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SUMMARY

Opiate, muscarinic, and ac-adrenergic receptors and the N-
coupled response of adenylate cyclase (AC) inhibition were ex-
amined in neuroblastoma x glioma NG108-15 (108 CC15) and
neuroblastoma X Chinese hamster brain NCB-20 clonal hybrid
cells, induced to differentiate with 1.0 mm dibutyryl cAMP
(dBcAMP). Scatchard analysis of binding of the opiate agonist
3H-(D-Ala?,D-Leu®)enkephalin (DADLE) and the antagonist [°H]
diprenorphine to dBcAMP-treated NCB-20 cell membranes indi-
cated an 80% reduction in opiate receptor density relative to
untreated cells (Bmax = 47 £ 11 fmol/mg of protein versus 220
i48fmo|/mgofprotem) with no change in ligand affinities.
Binding of the muscarinic cholinergic antagonist [H]quinuclidinyl
benzilate and the a>-adrenergic agonist [°H]-p-aminocionidine to
dBcAMP-treated NCB-20 membranes was also reduced by 50%
and 28%, respectively. In contrast, treatment of NG108-15 cells
with dBCAMP did not down-regulate opiate, muscarinic, or a-
adrenergic receptor sites. Opiate and a--adrenergic receptor
sites were not down-regulated in the N18TG2 neuroblastoma
clone, the common parent of both the hybrid cells, and the
apparent source of these receptors. The C6BU-1 parent of the
NG108-15 hybrid showed poor specific binding of all ligands

examined. dBCAMP was very potent in inducing opiate receptor
site down-regulation of NCB-20 cells, with an ED, after 4 days
treatment of 8 um. The time course of loss of [°(HJDADLE and
[*Hlquinuciidinyl benzilate specific binding was similar, and max-
imum down-regulation was achieved after 2 days. In contrast,
neither higher concentrations of dBcCAMP (5.0 mm) nor longer
treatment times (7 days) resulted in down-regulation of receptor
sites on NG108-15 cells. Coupling of opiate receptors to AC was
also selectively aitered in differentiated NCB-20 cells. Prosta-
glandin E,-stimulated AC was maximally inhibited by 1 um DA-
DLE in membranes from undifferentiated cells to different de-
grees (30% in NCB-20 and 54% in NG108-15). dBcCAMP treat-
ment had no effect on opiate inhibition of AC in NG108-15 cells
but reduced by 50% the maximum opiate inhibition of AC in
NCB-20 cells. These data indicate that the signal for receptor
ulation which was triggered by dBcAMP in the NCB-
20 cell comes uniquely from the Chinese hamster brain cell NCB-
20 parent. The differences between NCB-20 and NG108-15 cells
in the regulation of N-coupled receptors provides an example of
dBcAMP-induced heterologous down-regulation with unique cell
specificity, which is unrelated to the differentiation
process triggered by dBcCAMP, which is common to both cells.

The mouse neuroblastoma hybrid cells, NG108-15 and NCB-
20, derived from the fusion of the mouse neuroblastoma cell,
N18TG2, to rat glioma (C6BU-1) and to fetal Chinese hamster
brain cells, respectively, have been extensively employed to
investigate cellular mechanisms of neurotransmitter receptor
regulation underlying tolerance to and dependence on opiate
and cholinergic agents. Specific membrane receptors are ex-
pressed on these cells which may be either linked in an inhib-
itory manner (N;) to AC (opiate, muscarinic, cholinergic, a,-
adrenergic) or positively coupled (N,) (PGE,, adenosine) to this
effector system.

! Present address: Stuart Pharmaceuticals, ICI Americas, Inc., Wjlmington,
DE 19897.

Both cell lines possess many properties of mature neurons
which can be enhanced by inducing differentiation with various
agents that increase intracellular cAMP levels (1). Morpholog-
ically, differentiated cells produce neurite-like processes with
increased somal and nuclear size and a highly differentiated
ultrastructure (2, 3). Like mature neurons, neuroblastoma hy-
brids contain enzymes involved in the synthesis and degrada-
tion of neurotransmitters and exhibit electrically excitable
membranes following depolarizing stimuli (4-9).

The induction of differentiation elicits many changes in the
normal, neuronal function of these hybrid cells. For instance,
endogenous opioid peptide content, neurotransmitter synthesis
and release, synapse formation, and action potentials generated
by hormonal and electrical stimulation are all increased in

ABBREVIATIONS: N, inhibitory guanine nucleotide-binding-regulatory protein; AC, adenylate cyciase; [°H]DADLE, *H (D-Ala?, D-Leu®)enkephalin;

dBcAMP, N¢, 2'-O-dibutyryladenosine 3':5’-cyclic

monophosphate; [*(H]DPN, [*H]diprenorphine; [*HJPAC, [*H]p-aminoclonidine; PGE,, prostaglandin

Es; [PHJQNB, [*Hlquinuclidinyt benzilate; [*HJRAUW, [*H]rauwolscine; N,, stimulatory guanine nucleotide-binding-regulatory protein.
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differentiated NG108-15 cells (1, 10-14). Although many stud-
ies dealing with the effects of differentiation on morphology,
neurotransmitters, and ion channel function have been con-
ducted using NG108-15 cells, there have been few reports on
receptor-effector coupling, or the pharmacological properties of
receptors, following cell differentiation. Opiate, muscarinic cho-
linergic, and a,-adrenergic receptor agonists decrease basal and
PGE,-stimulated intracellular cAMP levels, and inhibit AC
activity in murine neuroblastoma hybrid cells (15-23). Chronic
exposure of cells to opiates, norepinephrine, or acetylcholine
analogues results in a return of AC activity, and removal of
agonist or antagonist challenge increases activity to above-
normal levels (19, 20, 24-27). This regulation of AC by opiates
has been proposed as a model for narcotic tolerance and de-
pendence (28) and may be associated with opiate receptor
desensitization.

Desensitization or tachyphylaxis is a cellular adaptive proc-
ess in which the cells’ responsiveness to a hormone or trans-
mitter is lost or attenuated subsequent to agonist treatment.
This phenomenon is shared by many receptor-coupled systems
(23, 29-33). Homologous or agonist-specific desensitization is
characterized by a diminished response only to a receptor-
specific hormone (33-35) and has been observed in frog eryth-
rocytes, mammalian lung, and cultured cell lines (33-38). Het-
erologous desensitization, in contrast, is characterized by an
attenuated responsiveness to other receptor agonists in addi-
tion to the desensitizing hormone, and occasionally to activa-
tors of AC such as guanine nucleotides and fluoride (33, 39,
40). The molecular events responsible for agonist-induced de-
sensitization have been the subject of much investigation (33,
41). In homologous desensitization or down-regulation, a por-
tion of the receptors appears to be sequestered out of the plasma
membrane and recovered in an intracellular compartment, an
event coincident with an uncoupling of the receptor-effector
system (33, 42-44). Heterologous desensitization, in contrast,
is primarily associated with functional alterations of the recep-
tor-effector system (36, 45) and appears not to involve receptor
sequestration (33, 37, 41). In some S-adrenergic receptor sys-
tems, both forms of desensitization appear to be correlated with
phosphorylation of the 8-adrenergic receptor (46, 47). Previ-
ously, NG108-15 cells have been shown to undergo a rapid and
specific desensitization of muscarinic cholinergic receptor-me-
diated inhibition of AC (30). Chronic opiate treatment of
NG108-15 cells also results in down-regulation of opiate recep-
tors (28).

In this study, regulation of three N;-coupled receptor systems
was examined in NG108-15 and NCB-20 hybrid cells following
differentiation by dBcAMP. Down-regulation of opiate, mus-
carinic cholinergic, and a,-adrenergic receptor sites (B,,.,) was
observed in differentiated NCB-20 cells, but not in differen-
tiated NG108-15 cells. AC activities determined in parallel also
revealed an uncoupling of opiate receptors on differentiated
NCB-20 cells, but not on differentiated NG108-15 cells. The
results reported here thus provide a cell-specific example of
heterologous receptor down-regulation. Since both hybrids
share one common parental cell, which seems to be the source
of the Ni-coupled receptors, these neuronal hybrid cultures
provide a model system in which genetic aspects of receptor
regulation may be studied. A preliminary communication of
these findings has been published (48).

Materials and Methods

Cell growth and differentiation. NG108-15 and NCB-20 neuro-
blastoma cell hybrids, obtained at passage 14 from Dr. M. Rasenick
(University of Illinois), were grown as previously described (15). Briefly,
cells were cultured in Dulbecco’s modified Eagle’s medium containing
fetal bovine serum (10%), glutamine (1 mM), hypoxanthine (0.1 mm)-
aminopterin (1 uM)-thymidine (20 uM), and penicillin-streptomycin-
neomycin, in a humidified atmosphere of 10% CO, in air at 37°. The
N18TG2 and the C6BU-1 cells (obtained from Drs. M. Nirenberg,
National Institutes of Health, Bethesda, MD, and K. Braas, Johns
Hopkins University, Baltimore, MD) were cultured in Dulbecco’s mod-
ified Eagle’s medium supplemented with serum and glutamine, but in
the absence of hypoxanthine-aminopterin-thymidine. Cells were sub-
cultured in 150-cm? flasks (Corning) every 5 days and the medium was
changed every 2-3 days to maintain stock cultures. For experiments,
cells were seeded in 100 X 20 mm Petri dishes (Corning) at an initial
cell density of 5 X 10° cells/culture dish. Cells between passage 17 and
30 were routinely used.

Cell differentiation was induced by the addition of dBcAMP to a 1-
day-old culture seeded at an initial cell density of 5 X 10° cells/dish.
Unless otherwise indicated, a concentration of 1.0 mM dBcAMP was
used and treatment was continued for 4 days. Since dBcAMP inhibits
cell growth by about 50% (see Fig. 2), the number of culture dishes
routinely treated with dBcAMP was twice the number employed for
untreated controls.

Preparation of membranes. Membranes were prepared as previ-
ously described (31). Briefly, 5-day-old confluent, untreated, or
dBcAMP-treated cultures were washed once in D,-saline (137 mM
NaCl, 5.4 mMm KCl, 0.17 mMm Na,PO,, 0.22 mM KH,PO,, 5.5 mM
glucose), harvested in the same buffer by gentle agitation, and prepared
for use either for receptor binding or for AC assays. For binding assays,
freshly harvested cells were resuspended in 50 mM Tris-HCl buffer
(pH 7.4 at 0°), homogenized using a Brinkman Polytron PT 10/35
instrument (setting 5.5, 15 sec), and centrifuged three times (10 min at
46,000 X g) with intermediate resuspension in the same buffer.

For AC assays (49), untreated or dBcAMP-treated monolayers were
washed twice by centrifugation (5 min, 1,500 X g) with ice-cold D;-
saline to remove residual dBcAMP. Cell pellets were resuspended in
buffer containing 5.0 mM Tris-HCI (pH 7.4), 0.32 M sucrose, and 1.0
mM MgCl;, homogenized with a Teflon glass homogenizer (15 strokes,
2,000 rpm), and centrifuged at 600 X g to remove nuclei and unbroken
cells. The supernatant was centrifuged for 10 min at 40,000 X g to
obtain a particulate membrane fraction. Cell membranes were adjusted
to a protein concentration of approximately 3 mg/ml and stored frozen
in aliquots in liquid nitrogen for up to 6 months. Immediately before
use, membranes were thawed and resuspended in 50 mM Tris-HCI
buffer for measurement of AC activity. Protein was determined by the
Bio-Rad method using bovine serum albumin as standard (50). Cell
titers were routinely determined using a hemocytometer.

Receptor binding assays. Binding of the opiate ligands, [*H]DPN
and [°*H]DADLE, to freshly prepared undifferentiated and differen-
tiated cell membrane fractions was measured in 50 mM Tris-HCI buffer
(pH 7.4) as described previously with some modification (31). Nonspe-
cific binding, defined as binding which occurred in the presence of 10
uM morphine sulfate, accounted for 5-10% of the total binding ob-
served. All incubations were carried out at 23° for 90 min except where
indicated.

Binding of the muscarinic cholinergic antagonist, [’HJQNB, to un-
differentiated and differentiated cell membranes was determined by a
modification of a procedure described previously for brain tissue (51).
Incubations of [PHJQNB with cell membranes were carried out in 50
mM Tris-HCl, pH 7.4, for 90 min at 37° except where indicated.
Nonspecific binding using 1.0 uM atropine sulfate represented 20% of
the total ligand bound.

Binding of the a-agonist, [PH]PAC, was determined in 50 mM T'ris-
HCI, 1.0 mM MgCl,, pH 8.4, at 24° for 40 min as previously described
(23). Nonspecific binding was defined by parallel incubations carried
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out in the presence of 100 uM norepinephrine, and accounted for 25%
of the total ligand bound. Incubations of cell membranes with the a-
antagonist, [’ HJRAUW, was performed at 24° for 40 min (23). Non-
specific binding was defined by parallel incubation with 100 uM nor-
epinephrine and represented 10-30% of total ligand bound.

In saturation experiments, the range of ligand concentrations used
was as follows: [P'H]DPN (30 pM-5 nM), [*H]DADLE (0.1-5.0 nM),
[*H]QNB (2.0-60.0 pm), [*HJPAC (0.2-20 nM), [PHIRAUW (0.2-20
nM). For all ligands, assay volume was adjusted to 0.5 ml, except for
[*H]QNB, where the incubation volume was increased to 2.5 ml. The
protein concentration of untreated or dBcAMP-treated membranes
was ~0.2 mg/tube. After incubation, the assay tube contents were
filtered under vacuum over Whatman GF/B filters, using a Brandel
modified cell harvester, and rinsed three times with 4.0 ml of ice-cold
Tris-HCI buffer (pH 7.4 at 4°). Filter-bound radioactivity was subse-
quently counted by liquid scintillation spectrometry at 40% counter
efficiency. Samples were assayed in triplicate, with triplicate values
varying by <10%. All experiments were repeated three to four times
with <15% variation among the different experiments.

Adenylate cyclase. AC activity was routinely assayed as described
by Salomon (52) with some modifications. Briefly, 100-ul reaction
mixtures contained 30 mM Tris-HCI (pH 7.4), 5.0 mm MgCl,, 0.1 mM
ATP, 0.1 mM cAMP, 1.0 mM isobutylmethylxanthine, 1.0 mM dithio-
threitol, 5.0 mM creatine phosphate, 0.4 mg/ml creatine kinase, 100
mM NaCl, 0.1 mM GTP, and approximately 0.6 uCi of [«-*?P]ATP.
Where indicated, 10 uM PGE, was added and all reactions were initiated
by the addition of about 15 ug of membrane protein to the assay tubes.
Incubations were carried out for 20 min at 37° and terminated by
addition of 100 ul of stopping solution (2% sodium dodecyl sulfate, 40
mM ATP, 1.4 mM cAMP, pH 7.0).

Data analysis. Saturation isotherms were analyzed using the Scat-
chard transformation (53). Estimates of Kp and Bpn.. were obtained
using unweighted linear regression analysis of the transformed data. K;
values were calculated using the Cheng-Prusoff equation (54). B
values were routinely calculated as both fmol/mg of protein and as
fmol/10° cells. Differences in By., values resulting from dBcAMP
treatments were identical when the data were expressed either way.
Only fmol/mg of protein values are shown.

Ligands. [*'H]DADLE (46.9 Ci/mmol), [*H]PAC (40.0 Ci/mmol),
[PHJRAUW (75.0 Ci/mmol), and [*H]JQNB (30-40 Ci/mmol) were
purchased from New England Nuclear Corp. (Boston, MA). [*(H]DPN
(41 Ci/mmol), [«-**P]ATP (800 Ci/mmol), and [*H]cAMP (33.5 Ci/
mmol) were purchased from Amersham Corp. (Arlington Heights, IL).

Drugs and reagents. Cell culture media and growth supplements
were purchased from Whitaker M.A. Bioproducts (Walkersville, MD).
Morphine sulfate was obtained from Eli Lilly (Indianapolis, IN). Un-
labeled DADLE was obtained from Peninsula Laboratories (Belmont,
CA), Bio-Rad protein assay from Bio-Rad (Rockville Center, NY),
ATP free of GTP contamination and other reagents were purchased
from Sigma Chemical Co. (St. Louis, MO).

Results

Morphology and growth properties. NG108-15 and
NCB-20 cells exposed to 1.0 mM dBcAMP for 4 days expressed
the morphological characteristics of differentiated cells previ-
ously reported (12) (Fig. 1). Untreated NG108-15 hybrid cells
were polygonal, usually possessed short processes, and appeared
to form clusters (Fig. 1A), whereas treatment with 1.0 mM
dBcAMP caused the cells to aggregate and to emit a network
of extensive, long, neurite-like processes that connected the
cell aggregates (Fig. 1B). Untreated NCB-20 cells also appeared
to grow in even monolayers of polygonal cells with short
branched processes emerging from the cell bodies (Fig. 1C).
dBcAMP treatment caused the cells to become rounder, further
aggregate, and emit numerous processes (Fig. 1D). Treatment

of both cell lines with dBcAMP for longer time periods (up to
7 days) did not strikingly alter the morphology of the cells,
although the processes began to thicken and cytoplasmic drop-
lets appeared on the surface of processes and cell bodies.
dBcAMP treatment also reduced the rate of cell division in
both NCB-20 and NG108-15 cell lines (Fig. 2). After 4 days of
exposure to 1.0 mM dBcAMP, growth of both cells was inhibited
by about 50%.

Down-regulation of opiate, muscarinic, and a;-adre-
nergic receptors. Exposure of NCB-20 hybrid cells to 1.0 mm
dBcAMP for 4 days greatly decreased the density of opiate
receptor sites (Fig. 3A). Saturation isotherms of opiate agonist
([FH)DADLE)-specific binding showed that many fewer recep-
tor sites were labeled on differentiated NCB-20 cell membranes.
The decreased binding in dBcAMP-treated cells was due to a
reduction in specific ligand bound with no change in nonspecific
binding. Scatchard analyses of the data (Fig. 3A, Table 1)
showed a substantial reduction (82%) in opiate receptor site
density from a B, (mean * SD) of 220 + 48 fmol/mg of
protein for undifferentiated cells, to 47 + 11 fmol/mg of protein
for dBcAMP-treated NCB-20 cultures.

In striking contrast, control and dBcAMP-treated NG108-
15 cells showed no differences in the density of opiate receptor
sites present (Fig. 3B). B..x values were 574 + 23 fmol/mg of
protein (control) and 510 + 17 fmol/mg of protein (treated).
Similar results were obtained with [P’H]DPN binding studies to
differentiated NCB-20 and NG108-15 cells (Table 1). Ligand
affinities of [P"HJDADLE and [PH]DPN binding to NCB-20
membranes were unaltered by dBcAMP treatment (Table 1).

It is of interest to note that the density of opiate receptor
sites on undifferentiated NG108-15 cells was about 2 times
higher than the density of sites on undifferentiated NCB-20
cells (Fig. 1, Table 1). These data are not in agreement with
those of McLawhon et al. (31), where NCB-20 cells were found
to contain 4 times as many opiate receptor sites as NG108-15
cells. Our data agree with those of Law et al. (28, 29, 55), where
Brax values for opiate-binding ligands were in the same range
as those reported here. dBcAMP itself had no effect on the
binding activity of ["H]DADLE to cell membranes (data not
shown).

In addition to opiate receptors, other Ni-coupled receptor
sites on NCB-20 cells were also down-regulated by dBcAMP
treatment (Table 1). Control and differentiated NCB-20 cells
possessed muscarinic receptor sites with similar affinities for
[*H]QNB. The B, values were, however, reduced by 50% in
membranes from dBcAMP-treated cells. In contrast, no sig-
nificant differences were detected in [P(H]QNB binding to con-
trol and differentiated NG108-15 cells (Table 1). The decreased
sensitivity of NCB-20 muscarinic receptors to down-regulation
by dBcAMP, relative to NCB-20 opiate receptor sites, may
reflect the presence of different subpopulations of muscarinic
receptor sites labeled by [P(HJQNB (M, and M, receptors) on
NCB-20 cells, which are differentially sensitive to dBcAMP
treatment. Agonist-induced down-regulation of muscarinic cho-
linergic receptors on N1E-115 mouse neuroblastoma cells was
also maximally reduced by only 50% (56).

az-Adrenergic receptor sites on NCB-20 cells were also down-
regulated by dBcAMP treatment. Again, in contrast, no down-
regulation of a,-receptors by dBcAMP treatment of NG108-15
cells was observed (Table 1). B,.. values in NG108-15 cells
were in good agreement with previous values (23, 57). Ligand
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Fig. 1. Morphological comparison of untreated and dBcAMP-treated NCB-20 and NG108-15 cells. Cells were grown as described under Materials

—

and Methods with no drugs (A and C) or with 1.0 mm dBCAMP (B and D) for 4 days. Phase contrast micrographs of untreated and treated NG108-
15 (A and B) and NCB-20 (C and D) cells were taken at approximately X 300 magnification.

affinities were not significantly different in control and
dBcAMP-treated NCB-20 and NG108-15 cells.

The a,-antagonist ligand, ['THJRAUW, confirmed that a.-
receptor site down-regulation was observed only in NCB-20
cells and not in NG108-15 cells (Table 1). Receptor site density
in NCB-20 cells was decreased by 53% following dBcAMP
treatment. In contrast, no down-regulation of a,-receptors by
dBcAMP treatment was seen in NG108-15 membranes.

Taken together, these data show striking differences in the
regulation of opiate, muscarinic cholinergic, and a,-adrenergic
receptor sites by dBcAMP treatment in NCB-20 cells compared
to NG108-15 cells. Receptor down-regulation was induced in
NCB-20 cells but not in the related NG108-15 cell line, by
treatment of the cultures with dBcAMP.

Dose response and time course of dBcCAMP effect on
opiate and muscarinic receptors. The dose-response rela-
tionship of the dBcAMP effect on NCB-20 and NG108-15
cultures was examined (Fig. 4). In NCB-20 cells, the magnitude
of the down-regulation response was clearly dependent on the
concentration of dBcAMP present in the growth medium.
dBcAMP was very potent in inducing opiate receptor site down-
regulation, with a 70% receptor loss at 30 uM dBcAMP. It was
less potent in inducing muscarinic receptor site down-regula-
tion, with a 50% loss in [*H]QNB binding occurring at approx-
imately 0.6 mM dBcAMP. The difference in the sensitivity of

opiate and muscarinic receptor sites to down-regulation by
dBcAMP may also reflect the existence of distinct subpopula-
tions of muscarinic receptor sites on NCB-20 cells, only one of
which is sensitive to dBcCAMP treatment. In NG108-15 cells,
no down-regulation of either opiate or muscarinic receptor sites
was seen using up to 3.0 mM dBcAMP (Fig. 4B). At 5.0 mM
dBcAMP, only a small reduction (20-30%) in [*H]DADLE
binding was observed, which is in striking contrast to the
sensitivity of opiate and muscarinic receptor sites on differen-
tiated NCB-20 cells.

The time course of opiate and muscarinic receptor site down-
regulation in NCB-20 cells was examined by exposing cultures
to 1.0 mM dBcAMP for different time periods (Fig. 5A). In this
experiment, all cultures were seeded at an initial cell density of
5 X 10° cells/dish (day 0) and dBcAMP (1.0 mM) was added
sequentially to each set used for the different time points over
the subsequent 4 days. All cells were then harvested on day 5.
After a 1-day treatment, P(HJDADLE and [°’H]DPN binding
was reduced by 64%. After 3 days, 90% of the binding activity
was lost. The time course of the loss of [*H]JQNB binding to
NCB-20 cells was similar to that of the opiate ligands except
that binding activity was inhibited to a maximum of only 50%
(see also Table 1). In contrast, NG108-15 cells were refractory
to the effects of 1.0 mM dBcAMP, and even after 5 days of
treatment there was no significant decrement in specific bind-
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Fig. 2. Dose-dependent effect of dBcCAMP on growth of NCB-20 and
NG108-15 cultures. NCB-20 and NG108-15 cells, seeded at an initial cell
density of 5 X 10° cells/dish, were treated with dBCAMP (0.3-5.0 mm)
after 1 day of growth. Control cultures (0 mm) received an equivalent
volume of media in the absence of dBCAMP. Cultures were allowed to
grow for an additional 4 days. Cell titers were determined using a
hemocytometer. Values represent the mean + standard deviation of
duplicate determinations from two to four experiments.

ing of opiate and muscarinic cholinergic ligands to NG108-15
membranes (Fig. 5B). These data suggest that the down-regu-
lation of receptors on NCB-20 cells precedes the morphological
differentiation of the cells, and, therefore, the two events may
be unrelated. Additional evidence for dissociation of the two
events is derived from the ability of dBcAMP to induce NG108-
15 cell differentiation but not down-regulation of receptors on
NG108-15 cell membranes.

Cell specificity of receptor down-regulation. The neu-
roblastoma parent, N18TG2, common to both hybrid cells,
NCB-20 and NG108-15, and the rat glioma mutant, C6BU-1,
parent of the NG108-15 cell hybrid, were examined for the
ability of their receptors to be down-regulated by 1.0 mMm
dBcAMP. The binding of opiate ([*H]DPN, [*H]DADLE),
muscarinic cholinergic ([P"HJQNB), and a.-adrenergic ligands

"(['H]PAC, [*H]RAUW) to the two neuroblastoma hybrids and

to the parental cell lines was compared in a series of experi-
ments (Table 2). Except for [PH]QNB, specific binding of all
ligands to N18TG2 membranes was significantly less than
specific binding to both NCB-20 and NG108-15 cell mem-
branes. However, no significant decrease in binding was ob-
served in dBcAMP-treated N18TG2 membranes with any li-
gand tested. In fact, an increase in ["H]PAC- and [*(HJRAUW-
specific binding with dBcAMP treatment was observed.

In the C6BU-1 cell line, no appreciable specific binding was
detected with any of the above ligands except [*H]DPN (60%
of total binding displaced by morphine). Treatment with
dBcAMP did not inhibit [*HJDPN binding to C6BU-1 mem-
branes, and may have enhanced it. Parallel single point binding

Ki» = 0.34 nM
Bmax = 278 imol/mg protein
r=0.98

B/F (x10°)

K. = 0.68 nM
Bmax = 41 tmol/mg protein

*H-DADLE SPECIFIC BINDING

[*H-DADLE], nM

600

500

400

300 Ko = 0.50 nM
Bmax = 592.1 tmol/mg protein
=098

200

Ko = 0.5 nM
0.2 Bmax= 513.1 imoi/mg protein
4 r=0.97

*H-DADLE SPECIFIC BINDING (fmol/mg)

[°H-DADLE], nM

Fig. 3. Down-regulation of opiate receptor sites in NCB-20 but not
NG108-15 cells. NCB-20 (A) and NG108-15 (B) cultures were untreated
(O) or treated (@) with dBCAMP (1.0 mm, 4 days). Binding of [°H]DADLE
(0.1-5.0 nm) to membranes (0.2 mg of protein/tube) prepared from each
set of cultures was measured at 25° for 90 min as described in Materials
and Methods. Nonspecific binding was determined in the presence of 10
um morphine. Points shown are from a single experiment assayed in
triplicate. Similar results were obtained each of the three times this
experiment was performed. Insets: Scatchard plots of ligand saturation
data.

experiments performed on NCB-20 cell membranes showed a
pronounced reduction in [*H]DPN- and [*H]DADLE-specific
binding (85%), [*H]QNB-specific binding (50%), and [PH]PAC
(25%)- and [PHJRAUW (55%)-specific binding to dBcAMP-
treated NCB-20 cultures. In contrast, under the same experi-
mental conditions, no reduction in specific binding of all ligands
examined to NG108-15 cells was observed following exposure
to dBcAMP. These data show a cell-specific down-regulation
of opiate, muscarinic, and «.-adrenergic receptors by dBcAMP
treatment only in the NCB-20 hybrid cell. The NG108-15
hybrid and its parents, N18TG2 and C6BU-1, were refractory
to down-regulation by dBcAMP treatment.
Pharmacological specificity of undifferentiated and
differentiated NCB-20 and NG108-15 cells. The inhibi-
tion of opiate, muscarinic, and a,-adrenergic ligand binding by
specific competitors was examined in undifferentiated and dif-
ferentiated NCB-20 and NG108-15 cell cultures (Table 3). K;
values for unlabeled DADLE, morphine, and naloxone at both
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TABLE 1

Down-regulation of opiate, muscarinic cholinergic, and a.-adrenergic receptors on NCB-20 but not NG108-15 ceils

Cultures of NCB-20 and NG108-15 celis were treated with dBCAMP (1.0 mm, 4 days). Membranes (0.2 mg

ofprowmfube)mmyedforspeaﬁcbmdmgof[‘ri]
Materials and Methods. Nonspecific

DADLE (0.1-5 nm), [*H]DPN (30 pm-5 nm), [*H]QNB (2-60 pm), [*H]PAC (0.2-20 nm), and [PHJRAUW (0. 2-20 nm) as described in
binding was measured in the presence of 10 um morphine for opiate ligands (DADLE and DPN), 1.0 um atropine for the muscarinic igand QNB, and01 mm (=)
norepinephrine for the az-adrenergic ligands (PAC and RAUW). Values represent means + standard deviations of (n) experiments performed in triplicate.

Celne Ligand B i )
Control dBcAMP-treated % Control Control dBCAMP-treated
fmol/mg v

NCB-20 DPN 272 + 26 42 + 14 15 0.28 + 0.05 049 +0.14 @8)
DADLE 220 + 48 47 + 11 21 0.56 + 0.21 0.63 £ 0.15 8)

QNB 45+ 4 22+3 49 0.04 +0.01 0.03 + 0.01 (6)

PAC 76+ 6 55+ 2 72 15 £03 14 +01 4)

RAUW 198 + 65 104+ 6 52 18 +04 23 04 2)

NG108-15 DPN 590 + 61 534 + 31 91 0.32 + 0.04 0.32 £ 0.05 (5)
DADLE 574 + 23 510 + 17 89 0.61+0.1 07 +0.1 5)

QNB 45+ 10 45+ 10 100 0.03 + 0.003 0.03 + 0.002 3)

PAC 106 £ 20 97 £ 17 92 1.7 205 1.7 206 3)

RAUW 165+ 13 183 + 49 11 21 +£0.2 20 +04 3)

[*'H]DADLE and [°’H]DPN sites were very similar using mem-
branes from control and dBcAMP-treated NCB-20 cells, sug-
gesting that the receptors remaining on differentiated NCB-20
cells following down-regulation were pharmacologically unal-
tered. Similar comparisons were made using NG108-15 cell
membranes. Again, no significant differences in opiate K; values
were observed between untreated and dBcAMP-treated
NG108-15 cultures.

Inhibition of [*H]QNB-specific binding by atropine and car-
bachol yielded K; values that were similar for control and
dBcAMP-treated NCB-20 cells, and for control and dBcAMP-
treated NG108-15 cultures. K; values derived from competition
curves of [*'H]PAC binding by phentolamine and norepineph-
rine were also similar in untreated and dBcAMP-treated NCB-
20 cultures (Table 3). Thus, the pharmacological specificity of
the receptor sites (opiate, muscarinic, a,-adrenergic) was un-
changed following differentiation in both cell lines and down-
regulation in NCB-20 cells. Except for the K; value of carbachol,
which was approximately 10-fold lower in NG108-15 compared
to NCB-20 cells, K; values for all drugs at the three receptors
were very similar in the two cell lines.

Effect of dBcAMP treatment on receptor function. The
coupling of opiate receptors to AC in differentiated and undif-
ferentiated NCB-20 and NG108-15 cell cultures was examined.
Membranes were prepared from untreated and dBcAMP-
treated (1.0 mM, 4 days) cultures and assayed for the ability of
DADLE to inhibit PGE,-stimulated AC activity (Fig. 6A).
Basal enzyme activities in membranes from untreated and
dBcAMP-treated cultures were approximately the same: 305-
350 pmol of cAMP/20 min/mg of protein in NCB-20 cells, and
780-990 pmol of cAMP/20 min/mg of protein in NG108-15
cells. Stimulation by PGE, (10 uM) was 7-8-fold in both cell
lines and was not affected in either cell line by dBcAMP
treatment.

The maximal inhibitory response elicited by DADLE was
significantly different in untreated and dBcAMP-treated NCB-
20 cells (Fig. 6A). In untreated cells, DADLE (1 uM) inhibited
PGE,-stimulated AC to a maximum of 30%, whereas in
dBcAMP-treated NCB-20 cells, a maximum inhibition of only
17% was observed. This 50% loss in opiate agonist response
coincided with a loss of 90% of opiate receptor-binding sites,
which suggests that there is a large opiate receptor reserve on

NCB-20 cells. The potency of DADLE to inhibit PGE,-stimu-
lated AC, however, was not significantly different in control
and dBcAMP-treated NCB-20 cells, with ECs, values of 47 nM
and 28 nM, respectively. If the existence of a large receptor
reserve were to account for the much smaller loss in receptor
function compared to binding sites, then a right-shift in the
DADLE dose-response curve would be predicted. The inherent
error involved in the measurement of a small inhibitory re-
sponse may account for the lack of an observable shift in the
potency of DADLE in the two membrane preparations.

In contrast to NCB-20 cells, DADLE (1 gM) inhibited control
and dBcAMP-treated NG108-15 AC to the same maximum
extent of 56% (Fig. 6B). The ECs, values for DADLE were 17
nM and 11 nM, respectively. Similar values for maximal inhi-
bition and potency of DADLE have been reported in NG108-
15 cells by others (55). Thus, in the NG108-15 cells, where no
opiate receptor site down-regulation by dBcAMP was observed,
the receptor-effector coupling mechanism was unaltered. In
contrast, in differentiated NCB-20 cells, where opiate receptor
sites were down-regulated, a parallel functional desensitization
was also observed.

In this study we have observed that three receptor classes
which are negatively linked to the AC effector system (opiate,
muscarinic, and a.-adrenergic), and which are present on the
hybrid cell, NCB-20 (neuroblastoma N18TG2 x Chinese ham-
ster brain glial cell), were down-regulated by treatment of NCB-
20 cells with dBcAMP. In all cases, receptor site densities but
not ligand affinities for each receptor were altered by dBcAMP
treatment. The changes in receptor site density were the same
whether density was expressed as fmol/mg of protein or fmol/
10° cells (not shown). Opiate receptor site density was reduced
by approximately 90%, whereas density of a,-adrenergic and
muscarinic receptor sites was reduced to a lesser extent (30-
50%). In contrast, the densities and ligand affinities of the
same three receptors on the closely related hybrid cell, NG108-
15 (neuroblastoma N18TG2 X glioma C6BU-1), were unaf-
fected by dBcAMP treatment. Thus, a striking cell-specific
difference in receptor regulation between these two related
hybrids was observed in response to dBcAMP.

dBcAMP has previously been used to differentiate several
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Fig. 4. Dose response curves for effect of dBcAMP on opiate and
muscarinic receptors in NCB-20 and NG108-15 cells. Cultures of NCB-
20 (A) and NG108-15 (B) cells were treated for 4 days with various
concentrations of dBcAMP (0.3-5.0 mm). Binding of the opiate ligands,
[®H]DADLE (3.0 nm) and [*H]JDPN (1.0 nm), and the muscarinic cholinergic
ligand [*H]QNB (30.0 pm) to membranes (0.2 mg of protein/tube) pre-
pared from each set of cultures was measured at 25° for [*H]DADLE
and [°*H]DPN, and 37° for [°HJQNB, as described under Materials and
Methods. All incubations were carried out for 90 min. Nonspecific binding
was determined in the presence of 10 um morphine for opiate ligands or
1.0 um atropine for the muscarinic ligand. Results represent means +
standard deviations of triplicate determinations from two to four experi-
ments. Specific opiate binding of [*H]DADLE and [°H]DPN to NCB-20
membranes in control (untreated) cultures was 210 + 20 fmol/mg of
protein and 240 + 30 fmol/mg of protein, respectively. Specific [*HJQNB
binding in control cultures was 28 + 2 fmol/mg of protein. Specific iopiate
binding of [*H]DADLE and [*H]DPN to NG108-15 membranes in control
cultures was 516 + 44 fmol/m%-'of protein and 555 + 132 fmol/mg of
protein, respectively. Specific [’HJQNB binding in control cultures was
22 + 4 fmol/mg of protein.

tumor cells of neuronal or glial origin, including NG108-15 and
NCB-20 cells (1). Differentiated NG108-15 cells are larger than
untreated cells, with numerous long neurites extending from
aggregated cell bodies. The neurites contain increased amounts
of mitochondria, endoplasmic reticulum, and electron-trans-
parent and large dense core particles (2, 3, 12). Differentiated
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Fig. 5. Time course of the effect of dBCAMP on opiate and muscarinic
receptors in NCB-20 and NG108-15 cells. Cultures of NCB-20 (A) and
NG108-15 (B) cells were treated for 0—4 days with 1.0 mm dBcAMP (all
cultures were 5 days old on day of assay). Membranes (0.2 mg of
protein/tube) from each set of cultures were assayed for [°HJDADLE (3.0
nm), [*HIDPN (1.0 nm), and [*H]QNB (30.0 pwm) binding as described
under Materials and Methods. Incubations were terminated after 90 min
at 25° for opiate ligands and 37° for [*HJQNB. Nonspecific binding was
measured in the presence of 10 um morphine for the opiates or 1.0 um
atropine for [*HJQNB. Values represent the mean + standard deviation
of triplicate determination from two to four experiments. Untreated NCB-
20 (0 day) cultures yielded specific binding values of 220 + 10 fmol/mg
of protein and 240 + 20 fmol/mg of protein for [*'HJDADLE and [°H]DPN,
respectively. Specific [*HJQNB binding in untreated cultures was 27 + 2
fmol/mg of protein. Untreated NG108-15 (0 day) cultures yielded specific
binding values of 520 + 40 fmol/mg of protein and 560 + 130 fmol/mg
of protein for [*H]DADLE and [*H]DPN, respectively. Specific [PHJQNB
binding in control cultures was 24 + 3 fmol/mg of protein.

NG108-15 cells contain higher cellular concentrations of Met®-
and Leu®-enkephalin (12) than do undifferentiated cells and,
more recently, have also been shown to possess increased
voltage-sensitive calcium channel activity (58). Differentiation
of NCB-20 cells shows many similar morphologic and biochem-
ical changes: the cells appear rounder, are more clustered, and
also emit numerous branched processes relative to undifferen-
tiated cells; differentiated NCB-20 cells also show increased
enkephalin concentrations.?

The parental neuroblastoma and glioma cell lines (N18TG2
and C6BU-1), when induced to differentiate, do not exhibit the
highly differentiated ultrastructure observed with the hybrid

2 K. Braas and D. C. U’Prichard, unpublished observation.
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TABLE 2

Effect of dBCAMP on opiate, muscarinic cholinergic, and
az-adrenergic receptors on different cell lines

Cultures of NCB-20, NG108-15, N18TG2, and C6BU-1 cells were treated with
dBCcAMP (1.0 mm, 4 days). Membranes (0.2 mg of protein/tube) were assayed for
specific binding of [*H]DADLE (3.0 nm), [PHJDPN (1.0 nm), [PHJQNB (30.0 pm), [*H]
PAC (4.0 nm), and [*H]JRAUW (1.4 nwm) as described in Materials and Methods.
Nonspecific binding was measured in the presence of 10 um morphine for opiate
ligands (DADLE and DPN), 1.0 um atropine for the muscarinic ligand QNB, and 0.1
mm (—)-norepinephrine for the az-adrenergic ligands (PAC and RAUW). Values
represent means + standard deviations of triplicate determinations performed
between 3 and 10 times for different ligands.

Cellline Ligand
Control dBcAMP-treated % Control
fmoi/mg
NCB-20 DPN 230 + 64 40+ 11 17
DADLE 204 + 60 315 15
QNB 16+4 8+2 50
PAC 54+5 41 +7 76
RAUW 88+5 40+ 2 43
NG108-15 DPN 440 + 160 470 + 140 106
DADLE 420 +130 420+ 108 100
QNB 217 23+7 110
PAC 64 +4 64 + 11 100
RAUW 68 + 15 83+19 122
N18TG2 DPN 190 + 66 220 + 47 118
DADLE 65 + 42 55+ 18 84
QNB 27+ 4 175 63
PAC 11+3 26 + 11 250
RAUW 172 35+3 203
C6BU-1 DPN 72+ 26 150 + 47 210
DADLE ND*
QNB ND
PAC ND
RAUW ND

*ND, not detectabie.

cells (2), although both lines, particularly the C6BU-1 cells,
emitted numerous long processes.

The observed down-regulation of opiate, muscarinic, and a.-
adrenergic receptor sites can be clearly dissociated from the
differentiation process. First, the phenomenon is absent in the
NG108-15 cells which have been induced to differentiate with
1.0 mM dBcAMP (Fig. 3, Table 1). In fact, treatment of NG108-
15 cells with concentrations of dBcAMP 5-10-fold higher than
that required to induce differentiation consistently failed to
cause down-regulation of opiate, muscarinic, and a,-adrenergic
receptor sites (Fig. 4B). Prolonged treatment of NG108-15

TABLE 3

cultures with 1.0 mM dBcAMP likewise failed to induce receptor
down-regulation (Fig. 5B). Furthermore, N;-coupled receptors
on the N18TG2 parent were also not down-regulated despite
their differentiated morphology (Table 2).

Second, receptors on differentiated NCB-20 cells were exten-
sively down-regulated by dBcAMP treatment, with a time
course that could be clearly dissociated from the time course of
differentiation (Fig. 5A). Opiate and muscarinic receptor sites
were down-regulated by 65% and 30%, respectively, within 1
day of treatment of NCB-20 cells with dBcAMP, and maximum
down-regulation was achieved for both receptors after 2 days.
From a morphological standpoint, however, NCB-20 cells con-
tinue to be progressively more differentiated by dBcAMP with
time (1-4 days) in culture (data not shown). Furthermore,
dBcAMP concentrations as low as 30 uM induced a 70% loss
of opiate ligand binding after 4 days of treatment. At this low
concentration of dBcAMP, NCB-20 cells do not appear highly
differentiated and do not produce an increased number of
neurites. These data, together, suggest that the process of
differentiation in both hybrid cell lines is unrelated to heter-
ologous down-regulation of opiate, muscarinic, and a,-adrener-
gic receptor sites on NCB-20 cells.

The pharmacological characteristics of receptors remaining
on dBcAMP-differentiated NCB-20 cells was examined and
found to be the same as for receptors in undifferentiated
cultures (Table 3). Not surprisingly, receptors on differentiated
NG108-15 cells were also pharmacologically identical to undif-
ferentiated NG108-15 cultures. The receptors on the two cell
lines appear to be identical, although the muscarinic agonist
carbachol has a 10-fold higher affinity in NG108-15 cells com-
pared to NCB-20 cells.

Coupling of opiate receptors to AC was also examined in
both cell lines before and after treatment with dBcAMP (Fig.
6). AC activity in membranes was stimulated 7-8-fold by PGE,,
in both cells, in control and dBcAMP-treated membranes. This
would suggest that the PGE, receptor, an N,-coupled receptor,
is not affected by dBcAMP treatment in either NG108-15 or
NCB-20 cells. PGE,-stimulated activity was maximally in-
hibited by the opiate agonist DADLE (1 uM), to different
degrees, 30% in NCB-20 membranes and 54% in NG108-15
membranes. dBCAMP treatment of NCB-20 cells resulted in a
2-fold decrease in this maximal level of opiate inhibition rela-
tive to untreated NCB-20 membranes. Thus, although

Competition at opiate, muscarinic, and a,-adrenergic receptor sites in control and dBcCAMP-treated NCB-20 and NG 108-15 cells

NCB-20 and NG108-15 cells were treated with dBcAMP (1.0 mm, 4 days) as described under Materials and Methods. Inhibition of [*H]JDADLE (3.0 nm), [*H]DPN (1.0
nm), [*H]JQNB (30.0 pm), and [*H]JPAC (4.0 nm) specific binding was determined using six to eight concentrations of each uniabeled drug. K, values were caiculated using
the Cheng-Prusoff equation (54). Results represent the means + standard deviations of triplicate determinations from three to four experiments.

] oug NCB-20 NG108-15
beend Control K, +dBCAMP K, Control K, +dBCAMP K,
nM nM
[*HIDPN DADLE 0.7+04 12407
Morphine 98.3 + 34.6 128.7 £ 17.8 450+ 05 435+ 0.7
Naloxone 80.6 + 32.9 75.9 + 43.7 260+ 4.2 30014
[*H]DADLE DADLE 0.6 £0.2 09+0.6
Morphine 61.5+9.2 58.5 + 17.7 546+ 31.4 484 + 32.9
Naloxone 38.0+42 345 + 191 145+49 11521
[*H]QNB Atropine 1.1+05 09+0.6 1.0+ 05 1.2+03
Carbachol 3488.0 + 443.0 3005.0 + 305.0 225.5 + 92.6 256.0 + 94.8
[*HIPAC Phentolamine 225+ 35 40+127
Norepinephrine 235+3.0 218+ 3.1
-
_/
e
7
. K
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Fig. 6. Effect of dBCAMP treatment on opiate inhibition of AC activity in
NCB-20 and NG108-15 cell membranes. Untreated and dBcAMP-treated
NCB-20 (A) and NG108-15 (B) cell membranes (15 ug of protein/tube)
were prepared and assayed for AC activity as described in Materials and
Methods. Inhibition of PGE,-stimulated (10 um) AC activity was measured
using various concentrations of DADLE (1 nm-100 um). Basal activity
was stimulated approximately 7-fold by PGE; in all cases. A. Basal AC
activities in untreated ((J) and dBcAMP-treated (ll) NCB-20 membranes
were 471 + 213 and 415 + 82 pmol of cAMP/20 min/mg of protein,
respectively. ICso values defined as the concentration of DADLE that
yielded 50% inhibition of the stimulated activity for untreated and
dBcAMP-treated cells were 29.2 nm and 54.6 nm, respectively. B. Basal
AC activities in untreated (OJ0) and dBcCAMP-treated (ll) NG108-15 mem-
branes were 1031 + 101 and 807 + 37 pmol of cAMP/20 min/mg of
protein, respectively. The ICs values for DADLE inhibition of AC activity
in untreated and treated membranes were 17 nm and 21 nm, respectively.

dBcAMP treatment reduced opiate receptor site density (Bax)
by 90%, agonist-induced inhibition of AC activity was dimin-
ished by only 50% compared to undifferentiated cultures. These
data suggest the presence of a large reserve of opiate receptor
sites on NCB-20 cells. It is also apparent that down-regulation
of NCB-20 opiate receptor sites accompanies an uncoupling or
functional desensitization of the opiate receptor-AC effector
system. Our data differ from the reported heterologous desen-
sitization of the turkey erythrocyte system, where agonist or
cyclic nucleotide exposure leads to a major loss of catechol-
amine and sodium fluoride responsiveness, perhaps due to
phosphorylation of the receptor protein, but leads to no change
in the number of receptors present on the cell (37, 42). In
contrast, in a typical example of homologous desensitization,

'S

-

down-regulation of gonadotropin receptors as well as impaired
AC stimulation by hormone was observed in a murine Leydig
tumor cell (32).

In contrast to NCB-20 cells, maximum AC inhibition of both
control and dBcAMP-treated NG108-15 cells was the same,
54% in both membrane preparations. Thus, functional desen-
sitization was not observed, coincident with no loss of receptor-
binding sites.

Since both NG108-15 and NCB-20 cells, when induced to
differentiate, produce and store releasable endogenous agonist
(enkephalins and acetylcholine), it might seem possible that
the observed receptor down-regulation is agonist induced. This,
however, is an unlikely explanation since the down-regulation
is specific for NCB-20 cells, and neither cell produces the

catecholamines which would down-regulate a,-adrenergic re- -

ceptors.

NG108-15 and NCB-20 cells share one parent in common,
the N18TG2 neuroblastoma cell, previously shown to contain
opiate receptors (55). The other parent of the NG108-15 cell,
C6BU-1, derived from a rat glioma, lacked opiate receptors (59)
but showed dramatic changes in morphology when induced to
differentiate with dBcAMP. Since the two hybrid cells ex-
hibited such a striking all-or-none sensitivity to dBcAMP in
terms of receptor regulation, it was of interest to examine the
available parents of the hybrid cultures to determine whether
the differences between the hybrids were due to suppression of
a possible gene complement responsible for receptor down-
regulation in the NG108-15 hybrid cell, or to activation of a
possible gene complement that induced receptor down-regula-
tion in the NCB-20 cells.

Opiate, a;-adrenergic, and muscarinic receptors were found
on the N18TG2 parent common to both hybrid cells but not
on the C6BU-1 glioma parent of the NG108-15 hybrid. It thus
seems likely that the genes for these N;-coupled receptors in
both hybrid cells are derived from the N18T'G2 parent. Opiate
and a.-adrenergic receptors on the N18TG2 cells were not
down-regulated by dBcAMP treatment (Table 2), and musca-
rinic receptor-specific binding was only slightly reduced. [*H]
DPN-specific binding to C6BU-1 membranes, which may not
represent an opiate receptor, was actually enhanced following
treatment of cultures with dBcAMP. Thus, the “factor” which
triggered receptor down-regulation in the NCB-20 cell was not
present in the N18TG2 parent at all and was, therefore, in
terms of its expression, contributed directly by the fetal Chinese
hamster brain parent cell; alternatively, if the down-regulation
“factor” was present in the N18TG2 cell, it would have to be
activated by a product synthesized by the Chinese hamster
brain cell parent. The latter hypothesis dictates that such
activation is not functional in the C6BU-1 parent and, there-
fore, receptor down-regulation could not be detected in the
NG108-15 hybrid cells. Had receptors on the N18TG2 parent,
in fact, been susceptible to down-regulation by dBcAMP, it
would have been necessary to also invoke a suppressor gene
contributed by the C6BU-1 parent which would, in turn, pre-
vent receptor down-regulation in the NG108-15 cells. The
presence of such a suppressor gene may be ruled out on the
basis of our data. At the present time, experiments to distin-
guish between the two possibilities cited for NCB-20 cells are
in progress. In any event, it is clear that the signal for receptor
down-regulation in NCB-20 cells must come from the Chinese
hamster brain cell parent.
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The Chinese hamster brain cell is .a normal, primary cell,
whereas the other parental cells are transformed clonal cell
lines. It is interesting to speculate that the process of transfor-
mation may, in some way, repress the signal(s) involved in
receptor site regulation, resulting in a loss of normal cellular
function.

The interaction of genomes in hybrid cells and the effect of
this interaction on membrane receptor properties is clearly an
interesting area for further research. For instance, it is evident
that, although the N18TG2 parental cell is not particularly
enriched in opiate, muscarinic, and a,-adrenergic receptors,
and the C6BU-1 parental cell may be absent in these receptors,
the product of their fusion, namely, the NG108-15 cell, contains
an abundance of these receptor types. Hybrid cultures thus
provide a model system with which to study the complexities
of receptor gene regulation.
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