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1 Endomorphin-1 and -2 (E-1/E-2) have been proposed as endogenous ligands for the m-opioid
receptor. The aims of this study are to characterize the binding of E-1/E-2 and the subsequent e�ects
on cyclic AMP formation and [Ca2+]i levels in SH-SY5Y and Chinese hamster ovary (CHO) cells
expressing endogenous and recombinant m-opioid receptors.

2 E-1 displaced [3H]-diprenorphine ([3H]-DPN) binding in CHOm and SH-SY5Y membranes with
pKi values of 8.02+0.09 and 8.54+0.13 respectively. E-2 displaced [3H]-DPN binding in CHOm and
SH-SY5Y cells with pKi values of 7.82+0.11 and 8.43+0.13 respectively. E-1/E-2 bound weakly to
CHOd and CHOk membranes, with IC50 values of greater than 10 mM.

3 In CHOm cells, E-1/E-2 inhibited forskolin (1 mM) stimulated cyclic AMP formation with pIC50

values of 8.03+0.16 (Imax=53.0+9.3%) and 8.15+0.24 (Imax=56.3+3.8%) respectively. In SH-
SY5Y cells E1/E2 inhibited forskolin stimulated cyclic AMP formation with pIC50 values of
7.72+0.13 (Imax=46.9+5.6%) and 8.11+0.31 (Imax=40.2+2.8%) respectively.

4 E-1/E-2 (1 mM) increased [Ca2+]i in fura-2 loaded CHOm cell suspensions in a thapsigargin
sensitive and naloxone reversible manner. Mean increases observed were 106+28 and 69+6.7 nM
respectively. In single adherent cells E-1/E-2 (1 mM) increased [Ca2+]i with a mean 340/380 ratio
change of 0.81+0.09 and 0.40+0.08 ratio units respectively. E-1/E-2 failed to increase intracellular
calcium in CHOd, CHOk and SH-SY5Y cells.

5 These data show that E-1/E-2 bind with high a�nity and selectivity to m-opioid receptors and
modulate signal transduction pathways typical of opioids. This provides further evidence that these
two peptides may be endogenous ligands at the m-opioid receptor.
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Abbreviations: [Ca2+]i, intracellular free calcium ion concentration; cyclic AMP, cyclic adenosine 3',5'-monophosphate; CHO,
Chinese hamster ovary (cell); DAMGO, [D-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin; DPN, diprenorphine;
Ins(1,4,5)P3, Inositol(1,4,5)triphosphate; PLC, phospholipase C

Introduction

Opioid receptors exist as three principal types, m, d and k.
During the 1970s, endogenous ligands that act at these

receptors were identi®ed as enkephalins, endorphins, and
dynorphins (Hughes et al., 1975; Bradbury et al., 1976;
Goldstein et al., 1979). However, none of these peptides

showed high selectivity for the m-opioid receptor. Recently
two novel peptides have been isolated from bovine brain
(Zadina et al., 1997) that have high a�nity and selectivity
for this receptor, and have been termed endomorphin-1

(Tyr-Pro-Trp-Phe-NH2) and endomorphin-2 (Tyr-Pro-Phe-
Phe-NH2). Furthermore, both peptides have been isolated
from human brain (Hackler et al., 1997) and immuno-

reactivity for these peptides has been shown to occur in
brain regions where m-opioid receptors are located (Zadina
et al., 1997; Pierce et al., 1998; Schre� et al., 1998; Martin-

Schild et al., 1997). Endomorphin-1 and endomorphin-2
have been shown to mediate analgesia (Zadina et al., 1997;
Stone et al., 1997; Goldberg et al., 1998) in mice, and to
have a variety of cardiovascular e�ects consistent with

opioids (Champion et al., 1997a,b,c; Czapla et al., 1998). In

addition, endomorphin-1 and -2 reduce the electrically
evoked C-®bre response of spinal neurons, whilst only

endomorphin-1 reduces Ab ®bre evoked responses (Chap-
man et al., 1997).

Opioid receptors belong to the family of seven trans-

membrane spanning G protein coupled receptors. Binding of
opioids to these receptors produces co-ordinated changes at a
cellular level, namely closure of voltage sensitive calcium
channels (Porzig, 1990), activation of potassium channels

(North, 1989) and a reduction in cyclic AMP formation
(Childers, 1991). Together these actions bring about a
reduction in excitatory neurotransmission, which is the

presumed mechanism by which opioids produce analgesia. In
conjunction with this, opioids are also known to produce a
variety of stimulatory e�ects, including stimulation of cyclic

AMP formation, phospholipase C (PLC) activation and
increases in [Ca2+]i (Sarne et al., 1996; Smart & Lambert,
1996; Harrison et al., 1998a).

All three types of opioid receptors have been cloned

(Kie�er et al., 1992; Evans et al., 1992; Thompson et al.,
1993; Yasuda et al., 1993) and have pharmacological
characteristics consistent with endogenous receptors (Knapp

et al., 1995). Transfection of cloned opioid receptors into
host cells allows a single subtype to be studied indepen-
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dently, an approach not always possible with clonal cell lines
expressing multiple receptor subtypes (e.g. SH-SY5Y cells).
The aim of the present study was to characterize the binding

of endomorphin-1 and endomorphin-2 to membranes
prepared from SH-SY5Y cells which express endogenous
human m-opioid receptors (Lambert et al., 1993) and CHO
cells expressing recombinant rat m-opioid receptors. In

conjunction with this, we also aimed to determine the e�ect
of endomorphin-1 and -2 on cyclic AMP formation and
[Ca2+]i in whole SH-SY5Y and CHOm cells.

Methods

Cell culture and harvesting

CHO cells expressing the rat m-opioid receptor were cultured
in Hams F12 medium supplemented with foetal calf serum
10%, penicillin 100 U ml71, streptomycin 100 mg ml71 and
fungizone 2.5 mg ml71 at 378C in 5% carbon dioxide

humidi®ed air. Stock cultures, which also contained G418
250 mg ml71, were subcultured twice weekly and used when
con¯uent (3 ± 5 days). Experimental cultures were G418 free

for 3 days. SH-SY5Y human neuroblastoma cells were
cultured in minimal essential medium supplemented with
foetal calf serum 10%, L-glutamine 2 mM, penicillin

100 U ml71, streptomycin 100 mg ml71 and fungizone
2.5 mg ml71 at 378C in 5% carbon dioxide humidi®ed air.
Stock cultures were subcultured weekly and used when

con¯uent (5 ± 8 days). Con¯uent cells were harvested with
10 mM HEPES bu�ered saline/0.05% EDTA, pH 7.4, washed
twice with and resuspended in either Krebs HEPES bu�er of
the following composition; (mM): Na+ 143.3, K+ 4.7, Ca2+

2.5, Mg2+ 1.2, Cl7 125.6, H2PO4
27 1.2, SO4

27 1.2, Glucose
11.7, HEPES 10 and BSA 0.5%, pH 7.4 with 10 M NaOH
(whole cells) or 50 mM Tris bu�er containing BSA 0.5%, pH

7.4 with 10 M HCl (membranes). CHOm cells for Ca2+

imaging studies were grown on glass coverslips (22 mm
diameter) in six well plates seeded at a density of 200,000 cells

per well in media as described above.

Membrane preparation

Membranes were prepared by harvesting CHO and SH-SY5Y
cells as described above, and homogenizing with an Ultra
Turrax for 30 s at 13,500 r.p.m. The membranes were

centrifuged at 20,3746g, 48C for 10 min, washed with Tris
bu�er and homogenized and centrifuged twice more, as above.

[3H]-diprenorphine (DPN) displacement studies

Displacement studies were performed as described previously

(Lambert et al., 1993) in 1 ml volumes of 50 mM Tris, pH 7.4
at 208C for 60 min with a ®xed concentration of [3H]-DPN
(*0.4 nM), CHO or SH-SY5Y membranes and increasing
concentrations of endomorphin-1 or endomorphin-2 (10711 ±

1075
M). Non speci®c binding was de®ned using 10 mM

naloxone. The peptidase inhibitors amastatin, bestatin,
captopril and phosphoramidon (30 mM of each) were included

to prevent degradation of the peptides. Bound and free
radioactivity were separated by rapid vacuum ®ltration using
a Brandell cell harvester onto Whatman GF/B ®lters and

washed with 364 ml aliquots of cold Tris bu�er. Radio-
activity was extracted for at least 6 h in Optiphase safe
scintillant and bound radioactivity measured by liquid
scintillation spectroscopy.

Measurement of intracellular free calcium ([Ca2+]i) in
cell suspensions

Con¯uent cells were harvested and washed in Krebs
HEPES bu�er (3610 ml) as above. Cell suspensions were
loaded with 3 mM Fura 2 acetoxy methylester (AM) for
30 min at 378C, washed and then incubated at 208C for

20 min. Intracellular calcium concentrations were measured
at 378C in the presence of 30 mM amastatin, bestatin,
captopril and phosphoramidon, using a Perkin-Elmer

LS50B ¯uorimeter at 340/380 nm excitation and 510 nm
emission. [Ca2+]i was calculated from the 340/380 ratio
according to Grynkiewicz et al. (1985) with Rmax and Rmin

being determined using 0.1% Triton-X100, and 4.5 mM

EGTA (pH 48) respectively.

Measurement of [Ca2+]i in single cells

Cells on coverslips were washed in Krebs-HEPES bu�er of the
following composition (mM): Na+ 127.2, K+ 6.0, Ca2+ 2.4,

Mg2+ 1.2, Cl7 134.4, H2PO4
27 1.2, Glucose 11.1, HEPES 5.0

and BSA 0.05%, pH 7.3 with 1 M NaOH then incubated with
2 mM fura-2 AM for 2 h at 208C. Following loading, the

coverslips were positioned onto the stage of a Nikon inverted
microscope with a 640 objective and perfused with Krebs-
HEPES bu�er to remove any free fura-2 AM and to allow

hydrolysis of intracellular fura-2 AM. Cells were subjected to
excitation at 340 and 380 nm using a spectral Wizard
monochromater with a 700 ms exposure time, with emission

measured at 510 nm. Cells were perfused at room temperature
with 1 mM of endomorphin for 1 min and imaged using a
cooled charge-coupled device camera and Merlin software
(Life Science Resources). Data are expressed as 340/380 ratio

values.

Measurement of cyclic AMP formation

Whole cell suspensions (0.3 ml) were incubated in the
presence of isobutylmethylxanthine (1 mM), forskolin

(1 mM), 30 mM amastatin, bestatin, captopril and phosphor-
amidon and either endomorphin-1 or endomorphin-2
(10711 ± 1075

M) and naloxone (10 mM) in various combina-
tions for 15 min. Reactions were terminated as described

previously (Hirst & Lambert, 1995), using 10 M HCl and
neutralized with 10 M NaOH/1 mM Tris, pH 7.4. The
concentration of cyclic AMP in the supernatant was

measured using a speci®c protein binding assay (Brown et
al., 1971).

Data analysis

All data are mean+s.e.mean or a single representative trace

of n53. pIC50 values (log half maximal inhibition) and Imax

(maximal inhibition) were obtained by computer assisted
direct curve ®tting of the individual curves using
GRAPHPAD-PRISM. Displacement studies were analysed

by computer assisted direct curve ®tting of the individual
curves and corrected for the amount of radiolabel used
using the Cheng-Prusso� equation to yield Ki values. Kd

values entered in the Cheng-Prusso� equation were those
obtained previously in this laboratory for SH-SY5Y
(Kd=0.17 nM, Bmax=167 fmol mg71 protein, Lambert et

al., 1993) and CHOm cells (Kd=0.19 nM, Bmax=266 f-
mol mg71 protein, Smart et al., 1997). Statistical analysis
was performed using ANOVA or Student's t-test where
appropriate.
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Results

Endomorphin-1 and endomorphin-2 concentration-depen-

dently displaced [3H]-DPN binding in CHOm and SH-SY5Y
cells (Figure 1a and b), which when corrected for the amount
of radioligand used, yielded pKi values shown in Table 1. In all
cases the slope factor was less than unity (Table 1). There was a

small but signi®cant di�erence between pKi values for the two
cell types when analysed by Student's t-test (9.5 compared to
2.9 nM). Analysis of endomorphin-2 displacement of [3H]-

DPN between CHOm and SH-SY5Y cells yielded a small but
signi®cant di�erence in pKi values by t-test (15.1 compared to
3.7 nM). Endomorphin-1 and -2 bound weakly to membranes

prepared from CHOd and CHOk cells, with IC50 values of
greater than 10 mM (data not shown).

In CHOm and SH-SY5Y cells endomorphin-1 and -2

produced a concentration-dependent inhibition of forskolin-
stimulated cyclic AMP formation (Figure 2a and b), with pIC50

values and maximal inhibition shown in Table 2. This
inhibition of forskolin-stimulated cyclic AMP formation was

naloxone sensitive (data not shown). Analysis of pIC50 values
by Student's t-test showed that there was no signi®cant

di�erence between CHOm and SH-SY5Y cells for either
endomorphin-1 or -2. There was also no signi®cant di�erence
between Imax values between CHOm and SH-SY5Y cells for

endomorphin-1, however there was a small but signi®cant
di�erence between Imax values between cell lines for
endomorphin-2.

Endomorphin-1 and -2 increased intracellular calcium in

CHOm cell suspensions. The mean increases observed with
1 mM of peptide were 106+28 nM and 69+7 nM for

Figure 2 (a) Endomorphin-1 concentration-dependently inhibited
forskolin stimulated cyclic AMP formation in CHOm (~) and SH-
SY5Y (&) cells. Concentration-dependence curves are P50.05 by
ANOVA, data are mean+s.e.mean for n=4±5. Cyclic AMP was
measured by protein binding assay. (b) Endomorphin-2 concentra-
tion-dependently inhibited forskolin stimulated cyclic AMP forma-
tion in CHOm (~) and SH-SY5Y (&) cells. Concentration-
dependence curves are P50.05 by ANOVA, data are mean+
s.e.mean for n=4±5. Cyclic AMP was measured by protein binding
assay.

Table 1 Endomorphin-1 and -2 displace [3H]-DPN binding
from CHOm and SH-SY5Y cells

Endomorphin-1 Endomorphin-2
CHOm SH-SY5Y CHOm SH-SY5Y

pKi value
(nM)

Slope factor

8.02+0.09
(9.5)

0.72+0.04

8.54+0.13
(2.9)*

0.61+0.10

7.82+0.11
(15.1)

0.59+0.05

8.43+0.13
(3.7)*

0.69+0.11

*Indicates signi®cant di�erence (P50.05) between SH-SY5Y
and CHOm cells. Slope factor describes the steepness of the
displacement curve.

Figure 1 (a) Endomorphin-1 concentration-dependently displaced
[3H]-DPN in CHOm (~) and SH-SY5Y (&) membranes. Studies
were performed at room temperature in 1 ml volumes for 60 min
with a ®xed concentration of [3H]-DPN and endomorphin-1 as the
displacer. Non-speci®c binding was de®ned in the presence of 10 mM
naloxone. Data are mean+s.e.mean for n54, displacement curves
are P50.05 by ANOVA. (b) Endomorphin-2 concentration-depen-
dently displaced [3H]-DPN in CHOm (~) and SH-SY5Y (&)
membranes. Data are mean+s.e.mean for n54, displacement curves
are P50.05 by ANOVA.
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endomorphin-1 and endomorphin-2 respectively (Figure 3).
This increase was thapsigargin sensitive with the increase in

[Ca2+]i observed to 100 nM thapsigargin being 337+83 nM.
This increase was greater than that produced by endomorphin-
1 and -2, implying that endomorphin released only a fraction

of the Ins(1,4,5)P3 sensitive pool. The increase in [Ca2+]i was
also naloxone (10 mM) reversible (data not shown). In CHO
cell suspensions expressing recombinant d- or recombinant k-
opioid receptors, endomorphin-1 and -2 failed to produce an

increase in [Ca2+]i. In single adherent CHOm cells endomor-

phin-1 and -2 increased intracellular calcium in a proportion of
cells; endomorphin-1=7.2%, endomorphin-2=7.4%. In cells

that responded to endomorphin-1 or endomorphin-2, the
mean 340/380 ratio increase was 0.81+0.09 and 0.40+0.08
ratio units respectively when 1 mM of peptide was applied.

CHOm cells that failed to respond to endomorphin responded
to 3 mM UTP, presumably acting via endogenous purinergic
receptors. In SH-SY5Y cells endomorphin-1 and -2 failed to
produce an increase in [Ca2+]i in adherent or in suspended

cells. Control experiments revealed that SH-SY5Y cells
produced an increase in [Ca2+]i in response to the muscarinic
receptor agonist carbachol (1 mM). These data are consistent

with our previous ®ndings (Wandless et al., 1996).

Discussion

We show here that endomorphin-1 and -2 bind to the
recombinant m-opioid receptor expressed in CHO cells and

the endogenous m-opioid receptor in SH-SY5Y cells with high
a�nity and selectivity. In addition to this both peptides
produced a concentration-dependent inhibition of forskolin

stimulated cyclic AMP formation in each cell line. Further-

Figure 3 (a) A typical trace (of at least three others) depicting a rise in [Ca2+]i with the addition of endomorphin-1 in CHOm cells.
[Ca2+]i was measured in fura-2 loaded whole cell suspensions. (b) A typical trace (of at least three others) depicting a rise in [Ca2+]i
with the addition of endomorphin-2 in CHOm cells. [Ca2+]i was measured in fura-2 loaded whole cell suspensions. (c) Three typical
traces of an individual single adherent CHOm cell depicting a rise in [Ca2+]i with the addition of endomorphin-1. [Ca2+]i was
measured in single adherent fura-2 loaded cells. (d) Three typical traces of an individual single adherent CHOm cell depicting a rise
in [Ca2+]i with the addition of endomorphin-2. [Ca2+]i was measured in single adherent fura-2 loaded cells.

Table 2 Endomorphin-1 and -2 inhibit forskolin stimulated
cyclic AMP formation in CHOm and SH-SY5Y cells

Endomorphin-1 Endomorphin-2
CHOm SH-SY5Y CHOm SH-SY5Y

pIC50

(nM)
% Imax

8.03+0.16
(9.3)

53.0+9.3

7.72+0.13
(19.1)

46.9+5.6

8.15+0.24
(7.1)

56.3+3.8

8.11+0.31
(7.4)

40.2+2.8*

*Indicates signi®cant di�erence (P50.05) between SH-SY5Y
and CHOm cells.
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more, endomorphin-1 and -2 increased intracellular calcium in
CHOm cells, but failed to do so in SH-SY5Y cells.

Endomorphin-1 and -2 produced a concentration-depen-

dent displacement of [3H]-DPN binding in membranes
prepared from CHOm and SH-SY5Y cells, which when
corrected for the amount of radiolabel used yielded Ki values
as shown in Table 1. Although these values are*10 fold lower

than the original paper (Zadina et al., 1997), they are
consistent with those proposed by Hososhata et al. (1998) (Ki

values of 7.7 and 5.9 nM for endomorphin-1 and -2

respectively) for B82 ®broblasts transfected with the m-opioid
receptor. In CHO cells expressing m-opioid receptors, Ki values
of 0.66 and 0.58 nM were obtained for endomorphin-1 and -2

displacement of the respective iodinated endomorphin, whilst
in mouse brain, displacement of [3H]-DPN gave Ki values of
0.03 (Endomorphin-1) and 0.12 nM (Endomorphin-2) (Gold-

berg et al., 1998). Therefore there are marked variations in
reported Ki values between studies and the reasons behind
these discrepancies warrants further investigation. It is also
unclear as to the reasons behind the small but signi®cant

di�erence in pKi values for endomorphin-1 and -2 binding to
CHOm and SH-SY5Y membranes. Since this di�erence is very
small, we believe that both endomorphins display essentially

similar a�nity in both cell types.
Both endomorphin-1 and -2 had similar e�ects on cyclic

AMP formation in CHOm cells, and this was comparable to

that seen previously with fentanyl (IC50=38 nM), as well as
morphine and DAMGO (Smart et al., 1997). In SH-SY5Y
cells, endomorphin-1 and -2 also cause a concentration-

dependent inhibition of forskolin-stimulated cyclic AMP
formation, similar to that seen in CHO cells expressing the
recombinant receptors, although the maximum inhibition was
slightly lower, possibly re¯ecting absolute levels of receptor

expression. We have previously shown that fentanyl also
produces an inhibition of forskolin-stimulated cyclic AMP
formation in these cells, with an IC50 value of 27 nM (Lambert

et al., 1993). These inhibitory actions of opioids on cyclic AMP
formation are widely observed and may be one of the
mechanisms by which opioids produce analgesia, via modula-

tion of the hyperpolarization activated cation current, Ih
(Ingram & Williams, 1994).

At present there is some debate as to whether endomorphin-
1 and -2 act as partial or full agonists. Various studies have

demonstrated partial agonist activity of endomorphins, as
measured by [35S]-GTPgs binding (Sim et al., 1998; Hososata et
al., 1998; Alt et al., 1998). However other studies found that

the endomorphins were as e�cacious as other m agonists
(Zadina et al., 1997; Higashida et al., 1998; Mima et al., 1997;
Kakizawa et al., 1998; Harrison et al., 1998b). This apparent

discrepancy could be explained in terms of the level of receptor
expression. When a tissue expresses a large number of
receptors, endomorphins may act as full agonists, whereas in

tissue expressing a lower level of receptors, partial agonism
may be observed. At the level of cyclic AMP inhibition,
endomorphin-1 and -2 displayed similar e�cacy (maximal
inhibition) in CHOm cells expressing 266 fmol mg71 protein

(Smart et al., 1997), and SH-SY5Y cells expressing
167 fmol mg71 protein (Lambert et al., 1993). Indeed this was
similar to that produced by the well described full m-opioid
agonist fentanyl, indicating the endomorphins were probably
acting as full agonists in these tissues. Studies utilizing cells
expressing recombinant receptors at di�erent levels would help

address this question.
The endomorphin-1 and -2 induced increase in [Ca2+]i

observed in CHOm cells in suspension is consistent with our
previous report showing that the m-opioid fentanyl causes

mobilization of [Ca2+]i in CHOm cells (Smart et al., 1997),
as do morphine and DAMGO (Harrison & Lambert,
unpublished observations). An increase in [Ca2+]i was also

observed in single adherent cells treated with endomorphin-1
and -2. Activation of recombinant m-opioid receptors in
adherent neuro-2A cells by m-opioids has also been shown to
increase [Ca2+]i (Spencer et al., 1998). It is interesting to

note that single adherent CHOm cells appear to have a low
response rate to endomorphins. However, this may be the
underlying reason why, when [Ca2+]i is measured in the

same cell line in whole cell suspensions, the increase in
[Ca2+]i is relatively small and unpredictable (Harrison et al.,
1997; Smart et al., 1997). A low response rate to opioids in

adherent cells has also been demonstrated in another study
using cells expressing endogenous opioid receptors (Sarne &
Gafni, 1996), in which synchronization was found to

increase the probability of detecting a response. Spencer et
al. (1998) also noted a moderately low response rate to
opioid agonist in neuro-2A cells expressing recombinant
opioid receptors. The low response in adherent cells was

not due to the fact that experiments were conducted at room
temperature. Preliminary experiments have suggested that
increasing the temperature of single adherent cells did not

a�ect the response rate and conversely, cells in suspension
still respond to agonist when at room temperature (data not
shown).

In CHO cells expressing recombinant d- and k-opioid
receptors, endomorphin-1 and -2 did not increase [Ca2+]i. In
addition, endomorphin-1 and -2 bound only very weakly to

membranes prepared from CHOd and CHOk cells
(IC50410 mM), con®rming that the endomorphins are indeed
highly selective for the m-opioid receptor, as shown by Zadina
et al. (1997).

In the present study, endomorphin-1 produced a greater
increase in [Ca2+]i than endomorphin-2. The reasons behind
this remain unclear, since at the level of inhibition cyclic AMP

formation, both peptides appear to be full agonists. Clearly
more detailed studies of endomorphin induced mobilization of
[Ca2+]i are needed to resolve this question.

Interestingly, both endomorphins failed to mobilize Ca2+

from SH-SY5Y cells. However we have previously shown
that in SH-SY5Y cells PLC activation is dependent upon
Ca2+ entry (Smart et al., 1995). The subsequent Ins(1,4,5)P3

formation does not appear to be su�cient to cause an
increase in Ca2+, although m-opioid receptor activation in
the same cells causes a small and unpredictable increase in

[Ca2+]i with very high concentrations of fentanyl (Wandless
et al., 1996), which may be due to calcium entry. Other
studies have found that `priming' of SH-SY5Y cells with the

muscarinic agonist carbachol is necessary to produce an
opioid mediated increase in [Ca2+]i (Connor & Henderson,
1996). The same was found in NG108-15 cells, where opioid

elevation of intracellular calcium only occurred in the
presence of bradykinin (Okajima et al., 1993). Two other
studies examining the e�ects of endomorphin-1 and -2 on
[Ca2+]i have demonstrated that both peptides cause Ca2+

channel inhibition in NG108-15 cells (Mima et al., 1997;
Higashida et al., 1998), an action that is typical of opioids,
and may be related to the ability of opioids to produce

analgesia. Pre-treatment of cells with thapsigargin directly
releases Ca2+ from intracellular stores, therefore the ®nding
that the endomorphin induced mobilization of intracellular

calcium was abolished by pre-treatment with thapsigargin
indicates that release was from intracellular stores.

In conclusion, endomorphin-1 and -2 bind with high
selectivity and a�nity at the m-opioid receptor and activate
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the m-opioid receptor to drive signal transduction pathways
characteristic of opioids. This provides further evidence that
these two peptides may be endogenous m-opioid ligands, and

the physiological role of these peptides clearly warrants further
study.

Financial support from the Leicester Royal In®rmary NHS Trust is
gratefully acknowledged.

References

ALT, A., MANSOUR, A., AKIL, H., MEDZIHRADSKY, F., TRAYNOR,

J.R. & WOODS, J.H. (1998). Stimulation of guanasine-5''-O-(3-[S-
35]thio)triphosphate binding by endogenous opioids acting at a
cloned m-opioid receptor. J. Pharmacol. Exp. Ther., 286, 282 ±
288.

BRADBURY, A.F., SMYTHE, D.G. & SNELL, C.R. (1976). C fragment
of lipotropin has a high a�nity for brain opiate receptors.
Nature, 260, 793 ± 795.

BROWN, B.L., ALBANO, J.D.M., EKINS, R.D. & SGHERZI, A.M.

(1971). A simple and sensitive assay method for the measurement
of adenosine 3':5'-cyclic monophosphate. Biochem. J., 121, 516 ±
522.

BURFORD, N.T., TOLBERT, L.M. & SADEE, W. (1998). Speci®c G-
protein activation and m-opioid receptor internalization caused
by morphine, DAMGO and endomorphin-1. Eur. J. Pharmacol.,
342, 123 ± 126.

CHAMPION, H.C., ZADINA, J.E., KASTIN, A.J., HACKLER, L., GE,

L.J. & KADOWITZ, P.J. (1997a). The endogenous m-opioid
receptor agonists endomorphin-1 and 2 have novel hypotensive
activity in the rabbit. Biochem. Biophys. Res. Com., 235, 567 ±
570.

CHAMPION, H.C., ZADINA, J.E., KASTIN, A.J., HACKLER, L., GE,

L.J. & KADOWITZ, P.J. (1997b). Endomorphin-1 and -2,
endogenous ligands for the endogenous m-opioid receptor,
decrease cardiac output, and total periferal resistance in the
rat. Peptides, 18, 1393 ± 1397.

CHAMPION, H.C., ZADINA, J.E., KASTIN, A.J. & KADOWITZ, P.J.

(1997c). The endogenous m-opioid receptor agonists, endomor-
phin-1 and -2 have vasodilator activity in the hindquarters
vascular bed of the rat. Life Sci., 61, PL409 ± PL415.

CHAPMAN, V., DIAZ, A. & DICKENSON, A.H. (1997). Distinct
inhibitory e�ects of spinal endomorphin-1 and endomorphin-2
on evoked dorsal horn neuronal responses in the rat. Br. J.
Pharmacol., 122, 1537 ± 1539.

CHILDERS, S.R. (1991). Opioid receptor coupled second messenger
systems. Life Sci., 48, 1991 ± 2003.

CONNOR, M. & HENDERSON, G. (1996). d- and m-opioid mobiliza-
tion of intracellular calcium in SH-SY5Y human neuroblastoma
cells. Br. J. Pharmacol., 117, 333 ± 340.

CZAPLA, M.A., CHAMPION, H.C., ZADINA, J.E., KASTIN, A.J.,

HACKLER, L., GE, L.J. & KADOWITZ, P.J. (1998). Endomor-
phin-1 and -2, endogenous m-opioid receptor agonists, decrease
systemic arterial pressure in the rat. Life Sci., 62, PL175 ± PL179.

EVANS, C.J., KEITH, D.E., MORRISON, H., MAGENDZO, K. &

EDWARDS, R.H. (1992). Cloning of a delta-opioid receptor by
functional expression. Science, 258, 1952 ± 1955.

GOLDBERG, I.E., ROSSI, G.C., LETCHWORTH, S.R., MATHIS, J.P.,

RYAN-MORO, J., LEVENTHAL, L., SU, W., EMMEL, D., BOLAN, E.

& PASTERNAK, G.W. (1998). Pharmacological characterization
of endomorphin-1 and endomorphin-2 in mouse brain. J.
Pharmacol. Exp. Ther., 286, 1007 ± 1013.

GOLDSTEIN, A., TACHIBANA, S., LOWNEY, L.I., HUNKAPILLER, M.

& HOOD, L. (1979). Dynorphin-(1-13), an extraordinarily potent
opioid peptide. Proc. Natl. Acad. Sci. U.S.A., 76, 6666 ± 6670.

GRYNKIEWICZ, G., POENIE, M. & TSEIN, R.Y. (1985). A new
generation of Ca2+ indicators with greatly improved ¯uorescence
properties. J. Biol. Chem., 260, 3440 ± 3450.

HACKLER, L., ZADINA, J.E., GE, L.J. & KASTIN, A.J. (1997). Isolation
of relatively large amounts of endomorphin-1 and endomorphin-
2 from human brain cortex. Peptides, 18, 1635 ± 1639.

HARRISON, C., ROBOTHAM, D.J., DEVI, L.A. & LAMBERT, D.G.

(1997). Activation of the d-opioid receptor expressed in Chinese
hamster ovary cells increases intra-cellular calcium. Br. J.
Pharmacol., 120, 222P.

HARRISON, C., SMART, D. & LAMBERT, D.G. (1998a). Stimulatory
e�ects of opioids. Br. J. Anaes., 81, 20 ± 28.

HARRISON, L.M., KASTIN, J.A. & ZADINA, J.E. (1998b). Di�erential
e�ects of endomorphin-1, endomorphin-2 and Try-W-MIF-1 on
activation of G-proteins in SH-SY5Y human neuroblastoma
membranes. Peptides, 19, 749 ± 753.

HIGASHIDA, H., HOSI, N., KNIJNIK, R., ZADINA, J.E. & KASTIN, A.J.

(1998). Endomorphins inhibit high threshold Ca2+ channel
currents in rodent NG108 cells overexpressing m-opioid recep-
tors. J. Physiol., 50, 771 ± 775.

HIRST, R.A. & LAMBERT, D.G. (1995). Adenylyl cyclase in SH-SY5Y
human neuroblastoma cells is regulated by intra- and extra-
cellular calcium. Biochem. Pharmacol., 49, 1633 ± 1640.

HOSOSHAT, K., BURKEY, T.H., ALFERO-LOPEZ, J., VARGA, E.,

HRUBY, V.J., ROESKE, W.R. & YAMAMURA, H.I. (1998).
Endomorphin-1 and endomorphin-2 are partial agonists at the
human m-opioid receptor. Eur. J. Pharmacol., 346, 111 ± 114.

HUGHES, J., SMITH, T.W., FOTHERGILL, L.A., MORGAN, B.A.,

MORRIS, H.R. & KOSTERLITZ, H.W. (1975). Identi®cation of
two related peptides from the brain with potent opiate agonist
activity. Nature, 258, 577 ± 579.

INGRAM, S.L. & WILLIAMS, J.T. (1994). Opioid inhibition of I-h via
adenylyl-cyclase. Neuron, 13, 179 ± 186.

KAKIZAWA, K., SHIMOHIRA, I., SAKURADA, S., FUJIMURA, T.,

MURAYAMA, K. & UEDA, H. (1998). Parallel stimulations of in
vitro and in situ [35S]GTPgS binding by endomorphin-1 and
DAMGO in mouse brain. Peptides, 19, 755 ± 758.

KIEFFER, B., BEFORT, K., GAVERIAUX-RUFF, C. & HIRTH, C.G.

(1992). The delta-opioid receptor: isolation of cDNA by
expression cloning and pharmacological characterization. Proc.
Natl. Acad. Sci. U.S.A., 89, 12048 ± 12052.

KNAPP, R.J., MALATYNSKA, E., COLLINS, N., FANG., L., WANG,

J.Y., HRUBY, V.J., ROESKE, W.R. & YAMAMURA, H.I. (1995).
Molecular biology and pharmacology of cloned opioid receptors.
FASEB J., 9, 516 ± 525.

LAMBERT, D.G., ATCHESON, R., HIRST, R.A. & ROWBOTHAM, D.J.

(1993). E�ects of morphine and its metabolites on opioid
receptor binding, cyclic AMP formation and [3H]noradrenaline
release from SH-SY5Y cells. Biochem. Pharmacol., 46, 1145 ±
1150.

MARTIN-SCHILD, S., ZADINA, J.E. GERALL, A.A., VIGH, S. &

KASTIN, A. (1997). Localization of endomorphin-2-like immu-
noreactivity in rat medulla and spinal cord. Peptides, 18, 1641 ±
1649.

MIMA, H., MORIKAWA, H., FUKUDA, K., KATO, S., SHODA, T. &

MORI, K. (1997). Ca2+ channel inhibition by endomorphins via
the cloned m-opioid receptor expressed in NG108-15 cells. Eur. J.
Pharmacol., 340, R1 ±R2.

NORTH, R.A. (1989). Drug receptors and the inhibition of nerve cells.
Br. J. Pharmacol., 98, 13 ± 28.

OKAJIMA, F., TOMURA, H. & KONDO, Y. (1993). Enkephalin
activates the phospholipase C/Ca2+ system through cross-talk
between opioid receptors and P2 purinergic or bradykinin
receptors in NG108-15 cells. Biochem. J., 290, 241 ± 247.

PIERCE, T.L., GRAHEK, M.D. & WESSENDORF, M.W. (1998).
Immunoreactivity for endomorphin-2 occurs in primary a�erents
in rats and monkeys. Neuroreport, 9, 385 ± 389.

PORZIG, H. (1990). Pharmacological modulation of voltage
dependent calcium channels in intact cells. Rev. Physiol. Biochem.
Pharmacol., 114, 209 ± 262.

SARNE, Y. & GAFNI, M. (1996). Determinants of the stimulatory
opioid e�ect on intracellular calcium in SK-N-SH and NG108 ±
15 neuroblastoma. Brain Res., 722, 203 ± 206.

SARNE, Y., FIELDS, A., KAREN, O. & GAFNI, M. (1996). Stimulatory
e�ects of opioids on transmitter release and possible cellular
mechanisms: overview and original results. Neurochem. Res., 11,
1353 ± 1361.

Endomorphin and m-opioid receptors 477C. Harrison et al



SCHREFF, M., SCHULZ, S., WIBORNY, D. & HOLLT, V. (1998).
Immuno¯uorescent identi®cation of endomorphin-2-containing
nerve ®bres and terminals in the rat brain and spinal cord.
Neuroreport, 9, 1031 ± 1034.

SIM, L.J., LIU, Q., CHILDERS, S.R. & SELLEY, D.E. (1998).
Endomorphin-1 stimulated [35S]GTPgS binding in rat brain;
evidence for partial agonist activity at m-opioid receptors. J.
Neurochem., 70, 1567 ± 1576.

SMART, D. & LAMBERT, D.G. (1996). The stimulatory e�ects of
opioids and their possible role in the development of tolerance.
Trends Pharmacol. Sci., 17, 264 ± 269.

SMART, D., HIRST, R.A., HIROTA, K., GRANDY, D.K. & LAMBERT,

D.G. (1997). The e�ects of recombinant rat m-opioid receptor
activation in CHO cells on phospholipase C, [Ca2+]i and adenylyl
cyclase. Br. J. Pharmacol., 120, 1165 ± 1171.

SMART, D., SMITH, G. & LAMBERT, D.G. (1995). m-opioids activate
phospholipase C in SH-SY5Y human neuroblastoma cells via
calcium channel opening. J. Biochem., 305, 577 ± 582.

SPENCER, R.J., JIN, W., THAYER, S.A., CHAKRABART, I.S., LAW,

P.Y. & LOY, H.H. (1998). Mobilization of Ca2+ from intracellular
stores in transfected Neuro2a cells by activation of multiple
opioid receptor subtypes. Biochem. Pharmacol., 54, 809 ± 818.

STONE, L.S., FAIRBANKS, C.A., LAUGHLIN, T.M., NGUYEN, H.O.,

BUSHY, T.M., WESSENDORF, M.W. & WILCOX, G.L. (1997).
Spinal analgesic actions of the new endogenous opioid peptides
of endomorphin-1 and endomorphin-2. Neuroreport, 8, 3131 ±
3135.

THOMPSON, R.C., MANSOUR, A., AKIL, H. & WATSON, S.J. (1993).
Cloning and pharmacological characterization of a rat m-opioid
receptor. Neuron, 11, 903 ± 913.

WANDLESS, A., SMART, D. & LAMBERT, D.G. (1996). Fentanyl
increases intracellular calcium concentration in SH-SY5Y cells.
Br. J. Anaes., 76, 461 ± 463.

YASUDA, K., RAYNOR, K., KONG, H., BREDEER, C.D., TAKEDA, J.,

BELL, G.I. & REISINE, T. (1993). Cloning and functional
comparison of kappa-opioid and delta-opioid receptors from
mouse-brain. Proc. Natl. Acad. Sci. U.S.A., 90, 6736 ± 6740.

ZADINA, J.E., HACKLER, L., GE, L.J. & KASTIN, A.J. (1997). A potent
and selective endogenous agonist for the m-opioid receptor.
Nature, 386, 499 ± 502.

(Received June 15, 1999
Accepted June 22, 1999)

Endomorphin and m-opioid receptors478 C. Harrison et al


