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SUMMARY

The effect of cerebroside sulfate, phosphatidylserine, and other phospholipids on epiate
receptor function in neuroblastoma N18TG2 cells was studied by incorporation of lipids
into the membrane bilayer of viable cells. A concentration- and time-dependent incor-
poration of sulfatide by N18TG2 cells was observed. The incorporated lipid was not
metabolized during the incubation period of up to 48 hr at 37°. Optimal conditions for
lipid incorporation were determined to be 4 days after the cell seeding and in 1% fetal calf
serum. The incorporated lipid was established to be associated with the plasma membrane
fraction of the crude cell homogenate. Furthermore, increases in Viax but not K, values
of the adenylate cyclase for Mg®*, ATP, and prostaglandin E, were observed in neuro-
blastoma N18TG2 cells exposed to cerebroside sulfate for 4-6 hr. The incorporation of
cerebroside sulfate or phosphatidylserine by N18T'G2 cells did not increase the number
of opiate binding sites in this cell line as determined by [*H]naloxone, [*H]etorphine, or
*H-labeled D-Ala’-Met®-enkephalinamide binding. Although there was an increase in the
affinity of [*H]naloxone binding, linear correlation between the amount of cerebroside
sulfate incorporated and the quantity of binding increase was not observed. However,
augmentation of both the potencies and the efficacies (maximal inhibitory level) of
morphine and enkephalin to regulate adenylate cyclase activity was observed after
sulfatide incorporation. At the maximal concentration of cerebroside sulfate used (67 um)
the opiate receptor activity in N18TG2 cells approached that of NG108-15 cells. Identical
treatment of N18T'G2 cells with cerebroside or psychosine sulfate did not produce any
potentiation of the opiate inhibition of adenylate cyclase. Of all of the phospholipids
tested—phosphatidylserine, phosphatidylinositol, and phosphatidylcholine—only phos-
phatidylcholine produced a potentiation of the opiate effect. Both synthetic dipalmitoyl

phosphatidylcholine or brain phosphatidylcholine could elicit the potentiation.

INTRODUCTION

In the preceding paper (1), the presence of opiate
activity in neuroblastoma N18TG2 cells was demon-
strated. Contrary to earlier reports by Klee and Niren-
berg (2) and Blosser et al. (3), we have demonstrated the
existence of a high-affinity, steroespecific opiate receptor
in plasma membrane of N18TG2 cells (4). Furthermore,
both basal and PGE,*-stimulated increases in adenylate
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cyclase activity were observed to be inhibited by Met®-
enkephalin in the whole cells and membrane prepara-
tions of N18TG2 cells. A linear correlation between the
potencies of various opiate agonists to inhibit adenylate
cyclase activity in N18TG2 and NG108-15 cells existed,
and the opiate inhibition in these two cell lines responded
similarly to the guanine nucleotide GTP and monovalent
cations, in particular, sodium ions.

However, there was one major difference between the
opiate inhibition of adenylate cyclase activity in N18TG2
cells and that in NG108-15 cells. Namely, all of the opiate
agonists tested have a significantly lower efficacy level
(the maximal percentage of the basal and PGE,-stimu-
lated adenylate cyclase activity being inhibited) in the
N18TG2 cells than in the NG108-15 cells. Such a differ-
ence in efficacy levels could be due to differences in (a)
receptor affinity and/or density; (b) density of the N-
component, the GTP-binding regulator component of
adenylate cyclase; and/or (c) the coupling mechanisms
between receptor and adenylate cyclase molecules. It is
unequivocal that the densities of opiate receptors are not
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identical in cell lines N18TG2 and NG108-15 (1, 4).
Whether the density of the N-components in these two
cell lines is the same requires future investigation. The
data obtained from receptor inactivation (5) suggested
that factors other than receptor density could regulate
the opiate receptor activity in these neuroblastoma cell
lines.

There are numerous factors which can modulate re-
ceptor coupling with adenylate cyclase. The membrane
lipids have been demonstrated to affect the ligand-recep-
tor interaction of many receptors, e.g., the nicotinic re-
ceptor (6, 7), the tetradotoxin binding sites (8), beta-
adrenergic receptor (9), and human growth hormone
binding sites (10). Furthermore, membrane lipids also
affect the coupling of the ligand-receptor complex with
the adenylate cyclase molecule. Glucagon receptor-me-
diated (11-13) or beta-adrenergic receptor-mediated
(14-18) stimulation of adenylate cyclase activity in var-
ious target cellular membranes was affected by the mem-
brane lipid alterations. Thus, by either altering the re-
ceptor-agonist interaction or coupling the receptor with
the adenylate cyclase, membrane lipid could modulate
the receptor activity.

Although in their studies the acute opiate effect was
not altered, Wilkening and Nirenberg (19) reported that
the chronic effect of opiate in neuroblastoma X glioma
NG108-15 hybrid cells was affected by unsaturated fatty
acids. With the ultrasensitivity of opiate receptor binding
toward phospholipase A (20) and phospholipase C (21),
and evidence for the possible involvement of PS (21-23)
or CS (24-26) in opiate receptor-ligand interaction, mem-
brane lipids, especmlly the acidic lipids, might play a
pivatal role in opiate regulation of adenylate cyclase
activity in NG108-15 and N18TG2 cell lines. Thus, in the
present communication, the lipid effect on opiate activity
was studied. Lipids were incorporated into the cellular
membrane of N18TG2 cells, and the subsequent effect
on opiate receptor binding and opiate inhibition of ade-
nylate cyclase activity was investigated.

METHODS

Cell lines. The initial stock cultures of mouse neuro-
blastoma N18TG2, rat glioma C6BU1, and neuroblas-
toma X glioma NG108-15 hybrid cells were generous gifts
from Dr. B. Hamprecht (Physiologischchemisches Insti-
tut des Universitit, Wurzburg, Federal Republic of Ger-
many). The growth preparation of the cell lines for
experimentation was as described previously (4). The
viability of the cell lines was monitored by the nigrosin
dye exclusion method (27).

Measurement of adenylate cyclase activity. Adenylate
cyclase activity in membrane preparations was deter-
mined by measuring the productlon of cyclic AMP from
[a-*P]ATP, as described in the preceding paper (1). The
intracellular cyclic AMP level in viable cells was moni-
tored by a modified protein binding assay as reported by
Tovey et al. (28). The method of incubation with intact
cells was analogous to that reported earlier (4). Briefly
stated, 4 days before the experiments, neuroblastoma
N18TG2 celis (10°) were inoculated onto 60 X 15 mm
pretreated sterile tissue culture plates containing 5 ml of
growth medium. The day before the experiments, the
medium was removed and 5 ml of DMEM plus 0.1 mm 6-
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thioguanine and 1% FCS were added. At the start of
incubations, the growth medium was removed and the
cells were washed twice with 5 ml of incubation medium
(1). Subsequently, 5 ml of incubation medium were
added, followed by the addition of the phosphodiesterase
inhibitors IBMX (0.5 mM) and ZK62711 (0.1 mm). After
incubation at 37° and 10% CO; for 30 min, reactions were
initiated by the addition of 50 ul of PGE, (1 mM in 25%
ethanol), 100 ul of opiates (in saline), or diluents. Incu-
bations were carried out for 10 min at 37° and 10% CO..
Afterward, the medium was removed and 2 ml of 8%
TCA with *H-labeled cyclic AMP (2000 cpm) were added.
The TCA was then removed by ether extraction, and the
intracellular cyclic AMP level was determined after par-
tial purification of the cyclic nucleotide in the lyophilized
extract with Dowex-1 column chromatography; the sub-
sequent protein binding assay was carried out as de-
scribed by Tovey et al. (28).

Opiate receptor binding assay. Opiate receptor bind-
ing assays were carried out with the pellets obtained by
centrifugation at 22,000 X g for 20 min or with washed
intact cells as described previously (4). The membranes
or cells were incubated at 24° for 1 hr with the radioactive
ligands, and incubations were terminated by collecting
the membranes or cells on Whatman GFB glass-fiber
filters. Excess nonspecifically bound radioactivity was
removed by washing the filters 3 times with 5 ml of 25
mM 4(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(pH 7.7). Speclﬁc binding was determined by measuring
the difference in the amount of radioactivity bound to
membrane in the absence and in the presence of 5 um
levorphanol.

Lipid incorporation. Neuroblastoma N18TG2 cells
were treated with various acidic and neutral lipids under
growth conditions for various periods of time. Lipids were
added to N18TG2 growth medium containing 1% fetal
calf serum as SLV. SLV were prepared by first drying a
chloroform-methanol (2:1) lipid solution at the bottom of
a 30-ml Corex tube with a stream of N.. The lipids were
then resuspended in saline in a final concentration of 1-2
mg/ml. The SLV were then prepared by sonicating 4 ml
of lipid suspension with a Heath sonicator W220-F fitted
with a standard tip at the maximal output of the probe
for 10 min at 4°. After sonication, the lipid suspension
was translucent, and minute amounts of lipid vesicles
settled after 24 hr at 0°. The SLV were used immediately
after preparation.

Other biochemical methods. The lipid composition of
the membrane and the amount of lipid incorporated into
membrane were determined by extracting polar lipids
according to the method of Bligh and Dyer (29). Individ-
ual lipids were resolved from one another by thin-layer
chromatography on silica gel G plates developed in soi-
vent mixtures as described by Rouser (30). Concentra-
tions of phospholipids were determined by hydrolyzing
the organic phosphate with 70% perchloric acid at 160°
for 2 hr, and the phosphate content was measured by the
method of Ames (31). Sulfatide concentrations were de-
termined by the azure A partitioning method of Kean
(32). Protein concentrations were measured by first sol-
ubilizing the membrane protein in a solution of 1 ~
NaOH-1% sodium dodecyl sulfate-water (1:1:1) at 60° for
15 min; protein was then determined by the method of
Lowry et al. (33).
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Materials. *H-Labeled cyclic AMP (40 Ci/mmole),
[*H]naloxone (19 Ci/mmole), and *H-labeled p-Ala*
Met’-enkephalinamide (46 Ci/mmole) were purchased
from New England Nuclear Corporation (Boston, Mass.).
[*H]Etorphine (42 Ci/mmole) and [a-**P]JATP (10-40 Ci/
mmole) were supplied by Amersham/Searle (Arlington
Heights, I1L.). [*H]CS (3 Ci/mmole) was prepared by Dr.
C. T. Peng (School of Pharmacy, University of California,
San Francisco) at Lawrence Laboratory (Berkeley, Calif.)
and was purified by thin-layer chromatography. All non-
radioactive reagents were supplied by Sigma Chemical
Company (St. Louis, Mo.). Precoated silica gel G plates
were obtained from EM Laboratory, Inc. (Elmsford,
N.Y.). All purified or synthetic lipids were obtained from
Supelco, Inc. (Bellefonte Park, Pa.). Partially purified
binding protein components of the protein kinase from
beef muscles were generous gifts from Dr. C. Gramsch
(Max Planck Institit fir Psychiatrie, Miinchen, Federal
Republic of Germany). ZK62711 was a generous gift from
Schering (Berlin, Federal Republic of Germany).

RESULTS

Incorporation of lipid by neuroblastoma N18TG2. As
shown in Fig. 1, there was a sulfatide concentration-
dependent increase in the amount of lipid retained by
the cells after 2 hr of exposure to sonicated vesicles. Over
10% of sulfatide added to N18TG2 cells in the 60-mm
plates was incorporated by the cells under the experi-
mental conditions. With the highest concentration of CS
added, 400 ug/5 ml of medium in the 60-mm plates, the
amount of lipid retained by neuroblastoma N18TG2 cells
did not reach saturation. The incorporation of the sulfa-
tide was time-dependent (Fig. 2). After subtracting the
amount of CS adsorbed by the cells at zero time, a 6-fold
increase in CS incorporated by N18TG2 cells after 25 hr

20 —

Mg CS / mg protein

10 20 30 40 50 60 70 80 90
CS added (ug/ml)

F16. 1. CS concentration-dependent sulfatide incorporation by
neuroblastoma N18TG2 cells

N18TG2 cells were cultured in 60-mm Petri dishes in DMEM + 0.1
mM 6-thioguanine + 10% FCS as described previously (4). On day 4 of
culturing, the medium was changed to DMEM + 0.1 mM 6-thioguanine
+ 1% FCS. ["H]}Sulfatide, specific radioactivity 1.4 X 10° cpm/mg of
lipid (tritium counting efficiency 30%), was added to the growth me-
dium. After exposing the cells to sulfatide for 2 hr, the medium was
removed and the cells were killed by the addition of 2 ml of 10% T'CA.
Excess sulfatide was removed by twice washing cells adhering to the
surface of the Petri dishes with 5 ml of 10% TCA. The cells were then
redissolved in 2 ml of 1 N NaOH by heating at 60° for 16 min. Aliquots
were then removed for protein determination and measurement of
radioactivity. The values represent the average from three separate
plates.
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F1G6. 2. Time course of sulfatide incorporation

The growth of neuroblastoma N18TG2 cells and the treatment with
[PHICS were as described in the legend to Fig. 1. In order to ensure the
same number of cells at the termination of the experiment, CS was
added to neuroblastoma cells at various periods of time. All time points
were terminated simultaneously. The cells were killed with 10% TCA,
and excess sulfatide removed by TCA washes as described in Fig. 1.
The values represent the average from three separate plates subtracted
from the amount of CS adsorbed by the cells at zero time.

was observed as compared with that after 30 min. The

increase in CS incorporated exceeded the generation time

%f N18TG2, which was determined to be 24 hr in 10%
CS.

The amount of CS incorporated was reported to be
dependent on the age of the culture (34); the amount of
lipid incorporated was inversely proportional to the num-
ber of cells in culture plates. It was observed also that
the amount of sulfatide being incorporated by N18TG2
cells was dependent on the FCS concentrations in the
medium. When the concentration of FCS in the medium
was increased from 1% to 10%, there was an exponential
decrease in the amount of CS incorporated.

The integrity of the CS incorporated was not altered
by neuroblastoma cells during incubation at 37°. After
N18TG2 cells were exposed to 40 um CS for 6 hr, mem-
brane lipids were extracted and the mixtures were sepa-
rated by thin-layer chromatography. As shown in Fig. 3a,
the CS incorporated by N18TG2 cells under these con-
ditions had mobility similar to that of standard lipid on
silica gel G plates as visualized by the iodine vapor
technique. Both the standard and extracted sulfatide
produced doublets, which represented the hydroxy and
the nonhydroxy form of the sulfatide. When the radio-
activity of 0.5-cm fractions of the chromatograms was
determined, it was observed that the thin-layer chro-
matographic pattern of the sulfatide incorporated by
N18TG2 cells was similar to that of standard CS (Fig.
3b). The R values of incorporated CS were analogous to
standard sulfatide in all of the solvent mixtures used.
Comparable observations were obtained with the CS
incorporated by the N18TG2 cells after 48 hr.

When the crude homogenate of N18TG2 cells was
fractionated, the incorporated CS was located at the
plasma membrane of the cell. Seventy per cent of the
radioactive CS incorporated by N18TG2 cells after 6 hr
was associated with the P fraction (22,000 X g for 20
min), the subcellular fraction which contained the high-
est activity of opiate receptor binding (4), and all of the
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Fi16. 3. Thin-layer chromatograms of CS incorporated by N18TG2
cells

Neuroblastoma N18TG2 cells were treated for 6 hr with 40 um
[PHICS in 60-mm plates containing growth medium + 1% FCS. After-
ward, polar lipids were extracted as described under Methods.

a. The lipid extract was resolved by thin-layer chromatography in
silica gel G developed in a solvent mixture of chloroform/methanol/
ammonia (65:26:5). The lipids were visualized by exposing the devel-
oped plates in an iodine vapor chamber. Column A presents the
mobility of standard bovine brain CS. Columns B and C represent
N18TG2 extract and CS-treated N18T'G2 extract, respectively.

b. The chromatograms of standard [*H]CS and CS extracted from
N18TG2 cells were developed in solvent mixtures of chloroform/meth-
anol/water (65:25:4) and chloroform/acetone/methanol/acetic acid/
water (3:4:1:1:0.5). The chromatograms were divided into 0.5-cm frac-
tions and the radioactivity of each fraction was determined. Arrows
indicate the location of CS as visualized with iodine vapor.
adenylate cyclase activity. When the plasma membrane
of neuroblastoma N18TG2 cells was isolated according

to the method of Mathews et al. (35), the sulfatide
radioactivity was recovered in the sucrose gradient frac-
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tions containing opiate receptor binding activity and
adenylate cyclase activity (Table 1). Therefore, using
opiate receptor binding and adenylate cyclase activity as
markers for plasma membrane, it was demonstrated that
sulfatide was incorporated into the plasma membrane of
neuroblastoma N18TG2 cells.

Effect of sulfatide incorporation and adenylate cy-
clase activity. Since sulfatide has been demonstrated to
be incorporated into the plasma membrane of neuroblas-
toma N18TG2 cells, the consequence of lipid incorpora-
tion on adenylate cyclase activity was investigated. As
summarized in Fig. 4, after N18TG2 cells were treated
with 10 um CS for 8 hr, significant increases in both the
basal intracellular cyclic AMP level and PGE;-stimulated
level were observed. The basal and the PGE,-stimulated
adenylate cyclase activities were increased 4.3-fold and
2-fold from the control level, respectively. This increase
in adenylate cyclase activity was dependent on the CS
concentration. When 5 um CS was added to the medium,
basal and PGE,-stimulated adenylate cyclase activities
were increased 1.4-fold and 1.3-fold from the control
level, respectively.

The sulfatide-induced increase in adenylate cyclase
activity in neuroblastoma N18TG2 cells was not observed
when the SLV of CS were added to the enzyme assay
mixtures. Addition of various concentrations of CS vesi-
cles from 1 to 100 um to the adenylate cyclase assay
mixture prior to the initiation of the reaction did not
augment the basal adenylate cyclase activity or the en-
zymatic activity in the presence of PGE,-stimulated or
Gpp(NH)p.

From analysis of the kinetic parameters of adenylate
cyclase activity after sulfatide treatment, it was observed
that the increase in enzymatic activity after lipid treat-
ment was due to the increase in V., values and not in
K, values. Linear regression analysis of the Eadie-Hof-
stee plot of the PGE;-sensitive adenylate cyclase activi-
ties in control and sulfatide-treated membranes at var-
ious concentrations of ATP revealed an increase of Vi
values without any alteration of the slope (Fig. 5). The
Vinax and K, values of the enzyme after sulfatide treat-
ment with various substrates are summarized in Table 2.
Interestingly, the Gpp(NH)p-sensitive adenylate cyclase
activity was not affected significantly by the sulfatide
treatment.

Opiate receptor binding in neuroblastoma cells
treated with lipids. When neuroblastoma N18TG2 cells
were exposed to various concentrations of sulfatide for 6
hr, a sulfatide concentration-dependent increase in the
amount of [*H]naloxone specifically bound to the
N18TG2 cells was observed (Flg 6). However, the
amount of [*H]naloxone binding increase was measured
in femtomoles per milligram of protein whereas the
amount of CS being incorporated by the cells was mea-
sured in nanomoles per milligram of protein. Moreover,
the increase in [*H]naloxone binding reached a maximal
level, 50 fmoles/mg of protein, with respect to the amount
of CS incorporated. These data suggested that the incor-
porated CS produced an increase in the affinity of the
opiate receptor and not in the number of binding sites
for [*H]naloxone. Scatchard analysis (36) of the [*H]
naloxone binding data revealed an increase in K. values
with no apparent alteration in Bm. values after CS
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TABLE 1
Subcellular distribution of incorporated sulfatide in neuroblastoma N18TG2 cells
Neuroblastoma N18TG2 cells were treated with sulfatide (37 um) for 6 hr as described under Methods. The plasma membranes of treated cells

«were prepared by the Zn?* ion method of Mathews et al. (35). The opiate receptor binding activity and adenylate cyclase activity of individual

fractions were determined as described under Methods. The final concentration of *H-labeled p-Ala>-Met®-enkephalinamide in reaction was 1 nM.
The amount of sulfatide incorporated was monitored with [*H]sulfatide, specific radioactivity 2300 cpm/nmole. The values in parentheses

represent the percentage of total amount in crude homogenate.

Protein Sulfatide *H-labeled p- Adenylate cyclase
Ala’-Met’-en- activity
kephalinamide
specific binding
mg pmoles fmoles pmoles/min
Crude homogenate 66.0 (100) 0.185 (100) 2945.6 (100) 57.9 + 0.35 (100)
First sucrose gradient (8000 X g, 10 min)
20-35% 4.6 (7.0) 0.013 (7.1) 206.0 (7.0) 4.62 + 0.32 (8.0)
356-40% 44 (6.7) 0.011 (5.9) 2274 (1.7) 1.89 £ 0.57 (3.3)
40-65% 35.3 (63.5) 0.085 (45.9) 2636.9 (89.5) 39.9 + 0.64 (69.0)
Pellet 5.1(7.7) 0.010 (5.6) 334.0 (11.0) 2.64 (4.6)
Second sucrose gradient (90,000 X g, 60 min)
50-65% 15.5 (44.0) 0.037 (43.8) 605.4 (23.0) 16.4 + 0.35 (41.1)
Pellet 11.7 (33.2) 0.026 (30.1) 203.6 (7.7) 4.59 £ 0.15 (11.5)

treatment (Fig. 7). The K. values of the control and
CS-treated cells were 11.6 and 5.7 nM, respectively. The
B values for the control and CS-treated cells were
determined to be 185 fmoles/mg of protein and 206
fmoles/mg of protein, respectively.

The effect of CS incorporation on the agonist high-
affinity binding was studied with [*H]etorphine and *H-
labeled D-Ala’-Met®-enkephalinamide. As shown in Fig.
8, Scatchard analysis of [*H]etorphine binding to the
control and CS-treated cell membrane preparations re-
vealed similar Ky and B, values. There was no appar-
ent increase in [*H]etorphine binding sites in the N18TG2
cells treated with varying concentrations of sulfatide.
The increase in the incubation temperature to 37°, which
was above the phase transition temperature of the mem-
brane, did not alter the [*H]etorphine binding to the
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F1G. 4. Increase in neuroblastoma N18TG2 adenylate cyclase ac-
tivity by CS incorporation

N18TG2 cells, on day 4 of culturing, were treated with 10 um CS for
4 hr in 60-mm plates. The medium was then removed and the intracel-
lular cyclic AMP level in the presence or absence of 10 u PGE, was
measured as described under Methods. Open bars and hatched bars
represent intracellular cyclic AMP levels after 10-min incubations in
the control and CS-treated cells, respectively. The values represent
averaged cyclic AMP determinations from three individual plates.

-Asterisks signify p values < 0.01.

membrane after CS treatment. Sulfatide treatment did
not alter *H-labeled p-Ala’>-Met®-enkephalinamide bind-
ing also. Therefore, the etorphine and enkephalin binding
sites in the neuroblastoma N18TG2 cells were not af-
fected by the incorporation of CS.

When the PS content in neuroblastoma cells was in-
creased by treating the cells with varying concentrations
of PS in a procedure identical with that for CS treatment,
there was no apparent increase in *H-labeled p-Ala’-
Met®-enkephalinamide or [*H]etorphine specific binding.
Scatchard analysis of the binding data with the [?H]

-enkephalin analogue revealed similar Kgis and B, val-

ues for the control and PS-treated (40 um for 6 hr)
membranes. Therefore, PS, similar to the action of CS,
did not alter the *H-labeled agonist binding.

®
1

Vo/So,( pmole/mg/min x mM ) x (02
H
I

| 1 1 1 1 | 1 J
80 90

Vo, (pmole /mg/min)

F1c. 5. Eadie-Hofstee plot of PGE),-sensitive adenylate cyclase ac-
tivity in control (O—O) and CS-treated (A—4) N18TG2 membrane

preparations

N18TG2 cells were treated with 20 um CS for 6 hr. Adenylate cyclase
activity in the presence of various concentrations of ATP was measured.
The final concentration of PGE, was 25 um.
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TaBLE 2
Effect of sulfatide incorporation on the kinetic parameters of

neuroblastoma N18TG2 PGE,-sensitive adenylate cyclase activity

Adenylate cyclase activity in membrane preparations of N18TG2
cells treated with 20 um sulfatide for 6 hr was compared with that of
control membranes. When the kinetic parameters of Mg** were deter-
mined, the assays contained 0.1 mM ATP and 26 M PGE,. In the case
of ATP, the assays contained 5 mM Mg** and 25 um PGE,. For PGE,
and Gpp(NH)p, the concentrations of ATP and Mg** in the assays
were 0.1 mM and 6 mM, respectively. The values in parentheses repre-
sent percentage increase in the enzyme activity in sulfatide-treated
membranes. * denotes p < 0.025 using the unpaired ¢-test. N = 3 in all
experiments.

K. \ =
Control  + Sulfatide  Control + Sulfatide
nM pmoles/mg/min
Mg* 350 + 20 400 + 10 243+01 291+ 0.3°* (19.7%)
ATP 95 + 0.3 93+05 667+11 812+ 1.3°*(21.7%)
+PGE, 0.14 0.11 462105 557+ 0.9° (20.6)
+Gpp(NH)p 4311 6005 209109 198+05

Effect of sulfatide incorporation on opiate inhibition
of adenylate cyclase activity. In the reported membrane
effect on receptor-mediated regulation of adenylate cy-
clase activity, either the membrane lipids could specifi-
cally restore the receptor activity after the phospholipase
treatment (11, 12) or alteration of the membrane mi-
croenvironment could influence coupling efficiency (14,
15) or the nature (13) of coupling between receptor and
adenylate cyelase. In our studies with opiate inhibition
of adenylate cyclase activity in neuroblastoma X glioma
NG108-15 hybrid cells, opiate activity was attenuated by
phospholipase C hydrolysis of polar head groups (36a).
Therefore, it is likely that alteration of membrane lipid
composition in the neuroblastoma N18TG2 membrane
could modify opiate inhibition of adenylate cyclase activ-
ity in this cell line.
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F16. 6. Correlation between amount of CS incorporated and in-
crease in [*H]naloxone binding

Neuroblastoma N18TG2 cells cultured in 60-mm plates were treated
with various concentrations of CS as described in Fig. 1. After exposure
to CS for 6 hr, [’Hlnaloxone (10 nM) binding to whole cells was then
carried out as described in ref. 4. The specific binding of [*H]naloxone
to control cells was determined to be 110 fmoles/mg of protein. The
amount of CS incorporated was determined using [’H]CS as described
in Fig. 1 in a parallel set of plates.
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F1G6. 7. Scatchard analysis of [*H]naloxone specific binding to
neuroblastoma N18TG2 control cells (O—O) and cells treated with 56
uM CS for 6 hr (0—21)

[*HInaloxone binding to whole cells was measured as described in
ref. 4.

As reported previously (2, 4), morphine sulfate did not
inhibit either the basal or the PGE;-stimulated adenylate
cyclase activity in N18TG2 cells. Maximally, a 10% inhi-
bition of the control level of intracellular cyclic: AMP was
observed at 20 uM morphine (Fig..9). However, when
neuroblastoma N18TG2 cells were exposed to 10 um CS
for 4 hr, a morphine concentration-dependent inhibition
of the basal level (Fig. 9a) and a PGE,-stimulated in-
crease (Fig. 9b) in the intracellular cyclic AMP level of
sulfatide-treated cells were observed. The maximal opi-
ate inhibitory level (efficacy) was increased from 10% to
greater than 70% also.

As summarized in Table 3, ICs values of morphine
sulfate to inhibit the PGE,-stimulated increase in intra-
cellular cyclic AMP levels decreased with respect to the
concentration of CS present during the 4-hr pretreatment
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Fi1G. 8. Scatchard analysis of [*H]etorphine binding to neuroblas-
toma N18TG2 cells

[*H]Etorphine specific binding to membrane preparations of control
N18TG2 cells (O—O) or cells treated with 80 um CS fér 6 hr in T-76-
cm?’ flasks (A—A) was carried out as described in text. Kam values of
0.3 nM and 2.4 nM and Bi... values of 32 fmoles/mg of protein and 110
fmoles/mg of protein were obtained from regression analysis of the
plot.
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F1G. 9. CS potentiation of morphine inhibition of intracellular
cyclic AMP production in neuroblastoma N18TG2 cells

NI18TG2 cells were cultured for 4 days in 60-mm plates as described
in text. On the day prior to experiments, the growth medium was
completely changed into DMEM + 6-thioguanine + 1% FCS. On the
morning of the experiments, cells were then treated with 10 um CS-
sonicated vesicles for 4 hr. Measurements of (a) basal and (b) 10 umM
PGE,-stimulated increase in the intracellular cyclic AMP level were
carried out as described under Methods. Incubation time was 10 min.
The inhibition of cyclic AMP production by various concentrations of
morphine sulfate (1-500 uM) was determined. The symbols A- - - A
and O—O, respectively, represent the adenylate cyclase activity in CS-
treated and control cells in the presence of various concentrations of
morphine. The values represent the averaged cyclic AMP determina-
tions from three individual plates.

with lipid. At the highest concentration of CS used, 67
M, the ICs value of morphine to inhibit the adenylate
cyclase activity in N18TG2 cells was found to be similar
to that in the neuroblastoma X glioma NG108-15 cells,
which was determined to be 500 nm (37).

The sulfatide potentiation of the opiate effect was not
limited to the opiate alkaloid, morphine. Pretreatment of
N18TG2 cells with varying concentrations of CS pro-
duced an analogous potentiation effect on enkephalin

TABLE 3
Sulfatide potentiation of morphine inhibition of the PGE,-
stimulated increase in the intracellular cyclic AMP level of NISTG2
cells

Culturing of neuroblastoma N18TG2 cells in 60-mm Petri dishes and
preparation of cells for experimentation were as described under
Methods. CS was added to the growth medium + 1% FCS as sonicated
lipid vesicles form as described under Methods. The N18TG2 cells were
then exposed to lipid for 6 hr and the morphine effect on the PGE,-
stimulated increase in the intracellular cyclic AMP level was measured.
Morphine concentrations of 0.1 uM-500 uM were used in these experi-
ments. The ICs values were obtained by linear regression analysis of
the log-logit plots of the inhibition data. Three individual 60-mm Petri
dishes were used for each morphine concentration. NS indicates that a
statistically insignificant inhibition was observed.

CS concentration ICs Maximal inhibition
M M %
0 —_ NS
10 25.1 51.2
20 76 68.5
45 0.74 75.5
67 0.58 89.7

TABLE 4
Sulfatide potentiation of Met*-enkephalin inhibition of PGE -
stimulated increase in intracellular cyclic AMP concentration levels
of N18TG2 cells
The culturing and treatment of the neuroblastoma N18TG2 cells
with CS were as described in the legend to Table 3. The concentrations
of Met®-enkephalin used in the present studies were 0.1 nM-1 pM.

CS concentration ICs Maximal inhibition
nM nM %
0 973 58.5
5 14.1 55.6
20 4.5 64.8
30 1.2 87.2

activity (Table 4). Similar to the sulfatide potentiation
of morphine effect, both potency and efficacy of enkeph-
alin were increased by various concentrations of sulfatide.
At the highest concentration of CS used, 30 uM, the ICs
value of enkephalin in N18TG2 cells was similar to that
of the NG108-15 cells, which was reported to be 3 nM
(37).

Parallel potention of opiate alkaloid activity in mem-
brane preparation of the sulfatide-treated N18TG2 cells
was observed. As shown in Fig. 10, in membrane prepa-
ration of the control cells, levorphanol possessed no
measurable inhibitory activity on PGE;-stimulated ade-
nylate cyclase activity. However, when neuroblastoma
N18TG2 cells were treated with 75 um CS for 6 hr, a
levorphanol concentration-dependent inhibition of the
enzymatic activity was observed (Fig. 10). Although the
magnitude of the levorphanol inhibition was minute (less
than 15%) because there was no measurable levorphanol
inhibition in the control membrane, the increase in effi-
cacy level after CS treatment was significant (p =< 0.05).
The apparent IC;, value of levorphanol to inhibit PGE,-

Control
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% Control (+PGE,)
8
T
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0° 108 1 10° 10° 104
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F1G. 10. Potentiation of levorphanol inhibition of adenylate cy-
clase activity in neuroblastoma N18TG2 cells by CS incorporation

N18TG2 cells were treated with 75 uM CS for 6 hr. Membrane
fractions were then prepared as described under Methods. The adenyl-
ate cyclase activity of membrane preparations at various concentrations
of levorphanol was determined. Tris salts of all reagents were used in
the present assays. The symbols O—O and @—@ represent the per-
centage of adenylate cyclase activity in the control and CS-treated
membranes, respectively, being inhibited by various concentrations of
levorphanol. The specific activities of adenylate cyclase in the presence
of 26 uM PGE, were determined to be 56.9 + 0.8 and 67.9 + 0.4 pmoles/
mg per minute for the control and CS-treated membranes, respectively
(N =3).
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stimulated increase in adenylate cyclase activity in the
absence of sodium salts was determined to be 400 nm.
This amount of levorphanol needed to produce 50%
inhibition of adenylate cyclase activity in the CS-treated
N18TG2 membrane compared favorably with that in the
NG108-15 membrane preparations, which was deter-
mined to be 320 nM in the absence of sodium salts [figure
7 in the preceding paper (1)].

Potentiation of enkephalin activity in the membrane
preparations was observed with the CS-treated cells also.
However, in order to obtain a greater difference in control
and lipid-treated groups, N18TG2 cells were treated with
CS for a longer duration. Met®-enkephalin inhibition of
adenylate cyclase activity in the pellets obtained by
centrifugation at 22,000 X g for 20 min was potentiated
by treating the N18TG2 cells with 75 um CS for 48 hr.
The amount of Met’-enkephalin required to elicit 50% of
maximal inhibitory level in sulfatide-treated membranes
decreased from a control value of 21.3 nM to 2.1 nM. The
maximal enkephalin inhibitory level was increased to
40% from the 156% inhibitory level in control membranes
also. Both potency and efficacy of enkephalin in CS-
treated N18TG2 membranes compared favorably with
those of the NG108-156 membranes.

The opiate activity in the CS-treated NG18TG2 cells
was reversed by naloxone. As shown in Fig. 11, pretreat-
ment of the N18TG2 cells with 20 um CS for 6 hr
produced a morphine-dependent inhibition of both basal
and PGE,-stimulated increase in intracellular cyclic
AMP levels. Twenty-five micromolar morphine sulfate
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Naloxone (10 uM) - + - +

F1G. 11. Naloxone reversal of morphine inhibition of adenylate
cyclase activity in N18TG2 cells

Neuroblastoma N18TG2 cells, cultured in 60-mm plates for 4 days,
were treated with 20 um CS for 4 hr. The basal and 10 uM PGE,-
stimulated increase in the intracellular cyclic AMP level was measured
in the presence or absence of 25 uM morphine or 10 uM naloxone, or
both, as described under Methods. The values represent averaged cyclic
AMP determinations from three separate plates.
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inhibited basal and PGE,-stimulated increases in ade-
nylate cyclase activity by 45% and 32%, respectively. This
morphine inhibition in the CS-treated cells was com-
pletely reversed by 10 uM naloxone (Fig. 11). Naloxone
also antagonized the Met’-enkephalin inhibition. The
ICso value of the Met®-enkephalin inhibition of PGE,-
stimulated increase in the intracellular cyclic AMP levels
in the CS-treated N18TG2 cells was increased from 4.5
nM (Table 4) to 1.4 uM by 10 uM naloxone. The slopes of
the log-logit plots of enkephalin inhibition in the presence
or absence of naloxone were identical.

The increase in opiate activity in sulfatide-treated
N18TG2 cells was not observed with neuroblastoma N18
cells or glioma C6BU-1 cells which did not possess any
opiate binding activity (4). CS incorporation into N18 or
C6BU1 did not produce any measurable opiate inhibition
of the intracellular cyclic AMP level in these two cell
lines.

Lipid specificity. Requirement of the complete CS
molecule in the potentiation of opiate activity was dem-
onstrated. As shown in Fig. 12, when neuroblastoma
N18TG2 cells were pretreated with equal molar concen-
trations of CS, psychosine, or cerebroside SLV for 6 hr,
potentiation of opiate inhibition was observed only with
the CS-treated cells. In these experiments, the ICs of
morphine in CS-treated cells was determined to be 20
uM, which was comparable to that obtained in the exper-
iments summarized in Table 3.
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F16. 12. Effect of cerebroside and psychosine on morphine inhibi-
tion in neuroblastoma N18TG2 cells

Neuroblastoma N18T'G2 cells, cultured in 60-mm plates for 4 days,
were treated with equal molar concentrations (10 uM) of psychosine,
CS, or cerebroside for 4 hr. The intracellular cyclic AMP level in the
presence of 10 u PGE, at various concentrations of morphine were
determined after the treatment. The symbol @ represents the intracel-
lular cyclic AMP level in the absence of morphine. The values represent
averaged cyclic AMP determinations from three individual plates.
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TABLE 5
Incorporation of various phospholipids and their effect on morphine
inhibition of adenylate cyclase activity in neuroblastoma N18TG2
cells

Neuroblastoma N18TG2 cells, cultured in 60-mm plates, were ex-
posed to various lipids for 6 hr on day 4 of culturing as described under
methods. Incubations with PGE, and morphine were as described in
the text. The intracellular cyclic AMP level was measured by the
protein kinase method. Values in parentheses represent the percentage
of adenylate cyclase activity being inhibited by morphine. The averages
represent cyclic AMP determinations from three individual plates.

Lipids Intracellular cyclic AMP level
Control + 20 uM Morphine
pmole/mg protein

None 1447 + 21 1398 + 23
+CS (10 um) 2204 + 193 998 + 84 (54.7%)
+PC (14 um) 1738 + 39 1872 + 88

(56 um) 1844 + 124 1189 + 80 (35.5%)
+PI (10 um) 943 + 32 1200 + 123
+PS (10 um) 1528 + 1563 1986 + 112

(20 M) 1905 + 140 1878 (1.4%)

With all of the phospholipids tested, only PC demon-
strated a potentiation of opiate inhibition of the PGE;-
stimulated increase in intracellular cyclic AMP levels
(Table 5). At the higher concentration of PC (56 umM) the
ICs of morphine was determined to be 4.7 um. The ICso
value of morphine in N18TG2 cells treated with compa-
rable concentrations of CS was observed to be 0.7 um
(Table 3). There was no apparent dependence on the
fatty acid composition of PC in the lipid potentiation of
morphine effect. Both the synthetic dipalmitoyl PC and
the PC extracted from bovine brain potentiated the
morphine effect to a similar extent (data not shown). °H-
labeled D-Ala’-Met®-enkephalinamide binding at 24° or
37° was not altered by the PC incorporation into N18TG2
membranes.

DISCUSSION

In the current studies, by exposing viable neuroblas-
toma N18TG2 cells to various polar lipid sonicated vesi-
cles, a large quantity of lipids was incorporated into the
cellular membrane of N18TG2 cells. ["H]Sulfatide was
incorporated in a concentration- and time-dependent
manner. There was no apparent metabolism of the in-
corporated sulfatide by N18TG2 cells during the incu-
bation period (Fig. 3). It was concluded that CS was
incorporated by N18TG2 cells from observations that (a)
the time-dependent increase in CS incorporation was
greater than the rate of cell division, (b) the incorporated
lipid increased membrane-bound adenylate cyclase activ-
ity, and (c) this augmentation of adenylate cyclase activ-
ity was not observed with the addition of CS-sonicated
vesicles to adenylate cyclase reaction mixtures. There-
fore, it was unlikely that sulfatide was adsorbed by the
plasma membrane of N18TG2 cells via charge-charge or
hydrophobic interaction.

Analogous to observations that phospholipids could
enhance adenylate cyclase activity (11-13), incorporated
CS did alter the membrane-bound enzyme activity; the
Vmax and not the K. of adenylate cyclase activity was
altered. However, opiate binding capacity in the CS-
treated membrane remained similar to that of control.

This was in contrast to the studies carried out in organic
solvent-aqueous partitioning systems (22, 24, 25). In
those studies, opiate alkaloids possessed high affinity for
the acidic lipids CS and PS. The opiate ligand’s affinity
for acidic lipids in conjunction with observations on the
sensitivity of receptor binding toward specific lipid deg-
radative enzymes (20, 21, 26) suggested the possible
involvement of acidic lipids in the recognition of opiate
ligands. The possible involvement of membrane lipids
was further substantiated by the recent successful [
diazosulfanilic acid labeling of membrane polar lipids
which were stereospecifically protected by opiate ligands
from the nonradioactive diazosulfanilic acid (38). Possi-
bly, polar lipid could be the putative lipid component of
the protein-lipid model of the opiate receptor, as postu-
lated by Lee and Smith (39). But in the current experi-
ments, with a large quantity of CS or PS being incorpo-
rated by neuroblastoma N18TG2 cells, a concomitant
increase in the number of binding sites was not observed.
At best, only ["H]naloxone binding affinity (Ksse = 10
nM) was increased by the incorporated lipids (Figs. 6 and
7). In contrast to the report by Abood and Takeda (23)
in which brain synaptic membrane was used, incorpora-
tion of the acidic lipid PS did not produce any significant
increase in opiate agonist binding as determined by *H-
labeled p-Ala’-enkephalinamide and [*H]etorphine bind-
ing. The incorporation of polar lipids CS, PS, and PC did
not produce any alteration of the number of opiate
binding sites in the membrane of N18T'G2 cells. There-
fore, the results of current experiments clearly indicated
that polar lipids per se could not be the recognition sites
of the opiate ligands. This conclusion was further sub-
stantiated by experiments in which lipids incorporated
by glioma C6BU1, the other parent cell line of neuro-
blastoma X glioma NG108-15 which contained no mea-
surable opiate binding activity, did not produce any
opiate binding activity (data not shown).

Although the incorporated CS did not increase the
number of opiate receptor binding sites, sulfatide poten-
tiated opiate inhibition of adenylate cyclase activity.
Since CS potentiation was observed in the opiate inhi-
bition of both basal and PGE,-stimulated adenylate cy-
clase activity (Fig. 9), the lipid effect could not be due to
the inhibition of PGE, receptor adenylate cyclase cou-
pling. In the present studies, as in the previous reports
(2, 4), morphine possessed little to no measurable inhi-
bition of adenylate cyclase activity in neuroblastoma
N18TG2 cells. The absence of morphine effect was not
due to the inability of opiate receptors to couple to
adenylate cyclase. Other opiate alkaloids and opioid pep-
tides exhibited significant inhibitory activity in N18TG2
cells [see preceding paper (1)]. The current studies dem-
onstrated that the inability of morphine to elicit signifi-
cant inhibition of adenylate cyclase activity could not be
due to the absence of insufficient opiate binding sites.
The ability of prior treatment of sulfatide or PC to
potentiate the opiate effect suggested that, by lipid treat-
ment, the opiate receptor in the N18TG2 cells could be
converted to a form which could better regulate adenyl-
ate cyclase activity.

The exact mechanism by which sulfatide and PC po-
tentiated opiate receptor activity is unknown. It is pos-
sible that the addition of polar lipids, hence altering the
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ratio of cholesterol to phospholipid, could change the
fluidity of the membrane. There is no question that
membrane fluidity could influence receptor activity. It
has been reported with beta-adrenergic receptor in tur-
key erythrocytes that the increase in membrane fluidity
resulted in the potentiation of beta-adrenergic receptor-
mediated activation of adenylate cyclase (14-17). These
observations supported the mobile receptor hypothesis.
Although it can be demonstrated that opiate receptor in
neuroblastoma NG108-15 and neuroblastoma N4TG1
cells can cluster (40), and hence its mobility in membrane
bilayer is suggested, experimental data in support of
membrane fluidity alteration of operate receptor activity
have not been obtained. Wilkening and Nirenberg (19)
reported the dependence of chronic opiate effect on un-
saturated fatty acids. But in the same sets of experiments,
the acute opiate effect, inhibition of adenylate cyclase
activity, was not affected by the added unsaturated fatty
acids. Sulfhydryl reagents, which inhibited clustering, did
not inhibit opiate regulation of adenylate cyclase activity
in N4TG1 (40). Hence, the lateral movement of the
opiate receptor in the membrane bilayer might not be
the rate-limiting factor in opiate inhibition of adenylate
cyclase activity. On the contrary, the increase in mem-
brane fluidity using standard techniques—fatty acid in-
sertion or raising the incubation temperature to that
which is above the phase transition temperature of the
membrane—attenuated opiate inhibition of adenylate
cyclase activity in NG108-15 cells.* Thus, most likely, the
mechanism of CS or PC potentiation of the opiate effect
in N18TG2 cells was not due to the increase of membrane
fluidity.

There are data which suggest involvement of polar
head groups of phospholipids in receptor action. The
glucagon and beta-adrenergic receptor stimulation of ad-
enylate cyclase activity was regulated by polar head
groups in addition to membrane fluidity (14, 16, 17).
Because of the ability of CS and not cerebroside to
potentiate the opiate effect, analogous polar head group
regulation of opiate inhibition of adenylate cyclase activ-
ity could be occurring in neuroblastoma cell lines. By
removing polar head groups of phospholipids in NG108-
15 cells with phospholipase C (Clostridium welchii),
opmte inhibition of adenylate cyclase activity was atten-
uated.* Similar treatment with phospholipase A;, which
hydrolyzed the g-fatty acids, did not produce a decrease
of opiate activity. These data clearly suggested the im-
portance of the lipid’s polar head groups in the microen-
vironment of the opiate receptor for its function.

Then, what are the possible mechanisms in which CS
and PC polar head groups could influence opiate receptor
activity? There are distinct differences in physical prop-
erties of the lipids sulfatide and PC. Potentiation of the
opiate effect by these two lipids could not be due to the
insertion of either lipid into membrane and subsequently
producing an identical microenvironment for the recep-
tor. Conceivably, these two lipids could mediate their
potentiating effect via another membrane component.
Two such possible components are the membrane-bound
transmethylases I and II, i.e., the enzymes which meth-
ylated the PE with S-adenosylmethionine and converted

“P. Y. Law and H. H. Loh, unpublished obeervations.
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the PE molecules in the inner bilayer to PC, which is in
the outer bilayer. The transmethylases have been impli-
cated in beta-adrenergic receptor action (18). Whether
the transmethylases are the focal points of lipid action
requires further experimentation.

REFERENCES

1. Law, P. Y., J. E. Koehler, and H. H. Loh. Comparison of opiate inhibition of
adenylate cyclase activity in neuroblastoma N18TG2 and neuroblastoma X
glioma NG108-15 hybrid cell lines. Mol. Pharmacol. 31:483-491 (1982).

2. Klee, W. A., and M. Nirenberg. A neuroblastoma X glioma hybrid cell line

with morphine receptors. Proc. Natl. Acad. Sci. U. S. A. 71:3474-3477 (1974).

Blosser, J., J. Abbott, and W. Shain. Sympathetic ganglion cell X neuroblas-

tomlhybmhwlthoputeroecptom Biochem. Pharmacol. 25:2395-2399

(1976).

Law, P. Y., A. Herz, and H. H. Loh. Demonstration and characterization of
mnoqoaﬁcophwmpmmthemmbhnoleﬂ‘GZuﬂs.J

Neumchem 338:1177-1187 (1979).

5. Fantozzi, R., D. Mullikin-Kilpatrick, and A. J. Blume. Irreversible inactivation

of the opiate receptors in neuroblastoma X glioma hybrid NG108-15 by

chlornaltrexamine. Mol. Pharmacol. 20:8-15 (1981).

Chang, H. W., and E. Bock. Structural stabilization of isolated acetylcholine

receptor: specific interaction with phospholipids. Biochemistry 18:172-179

(1979).

7. Heidmann, T., A. Sobel, and J. P. Changeux. Conservation of the kinetics
and allosteric properties of the acetylcholine receptor in its Na cholate soluble
98 form: effect of lipids. Biochem. Biophys. Res. Commun. 98:127-133 (1980).

8. Agnew, W. S, and M. A. Raftery. Solubilized tetrodotoxin binding component
fmmtho“‘—,.-hxof-—- h electricus: stability as a function of

]

!“

L

mixed lipid-detergent micelle eomponent. Biochemistry 18:1912-1919 (1979).

9. Bakardjieva, A., H. J. Galla, and E. J. M. Helmreich. Modulation of the -
receptor adenylate cyclase interaction in cultured Chang liver cells by phos-
pholipid enrichment. Biochemistry 18:3016-3023 (1979).

10. Bhattacharya, A., and B. K. Vonderhaar. Phospholipid methylation stimu-
lates lactogenic binding in mouse mammary gland membranes. Proc. Natl.
Acad. Sci. U. S. A. 76:4489-4492 (1979).

11. Rubalcava, B., and M. Rodbell. The role of acidic phospholipids in glucagon
action on rat liver adenylate cyclase. J. Biol. Chem. 248:3831-3837 (1973).

12. Houslay, M. D., T. R. Hesketh, G. A. Smith, G. B. Warren, and J. C. Metcalfe.
The lipid environment of glucagon receptor regulates adenylate cyclase
activity. Biochim. Biophys. Acta 436:495-504 (1976).

13. Dipple, I., and M. D. Houslay. The activity of glucagon-stimulated adenylate
cyclase from rat liver plasma membrane is modulated by the fluidity of its
lipid environment. Biochem. J. 174:179-190 (1978).

14. Orly, J., and M. Schramm. Fatty acids as modulators of membrane functions:
catecholamine activated adenylate cyclase of the turkey erythrocyte. Proc.
Natl. Acad. Sci. U. S. A. 72:3433-3437 (1975).

15. Hanski, E., G. Rimon, and A. Levitzki. Adenylate cyclase activation by the
B-adrenergic receptors as a diffusion control process. Biochemistry
18:846-853 (1979).

16. Engelhard, V. H., J. D. Esko, D. R. Strom, and M. Glaser. Modification of
adenylate cyclase activity in LM cells by manipulation of membrane phos-
pholipid composition in vivo. Proc. Natl. Acad. Sci. U. S. A. 74:4482-4486
(1976).

17. Engelhard, V. Y., M. Glaser, and D. R. Strom. Effect of membrane phospho-
lipid compositional change on adenylate cyclase in LM cells. Biochemistry
17:3191-3200 (1978).

18. Hirata, F., W. J. Strittmatter, and J. Axelrod. 8-Adrenergic receptor agonists
increase phospholipid methylation, membrane fluidity, and B-adrenergic re-
ceptor-adenylate cyclase coupling. Proc. Natl. Acad. Sci. U. S. A. 76:368-372
(1979).

19. Wilkening, D., and M. Nirenberg. Lipid requirement for long-lived morphine-
dependent activations of adenylate cyclase of neuroblastoma X glioma hybrid
cells. J. Neurochem. 34:321-326 (1980).

20. Lin, H. K., and E. J. Simon. P! A inhibition of opiate receptor
binding can be reversed by albumin. Nature (Lond.) 371:383-384 (1978).

21. Abood, L. G., N. Salem, M. MacNiel, and M. Butler. Phospholipid changes in
synaptic membranes by lipolytic enzymes and subsequent restoration of
opiate binding with phosphatidylserine. Biochim. Biophys. Acta 530:35-46
(1978).

22. Abood, L. G., and W. Hoes. Stereospecific morphine adsorption to phospha-
tidylserine and other membranous components of brain. Eur. J. Pharmacol.
33:66-75 (1975).

23. Abood, L. G., and F. Takeda. Enhancement of stereospecific opiate binding
to neural membrane by phosphatidylserine. Eur. J. Pharmacol. 39:71-77
(1976).

24. Loh, H. H,, T. M. Cho, Y. C. Wy, and E. L. Way. Stereospecific binding of
narcotics to brain cerebrosides. Life Sci. 14:2231-2245 (1974).

25. Cho, T. M., J. S. Cho, and H. H. Loh. *H-Cerebroside sulfate redistribution
induced by cations, opiate or phosphatidylserine. Life Sci. 19:117-124 (1976).

26. Law, P. Y., G. Fischer, H. H. Loh, and A. Herz. Inhibition of specific opiate
binding to synaptic membrane by cerebroside sulfatase. Biochem. Pharma-
col. 38:2557-2662 (1979).

2102 ‘9 JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio sjeuinofadse wieydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

502 LAW ET AL.

27.

31

8

Kaltenbach, J. P, M. H. Kaltenbach, and W. B. Lyons. Nigrosin as a dye for
differentiating live and dead ascites cells. Exp. Cell. Res. 15:112-117 (1958).

. Tovey, K. C, K. G. Oldham, and J. A. M. Whelan. A simple direct assay for

cyclic AMP in plasma and other biological samples using an improved
competitive protein binding technique. Clin. Chim. Acta 56:221-234 (1974).
Bligh, E. C., and W. J. Dyer. A rapid method of total lipid extraction and
purification. Can. J. Biochem. Physiol. 37:911-917 (1959).

Rouser, G. Quantitative lipid column and thin-layer chromatography of lipids
and other water insoluble substances, elution selectivity principles, and a
graphic method for pattern analysis of chromatographic data. J. Chromatogr.
Seci. 11:60-76 (1973).

Ames, G. F. Lipids of Salmonella typhimurium and Escherichia Coli: struc-
ture and metabolism. J. Bacteriol. 95:833-843 (1968).

. Kean, E. L. Rapid sensitive spectrophotometric method for quantitative

determination of sulfatides. J. Lipid Res. 9:319-327 (1968).

. Lowry, O. H,, N. J. Rosebrough, A. L. Farr, and R. J. Randall. Protein

measurement with Folin phenol reagent. J. Biol. Chem. 198:265-275 (1951).

. Law, P. Y., T. D. Nicksic, and H. H. Loh. Enkephalin inhibition of adenylate

cyclase activity in neuroblastoma N18TG2 cells: effect of sulfatide incorpo-
ration. Adv. Biochem. Psychopharmacol. 23:291-304 (1980).

. Mathews, R. A, T. C. Johnson, and J. E. Hudson. Synthesis and turnover of

plasma-membrane proteins and glycoproteins in a neuroblastoma cell line.
Biochem. J. 184:67-64 (1976).

36.

Scatchard, G. The attraction of proteins for small molecules and ions. Ann.
N. Y. Acad. Sci. 81:660-672 (1949).

36a. Law, P. Y., M. T. Griffin, J. E. Koehler, and H. H. Loh. Attenuation of

37.

enkephalin activity in neuroblastoma X glioma NG108-15 hybrid cells by
phospholipase A, and phospholipase C. J. Neurochem., in prees (1982).
Wahlstrom, A., M. Brandt, L. Mordder, E. Wiinsch, G. Lindeberg, U. Rag-
narsson, L. Terenius, and B. Hamprecht. Peptides related to S-lipotropin
with opioid activity: effects on level of adenosine 3'-5'-cyclic monophosphate
in neuroblastoma X glioma hybrid cells. F. E. B. S. Lett. 77:28-32 (1977).

. Law, P. Y, T. J. Ostwald, E. L. Way, and H. H. Loh. Interaction of

diazosulfanilic acid and the opiate receptor: inhibition of specific binding to
synaptic membranes and labeling of a membrane lipid stereospecifically
protected by opioids. Mol. Pharmacol. 19:355-366 (1981).

. Lee, N. M., and A. P. Smith. A protein-lipid model of the opiate receptor.

Life Sci. 26:1459-1464 (1980).

. Hazum, E., K. J. Chang, and P. Cuatrecasas. Cluster formation of opiate

(enkephalin) ptors in neuroblastoma cells: differences between agonists
and antagonists and poesible relationships to biological functions. Proc. Natl.
Acad. Sci. U. S. A. 77:3038-3041 (1980).

Send reprint requests to: Dr. P. Y. Law, Department of Pharmacol-
ogy, University of California, San Francisco, San Francisco, Calif. 94143.

2102 ‘9 JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woiy papeojumoq


http://molpharm.aspetjournals.org/



