experiments are used to determine the association rate constant
(k+i). The kinetics of the ligand-receptor interaction can be characterised with it. In
addition, it lets you determine how long it takes to reach equilibrium in saturation and
competition experiments. To perform the experiment radioligand is added and specific
binding is measured at various times thereafter.
B/2 Dissociation rate experiments
A dissociation binding experiment measures dissociation rate constants (k_i) of
radioligand dissociating from the receptor. Dissociation experiments are good to fully
characterise the interaction of ligand and receptor. It also helps to design the
experimental protocol when a new radioligand is examined. To perform an off-rate
experiment, first ligand and receptor is allowed to bind to equilibrium. At that point,
further binding of radioligand to receptor is blocked either by adding a high
concentration of an unlabelled analogue or by diluting the reaction mixture 20-100 fold.
After initiating dissociation, binding is measured over time (typically 10-20
measurements) to determine how rapidly the ligand dissociates from the receptors.
C) Competitive binding experiments
C/1 Heterologous competitive binding experiments
Competitive binding experiments measure the binding of a single concentration of
labelled ligand in the presence of various concentrations of unlabelled ligand. Usually
radioligand concentration approximately equals to the Kd of the radioligand for binding
to the receptor. Typically, 10-12 concentrations of unlabelled compound are used,
spanning about six orders of magnitude.
Competitive binding experiments are used to:
• Determine whether a drug binds to the receptor. Thousands of compounds can be
screened to find drugs that bind to the receptor.
• Investigate the interaction of low affinity drugs with receptors.
• Validate an assay. Compete with drugs whose potencies are known from
functional experiments.

3. Materials and methods

page 28

C/2 Homologous competitive binding experiments
A competitive binding experiment is termed homologous when the same compound is
used as the labelled (“hot”) and unlabelled (“cold”) ligand. Homologous competitive
binding experiments can be used to determine the affinity of a ligand for the receptor
and the receptor number i.e. IQ and В max values can be determined while using much
less radioligand than in the saturation experiments.
D) Irreversibility studies
For receptor identification studies one of the most useful tools are the affinity labels i.e.
the ligands, that irreversibly bind to the receptor. This property can be measured by
incubating the receptor with different concentrations of the tested ligand. During the
incubation the irreversible bonds can be formed. After incubation, membranes are
extensively washed, so the reversibly bound portion of the ligands is removed from the
system. If the tested ligand is radiolabelled, the irreversibly bound radioactivity can
directly be measured. If the tested ligand is not labelled, then the specific binding of the
membranes are measured using a known radioligand and compared to a control value (a
membrane incubated with buffer). Irreversibility of the binding is given as a percentage
of control.
Analysis of the data
Most analyses of radioligand binding experiments are based on a simple model, called
the law of mass action:
Ligand + Receptor <-> Ligand-Receptor

(1)

The model is based on these ideas:
• Binding occurs when ligand and receptor collide due to diffusion, and when the
collision has the correct orientation and energy.
• Once binding has occurred, the ligand and receptor remain bound together for a
random amount of time influenced by the affinity of the receptor and ligand for
one another.
• All receptors are equally accessible to ligands.
• All receptors are either free or bound to ligand. The model ignores any states of
partial binding.

page 29

3. Materials and methods

• Neither ligand nor receptor is altered by binding.
• Binding is reversible.
At equilibrium, ligand-receptor complexes form at the same rate that they dissociate:
[Ligand] [Receptor]k+i = [Ligand-Receptor] k_i
where

k+]

is the association rate constant in units of Mimin'1

k-i

is the dissociation rate constant in units of min'1

(2)

Equilibrium dissociation constant (Kd) is defined by the rearrangement of the above
equation:
[Ligand] • [Receptor]

k-i

— =Kd
[Ligand-Receptor]

(3)

k+i

The equilibrium dissociation constant, Kd, expressed in units of moles/litre or molar,
is the concentration of ligand, which, in case of a bimolecular, one-step reaction,
occupies half of the receptors at equilibrium. Once k+i and k_i have been separately
determined in kinetic experiments, they can be combined to calculate the Kd of receptor
binding. If binding follows the law of mass action, the Kd calculated this way should be
the same as the Kd calculated from a saturation binding curve.
Kd is calculated from a saturation binding experiments using the Scatchard formula:

[B]

Bmax-[B]

[F]

Kd

(4)

where

[B]

is the specifically bound ligand

[F]

is the total free concentration of the ligand

В max

is the maximum number of binding sites

Kd

is the equilibrium dissociation constant

When analysing a competitive binding experiment we want to determine the
inhibitory constant, Kj of the receptor for the competing drug — the concentration of the
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unlabelled drug that will bind to half the binding sites at equilibrium in the absence of
radioligand or other competitors.
The concentration of unlabelled drug that results in radioligand binding halfway
between the upper and lower plateaus is called the IC50 (inhibitory concentration 50%).
The IC50 is the concentration of unlabelled drug that blocks half the specific binding.

The value of the IC50 is determined by three factors:
• K; of the receptor for the competing drug
• The concentration of the radioligand.
• The affinity of the radioligand for the receptor (Kd).

Kj can be calculated from the IC50, using the equation of Cheng and Prusoff [1973].

IC50
(5)

Ki =

[radioligand]
1 +
Kd

This equation is based on these assumptions:
• Only a small fraction of both the labelled and unlabelled ligands has bound. This
means that the free concentration is virtually the same as the added concentration.
• The receptors are homogeneous and all have the same affinity for the ligands.
• There is no cooperativity — binding to one binding site does not alter affinity at
another site.
• The experiment has reached equilibrium.
• Binding is reversible and follows the law of mass action.
• Kd of the radioligand is known from an experiment done under similar conditions.

In the case of a homologous competitive binding experiment, we assume that the hot
and cold ligand have identical affinities so that Kd and Kj are the same:

Kd = Kj = IC50 - [Radioligand]

(6)
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The difference between the top and bottom plateaus of the curve represents the
specific binding of radioligand at the concentration used. To determine the В max? specific
binding is divided by the fractional occupancy, calculated from the Kd and the
concentration of radioligand.
The law of mass action predicts the fractional receptor occupancy at equilibrium as a
function of ligand concentration. Fractional occupancy is the fraction of all receptors
that are bound to ligand.
[Ligand-Receptor]
Fractional Occupancy =

[Ligand-Receptor]
(7)

zz:

[Receptor]totai

[Receptor] + [Ligand-Receptor]

which, rearranged is:
[Ligand]
Fractional Occupancy =
[Ligand] + Kd

(8)

In addition to binding to the receptors of physiological interest, radioligands bind to
nonreceptor sites. When performing radioligand binding experiments, one needs to
measure both total and nonspecific binding, and calculate specific (receptor) binding as
the difference. To assess non-specific binding radioligand binding is measured in the
presence of a concentration of an unlabelled compound that binds to essentially all the
receptors. Since all the receptors are occupied by the unlabelled drug, the radioligand
only binds nonspecifically. Usually a concentration of 100*Kd is used for this purpose.
Non-specific binding is generally proportional to the concentration of radioligand
(within the range it is used).
3.5.2. Competitive radioligand binding experiments
Binding experiments were performed as in our previous studies [(II), (III)]. Tests were
carried out in 50 mM Tris-HCl buffer (pH 7.4) in a final volume of 1 ml containing 0.30.5 mg protein. In displacement experiments the conditions shown in Table 3.1. were
used for incubation. Incubations were started by addition of membrane suspension and
continued in a shaking water bath until the steady-state was achieved. Non-specific
binding was determined in the presence of 10 pM non-labelled naloxone. The reaction
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was terminated by rapid filtration on a Brandei M24R Cell Harvester through Whatmann
GF/B or C glass fibre filters and washed with 3'5 ml of ice-cold Tris-HCl (pH 7.4)
buffer. The filters were dried at 37°C and the bound radioactivity determined in a
toluene based scintillation cocktail (using Beckmann LS 5000TD spectrometer).
TABLE 3.1.
Radioligand

Incubation

Concentration

Filter

Test tube

(nM)

Time

Temperature

[3H]naloxone

1.0

60 min

o°c

GF/B

glass

[3H]DAMGO

0.5/0.7

45 min

35°C

GF/C

glass

[3H]naltrindole

0.1

90 min

25°C

GF/B

plastic

[3H]DALE

0.7

45 min

25°C

GF/C

Plastic

[3H]U69,593

3.0

30 min

30°C

GF/B

glass

Assay conditions used in the competitive radioligand binding experiments.

3.5.3. Mui/mu2 assay
For determining the subtype specificity of p binding the pi/g2 assay described by Clark
et al. [1988] was utilised with small modifications, gi Binding was assessed with
[JH]DAMGO (0.7 nM), which labels gi and g2 sites as well, in the presence of 10 nM
DPDPE (Tyr-D-Pen-Gly-Phe-D-Pen), which is supposed to block gi sites selectively. ц2
Binding was measured with [3H]DALE (0.7 nM), which labels 5 and pi sites too, in the
presence of 5 nM DSLET (Tyr-D-Ser-Gly-Phe-Leu-Thr), which blocks 5 sites
selectively. The evaluation of the experiments was otherwise the same as described in
the “Competitive radioligand binding assays'’ and “Data analysis” sections.

3.5.4. Irreversibility studies
The wash-resistant binding was estimated as follows: membrane suspensions were
preincubated at room temperature for 30 minutes with different concentrations of the
tested ligands in a final volume of 1 ml. After incubation the suspensions were diluted to
30 ml with Tris buffer, and centrifuged at 31000g for 10 min. The pellet was
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resuspended in 30 ml of fresh buffer and recentrifuged after a 10-min incubation at
25°C. This washing step was repeated 4 times. After the last centrifugation the pellet
was resuspended in 4 ml buffer, then the total and the non-specific binding was
determined with tritiated naloxone. Control values represent the specific binding of
[3H]naloxone to membranes preincubated with buffer and treated in the same way.
[3H]Naloxone concentration was 1 and 10 nM in the two sets of experiments described
in the Results.

3.6. [3sS]GTPyS binding

3.6.1. Theoretical basis
Opioid receptors exert their biological functions by interacting with GTP binding
proteins as it was described in details earlier in part 1.1.6. Binding of an agonist to an
opioid receptor changes its conformation, which leads to the subsequent activation of G
proteins. The mechanism of G protein activation occurring normally in cells is shown in
Fig. 3.1.a.

a)
agonist

R

gtptS

G
GTPyS

Py <
a GTPyS

/

Figure 3.1.
G protein activation cascade a) in normal conditions and b) in the presence
of GTPyS
To study the initial steps of G protein activation by agonist-liganded receptors in a
quantitative manner, the binding of radiolabelled GTP analogues, which are not
hydrolysed by GTPase activity of G protein a subunits, to G proteins is determined. Of
these GTP analogues, guanosine 5’-0-(y-[‘,:>S]thio)triphosphate ([j5S]GTPyS) is most
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frequently used. This nucleotide has a high affinity for all types of G proteins and is
available with a relative high specific radioactivity (1000-1400 Ci/mmol; physical halflife: 87.4 days) [Wieland and Jakobs 1994, Traynor and Nahorski 1995]. The resulting
changes in the G protein activation cascade are shown in Fig. 3.1.b. Plotting the amount
of the bound [j5S]GTPyS as a function of the concentration of a given ligand gives an
estimation about the ability of the ligand to activate G proteins.
3.6.2. Experimental design
Experiments were carried out as described by Fábián et al. [1998] with small
modifications. Briefly, assays were done in 50 mM Tris-HCl buffer (pH 7.4) containing
1 mM EGTA and 3 mM MgCf in a final volume of 1 ml. Tubes, containing 5
(transfected cells) or 10 (brain membranes) pg of protein, 30 pM GDP, InM - 10 pM
opioid ligands and 0.05 nM [j5S]GTPyS were incubated for 1 hr, at 30°C. Total activity
was measured in the absence of tested compounds, while non-specific binding was
measured in the presence of 100 pM non-labelled GTPyS. The incubation was
terminated by filtrating the samples through Whatman GF/B glass fibre filters. Filters
were washed three times with ice-cold 50 mM Tris-HCl buffer (pH 7.4) in a Millipore
filtration instrument. Filters were then dried, and radioactivity was measured in a Wallac
1409 scintillation counter (Turku, Finland) using a toluene based scintillation cocktail.
Stimulation is given as percent of the specific binding. Data were calculated from three
independent experiments performed in triplicates.

3.7. Measurement of adenylyl cyclase activity
Membranes (15-40 pg protein per assay) were preincubated with the agonists or with
vehicle for 10 min at room temperature. The antagonist СТАР was added 10 min before
the addition of the agonists. The formation of cAMP was conducted at 35°C for 10 min
in 60 pi of an assay medium consisting of 50 mM Tris (pH 7.6), 5 mM MgCb, 1 mM
cAMP, 1 mM ATP containing 106 cpm [a32P]ATP, in a regenerating system consisting
of 5 mM creatine phosphate and 250 pg/ml creatine kinase. The reaction started with the
addition of the substrate and was stopped in 500 mM HC1. Assay tubes were neutralised
with 1.5 M imidazole followed by the separation of the cAMP from the ATP on alumina
columns. The amount of the [a32P]cAMP formed was measured and corrected for the

3. Materials and methods

page 35

recovery of added [3H]cAMP. All assays were run in triplicates. This assay was carried
out in the U-99 of INSERM, Creteil, France.

3.8. Determination of protein concentration
Protein concentration was determined by the method of Bradford [1976], using bovine
serum albumin as standard.

3.9. Data analysis
All assays were carried out at least three times, the given values are means ±SEM.
Displacement data were analysed by the LIGAND program [Munson and Rodbard 1980]
which utilises a non-linear least squares fitting algorithm. Data of functional assays were
analysed with GraphPad Prism 2.01.
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4.1. Biochemical characterisation of 14-alkoxymorphinan derivatives

It was previously shown that hydrazones, oximes, carbazones and semicarbazones of
dihydromorphinone and oxymorphone are able to block the high affinity opioid binding
sites (putative pj receptors) selectively and irreversibly [Pasternak and Hahn 1980,
Varga et al. 1987, Krizsán et al 1991]. Both p and 5 opioid receptors are supposed to be
associated with this putative p) binding site which is responsible for the analgesic
effects

[Pasternak

and

Wood

1986,

Pasternak

1988].

The

corresponding

dihydrocodeinone derivatives inactivate the low affinity (p2) binding site which is
associated with side effects of opioids such as respiratory depression and inhibition of
gastrointestinal motility [Fürst et al. 1992, Fürst et al. 1994]. Especially the hydrazones,
oximes, carbazones and semicarbazones of oxycodone exhibit high antinociceptive
potency (several times higher than that of morphine) in the rat hot plate assay whereas
no respiratory depression and no inhibition of gastrointestinal motility were found.
Therefore it was of interest to prepare a new series of codeinone and dihydrocodeinone
hydrazones, oximes, carbazones and semicarbazones having an alkoxy group in position
14, since this modification in methylmorphinan-6-ones is known to enhance
antinociceptive

potency markedly

[Schmidhammer

1993,

Fürst et al.

1993,

Schmidhammer et al. 1990, Schmidhammer and Krassnig 1990, Schmidhammer et al.
1984].
In this study a series of newly synthesised 14-alkoxymorphinane derivatives [(I)] were
examined, and compared to the parent compound, oxycodone (4,5a-epoxy-14-hydroxy3-methoxy-17-methylmorphinane-6-one) in in vitro radioreceptor binding assays. These
compounds can be divided into four main groups according to the substitutions at C6:
N-N(CH3)2 for dimethyl-hydrazones, N-NHPhe for phenyl-hydrazones, N-NHCO-NH2
for semicarbazones and NOH for oximes (Fig. 4.1.). Other alterations can be found at
position 14 (-OH, -OMe or -OEt groups) and position 7-8 (single or double bond).
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oxime

+

Figure 4.1.
Chemical structure of the tested compounds
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4.1.1. Dimethyl-hydrazones
4.1.1.1. Affinity, selectivity
Dimethyl-hydrazones show moderate affinities to the opioid binding sites as indicated
by the Kj values measured by the general opioid antagonist, [3H]naloxone (Table 4.3.).
The parent compound, oxycodone, is a p opioid receptor specific ligand [Yoburn et al.
1995]. This phenomenon remained in the case of all tested dimethyl-hydrazone
derivatives, thus the highest affinities are obtained for the p sites (Table 4.1.). The
binding of the compounds to the 6 and к sites was lower by at least one order of
magnitude.

TABLE 4.1.
К; (nM)

Compound

oxycodone
HS 318
HS 320
HS 323
HS 325

18.0 ±4.2
33.0 ±5.3
45.7 ± 18.7
101.02 ±24.6
14.9 ±4.8

8

к

958.0 ±499.0
947.0 ± 104.0
> 1000
> 1000
867.0 ± 128.0

677.0 ± 326.0
> 1000
> 1000
599.0 ±35.9
> 1000

Inhibition of the binding of subtype-specific radioligands by the new
dimethyl-hydrazone compounds and their parent compound, oxycodone.
The used type specific radioligands were [3H]DAMGO for p,
[3H]naltrindole for 5 and [3H]U69,593 for к sites.
The type selectivity of the binding was quantified by calculating the relative affinity
values according to Kosterlitz and Paterson [1980] using the following equation:

Ka,x

Relative affinity =
Ка,ц

Ka,8

Ка к

where Ka = 1 /Kj.
Three of the four studied dimethyl-hydrazones showed higher than 90% relative
affinity for the p opioid binding sites (Table 4.2.), that is, they label almost exclusively
the p opioid binding sites.
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TABLE 4.2.
% Relative affinity

Compound

5

Ü

oxycodone
HS 318
HS 320
HS 323
HS 325

95.7
94.1
95.1
83.0
97.8

к

1.8

2.5

3.3

2.6

1.9

3.0

3.0

14.0

1.7

0.5

Relative affinities of dimethyl-hydrazone derivatives to Ц, 8 and к
binding sites. Percent affinity values were calculated as described by
Kosterlitz and Paterson [1980].

4.1.1.2. Agonist/antagonist character
The tested ligands exhibit agonist or mixed agonist/antagonist character according to
their Na+-indices. Na+-index is the ratio of the Kj values obtained in the presence and in
the absence of 100 mM Na+ using [3H]naloxone as the displacing radioligand [Pert and
Snyder

1974].

This

biochemical

approach

gives

an

estimation

about

the

agonist/antagonist character of the tested compound, which in most cases is confirmed
in the physiological assays. The compound is considered to be an antagonist if this value
is lower than 1 (Na+j<l), agonist, if Na+j>10. It has mixed properties, if l<Na+j<10.
(Table 4.3.). The parent compound, oxycodone shows pure agonist property [Poyhia et
al. 1993, Yobum et al. 1995]. In the case of the dimethyl-hydrazone derivatives, this
phenomenon remained

or

decreased

to

the

value,

which

indicates

mixed

agonist/antagonist properties. None of the tested compounds became antagonist due to
the modifications.
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TABLE 4.3.
K; (nM)

Compound
-Na+

oxycodone
HS 318
HS 320
HS 323
HS 325

40.3

146.3
459.2
50.2

19.4

+Na+
1160.0
983.2
1023.8
1224.2
605.0

Na+i

28.7

6.7
2.2
24.4

31.2

Affinities of dimethyl-hydrazone derivatives to [3H]naloxone binding sites
in the absence and presence of 100 mM NaCl.

4.1.1.3. Irreversibility of the binding
Krizsán et al. [1991] suggested in their study that a double bond at C6 of morphinans
leads to irreversible binding to the opioid receptors. Since these new ligands also have a
double bond at C6, we have examined whether they are able to block irreversibly any
subpopulation of the opioid binding sites. As the tested ligands are p receptor selective,
it was of interest to test if they bind irreversibly to the high (putative pO or the low
(putative p2) affinity sites. For this reason, we have executed two sets of experiments,
measuring the remaining specific binding after extensive washes with 1 and 10 nM
[JH]naloxone, labelling the putative pi and p2 sites, respectively. As a negative control,
oxycodone was utilised, which is known not to have irreversible interaction with the
opioid binding sites [Krizsán et al.

1991]. Unexpectedly, dimethyl-hydrazone

derivatives of methylmorphinane-6-ones bound irreversibly neither to the high, nor to
the low affinity opioid binding sites. A seen in Fig. 4.2. and Table 4.4. wash-resistant
binding could not be observed at any concentrations used for preincubation; in specific
binding values no significant difference could be detected compared to the control.
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Figure 4.2.
Irreversible inhibition of the high and low affinity [3H]naloxone binding
site by the new dimethyl-hydrazone derivatives. Data are presented as a
mean of 3-4 independent determinations ± SEM.

TABLE 4.4.
10 nM [3H]naIoxone
1 nM [3H]naloxone
1 pM
5 pM
10 pM
1 pM
5 pM
10 pM
ligand
Specific activity compared to the control (100%)
104
106
101
102
102
oxycodone
109
108
106
109
106
99
98
HS 318
104
100
100
105
93
99
HS 320
103
101
103
96
88
95
HS 323
104
103
98
102
103
108
HS 325
Concentration dependence of the irreversible interaction of opioid
receptors with the tested dimethyl-hydrazones at two radioligand
concentrations. Rat brain membranes were incubated with three
concentrations of the indicated ligands for 30 minutes at 25°C. After four
washes the remaining specific binding was measured with 1 nM (left
panel) or 10 nM (right panel) [3H]naloxone, as described in the Methods.
Control values are the specific binding of [3H]naloxone to membranes
preincubated with buffer and treated in the same way. Experimental data
are presented as a % of remaining binding compared to the control.
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4.1.2. Pit enyl-liydratones
4.1.2.1. Affinity, selectivity
The two tested phenyl-hydrazone derivatives of methylmorphinane-6-ones show
moderately good affinities to the opioid binding sites. One of the two compounds, HS
321 has high affinity (nanomolar K<i) and high selectivity (> 90%) to the p opioid
binding sites. The other derivative, HS 315, having OEt group at Cl4, has only moderate
affinity and selectivity; still the lowest K, value is measured with the p selective
[3H]DAMGO.

TABLE 4.5.
compound
oxycodone
HS 315
HS 321

Kj (nM)

Ü
18.0 ±4.2
233.0 ±90.8
9.3 ±2.3

5

к

958.0 ±499.0
> 1000
324.0 ±98.0

677.0 ±326.0
424.7 ± 123.0
417.4 ± 122.1

Inhibition of the binding of type-specific radioligands by the new phenylhydrazone compounds and their parent compound, oxycodone. The used
subtype specific radioligands were [JH]DAMGO for p, [3H]naltrindole for
5 and [3H]U69,593 for к sites.

TABLE 4.6.
Compound
oxycodone
HS 315
HS 321

% Relative affinity

M-

5

к

95.7
57.5
95.1

1.8
10.8
2.7

2.5
31.6
2.1

Relative affinities of the tested compounds to fl, 5 and к binding sites.
Percent affinity values were calculated as described by Kosterlitz and
Paterson [1980].
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4.1.2.2. Subtype specificity
The 14-OMet derivative (HS 321) has been chosen for further analysis regarding its
subtype specificity. As it is shown below, this compound labelled irreversibly the high
affinity (pi) sites. Affinity parameters to the pi and p2 binding sites were determined as
described previously [Clark et al. 1988]. Values were compared to K; values of
oxycodone.
Oxycodone, the parent compound, has moderately good affinity for both the pi and
the p2 sites, showing slightly better Kj values towards the p2 sites (25.40 and 15.45 nM
for pi and p2 sites, respectively). This is consistent with the findings, that
physiologically oxycodone acts at the p2 sites. When examining compound HS 321 we
found that the derivatisation resulted in a higher affinity value for the p2 sites (5.93 nM
vs. 15.45 nM for oxycodone). However at the pi sites compound HS 321 became a
weaker ligand (76.67 nM, see Figure 4.3.). This compound has even increased pi/p2
selectivity compared to oxycodone (12.9 vs. 1.6).
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Figure 4.3.
Pi (empty symbols) and p2 (filled symbols) specific binding of oxycodone and a selected
compound as assessed by the method of Clark et al. [1998]. pi Binding was measured
with [3H]DAMGO (0.7 nM), in the presence of 10 nM DPDPE. p2 binding was
measured with [3H]DALE (0.7 nM) in the presence of 5 nM DSLET.

4.1.2.3. Agonist/antagonist character
The 14-OMet derivative (HS 321) exhibits agonist, while 14-OEt derivative (HS 315)
mixed agonist/antagonist character according to their Na+-indices.
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TABLE 4.7.
Compound

Kj (nM)

-Na+
40.3
180.0
10.1

oxycodone
HS 315
HS 321

+Na+
1160.0
536.7
238.4

Na+i

28.7
3.0

23.6

Affinities of the new phenyl-hydrazone derivatives to [3H]naloxone
binding sites in the absence and presence of 100 mM NaCl.

4.1.2.4. Irreversibility of the binding
The two phenyl-hydrazone derivatives were able to block partially the high affinity
[JH] naloxone binding sites in a dose dependent manner. However, they showed no
irreversibility at the low affinity sites. (Table 4.8.). Interestingly, compound HS 315,
which has lower affinity and selectivity, has a more pronounced ability to inhibit
irreversibly [3H]naloxone binding to the opioid receptors (Figure 4.4.).
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Figure 4.4.
Irreversible inhibition of the high and low affinity [3H] naloxone binding site by the new
phenyl-hydrazone derivatives. Data are presented as a mean of 3-4 independent
determinations ± SEM.
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TABLE 4.8.
10 nM [3H] naloxone
1 nM [3H]naloxone
1 pM
5 pM
10 pM
ligand
1 pM
5 pM
10 pM
specific activity compared to the control (100%)
106
101
102
102
oxycodone
109
104
102
50
100
36
98
HS 315
67
102
61
101
79
100
HS 321
86
Concentration dependence of the irreversible interaction of opioid
receptors with the phenyl-hydrazone derivatives. Membranes were
incubated with 3 concentrations of the ligands. After 4 washes the
remaining specific binding was measured with 1 (left panel) or 10 nM
(right panel) [3H]naloxone. Control values: specific binding of
[3H]naloxone to membranes preincubated with buffer. Data are presented
as % of remaining binding compared to the control.

4.1.3. Semicarbazones
4.1.3.1. Affinity, selectivity
All of the tested semicarbazone derivatives have good affinities towards the p opioid
binding sites. The relative affinity values calculated for the p portion of the binding is
above 90% in all the cases. When examining 5 and к sites approximately similar, low,
affinities are obtained.

TABLE 4.9.
K; (nM)

Compound
oxycodone
HS 317
HS 319
HS 322

f±

5

к

18.0 ±4.2
16.4 ±0.1
13.5 ±0.1
13.0 ±1.5

958.0 ±499.0
425.0 ±0.02
400.0 ±31.3
569.0 ± 100.0

677.0 ±326.0
> 1000
539.0 ± 168.0
615.0 ±201.0

Inhibition of the binding of subtype-specific radioligands by the new
phenyl-hydrazones and their parent compound, oxycodone. The used type
specific radioligands were [JH]DAMGO for p, [JH]naltrindole for 5 and
[3H]U69,593 for к sites.
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TABLE 4.10.
% Relative affinity

Compound
oxycodone
HS 317
HS 319
HS 322

J±

5

к

95.7
95.7
94.5
95.8

1.8

2.5

3.7
3.2
2.2

0.6
2.4
2.0

Relative affinities of the tested semicarbazone derivatives to (I, 5 and К
binding sites. Percent affinity values were calculated as described by
Kosterlitz & Paterson [1980].
4.1.3.2. Agonist/antagonist character
Two semicarbazones show agonist and one shows mixed agonist/antagonist character
according to their Na+-indices. None of the tested compounds became antagonist due to
the modifications.

TABLE4.il.
Compound

oxycodone
HS 317
HS 319
HS 322

Kj (nM)

-Na+
40.3
37.6
12.8
11.2

+Na+
1160.0
366.4
554.0
423.5

Na+i

28.7

9.8
43.3

37.9

Affinities of the tested semicarbazone derivatives to [3H] naloxone binding
sites in the absence and presence of 100 mM NaCl.

4.1.3.3. Irreversibility of the binding
The binding of the tested semicarbazone derivatives was not wash-resistant neither at
the high, nor at the low affinity binding sites (Fig 4.5., Table 4.12.).
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Figure 4.5.
Irreversible inhibition of the high and low affinity [3H]naloxone binding site by the new
semicarbazone derivatives. Data are presented as a mean of 3-4 independent
determinations ± SEM.

TABLE 4.12.

ligand

oxycodone
HS 317
HS 319
HS 322

10 nM [3H]naloxone
1 nM [3H]naloxone
1 pM
5 pM
10 pM
1 pM
5 pM
10 pM
specific activity compared to the control (100%)

104
112
103
105

109
111
106
98

106
113
112
105

101
99
101
99

102
103
100
94

102
104
100
99

Concentration dependence of the irreversible interaction of opioid
receptors with the semicarbazone derivatives. Membranes were incubated
with three concentrations of the ligands. After four washes the remaining
specific binding was measured with 1 (left panel) or 10 nM (right panel)
[3H]naloxone. Control values: specific binding of [3H]naloxone to
membranes preincubated with buffer. Data are presented as % of
remaining binding compared to the control.
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4.1.4. Oxime
4.1.4.1. Affinity, selectivity
Out of the ten tested ligands, the oxime derivative had the highest affinity towards the
opioid binding sites, even higher, than oxycodone, the parent compound (Table 4.13.). It
has the highest level of p selectivity as well as it is indicated by the relative affinity
values (Table 4.14.).

TABLE 4.13.
К; (nM)

Compound
oxycodone
HS 324

Ü
18.0 ±4.2
6.4 ±0.1

s

к

958.0 ±499.0
642.0 ± 44.4

677.0 ±326.0
446.0 ± 99.4

Inhibition of the binding of subtype-specific radioligands by the oxime
derivative and its parent compound, oxycodone. The used type specific
radioligands were [3H]DAMGO for p, [3H]naltrindole for 6 and
[3H]U69,593 for к sites.

TABLE 4.14.
Compound
oxycodone
HS 324

% Relative affinity
Ü
95.7
97.6

5

к

1.8
1.0

2.5
1.4

Relative affinities of the tested oxime derivative to pi, 5 and К binding
sites. Percent affinity values were calculated as described by Kosterlitz
and Paterson [1980].

4.1.4.2. Subtype specificity
As it was previously shown (Figure 4.3.) oxycodone has moderately good affinity for
both the pi and the p2 sites, showing slightly better Kj values towards the рг sites. When
examining compound HS 324 we found that the derivatisation resulted in a higher
affinity value for the рг sites (6.32 nM). However at the pi sites this compound acted
with approximately the same affinity as oxycodone (18.20 nM, Figure 4.6.).
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Figure 4.6.
(±1 (empty symbols) and p2 (filled symbols) specific binding of oxycodone and a selected
compound as assessed by the method of Clark et al. [1998]. pi Binding was measured
with [3H]DAMGO (0.7 nM), in the presence of 10 nM DPDPE. p2 binding was
measured with [JH]DALE (0.7 nM) in the presence of 5 nM DSLET.
4.1.4.3. Agonist/antagonist character
The highest Na+-index is value is obtained with the oxime derivative: about four times
higher than that of the parent compound, oxycodone (Table 4.15.). This phenomenon
may be due to the fact, that the oxime has the smallest substituent at C6 among all the
compounds tested.

TABLE 4.15.
Compound

oxycodone
HS 324

Kj (nM)

-Na+
40.3
5.8

+

+Na
1160.0
662.1

Na+i
28.7

114.6

Affinities of the tested oxime derivative to [3H]naloxone binding sites in
the absence and presence of 100 mM NaCl.

4.1.4.4. Irreversibility of the binding
Though the experiments done by Krizsán et al. [1991] showed that oxime derivatives of
oxymorphone, dihydromorphinone, oxycodone and dihydrocodeinone are able to block
irreversibly a certain percent of the opioid binding sites in a dose dependent manner, it
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was not seen in the present study with the studied oxycodone derivative, HS 324 (Fig.
4.7., Table 4.16.).
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Figure 4.7.
Irreversible inhibition of the high and low affinity [3H]naloxone binding site by the new
oxime derivative. Data are presented as a mean of 3-4 independent determinations
± SEM.

TABLE 4.16.
1 nM [3H] naloxone
10 nM [3H]naloxone
1 pM
5 pM
10 pM
1 pM
5 pM
10 pM
ligand
specific activity compared to the control (100%)
106
102
oxycodone
104
109
101
102
97
97
102
106
98
100
HS 324
Concentration dependence of the irreversible interaction of opioid
receptors with the tested oxime derivative at two radioligand
concentrations. Rat brain membranes were incubated with three
concentrations of the indicated ligands for 30 minutes at 25°C. After four
washes the remaining specific binding was measured with 1 nM (left
panel) or 10 nM (right panel) [3H]naloxone, as described in the Methods.
Control values are the specific binding of [3H]naloxone to membranes
preincubated with buffer and treated in the same way. Experimental data
are presented as a % of remaining binding compared to the control.
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The compounds detailed above show relatively high affinities to the opioid binding sites
as indicated by the Kj values measured by the general opioid antagonist, [3H]naloxone.
These affinity values are, in most cases, under 100 nM. The parent compound,
oxycodone is a p opioid receptor specific ligand [Yobum et al. 1995]. This phenomenon
remained in the case of all tested derivatives, thus the highest affinities are obtained for
the p sites. Among all the tested compounds the highest affinity for this site, as
measured by inhibition of [JH]DAMGO binding, was obtained with the oxime
derivative, compound HS 324. The binding of the compounds to the 5 and к sites was
lower by an order of magnitude. The used type specific radioligands were
[JH]naltrindole for 5 and [3H]U69,593 for к sites.
The type selectivity of the binding was quantified by the relative affinity values
[Kosterlitz and Paterson 1980]. Eight of the ten studied compounds showed higher than
90% relative affinity for the p opioid binding sites. Based upon these calculations we
conclude that most of these compounds label almost exclusively the p opioid binding
sites.
Subtype analysis of the binding of two selected derivatives showed рг specificity, as
expected in the case of oxycodone derivatives.
The tested ligands exhibit agonist or mixed agonist/antagonist character according to
their Na+-indices. The parent compound, oxycodone shows pure agonist property
[Poyiha et al. 1993, Yobum et al 1995], which remained in majority of the compounds
with about equal or higher Na+-index values. The strongest agonist property was shown
by the oxime derivative, HS 324. This may be due to the smallest substituent at C6 of
the morphinan structure. However, in some cases Na+-index decreased approximately by
an order of magnitude resulting mixed agonist/antagonist character. None of the tested
compounds became pure antagonist due to the modifications.
As it was previously described [Krizsán et al.

1991], several oxycodone,

dihydrocodeinone, oxymorphone and dihydromorphinone derivatives are able to block
irreversibly a set of the opioid binding sites. Either oximes, phenyl-hydrazones,
dinitrophenyl-hydrazones, carbazones and semicarbazones showed this phenomenon. It
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was suggested that a double bond at C6 of morphinans leads to irreversible binding to
the opioid receptors by an electrophil substitution. We have examined whether the new
ligands are able to block irreversibly any subpopulation of the opioid binding sites. As
the tested ligands are p receptor selective, it was of interest to test if they bind
irreversibly to the high (pi) or the low (p2) affinity sites. For this reason, we have
executed two sets of experiments, measuring the specific binding with 1 and 10 nM
[3H]naloxone, labelling the putative pi and p2 sites, respectively. Out of the ten tested
compounds, two were able to block partially the high affinity binding sites, while none
of them showed to be irreversible at the low affinity sites. Both of the two ligands are
phenyl-hydrazones. Semicarbazone and oxime derivatives did not show irreversibility,
nor did dimethyl-hydrazones. Other experiments, done in our research group by Dr.
Nana Sartania and László Sallai showed, that carbazone, hydrazones and methylhydrazones of alkoymorphinanes also blocked 40-60% of the high affinity opioid
binding sites in a dose dependent manner. There is a structural similarity between these
ligands showing irreversibility: in the =NNXY at position C6 X is a hydrogen, and Y is
a substituent not containing oxygen.
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4.2. Functional characterisation of the putative endogenous p receptor
agonists, endomorphin 1 and 2

Our research group has executed a comprehensive study on endomorphin 1 and 2
including characterisation of the binding properties in normal and tritiated form and
functional properties of these ligands in different animal and cell models. Out of these
experiments, I have carried out the functional assays, [35S]GTPyS binding, and adenylyl
cyclase activity measurements2. However, for giving a wider and more detailed picture
of our knowledge about these peptides, the results of the binding experiments, carried
out by Dr. Sándor Benyhe and Dr. Mariana Spetea, will also be briefly mentioned here.
4.2.1. Binding experiments
A series of opioid radioligands with different receptor specificity were used to confirm
the selectivity of endomorphin 1 and 2. The Kj values of endomorphins were compared
to equilibrium inhibition constants of radioligands calculated from homologous
displacement studies. Endomorphin 1 and 2 competed for the [JH]naloxone binding sites
with high affinities. In the presence of 100 mM NaCl, the inhibitory constants increased
by 15-fold, suggesting the pure agonist property of both peptides [Pert and Snyder
1974]. High (nanomolar) affinities were observed with the p specific radioligands, such
as the peptide derivative [JH]DAMGO and the heterocyclic [’HJcyprodime. The highly 5
selective [3H]Ile5,6deltorphin II was used to assess the binding to 5 receptor [Nevin et al.,
1994]. The affinity of endomorphins for this site was very low. A similarly low affinity
was observed when the heterocyclic [3H]naltrindole was used for 5 receptor labelling.
Neither endomorphin 1, nor endomorphin 2 competed for the к receptor binding sites
that have been labelled by [3H]U-69,593 in a measurable range.
Endomorphin 2 was prepared in tritiated form by Csaba Tömböly (Isotope Laboratory,
Biological Research Center, Szeged) [Tömböly et al. 1998] with a specific radioactivity
of 53.4 Ci/mmol and its binding properties were determined in different brain membrane
preparations: crude brain preparations of rat, wild type and p receptor deficient mice

2 The latter assays were carried out as a collaborative work with the group of Dr. Jacques Hanoune in
1NSERM U-99, Creteil, France; I performed the experiments there with Eleni Tzavara and Marie-Claude
Bourin.
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[Matthes et al. 1996]. The equilibrium binding of [3H]endomorphin 2 to rat brain
membranes was saturable and showed high affinity. Scatchard analysis of the saturation
binding data revealed that a single class of binding sites was labelled. Both in rat and in
mice brains the obtained values were consistent with the data found in the literature
using other p specific radioligands. However, in brain membrane preparations of the
homozygous p receptor deficient mutant mice, no binding could be observed at any of
the radioligand concentrations used.
Kinetic studies revealed that [JH]endomorphin 2 binding to rat brain membranes
reaches a steady state in 40 min incubation at 25°C. The association (k+i) and
dissociation rate constant (k_i) were calculated and found to be 0.088 ± 0.008 min '-nM -l
and 0.085 ± 0.001 min'1, respectively. The “kinetic” dissociation constant (Kd) value of
0.97 nM was resolved from the kinetic studies.
Competition binding assays with various unlabelled type-specific opioid ligands for
the [3H]endomorphin 2 sites in rat brain membrane were carried out to evaluate their
abilities to inhibit the binding. These studies revealed the following rank order of
potencies in displacing [3H]endomorphin 2 binding: р»к>5. Competition curves for
[3H]endomorphin 2 were best fitted by a one-site model. Accordingly, Hill-coefficients
were close to the unity, indicating again that [3H]endomorphin 2 interacts with a single
set of binding sites.
The stereospecificity of [3H]endomorphin 2 binding is proven by the competition
experiment with a levorotatory enantiomer (-)levorphanol and its pharmacologically
inactive antipode (+)dextrorphan. Levorphanol was much more potent in inhibiting the
radioligand binding than dextrorphan.
4.2.2. Functional assays
4.2.2.1. Experiments carried out on rat striatum
Functional assays were performed on striatal membranes, which are known to be
enriched in p opioid receptors [Monteillet-Agius et al. 1996]. The membrane
preparations were carried out using the low pH treatment method which is known to
eliminate the Gs proteins leaving active the Gj proteins, thus, allows to increase maximal
inhibition of adenylyl cyclase by agonists for Gj coupled receptors [Selley et al. 1993].
Endomorphin 1 and 2 gave about the same, large (2.8-2.9-fold) increase in [35S]GTPyS
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binding (Fig. 4.8.), compared to the basal level. The stimulation of [35S]GTPyS binding
by morphine was lower (about 2.3 fold; Fig. 4.8.). Both endomorphin 1 and 2 showed
somewhat better ED50 values than morphine (Table 4.17.). The reversibility of these
effects has been also tested by using a p opioid receptor specific antagonist. For this
purpose, the somatostatin analogue peptide, СТАР (D-Phe-Cys-Tyr-D-Trp-Arg-Thr-PenThr-NHb), was used at 1 pM concentration [Kramer et al. 1989]. СТАР at the used
concentration completely abolished the effects of endomorphins (Fig. 4.8., empty
symbols).
Another functional test that has been performed was the measurement of adenylyl
cyclase activity. Inhibition of adenylyl cyclase has been also assessed in rat striatum. The
basal level of adenylyl cyclase activity (100%) was dose-dependently inhibited in the
presence of endomorphin 1 or endomorphin 2 by 17-20% (Fig. 4.9.). The maximal
inhibiting effect by endomorphin 2 was identical to that of morphine (Fig. 4.9.). The
ED50 values were calculated from these curves and found to be 28 nM for endomorphin
1, 103 nM for endomorphin 2 and 4 nM for morphine. The inhibitory effects of these
ligands were reversed by СТАР at a concentration of 10 pM, as it was indicated by the
observed shift to the right in the dose-response curves (Fig. 4.9., Table 4.17.). This
antagonist was not able to inhibit the morphine effect above the micromolar
concentration of the opiate agonist morphine.

TABLE 4.17.
[35S]GTPyS binding
ED5o

max. effect

Adenylyl cyclase activity
ED50

max. effect

endomorphin 1

44 ± 1.41

279 ±9.39

28 ±2.80

83 ±3.17

endomorphin 2

57 ± 1.38

265 ±2.82

103 ±2.82

79 ± 5.12

112 ± 1.43

224 ±7.50

4 ± 1.90

80 ± 1.90

morphine

ED50 (nM) and maximal effect (%) values achieved in the functional
assays using rat striatal membrane preparations. Values represent the
mean of 2 or 3 independent experiments ± SEM. Data were fitted with
Graph Pad Prism 2.01.
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Figure 4.8. Stimulation of [35S]GTPyS binding by different
concentrations of morphine (■), endomorphin 1 (•) and endomorphin 2
(A) in the absence (filled symbols) and presence (empty symbols) of 1
pM СТАР in rat striatal membranes. Incubations were carried out for 60
min. at 30°C. Non-specific binding was 44%, non-stimulated [35S]GTPyS
binding was 109.6±29.5 fmol/mg protein.
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Figure 4.9. Inhibition of adenylyl cyclase activity in rat striatal
membranes by different concentrations of morphine (■), endomorphin 1
(•) and endomorphin 2 (A) in the absence (filled symbols) and presence
(empty symbols) of 10 pM СТАР. Incubations were carried out for 10
min. at 37°C. Points represent means ± S.E.M. from two or three
independent experiments carried out in triplicates.

A number of recent publications suggested that endomorphins might be partial
agonists at the opioid binding sites. For example Hosohata et al. [1998], Sim et al.
[1998], Narita et al. [1998] and Alt et al. [1998] found endomorphins to act as partial
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agonists at the p opioid receptors compared to DAMGO. However, Kakizawa et ál.
[1998] got the same stimulation of [35S]GTPyS binding with DAMGO and
endomorphins in different sections of mouse brain. To test this hypothesis we tried to
antagonise the stimulatory effect DAMGO on [j5S]GTPyS binding by different
concentrations of endomorphin 1 and endomorphin 2. As can be seen in Fig. 4.10., no
decrease of the stimulation evoked by 1 pM DAMGO could be detected using
endomorphins. Therefore, we can conclude that in this system endomorphins act as pure
agonists.
г

endomorphin 1

1 endomorphin 2

I

c W
о
Л~~
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log[endomorphin] added, (M)
Figure. 4.10. Effect of different concentrations of endomorphin 1 and 2 on
[35S]GTPyS binding stimulated by 1 pM DAMGO in rat striatal membranes.
Incubations were carried out for 60 min. at 30°C. Non-specific binding was
47%, non-stimulated [35S]GTPyS binding was 72.69 ± 7.95 fmol/mg protein.

4.2.2.2. Experiments carried out on CHOp cells
The cloning of the three main opioid receptor types made it possible to generate
transfected cell lines containing a pure and homogenous receptor population. These are
then good to study different properties of individual receptor types. The outstanding
usefulness of these tools comes from the fact that, however carefully an experiment is
designed when using a tissue preparation containing a mixed receptor population, the
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ambiguity of the results cannot be excluded. For this reason, the next two sets of
experiments were carried out on cells transfected with the human p or the mouse 8
receptor.
Different concentrations of endomorphin 1 and endomorphin 2 were used to stimulate
[j5S]GTPyS binding to G proteins and to inhibit adenylyl cyclase in membrane
preparations of CHO cells transfected with the human p opioid receptor [Capeyrou et al.
1997] (Fig. 4.11.). In CHOp cells both endomorphins showed better ED50 values (22
and 12 nM for endomorphin 1 and 2, respectively) than morphine (140 nM) which was
used as a reference compound in stimulating [35S]GTPyS binding (Table 4.18.). The
maximal stimulatory effects of the three compounds tested were approximately the
same, about 250%. A p opioid receptor specific antagonist, the somatostatin analogue
СТАР [Kramer et al. 1989] completely inhibited the effects of both endomorphins and
morphine (Fig. 4.11.).
The ability of endomorphin 1 and 2 in inhibiting cAMP formation was also tested in
membranes from CHOp cells (Fig. 4.12.). Both peptides inhibited adenylyl cyclase
activity with ED5o and maximal inhibition values comparable to that of morphine (Table
4.18.). СТАР completely reversed the inhibitory effect of both endomorphins and
morphine.

TABLE 4.18.
[35S]GTPyS binding

Adenylyl cyclase activity

ED50

max. effect

EDS0

max. effect

endomorphin 1

22.2 ± 1.68

235.3 ± 10.74

23.1 ± 1.74

87.85 ±1.44

endomorphin 2

11.6 ± 1.66

222.4 ±10.11

109.2 ± 1.45

81.52 ±2.46

140.3 ± 1.39

245.5 ± 12.07

9.1 ± 1.29

82.65 ±1.83

morphine

ED50 (nM) and maximal effect (%) values achieved in the functional
assays using CHOp membrane preparations. Values represent the mean of
2 or 3 independent experiments ± SEM. Data were fitted with Graph Pad
Prism 2.01.
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Figure 4.11. Stimulation of [35S]GTPyS binding carried out on
membranes of CHOp cells by different concentrations of endomorphin 1
(•), endomorphin 2 (A) and morphine (■) in the absence (filled symbols)
and presence (empty symbols) of 1 pM СТАР. Incubation was carried out
for 60 min. at 30°C. Non-specific binding was 64%, non-stimulated
[35S]GTPyS binding was 43.23±4.33 fmol/mg protein. Points represent
means + SEM from three separate experiments performed in triplicates.
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Figure 4.12. Inhibition of adenylyl cyclase activity in membranes of
CHOfj. cells by different concentrations of endomorphin 1 (•),
endomorphin 2 (A) and morphine (■) in the absence (filled symbols) and
presence (empty symbols) of 10 pM СТАР. Incubations were carried out
for 10 min. at 37°C. Points represent means ± SEM from two separate
experiments performed in triplicates.

4.2.2.3. Experiments carried out on CHOS cells
When examining CHO cells transfected with the mouse 5 opioid receptor [Befort et al.
1996b], no stimulation of [35S]GTPyS binding was detected with endomorphins (Fig.
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4.13. upper panel). Moreover, in CH05 cells, endomorphins did not inhibit cAMP
formation either (Fig. 4.13. lower panel). By contrast, Ile5,6deltorphin П, a potent 5
receptor agonist [Nevin et ál. 1994] produced a stimulation of [35S]GTPyS binding of
approximately 100% over the non-stimulated (basal) level. Another 5 agonist peptide,
DADLE, which was used to assess adenylyl cyclase activity upon 5 receptor activation,
was also found to be effective in inhibiting adenylyl cyclase in CH05 cells (Fig. 4.13.
lower panel). As can be clearly seen in Fig. 4.13., neither endomorphin 1 nor
endomorphin 2 is able to activate the elements of the signal transduction pathway
through the 5 opioid receptor.

TABLE 4.19.
[35S]GTPyS binding
ED5o

max. effect

Adenylyl cyclase activity
ED50

max. effect

endomorphin 1

no effecta

n.d.

no effecf

n.d.

endomorphin 2

no effecf

n.d.

no effecf

n.d.

5 agonist6

13.22 ± 1.44

201.4 ±7.37

2.1 ± 1.89

75.99 ± 1.97

ED50 (nM) and maximal effect (%) values achieved in the functional
assays using CH05 membrane preparations. Values represent the mean of
2 or 3 independent experiments ± SEM. Data were fitted with Graph Pad
a и
Prism 2.01.
no effecf refers to either no measurable change in the doseresponse curve or represents an ED50 value > 10,000 nM, b In [35S]GTPyS
binding assays Ile5,6deltorphin П, while in adenylyl cyclase assays DADLE
was used as a 5 agonist.
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Figure 4.13. Functional assays carried out on membranes of CH05 cells.
Upper panel: Stimulation of [35S]GTPyS binding by different concentrations
of endomorphin 1 (•), endomorphin 2 (A) and the 5 receptor agonist
Ile5,6deltorphin П (■). Incubation was carried out for 60 min. at 30°C. Non
specific binding was 64%, non-stimulated [35S]GTPyS binding was 32.86±7.91
fmol/mg protein. Points represent means ± SEM from three separate
experiments performed in triplicates. Lower panel: Inhibition of adenylyl
cyclase activity by different concentrations of endomorphin 1 (•), endomorphin
2 (A) and the 5 receptor agonist DADLE ( ). Incubation was carried out for 10
min. at 37°C. Points represent means ± SEM from three separate experiments
performed in triplicates.

4.2.2.4. Experiments carried out on wild type and p receptor deficient mice
For further investigating whether endomorphins act only through the p opioid receptor,
or activate other receptor types as well, p receptor deficient animals were used. Matthes
et al. [1996] showed that receptor deficient animals are deprived of p opioid binding
sites without showing alterations of either 5 or к binding sites or of the expression
pattern of the endogenous opioid peptide genes proenkephalin, prodynorphin and
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proopiomelanocortin. For analysing the effects of endomorphins on [35S]GTPyS binding
in mutant and wild type mice, we utilised the same type of membrane preparations as for
the in vitro binding assay studies. In membranes from wild type mice all the ligands
tested (endomorphin 1 and 2, and the 8 specific compound, Ile5,6deltorphin П) gave a 3040% maximal stimulation of [35S]GTPyS binding over basal (non-stimulated) level.
(Fig. 4.14.). (The stimulation value observed in this experiment is lower than that
observed in rat striatum or transfected cells because in this case whole brain membrane
was used, where the receptor density is much lower compared to the above mentioned
sources.) By contrast, endomorphins did not show any stimulation of [j5S]GTPyS
binding to G proteins in membranes from mice lacking p opioid receptors, while the 5
receptor selective Ile5,6deltorphin П was fully active.

TABLE 4.20.

[35S]GTPyS binding
ED50

max. effect

Adenylyl cyclase activity
ED50

max. effect

wild type mice
endomorphin 1

330.5 ± 0.99

138.1 ± 2.29

0.8 ± 1.17

86.99 ±0.55

endomorphin 2

11.2 ± 1.06

139.7 ±2.03

7.4 ±2.27

84.44 ±1.87

5 agonist*

35.9 ±1.86

121.8 ±2.19

5.3 ±2.39

82.97 ±1.95

knock out mice
endomorphin 1

8997 ± 63.74

n.d.

no effect'3

n.d.

endomorphin 2

no effecta

n.d.

no effect11

n.d.

8 agonist*

80.6 ± 0.99

130.1 ±1.49

11.3 ± 1.87

81.91 ± 1.86

ED50 (nM) and maximal effect (%) values achieved in the functional
assays using brain membrane preparations of wild type and mutant.
Values represent the mean of 2 or 3 independent experiments ± SEM.
Data were fitted with Graph Pad Prism 2.01. a “no effect” refers to either
no measurable change in the dose-response curve or represents an ED50
value > 10,000 nM, * In [35S]GTPyS binding assays Ile5,6deltorphin II,
while in adenylyl cyclase assays DADLE was used as a 8 agonist.
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Figure 4.14. Stimulation of [35S]GTPyS binding carried out on brain
homogenates of wild type and mutant mice, those lacking the p opioid
receptor (MOR -/-) by different concentrations of endomorphin 1 (•),
endomorphin 2 (A) and the 5 receptor agonist Ile5,6deltorphin II (■) in
membranes of wild type (filled symbols) and p “knock out” mice (empty
symbols). Incubations were carried out for 60 min. at 30°C. Non-specific
binding was 37 and 39%, non-stimulated [35S]GTPyS binding was
91.65Ü3.77 and 72.90±7.87 fmol/mg protein for the wild type and the
knock-out animals, respectively. Points represent means + SEM from
three separate experiments performed in triplicates.
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Figure 4.15. Inhibition of adenylyl cyclase activity in brain membranes of
wild type and p receptor knock out mice by different concentrations of
endomorphin 1 (•), endomorphin 2 (A) and the 5 receptor agonist
DADLE (A) in membranes of wild type (filled symbols) and p “knock
out” mice (empty symbols). Incubations were carried out for 10 min. at
37°C. Points represent means ± SEM from two separate experiments
performed in triplicates.

We have further characterised the effects of endomorphins on adenylyl cyclase
activity in striatal homogenates from mice lacking the p opioid receptor gene and their
wild type littermates (Fig. 4.15.). In brain membranes of wild type mice, both
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endomorphin 1 and 2 inhibited adenylyl cyclase activity. In brain membranes of mutant
mice, no change in level of basal adenylyl cyclase activity was achieved in the presence
of endomorphins. The 5 opioid receptor agonist, DADLE, had similar effect in
inhibiting adenylyl cyclase activity for both membranes of wild type or mutant animals
(Fig. 4.15.).

The recent discovery of endomorphin 1 and 2 by Zadina et al. [1997] can be considered
as a major breakthrough in opioid research, since despite the vigorous research for more
than two decades after the description of the endogenous ligands for the 5 and к
receptors (enkephalins and dynorphins; Lord et al. 1977, Chawkin et al. 1981), there
was no acceptable candidate for the p receptors. Zadina and colleagues suggested that
the isolated endomorphins could be endogenous agonists for the p receptor.
We have provided further evidence for this hypothesis by indirect and direct
radioligand binding assays, [35S]GTPyS binding assays and adenylyl cyclase assays. For
getting a detailed picture and unambiguous results, membrane preparations from
different sources were used. Membranes, rich in p receptors (striatum), containing only
p receptors (CHOp cells), and deprived of p receptors (CH05 cells, brains of p knock
out mice) were all used in this study.
The indirect binding assays, done with endomorphin 1 and endomorphin 2, and the
direct binding assays done with [3H] endomorphin 2 confirmed the findings of Zadina et
al. [1997] who found that these peptides are highly p receptor specific with very good
affinity. These studies revealed the following rank order of potencies in displacing
[3H]endomorphin 2 binding: р»к>5. Although it has to be mentioned, that the Kj
values for p binding of endomorphins measured in our laboratory was not in
subnanomolar range. This finding, however, is consistent with the results of Sakaguchi
et al. [1987] who measured a 6.6 nM Kj for [Phe4]morphiceptin (endomorphin 2)
against [3H]DAMGO.
Tömböly et al. [1998] prepared endomorphin 2 in tritiated form, and this radioligand
was used to label brain membranes of rat, wild type mice and p knock out mice. In both
rat and wild type brain membranes [JH] endomorphin 2 labelled a single set of receptor
population with high affinity. The obtained Kj and В max values were in agreement with
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the values reported in the literature for p receptor density for other p receptor selective
peptide radioligands [Spetea et al. 1998, Delay-Goyet et al. 1988, Blanchard et al. 1987,
Amiche et al. 1988]. However, in brain membranes of p knock out mice no binding
could be observed using [3H]endomorphin 2. This finding clearly indicates that
endomorphins are unable to bind to membranes where p receptor is not present.
The agonist property of these peptides was proven by two approaches. First by
binding assays done in the absence and presence of 100 mM Na+. The calculated Na+index values indicated agonist properties. This was confirmed by functional experiments
too, when endomorphins were unable to antagonise the stimulating effect of 1 pM
DAMGO on [35S]GTPyS binding (not even in 10 pM dose).
The functional analysis of endomorphins gives a clear picture. In all the membrane
preparations where p opioid receptors are present, i.e. in membranes of rat striatum,
CHOp cells and wild type mice, endomorphins are able to promote G protein activation,
as measured by the stimulation of [35S]GTPyS binding. In these membranes, adenylyl
cyclase activity is inhibited by endomorphin 1 and 2. Both of these effects are dosedependent, and reversible by a p opioid receptor specific antagonist, СТАР. The effects
evoked by endomorphins are compared to a reference compound, morphine, a wellcharacterised p opioid agonist molecule. Results show, that endomorphins and morphine
display similar effect both in quality and in quantity on signal transduction events.
However, neither the stimulation of [35S]GTPyS binding, nor the inhibition of
adenylyl cyclase activity was observed as an effect of endomorphins in membranes of
CH05 cells or in brain membranes of p knock out mice. Membranes of these sources
show G protein activation and adenylyl cyclase inhibition only upon exposure to a 5
receptor agonists.
Endomorphin 2 seemed to be slightly more potent in inhibiting adenylyl cyclase
activity both in membranes of wild type mice and CHOp cells. This might be due to the
better stability of this ligand as suggested by Zadina (personal communication).
Although the in vitro inhibitory effects of morphine and opioid compounds on adenylyl
cyclase activity described in the present study are below 20%, still, they are similar to
those previously reported in the literature. Thus, an inhibition of 12-17% has been
reported for morphine in brain preparations [Dumán et al 1988, Carter and
Medzihradsky 1993, Nijssen et al. 1992].
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5.1. Biochemical characterisation of C6 substituted oxycodone derivatives
In this study, we have examined a series of newly synthesised opioid alkaloids in in vitro
radioligand binding assays (Table 5.2.). The parent compound of the new ligands,
oxycodone, had moderately good affinity towards the opioid receptors, with p receptor
type specificity. The p specificity did not change with the derivatisation, indeed, in some
cases higher affinity was found for this site. Oxycodone is an agonist compound, but the
substitutions at C6 with oxime, semicarbazone, phenyl-hydrazone and dinitrophenylhydrazone groups caused a shift towards the mixed character, as described by Krizsán et
al. [1991]. This shift was successfully reversed by the incorporation of a 14-alkoxy
group in our tested ligands. Especially 4-OMe derivatives proved to have better agonist
properties. The highest affinity and almost the best agonist property was shown by an
oxime derivative (HS 324) — which was probably due to its smallest substituent at
position C6.
Irreversibility studies of the compounds revealed that the phenyl-hydrazone
derivatives blocked a part of the opioid binding sites by a dose dependent manner. The
affinity of the ligands was not parallel with their capability to cause irreversible
blockade of the binding. In contrast to the parent compounds, wash resistant binding was
not observed with the semicarbazones, dimethyl-hydrazones and the oxime. These
results prove that the double bound at C6 of the morphinan structure does not
necessarily lead to irreversible binding to the opioid receptors, as it was suggested
before [Krizsán et al. 1991]. It seems that besides having a double bond at C6, the
composition of the R2 substituent is important too: on the second nitrogen it should
contain a hydrogen and another functional group not containing oxygen. Moreover, as
these compounds are codeinone derivatives it is quite unexpected that they bind
irreversibly to the high affinity sites since some of the codeinone derivatives were shown
to block irreversibly the low affinity (p.2) opioid receptors.
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TABLE 5.1.
chemical
type of
compound
dimethylhydrazones
HS318
HS320
HS323
HS325
phenylhydrazones
HS315
HS321
semicarbazones
HS317
HS319
HS322
oxime
HS324

Affinity

selectivity

moderate
moderate
moderate
moderate

Character

irreversibility
OVi”)

irreversibility
OV2”)

mixed
mixed
agonist
agonist

no
no
no
no

no
no
no
no

low
moderate

(Ц)

mixed
agonist

partial
partial

no
no

moderate
moderate
moderate

M-

mixed
agonist
agonist

no
no
no

no
no
no

agonist

no

no

good

Summary of the most important findings about the studied C6 substituted
methylmorphinane-6-one derivatives.

Subtype analysis of the binding and irreversibility studies at two different putative
binding sites reveals a paradoxical feature of oxycodone derivative binding to opioid
sites. Thus, in the concentration range from nanomol to micromol, compound HS 321
acts as a high affinity p2 opioid ligand, having ten times higher affinity for the p2 than
for the pi sites. However, in the concentration range from micromol to millimol this
ligand acts as an irreversible ligand at the pi opioid binding sites, binding reversibly to
the p2 sites. Although it is a common feature that irreversible ligands label covalently
the receptor in a much higher concentration range than their Kj values to the
corresponding site, usually these compounds have the same specificity in displacement
experiments and irreversibility studies. Comparing the binding parameters of compound
HS 321, an irreversible pi ligand to compound HS 324, a reversible ligand, no
significant difference could be detected in p2 affinity. On the other hand, at the pi sites
the oxime derivative (HS 324) has four times higher affinity than the phenyl-hydrazone
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(HS321). Comparing these compounds to the parent compound, oxycodone, it can be
seen that both of them have higher affinity to the P2 sites than the parent compound.
While at the pi sites a change to the opposite direction is seen in the case of the phenylhydrazone derivative, resulting in four times worse affinity to this site than the parent
compound. Due to these changes in affinity both ligands tested became more selective to
P2 sites than oxycodone, being compound HS 321 the better one regarding this
phenomenon.
Pharmacological experiments showed that oxime, semicarbazone, phenyl-hydrazone
and hydrazone derivatives of oxycodone given at equianalgesic doses evoked a slight,
but significant increase in respiratory rate and reduced the depressant effect of morphine
by concomitant administration. Therefore, it was concluded, that these ligands act as
agonists at the pj and antagonists at the p2 sites [Fürst et al. 1992]. Further
pharmacological characterisation of this new series of ligands is currently in progress at
the Department of Pharmacology of the Semmelweis Medical University (Budapest,
Hungary). The ligands showing irreversibility at the opioid binding sites can be good
candidates for being used as affinity labels in receptor identification studies in the future,
and, besides the importance of selective irreversible ligands in the receptor and drug
classification, there would rise therapeutic importance of an opiate derivative with
strong analgesic, but negligible respiratory depressant effects.

5.2. Functional analysis of endomorphin 1 and 2
Endogenous opioid peptides have been known for more than two decades now. Since
the discovery of the first two endogenous opioids, Met- and Leu-enkephalin, dozens of
new ligands were described. Obviously, the hardest efforts were taken to find the natural
ligand of the p receptors, as this receptor type bears the strongest clinical importance.
Some of these peptides described during the past two decades have good affinity for the
p opioid receptor, but none has so high specificity that would let us designate it as an
endogenous p ligand.
Finally, in the beginning of last year, Zadina and colleagues [1997] published the
isolation and characterisation of two tetrapeptides, endomorphin 1 and 2, suggesting that
they are the long-sought endogenous ligands for the p receptor. The unusual structural
characteristics of these peptides compared to the „classical” endogenous opioids (see
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Table 1.2.) may be the main reason why up till 1997 nobody could identify them. Thus,
the lack of the consensus starting sequence Tyr-Gly-Gly-Phe, the tetrapeptide length,
and the C-terminal amidation are all unusual features. However, it is worth noting that a
number of natural (morphiceptin) and synthetic (PL 017, TAPP, etc.) ligands are known
with very similar structure, having really high affinities for the opioid receptors (Table
5.2.). Indeed, endomorphin 2 is known for ten years, as a synthetic morphiceptin
analogue, [Phe4]morphiceptin [Sakaguchi et al. 1987].

TABLE 5.2.
Sequence
Tyr-Pro-Trp-Phe-NH2
Tyr-Pro-Phe-Phe-NH2
Tyr-Pro-Phe-Pro-NH2
Tyr-D-Ala-Phe-Phe-NH2
Tyr-Pro-Me-Phe-D-Pro-NH2
Tyr-D-Tic-Phe-Phe-NH2
Tyr-Tic-Phe-Phe NH2

Name
endomorphin 1
endomorphin 2
morphiceptin
TAPP
PL 017

Tyr-Tic-Phe-Phe-OH

TIPP

TIPP amide

Specificity Character
agonist
В
agonist
В
agonist
В
agonist
В
agonist
в
agonist
в
agonist
В
5
antagonist
5
antagonist

Natural and synthetic tetrapeptides and their main properties.

Zadina et al. [1997] showed the p selectivity of these peptides in indirect binding and
GPI assays, and proved the antinociceptive potencies of them in tail-flick tests. We have
widened this characterisation by direct binding assays and two different functional
assays to test if endomorphins bind to or activate signal transduction events in
membranes where p receptors are not present.
Our binding data confirmed those of Zadina’s. Moreover, both binding and functional
assays ensured that endomorphins act as agonists in the tested system (rat brain).
Furthermore, we found that the cellular effects of these tetrapeptides differ in the
different membrane preparations. They stimulated [35S]GTPyS binding and inhibited
adenylyl cyclase activity in a dose-dependent manner in membranes where p receptors
are present (rat striatum, CHOp cells, brains of wild type mice), but had no effects in
membranes deprived of p receptors (CH05 cells, brains of p knock out mice).
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Moreover, the p receptor antagonist somatostatin analogue peptide, СТАР reversed the
effects of endomorphins. The above data clearly demonstrate, that endomorphins
functionally modulate both G protein activation and adenylyl cyclase activity in
tissue/cell preparations expressing p opioid receptors. By contrast, cells not carrying the
p opioid receptor are not capable of responding upon endomorphin exposure. Therefore,
we may conclude that endomorphins are natural agonists acting specifically and
exclusively at the p opioid receptors.
In the last few months, a number of publications appeared dealing with similar aspects
of endomorphin effects. These data are in the most cases consistent with our findings.
Briefly, our functional data are in agreement with the very recent report of Burford et al.
[1998] who proved that the effects of endomorphin 1 are mediated, similarly to
morphine and DAMGO, through Gna IGaa, Goa and Gj3a to a similar extent, but not
Gqoc/G 11 a or Gsa in HEK membranes. In addition, they are in agreement with the results
of Sim et al. [1998], who demonstrated enhanced [35S]GTPyS binding in brain slices
following endomorphin

1

treatment.

Stimulation of [35S]GTPyS

binding by

endomorphins was observed by Narita et al. [1998] in mouse spinal cord, and also by
Alt et al. [1998] in membranes of C6 glioma cells transfected with the p receptor gene,
Kakizawa et al. [1998] in mouse amygdala, Harrison et al. [1998] in SH-SY5Y
neuroblastoma membranes and Hosohata et al. [1998] in p receptor-transfected В82
fibroblasts. There are a few publications concerning the more distal elements of the
signal transduction pathway, such as ion channels [Mima et al. 1997, Higashida et al.
1998], but up till now no other laboratory reported the effects of endomorphins on
adenylyl cyclase activity.
Regarding the agonist or partial agonist character of endomorphins, the data are
contradictory. Hosohata et al. [1998], Sim et al. [1998], Narita et al. [1998] and Alt et
al. [1998] found endomorphins to act as partial agonists at the p opioid receptors
compared to DAMGO, a well characterised p agonist. However, Kakizawa et al. [1998]
using different sections of mouse brain and using also DAMGO, as reference compound
found, similarly to our results, that endomorphin 1 acts as an agonist at the p receptor.
The different results may be due to the different systems used, and hopefully
contradictions will be soon sorted out as more detailed knowledge will be gathered from
this novel field of opioid research.

Összefoglaló
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6. ÖSSZEFOGLALÓ

Már régebbről ismeretes, hogy az oximorfon és a dihidrokodeinon hidrazon-, oxim- és
szemikarbazon-származékai szelektíven és irreverzibilisen képesek blokkolni a nagy
affmitású opioid kötőhelyet [Pasternak és Hahn 1980]. Ez a feltételezett p, kötőhely
lehet a felelős a fájdalomcsillapító hatásokért. Az ugyanilyen szubsztituensekkel
rendelkező dihidrokodeinon származékok az alacsony affmitású kötőhelyet inaktiválják,
amely az opioidok néhány igen jelentős mellékhatásával (pl. légzésdepresszió,
konstipáció) hozható összefüggésbe. Az oxikodon hidrazon-, oxim- és szemikarbazonszármazékai igen jó fájdalomcsillapító hatást mutatnak a patkány hot plate tesztben többszörösen hatásosabbak a morfinnál, azonban sem légzésdepresszió,

sem a

gasztrointesztinális motilitás gátlása nem mutatkozik [Fürst és mtsai. 1992]. A dolgozat
első részében új N-metilmorfinán-6-on vázas vegyületek 14-alkoxi szubsztituenseinek
vizsgálatát írjuk le in vitro radioligand tesztekben patkány agyi membrán
preparátumokban. Ez a módosítás az alapvázon jelentősen megnöveli a fájdalom-inger
küszöbét in vivo vizsgálatokban [Schmidhammer és mtsai. 1993].
Eredmények: A vizsgált ligandok affinitása az opioid receptorokhoz jónak mondható,
szelektivitás szerint p ligandoknak tekinthetők. Az altípus vizsgálatok p2 szelektivitást
mutattak. Ez megfelelt várakozásainknak, hiszen kodeinon vázas vegyületekről van szó.
A biokémiai vizsgálatok alpján többségük agonista karakterűnek bizonyult, különösen a
14-es szénatomon OMe szubsztitúciót hordozó vegyületek rendelkeztek magas Na+indexszel. Megvizsgáltuk a ligandok irreverzibilitását is mind az alacsony, mind a nagy
affmitású kötőhelyhez. A fenilhidrazon-származékok a nagy affmitású (p,) kötőhelyek
40-60 %-át gátolták irreverzibilisen míg az összes megvizsgált vegyület reverzibilis
ligandként viselkedett az alacsony affmitású (p2) kötőhelyen. A kiindulási hipotézist,
miszerint a 6-os számú szénatomon kettős kötést hordozó szubsztituenssel rendelkező
ligandok irreverzibilisen kötődnek az opioid receptorokhoz, módosítottuk. Jelenlegi
feltételezésünk szerint, az irreverzibilitás további feltétele, hogy a =NNXY szerkezetű
szubsztituensben az X egy hidrogén legyen, az Y pedig egy oxigént nem tartalmazó
funkciós csoport. Leírtuk továbbá, hogy a vizsgált oxikodon származékok paradox
kötődési sajátosságokkal rendelkeznek: míg radioligand kötötési tesztekben - a
nanomólostól a mikromólosig terjedő koncentrációban - p2 opioid receptor szelektívek,
addig irreverzibilitási kísérletekben - a mikromólostól a milimólosig terjedő
koncentrációban - g, szelektivitást mutattak [(I), (V)].
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A dolgozat második részében két új endogén peptid vizsgálatával foglalkozunk,
különös tekintettel a jelátviteli folyamatokra gyakorolt hatásaikra. Az endomorfm 1
(Tyr-Pro-Trp-Phe-NH2) és az endomorfm 2 (Tyr-Pro-Phe-Phe-NH2) a p opioid receptor
közelmúltban felfedezett feltételezett endogén ligandjai [Zadina és mtsai. 1997]. Ezek a
peptidek több szempontból is különböznek az eddig ismert endogén opioid ligandoktól:
nem egyezik az N-terminális aminosavsorrendjük (Tyr-Pro vs. Tyr-Gly), mindössze
négy aminosav hosszúságúak, valamint a C-teminálisukon egy aminocsoport található.
Mindkét tetrapeptid igen jó affinitással kötődik a p opioid receptorokhoz, és
immunhisztokémiai vizsgálatokkal p-receptor gazdag régiókban lokalizálható.
Kísérleteinkben e két peptid jelátviteli folyamatait vizsgáltuk [35S]GTPyS kötés és
[35P]cAMP szint mérés segítségével. Méréseinket különböző szöveteken és sejteken
végeztük: striatumon, p, ill. 5 receptorral transzfektált CHO sejteken, p receptor knock
out ill. vad típusú egerek agyi membránján. Eredményeink azt mutatják, hogy a p
receptor tartalmú membránokon (striatum, CHOp sejtek, vad típusú egér) mindkét
tetrapeptid serkentette a [35S]GTPyS kötést és gátolta az adenilil cikláz működését. Ezek
a hatások egy p receptor specifikus antagonistával visszafordíthatóak voltak. A p
receptort nem tartalmazó membránokon azonban (CH05 sejtek, p knock out egerek)
sem a [35S]GTPyS kötés stimulálása, sem az adenilil cikláz gátlása nem volt mérhető a
vizsgált peptidek hatására.
A laboratóriumunkban végzett direkt radioligand kötési tesztek vad típusú és p knock
out egerek agyi membránjaiban tríciált endomorfm 2-vel a fentiekkel egybehangzó
eredményekre vezettek. A vad típusú egerek membránjában a jelölődött receptorok
száma 63 fmol mg proteinenként, az egyensúlyi állandó 1.77 nM. A mutáns egerekből
származó preparátumokban azonban egyáltalán nem volt mérhető kötődés tríciált
endomorfmnal.
Az irodalmi adatok alapján nem volt egyértelmű az endomorfinok karaktere —
bizonyos szerzők parciális antagonista tulajdonságokat tulajdonítottak e peptideknek.
Eredményeink alapján cáfoltuk ezeket az állításokat: [35S]GTPyS kötési kísérleteink azt
mutatják, hogy az általunk használt körülmények között az endomorfinok teljes
agonistaként viselkednek.
Annak alapján, hogy jelátviteli folyamatokat kizárólag p receptorokon keresztül
voltak képesek indukálni, valamint hogy p receptor deficiens állatokból származó
preparátumokban nem tudtak kötődni arra következtetünk, hogy az endomorfinok a p
opioid receptorok igen nagy specifitású agonista ligandjai, így nagyban erősítettük a
hipotézist, miszerint a p receptor endogén ligandjai lehetnek [(IV), (VI)].
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