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Endomorphins are natural amidated opioid tetrapeptides with the following stru@yr@ro-Trp-Phe-NH2
(endomorphin-1), andlyr-Pro-Phe-Phe-NiH(endomorphin-2). Endomorphins interact selectively with the p-opioid or
MOP receptors and exhibit nanomolar or sub-nanomolar receptor bindingiexf, therefore they suggested to be
endogenous agonists for the p-opioid receptors. Endomorphins mediate a number of characteristiteofsoglieh

as antinociception, however there are several physiological functions in which endomorphins appear to act in a fashion
that does not involve binding to and activation of the p-opioid receptorrecent data indicate that a radiolabelled
[®H]endomorphin-1 with a specific radioactivity of 2.3Bg/mmol - prepared by catalytic dehalogenation of the
diiodinated peptide precursor in the presence of tritium gas - is able to bind to a second, naloxone insensitive recognition
site in rat brain membranes. Binding heterogenéiy, the presence of highery(K 0.4 nM / B,s = 120 fmol/mg

protein) and lower (K= 8.2 nM / B, = 432 fmol/mg protein) &hity binding components is observed both in
saturation binding experiments followed by Schatchard analysis, and in equilibrium competition binding Btedies.

signs of receptor multiplicitye.g., curvilinear Schatchard plots or biphasic displacement curves are seen only if the non-
specific binding is measured in the presence of excess unlabeled endomorphin-1 and not in the presence of excess
unlabeled naloxoné&he second, lower fifiity non-opioid binding site is not recognized by heterocyclic opioid alkaloid
ligands, neither agonists such as morphine, nor antagonists such as naloxone. On the eoddragrphin-1 is
displaced from its lower #fity, higher capacity binding site by several natural neuropeptides, including methionine-
enkephalin-Ag-Phe, nociceptin-orphanin FQ, angiotensin and FMRF-ariiiais. naloxone-insensitive, consequently
non-opioid binding site seems to be present in nervous tissues carrying low density or no p-opioid receptors, such as
rodent cerebellum, or brain of p-opioid receptor deficient (MORransgenic or 'knock-out' (K.O.) micéhe newly
described non-opioid binding component is not coupled to regulatory G-proteins, nor déest agdnylyl cyclase

enzyme activityTaken together endomorphin-1 carries opioid and, in addition to non-opioid functions that needs to be
taken into account when varioudezits of endomorphin-1 are evaluated in physiological or pathologic conditions.

Key words:tritiated endomorphin-1, naloxone insensitive site, p-opioid pepgdeptoy rat brain, radioligand binding,
knock-out mice

INTRODUCTION without showing a genuine preference for any of th&bout
two decades later two endogenous, potent, and selective opioid
It has been almost four decades since the three endogenopsptides, named endomorphin-lyi‘Pro-Trp-Phe-NH) and

opioid peptide families, enkephalins, endorphins andendomorphin-2 (Jr-Pro-Phe-Phe-N}, were isolated from
dynorphins, have been identified and characterized (1)bovine brain (7)They produced antinociception in mice after
Pharmacological approaches have shown the existence of thregracerebroventricular ~ administration and  displayed
types of opioid peptide receptors 4 (MOBJPOP), and (KOP) extraordinarily high selectivity towargi-opioid receptors in
(2, 3).Although selectivity of the enkephalins for the@eceptor  radioreceptor binding assays. It was concluded therefore that
(4) and of dynorphins for the -receptor (5) was demonstrated, nthese peptides might be natural ligands for the p-receptors.
specific endogenous ligand had been attributed to the p-receptor Opioid receptors are coupled to heterotrimeric G-proteins
The pro-opiomelanocortin (POMC) produBtendorphin (6) (8) and, upon ligand-activation, are known to inhibit adenylyl
exhibited very good &ihities for each type of opioid receptors, cyclase (9)Accordingly, like other p-receptor specific ligands,
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endomorphins stimulate Gi protein activation (10-13), inhibitand SKF (+), () and (+)N-allylnormetazocine (SKF-10,047) were
adenylyl cyclase (10,11 14) and induce agonist stimulated generous gifts from NIDAResearcHriangle Park, NC, USA).
receptor internalization (15, 16). Dextrorphan and levorphanol were purchased fronfriin-La
Despite all previous evidence on p-receptor selectivity ofRoche (Nutley NJ, USA). Bovine serum albumin (BSA) and
endomorphins some studies do not support the idea of exclusiv@oomassie Brilliant Blue G250 were from Serva Feinbiochemica
action of endomorphins through p-receptorghus, GmbH (Heidelbay, Germany). Ready Safe liquid scintillant was
endomorphin-1 induced antinociception was not reversed-by ppurchased from Beckman (Fullertone, CA, USA).
receptor selective antagonist naloxonazine in mice (17), and Endomorphin-1, endomorphin-2, HATGly-Gly-Phe-Met-
antagonists beta-funaltrexamine and naloxonazine werérg-Phe-OH (MERF) (27), and Ré&deltorphin 1l (28),
ineffective in antagonizing endomorphin-1's antinociceptivedynorphin (1-1), FMRFE and TIPP (H-Tyr-Tic-Phe-Phe-OH)
effect in diabetic mice (18)he experiments with endomorphin- (29) were prepared by solid phase peptide synthesis and purified
1 stimulated viral replication in microglial cell culture also by high performance liquid chromatography in our institute.
suggest that endomorphin-1 acts through 'atypical' p-receptors All other chemicals used in this study were of analytical
(19). Fischer and Undem (20) demonstrated that endomorphirgrade and purchased from Sigmat. (%ouis, USA) or
produced a concentration-dependent inhibition of the electricaReanal/Egis Pharmaceuticals (Budapest, Hungary).
field stimulation-induced tachykinin-mediated contractions of the
guinea pig bronchus. Surprisinglgnly endomorphin-1 &cts  Animals
could be blocked by naloxone (10 uM), whereas endomorphin-2
effects were not &fcted by any opioid receptspecific Three days old and adult male albMstar rats with 250 —
antagonist. Endomorphins evoke fdient cardiorespiratory 280 g body weight (Human Rt., Godollo, Hungary) were used in
effects of which ventilatory responses are probably non-opioidthe study They were housed in the local animal house of the
mediated, as they were not attenuated by opioid antagonists (2Biological Research Center (BRC, Szeged, Hungary). Rats were
Tachykinin agonist and antagonist pepetides posses a wideept in groups of six, allowed free access to food and water and
range of physiological functions from pain regulations to cancemaintained on a standard 12-h light:12-h dark cycle (lights on
growing (22). Kossoret al. (23) showed weak but significant between 06:00 and 18:00 h) until the time of sacri#ag@mal
receptor dfnity of endomorphin-1 on Nk (70 uM) and NK2-  experiments were performed under the control of the following
(6.2 uM) receptors and endomorphin-2 for NK72 uM) declaratory statutes: the European Communities Council
receptors. Functional bioassays show weak tachykinirDirectives (2010/63/EU) and the Hungaridct for the
antagonist properties of endomorphin-1 andAthough the  Protection ofAnimals in Research (XXVII1.tv32.8).
affinities of endomorphin-1 to NK and NK- receptors are 6000 Brains of p-receptor knockout mice were kindly provided by
and 70,000 times lower than itdiaity for the p-receptqrthis Professor Brigitte L. Kiger (UPR 9050 CNRS, ESBS
‘tachykinin component’ may nonetheless play a significantUniversite Louis Pasteu67400 llikirch, $rasboug, France).
modulatory role of the major opioid agonist function of The generation of p-receptor deficient mice was described
endomorphin-1. Botrogt al. (24) found that endomorphin-2 previously (30).
showed a comparatively high bindindimity (7.5 + 0.7 nM) for
the SP1-7 substancesRes, whereas endomorphin-1 exhibited Preparation of rat brain membranes
weak binding (1030 * 43 nM)This further supports that
endomorphin-2 in addition to itsfafity for the p-receptor also A crude membrane fraction was prepared fridfistar rat
may interact with a non-opioid site. forebrains according to a method of Pasternak with small
Therefore, we hypothesized that endomorphin-1 may bind tenodifications (31, 32)The animals were decapitated, and the
more than one receptor/binding-sitds. study the binding of brains without cerebella were rapidly removed, and washed
endomorphins we generated tritiated endomorphin-1 and founsgeveral times with chilled 50 mNris-HCI bufer (pH 7.4).The
that PH]endomorphin-1 has at least two clearly distinguishablebrains were weighed and suspended in 5 (v/w) of brain tissue of
binding sites, one that appears to be a highisf p-receptor  the ice-cold bufér. Tissues were homogenized by a Braun teflon-
site while the other site has a somewhat lowgniaf but it is glass homogenizer (16 15 strokes, 1000 réminute), and
fully independent of p-opioid receptors. filtered through four layers of gauze to removegéaaggregates.
The volume of the suspension was supplemented to a firfat buf
volume/membrane pellet ratio of 30 (ml/@fter centrifugation
MATERIALS AND METHODS with a Beckman J21M apparatus (40,000 x g, at 4°C, for 20 min,
JA20 rotor), the resulting pellet was resuspended in fredarbuf
(30 v/w) using a vortexthe suspension was incubated at 37°C for
30 min to remove any endogenous opioids. Centrifugation was
Tyr-[3,4-8H,]Pro-Trp-Phe-NH ([®H]endomorphin-1; 2.35 repeated under the same conditions as described above, and the
TBg/mmol) was synthesized in our institute (25). Guanosine-5'final pellet was resuspended in five volumes of 50 Tirig-HCI
[y-33S]-triphosphate (1204 Ci/mmol) was purchased from thebuffer (pH 7.4) containing 0.32 M sucrose to give a final protein
Isotope Institute Ltd. (Budapest, Hungary). Naloxone was fronconcentration of 3- 4 mg/ml.Aliquots (5 ml) of the membrane
Endo Labs (Garden CityNJ, USA). Morphine and naltrindole samples were frozen in liquid nitrogen and then store8GfC.
were from ICN-Hungary Co. (3zavasvari, Hungary). The protein concentration was determined by the Bradford
Hemorphin was prepared as described in Szétral. (26). method (33) using bovine serum albumin as standard. Before use
Angiotensin IVwas from Sigma. Neuropeptide FF (NPFF) was athe membranes were thawed and resuspended in 50risHAClI
kind gift from Laszlo Prokai (Department of Molecular Biology buffer (pH 7.4) and centrifuged (40,000 x g, at 4°C, for 20 min) to
and Immunology University of NorthTexas, Health Science remove sucrose and used immediately in binding assays.
Center at FortVorth? FortWorth, TX, USA). DAMGO [D-Ala-
(N-Me)Phé-Glys-ol] Enkephalin, Nociceptin, Leu-enkephalin, Preparation of cezbellar homogenates
Met-enkephalin an@-endorphin were purchased from Bachem
(Bubendorf, SwitzerlandAMPA, GABA, Glu, (-)MK801 and Following cervical dislocation, the brains were rapidly
()MK801 was fromTocris (Bristol, United Kingdom). SKFJ removed. Cerebella were dissected and homogenized in 10
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volumes of an ice-cold homogenization feufof the following  measured by liquid scintillation counting using two counting
composition (in mM):TrisHCI pH 8.0, 10; EDA, 2; DTT, 1; windows for3H and3?R, to determine the amount GHJcAMP
PMSFE 0.5. Homogenates were aliquoted and stored at —80°@nd F2P]JcAMP, respectively The formed $P]JcAMP amount

until use. was then corrected for the recovery of the adélditAMP. All
measurements were run in triplicates. Protein amount was
Radioeceptor binding assay determined using the BioRad protein assay (BioRad, Germany).

Data were analysed with Prism 4.0 from GraphPad (34).
Radioligand binding experiments were performed as
described (32). Brieflythe membrane suspensions from rat brain

(protein concentration of 0.3 — 0.5 mg/ml) were incubated in RESULTS
glass tubes for 45 min at 24°C with the radioligand in a final
volume of 1 ml. Incubations were carried out in 50 fi4-HCI [*H]endomorphin-1 was prepared by dehalotritiation method

buffer (pH 7.4). Incubation was started by the addition ofthrough [3’,5’-dil-Tyr‘Jendomorphin-1, which was tritiated in
membrane suspension and terminated by rapid filtration througthe presence of Pd/BagOrhe final product had a specific
Whatman GF/C glass fiber filters using a Brandel M24R Cellradioactivity of 2.35TBg/mmol (25).The specific binding of
HarvesterAfter three washings with 5 ml portions of ice-cold [3H]endomorphin-1 was temperature-dependent (data not
buffer (50 mMTris-HCI, pH 7.4) filters were dried for 3 hours shown) and the highest specific binding was found to be at 24°C
at 37°C.The radioactivity was measured in a toluene-basedising glass test tubes and C typ&\dfatmann glass fiber filter
scintillation cocktail, using &vallac 1409 scintillation counter  Addition of different enzyme inhibitors to experimental feaf
Experiments were carried out in duplicate and repeated severhbd no positive éict on specific binding; therefore, all the
times. Ligand binding data were evaluated by GraphPad Prisrollowing experiments were performed using 50 mé bufer

4.0 (34), using a non-linear least-squares algorithm. Data argpH 7.4). Kinetic studies revealed thaHJendomorphin-1
generally expressed as arithmetic means + S.E.M of at least thré@nding reaches the steady state level in 45 minutes of incubation

repeated assays. (data not shown)These conditions were used throughout the
following experiments.
[**S]GTR/S binding experiments Saturation binding experiments were carried out in rat brain

membranes at varying concentrations of the radiolabelled

Functional coupling of the activated receptors with the cellendomorphin-1 (from 0.01 nM to 100 nM) and non-specific
membrane @g-proteins was measured b$§]JGTRS binding  binding was determined either in the presence of M
assays. Rat brain membranes (containing ~10 pg ofaloxone Fig. 1A open circles) or 1® M unlabelled
protein/sample tube) were incubated for 60 min at 30°Tig? endomorphin-1 Kig. 1A filled circles). Specific binding was
EGTA buffer (50 mM Tris-HCI bufer, 3 mM MgCL, 1 mM found to be saturable in both cases. Surprisjngé/found that
EGTA, 100 nM NacCl, pH 7.4) containing 0.05 nM3]GTR/S specific binding of H] endomorphin-1 with nonspecific
with increasing concentrations (2A.0° M) of opioid ligands  binding measured by unlabelled endomorphin-1 was
tested in the presence of 30 uM GIDR final volume of 1 ml.  significantly higher than3H]endomorphin-1's specific binding
For positive control 18 M DAMGO was used. Basal activity with nonspecific binding determined in the presence of
taken as 100% specific binding was measured by subtracting thenlabelled naloxond={g. 1A).
non-specific binding (determined in the presence of 100 uM  The equilibrium dissociation constant kand the maximal
unlabeled GT#iS) from the total binding (measured in the number of binding sites (B) were calculated by non-linear
absence of tested compound®)e incubation was started by the regression analysi¥he obtained results indicated the existence
addition of P°S]GTR/S and was terminated by rapid vacuum of a single binding site when #0M naloxone was used to
filtration throughWhatman GF/B glass fiber filters. Filters were determine non-specific binding {i¢f 1.0 + 0.1 nM and the B
washed three times with ice-coldis-HCI buffer (50 mM, pH  was 188.0 + 21.7 fmol/mg protein). Linear regression analysis of
7.4) and then dried’he bound radioactivity was measured in a the data after Scatchard transformation confirmed the existence
ready safe scintillation cocktail, using \dallac 1409 liquid of a single binding site with naloxonEig. 1B).
scintillation spectrometerG-protein stimulation is given as After determining the non-specific binding by usings1@
percentage of the basal activiData were calculated from three endomorphin-1 the nonlinear regression analysis showed that
independent experiments performed in triplicatesfic&ty the best fit could be obtained by an equation modelling two
(Emay) @nd potency (E&) values Data were calculated by fitting binding sitesThe equilibrium dissociation constants werg=K
sigmoid dose-response curves using the GraphPad Prism 4004 + 0.1 nM and = 8.2 + 1.4 nM and the corresponding.B

program (34). values were 19.6 + 18.5 and 432.5 + 83.7 fmol/mg protein,
respectively The Scatchard transformation of the binding
Measuement of adenylyl cyclase activity isotherm was curvilineamlso suggesting the existence of two

classes of binding sitesFig. 1C). Non-specific binding of

Adenylyl cyclase assay was performed on brain[*Hlendomorphin-1 was under 30% of total binding at a
homogenates of rat cerebellum and cortex. Brain homogenateadioligand concentration of 0.4 nM which increased to 60% at
were pre-incubated with the agonists or with vehicle for 10 min8.2 nM (data not shown). Both the high and lofinéf binding
at room temperatur&vhen used, antagonist was added 10 minof [3H]Jendomorphin-1 to rat brain membranes were blocked by
before adding an agonist. Reaction mixtures contained 15 — 4feat treatment (50°C for 60 min at 8.5 nM]endomorphin-1
Mg protein, 50 mMris-HCI, 5 mM MgC}, 10 uM GTRP10 mM radioligand concentrationl-{g. 2) or by N-ethyl-maleimide pre-
CcAMP (containing 20,000 cpAH-cAMP; Amersham, France), 1 treatment or byx--chymotrypsin pre-treatment (data not shown)
mM ATP (containing 106 cpmof-32P]-ATP; Amersham, France), suggesting that both the high and loviraty [ 3H]endomorphin-
5 mM creatine phosphate and 250 pg/ml creatine kinase in & binding sites are composed of proteins.
total volume of 60 plAfter 10 min of incubation at 35°C, The existence of two binding sites for endomorphin-1 was
reactions were stopped with 500 mM HCI then neutralized withfurther confirmed by equilibrium homologous competition
1.5 M imidazoleThe assay mixture was then loaded on aluminaexperiments resulting in a biphasic curvd=ig( 3).
columns to separate cCAMROMATP. Column flow-through was  [*H]endomorphin-1 (0.4 nM) was displaced by endomorphin-1
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Fig. 1. Saturation binding curve and Scatchard plot of
(]
o 4004 [H]endomorphin-1 binding.
L (A) Summary of saturation binding isotherms for
T 300- [*H]endomorphin-1. (B) Scatchard plot of
§ [*H]endomorphin-1 binding, using M naloxone to
8 200- determine non-specific binding. (C) Scatchard plot of
[(Hlendomorphin-1  binding, using 10 M
100- endomorphin-1 to determine non-specific binding. Rat
brain membranes were incubated with increasing
0 concentration of 3H]Jendomorphin-1 in the presence

I | | ] L}
and absence of ¥0OM naloxone Q) or 10-5 M
0 100 200 300 400 500 endomorphin-1@) for 45 min at 24°C. Graphs depict
Bound a representative experiment, carried out in duplicates
and repeated two times with similar results.

in a concentration dependent manner giving an interim plateau at The high &finity endomorphin-1 binding (0.4 nM) was
around 35% of total bindind@his higher dinity binding had a  displaced by MOPeceptor ligands with high fafity (K; in the

Kg4 value in the subnanomolar concentration rangg £K7.2 + nanomolar range) and by D@PKOPligands with much lower

3.0 pM). The remaining ~35% ofiH]lendomorphin-1 binding affinity (Table 1. The binding of endomorphin-1 to p-receptor
was displaced by a 4value that was more than one order of was stereospecific, demonstrated by the displacement of
magnitude lower (i = 8.9 + 1.5 nM).These higher and lower [3H]endomorphin-1 with levorphanol (Kalue of 0.31 + 0.13
affinity values were comparable to those obtained fromnM) and its pharmacologically inactive enantiomer dextrorphan
saturation binding experiments. (K; > 400 nM) {Table 1. The marked dferences (three orders
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[7) -log [Endomorphin-1], (M) Data points are the averages of at least 3

independent experiments in duplicates + S.E.M.

of magnitude) in the equilibrium inhibition constant values of for glutamate, GABA, sigma, dopamine, repinephrine and

the stereoisomer compounds reflect stereoselective sitgerotonin receptors); ii) ligands that partially displaced
recognition (35).These features suggest that the higmiaf [®H]endomorphin-1 binding in the absence of naloxone to a lesser
binding occurs on p-receptordhe binding selectivity of extent than naloxone itself, but in the presence of naloxone they
[*H]endomorphin-1 towards mu binding site was about 100thad no dkct on pPH]endomorphin-1 binding; iii) ligands that
fold higher than for delta site, and about 20 fold higtiean for ~ displaced as muclH]endomorphin-1 as naloxone, but in the
kappa binding site. presence of naloxone they had no additiontdcef(DAMGO,

To determine the receptor specificity of the naloxonemorphine, naltrindole or llé&&deltorphin, SKF10,04#); iv)
insensitive low dfnity binding site for endomorphin-1, ligands that were at least as potent as naloxone itself in displacing
heterologous displacement experiments were carried out in tHéH]endomorphin-1, and addition of naloxone produced further
presence of 8 nMVPiH]endomorphin-1 and a wide range of opiate but not complete,3H]endomorphin-1 displacement; v) ligands
and non-opioid receptor ligands at a fixed>M concentration  that fully displaced 3H]endomorphin-1 binding, consequently
in the presence of 10M naloxone Fig. 4). Based on the data we the addition of naloxone had no furthefieet, like: endomorphin-
obtained the results can be categorized into several groups: 1) endomorphin-2§-endorphin, dynorphin(11), methionine-
ligands that had no fefcts on $H]endomorphin-1 binding in the enkephalin, nociceptin and MERF; vi) ligands that displaced only
absence or presence of naloxone (these were some of the ligar8s— 40% PH]endomorphin-1 binding themselves, howevar
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Table 1.Potencies of various opioid ligands in inhibiting 0.4 riM]gndomorphin-1 binding to rat brain membranes.

Selectivity Ligand K; (nM) + S.E.M.
General opioid antagonist Naloxone 0.62 +0.07
u-receptor selective Endomorphin-1 1.00 + 0.1
Endomorphin-2 2.23 +£0.08
DAMGO 0.84 +0.06
d-receptor selective TIPP (Tyr-Tic-Phe-Phe) 739.33 £51.67
1le>°- Deltorphin-II 1110.67 + 85.76
K-receptor selective Dynorphin(1-17) 15.05+3.73
MERF 20.06 + 6.35
Opioid agonist, active stereomer Levorphanol 0.31+0.13
Opioid agonist, inactive stereomer | Dextrorphan 481.67 + 81.53

Rat brain membranes were incubated for 45 min at 24°C with 0.2hifendomorphin-1 in the presence of increasing concentrations
of opioid ligandskK; values were calculated by fitting displacement binding curves using Graphpad Prism 4.0 program non-linear least-
squares algorithmValues represent the means + S.E.M. of several independent experiments performed in duplicate.

Displacement of 8 nM [*Hlendomorphin-1 binding by different receptor specific
ligands in the presence of 10-°M naloxone
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Fig. 4. Displacement of 8 nM3H]endomorphin-1 binding by d#rent receptor specific ligands in the presence dM. daloxone.
Heterologous displacement experiments were carried out in rat brain membranes incubated at 24°C for 45 min in the presence of 8
nM [*H]endomorphin-1 and a wide range of opiate and non-opiate receptor ligands at a fiéddz@Gcentration in the absence or
presence of 18M naloxoneValues represent the means + S.E.M. of three independent experiments performed in duplicate.

the presence of naloxone, tiélendomorphin-1 binding was Following the basic characterization of the high and low
fully displaced. Peptides in this last group (angiotensin IV affinity binding sites for Hlendomorphin-1 in rat forebrain we
FMRF-amide, NPFF) appear to bind exclusively to the naloxonehecked, whether the lowfiaity binding occurs in tissues that
insensitive binding site of endomorphin-1. have no or very few opioid receptorierefore, we prepared crude
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105 M endomorphin-1Y) for 45 min at 24°C.
Each value represents the mean of a single
experiment, carried out in duplicates and repeated
two times with similar results.

Fig. 7. Saturation binding isotherms for
[H]endomorphin-1 in p3 rat forebrain
membrane. P3 rat brain membranes were
incubated with increasing concentration of
[®H]endomorphin-1 in the presence and absence
of 10> M naloxone @) or 105 M endomorphin-

1 (¥) for 45 min at 24°C. Each value represents
the mean of a single experiment, carried out in
duplicates and repeated three times with similar
results.
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Fig. 8. Effects of endomorphin-1 on signaling.
(A) Stimulation of P’S]IGTR/S binding by
endomorphin-1 in rat forebrain- and cerebellar
homogenates. Endomorphin-1 (AM) was
incubated in the presence or in the absence of
opioid antagonists naloxone (tCM) for 60

min at 30°C as described in Materials and
methods. Dark bars represent rat forebrain and
light bars represent rat cerebellar samples. Data
represent means + S.E.M. of three to four
independent experiments, each performed in
triplicate. (B) Inhibition of adenylyl cyclase
activity by endomorphin-1 in rat forebrain- and
cerebellum, in the presence and absence of
naloxone. Adenylyl cyclase activity was
measured in rat forebrain- and cerebellar
o homogenates in the presence endomorphin-1
ey gy IR (205 M) or endomorphin-1 (:8M) + naloxone
- (10> M). Basal activity (100%) refers to the
amount of cAMPgenerated in the absence of
opioid agonist. Data are means + S.E.M. values
EM-1 EM-1+NX from three independent experiments, each
performed in triplicate.
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homogenates from rat cerebellum that has been shown to be mosthat served as a negative control. Endomorphin-1 produced a
free of p-receptors (36, 37) and forebrain of p-receptor K.O. mic€0% increase in3{S]|GTR/S binding and a 15% decrease in
(30).As expected, no displacement #fifendomorphin-1 binding  adenylyl cyclase activity in rat cortical membranes compared to
was observed in the presence of naloxone despite thleasal valuesHig. 8Aand8B). However both of these changes
[®H]endomorphin-1 binding to both membrane preparatibigs(  were fully reversed by the addition of 1M naloxone. In

5 and 6). The binding to rat brain cerebellar membrane wasaddition, endomorphin-1 did notfa€t P°S]JGTR/S binding and
saturable, and best fitted with the single binding site model, givingdenylyl cyclase activity in membranes prepared from rat
a K;of 18.2 £ 2.82 nM and a B, of 403 + 48.6 fmol/mgKig. 5). cerebellumThese results suggest that the naloxone insensitive
Similarly, in p-receptor K.O. mouse brains thid]endomorphin-1  binding does not contribute to the classical p-receptor mediated
binding was saturable, fully independent of naloxone giving a Ksignalling events.

of 14.5 £ 1.3 nM and a R of 423.02 + 79.5 fmol/mgHig. 6).

Scatchard transformation of both sets of data supported a single

binding site model (data not shown). DISCUSSION
We tested extracts of three-day old p3 rat brains for
endomorphin-1 binding. Interestinglyve found that the The discovery of endomorphin-1 and -2 by Zadihal. (7)

proportion of the non-opioid binding site is very high in brainswas a major breakthrough in opioid reseafdtese two peptides
of p3 rats (85 — 90% of the total binding, &8.2 + 2.4 nM; B are thought to be natural ligands for the p-opioid receptors. In
= 841 + 42 fmol/mg when endomorphin-1 was used for non-spite of the vigorous research for about three decades after the
specific binding, I§= 1.2 + 0.2 nM; B.= 127 £ 17 fmol/mg  description of the endogenous ligands for&andk-receptors
when naloxone was used for non-specific binding.), suggestingenkephalins and dynorphins) (2, 5), there was no acceptable
that this low afinity, non-opioid $H]endomorphin-1 binding site  candidate for the p-receptors. Opioid receptors participate a wide
is present in rodent brain from an early agig (7). range of physiological functions incuding pain regulations (38)
Next we examined whether the signalling pathway activatedand gastrointestinal transit ( 39). Endogenous opioid peptides are
by p-receptor is modulated by the lowfimfy, naloxone as good painkillers as opiate alkaloids, although systematically
insensitive endomorphin-1 binding siféhe stimulation of GTP-  given peptides have to be protected against rapid inactivation by
binding and the inhibition of adenylyl cyclase activity were peptidase enzyme# highly potent inhibitor of such peptide
measured in rat cortical and compared to cerebellar membraneggrading enzymes has recently been introduced (40).
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Since the discovery of the endomorphins in 1997, severatquation modelling two binding sit&he equilibrium dissociation
studies were undertaken for a detailed pharmacologicatonstants were = 0.4 + 0.1 nM and = 8.2 + 1.4 nM and the
characterization of these compounds (41, 42). Endomorphin-torresponding B, values were 19.6 + 18.5 and 432.5 + 83.7
and 2 was prepared in tritiated form (25, 43) for a more completémol/mg protein, respectivelnalysis of the data after Scatchard

characterization of these peptides (1D, 1 transformation confirmed that there are two binding sites for
In the present paper we report a comprehensive studgndomorphin-1 on rat brain membranés(1C).
including binding properties offilendomorphin-1 and found The obtained Bmax value for the higifigity binding of

that endomorphin-1 has at least two clearly distinguishablg¢3H]endomorphin-1 was in agreement with the values reported
binding sites, one that appears to be the p-receptor site while tiier p-receptor density for other p-receptor selective peptide
other site has a somewhat loweffirafy but it is fully radioligands, such asH]endomorphin-2 (10),3H]TAPP (40),
independent of p-opioid receptors. Non-opioideets have [3H]PL-017 (41), and®H]dermorphin (46).
already been described for other opioid peptides (for review see It is important to note that the endomorphin-1 binding
27). Therefore it is not unprecedented that endomorphins caappears to be associated with proteins and are not the result of a
also hind to non-opioid binding sitékhere is plenty of evidence nonspecific chemical binding as both the high and Idnigf
suggest that this can happen, as endomorphins had been shokindings were abolished by heat Bif. 2) or N-ethyl-maleimide
to be involved in p-receptor independent antinociception (17and alpha-chymotrypsin (data not shown) pre-treatment.
18), viral replication (19), tachykinin-mediated contractions of In the homologous competition experimentSig( 3)
the guinea pig bronchus (20), excitatory ventilatory responsefH]endomorphin-1 (0.4 nM) was displaced by endomorphin-1 in
(21), binding to the neurokinin receptors (23) as demonstrated concentration dependent manner giving an interim plateau at
by subtance R1-7) fragment (24). It also seems that the around 35% of total bindin@his high afinity binding had a (k;
endomorphin-2 binding to the substandeslgment site couldbe = 7.2 + 3.0 pM), the remaining ~35% dHJendomorphin-1
blocked by naloxone (24). binding was displaced by a; 4= 8.9 + 1.5 nMThe existence of
In radioligand binding assays (RBA) the level of non-specifictwo binding sites for endomorphin-1 was further confirmed by
binding has to be determined in the presence of excess (aroutftese homologous displacement experimdiitase high and low
thousand fold concentration) unlabelled receptor ligandaffinity values were comparable to those obtained from saturation
Generally two types of such measurements exist: the non-specifiinding experimentsThe high afinity endomorphin-1 (0.4 nM)
agent is chemically same as the radioligand (homologoubinding was stereospecific as found by displacements of
competition, e.g., nanomolar3H]endomorphin-1 versus [3H]endomorphin-1 with the biologically potent opioid
micromolar unlabelled endomorphin-1); the chemical structure ofevorphanol (Ki value of 0.31 * 0.13 nM) and its
the radioprobe and the non-specific ligand isfedént pharmacologically inactive enantiomer dextrorphan (Ki > 400
(heterologous competition, e.g., nanomolar [3H]endomorphin-InM) (Table ). The high afinity endomorphin-1 binding (0.4 nM)
versus micromolar unlabelled naloxone). In theory both methodvas displaced by p-receptor ligands with higimay (K; in the
helps in determining specific ligand binding giving the same omanomolar range) and kyreceptor o-receptor ligands with
very similar numeric values. Howeyén our practice naloxone much lower dinity (Table 1. These features suggest that the
and endomorphin-1 gave ratheffeiient results in calculating the high afinity binding occurs on the p-receptors.
level of non-specific binding. Naloxone produced monophasic  Equilibrium binding of fH]endomorphin-1 was further
competition curves (not shown), while using endomorphin-1 astudied in tissues not expressing opioid recepidrs.binding to
non-specific compound clearly biphasic displacement curvesat brain cerebellar membrane was saturable, and best fitted with
composed of higher and lowefiaity binding components were the single binding site model, giving g &f 18.2 + 2.82 nM and
obtained Fig. 3). The higher dfity portion corresponds to the a B, of 403 + 48.6 fmol/mgKig. 4). Similarly, in p-opioid
p-opioid receptor binding site, which is a typical GPCR receptor KO mice brairF{g. 5) the PH]Jendomorphin-1 binding
recognition site, whereas the remaining binding componentvas saturable, naloxone insensitive with @0K14.5 + 1.3 nM
represent a neuropeptide-sensitive (enkephalin, nociceptimnd a B, of 423.02 £ 79.5 fmol/mg.
NPFF FMRF-amidegtc. accessible, se€ig. 4) additional non- It has been shown that brains from newborn rats contain very
opioid binding siteThe exact nature of the non-opioid site needslow levels of p-receptor (47Accordingly, we found that the
to be determinedThis observation of non-opioid binding sites proportion of the non-opioid binding site is very high in 3 days
does not stand alone in the literature. Berstted. (32) described  old rats (85 — 90% of the total bindingy £ 8.2 £ 2.4 NM; Rax
very similar binding profile for the heptapeptide enkephalin841 + 42 fmol/mg when endomorphin-1 was used for non-
(Met-enkephalin-Ag-Phe, MERF) peptide pairrtH]MERF speceific binding, K= 1.2 + 0.2 nM; B = 127 + 17 fmol/mg
versus unlabelled MERF in rat brain membraiiég non-opioid  when naloxone was used for non-speceific binding.), suggesting
binding site for {HI]MERF was further characterised in cerebellar that this low dinity, non-opioid H]endomorphin-1 binding site
membranes of guinea-pig and rat (35) and suggested to he present in brain from an early adg@g 6).
associated with the sigma2 binding or receptor dgitezery Functional assays were performed on rat cortical- and
similar non-opioid recognition site was described for thecerebellar membranes. Endomorphin-1 produced 60% increase
hemoglobin originated heptapeptid¥-hemorphin-7 in rat brain  in [33S]GTR/S binding and a 15% decreaseA@ activity in rat
membranes (26T.he significance of the non-opioid binding sites cortical membranes compared to basal valkés fAand7B).
and non-opiate &fcts of a number of endogenous opioid The maximal inhibition values for the inhibition of adenylyl
peptides was described yollemann and Benyhe (27). cyclase were almost identical to that of morphine (10) and they
Saturation binding experiments were carried out on rat brairare in good agreement with those reported in the literature (48).
membranesThe obtained results indicated the existence of a singlélowever both of these changes were fully reversed by the
binding site when 1® M naloxone was used to determine non- addition of 16> M naloxone. In addition, endomorphin-1 did not
specific binding (i of 1.0 £ 0.1 nM and the B,was 188.0 £ 21.7  affectAC activity and GThinding in membranes prepared from
fmol/mg protein). Linear regression analysis of the data afterat cerebellum.These results suggest that the naloxone
Scatchard transformation confirmed the existence of a singlensensitive binding does not contribute to the classical p-opioid
binding site with naloxone~(g. 1B). After determining the non- receptor mediated signalling events.
specific binding by using ¥®M endomorphin-1 the nonlinear Experiments with truncated p-opioid receptors showed that
regression analysis showed that the best fit could be obtained by andomorphin-1 binds to p-receptor infeiient manner than other
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p-receptor specific ligands as morphine or DAMGO, or than théOrszagoSudomanyos Kutatagilapprogramok' OTKAL08518
non-selective opioid agonist naloxone (49). Competition bindinggrants from Hungarian Scientific Research Fund, Budapest,
experiments of radio iodinated endomorphin-1 in mouse brairHungary
with some endogenous opioid peptides as well as non-peptide
opioid ligands (50) demonstrated shallow competition curves Conflict of interests: None declared.
with the Hill coeficients far less than unitysuggesting the
existence of more than one class of binding sites.

Binding site heterogeneity is well established for the opioid REFERENCES
receptors. Early studies showed the presence of higfityaf
binding component in di#rent membrane preparations (5his 1. Akil H, Owens C, Gutstein Hraylor L, Curran EWatson S.
might be the results of allosteric modulation, e.g., by sodium ions. Endogenous opioids: overview and current issusig
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