Biochemical Pharmacology, Vol. 34, No. 1, pp. 9-17, 1985.
Printed in Great Britain.

EFFECTS OF CYCLOHEXIMIDE AND TUNICAMYCIN ON
OPIATE RECEPTOR ACTIVITIES IN NEUROBLASTOMA X
GLIOMA NG108-15 HYBRID CELLS

PING-YEE LAw,* HAROLD G. UNGAR,T DENNIS S. HOM and HORACE H. LOH

Department of Pharmacology and Langley Porter Psychiatric Institute, University of California, San
Francisco, San Francisco, CA 94143, U.S.A.

(Received 16 May 1983; accepted 28 February 1984)

Abstract—The molecular mechanism of opiate receptor down-regulation and desensitization was inves-
tigated by studying the effects of cycloheximide and tunicamycin on opiate receptor activities in
neuroblastoma X glioma NG108-15 hybrid cells. Cycloheximide inhibited [*S]methionine and [*H]-
glucosamine incorporation by hybrid cells, while tunicamycin inhibited [*H]glucosamine incorporation
only. Exposing hybrid cells to these two agents did not alter the viability of the cell. Treatment of
NG108-15 cells with cycloheximide or tunicamycin produced a decrease in [*H]diprenorphine binding
dependent on both time and concentrations of inhibitors, with no measurable modification in the ability
of etorphine to regulate intracellular cyclic AMP production. Cycloheximide attenuated [*H]-
diprenorphine binding by decreasing both the number of sites, B,,,,, and the affinity of the receptor,
K;. Tunicamycin treatment produced a decrease in B,,, with no apparent alteration in K, values.
Cycloheximide and tunicamycin did not potentiate the rate or magnitude of etorphine-induced down-
regulation or desensitization of opiate receptor in NG108-15 cells. Furthermore, there was an apparent
antagonism in cycloheximide action on receptor down-regulation. The reappearance of opiate binding
sites after agonist removal was affected by these two inhibitors. Cycloheximide and tunicamycin
eliminated the increase in [*H]diprenorphine binding in the chronic etorphine-treated cells after agonist
removal. These two inhibitors did not alter the resensitization of hybrid cells to etorphine. Thus, the
site of opiate agonist action to induce receptor down-regulation and desensitization is not at the site of
protein synthesis or protein glycosylation. These data substantiate previously reported observations that
receptor down-regulation and receptor desensitization are two different cellular adaptation processes.
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When neuroblastoma glioma NG108-15 hybrid cells
are chronically exposed to opiate agonists, at least
three separate cellular adaptation processes occur
[1]. There is first a loss of the ability of opiate
agonists to regulate adenylate cyclase, or receptor
desensitization, with a concomitant increase in
adenylate cyclase activity. These two processes pre-
cede the disappearance of opiate binding sites, or
receptor down-regulation. In earlier studies, Sharma
et al. [2] suggested that the loss of opiate activity
after chronic agonist treatment is due to an increase
in adenylate cyclase activity. However, our recent
findings indicate that all three of these cellular pro-
cesses are separated from each other, as sub-
stantiated by dose-, time- and opiate ligand-depen-
dent studies [1].

Chronic opiate treatment of NG108-15 hybrid cells
does not alter the activities of other receptors in this
clonal cell line [1]. Muscarinic, a;-adrenergic and
prostaglandin E; (PGE;)} receptor activities
remained after complete opiate receptor desen-
sitization and down-regulation. Thus, regulation of
opiate receptor turnover may be important in the
specific adaptation of the hybrid cell to chronic opiate
treatment. To determine whether this is so, we
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decided to test the effects of two agents that affect
turnover: cycloheximide, a general inhibitor of pro-
tein synthesis, and tunicamycin, an inhibitor of pro-
tein glycosylation. Both agents have been used in
studies of the regulation of other receptors. Cyclo-
heximide potentiates down-regulation induced by
muscarinic agonists in NG108-15 cells [3], a receptor
system that, like opiate, inhibits adenylate cyclase
activity. Tunicamycin potentiates insulin-induced
down-regulation of insulin receptors in 3T3-L1
adipocytes [4] and acetylcholine binding in embry-
onic chicken muscle cells [5]. Since evidence has
indicated that opiate receptors are glycoproteins
{6, 7], tunicamycin might modulate the acute and
chronic effects of opiate agonists. Therefore, in this
paper, the effects of these two inhibitors on receptor
binding, opiate inhibition of adenylate cyclase, opi-
ate receptor desensitization, and opiate receptor
down-regulation are reported.

MATERIALS AND METHODS

Cell culturing. Initial stock cultures of neuro-
blastoma X glioma NG108-15 hybrid cells were gifts
of Dr. B. Hamprecht (Physiologischemishes Institut
des Universitat, Wurzburg, FRG). Hybrid cells were
cultured in Dulbecco’s modified Eagle medium con-
taining HAT (0.1 mM hypoxanthine, 10 uM amino-
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pterin and 17 yM thymidine) plus 10% fetal calf
serum in a humidified atmosphere of 10% CO; and
90% air. The c:lls were detached from the growing
surface by the addition of Saline D (NaCl, 137 mM;
KCl, SmM; Na,PO,-7H,0, 0.17mM; KH,PO,,
0.22 mM; glucose, 6 mM; sucrose, 59 mM; pH 7.0)
for propagation or experimentation. Cells in con-
fluency with passage number between 20 and 30 were
used in all experimentation.

Opiate receptor binding. Opiate receptor binding
to intact cells in suspension using [*H]diprenorphine
was carried out as described [8]. Briefly, incubation
with [°H]diprenorphine in the presence or absence
of 5 uM diprenorphine was carried out at 37° for
20 min with 10° cells/1.0 ml of Krebs—Ringer-Hepes
buffer (KRHB) [NaCl, 110 mM; KCl, 5 mM; MgCl,,
1mM; CaCl,, 1.8 mM; glucose, 25 mM; sucrose,
55mM; and  4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (Hepes), 10mM; at pH7.4].
Afterwards, incubations were terminated by col-
lecting hybrid cells on Whatman glass fiber GF/B
filters which were washed with KRHB at 4° with
3 x 5 ml. Radioactivity retained by filters was deter-
mined by liquid scintillation counting in Liquiscint
(National Diagnostics, Somerville, NI). Specific
binding was defined as the difference in radioactivity
of triplicate samples in the absence and the presence
of non-radioactive diprenorphine. Scatchard analysis
of binding data was carried out for saturation equi-
librium binding of [*H]diprenorphine from 0.2 to
10nM. K,; and B,,, values were obtained from a
non-linear hyperbolic curve fitting program run on a
Hewlett-Packard HP9825 computer. The effects of
cycloheximide, tunicamycin or chronic opiate treat-
ment on opiate receptor binding were determined
by measuring the amount of [*H]diprenorphine, 4~
5 nM, specifically bound to hybrid cells after treat-
ment. In all drug treatments, excess drug was washed
away prior to binding assays. Etorphine in chronic
treatment was removed by a washing procedure as
described [1]. To equalize the number of specific
sites exposed to etorphine, the same concentration
of etorphine as in chronic treatment was added to
control cells for 5 min prior to harvesting.

Measurement of opiate inhibition of intracellular
c¢AMP production. The ability of opiates to inhibit
PGE;-stimulated increase in intracellular [P"H]cAMP
levels was determined by labeling intracellular ATP
pools with [*H]jadenine as outline by Schultz and
Daly [9] and as described by Law et al. [8] for
hybrid cells. Opiate inhibition was carried out in cell
suspensions, 0.5 X 106 cells/0.5ml, and in KRHB,
unless otherwise specified. [*H]JcAMP formed was
separated from other radioactive nucleotides by
Dowex 50 and alumina column chromatography as
described by White and Karr {10].

Incorporation of [*Slmethionine and [*Hlglu-
cosamine by NG108-15 cells. Effects of cyclo-
heximide and tunicamycin on protein synthesis and
protein glycosylation were determined by monitoring
[*S]methionine ([**S]Met) or [*H]glucosamine
([*H]Glu);incorporation by hybrid; cells in the pres-
ence of these inhibitors. For these experiments,
hybrid cells were cultured in 17 mm plates for 4 days.
The cells were treated with various concentrations
of either cycloheximide or tunicamycin for 5 or 18 hr.

Cells in four separate plates were used for the con-
centration of each inhibitor. Then growth medium
was removed, and excess fetal calf serum was washed
away with DMEM. To each individual plate, ident-
ical concentrations of cycloheximide or tunicamycin
used in chronic treatment together with 1 uCi/ml of
[*3S]Met or [*H]Glu in DMEM supplemented with
HAT were added. Incubation with radioisotopes was
then carried out for 1 hr at 37°. Afterwards, medium
was removed, and 0.5 ml of 10% trichloroacetic acid
(TCA) was added. Excess radioactivity was removed
by washing cells which remained attached to the
surface of plates with 3 x 1 ml of 10% TCA. The
precipitated cells were then dissolved in 1 ml of 1%
sodium dodecyl sulfate (SDS)-1N NaOH-water
(1:1:1). Aliquots were removed for radioactivity
determination by liquid scintillation counting and for
pro]tein determination by the method of Lowry et al.
[11].

Materials. [*H]Diprenorphine (9 Ci/mmole) and
[**S]methionine (1250 Ci/mmole) were purchased
from Amersham (Arlington Heights, IL). New Eng-
land Nuclear (Boston, MA} and ICN (Irvine, CA)
supplied the [*H]adenine (16 Ci/mmole) and [*H}-
glucosamine (20 Ci/mmole) respectively. Tunicamy-
cin was from Calbiochem-Behring (San Diego, CA).
Cycloheximide and other reagents were obtained
from Sigma (St. Louis, MQO). ZK62711 was a gift
from Schering (Berlin, FRG).

RESULTS

Effects of cycloheximide and tunicamycin on pro-
tein synthesis and protein glycosylation. Protein syn-
thesis and protein glycosylation in NG108-15 hybrid
cells were determined by monitoring [**S]Met and
[*H]Glu incorporation into TCA insoluble pools
respectively. Pretreating hybrid cells with different
concentrations of cycloheximide for 5 or 18hr
reduced the amount of [3’S]Met incorporated in the
TCA insoluble pools (Fig. 1a). The magnitude of
decrease after 5 or 18 hr of cycloheximide treatment
was identical. Cycloheximide treatment also reduced
the amount of [°H]Glu incorporated by hybrid cells
(Fig. 1a). However, the cycloheximide effect of
[*H]Glu incorporation was considerably less in cells
treated with cycloheximide for Shr than in cells
treated for 18 hr (Fig. 1a).

The decreases in both protein synthesis and pro-
tein glycosylation after cycloheximide treatment
were not due to cytotoxicity of the inhibitor. As
summarized in Table 1, when viability of NG108-15
cells was determined by the nigrosin dye exclusion
method [12], exposing hybrid cells to 1 ug/ml of
cycloheximide for 18 hr or 30 ug/ml cycloheximide
for 6 hr did not reduce viability of cells as compared
to control. Although there was a significant decrease
in total amount of protein in the cycloheximide-
treated plates, the number of cells in those plates
remained similar to those in control plates (Table 1).
There was a greater percent reduction in the total
protein content in cells treated with cycloheximide
for 18 hr when compared to those treated with the
protein synthesis inhibitor for 6 hr.

When hybrid cells were treated with various con-



Cycloheximide and tunicamycin on opiate receptor function 11

100p
8o (a)
60 —
e
§ 40|
s e S
2 20+
< O o
B i
g ot ’
g 0 500 1000
S [Cycloheximide] , ng/ml
£ 120+
P
5 e
£ _
2
o
& (b)
\% _________ o
\\
20t
okl

| | | 1 1
0 100 200 300 400 500
[ Tunicamycin] , ng/ml

Fig. 1. Effect of (a) cycloheximide and (b) tunicamycin on
[®Slmethionine and [*H]glucosamine incorporation.
NG108-15 cells in 17mm plates were treated with
various concentrations of cycloheximide or tunicamycin for
5 (——=) or 18 (~) hr. Then 1 pCi/ml of [*S]methionine
or [’Hjglucosamine was added*and cells were incubated for
1 hr. Afterwards, the amount of radioactivity incorporated
into TCA insoluble pools was determined as described in
Methods. Key: (@) and (O) represent the relative amount
of [¥*S]methionine incorporated after 5 and 18 hr of treat-
ment respectively; (A) and (A) represent [*H]glucosamine
incorporated after 5 and 18 hr of treatment respectively.
Amounts of [*S]methionine and [*H]glucosamine incor-
porated in control cells were 1.92 + 0.07 x 10* cpm/mg pro-
tein and 1.37 x 10° cpm/mg protein respectively.

centrations of tunicamycin for 5 or 18 hr, decreases
in [*H]glycosamine incorporated by the cells were
observed (Fig. 1b). Similar to the cycloheximide
effect, treating NG108-15 cells with tunicamycin for
18 hr produced a larger decrease in [PH]Glu incor-
poration than treating cells for Shr. On the other
hand, tunicamycin concentrations used in these
experiments did not attenuate [¥*S]Met incor-
poration (Fig. 1b). Again, these tunicamycin effects
were not due to cytotoxicity. As summarized in
Table 1, at the highest concentration of tunicamycin
used, 5.0 ;zg/ml, this inhibitor did not alter the
viability of hybrid cells.

Attenuation of opiate receptor binding by cyclo-
heximide and tunicamycin. Treatment of NG108-
15 cells with either cycloheximide or tunicamycin
resulted in a decrease in [*H]diprenorphine binding,
which was dependent on the concentrations of the
inhibitors. For cycloheximide, a concentration of
30 ug/ml produced maximal inhibition of opiate
receptor binding after 6 hr of treatment. The onset
of the cycloheximide effect was not immediate, for
there was a 2-hr lag period in the effect of the
inhibitor (Fig. 2a). Since, in [*S$]Met incorporation
studies, isotope incorporation was inhibited by cyclo-
heximide immediately, the lag time was not due to
inability of cycloheximide to inhibit protein synthesis
during the first 2 hr.

When saturation binding of [*H]diprenorphine was
carried out with hybrid cells treated with 30 ug/ml
cycloheximide for 5 hr, computer analysis of Scat-
chard plots revealed reduction in both the affinity
and By, value of [°H]diprenorphine binding in
treated cells as compared to that in control cells
(Fig. 3a). ["H]|Diprenorphine binding to control cells
from the separate passage numbers was determined
to have a K, value of 2.77 £ 0.22nM and a Bpay
value of 0.468 = 0.044 nM (or 659.2 = 62 fmoles/mg
protein). After cycloheximide treatment, the Ky
value of [’H]diprenorphine increased to
4.97 + 0.41nM and the B,,, value decreased to
0.364 £0.015nM  (or  689.4 = 28.4 fmoles/mg
protein). Note that when the B, values are
expressed in relation to the amount of protein pre-
sent in the assay, cycloheximide treatment did not,

Table 1. Effects of tunicamycin and cycloheximide on viability and growth of
neuroblastoma X glioma NG108-15 hybrid cells*

No. % Total
of cells Viability protein (mg)

Control 2.23 £ 0.34 x 10¢ 92.7 = 0.6 343 £ 0.11
+ Tunicamycin

0.5 pg/ml, 18 hr 1.82 = 0.14 x 108 91.7 + 3.0 3.13 £ 0.07

5.0 ug/ml, 18 hr 2.35 = 0.09 x 10¢ 944 + 3.4 3.57 £ 0.01
+ Cycloheximide

1 pg/ml, 18 hr 2.32 * 0.14 x 10° 89.6 + 0.8 2.31 = 0.07+

30 ug/ml, 6 hr 2.15 = 0.08 x 10 94.1 + 0.1 3.00 = 0.07%

* NG108-15 hybrid cells, 1 x 10°, were seeded in 35 mm culture plates and
were cultured for 3 additional days as described in Methods. On day 3, hybrid
cells were treated with the respective drug for the time period as stated. After-
wards, cells were detached from the surface with Saline D, and viability was
determined by the nigrosin dye exclusion method. Values represent the average
determinations from three separate culture plates.

+ P < 0.005 when compared to control.

i P < 0.05 when compared to control.
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Fig. 2. Time-dependent decrease in [*H]diprenorphine
binding in the presence of cycloheximide. NG108-15 cells
from three separate passage numbers, cultured in 100 mm
plates, were treated with 30 ug/ml cycloheximide (-O-O-),
10 nM etorphine (-@-@-) or etorphine and cycloheximide
(-®-®-) for various periods of time. Afterwards, cells
were washed free of drugs and 5nM [*H]diprenorphine
binding to intact cells was determined as described in
Methods. Panel (b) represents the degree of etorphine-
induced decrease in [*H]diprenorphine binding in the pres-
ence and absence of 30 yg/ml cycloheximide.

alter the number of opiate binding sites in hybrid
cells. However, it did reduce the number of binding
sites per cell, for the amount of protein per cell was
decreased significantly (Table 1). Thus, by equalizing
the number of control or antibiotic-treated cells used
in a binding assay; it can be observed that cyclo-
heximide reduced the number of binding sites per
cell.

Reduction in [*H]diprenorphine binding was
observed also after tunicamycin treatment. As shown
in Fig.4a, addition of 0.5 ug/ml or 5 ug/ml tunic-
amycin to the medium produced a time-dependent
decrease in [*H]diprenorphine specifically bound to
hybrid cells. Analogous to cycloheximide studies,
the tunicamycin effect exhibited a lag period of 1 hr.
At the higher concentration of tunicamycin used,
5 ug/ml, the antibiotic effect could be due to inhi-
bition of protein synthesis. However, at 0.5 ug/ml,
the effects were caused by inhibition of protein gly-
cosylation since this concentration of tunicamycin
did not alter FSS]Met incorporation (Fig. 1b). The
reduction in [°H]diprenorphine binding after tunic-
amycin treatment was due to a decrease in the num-
ber of binding sites (Fig. 3b). Computer analysis of
Scatchard plots obtained with hybrid cells from three
separate passage numbers treated with 0.1 ug/ml of
tunicamycin for 18 hr revealed a K, value of 2.7 =
0.16 nM and a By,, value of 0.213 = 0.01 nM. The
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number of binding sites in hybrid cells thus treated
with tunicamycin was reduced by 55%.

Cycloheximide and tunicamycin action on etor-
phine-induced receptor down-regulation. When
NG108-15 hybrid cells were treated with 10 nM etor-
phine, a time-dependent decrease in receptor num-
ber or down-regulation can be observed. Addition
of cycloheximide, up to 50 ug/ml, did not alter the
rate of magnitude of etorphine-induced opiate recep-
tor down-regulation. Etorphine-induced opiate
receptor down-regulation was not additive to the
attenuation of [*H]diprenorphine binding elicited
by 30 ug/ml cycloheximide treatment (Fig. 2).

The effect of tunicamycin on etorphine-induced
down-regulation was biphasic. In both time course
and concentration-dependent studies, tunicamycin
potentiated and attenuated the magnitude of etor-
phine-induced receptor down-regulation (Figs. 4 and
5). At a tunicamycin concentration less than 30 ng/
ml, incubation of hybrid cells with the antibiotic for
18 hr concurrently with 5nM etorphine attenuated
etorphine-induced receptor down-regulation. At
higher concentrations of tunicamycin, there was an
apparent increase in the magnitude of etorphine-
induced receptor down-regulation (Fig.5).
However, the increase was not statistically signi-
ficant. Unlike the cycloheximide effect, in which the
decrease in [*H]diprenorphine binding induced by
chronic etorphine treatment was the same in the
presence or absence of added cycloheximide, tunic-
amycin could further decrease the amount of [*H]-
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Fig. 3. Scatchard analysis of {*H]diprenorphine binding

in (a) control (-O-O-) and cycloheximide-treated cells

(-®-®-) and in (b) control (-A-A-) and tunicamycin-

treated cells (—A-A-). Hybrid cells were treated with

30 ug/mi cycloheximide for 6 hr or with 0.1 ug/ml tunic-

amycin for 18 hr. The values represent the average from
three separate passage numbers of cells.
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Fig. 4. Time-dependent decrease in [*H]diprenorphine
binding in the presence of tunicamycin. Cells from three
separate passage numbers were treated with 5 ug/ml
(=O-0O-) or 0.5 pug/ml (~@-@-) of tunicamycin for various
periods of time. Afterwards, cells were washed free of
drugs and [*H]diprenorphine binding to intact cells was
determined. The amount of [*H]diprenorphine specifically
bound to control cells was 625.1 = 9.0 fmoles/mg protein.
Panel (b) represents the degree of opiate receptor down-
regulated by 10 nM etorphine in the presence of 5 ug/ml
(@) or 0.5 ug/ml (O) of tunicamycin.

diprenorphine bound in the hybrid cells in which
opiate receptor was down-regulated by etorphine
(Fig. 5).

Effects of cycloheximide and tunicamycin on etor-
phine inhibition of adenylate cyclase activity and opi-
ate receptor desensitization. The ability of protein
synthesis and protein glycosylation inhibitors to
modulate opiate regulation of adenylate cyclase was
measured. After exposing hybrid cells to cyclo-
heximide, 30 yg/ml for 6hr, or to tunicamycin,
0.1 ug/ml for 16 hr, etorphine inhibition of PGE;-
stimulated increase in adenylate [*H]cAMP pro-
duction was measured in cell suspension. Treating
hybrid cells with these two inhibitors did not alter
the amount of [*’H]cAMP produced in the presence
or absence of 10 uM PGE; (Table 2). There was no
measurable difference in the potency or maximal
inhibitory level exhibited by etorphine in hybrid cells
treated with either cycloheximide or tunicamycin
(Table 2). Under the same treatment conditions,
there was a 25 and 35% decrease in [*H]diprenor-
phine binding in cells treated with cycloheximide
and tunicamycin respectively. These data are not
surprising because the coupling efficiency of etor-
phine is greater than 1, suggesting the presence of
‘“‘spare” receptor [8].

Opiate receptor desensitization after chronic etor-
phine treatment was not modified by the concurrent
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Fig. 5. Tunicamycin concentration-dependent inhibition of
[*H]diprenorphine binding in control (-O-O-) and etor-
phine (-A-A-) -treated cells. NG108-15 cells cultured in
100 mm plates were treated with various concentrations of
tunicamycin for 6 hr in the presence or absence of 5nM
etorphine. The closed triangle (A) represents the amount
of [*H]diprenorphine specifically bound after 16 hr of 5 nM
etorphine treatment. Specific [°H]diprenorphine binding in
control cells was 533.9 = 47.6 fmoles/mg protein (N = 3
separate passage numbers). Insert: percent of control
specific binding after 16 hr of 5 nM etorphine treatment in
the presence of various concentrations of tunicamycin.

addition of cycloheximide or tunicamycin to cells
with etorphine (Fig. 6). Treatment of hybrid cells
with 30 nM etorphine for 6 hr abolished the ability
of etorphine to inhibit PGE;-stimulated increase in
the intracellular PH]cAMP levels (Fig. 6). Addition

Table 2. Etorphine inhibition of cAMP production in
NG108-15 hybrid cells after prolonged tunicamycin and
cycloheximide treatment*

Maximal
ICsg inhibition
(nM) (%) ny
Control 1.78 £ 0.46 447 £ 27 1.24 +0.12
+ Cycloheximide 1.44 = 0.48 44.4 =45 1.15+0.05
Control 1.91 = 0.26 48.0 = 0.1 1.34 = 0.08
+ Tunicamycin  2.20 + 0.28 47.6 +2.9 1.09 + 0.06

* The ability of etorphine to inhibit PGE,-stimulated
increase in intracellular cAMP production in NG108-15
cells suspension was determined with hybrid cells treated
with cycloheximide (30 pg/ml, 6 hr) or with tunicamycin
(0.1 ug/ml, 16 hr). The control cells in the cycloheximide
studies were treated with saline and the control cells in the
tunicamycin studies were treated with dimethylformamide—
ethanol (3:1). The 1Cs, values of etorphine were obtained
from regression analysis of Log-Logit plots of con-
centration-dependent curves of twelve different con-
centrations of etorphine. The amounts of [*H]cAMP pro-
duced in the absence and in the presence of 10 uM PGE,
and in the absence of any added etorphine were determined
to be 3.23+0.09 x 10° and 1.94 = 0.15 x 10° cmp/mg/
20 min respectively. The values represented average
+ S.E.M. determinations from three consecutive passages
of hybrid cells.
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Fig. 6. Etorphine inhibition of cAMP production in control
and hybrid cells treated with 2 nM etorphine for 18 hr. The
ability of etorphine concentration-dependent inhibition of
PGE, (10 uM) -stimulated increase in cAMP production
was measured in control (O) and chronic etorphine-treated
cells. Key: (—A—A-) hybrid cells treated with 2 nM etor-
phine for 18hr and (-@-@-) cells treated with 30 nM
etorphine for 6hr. The ability of etorphine to regulate
¢AMP production in cells treated with 0.1 gg/ml tunic-
amycin and 2 nM etorphine for 18 hr (-A~A-) and in cells
treated with 10 ug/ml cycloheximide and 30 nM etorphine
for 6 hr (—®) was measured. The values represent the
average of three incubations.

of 10 ug/ml of cycloheximide concurrent with etor-
phine to the incubation medium did not antagonize
the chronic effect of etorphine. Similar results could
be obtained with 0.1 ug/ml tunicamycin treatment,
These two inhibitors did not potentiate etorphine-
induced desensitization either. When opiate receptor
was partially desensitized with 2 nM etorphine for
18 hr, addition of tunicamycin, 0.1 ug/ml, did not
alter the chronic effect of etorphine. Hence, etor-
phine-induced opiate receptor desensitization was
not related to protein synthesis or protein
glycosylation.

Cycloheximide and tunicamycin effects on opiate
receptor recovery. Opiate receptor down-regulation
and desensitization in NG108-15 cells can be reversed
by complete removal of opiate agonist [1]. Since a
period of several hours is required [1], de novo
synthesis of receptor protein could possibly be
involved in the recovery process. To test this, hybrid
cells were treated with cycloheximide during the
recovery period. As shown in Fig. 7a, chronic
exposure of hybrid cells to 10 nM etorphine for 24 hr
produced a 50% decrease in [*H]diprenorphine
specific binding. The amount of [*H]diprenorphine
bound returned to the control level 6 hr after removal
of etorphine from incubation medium. However,
when various concentrations of cycloheximide were
added to the medium during the 6-hr recovery
period, the amount of [*H]diprenorphine bound to
cells washed free of etorphine was close to that in the
down-regulated cells. Blockade of opiate receptor
binding recovery could be observed also when
NG108-15 cells were treated with actinomycin D
(data not shown). Incubation of hybrid cells not
down-regulated with various concentrations of acti-
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Fig. 7. Cycloheximide and tunicamycin concentration-
dependent inhibition of recovery of opiate receptor
binding. NG108-15 cells from three separate passage num-
bers were treated with 10 nM etorphine for 24 hr. After-
wards, 10 uM naloxone was added and the chronic etor-
phine effect was reversed by challenging cells with 10 uM
naloxone for 5 min. Recovery of opiate receptor binding
was measured after 8 hr (A). In (a) various concentrations
of cycloheximide were present during the recovery period,
and in (b) various concentrations of tunicamycin were
present during the recovery period. Key: (-O-O-) effect
of cycloheximide or tunicamycin on [*H]diprenorphine
binding in control cells; (A) amount of [*H]diprenorphine
bound in receptor down-regulated state.

nomycin D for 6 hr decreased the amount of [*HJ-
diprenorphine bound maximally by 50%. The ECs
value of actinomycin D was determined to be 5 ug/
m} medium. Addition of actinomycin D to the incu-
bation medium during 6 hr of the recovery prevented
the increase of opiate receptor binding, with an
actinomycin ECsy value of 10 ug/ml.

Increase in opiate receptor binding in the down-
regulated cells after agonist removal could be
blocked by tunicamycin treatment also. As shown
in Fig. 7b, there was a tunicamycin concentration-
dependent decrease in opiate receptor recovery, with
a tunicamycin EDsg value of 0.2 ug/ml. At this con-
centration of tunicamycin, measurable inhibition of
protein synthesis was not observed (Fig. 1).

The ability of cycloheximide and tunicamycin to
inhibit the recovery of opiate inhibition of *H|cAMP
production was also measured. As reported pre-
viously [1] and observed in current studies (Table 3),
chronic treatment of hybrid cells with 50 nM etor-
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Table 3. Effects of treatment of neuroblastoma X glioma NG108-15 hybrid cells with
cycloheximide or tunicamycin on the recovery of etorphine inhibition of cAMP
production after desensitization*

Intracellular PH]cAMP level
{cpm/mg protein/20 min) 1073

Chronic etorphine

Control -Naloxone wash + Naloxone wash
Control 0.75 £ 0.04 2.25 + 0.02 0.74 £ 0.02
(66.7%) (0%) (67.1%)
+ Tunicamycin
0.1 pg/ml 0.95 + 0.03 2.39 = 0.03 0.91 = 0.02
(58.0%) (—6.2%) (59.6%)
0.5 pg/ml 1.10 = 0.03 2.77 £ 0.02 1.41 = 0.03
(51.1%) (-23.1%) (49.1%)
+ Cycloheximide
0.1 pg/mi 0.81 £ 0.01 2.38 + 0.07 0.89 = 0.02
{64.0%) {—5.8%) (62.6%)

* Neuroblastoma X glioma NG108-15 hybrid cells, cultured in 17 mm plates, were
treated with 50 nM etorphine for 24 hr. To half of these piates, 20 uM naloxone was
added after 24 hr of etorphine treatment. These cells, designated as + naloxone wash
cells, were treated with naloxone for 5 min, and all opiate alkaloids were removed
by repeated washings with growth media. Hybrid cells were then cultured for another
24 hir. In-the remaining half of the culture plates, designated as — naloxone wash
cells, 50 nM etorphine remained in the media during the second 24-hr culturing. The
ability of 5 uM PGE, to stimulate [*H]cAMP production in the presence of 50 nM
etorphine was then determined as described in Methods. Values represent average
+ $.E.M. determinations from four separate plates. The numbers in parentheses are
percentages of cCAMP production inhibited by etorphine. The specific activity of
PGE,-stimulated [PH]cAMP production in control cells in the absence of any added
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drug was 2.24 = 0.03 x 10° cpny/mg/20 min.

phine completely abolished the ability of 50 nM etor-
phine to inhibit cAMP production. However, after
exposing hybrid cells to 20 uM naloxone for 5 min
and culturing the cells for another 24 hr after the
removal of the antagonist, the ability of 50 nM etor-
phine to inhibit cAMP production fully recovered
(Table 3). Treatment of the hybrid cells with 0.1 ug/
ml of cycloheximide during the recovery period did
not alter resensitization of opiate receptor to etor-
phine. Parallel treatment of the hybrid cells with
cycloheximide indicated a complete blockade of pro-
tein synthesis and inhibition in recovery of opiate
receptor binding (Fig. 1 and 7). Similar treatment of
hybrid cells during the recovery period with 0.1 g/
ml of tunicamycin also indicated no effect in the
receptor resensitization to etorphine (Table 3). The
ability of etorphine to regulate cAMP production in
the resensitized cells treated with 0.1 and 0.5 ug/m!
tunicamycin was identical to that in control cells
treated with tunicamycin (Table 3). Thus, inhibition
of protein synthesis or protein glycosylation did not
affect opiate receptor resensitization.

DISCUSSION

Prolonged treatment of NGI108-15 hybrid cells
with either cycloheximide or tunicamycin produced
a reduction in opiate receptor number. From our
isotope incorporation studies, one could conclude
that these two antibiotics exerted their effect by
reducing protein glycosylation. Both cycloheximide
and tunicamycin inhibited [PH]glucosamine incor-

BP 34:1-B

poration by the hybrid cells (Fig. 1). However, the
cycloheximide effect on opiate receptor binding
activity most likely is due to inhibition of protein
synthesis. As shown in Table 1, treatment of hybrid
cells with cycloheximide produced a dramatic
reduction in total cellular proteins. With the
reduction of nascent polypeptide chains, a decrease
in the amount of protein being glycosylated should
be observed. Alteration in both K, and B, values of
[*H]diprenorphine binding to cycloheximide-treated
cells, as compared to alteration in By, value only in
tunicamycin-treated cells, further suggested that the
sites of action of these two antibiotics are not
identical.

The ability of tunicamycin to reduce opiate binding
sites further indicated that the opiate receptor is a
glycoprotein. The glycoprotein nature of the opiate
receptor has been implied by its ability to be
adsorbed by wheat germ lectin columns {7]. In studies
with other receptors which are known glycoproteins,
e.g. the nicotinic and insulin receptors, the effect of
tunicamycin is due to the acceleration of receptor
degradation or processing. Tunicamycin accelerated
nicotinic receptor degradation in primary cultures of
chicken embryonic skeleton muscles [5]. Glyco-
sylation of insulin receptor in 3T3-L1 cells [4] or the
a-subunit of nicotinic receptor in mouse clonal cell
line BC3H-1 [13] is essential for activation of these
receptors. The tunicamycin reduction of opiate bind-
ing could be analogous to its effect on these other
receptors.

The ability of cycloheximide to potentiate agonist-
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induced down-regulation implied that. receptor
down-regulation was not due to an acceleration of
receptor degradation. With the inhibition of receptor
synthesis by cycloheximide, decrease in detectable
receptor should reflect the rate of receptor degra-
dation. Chronic muscarinic agonist treatment
increased the muscarinic receptor degradation rate
in NG108-15 cells [3], for the cycloheximide’s and
muscarinic agonist inhibition of receptor binding
were additive. On the other hand, a blockade of
receptor synthesis with cycloheximide did not accel-
erate the opiate receptor down-regulation rate.
Thus, it can be concluded that opiate receptor down-
regulation was not caused by the agonist inhibition
of receptor synthesis or the agonist-induced accel-
eration of receptor degradation.

Although in the presence of tunicamycin opiate
agonist-induced receptor down-regulation was not
potentiated, the level of [*H]diprenorphine binding
was lowest in cells treated with tunicamycin and
etorphine concurrently. Tunicamycin, the inhibitor
of protein glycosylation, could be inhibiting the
assembly and hence the activation of newly syn-
thesized opiate receptors. An opiate receptor model
composed of oligomeric units has been suggested
from its apparent molecular weight (200K to 350K
dalton) and molecular weight of the putative binding
sites (58K dalton) [14]. Because opiate agonist could
further decrease the receptor level in cells treated
with tunicamycin, probably the site of opiate agonist-
induced receptor down-regulation is not the same as
that of tunicamycin, the assembly of active receptor.
The site of opiate agonist action must lie after the
synthesis and processing of the receptor and must
lie before the degradation of the receptor by the
lysosomes.

If one examines the putative itinerary of the life
cycle of a membrane receptor [15, 16], there are
several sites where opiate agonists could exert their
actions. In this probable itinerary, the receptor is
synthesized in the rough endoplasmic reticulum and
is transported to the Golgi apparatus where the
receptor is processed. The receptor is then packaged
and inserted into the plasma membrane. Upon the
binding of agonist, clustering of the receptors at the
coated pits is observed. Endocytosis of the receptors
in the coated vesicles will then follow. At this point,
the ligand-receptor complexes could either dis-
sociate with the receptors being recycled back to the
plasma membrane or the ligand-receptor complexes
will be delivered to the lysosomes where degradation
of the ligand and/or receptor occurs. In this chain of
cellular events, an opiate agonist could regulate the
plasma membrane receptor level by controlling the
synthesis rate, the degradation rate, the processing
rate, or the recycling rate of the receptor. From our
current data, it is clear that opiate agonist-induced
receptor down-regulation is not due to the decrease
in the synthesis rate or to the increase in the degra-
dation rate of the opiate receptor for, in the presence
of cycloheximide, where protein synthesis in the
hybrid cells was minimal, the rate of receptor down-
regulation did not increase. If the opiate agonist

*P. Y. Law, D. S. Hom and H. H. Loh, manuscript
submitted for publication.

effect is at the regulation of receptor synthesis, then
the cycloheximide and chronic effect of etorphine
should be additive. This was not observed. In
addition, tunicamycin treatment did not potentiate
the etorphine-induced receptor down-regulation
also. Hence, the processing of the receptor or the
glycosylation of the receptor was not involved in the
agonist-induced receptor down-regulation also.

The internalization of the opiate receptor in neuro-
blastoma N4TG1 cells during chronic opiate treat-
ment has been reported by Blanchard et al. [17]. Our
recent studies with chloroquine, in which the amount
of [PH|p-Ala’-D-Leu’-enkephalin accumulated by
the hybrid cells was potentiated by this lyso-
somotropic agent,* suggested that the receptor in
NG108-15 hybrid cells also internalized during
chronic treatment. Thus, it is likely that the site
of opiate agonist-induced receptor down-regulation
must lie within the receptor recycling process, i.e.
opiate agonists exert their effects by regulating the
internalization of the receptor and/or regulating the
insertion of recycled receptors or the newly syn-
thesized and processed receptors into the plasma
membrane. The exact site of opiate action remains
to be elucidated.

The current data further substantiate our previous
conclusion that receptor down-regulation and recep-
tor desensitization are two different cellular adap-
tation processes [1]. Although cycloheximide and
tunicamycin could abolish the recovery of opiate
binding sites (Fig.7), these two antibiotics could
not prevent the recovery of receptor coupling to
adenylate cyclase molecules. Desensitization to opi-
ate agonist after chronic opiate treatment is not
the consequence of reduction in receptor number.
Rather receptor desensitization is due to an alter-
ation in the coupling between receptor and adenylate
cyclase. This coupling process does not involve pro-
tein synthesis or protein glycosylation, for cyclo-
heximide or tunicamycin treatment did not alter
opiate receptor desensitization.

In conclusion, by using cycloheximide and tunic-
amycin, we deduced that the site of etorphine-
induced receptor down-regulation was not at de novo
protein synthesis, assembly or processing of active
receptor. Because of the inability of these two anti-
biotics to attenuate resensitization of cellular
response to etorphine after removal of agonist,
receptor desensitization and receptor down-regu-
lation clearly seem to be two separate cellular adap-
tation processes.

Acknowledgements—Supported in part by Grants DA-
00564 and DA-01696 and UCSF Research and Allocation
Committee Research Grants MCS00 and MCS001. H. H.
Loh is a recipient of a NIDA Career Award, K02-DA-
70554.

REFERENCES

1. P. Y.Law,D. S. Hom and H. H. Loh, Molec. Pharmac.
24, 413 (1983).

2. 8. K. Sharma, W. A. Klee and M. Nirenberg, Proc.
natn. Acad. Sci. U.S.A. 72, 3092 (1975).

3. W. L. Klein, N. M. Nathanson and M. Nirenberg,
Biochem. biophys. Res. Commun. 90, 506 (1979).

4. O. M. Rosen, G. H. Chia, C. Fung and C. S. Rubin,
J. cell. Physiol. 99, 37 (1979).



5.
6.

7. T. Gioannini, B. Foucaud, J. M. Hiller, M. E. Hatten

8.
9.
10.
11

Cycloheximide and tunicamycin on opiate receptor function 17

J. M. Prives and K. Olden, Proc. natn. Acad. Sci.
U.S.A. 77, 5267 (1980).

G. Dawson, R. W. McLawhon, J. C. Ellory and E.
Berry-Kravis, Fedn Proc. 42, 654 (1983).

and E. J. Simon, Biochem. biophys. Res. Commun.
105, 1128 (1982).

P.Y.Law,D. S. Hom and H. H. Loh, Molec. Pharmac.
23, 26 (1983).

J. Schultz and J. W. Daly, J. biol. Chem. 248, 843

(1973).

A. A. White and D. B. Karr, Analyt. Biochem. 85, 451
(1978).

O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. J.
Randall, J. biol. Chem. 193, 265 (1951).

12
13
14

15
16

17

. J. P. Kaltenbach, M. H. Kaltenbach and W. B. Lyons,
Expl Cell Res. 15, 112 (1958).

. J. P. Merlie, R. Sebbane, S. Tzartos and J. Lindstrom,
J. biol. Chem. 257, 2694 (1982).

. W. A. Klee, W. F. Simonds, F. W. Sweat, T. R.
Burke, Jr., A. E. Jacobson and K. C. Rice, Fedn Eur.
Biochem. Soc. Lernt. 150, 125 (1982).

. M. S. Brown, R. G. W. Anderson and J. L. Goldstein,
Cell 32, 663 (1983).

. R. M. Steinman, I. S. Mellman, W. A. Muller and
Z. A. Cohen, J. Cell Biol. 96, 1 (1983).

. S. G. Blanchard, K. J. Chang and P. Cuatrecasas, J.
biol. Chem. 258, 1092 (1983).



