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SUMMARY

NS20Y neuroblastoma cells expressing a homogeneous popu-
lation of D,-dopamine receptors were used in the present study
as a model system to investigate the mechanisms of agonist-
induced stimulation and desensitization of D, receptor-coupled
adenylyl cyclase activity. Membranes prepared from NS20Y cells
showed a pharmacologically specific, dose-dependent increase
in cAMP production in response to various dopaminergic ago-
nists. Dopamine exhibited an EC5, of 5 um, and at 100 um a
maximal stimulation of 3-4-fold over basal enzyme activity was
observed, which could be selectively antagonized by the active
stereoisomers of SCH-23390 and butaclamol. Preincubation of
NS20Y cells with dopamine induced homologous desensitization
of D, receptor-coupled adenylyl cyclase activity, decreasing do-
pamine- but not prostaglandin-, adenosine-, or forskolin-stimu-
lated cAMP production. Desensitization did not affect the ECso
for dopamine but resulted in an 85-90% reduction in the maximal
response. Dopamine-induced desensitization of adenylyl cyclase
activity was found to be both dose and time dependent. As early
as 5 min after preincubation with dopamine, CAMP production
was decreased by 45-50%, with maximal desensitization occur-

ring by 90 min. Preincubation of NS20Y cells with dopamine also
induced a decrease in D, receptor ligand binding activity, as
assessed with the radiolabeled antagonist [*(H]SCH-23390. This
decrease in binding activity occurred more slowly than the loss
of enzyme activity, not achieving maximal levels until after 3 hr.
[®°H]SCH-23390 saturation binding isotherms in control and max-
imally desensitized NS20Y cell membranes revealed no change
in affinity (Ko); however, a 65-70% decrease in receptor number
(Bmax) Was observed. Because the maximal and temporal de-
crease in D, receptors does not correlate with the decrease in
dopamine-stimulated enzyme activity, the desensitization may
involve a functional uncoupling of the D, receptor in addition to
receptor down-regulation. This is further suggested by a loss in
high affinity agonist binding observed in agonist/[°H}]SCH-23390
competition experiments after desensitization. Removal of do-
pamine after maximal desensitization/down-regulation resulits in
recovery to control values by 24 hr. This recovery is mostly, but
not completely, blocked by protein synthesis inhibitors, suggest-
ing an involvement of receptor degradation in the desensitization
process.

Dopamine receptors are among the most intensively studied
and physiologically important neurotransmitter receptor sys-
tems in the brain. Pharmacological, biochemical, and physio-
logical criteria have been used to define two subcategories of
dopamine receptors, referred to as D, and D, (1). Both of these
receptor subtypes are members of a broad family of receptors
that are coupled to their specific effector functions via G
proteins (1, 2). D, receptors have been classically defined as
being linked to the stimulation of adenylyl cyclase activity (3,
4), although recent evidence has suggested that some D, recep-
tors may activate phospholipase C (5, 6). In contrast, D, recep-
tor activation results in various responses including inhibition
of adenylyl cyclase activity (7), inhibition of phosphatidylino-
sitol turnover (8), increase in K* channel activity (9), and
inhibition of Ca®* mobilization (10). Both D, and D, receptors
are present predominantly in the central nervous system, where

they are critically involved in regulating cognitive function as
well as motor control.

Altered dopamine receptor function has been implicated in
numerous neurological and endocrine disorders including schiz-
ophrenia, Parkinson’s disease, Tourette’s syndrome, tardive
dyskinesia, Huntington’s chorea, and hyperprolactinemia (11).
In many instances, these disorders and/or their therapy have
been suggested to involve aberrant regulatory mechanisms of
the dopaminergic receptor systems (12). A wide variety of in
vivo investigations have, in fact, documented that dopamine
receptors are subject to dynamic regulation in both a positive
and a negative fashion (13-15). Thus far, however, these regu-
latory phenomena have not been investigated in detail and the
underlying biochemical mechanisms have not yet been ad-
dressed. In large part, this is due to the inherent limitations of
in vivo experimentation and lack of suitable simple model

ABBREVIATIONS: G protein, guanine nucleotide-binding regulatory protein, NPA, N-propyinorapomorphine; 6,7-ADTN, (+)-2-amino-6,7-dihydroxy-
1,2,3,4-tetrahydronaphthalene; PGE,, prostaglandin E,; Gpp(NH)p, guanylyl-5’-imidodiphosphate.
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systems for in vitro investigations of dopamine receptor func-
tion and regulation. An optimal in vitro model system would
be a dopamine receptor-expressing neuronal cell line that could
be treated under precisely defined conditions and grown in
large quantities for biochemical experimentation.

Recently, we reported that the NS20Y neuroblastoma cell
line expresses D,-dopamine receptor binding sites, as assessed
using radioligand binding techniques (16). These saturable
receptor sites were shown to be pharmacologically specific,
inasmuch as dopaminergic antagonists and agonists exhibited
the appropriate rank order of potency and absolute molar
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Fig. 1. Dose-response curves for dopaminergic agonist stimulation of
adenylyl cyclase activity in NS20Y cell membranes. Membranes were
prepared from NS20Y cells and incubated with increasing concentrations
of dopamine (0J), epinine (@), (+)-SKF-82526 (A), (+)-SKF-38393 (O), ()
NPA (4), or (—)-apomorphine (M) for 10 min at 37°, as described in
Experimental Procedures. The data represent the amount of cAMP
produced over basal levels of enzyme activity. The curves shown are
representative of three independent experiments for each agonist. Av-
eraged EC,, values are presented in Table 1.

TABLE 1

Pharmacology of D, receptor-stimulated adenylyl cyclase activity in
NS20Y cell membranes
Data presented are EC,, values for agonist stimulation and K, values for antagonist
inhibition of dopamine-stimulated adenylyl cyclase activity in NS20Y cell mem-
branes. Experiments were performed as described for Figs. 1 and 2. ECs, values
for agonists were graphically determined, whereas antagonist dissociation con-
stants (K,) were determined by Cheng and Prusoff (40) correction of graphically
determined ICqo values, using the equation K, = ICs/(1 + [dopamine]/dopamine
ECaqo), where [dopamine] = 100 um and the dopamine ECs, = 5.83 um. Values
the means of two or three independent experiments (SE values were
<15% of the means).

Agonist ECso Antagonist K,
] [}
(+)-SKF-38393 0.17  (+)-SCH-23390 0.49
(+)-SKF-82526 0.27 (+)-Butaclamol 457
(=)-Apomorphine 0.55 (—)SCH-23390 182
(-)NPA 1.30 (-)-Butaclamol >100,000
Dopamine 5.83
6,7-ADTN 7.0
Epinine 12.0
Serotonin —_
Isoproterenol —_
Quinpirole -

10~

cAMP Response to 100 uM Dopamine
(pmol/mg protein/min)
%

0 - - - r ¥
107" 10°'° 10° 10°®* 107 10° 10% 10*

[Antagonist] (M)

Fig. 2. Effect of dopaminergic antagonists on inhibition of dopamine-
stimulated adenylyl cyclase activity in NS20Y cell membranes. Mem-
branes prepared from NS20Y cells were incubated with 100 xm dopamine
and increasing concentrations of (+)-SCH-23390 (O), (—)-SCH-23388
(A), (+)-butaclamol (W), or (—) butaclamol ([O) for 10 min at 37°, as
described in Experimental Procedures. The data represent the amount
of cAMP produced over basal levels of enzyme activity. The curves
shown are representative of two independent experiments for each
antagonist. Averaged K, values are presented in Table 1.

affinities expected for a D,-dopamine receptor (16). In addition,
the presence of high affinity, guanine nucleotide-sensitive ag-
onist binding suggested that these receptors were capable of
functional G protein coupling. In the present investigation, we
demonstrate that the D, receptors expressed by NS20Y cells
are indeed functionally coupled to the stimulation of adenylyl
cyclase activity, with the appropriate pharmacology. More im-
portantly, we find that acute treatment of the cells with dopa-
mine or other dopaminergic agonists results in a profound
homologous desensitization of the adenylyl cyclase response to
dopamine as well as a down-regulation of the D, receptors. Our
data suggest that multiple biochemical mechanisms, including
functional uncoupling and receptor sequestration and degra-
dation, are involved in promoting these regulatory events.

Experimental Procedures

Materials. [°H]SCH-23390 [(R)-(+)-9-[*H]8-Chloro-2,3,4,5-tetra-
hydro-3-methyl-5-phenyl-1H-3-benzazepine-7-ol] (60 Ci/mmol) was
purchased from DuPont/NEN (Boston, MA). [*H]cAMP (45 Ci/mmol)
was purchased from Amersham (Arlington Heights, IL). (+)-SCH-
23390, (—)-SCH-23388, (+)-butaclamol, (—)-butaclamol, (+)-SKF-
38393, (—)-SKF-38393, (—)-apomorphine, (—)-NPA, and 6,7-ADTN
were purchased from Research Biochemicals, Inc. (Natick, MA). Do-
pamine was purchased from Calbiochem (La Jolla, CA). Epinine,
adenosine, PGE,, cycloheximide, serotonin, (—)-isoproterenol, and
Gpp(NH)p were purchased from Sigma Chemical Co. (St. Louis, MO).
RO-20-1724 [4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone] was
purchased from Biomol (Plymouth Meeting, PA). The following drugs
were gifts from the respective pharmaceutical companies: (+)-SKF-
82526 (fenoldopam), Smith, Kline & French Laboratories (Swedeland,
PA); and quinpirole (LY-171555), Lilly Laboratories (Indianapolis, IN).
Cell culture media, reagents, and fetal bovine serum were obtained
from GIBCO Laboratories (Grand Island, NY). All other chemicals
were purchased from commercial suppliers and were of the highest
quality available.
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Fig. 3. Effect of pretreating NS20Y cells with dopamine, PGE;, or
adenosine on agonist- and forskolin-stimulated adenylyl cyclase activity.
NS20Y cells were incubated with 200 um sodium metabisulfite in Earle’s
balanced salt solution (control) or 200 um sodium metabisulfite in Earle’s
balanced salt solution containing either 100 uM dopamine, 10 um PGE,,
or 100 uM adenosine, for 1 hr at 37°. The cells were then washed
extensively and membranes were prepared as described in Experimental
Procedures. Adenylyl cyclase activities were then evaluated using the
following stimulating agents: 50 um forskolin, 100 um dopamine, 10 uM
PGE;,, or 100 um adenosine. The data are representative of two similar
experiments and are presented as a percentage of the enzyme activities
from the control (untreated) cells, which are as follows (mean + SE): 50
uM forskolin, 74.3 + 8.0 pmol/mg of protein/min; 100 um dopamine, 13.8
+ 1.6 pmol/mg of protein/min; 10 uM PGE, 34.4 + 6.5 pmol/mg of
protein/min; and 100 um adenosine, 12.7 + 1.7 pmol/mg of protein/min.
In some data sets, the standard error values are too small to be
observable. The basal enzyme activities were subtracted from the above
values and were not affected by any agonist pretreatment.

Cell culture. NS20Y cells were cultured in Dulbecco’s modified
essential medium containing high glucose (4500 mg/liter), 1 mM sodium
pyruvate, and 10% fetal bovine serum, in a humidified atmosphere of
10% CO, in air at 37°. Cells were grown in 150-cm? flasks and used at
a density of 3.5 X 107 cells/flask for desensitization experiments.

Membrane preparation. NS20Y cells were detached from 150-cm?
flasks with 1 mM EDTA in Ca?*/Mg?*-free Earle’s balanced salt solu-
tion and were washed by centrifugation at 300 X g and resuspension
with cold Earle’s balanced salt solution (complete). The cells were then
suspended in ice-cold lysis buffer (5 mM Tris-HCIl, pH 7.4, 5 mM
MgCl,), transferred to a Dounce homogenizer on ice, and homogenized
using 15 strokes with an A pestle. The homogenate was diluted with 1
volume of AC buffer (75 mM Tris-HCI, pH 7.4, 250 mM sucrose, 12.5
mM MgCl,, 1.5 mM EDTA) and centrifuged for 10 min at 43,500 X g.
The upper half of the resulting two-layer pellet was carefully removed
and resuspended in the appropriate assay buffer (see below). For some
experiments, the resulting membrane suspension was further divided,
to generate two membrane fractions (one for adenylyl cyclase activity
determination and one for [*H]SCH-23390 binding), followed by recen-
trifugation and resuspension.

Determination of cAMP production. Fifty microliters of NS20Y
cell membranes, (50 ug of protein) suspended in AC buffer containing
1 mM dithiothreitol and 200 uM sodium metabisulfite and supplemented
with 2.75 mM phosphoenolpyruvate, 53 uM GTP, 0.12 mMm ATP, 1.0
unit of myokinase, 0.2 unit of pyruvate kinase, and 100 uM R0-20-1724
(a phosphodiesterase inhibitor), were added to tubes on ice containing
10 ul of H;0 or 10 ul of appropriate test compounds. The membranes
were incubated for 10 min at 37° to generate cCAMP and the reaction
was stopped by a 3-min incubation in boiling H;O. The cAMP thus
generated was assayed by the method of Brown et al. (17), by incubation
with cAMP-binding protein (prepared from bovine adrenal gland) in
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the presence of [*H]cAMP at 4° for 2-16 hr, as previously described
(18). Following incubation with cAMP-binding protein, free [*H]cAMP
was removed by treatment with charcoal/bovine serum albumin, and
the bound [*H]cAMP remaining in the supernatant was quantitated by
liquid scintillation counting. cAMP concentrations were determined by
comparison with standards, the curve of which was linear in the range
of 1-30 pmol of cAMP/assay tube. All assays were performed in
triplicate. A typical basal value for the adenylyl cyclase activity of the
NS20Y cell membranes using this assay procedure was approximately
2.5 pmol of cAMP/mg of protein/min. In each experiment described,
the basal adenylyl cyclase activities have been subtracted from the
effector-stimulated enzyme activities.

Radioligand binding assays. Radioligand binding assays were
performed as previously described (16). Briefly, 100 ul of NS20Y cell
membranes (1.25 mg of protein/ml), suspended in binding buffer (50
mM Tris-HCI, pH 7.4, 1 mM EDTA, 5 mM KCl, 1.5 mM CaCl;, 4 mM
MgCl,, 120 mM NaCl), were added to a final volume of 1 ml of binding
buffer containing 0.05 to 2 nM [*’H]SCH-23390 for saturation analyses
or 0.5 nM [*H]SCH-23390 for single-point binding determinations.
Nonspecific binding was determined in the presence of 1 uM (+)-
butaclamol. Competition analysis of agonist binding was carried out
using a high magnesium, low ionic strength buffer consisting of 50 mM
Tris-HC], pH 7.4 at 22°, 1.2 mM EDTA, 10 mM MgSO,, and 0.1%
sodium ascorbate. Incubations were carried out for 1 to 1.5 hr at room
temperature and were terminated by rapid filtration under vacuum
through Whatman GF/C filters (pretreated with 0.3% polyethylene-
imine). The filters were washed with 5 X 4 ml of ice-cold 50 mM T'ris-
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Fig. 4. Agonist-induced desensitization of dopamine-stimulated adenylyl
cyclase activity in NS20Y cells. NS20Y cells were preincubated, as
described in the legend to Fig. 3, with 100 um concentrations of dopa-
mine, 6,7-ADTN, epinine, quinpirole, isoproterenol, or serotonin or 10 uM
concentrations of (+)-SKF-82526, (+)-SKF-38393, (—)-NPA, or (—)-apo-
morphine, for 2 hr at 37°. The cells were then washed extensively and
the membranes prepared from each treatment group were assayed for
dopamine-stimulated adenylyl cyclase activity. The percentage of desen-
sitization refers to the percentage of decrease observed in the adenylyl
cyclase response to 100 M dopamine relative to that observed in control
(untreated) cells. The data represent the means =+ standard errors from
two independent experiments.
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Fig. 5. Dose response for dopamine-induced desensitization of D, recep-
tor-coupled adenylyl cyclase activity in NS20Y cell membranes. NS20Y
cells were pretreated with 200 um sodium metabisulfite in Earle’s bal-
anced salt solution (control) or the indicated concentrations of dopamine
in 200 um sodium metabisulfite in Earle’s balanced salt solution for 1 hr
at 37°. The adenylyl cyclase response to 100 um dopamine was subse-
quently tested in membranes prepared from each treatment group. The
data are presented as described in the legend to Fig. 4 and are repre-
sentative of two independent experiments.

HCI (pH 17.5), and the retained radioactivity was quantitated by liquid
scintillation counting in 5 ml of Hydrofluor liquid scintillation cocktail
(National Diagnostics; Palmetto, FL), at an efficiency of 47%. All
assays were performed in triplicate. At 0.5 nM [*H]SCH-23390, typical
binding values were 500 total cpm bound and 150 cpm nonspecifically
bound.

Protein determination. Protein concentrations were determined
using the bicinchoninic acid protein reagent (Pierce; Rockford, IL), as
described (19).

Data analysis. Radioligand binding data were analyzed with the
program LIGAND (20), which performs weighted nonlinear least
squares curve fitting to the general model of Feldman (21) involving
the interaction of several ligands with several independent classes of
sites according to the law of mass action. Deviations of the observed
points from the predicted values were weighted according to the recip-
rocal of the predicted variance. Competition curves were analyzed using
models for competition of radioligand and competitor to one or two
independent sites. Results from fits using a two-site model were re-
tained only when the two-site model fit the data significantly better
than a one-site model, as determined by the partial F test at a signifi-
cance level of p < 0.05. Experiments for which representative data are
shown were replicated two or three times, with the results varying by
<15% (SE).

Resulits

We initially determined that the D, receptors on the NS20Y
cells, which we had previously identified using radioligand
binding methods, were functionally coupled to the stimulation
of adenylyl cyclase activity. Fig. 1 and Table 1 show the effect
of various dopaminergic and nondopaminergic agonists on ad-
enylyl cyclase activity in NS20Y cell membranes. Dopamine
and other agonists with efficacy at D, receptors stimulate
NS20Y cell adenylyl cyclase in a dose-dependent fashion (Fig.
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Fig. 6. Dopamine dose response for adenylyl cyclase stimulation in
control and desensitized NS20Y cell membranes. NS20Y cells were
preincubated in the absence (O) or presence of 100 um dopamine for 5
min (A) or 20 min () at 37°, as described in the legends to Figs. 3-5.
Membranes prepared from each group were subsequently assayed for
adenylyl cyclase activity by measurement of CAMP production in re-
sponse to the indicated concentrations of dopamine. Preincubation with
100 um dopamine for 5 and 20 min results in a 50% and 70% decrease
in the maximal cCAMP response, respectively, but little alteration in the
potency of dopamine (ECs, for control, 3.6 um; 5-min preincubation, 4.8
uM; 20-min preincubation, 4.9 um). The data shown are representative
of two independent experiments.
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Fig. 7. Scatchard analysis of [°H]SCH-23390 saturation binding iso-
therms in control and desensitized NS20Y cell membranes. Control (O)
NS20Y cells were pretreated with Earle’s balanced salt solution contain-
ing 200 uM sodium metabisulfite, whereas desensitized (A) NS20Y cells
were pretreated with 100 um dopamine in 200 um sodium metabisulfite/
Earle’s balanced salt solution vehicle, for 1 hr at 37°. NS20Y cell
membranes were prepared and D, receptor binding activity was assayed
with 0.05 to 2 nm [°*H]JSCH-23390, as described in Experimental Proce-
dures. Scatchard analysis of the specific binding data reveals K, = 0.61
+ 0.01 nm and Bn.x = 80.9 = 6.9 fmol/mg of protein in control cell
membranes, whereas Kp = 0.70 + 0.04 nm and Bnax = 36.5 + 0.07 fmol/
mg of protein for desensitized membranes.
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1). The most potent agonists are the D,-selective ligands (+)-
SKF-38393 and (+)-SKF-82526 (Table 1), although neither of
these drugs is as efficacious as dopamine in stimulating enzyme
activity. (=)-NPA and (—)-apomorphine are also relatively
potent (Table 1), although these drugs also exhibit partial
agonist activity (Fig. 1). In contrast, dopamine and epinine
(Fig. 1), as well as 6,7-ADTN, are full agonists at the D,
receptor-stimulated adenylyl cyclase. Neither the D,-selective
agonist quinpirole, and S-adrenergic agonist isoproterenol, nor
serotonin had any effect on NS20Y cell adenylyl cyclase, as
indicated in Table 1.

Fig. 2 illustrates the dose-dependent inhibition of dopamine-
stimulated adenylyl cyclase activity by the stereoisomers of
SCH-23390 and butaclamol, D,-selective and nonselective do-
paminergic antagonists, respectively. As expected for a D,
receptor, the (+)-isomers of both antagonists potently inhibit
the dopamine-stimulated enzyme activity, whereas the (—)-
isomers are relatively impotent. Table 1 indicates that (+)-
SCH-23390 exhibits an approximate 370-fold stereoselectivity,
whereas (+)-butaclamol is more than 10,000-fold more potent
than its (—)-isomer. Overall, our data on the agonist potencies
and efficacies, as well as the antagonist affinities, are in excel-
lent agreement with previous pharmacological characteriza-
tions of D, receptor-coupled adenylyl cyclase in other tissues
(22, 23). This observation, along with our previous radioligand
binding data (16), provides convincing evidence for the presence
of functional D, receptors on the NS20Y cells.

Because the initial goal was to evaluate the NS20Y cell line
as a model system for investigating regulatory mechanisms
associated with the D, receptor, the effect of dopamine prein-
cubation on adenylyl cyclase activity was examined. Fig. 3
shows the results of such an experiment, where the cells were
pretreated for 1 hr either with dopamine or with PGE; or
adenosine, hormone agonists that activate adenylyl cyclase via
their own unique receptor systems in these cells. None of the
agonist pretreatments had any effect on basal adenylyl cyclase
activity (data not shown) or that stimulated by forskolin (Fig.
3), a nonhormonal activator of adenylyl cyclase that directly
activates the catalytic unit of the enzyme (24). In contrast, the
dopamine-stimulated adenylyl cyclase activity was decreased
by about 80% in response to dopamine pretreatment but was
not affected by pretreatment with either PGE, or adenosine
(Fig. 3). Similarly, the PGE,- and adenosine-stimulated enzyme
activities were each diminished by about 50% after PGE, and
adenosine pretreatment, respectively, but were not affected by
treatment with other agonists (Fig. 3). The adenylyl cyclase
desensitization observed in the NS20Y cells, thus, appears to
be “homologous” in nature, in that only the receptor system
that was activated during the pretreatment shows a diminished
response when subsequently examined.

In order to investigate the desensitization of dopamine-stim-
ulated adenylyl cyclase further, the effect of pretreatment of
the NS20Y cells with a number of additional agonists was
examined. Fig. 4 shows that pretreatment with 6,7-ADTN,
epinine, or (+)-SKF-82526 largely mimics that with dopamine,
in terms of inducing desensitization of dopamine-stimulated
adenylyl cyclase activity. Pretreatment with (—)-NPA, (+)-
SKF-38393, or (—)-apomorphine, however, results in only a
partial desensitization, relative to that observed with dopamine
(Fig. 4). In contrast, preincubation with quinpirole, isoproter-
enol, or serotonin results in little to no desensitization of
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dopamine-stimulated enzyme activity (Fig. 4). This pharma-
cological profile is consistent with a D, receptor-mediated re-
sponse. Moreover, the extent of desensitization observed ap-
pears to correlate with agonist efficacy for activating D, recep-
tor-stimulated adenylyl cyclase activity (Fig. 1 and Table 1).

Fig. 5 shows that the ability of dopamine to induce desensi-
tization during pretreatment of the NS20Y cells is dose de-
pendent. The dopamine ECs, for inducing desensitization is
about 0.2-0.3 uM, which, interestingly, is about 20-fold higher
affinity than that for dopamine stimulation of adenylyl cyclase
activity in control NS20Y cell membranes (Table 1). Both the
potency and efficacy for dopamine stimulation of adenylyl
cyclase activity after desensitization were also examined. Fig.
6 shows dopamine dose-response curves for stimulation of
adenylyl cyclase activity in control NS20Y cell membranes, as
well as in membranes from cells that were desensitized for 5 or
20 min with dopamine. In each case, the desensitization appears
to primarily involve a decrease in the maximum adenylyl cy-
clase response to dopamine, rather than a change in the potency
of dopamine (Fig. 6).

In order to directly evaluate the status of the D, receptor
following dopamine-induced desensitization, we examined the
receptor binding activity of the radiolabeled D,-selective antag-
onist [*H]SCH-23390. Fig. 7 shows a Scatchard plot of [*H]
SCH-23390 saturation binding isotherms obtained in mem-
branes prepared from control and dopamine-desensitized cells.
A marked decrease in the receptor binding activity of [*H]SCH-
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Fig. 8. Time-course for the effect of dopamine preincubation on D,
receptor-coupled adenylyl cyclase activity and [*H]SCH-23390 binding.
NS20Y cells were preincubated with Earle’s balanced salt solution con-
taining 200 um sodium metabisulfite (control) or with 100 um dopamine
in a 200 um sodium metabisulfite/Earle’s balanced salt solution vehicle
for the indicated times. NS20Y cell membranes were then prepared and
assayed for adenylyl cyclase activity in response to 100 um dopamine
(@), whereas specific D, receptor binding (O) was assayed using 0.5 nm
[*H]SCH-23390, as described in Experimental Procedures. The data are
presented as a percentage of the control dopamine-stimulated cCAMP
response (10.9 + 1.7 pmol/mg of protein/min) and control [*H]SCH-
23390 binding (40.6 + 6.8 fmol/mg of protein) in the absence of dopamine
preincubation. Values represent the means of standard errors from three
independent experiments.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

536  Barton and Sibley

23390 appears to be associated with desensitization of the
dopamine-stimulated adenylyl cyclase. Moreover, the decrease
in [*H)SCH-23390 binding is due to a reduction in the maxi-
mum receptor binding capacity (B,...) rather than a change in
the receptor affinity (Kp) (Fig. 7). In order to further explore
the relationship between the loss of receptor binding and de-
sensitization of enzyme activity, we examined the time-course
of each event in response to dopamine preincubation (Fig. 8).
As early as 5 min after preincubation with dopamine, cAMP
production is decreased by 45-50%, with maximal desensitiza-
tion occurring by 90 min. The decrease in [*H]SCH-23390
receptor binding occurs more slowly than the loss of enzyme
activity, however, not achieving maximal levels until after 3 hr.
Moreover, the total extent of receptor loss (65-70%) does not
coincide with the maximal loss of dopamine-stimulated enzyme
activity (85-90%) (Fig. 8).

Because the maximal and temporal decrease in D, receptor
number does not correlate with the decrease in dopamine-
stimulated enzyme activity, the desensitization may involve a
functional uncoupling of the D, receptor, in addition to receptor
down-regulation. This is further suggested by a loss of high
affinity agonist binding observed in dopamine/[*H]SCH-23390
competition experiments after desensitization. Fig. 9 shows
dopamine/[°H)SCH-23390 competition curves, in the absence
and presence of Gpp(NH)p (a nonhydrolyzable analog of GTP),
in membranes prepared from control (Fig. 9A) and desensitized
(Fig. 9B) NS20Y cells. In the control membranes, the dopamine
competition curve is heterogeneous (Hill coefficient <1) and
best explained by assuming two agonist binding states of high
and low affinity in the absence of Gpp(NH)p (Fig. 9A). In the
presence of guanine nucleotides, however, the high affinity state
is converted to low affinity and the dopamine competition curve
is concomitantly shifted to the right and steepened (Hill coef-
ficient = 1) (Fig. 9A). These data are identical to those previ-
ously demonstrated for D, receptors in brain (25, 26) and
parathyroid gland (27, 28) membranes, as well as for many
other catecholamine receptor systems (29), where it has been
shown that the high affinity agonist binding state reflects
functional receptor-G protein coupling. Interestingly, in mem-
branes from cells that have been desensitized with dopamine,
the competition curve for dopamine is of uniform low affinity
and best described by a single low affinity receptor binding
state (Fig. 9B). Moreover, the dopamine competition curve is
minimally affected by guanine nucleotides in these membranes
(Fig. 9B), indicating a relative lack of functional receptor-G
protein coupling upon desensitization.

We were next interested in trying to determine the fate of
the D, receptors that are apparently “lost” from the NS20Y
plasma membrane fraction upon dopamine-induced desensiti-
zation. In initial experiments, both the microsomal membrane
and cytoplasmic fractions obtained from high speed centrifu-
gation (180,000 X g) of the supernatants derived from our crude
plasma membrane preparations were assayed. Neither fraction,
however, from control or desensitized cells exhibited any spe-
cific [*'H)SCH-23390 binding activity (data not shown). This
observation suggests that the lost receptors may simply have
been degraded or perhaps are still associated with the plasma
membrane fraction in some “cryptic” non-ligand-binding state.
In order to investigate these possibilities, resensitization exper-
iments were performed both in the absence and in the presence
of the protein synthesis inhibitor cycloheximide. Fig. 10A shows
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Fig. 9. Effect of Gpp(NH)p on dopamine competition for [*H]SCH-23390
binding in membranes from either control (A) or desensitized
(B) NS20Y cells. NS20Y cells were preincubated with 200 um sodium
metabisulfite in Earle’s balanced salt solution (control) or with 100 um
dopamine in a 200 um sodium metabisulfite/Earie’s balanced salt solution
vehicle for 1 hr at 37°C. Membranes prepared from these cells
were incubated with 0.5 nm [°H]SCH-23390 and increasing concentra-
tions of dopamine, in the absence (@) or presence (O) of 200 um
Gpp(NH)p, for 90 min at 22°, as described in Experimental Procedures.
The data were computer analyzed using the curve-fitting program
LIGAND, as described in Experimental Procedures. In the experiment
shown (which is representative of two) the data points were experimen-
tally determined; the drawn lines represent the computer-modeled best
fit to the data. Only in control membranes, in the absence of Gpp(NH)p,
did a two-site binding model fit the data significantly better than a one-
site model. Average values from two control experiments revealed high
and low affinity agonist dissociation constants (K., and K., respectively)
and the proportion of high affinity sites (percentage of R.) as follows
(mean + SD): Ky = 3.05 + 0.92 nm, K, = 2.36 + 0.64 um; and Ry, = 49.5
+ 0.7% in the absence of Gpp(NH)p, whereas in the presence of guanine
nucleotides only the low affinity site was observed: K, = 1.51 £ 0.15 um.
In parallel experiments, desensitized NS20Y cell membranes demon-
strated only a single low affinity agonist binding site in both the absence
and the presence of Gpp(NH)p, with K, = 2.13 + 0.70 um and 2.65 =
0.96 um, respectively.
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Fig. 10. Time course for resensitization of D, receptor-couOled adenylyl
cyclase activity and [°H]SCH-23390 binding after maximal desensitiza-
tion/down-regulation. NS20Y cells were preincubated with 200 um so-
dium metabisulfite in Earle’s balanced salt solution (control) or 100 um
dopamine in 200 uM sodium metabisulfite/Earle’s balanced salt solution
at 37° for 3 hr. A, Following extensive washing with Earle's balanced
salt solution, the treated cells were retumed to Dulbecco’s modified
essential medium plus 10% fetal bovine serum for examination of recov-
ery of adenylyl cyclase activity (@) and [*H]SCH-23390 binding (O) at the
indicated times. Zero time represents cells harvested immediately after
the 3-hr preincubation. At each time point, NS20Y cell membranes were
assayed for adenylyl cyclase activity in the presence of 100 um dopamine
and D, receptor binding using 0.5 nm [°H]SCH-23390, as described in
Experimental Procedures. B, The cells were treated as in A, except that
after washing the dopamine-pretreated cells were retumed to Dulbecco’s
modified essential medium plus 10% fetal bovine serum plus 5 xg/mi
cycloheximide for examination of recovery of adenylyl cyclase activity
(W) and [*H]SCH-23390 binding (@) at the indicated times. Under these
conditions, cycloheximide did not affect cell viability or control receptor
density during the experimental time period. The data are presented as
a percentage of the control adenylyl cyclase and [*H]SCH-23390 binding
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that after a 3-hr pretreatment with 100 uM dopamine, which
induces a maximal desensitization/down-regulation (Fig. 8),
the D, receptor binding and adenylyl cyclase activities are both
fully recovered by 24 hr. Interestingly, the receptor binding
activity exhibits a more rapid rate of recovery, returning to
control levels by about 18 hr (Fig. 10A). In contrast, Fig. 10B
shows that inhibition of cellular protein synthesis with cyclo-
heximide largely attenuates the D, receptor resensitization
events after maximal desensitization/down-regulation. In this
case, the D, receptor binding and adenylyl cyclase activities are
still reduced to less than 40% of control values even after a 24-
hr recovery period (Fig. 10B).

It was of interest to determine whether similar recovery
phenomena would be observed if the cells were pretreated with
dopamine for only 30 min (Fig. 8), resulting in partial desen-
sitization/down-regulation. Fig. 11A shows that in this case the
recovery rates are more rapid than those observed after maxi-
mal desensitization (Fig. 10A), with both the D, receptor bind-
ing and adenylyl cyclase activities returning to control levels
by 2 hr. More importantly, both the rate and extent of recovery
of the D, receptor binding and adenylyl cyclase activities now
appear to be completely independent of new cellular protein
synthesis, as determined in the presence of cycloheximide (Fig.
11B).

Discussion

The present investigation illustrates the utility of the NS20Y
cell line as a model system for investigating the mechanisms of
agonist-induced stimulation and desensitization of D, receptor-
coupled adenylyl cyclase activity. The D, receptor agonist po-
tencies and efficacies for adenylyl cyclase stimulation and
antagonist affinities for inhibition are in excellent agreement
with those seen in other tissue systems (22, 23). A major
advantage of the NS20Y cells, however, is their homogeneity
and ease of manipulation for biochemical experimentation. The
lack of significant D, receptor expression is another important
feature of these cells (16). In most areas of the nervous system
that express D, receptors, D, receptors are also present and act
to inhibit D, receptor stimulation of adenylyl cyclase activity,
thus complicating the analysis of D, receptor function and
regulation. In addition, recent evidence has suggested the ex-
istence of a novel D, receptor subtype that is linked to phos-
pholipase C activation, resulting in phosphatidylinositol turn-
over and Ca** mobilization (5, 6). We have determined, how-
ever, that dopamine has no effect on phosphatidylinositol
turnover or Ca?** mobilization in the NS20Y cells (data not
shown), thus indicating expression of a single homogeneous D,
receptor subtype.

The most significant finding of the present study is the
demonstration that acute exposure of the NS20Y cells to do-
pamine results in a profound desensitization of the D, receptor-
coupled adenylyl cyclase response. To our knowledge, this is
the first characterization of dopamine receptor desensitization
in any cultured cell system. The desensitization was found to
be due to a reduction in the maximum responsiveness of the
enzyme to dopamine, rather than a decrease in the potency of
dopamine. Agonist occupancy and activation of the D, receptor
were also shown to be directly linked to the desensitization

values, as described in Fig. 8. Values represent the means + standard
errors from three independent experiments.
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process, as demonstrated through several lines of evidence. For
example, the agonist pharmacology for inducing desensitization
(Fig. 4) was shown to be consistent with a D, receptor-mediated
response. Also, the efficacies of various agonists for inducing
desensitization were found to correlate with their efficacies for
activating adenylyl cyclase activity (Fig. 4). This important
observation suggests that receptor activation is directly coupled
to desensitization. Finally, dopamine was shown to induce
desensitization in a dose-dependent fashion (Fig. 5). It was of
interest, however, that the potency of dopamine for inducing
desensitization was about 20-fold higher than that for stimu-
lating adenylyl cyclase activity. One possible explanation for
this phenomenon is that the desensitization was performed in
intact cells, whereas the adenylyl cyclase activity was measured
in membrane preparations. This hypothesis seems unlikely,
however, given that the dopamine ECs, for stimulating cAMP
accumulation in intact cells was determined to be identical to
the ECs, exhibited in adenylyl cyclase assays (data not shown).
A similar phenomenon has been reported for agonist-induced
desensitization of g-adrenergic receptor-coupled adenylyl cy-
clase in cultured cells (30). In this study, the potency of a g-
adrenergic agonist for inducing desensitization was found to
increase with prolonged times of preincubation. Whether a
similar time dependency of agonist potency is observed for the
D, receptor system will be the subject of future experimenta-
tion.

The agonist-induced desensitization of the D, receptor-cou-
pled adenylyl cyclase system in NS20Y cells was observed to
be homologous in nature. Other receptor systems that are
linked to the stimulation of adenylyl cyclase have demonstrated
both “homologous” and “heterologous” patterns of desensiti-
zation (31). The term homologous is used when the diminished
response is observed only with the same receptor system that
was activated during the agonist preincubation. Conversely,
heterologous desensitization indicates that incubation with one
agonist attenuates the response to multiple agonists operating
through distinct receptors. In some instances, the pattern of
unresponsiveness of adenylyl cyclase in heterologous desensi-
tization may be so broad as to include decreased sensitivity to
nonhormonal enzyme activators that bypass the receptors. In
the case of the NS20Y cells, preincubation with dopamine
resulted in attenuation of only the D, receptor-stimulated ad-
enylyl cyclase response, without affecting the prostaglandin or
adenosine receptor systems (Fig. 3). In addition, there was no
effect on the nonhormonal activation of the enzyme by forsko-
lin (Fig. 3) or fluoride ion (data not shown), further suggesting
a homologous form of desensitization. These data also suggest
that the “defect” associated with the desensitization is localized
to the receptor protein and not to other distal components of
the adenylyl cyclase system. Homologous but not heterologous
desensitization of adenylyl cyclase is also usually associated
with a translocation of the receptor from its normal position in
the plasma membrane and a loss in its ligand-binding activity
(31). This process was readily apparent in the NS20Y cells, as
evidenced by a loss in D, receptor binding activity determined
with the radiolabeled antagonist [PH)SCH-23390. The data
indicated that the loss was due to a decrease in the total number
of assayable D, receptors, without a change in their affinity
(Fig. 7). This loss of available receptors provides at least one
mechanism for the diminished enzyme responsiveness to do-
pamine.
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Fig. 11. Effect of protein synthesis inhibition on resensitization of D,
receptor-coupled adenylyl cyclase activity and [*H]SCH-23390 binding
after partial desensitization/down-regulation. NS20Y cells were preincu-
bated with 200 um sodium metabisulfite in Earle’s balanced salt solution
(control) or 100 um dopamine in 200 um sodium metabisulfite/Earle’s
balanced salt solution at 37° for 30 min. A, Following extensive washing
with Earle’s balanced salt solution, the treated cells were retumed to
Dulbecco’s modified essential medium plus 10% fetal bovine serum for
examination of recovery of adenylyl cyclase activity (@) and [*H]SCH-
23390 binding (O) at the indicated times. Zero time represents cells
harvested immediately after the 30-min preincubation. At each time point,
NS20Y cell membranes were assayed for adenylyl cyclase activity in the
presence of 100 um dopamine and D, receptor binding using 0.5 nm [°H]
SCH-23390, as described in Experimental Procedures. B, The cells were
treated as in A except that after washing the dopamine-pretreated cells
were returmned to Dulbecco’s modified essential medium plus 10% fetal
bovine serum plus 5 ug/ml cycloheximide for examination of recovery of
adenylyl cyclase activity (@) and [*H]SCH-23390 binding (O) at the
indicated times. The data are presented as a percentage of the control
adenylyl cyclase and [*H}SCH-23390 binding values, as described in Fig.
8. Values represent the means + standard errors from two independent
experiments.
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The loss of receptor binding activity, however, cannot com-
pletely explain the desensitization of the D, receptor-coupled
adenylyl cyclase. A functional alteration or uncoupling of the
receptor from the adenylyl cyclase system also seems to be
involved, because the extent of enzyme desensitization was
significantly greater than the observed decrease in receptor
binding activity. Also, the desensitization did not appear to
temporally correlate with the receptor down-regulation, as dem-
onstrated in the time-courses for both onset of desensitization
(Fig. 8) and recovery (Figs. 10 and 11). Finally, and perhaps
most importantly, a loss of high affinity agonist binding was
observed in dopamine/[*’H]SCH-23390 competition experi-
ments after desensitization. In this experiment, the receptors
that retained their ligand binding activity after desensitization
were assayed for their ability to form an agonist-induced recep-
tor-G protein complex, which serves as a functional interme-
diate in adenylyl cyclase activation (29). This complex is man-
ifested as a high affinity, guanine nucleotide-sensitive agonist
binding state in membrane preparations. Interestingly, a lack
of detectable high affinity agonist binding was observed in the
D, receptors remaining in the NS20Y cell membranes following
dopamine-induced desensitization. All of these observations
suggest that desensitization involves a functional alteration in
the D, receptor protein that occurs independently of the regu-
lation of its ligand binding activity.

The reduction in D, receptor binding activity that is associ-
ated with the desensitization response appears to occur through
two different mechanisms. The first is readily reversible loss of
ligand binding activity that is induced by a relatively short
exposure to agonist. The second takes place upon longer agonist
exposure and is a true down-regulation of the receptors, involv-
ing their degradation. Although not evident as an obvious
biphasic down-regulation time-course, these two events can
nonetheless be inferred from both the rate of the recovery
process and its dependency on protein synthesis. Thus, after a
short agonist exposure, which results in a partial loss of [*H]
SCH-23390 binding activity, the receptor recovery is rapid
(within 2 hr) and not dependent on protein synthesis (Fig. 11).
Conversely, after maximal down-regulation, the receptor bind-
ing activity does not fully recover until after 18 hr and requires
protein synthesis (Fig. 10). The simplest interpretation of the
latter event is that the receptors have been degraded and must
be resynthesized for full recovery to occur. The former event,
however, apparently involving a cryptic non-ligand-binding
state of the receptor, remains more ill defined. One possibility
is that the receptors have been translocated, sequestered, or
oriented into a membrane environment such that their ligand-
binding region is not readily exposed. Given that [*H]SCH-
23390 is a relatively hydrophilic antagonist ligand, there may,
in this case, exist a permeability barrier that prevents normal
ligand-receptor binding. A similar mechanism has been sug-
gested for the sequestration process that is involved in g-
adrenergic receptor desensitization (31-34). Future experi-
ments will be directed at further investigating this desensitized
state and cellular location of the D, receptor.

Based on our current data, we wish to propose the following
scheme for agonist-induced desensitization of the D, receptor
system in the NS20Y cells:

R~=RU=RL—'>RD

In this scheme, the normal receptor (Ry) is rapidly converted
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upon agonist exposure to a functionally uncoupled form (Ry)
before the loss in receptor-ligand binding activity (R.). With
further agonist exposure, the receptors undergo degradation
(Rp) and require resynthesis for full recovery. We know from
the desensitization and recovery time-course data that the
formation of Ry precedes that of R, and that both are readily
reversible. The kinetics of the conversion of R, to Rp, however,
remain poorly defined and require further characterization. At
this point, the underlying biochemical mechanisms associated
with the desensitization process can only be hypothesized. It is
tempting to suggest that phosphorylation of the D, receptor
protein may be involved, particularly with respect to the for-
mation of the uncoupled state (Ry). Recent evidence has indi-
cated that phosphorylation plays a role in the desensitization
of many neurotransmitter and hormone receptor systems (35,
36). In particular, it has been shown that phosphorylation of
the B-adrenergic receptor during homologous desensitization
directly results in its functional uncoupling (37). This phos-
phorylation reaction is apparently mediated by a 8-adrenergic
receptor kinase (38). It will be of interest to determine whether
a similar mechanism is operative for the D, receptor-coupled
adenylyl cyclase system.

Finally, it should be noted that, in other receptor-linked
adenylyl cyclase systems that have been examined, acute ago-
nist exposure has usually demonstrated only a modest 40-60%
desensitization of enzyme activity (31, 34, 39). The observation
that dopaminergic agonists can induce a =90% desensitization
of the D, receptor-coupled adenylyl cyclase system suggests
that this process may be physiologically very significant. In
fact, recent information concerning L-dihydroxyphenylalanine
(L-DOPA) therapy in advanced Parkinson’s disease has sug-
gested that periodic dopaminergic agonist treatment can result
in large oscillations in dopamine receptor responsiveness (12).
Increased knowledge of the biochemical mechanisms of regu-
lation for both D, and D, dopamine receptors will, hopefully,
provide new insight into the role of dopaminergic function in a
variety of neurological disorders.
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