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Nuclear opioid binding sites have been discovered
in NG10815 neurohybrid
cells. Marker enzyme analyses as well as
electron and fluorescence
microscopy
studies attested to
the high degree of purity of the nuclear preparations.
Immunohistochemical
studies on cryostat sections of NG 10815 cells with an antibody to the opioid receptor corroborated
a nuclear
localization.
3H-[D-PenZ,D-PenS]enkephalin
(3HDPDPE), 3H-[D-Ala2,D-LeuS]enkephalin
(3H-DADLE),
and 3Hdiprenorphine
binding parameters,
Kd and B,,,,, values, and
heterologous
competition
binding and stereospecificity
data
satisfied criteria for the presence of &opioid sites in purified
nuclear preparations.
Neither r-([D-Ala2,mephe4,gly-OF]
enkephalin),
dihydromorphine,
nor K-(U69593) specific binding
was detectable
in purified nuclear preparations.
Rates of
association
and dissociation
of 3H-[D-Ser2,L-Leu5]enkephalylThr were comparable
to values obtained previously for opioid
receptors.
Opioid binding was also shown in subnuclear
preparations
from NG108-15
cell cultures. Agonists, 3H-DADLE and 3H-DPDPE, bind with high affinity to nuclear membranes and with lower affinity to chromatin.
In contrast, partial agonist 3H-diprenorphine
high-affinity
binding sites were
predominant
in chromatin,
while low-affinity
binding
was
found in the nuclear membrane.
Accordingly,
5’-guanylylimidodiphosphate
sensitivity
of 3H-DADLE binding
was detected in nuclear membranes
but not in chromatin.
Both agonist and partial agonist opioid binding to nuclear membrane
and chromatin
were abolished
upon cycloheximide
treatment of NG 108- 15 cells. Taken together, the results suggest
that NG108-15
cells contain newly synthesized
GTP binding
regulatory
protein (G-protein)-coupled
b-opioid receptors
in
nuclear membranes
and uncoupled
opioid binding sites in
chromatin.
[Key words: opioid receptor,
nucleus, neurohybrid
cells,
subcellular
fractionation,
opioid peptide, immunohistochemistry]

The localization of nuclear binding sitesfor steroid and thyroid
hormones in many target cells has been well documented. In
the last several years, evidence has accumulated favoring the
hypothesis that certain growth factors and polypeptide hor-

Received Dec. 16, 1991; revised May 15, 1992; accepted July 14, 1992.
This work was SuDDOrted in Dart bv Grant BNS 88-09462 from the National
Science Foundation.‘i.R.
is on ldave oiabsence from the Department
of Histology
and Embryology,
Institute of Biostructure,
Medical School, Warsaw, Poland.
Correspondence
should be addressed to Dr. Carmine J. Coscia at the above
address.
Copyright 0 1993 Society for Neuroscience
0270-6474/93/l
30104-l 1$05.00/O

mones may also have nuclear receptors (Burwen and Jones,
1987). It is clear that growth factors interact with their corresponding surface receptors, but the interpretation of the data
pertaining to their fate after internalization remainscontroversial. Both subcellular fractionation and immunohistochemical
studieshave shown either uptake of growth factors into nuclei
of target cells or the presenceof specific nuclear binding sites.
Epidermal growth factor (EGF) hasbeenreported to accumulate
within cell nuclei in cultured rat pituitary, liver, epidermis, and
hair follicle cells(Johnsonet al., 1980;Green et al., 1987;Marti
et al., 1991). Subsequently, specific binding sites for EGF in
chromatin isolated from cultured human colorectal carcinoma
cells were demonstrated by immunoprecipitation studies (Rakowicz-Szulczynska et al., 1986). A monoclonal antibody generated againstthe cell-surfaceEGF receptor bound to chromatin
(Rakowicz-Szulczynska et al., 1986). Chromatin binding sites
were also reported for angiotensinII (Re et al., 1984)and platelet-derived growth factor (Rakowicz-Szulczynska et al., 1986).
However, the data for nuclear binding sites for NGF are contradictory, showing their exclusive localization in chromatin in
some reports (Andres et al., 1977; Rakowicz-Szulczynska and
Koprowski, 1986) and restriction to nuclear membranesin another (Yankner and Shooter, 1979). A receptor for vasoactive
intestinal peptide has also been detected in nuclei of a human
colonic adenocarcinomacell line (Omary and Kagnoff, 1987).
The existence of intracellular opioid receptors has been establishedby various approaches.It is reasonableto assumethat
opioid receptors have a life cycle that entails intracellular synthesisand processingfollowed by migration to the cell surface
and then internalization for either cessationof signaltransduction, ligand transport, turnover, or translocationactivation. Upon
the discovery of opioid receptors,subcellularfractionation techniqueswere adopted to identify their major locusasthe plasma
membranes(Pert and Snyder, 1973; Terenius, 1973; Pert et al.,
1974; Simantov et al., 1976; Smith and Loh, 1976; Leyert and
Laduron, 1977; Glasel et al., 1980). Simultaneously, theseinvestigations yielded evidence for the existence of intracellular
opioid binding sites. Subsequently, Roth et al. (198 1, 1982)
initiated an investigation of the subcellularlocalization of opioid
receptors in rat brain with emphasison the characterization of
the various intracellular compartments by marker enzymes,
electron microscopy (EM), isopycnic density, and binding assay.
Morphological evidence to support the existenceof intracellular
opioid binding sites came from autoradiographic EM experiments with a p-selective 1251-labeled
opioid peptide analog(Hame1 and Beaudet, 1984). In this manner, 13% of the total
p-opioid binding was found over cell bodies of brain neurons
with considerabledistribution within the cytoplasm. Sincesome
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(ER) (Roth et al., 198l), it is possiblethat they may also occur
on other intracellular
membranes with similar structural composition. Many studieshave revealed that the nuclear envelope
is functionally a specializedform of ER. Beaudetand coworkers
(Hamel and Beaudet, 1987; Beaudetet al., 1989)provided EMautoradiographic data for the associationof intracellular opioid
binding siteswith the ER and Golgi apparatus, while an additional contingent was associatedwith the nucleus or nuclear
membrane.Nuclear opioid binding siteshave alsobeeninvoked
in a hypothesison long-term memory (Laduron, 1987).Nuclear
localization of opioid receptorsis consistentwith data from our
laboratory as well asthat of others indicating a role of opioids
in modulating both developing and transformed cell growth
(Zagon and McLaughlin, 1987; Zagon and McLaughlin, 1989;
Barg et al., 1990).
Recently, we examined opioid receptorsfrom subcellularfractions [heavy membranes(HMs) and light membranes(LMs)]
of neurohybrid cell cultures (Cosciaet al., 1990; Belcheva et al.,
1991). Marker enzymes, ouabain-sensitive Na+/K+-ATPase,
glucose-6-phosphatase,
and UDP-galactoseand transferasewere
usedto demonstratethat HMs were enriched in plasmamembranes, while LMs contained most of the ER and Golgi complexes,respectively. In the presentstudy, we detected and characterized opioid binding sites in purified nuclear preparations
and subnuclearfractions from NG 108-15cells.While satisfying
many criteria for authentic opioid receptors, several unique
binding properties were found to be associatedwith the nuclear
sites.
Materials and Methods
Chemicals. Unless otherwise indicated, all chemicals were purchased
from Sigma, St. Louis, MO. The opioids [D-Ser2,L-Leu5]enkephalyl-Thr
(DSLET), [D-Ala2-mephe4,gly-o~5]enkkphalin
(DAMGE),
[D-Pen2,
D-Pen51enkenhahn (DPDPE). ID-Ala2.D-LeuSlenkenhahn (DADLE). diprenorphine; and (i)- and (li-naloxbne
weie obtained from Multiple
Peptide Systems, San Diego, CA. Naltrindole and dextrorphan were
purchased from Research Biochemicals Inc., Natick, MA.
Cell cultures. NG 1OS- 15 neuroblastoma x glioma hybrid cells were
grown at 37°C in a humidified CO, (10%) incubator in Dulbecco’s modified Eagle’s medium and Ham’s Nutrient Mixture F12 containing calf
serum (10%). Cells were subcultured in 150 cm’ flasks, and medium
was changed every 3 d. Some cells were treated with cycloheximide (1
I*g/ml, 48 hr). This treatment proved to be sufficient to block more than
80% of the protein synthesis in the cultures (Belcheva et al.; 1991).
Higher concentrations (1 S-3 &ml) of cycloheximide caused cell death.
Naive and treated cultures were harvested after 48 hr and stored at
-70°C. NCB-20 cells were grown and harvested as previously described
(Zhu and Chuang, 1988). C, glioma cells were grown under the same
conditions as NGlO8- 15 cells.
Subcellular fractionation. The fractionation protocol to obtain LMs,
HMs, and the pellet (P fraction) followed the procedure given by Sweat
and Klee (1985) with some minor modifications (Belcheva et al., 199 1).
NG108-15 and NCB-20 cells were pretreated with Concanavahn A
(ConA) to increase the density difference between plasma and intracellular membranes. Cells were then homogenized by polytron, and the
entire homogenate was layered onto a sorbitol step gradient (20%, 32%,
and 54%) followed by a centrifugation at 100,000 x g for 2 hr. The
20-32% sorbitol interface (LMs) and the P fraction were recovered by
centrifueation in 50 mM Tris-HCl. DH 7.4. at 150.000 x P for 2 hr.
HMs w&e collected from the 32-54% interface in the same way except
that ConA was displaced with 0.5 M a-methylmannoside prior to the
final washing (Belcheva et al., 199 1).
Isolation of purified nuclei, nuclear membrane, and chromutin. Purified nuclei, nuclear membranes, and chromatin were prepared using
a modification of the procedure by Rakowicz-Szulczynska et al. (1986).
Although routinely used by the authors in the original protocol, the
detergent Triton X- 100 was avoided in our procedures for two reasons.
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Recent studies indicate detergents can strip proteins from nuclear membranes (Burwen and Jones, 1987). Moreover, opioid receptor binding
can be diminished by many detergents. After harvesting, NG108-15
cells were washed twice with 10 mM phosphate buffer, pH 7.75, and
frozen. Cells were suspended in 0.35 M sucrose, 10 mM KCI, 1.5 mM
MgCl,, 10 mM Tris-HCl (pH 7.6) 12 mM 2-mercaptoethanol; disrupted
with a “cell cracker” (Balch and Rothman, 1985) by forcing the cell
suspension through a 36.83 pm precision bore opening in a stainless
steel block, and centrifuged at 600 x g for 10 min. In prior experiments,
we established that this clearance affords homogenization of NG10815 cell cultures that is optimal for the isolation of intact nuclei as
determined by EM. The supematant from the 600 x g spin was centrifuged further to obtain a 20,000 x g membrane preparation (P,,),
which was washed with 50 mM Tris-HC1 (pH 7.4) before use. The 600
x g pellet was washed twice in 0.2 M sucrose, 3 mM CaCl,, 50 mM TrisHCl (pH 7.6) by centrifugation at 700 x g for 10 min. Washing of the
pellet was then repeated twice with 50 mM Tris-HCl, pH 7.4, and this
preparation (referred to as the purified nuclear preparation in this article)
was used immediately for binding assays. In some experiments, purified
nuclear preparations were spun through 2.1 M buffered sucrose at 25,000
x P for 30 min before washing with 50 mM Tris-HCl. DH 7.4. To obtain
subnuclear fractions, the 700-x g pellet was suspended in 5 ml of 1 mM
Tris-HCl (pH 7.9) 1 mM phenylmethylsulfonyl fluoride, and kept for
1 hr on ice. After Douncing, the suspension was layered onto 1.7 M
sucrose, 10 mM Tris-HCl, pH 7.9, and was centrifuged at 150,000 x g
for 2 hr. Chromatin sedimented to the bottom ofthe tubes, while nuclear
membranes were collected at the interface and a fraction of nucleoplasmic proteins, too small to subject to binding assay, remained on
the top of the gradient. For opioid binding and marker enzyme assays,
nuclear membranes and chromatin were washed with 50 mM Tris-HCl,
pH 7.4, and used immediately.
Marker enzymes. The purity of subcellular fractions was assessed with
ouabain-sensitive Na+/K+-ATPase, glucose-6-phosphatase, and UDPgalactose transferase, marker enzymes of plasma membranes, ER, and
Golgi complexes, respectively (Swanson, 1950; Fleisher, 1974; Ariano
and Appelman, 1979).
Immunohistochemical localization of opioid binding sites. NGlO8- 15
cells were harvested at confluence, culture medium was removed by
centrifugation, and cells were resuspended in 0.2% solution of agarose
Cazarose
tvne VIII) in PBS. DH 7.4. Cells were then centrifuaed at maximum speed (about 8000 x’ g) on a microfuge B (Beckman, Palo Alto,
CA) for 2 min, and pellets were frozen on dry ice (-70°C) and stored
at -20°C. Pellets were cut into IO-brn-thick sections at -20°C with a
cryostat (Miles Cryo-Tek), and were thaw mounted onto gelatin-covered
microscopic slides.
Cryostat sections were used for the immunohistochemical
demonstration of nuclear binding of the monoclonal anti-idiotypic anti-opioid
receptor antibody (Ab2-AOR). Ab2-AOR was generated against an antimorphine antibody but, like enkephalins, displayed affinity for both
p- and fi-opioid receptors (Coscia et al., 199 1). Unfixed cryostat sections
of NG 108- 15 cells were incubated with mouse ascites containing Ab2AOR (the first antibody) and subsequently with anti-mouse IgG peroxidase conjugate (as a second antibody). The peroxidase bound to the
cells was visualized with 3,3’-diaminobenzidine/H,O,.
In some experiments, an IgG fraction purified by protein A chromatography from
ascites containing Ab2-AOR was used as first antibody. The staining
procedure was adopted from Polak and Van Noorden (1986) with the
following modifications. Prewashing of cryostat sections, preincubations, and dilution of the first antibody were performed with 50 mM
Tris/maleate buffer, pH 5.0 or pH 7.4. PBS, pH 7.4, was used for washing
the cryostat sections after incubation with the first antibody, for dilution
and washing of the second antibody.
Several control experiments were performed to verify the specificity
ofthe immunohistochemical
reaction: (I) the first antibody was replaced
with the dilution buffer; (2) the second antibody was omitted to control
for endogenous peroxidase; (3) the first antibody was replaced by the
nonspecific mouse ascites (control mouse ascites fluid, clone NS- 1); (4)
cryostat sections of C, glioma cells, which lack opioid receptors (Tocque
et al., 1984) were subjected to the same immunohistochemical
procedure; (5) 0.01-l mM concentrations of naltrindole or DSLET were
preincubated with cryostat sections and included with the first antibody
solution to control for opioid binding specificity.
Opioid receptor binding assays. Membrane fractions, purified nuclei,
nuclear membranes, and chromatin from neurohybrid cells were assayed
for opioid binding activity as described (Belcheva et al., 199 1). Purified
nuclear and membrane preparations (200-600 pg protein) were incu-

106

Belcheva

et al. - Nuclear

Opioid

Binding

Sites

bated in duplicate with 1 nM of each of )H-DADLE ([30Ci/mmol;New
a DNA : protein ratio that is 4 orders of magnitude higher than
EnglandNuclear(NEN)-DuPont,Boston,MA), ‘H-U69593(45.7Ci/
that of LMs and HMs. Marker enzyme analyseswere consistent
mmol;Amersham,Arlington Heights,IL), )H-DHM (88.6Ci/mmol;
with a nuclear origin of thesemembranes(data not shown).
NEN), and 3H-DAMGE, (48 Ci/mmol;NEN) at 25°Cfor 1 hr; 1 nM
Isolation and characterization ofpurijied nuclearpreparations.
3H-diprenorphine
(47 Ci/mmol; Amersham)at 37°Cfor 20 min; or 2
nM 3H-DPDPE(37.1 Ci/mmoI: NEN-DuPont. Boston.MA) at 25°C Our approach to the isolation of nuclei, nuclear membrane,and
for 3 hr. B,,, andKd valuesfor the aboveopioihswereestimatedfrom
chromatin hasbeento adopt a gentle method of homogenization
homologous
competitionbindingassays
performedin the presence
of
and to avoid detergents.To this end, NG 108-15 cell homoge1O-l 2 differentconcentrations
of the corresponding
unlabeledligand.
nization was performed with a “cell cracker,” which causes
In heterologous
competitionbindingassayswith 3H-DSLET(35 Ci/
mmol;Multiple PeptideSystems,SanDiego,CA), the followingdrugs minimal destruction of cell organelles(Balch and Rothman,
wereused:DADLE, DPDPE,naltrindole,diprenorphine,
DAMGE, and
1985). Upon subcellularfractionation of the homogenates,EM
dextrorphan.‘H-DSLETdissociationstudieswereperformedby preininspection of the purified nuclear preparation revealed the prevcubationwith the radioligandfor 60 min at 25”C,addingetorphine(1
PM) or naltrindole(10 nM) and determiningmembrane-bound
label alence of intact nuclei (Fig. 1A). Furthermore, observation by
remainingat differenttime intervals.In severalexperiments,a range fluorescencemicroscopy of the 4’,6’-diamidino-2-phenylindole
(l-1000 PM) of concentrationsof either 5’-guanylimidodiphosphate stained 2.1 M sucrose pelleted nuclear preparation (Fig. 1B)
(Gpp(NH)p;BoehringerMannheim,Indianapolis,IN) or (-)- or (+)showeda uniform distribution of DNA. The absenceof apprenaloxone(NIDA, DrugSupply,Research
TrianglePark,NC) wereaddciable fluorescencein P,, membranes(Fig. 1C) for this DNA
edto theincubationmixturewith 1nM3H-DADLE.Nonspecific
binding
stain served as a negative control.
wasmeasured
in the presence
of 10/LM etorphineand was ~6%. InSDS-PAGE of the subcellular fractions revealed that the pucubationswereterminatedbv additionof ice-cold50 mM Tris-HCl.
(pH 7.4),and samples
werec&ected on WhatmanGF/B filtersafter j
rified nuclear preparation and the 2.1 M sucrosepellet were
x 5 ml washingwith bufferusinga Brandelcellharvester(Gaithersberg, enriched in low-molecular-weight proteins, presumably hisMD). In the ‘H-DPDPEand‘H-diprenorphineexperiments
filterswere tones, in the region of the gel correspondingto 14-20 kDa (Fig.
presoakedin the samebuffer containing0.02%polyethyleneglycol.
2). Moreover, the nuclear membrane fraction was essentially
Filtersweredriedandcountedin a PackardTri-carb 1500liquid scintillation analyzer.Proteinconcentrations
weredeterminedby the methfree of chromatin as indicated by the absenceof histone bands.
od of Lowry (1951)with bovine serumalbuminasa standard.DNA
Likewise, certain major proteins in the nuclear membranefraccontentwasassayed
bythemethodof GilesandMyers(1965).Statistical tion were absent in the chromatin fraction.
analysesof data were performedusingthe Student’st test. Binding
Although accounting for 9-10% of the total opioid binding
affinitiesand densities(Kd and B,,,) wereestimatedby the LIGAND
program(MunsonandRodbard,1980).Heterologous
competitioncurves (seebelow), the purified nuclear preparation contained a 15weregenerated
with theSIGMAPLOT program(JANDEL Scientific,Corte
fold-lower specificactivity and 5%of the total ouabain-sensitive
Madera,CA) usingan equationfrom the ALLFIT program(DeLeanet
Na+/K+-ATPase activity found in the 20,000 x g pellet (Pzo)
al., 1988).IC,, valueswerecalculatedby an iterative procedureusing (Table 1). This plasmamembranemarker enzyme activity was
the samemathematical
function.
not detectedin the chromatin fraction. Furthermore, the specific
Electrouhoretic
analysisof subcellular
fractions.SDS-PAGE wasverformedai describedb; Laemmli(197OfGelsweresilverstainedusing activity of glucose-6-phosphatase(ER marker enzyme) recova modificationof the proceduredescribedby Adamsand Sammons ered in nuclear membraneswas 58% of the LM-associated en(1981). Briefly, the gel (10 x 10 cm) wastreatedwith 100ml of 50% zyme activity (19.8 f 1.1 nmol/min/mg protein). This is conmethanol,10%aceticacid for about 16 hr. It wasthen incubatedin
sistent with previous data for liver nuclear membranes,which
10%methanol,10%aceticacid for 30 min with gentleshaking.This
were found to have about half the specific activity of ER-enwasfollowedby two 15 min washes
in H,O with gentleshaking.The
gelwasthenexposedto 100ml of 0.1%silvernitratewith gentleshaking riched microsomes(Kasper, 1974).
for 30 min, washedfor 30 setin H,O, anddevelopedin 100ml of 0.3
Opioid binding topurifred nuclearpreparationsandsubnuclear
M sodiumcarbonate,
0.037%formaldehydefor 5-10 min. Whenthe
fvactions.
3H-DPDPE, 3H-DADLE, and )H-diprenorphine binddevelopment
wasjudgedsatisfactory,10ml of 2 M citric acidwasadded
ing parameters for the purified nuclear preparation and its
to stop the reaction.All of the above stepswereperformedat room
temperature.
subfractions are given in Table 2. Kd and B,,, valuesfor nuclear
opioid binding are similar to those found for the P fraction.
Results
However, a major difference was the two-site binding of 3HCharacteristicsof the P fraction. The original subcellular fracDPDPE, and 3H-diprenorphine (Fig. 3, Table 2). Agonists 3Htionation protocol adopted in these studies entailed layering
DPDPE and 3H-DADLE bind with high affinity to opioid sites
ConA-pretreated, polytron-generated homogenatesonto a sorin nuclear membranes,while a five- to eightfold higher Kd value
bitol stepgradient (Belcheva et al., 1991). Upon centrifugation,
was found for binding to chromatin. In contrast, the partial
LMS, enriched in ER and Golgi complexes,were resolved from
agonist3H-diprenorphineshowshigh affinity to chromatin bindHMs containingthe bulk ofthe plasmamembranesfrom NGlO8ing sitesand significantly lower-affinity binding to nuclear mem15 and NCB-20 cells. An analysisof binding parametersof the
branes. These data imply at least two different populations of
fractions resolved by gradient centrifugation revealed that the
nuclear opioid binding sitesare present, one that may occur in
pellet (P fraction) alsocontained a substantialamount of opioid
the nuclear envelope and a secondin chromatin. B,,, data for
binding sitesin both cell lines. B,,, values ranged from 29 f 4
the high-affinity sitesare consistentwith this notion and suggest
to 110 -C 6 for 3H-DADLE and from 33 f 6 to 77 f 12 fmol/
an enrichment of agonistbinding in the nuclear membranesand
mg protein for 3H-diprenorphine. Kd values of 3H-DADLE and
diprenorphine binding in chromatin.
3H-diprenorphine (0.8-2.5 nM) binding to the P fraction are
3H-DSLET heterologous competition binding studies with
similar to those for LM (1.1-1.9 nM) and HM (1.0-2.2 nM)
several opioid agonistsand antagonistswere conducted using
opioid binding in thesecell lines (Belcheva et al., 1991).
purified nuclear preparations (Fig. 4). Naltrindole, which is a
EM examination of the P fraction from NG108-15 cells rehighly d-specificantagonist, expressesthe highest selectivity for
vealed an absenceof intact cells and the prevalence of nuclear
nuclear binding sites, and its competition curve suggeststhe
remnants including nucleoli (not shown). Moreover, the pellet
existenceof asmany asthree sitescompared to one, or at most
contained more than 90% of the total cellular DNA content and
two, in the P,, fraction (Fig. 4A). Very high-affinity binding was
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Figure2. SDS-PAGE analysis of subcellular fractions from NG10815 cells. One microgram of total protein from each subcellular fraction
was applied to a 9% SDS-polyacrylamide gel, resolved, and silver stained
as described in Materials and Methods. Lanes: 1, molecular weight
standards; 2, P,,; 3, purified nuclear preparation; 4, 2.1 M sucrose pellet;
5, nuclear membrane; 6, chromatin.

seenin nuclear preparations (IC,, = 0.54 + 0.07 fM, 129 f 22
fM, and 0.19 +- 0.03 nM). P,, membranesalso displayed highaffinity naltrindole binding with IC,, values at 0.026 f 0.003
nM and possibly 18 + 2.1 fM. The lessselectiveagonistDADLE
displayed monophasic competition (IC,, = 3.3 + 1.2 nM) for
the 3H-DSLET binding sites(Fig. 4C). Binding of the &selective
agonistDPDPE and partial agonistdiprenorphine to 3H-DSLET
sitesin the samepreparation was biphasic, consistentwith the
results from homologouscompetition binding assays.In both
cases,the higher-affinity site was in the nanomolar range (0.14
+ 0.03 and 2.4 + 0.9 nM, respectively) asseenwith most &selective ligands,while the lower IC,, was0.0 13 -+ 0.002 and 0.13
+ 0.02 KM,respectively. In contrast, diprenorphine and DPDPE
competition with 3H-DSLET for P,, sitesgave monophasicisotherms (IC,, = 0.77 + 0.07 and 8.8 +_ 0.7 nM, respectively;
curves not shown). The r-specific enkephalin analog DAMGE
displayed low affinity to both nuclear preparationsand P,, (IC,,
= 325 -+ 34 and 365 + 49 nM, respectively) (Fig. 4B). Dextrorphan, the inactive (+)-isomer, failed to affect 3H-DSLET
binding to purified nuclear preparations(Fig. 4C). Theseresults
were consistentwith affinity data on (+)- and (-)-naloxone for
P fraction sitesthat also manifested specificity for levorotatory
opiate alkaloids (data not shown).
As shown in Table 2 chromatin contains high-affinity diprenorphine binding but only lower-affinity DPDPE and DAFigure 1. Electron and fluorescence microscopy of&cellular
fractions
from NG 10% 15 cells. A, Electron micrograph of a representative field
of a purified nuclear preparation from NG 108- 15 cells that was isolated
as described in Materials and Methods. Note the homogeneity and
prevalence of intact nuclear envelope. Magnification, 3,800 x . Band C,

t
Fluorescence micrographs of 4’,6’-diamidino-2-phenylindole
for DNA in the 2.1 M sucrose pelleted nuclear preparation
PzOmembranes (C). Magnification, 125 x .
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Table 1.
subcellular

Ouabain-sensitive
fractions
from

Na+/K+-ATPase
NG108-15
cells

and glucose4pbospbatase

specific

Na+/K+-ATPase

Opioid

binding

parameters

Preparation

Specific
(nmol/min/mg
protein)

Total
(nmol/min)

P 20
Purified
nuclei
Nuclear
membranes
Chromatin

79 * 4
5.2 f 0.8
4.1 xk 0.4
ND

1755 f 147
101 k 17
26 k 4.7
ND

9.6
5.7
11.5
2.6

167
83
47
30

of subcellular

fractions

)H-DPDPE

from

cells were prepared

as described in Materials

iz
k
f
f

0.6
0.6
0.9
0.03

NG108-15

cells

‘H-DADLE

‘H-diprenorphine

B"lax

Ki

Bmar

Kd

Bnlax

P 20
Purified
nuclei
First site
Second site
Nuclear
membranes
Chromatin

2.1 f 0.2

579 f 48

1.6 +- 0.2

843 f 73

1.4 + 0.2

733 k 69

1.2
91
2.2
17

68+371 +
126 +
445 zk

2.1 + 0.2
2.5 f 0.3
12 + 3.3*

115 f 11

1.8
76
24
3.8

98+
848 +413 *
175 f

11
52
IS**
16

21
2.4
5.2
3.1

Binding kinetics ofpur$ed nuclear preparations. A time course
study of the binding of 1 nM )H-DSLET to purified nuclear
preparations from NGl08-15 cells was performed (Figs. 5, 6).
DSLET association reached steady state equilibrium in 60 min
at 25°C with a t,,?of about 25 min. A derivative plot (Fig. 5, left
panel) proved to be biphasic. The apparent on-rates (k,, (observed) were estimated to be 2.9 x 10e4 and 1.0 x 10m3secl.
Dissociation of 3H-DSLET from the nuclear preparation was
also determined by introducing either the agonist etorphine (1
PM)
or the antagonist naltrindole (10 nM) after an association
of 60 min (Fig. 6). Both curves were biphasic with off-rates (km l)
of 1.0-l .9 x 10m3sect (a t,,? of about 15 min) calculated for this
rapid phase of dissociation and 6.7-10 x 10 5set I for the slow
phase (Fig. 6). The pseudofirst-order rate constants (k, ,) could
be calculated using the equation k,, = (k+,(observed) - km,)/
[L], where [L] is the free ligand concentration and km, is the
first-order rate constant for dissociation. Using the above two
k,, (observed) values and the four k-, determinations, eight k,,
values may be calculated. From the ratio Kd = k-,/k+,,
it is
possible to calculate 32 kinetically derived equilibrium dissociation constants. More than eight Kd values were in the nanomolar range whereas at least two were of higher affinity, consistent with the data from steady state binding data. The biphasic
on- and off-rates also support the notion of the existence of at
least two fi-opioid binding sites in purified nuclear preparations.
These data are in a good agreement with previous reports on
opioid binding kinetics with other subcellular fractions (Pryhuber et al., 1982; Scheibe et al., 1984).
Immunohistochemical localization of opioid hindinisites. Immunostaining of cryostat sectionsof NG 108-15 cellsusing the
antibody to the opioid receptor AB2-AOR resulted in the de-

&

0.1
10*
0.2
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DLE binding. This binding behavior has not been seen for HMs
(Belcheva et al., 199 1). Since diprenorphine also binds to p- and
K-opioid receptors, it was of interest to test purified nuclear
preparations with ligands more specific for these classes. In homologous competition binding assays with tritiated p- (DAMGE
and dihydromorphine) and K- (U69593) selective ligands, specific binding was not detected (data not shown). These and the
above (Fig. 4B) results indicate the absence of FL-and K-binding
sites in nuclear preparations from NGl08-15 cells. In summary,
nuclear preparations may contain as many as two very highaffinity &opioid binding sites, detected with naltrindole, and a
third site with a nanomolar IC,, comparable to that of plasma
membrane opioid receptors.
Purified nuclear preparations were also centrifuged through
2.1 M sucrose and resultant pellets were extracted with 0.42 M
NaCl according to the procedure of Dignam et al. (1983) (Table
3). Interestingly, ZH-diprenorphine binding to the pellet obtained prior to NaCl treatment revealed a single high-affinity
binding site, in comparison with two binding sites found with
purified nuclei (Table 2). This suggests that some of the nuclear
membrane proteins might have been removed during the spin
through the 2.1 M sucrose. The amount of protein recovered in
the NaCl-insoluble fraction represented about 50% of the protein in nuclear preparation, and the total binding was 61% of
the opioid binding in 2.1 M sucrose pellet. The NaCl-insoluble
fraction accounted for 94% of the binding recovered. Very little
opioid binding was detected in 0.42 M NaCl soluble fraction.
This finding suggests that nuclear opioid binding sites belong to
the proteins that are tightly bound to DNA and contamination
with loosely bound plasma or intracellular membrane proteins
may be excluded.
2.

activities

Specific
(nmol/min/mg
protein)

Subcellular fractions
from NGlOS-15
ND, Not detected. N = 3.
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Subcellular fractions were prepared as described in Materials and Methods. LIGAND program analyses indicated a two-site model fit better than a one-site paradigm
‘H-DPDPE
and ‘H-diprenorphine
binding to purified nuclei. K,, is expressed in no and I?,,, in fmol/mg protein. N = 3-9.
* P,, versus subnuclear fractions, p < 0.05.
** High-affinity
site of purified nuclei versus those of subnuclear fractions, p < 0.05.
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Figure 3. Homologous competition binding of 3H-DADLE and ‘Hdiprenorphine to purified nuclear preparations. Purified nuclear preparations from NC 108- 15 cells were obtained as described in Materials
and Methods. ‘H-DADLEand ‘H-diprenorphine-specific
binding
ranged from 1230 to 3450 dpmkube. Analysis with the LIGAND program
(Munson and Rodbard, 1980) demonstrated that a two-site model for
‘H-diprenorphine binding fits better than a one-site paradigm. The curves
shown are derived from means of data obtained from three experiments
k SEM. *, Significantly different from values obtained with the same
concentrations of DADLE, p < 0.05.
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tection of histochemical reaction product over someregionsof
cell nuclei aswell asover the cytoplasm (Fig. 74. The reaction
product over the cytoplasm was diffuse and of moderate intensity. Immunostainingof nuclei, however, revealeddiscrete,more
intensespotsagainstthe negative background of the remainder
of the nuclei. There were one to five of the positive spots of
variable shape in each of the nuclear profiles. The diameter of
thesestructures varied from 1 to 3 Km.
Omissionof Ab2-AOR-containing ascitesfluid from the immunohistochemicalprocedure resulted in completely negative
stainingof cells (both cytoplasm and nuclei; Fig. 7B), indicating
that there was no nonspecific binding of the secondantibody
conjugated with peroxidase. In addition, negative results were
obtained when the secondantibody conjugatedwith peroxidase
was omitted (not shown), demonstrating the absenceof detectable endogenousperoxidase.
Another control, substitution of nonspecific antibody containing ascitesfluid for Ab2-AORxontaining ascites,gave modTable 3. ‘H-diprenorphine
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Figure
4. Heterologous competition binding of ‘H-DSLET with selected opioid ligands. Assays were performed with 1 nM )H-DSLET and
12-l 8 concentrations of opioid ligands with the P,, membrane fraction
or purified nuclear preparations from NGl08-I 5 cells. Only nuclear

preparations
wereusedfor the competitioncurvesshownin C. Control
binding (2460-3890 dpm/tube) represents the
radioligand determined as the difference between
of IO PM etorphine (nonspecific) and binding
inhibitor (total). Curves shown are derived from
from three to six experiments + SEM.

sucrose and treated with 0.42

Protein
+ 2.4
+- 2.0
? 0.9
k 0.4

Total binding
(fmol/fraction)
ZIZ1679
10,133
3374 + 649
2067 k 57
136 k 28

Purified nuclei were prepared from NG IO8- I5 cells as described in Materials and Methods and centrifuged through 2.1
M sucrosefor 30 min at 25,000 x g. The pellet from this spin was treated with 0.42 M NaCl for 30 min at 4°C and then
dialyzed (Dignam et al., 1983). The subcellular fractions were washed in 50 mM Tris buffer, pH 7.4, and then assayed
for opioid binding with ‘H-diprenorphine. N = 3.
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5. Timedependence
of ‘H-DSLET specificbindingto purified
nuclearpreparationsfrom NC 108-15 cells.Associationplots (right)
wereobtainedwith 1nM ‘H-DSLET at 25°C.Nonspecificbindingwas
determinedin the presence
of 10PM etorphine.Therate of association
[k, ,(observed)]of the radioligandto purified nuclearpreparationwas
calculatedfrom the slopeof theline, whereIn &I(@,, - 0,) wasplotted
versus time(left). /3,,= theamountof ‘H-DSLET boundat equilibrium
(60min),and0,= theamountofradioligandboundat eachtimeinterval.
The dataarethe meanof threeexperiments? SEM.
Figure

erately intensecytoplasmic reactions but no trace of staining in
nuclei. When C, glioma cells were used,Ab2-AORxontaining
ascitesfluid again gave slightly positive cytoplasm and negative
nuclei (Fig. 70). Since C, cells do not normally expressopioid
receptors, this result provides an additional negative control
supporting opioid receptor specificity of Ab2-AOR for nuclear
sites. To demonstrate opioid binding specificity of the nuclear
sites bound by AB2-AOR, we preincubated cryostat sections
with 1 mMnaltrindole or 1 mM DSLET. The sameconcentration
of ligandswasalsoincluded in the Ab2-AOR-containing ascites
solution usedfor incubation. This control gave completely negative results for nuclear structures and almost complete inhibition of cytoplasmic staining, when the procedure wascarried
out at pH 5.0 and 7.4 (Fig. 7C9. Lower concentrations of naltrindole or DSLET (10-100 FM) were not inhibitory at either
pH 5.0 or pH 7.4. This is consistent with previous immunohistochemical studies with anti-id- 14, an anti-idiotypic antibody to the opioid receptor generatedfrom an anti-@-endorphin
antibody wherein millimolar concentrations of opioid were required to displacethe antibody (Hassanet al., 1989).
Opioid binding of subnuclearpreparations in the presenceof
Gpp(NH)p. Since the partial agonist diprenorphine binds to
chromatin with high affinity while the agonistsDADLE and
DPDPE display higher Kd values (Table 2), it is possiblethat
this subnuclearfraction contains G-protein-uncoupled opioid
receptors. One meansto estimate the extent of G-protein coupling is to conduct agonist binding in the presenceof GTP
analogsthat are inhibitory (Belcheva et al., 1991). As seenin
Figure 8, ‘H-DADLE binding to chromatin siteswasinsensitive
to Gpp(NH)p whereasthat to nuclear membraneswas even
more sensitivethan HMs and LMs (Belcheva et al., 1991). These
resultsare consistent with the notion that chromatin contains
a unique population of opioid binding sitesthat are uncoupled
from G-proteins. The fact tha&diprenorphine binding to chromatin retains its high affinity is in agreementwith previous data
that indicate an insensitivity ofthe binding ofthis partial agonist
to GTP analogs(Costa and Herz, 1989)and to pertussistoxinmediated uncoupling from G-protein (Hsia et al., 1984).
Sincenuclear membraneopioid sitesare candidatesfor newly
synthesizedreceptorsenrouteto the cell surface,it wasofinterest
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6. Dissociation
of)H-DSLET from nuclearopioidbindingsites
in thepresence
of an agonistor antagonist.Aliquotsof purifiedn&ear
preparations
fromNG108-15cellswereincubatedwith 1nM‘H-DSLET
for b0 min at 25”C,whereuponetorphine(1 FM)or naltrindole(10nM)
wasaddedandthedissociation
ofradioligandwasmonitoredat different
time intervals.Valuesareexpressed
aspercentage
boundof theamount
obtainedafter 60 min of association
(100%).Controlspecificbinding
rangedfrom 1570to 2340dpm/tube.*, Significantlydifferentfrom the
valuesobtainedat the sametimeintervalsin the presence
of etorphine,
p i 0.05.The dataare the meanof threeexperiments+ SEM.
Figure

to determine whether inhibition of protein synthesiswould affect their expression.Upon cycloheximide (1 &ml, 48 hr) treatment of NG 108-15cells, specificopioid binding measuredwith
)H-DSLET, 3H-DADLE, or )H-diprenorphine wascompletely
abolishedin nuclear membraneand chromatin fractions (data
not shown). Isolation of chromatin from cycloheximide-treated
cells proved to be more difficult than from control cells, suggestingthat this fraction had undergonestructural changes.Both
DADLE- and diprenorphine-specificbinding to P,, membranes
were reduced by 63% upon cycloheximide treatment.

Discussion
The presenceof authentic nuclear opioid sites in NG108-15
neurohybrid cells has been critically addressedusing two different approaches,subcellular fractionation, and immunohistochemistry. The criteria of marker enzyme analysis, electron
and fluorescencemicroscopy, competition binding assays,and
binding kinetics were also applied. The procedure for the isolation of nuclei and its subfractions yielded preparations that
had little or no appreciable contamination with plasmamembrane on the basisof their low-ouabain-sensitiveNa’/K’-ATPase activity (Table 1). In fact, the extent of contamination by
this enzyme (5% of the total activity detected)waslessthan the
relative amount of opioid binding found in purified nuclear
fractions (9-10%; Table 2). Moreover, a high specific activity
for glucose-6-phosphatase
wasfound in the nuclearmembranes.
This enzyme, which is generally considereda marker for ER, is
present in the nuclear envelope at 58% the level for LMs. The
data support the hypothesis that glucose-6-phosphatase
is an
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Figure 7. Immunohistochemical staining of NGlO&15 cells or C, glioma cells: cryostat sections of NG108-15 cells immunostained with Ab2AOR and anti-mouse-IgG peroxidase conjugate (A) or with the second antibody only (control staining) (B), at pH 7.4. Note the positive reaction
present in the cytoplasm and in certain areas of nuclei. In control staining, only background reaction is seen. Suppression of both cytoplasmic and
nuclear immunostaining was achieved by including 1 mM naltrindole in the preincubation and incubation steps of the procedure at pH 5 (C). D
shows backwound staining of C, rrlioma cells. lacking- oDioid
recenters, when subjected to complete immunohistochemical procedure at pH 7.4.
No counter&ining. Mag&icati&~
1000 x .

intrinsic enzyme for both the nuclear envelope and ER (Kasper,
1974). In addition, previous histochemical data demonstrated
the localization of glucose-6-phosphatase
activity on the periphery of the nucleus. Moreover, electron micrographs of purified nuclear preparations indicated the presence of primarily
intact nuclei with only traces of cytoplasmic structures such as
Golgi, cytoskeletal, and other non-nuclear elements (Fig. 1A).
Fluorescence microscopy of 4’,6’-diamidino-2-phenylindole
staining revealed a uniform distribution of DNA in the 2.1 M
sucrose pelleted nuclear preparation (Fig. 1B). Extraction of
loosely bound proteins from the 2.1 M sucrose nuclear pellet
with 0.42 M NaCl excludes the possibility for plasma membrane
contamination, since most binding sites were recovered in the
NaCl-insoluble material (Table 3). Binding characteristics of
these nuclear sites, for example, nanomolar and femtomolar
6-opioid affinity, stereospecificity, saturability, Gpp(NH)p sensitivity, kinetic parameters, time dependency, and reversibility,
are consistent with the presence of opioid receptors.
The results of immunostaining of NG108-15 cell cryostat
sections, taken together with the control experiments, indicate
that the nuclei of these cells contain sites that specifically bind
Ab2-AOR (Fig. 7). Since a nuclear localization of the opioid

receptors is relatively novel, the specificity of our immunohistochemical procedure was considered critically. Ab2-AOR possesses characteristics of k- and 6-opioid receptor ligands (Coscia
et al., 199 1). Here we report that it is possible to block specifically AB2-AOR nuclear immunostaining by the &opioid receptor ligands, naltrindole, and DSLET (Fig. 7C). Localization
of the opioid receptors in intact NG 108 cells using monoclonal
anti-idiotypic anti-opioid receptor antibody anti-id- 14 has been
reported previously by Hassan et al. (1989). Specific immunostaining of cell surface in NG 108- 15 cells was demonstrated.
Since cells were not cut or permeabilized, information on the
presence/absence of nuclear binding sites was not obtained. The
same authors demonstrated the cytoplasmic/cell membrane, but
not nuclear, localization of the opioid receptors using anti-id14 antibody for immunostaining of neurons in cryostat sections
of rat brain (Hassan et al., 1989).
What is the origin of nuclear opioid binding sites? Are they
newly synthesized and enroute to the cell surface, distinct binding sites present in the nucleus in the absence of ligand, or are
they plasma membrane receptors that translocate to the nucleus
as a complex with ligand? There is precedence from studies with
other receptors that favors these possibilities (Burwen and Jones,
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Figure 8. Concentration-dependent
Gpp(NH)p inhibition of ‘H-DADLE-specific binding to nuclear membranes and chromatin. Nuclear
membranes and chromatin were obtained from NGlOS-15 cells as described in Materials and Methods. Nonspecific opioid binding was determined in the presence of 10 PM etorphine. Specific binding was > 1780
dpm/tube. The data are the mean of three experiments i SEM.

1987, and referencescited therein) aswell ascriticism of these
interpretations (Evans and Bergeron, 1988). Recently, more definitive evidence on internalization hasappeared.Photoaffinitylabeledinsulin receptorson hepatocyte surfacesare transported
into the nucleus(Podlecki et al., 1987).Moreover, reconstitution
studies have been performed on cells incapable of expressing
the EGF receptor (Jiang and Schindler, 1990). When functional
EGF receptors are introduced into these cells at the plasma
membrane,they migrate to the nucleusand affect transnuclear
transport.
Is there a ligand dependency for opioid receptor internalization? Binding studieswith purified nuclear preparations, nuclearmembranes,and chromatin describedhereaswell asgrowth
factor data (Burwen and Jones, 1987;Marti et al., 1991)indicate
the presenceof nuclear binding sites without preincubation of
cells with ligand. However, we cannot rule out a role of exogenous growth factors in serum added to culture medium or
endogenousopioid peptides,which are known to be secretedby
NG108-15 cells (Braaset al., 1983).
The resultsreported here suggestthe existenceof at leasttwo
and possibly three populations of nuclear opioid sites. This is
bolstered by the following: (1) )H-DPDPE and 3H-diprenorphine binding parametersfit a two-site model better than a onesite binding isotherm, with Kd values in the range of 1.2-1.8
and 76-91 nM (Table 2, Fig. 3); (2) analysisof binding experiments in which naltrindole, diprenorphine, and DPDPE compete with ?H-DSLET showed at least biphasic displacement
curves; (3) Kd values differ for d-opioid agonists and partial
agonistdiprenorphine binding to nuclear membranesaswell as
chromatin; (4) associationand dissociation plots are biphasic;
and (5) opioid sitesin nuclearmembranesexhibit high Gpp(NH)p
sensitivity, while those in chromatin are insensitive.

Nuclear membrane opioid binding sites in NG108-15 cells
include a pool of G-protein-coupled receptors as shown by
Gpp(NH)p sensitivity studies(Fig. 8). Sincethey display a higher affinity for agoniststhan the partial agonist diprenorphine,
they may representnewly synthesizedsiteson the outer nuclear
membrane,which is contiguous with the cell rough ER. Studies
on nuclear envelope structure have led to the postulation that
the outer nuclear membranecould be a siteof membrane-bound
synthesisof glycoproteins (Franke et al., 1981; Puddington et
al., 1985) a classto which opioid receptorsmay belong(Gioannini et al., 1984; Liu-Chen and Phillips, 1987).Moreover, Puddington et al. (1985) have proposedthat in somecellswith large
nuclei and little rough ER, the nuclear membraneis the major
site for synthesisof membraneglycoproteins. As shown in this
study, cycloheximide, which blocks > 80% of new protein synthesis,eliminatesall nuclear opioid binding. In contrast, residual
plasma membrane opioid binding is retained under the same
conditions of cycloheximide treatment. Intracellular opioid receptorsthat are inhibited by GTP analogshave beenpostulated
to be newly synthesizedand en route to the cell surfacerather
than internalized (Belcheva et al., 1991). These data are consistent with the notion that nuclear membranescontain newly
synthesized, G-protein*oupled, opioid sites.
A secondpopulation of opioid binding sitesmay consist of
G-protein-uncoupled receptorsthat are localized in chromatin
of the nucleus. Diprenorphine has a higher affinity for chromatin-associatedthan nuclear membranesitesand asa partial
agonist would be capable of binding to G-protein-uncoupled
receptors. Agonists bind with lower affinity to chromatin sites,
and their binding is insensitive to Gpp(NH)p. As seen here
(Table 2), agonistKd values would be expected to increasewith
uncoupling, while that of a partial agonist shouldbe unaffected.
There is a growing body of evidence supporting the idea that
plasma membrane opioid receptors undergo internalization
without G-proteins and exist in an uncoupled form (Roth et al.,
1981; Law et al., 1985; Sweat and Klee, 1985; Coscia et al.,
1990; Belcheva et al., 1991). These receptorsmay be localized
in chromatin. By the same line of reasoning, cycloheximide
abolisheschromatin binding by blocking protein synthesis,possibly preventing internalization into the nucleus and causing
recycling of residual chromatin-associatedsitesto the cell surface to compensatefor the absenceof new synthesis.
Internalized nuclear receptors could be involved in translocation activation. It is possiblethat receptor-bound opioid or
the opioid alonecan act asa third messenger
to impart specificity
to nuclear events. The existence of such a mechanismcould
shed light on the question of neurotransmitter specificity recently intensified by the discovery of stimulus-transcription
coupling of the immediate-early genesc-fos and c-jun (Morgan
and Curran, 1989).At the presenttime, it is thought that second
messengerscommunicate with the nucleus via protein phosphorylation to alter geneexpressionand protein synthesis(Cantley et al., 1991). There is a report on translocation of activated
protein kinaseC from the plasmamembraneto the nucleusvia
a growth factor receptor complex. This translocation is followed
by modifications in the nuclear structure and chromatin organization (Fields et al., 1988). However, multiple receptor systems in the samecell appearto usecommon signaltransduction
systems.If this theory is correct, then an additional messenger
is needed to interact in the nucleus to furnish the necessary
specificity. Nuclear receptors may be candidatesfor this function.
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There are opioid functions that may require genetranscripFleisher B (1974) Isolation and characterization of Golgi apparatus
and membranes from rat liver. Methods Enzymol 3 I A: 180-l 9 I.
tion. Opioid tolerance and dependenceare delayed processes,
Franke WW, Scheer U, Krohne G, Jarasch ED (I 98 I) The nuclear
demonstrated after 12-24 hr of opioid action. The fact that
envelope and the architecture of the nuclear periphery. J Cell Biol
inhibitors of RNA and protein synthesisdiminished the devel9 1:39s-50s.
opment of tolerance and dependenceto morphine and other
Giles KW, Myers A (I 965) An improved diphenylamine method for
opioids without affecting their analgesiceffectssupportsthe nothe estimation of deoxyribonucleic acid. Nature 206:93.
tion of a mechanism leading to a change in gene expression Gioannini TL, Howard AD, Hiller JM, Simon EJ (1984) Affinity
chromatography of solubilized opioid binding sites using CH-Se(Laduron, 1987). Taken together, the abundant data brought
pharose modified with a new naltrexone derivative. Biochem Biophys
forth in recent studiesafford a compelling argument for nuclear
Res Commun 119:624-629.
binding sites for not only hormones and growth factors but
Glasel JA, Venn RF, Barnard EA (1980) Distribution of stereospecific
opiate receptor binding activity between subcellular fractions from
neurotransmitters such as opioids as well.
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