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SUMMARY

The 5-hydroxytryptamine (5-HT),¢ receptor is a G protein-cou-
pled receptor that exhibits constitutive receptor activation, de-
fined as agonist-independent receptor activation of the signal
transduction pathway. The present studies were performed to
determine whether NIH/3T3 fibroblasts expressing the 5-HT ¢
receptor exhibited desensitization of agonist-mediated phos-
phoinositide hydrolysis. Furthermore, 5-HT, receptor-specific
antibodies were used to determine whether the 5-HT, recep-
tor was phosphorylated in the absence of agonist and whether
treatment with an agonist or an inverse agonist altered receptor
phosphorylation. Time course studies of basal and serotonin-
stimulated phosphoinositide hydrolysis demonstrated that
basal values increased in a linear manner, whereas the re-
sponse to serotonin plateaued within 60 min. In addition, pre-
treatment with serotonin resulted in a rightward shift of the
subsequently determined serotonin dose-response curve. To

determine the phosphorylation state of the 5-HT,s receptor,
specific antibodies were used to immunoprecipitate the recep-
tor from lysates prepared from 32P-labeled fibroblasts. Phos-
phorylation of the 5-HT,- receptor was evident under basal
conditions, and serotonin treatment increased receptor phos-
phorylation. The inverse agonist mianserin had no detectable
effect on 5-HT,c receptor phosphorylation when added alone
but blocked the serotonin-stimulated increase in 5-HT, recep-
tor phosphorylation. The present study is the first to demon-
strate that the 5-HT, receptor is phosphorylated under basal
conditions and phosphorylation is increased by agonist treat-
ment conditions that result in desensitization of receptor sig-
naling. Thus, these studies demonstrate that a cell line exhib-
iting a high level of constitutive 5-HT, receptor activity has the
ability to undergo agonist-mediated desensitization, consistent
with current models of G protein-coupled receptor regulation.

Classical models of G protein-coupled receptors generally
require agonist occupancy of the receptor for activation of the
signal transduction cascade. Within minutes to hours after
agonist treatment, an attenuation of the agonist-stimulated
response is seen (1-4). This attenuation has been termed
desensitization and is often associated with receptor phos-
phorylation. Receptor phosphorylation is thought to cause
uncoupling of the receptor from the G protein, to result in
attenuation of the agonist-stimulated response (1-4).

Recently, several G protein-coupled receptors have been
shown to exhibit constitutive activation (5-11). For these
receptors, activation of the signal transduction cascade oc-
curs in the absence of agonist. Although desensitization is a
well established phenomenon in the field of G protein-cou-
pled receptors, studies that provided the basis for models of
desensitization were performed primarily before the descrip-
tion of constitutive receptor activation. Thus, it is not known
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whether constitutive receptor activation alters the process of
agonist-mediated desensitization. Evidence was recently pre-
sented suggesting that a constitutively active, mutant B,-
adrenergic receptor is constitutively desensitized in a trans-
fected cell line (12). This mutant B,-adrenergic receptor (12,
13), as well as a constitutively active, mutant a,-adrenergic
receptor (14), was shown in reconstitution experiments to be
phosphorylated by B-adrenergic receptor kinase in an ago-
nist-independent manner. However, it is not known whether
constitutively active, wild-type receptors are phosphorylated
in an agonist-independent manner in intact cells and, fur-
thermore, whether agonist-mediated desensitization occurs
in a system that exhibits constitutive activation of wild-type
receptors.

The 5-HT, receptor has been shown to exhibit constitu-
tive activity, activating the phosphoinositide hydrolysis sig-
naling pathway in the absence of agonist (10). Three classes
of receptor ligands for the 5-HT, receptor are distinguish-
able in cells expressing constitutively active 5-HT,; recep-
tors, i.e., agonists, which increase constitutive 5-HT, recep-

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine; D-MEM, Dulbecco’s modified Eagle medium; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide
gel electrophoresis; CHAPS, 3-[(3-cholamidopropyi)dimethylammonio]propanesulfonate.
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tor activity, inverse agonists, which decrease constitutive
5-HT,c receptor activity, and neutral antagonists, which
have minimal effects on constitutive 5-HT, receptor activity
when added alone but block both agonists and inverse ago-
nists (10, 15). 5-HT, receptor inverse agonists have higher
affinity for the G protein-uncoupled form of the 5-HT, re-
ceptor than the G protein-coupled form, consistent with the
interpretation that these ligands stabilize an inactive confor-
mation of the receptor (15).

The present studies were undertaken to determine
whether NTH/3T3 fibroblasts expressing constitutively active
5-HT,¢ receptors exhibit agonist-mediated desensitization of
phosphoinositide hydrolysis. In addition, antibodies specific
for the 5-HT,. receptor were used to determine the basal
phosphorylation state of the receptor and alterations in the
receptor phosphorylation state produced by 5-HT,¢ receptor
agonists and inverse agonists.

Experimental Procedures

Materials. NIH/3T3 fibroblasts were obtained from the American
Type Culture Collection (Rockville, MD). D-MEM, CMRL-1066 me-
dium, Opti-MEM medium, Dulbecco’s phosphate-buffered saline, calf
serum, penicillin, streptomycin, and 4C-labeled protein molecular
weight standards were purchased from Gibco/BRL Life Technologies
(Grand Island, NY). Cell culture dishes were purchased from Falcon/
Becton Dickinson (Lincoln Park, NJ). Mianserin hydrochloride was
purchased from Research Biochemicals (Natick, MA). Alkaline phos-
phatase-conjugated goat anti-rabbit antibody was purchased from Dako
Corp. (Carpinteria, CA). myo-[*H]Inositol (20-25 Ci/mmol), 3*S-EX-
PRESS protein labeling mixture (1175 Ci/mmol), [*?PJorthophosphoric
acid (9000 Ci/mmol), and ENTENSIFY were purchased from New En-
gland Nuclear (Boston, MA). Protein A-agarose was purchased from
Pierce (Rockford, IL). Gene pulser cuvettes (0.4 cm) and prestained
protein molecular weight standards were purchased from Bio-Rad
(Melville, NY), and nitrocellulose membranes were from Hoefer Scien-
tific Instruments (San Francisco, CA). Serotonin creatinine sulfate,
nitro blue tetrazolium, 5-bromo-4-chloro-3-indolylyl phosphate, protein
molecular weight standards, and all other chemicals were purchased
from Sigma Chemical Co. (St. Louis, MO).

Cell culture. A stable cell line of NTH/3T3 fibroblasts co-transfected
with an expression vector containing the 5-HT,c receptor cDNA (16)
and with the pRSV/neo selection vector was used in the present study
(10). This cell line, referred to as 3T3/2C, expresses approximately 5
pmol of 5-HT, receptors/mg of protein (15). Transfected and nontrans-
fected NIH/3T3 fibroblasts were maintained in D-MEM supplemented
with 10% calf serum, 5 units/ml penicillin, and 5 ug/ml streptomycin, in
a humidified incubator at 37° with 5% CO,.

Phosphoinositide hydrolysis assay. The accumulation of inos-
itol monophosphate was assayed as described previously (10).
Briefly, NIH/3T3 fibroblasts stably transfected with §-HT, receptor
cDNA (3T3/2C cells) were plated in 11-mm-diameter wells in D-
MEM containing 10% calf serum, penicillin, and streptomycin. When
confluent, the cells were labeled for 20-24 hr (in the absence of
serum) with 1 uCi of myo-[*Hlinositol/ml of CMRL-1066 medium.
Cells were treated with 5-HT, receptor ligands in the presence of
lithium chloride (10 mM) and pargyline (10 uM), and incubations
were continued for 10 min, unless otherwise indicated. Reactions
were terminated by aspiration of the medium and addition of meth-
anol. [®*H]Inositol monophosphate was extracted with chloroform/
methanol and isolated by anion exchange chromatography. Radioac-
tivity was quantitated by liquid scintillation counting.

Generation of 5-HT, receptor-specific antipeptide antibod-
ies. Antibodies were generated in rabbits by using a 19-amino acid
peptide from the 5-HT, receptor, corresponding to amino acid residues
270-288 (17). This peptide is predicted to be in the third intracellular
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loop of the 5-HT,¢ receptor, based on hydropathy plots of the deduced
amino acid sequence of the cloned 5-HT, receptor cDNA (16).

5-HTy;c receptor immunoprecipitation. Fibroblasts were
plated on 100-mm plates in D-MEM containing 10% calf serum,
penicillin, and streptomycin. When cells were confluent, the medium
was changed overnight to D-MEM without serum. Fibroblasts were
then incubated for 1 hr at 37° in D-MEM (without methionine and
cysteine), followed by radiolabeling with [3°S]methionine/cysteine
(0.25 mCi/ml) for 4 hr at 37°. Radiolabeled fibroblasts were treated
with vehicle or 5-HT,¢ receptor ligands for 15 min, placed on ice,
washed two times with Dulbecco’s phosphate-buffered saline, pH 7.5,
containing 10 mM sodium fluoride and 10 mM sodium pyrophosphate,
and lysed in 50 mM Tris, pH 7.5, containing 10 mM sodium fluoride,
10 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride,
and 2 pug/ml leupeptin. Lysed cells were scraped into tubes, soni-
cated, and centrifuged (20,000 X g for 30 min). The resultant pellets
were solubilized in modified RIPA buffer (150 mM sodium chloride,
50 mM Tris, pH 8, 5 mM EDTA, 1% Nonidet P-40, 0.6% deoxycholate,
0.1% SDS, 10 mM sodium fluoride, 10 mM sodium pyrophosphate, 1
mM phenylmethylsulfonyl fluoride, 2 ug/ml leupeptin) at 4° by pas-
sage through a 25-gauge needle and sonication, followed by centrif-
ugation (100,000 X g for 1 hr). The resultant supernatants were
precleared with 75 ul of Protein A-agarose beads (1:1 in modified
RIPA buffer) for 1 hr at 4°. 5-HT, receptor-specific, affinity-purified
antibodies (final concentration, 2—4 ug/ml) were added to the pre-
cleared supernatants, and the samples were rotated for 4 hr at 4°.
Immune complexes were precipitated by addition of 50 ul of Protein
A-agarose beads (1:1 in modified RIPA buffer) and were incubated
for 1 hr at 4°, followed by centrifugation (10,000 X g for 15 sec). The
precipitated beads were washed for 4 X 1 min, 1 X 5 min, and 1 X 1
min with 1 ml of modified RIPA buffer at 4°, followed by elution of
precipitated proteins in modified sample buffer (2% SDS, 10% glyc-
erol, 60 mM Tris, pH 6.8, 1% 2-mercaptoethanol, 10 mM sodium
fluoride, 10 mM sodium pyrophosphate) at 37° for 45 min. Eluants
were subjected to SDS-PAGE, followed by fluorography of the gel
using DuPont ENTENSIFY, according to the manufacturer’s in-
structions. Band intensities on the resultant fluorographs were
quantitated by volume integration of bands corresponding to the
5-HT,¢ receptor, using Image 1.49 VDM software (Wayne Rashburn,
National Institutes of Health, Bethesda, MD). In immunoprecipita-
tions of fibroblasts transiently transfected with 5-HT,. receptor
cDNA, transient transfections of parental NIH/3T3 fibroblasts were
performed using electroporation. Briefly, NIH/3T3 fibroblasts (1 X
107 cells) with 60 ug of DNA (or vehicle), in 400 ul of Opti-MEM
medium, were electroporated using a Bio-Rad GenePulser (960 uF,
270 V). Electroporated cells were resuspended in D-MEM containing
10% calf serum, § units/ml penicillin, and 5 pg/ml streptomycin and
were plated onto 100-mm plates.

5-HTyc receptor phosphorylation. Fibroblasts were plated on
100-mm plates in D-MEM containing 10% calf serum, penicillin, and
streptomycin. When confluent, cells were washed two times with
D-MEM (without serum) and then changed overnight to D-MEM
without serum. Medium was then changed, twice over a 1-hr period,
to serum-free D-MEM without sodium phosphate. Fibroblasts were
then labeled with [32Plorthophosphoric acid (1 mCi/ml, in D-MEM
without sodium phosphate) for 4 hr, medium was aspirated, and
fibroblasts were treated with vehicle or 5-HT,¢ receptor ligands in
serum-free D-MEM for 15 min at 37°. Preparation of lysates and
immunoprecipitations were performed as described above. After
SDS-PAGE, the gel was dried and exposed to a PhosphorImager
cassette. Bands were visualized and then quantitated by volume
integration using ImageQuant version 3.3 software (Molecular Dy-
namics). Dried gels were also exposed to film for autoradiography.

Western blots. CHAPS-soluble proteins were prepared from
NIH/3TS3 fibroblasts and NIH/3T3 fibroblasts stably transfected with
5-HT,c receptor cDNA (3T3/2C cells) as described previously.!
Briefly, membrane fractions were prepared in buffer containing 50
mM Tris, pH 7.6, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
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Fig. 1. Time course of basal and serotonin-stimulated phosphoinositide hydrolysis. Phosphoinositide hydrolysis assays were performed with
NIH/3T3 fibroblasts stably transfected with 5-HT, receptor cDNA (3T3/2C cells), as described in Experimental Procedures. A, myo-[°H]Inositol-
labeled fibroblasts were incubated with vehicle (i), 10 nm serotonin (@), or 1 uM mianserin ((J) for the indicated times. [°H]Inositol monophosphate
(PH]IP) formation represents the cpm of [PHJinositol monophosphate generated during the assay. Data are the mean + standard error of three
separate experiments. B, Serotonin (10 nm)-mediated phosphoinositide hydrolysis values, after subtraction of the corresponding basal values, are
presented. Data are the mean + standard error of three separate experiments. /nset, values for 1 nM serotonin, after subtraction of the
corresponding basal values. Data are the mean *+ standard error from a single experiment representative of three separate experiments. C,
myo-[PH]inositol-labeled fibroblasts were incubated with vehicle () or 100 nm serotonin (@) for the indicated times. [*H]Inositol monophosphate
formation represents the cpm of [PH]inositol monophosphate generated during the assay. Data are the mean + standard error from a single
experiment representative of three separate experiments. D, Serotonin (100 nm)-mediated phosphoinositide hydrolysis values, after subtraction of
the corresponding basal values, are presented. Data are the mean * standard error from a single experiment representative of three separate

experiments.

1.7 mM diisopropyl fluorophosphate, and 5 uM leupeptin. These
membrane fractions were solubilized in CHAPS buffer (50 mM Tris,
pH 7.6, 10 mM CHAPS, 0.05 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 5 uM leupeptin) by sonication and then centrifugation
(18,000 X g for 15 min). The supernatant was mixed with SDS-PAGE
sample buffer containing 1% 2-mercaptoethanol, separated by SDS-
PAGE (10% polyacrylamide), and electrophoretically transferred to a
nitrocellulose membrane in modified Towbin transfer buffer (18) (256
mM Tris, 192 mM glycine, pH ~8.4, 0.05% 2-mercaptoethanol) for 1
hr at 1 A. The membrane was blocked overnight at 4° with blot buffer
(20 mMm Tris, pH 7.6, 150 mM NaCl, 0.056% Tween-20, 0.05% NaNg)
containing 3% bovine serum albumin. The membrane was then in-
cubated for 1 hr with 5-HT, receptor-specific, affinity-purified an-
tibodies (5 ug/ml) at room temperature, washed with blot buffer, and
incubated for 1 hr with alkaline phosphatase-conjugated goat anti-
rabbit antibody diluted 1/1000 in blot buffer containing 1% bovine
serum albumin. After washing with blot buffer, the membrane was
developed with 5-bromo-4-chloro-3-indolyl phosphate and nitro blue
tetrazolium in 50 mM Tris, pH 9.5, containing 100 mM NaCl and 5
mM MgCl,. Molecular masses of immunoreactive proteins were de-
termined from protein standards (36-205 kDa).

Results

Desensitization of 5-HT,;- receptor-mediated phos-
phoinositide hydrolysis in NIH/3T3 fibroblasts. A time

course study of basal and serotonin-stimulated phosphoi-
nositide hydrolysis was performed to determine whether
NIH/3T3 fibroblasts stably transfected with 5-HT, receptor
cDNA (3T3/2C cells) responded to continuous agonist expo-
sure by desensitization of the phosphoinositide hydrolysis
response. The phosphoinositide hydrolysis response to 10 nM
serotonin (Fig. 1, A and B) plateaued and paralleled basal
values within 60 min. A similar time course was found for 1
nM serotonin (Fig. 1B, inset), as well as the 5-HT, receptor
agonist N,N-dimethyltryptamine.! Basal phosphoinositide
hydrolysis increased in a linear manner for at least 2 hr and
was completely blocked by the inverse agonist mianserin
(Fig. 1A). The phosphoinositide hydrolysis response to 100
nM serotonin plateaued within 30 min of serotonin treatment
(Fig. 1, C and D). In addition, 17-hr pretreatment of fibro-
blasts with 100 nM serotonin resulted in a significant right-
ward shift in the subsequent serotonin dose-response curve,
with no change in the maximal response (Fig. 2). The shift in
the serotonin dose-response curve was independent of
changes in total 5-HT,. receptor density, because these fi-
broblasts do not exhibit receptor down-regulation after treat-
ment with agonist, as determined in studies measuring total

1 E. Sanders-Bush, unpublished observations.
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Fig. 2. Dose-dependent effects of serotonin on phosphoinositide hy-
drolysis. Phosphoinositide hydrolysis assays were performed with NIH/
3T3 fibroblasts stably transfected with 5-HT,¢ receptor cDNA (3T3/2C
cells), as described in Experimental Procedures. myo-[*H]inositol-la-
beled fibroblasts were incubated with vehicle () or 100 nm serotonin
(®) overnight. Fibroblasts were then washed six times with 750 ul of
D-MEM (without serum), for 3 min/wash, followed by incubation with
increasing concentrations of serotonin for 10 min. [°H}inositol mono-
phosphate (PH]IP) formation represents the cpm of [°HJinositol mono-
phosphate generated during the assay. Data are the mean * standard
error from a single experiment representative of three separate exper-
iments. EC5, values were determined from the curves generated using
the equation for a sigmoidal curve (GraphPad PRISM; Intuitive Software
for Science). EC4, values (mean * standard error) were as follows:
control, 5.5 * 4 nwm; pretreated, 23 *+ 1 nm. The difference in ECgq
values was significant (two-tailed p value = 0.021), as determined by
unpaired Student’s t test (GraphPad INSTAT2). The E,,,,, value (mean *
standard error, three experiments) for cells pretreated with serotonin
was 97 * 15% of control.

5-HT, receptor density by radioligand binding.2 Although
the plateau in serotonin-mediated phosphoinositide hydroly-
sis and the rightward shift in the serotonin dose-response
curve could be due to desensitization of other components in
the phosphoinositide hydrolysis signaling pathway, these re-
sults were consistent with classical characteristics of agonist-
mediated receptor desensitization.

Immunoprecipitation of 5-HT,- receptors. Affinity-
purified antibodies from rabbits immunized with the 5-HT,¢
receptor peptide conjugate! were used in Western blots to
evaluate antibody specificity. The antibodies labeled bands
specific for fibroblasts stably transfected with 5-HT, recep-
tor cDNA (3T3/2C cells) that were not present in nontrans-
fected NIH/3TS3 fibroblasts (Fig. 3). The immunoreactive pro-
teins contain N-linked sugars, which account for the broad
banding pattern.!

Immunoprecipitations using these affinity-purified anti-
bodies with lysates prepared from [3°SImethionine/cysteine-
labeled NIH/3T3 fibroblasts transiently transfected with
5-HT, receptor cDNA yielded a banding pattern similar to
that in the Western blots, with no bands present in lysates
prepared from parental fibroblasts (Fig. 4). Immunoprecipi-
tations from the stable cell line expressing the 5-HT, recep-
tor (3T3/2C cells) yielded similar results (see Fig. 6A). Thus,
the affinity-purified antibodies immunoprecipitated the
5-HT, receptor.

5-HT,c receptor phosphorylation. To determine the
effects of 5-HT,; receptor ligands on the phosphorylation
state of the 5-HT, receptor, immunoprecipitations were per-
formed with lysates prepared from 32P-labeled NIH/3T3 fi-

2 E. Barker and E. Sanders-Bush, unpublished observations.
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Fig. 3. Specific immunodetection of 5-HT,¢ receptors by affinity-pu-
rified antibodies. CHAPS-soluble membrane proteins prepared from
NIH/3T3 fibroblasts (373) and NIH/3T3 fibroblasts stably transfected
with 5-HT,¢c receptor cDNA (3T3/2C) were subjected to Western blot
assays as described in Experimental Procedures. Molecular weights
(MW) (X 10~3) are indicated. The presented blot is representative of
three separate experiments.
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Fig. 4. Immunoprecipitation of 5-HT,c receptors by affinity-purified
antibodies. NIH/3T3 fibroblasts were electroporated in the presence of
vehicle or 5-HT,¢ receptor cDNA as described in Experimental Proce-
dures. Twenty-four hours after electroporation, immunoprecipitations
were performed with solubilized cell lysates from [33S]methionine/cys-
teine-labeled fibroblasts, as described in Experimental Procedures.
373, NIH/3T3 fibroblasts electroporated in the presence of vehicle;
3T3+2C, NIH/3T3 fibroblasts transiently transfected with 5-HT,¢ re-
ceptor cDNA. Molecular weights (MW) (X 10~3) are indicated and were
determined using '“C-labeled protein molecular weight standards. The
presented fluorograph is representative of two separate experiments.

broblasts stably transfected with 5-HT,- receptor cDNA
(3T3/2C cells), after treatment with vehicle, agonist, or in-
verse agonist. The 5-HT, receptor exhibited basal phosphor-
ylation that was increased by the agonist serotonin but was
unaffected by the inverse agonist mianserin (when added
alone) (Fig. 5, A and B). The serotonin-mediated increase in
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Fig. 5. Serotonin-induced increases in 5-HT,¢ receptor phosphoryla-
tion. A, [?2P]Orthophosphoric acid-labeled nontransfected NIH/3T3 fi-
broblasts (373) and NIH/3T3 fibroblasts stably transfected with 5-HT ¢
receptor cDNA (373/2C) were treated with vehicle (Veh), 100 nm sero-
tonin (5-HT), or 100 nm mianserin (Mian) for 15 min and subjected to
immunoprecipitation as described in Experimental Procedures. A rep-
resentative autoradiograph (of three experiments) is shown. B, Band
intensities from Phosphorimager cassette imaging of A were quanti-
tated by volume integration (ImageQuant version 3.3; Molecular Dy-
namics) and normalized to the response to vehicle. Bars, mean *
standard error of three experiments. Data were analyzed using one-way
analysis of variance, followed by Dunnett’s post hoc test comparing
each treatment with vehicle. *, Significant difference, p < 0.01. C,
[®2P]Orthophosphoric acid-labeled NIH/3T3 fibroblasts stably trans-
fected with 5-HT,c receptor cDNA (3T3/2C cells) were treated with
vehicle (Veh), 100 nm serotonin (5-HT), or 100 nm serotonin in the
presence of 1 um mianserin (5-HT+Mian) for 15 min and subjected to
immunoprecipitation as described in Experimental Procedures. A rep-
resentative autoradiograph (of two experiments) is shown. Molecular
weights (MW) (X 107°) are indicated and were determined as in Fig. 4.

5-HT,c receptor phosphorylation was blocked by mianserin
(Fig. 5C), consistent with the interpretation that phosphory-
lation was mediated through 5-HT, receptor activation.
To determine whether serotonin or mianserin treatment
altered the ability of the affinity-purified antibodies to im-
munoprecipitate the 5-HT,c receptor, [3°Slmethionine/cys-
teine-labeled fibroblasts were treated with vehicle, serotonin,
or mianserin and then subjected to immunoprecipitation
(Fig. 6A). Treatment with serotonin or with mianserin had no

A 3T3

3T3/2C

5-HT Mian

Veh §-HT Mian Veh

1404

(percent of vehicie)

8-HT, Receptor immunoprecipitate

Veh §5-HT Mian

Fig. 6. Lack of effect of serotonin or mianserin on 5-HT,¢ receptor
immunoprecipitation. [3°S]Methionine/cysteine-labeled nontransfected
NIH/3T3 fibroblasts (373) and NIH/3T3 fibroblasts stably transfected
with 5-HT, receptor cDNA (3T3/2C) were treated with vehicle (Veh),
100 nm serotonin (5-HT), or 100 nM mianserin (Mian) for 15 min and
subjected to immunoprecipitation as described in Experimental Proce-
dures. A, A representative fluorograph (of three experiments) is shown.
Molecular weights (MW) (X 10~3) are indicated and were determined as
in Fig. 4. B, Band intensities from fluorographs were quantitated by
volume integration (Image 1.49 VDM; Wayne Rashburn, National Insti-
tutes of Health) and normalized to the response to vehicle. Bars, mean
+ standard error of three experiments. Data were analyzed using
one-way analysis of variance, followed by Dunnett’'s post hoc test
comparing each treatment with vehicle. The differences were not sta-
tistically significant (p > 0.05).

effect on the amount of receptor immunoprecipitated, com-
pared with vehicle treatment (Fig. 6B). Therefore, we con-
clude that the serotonin-mediated increase in 32P labeling of
the 5-HT, receptor reflected enhanced phosphorylation of
the receptor, rather than an increase in the amount of im-
munoprecipitated receptor protein.

Discussion

The 5-HT, receptor is a member of the G protein-coupled
receptor superfamily (16) that is coupled to activation of the
phosphoinositide hydrolysis signaling pathway (19). Expres-
sion of the cloned receptor in NIH/3T3 fibroblasts results in
agonist-independent (constitutive) receptor activation that is
increased by agonists, such as serotonin, and decreased by
antagonists, such as mianserin, that have negative intrinsic
activity and are referred to as inverse agonists (10, 15). In
addition, 5-HT, receptor inverse agonists bind with higher
affinity to the G protein-uncoupled form of the receptor than
to the G protein-coupled form (15), consistent with the inter-
pretation that inverse agonists stabilize an inactive confor-
mation of the receptor. Constitutive receptor activation is a
property of several other members of the G protein-coupled
receptor superfamily, including the a,-adrenergic (7), Bo-
adrenergic (6), 8-opioid (5, 8), B, bradykinin (11), and D,g
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dopamine (9) receptors. In addition, antagonists with nega-
tive intrinsic activity have been shown to decrease constitu-
tive activity of these receptors (5-9, 11).

The present studies demonstrated that the 5-HT, recep-
tor was phosphorylated under basal conditions and, further-
more, phosphorylation of the receptor was increased by the
agonist serotonin but was unaffected by the inverse agonist
mianserin. Mianserin may alter phosphorylation of a specific
residue that was undetectable under the present assay con-
ditions. However, the results are consistent with the inter-
pretation that the inverse agonist-mediated decrease in
phosphoinositide hydrolysis is independent of marked
changes in overall receptor phosphorylation. In contrast, in a
reconstituted system, agonist-independent B-adrenergic re-
ceptor kinase-mediated phosphorylation of a constitutively
active, mutant B,-adrenergic receptor is inhibited by an an-
tagonist with negative intrinsic activity (13). This discrep-
ancy in antagonist effects on receptor phosphorylation could
be due to differences in assay conditions or in the mecha-
nisms of constitutive receptor activation.

Consistent with classical models of G protein-coupled re-
ceptor desensitization, treatment of the 5-HT, receptor with
an agonist caused a decrease in the response to subsequent
agonist stimulation. This was evident by the plateau in the
time course of serotonin-stimulated phosphoinositide hydro-
lysis and a rightward shift in the serotonin dose-response
curve after pretreatment with serotonin. Therefore, we con-
clude that NIH/3T3 fibroblasts expressing constitutively ac-
tive 5-HT, receptors exhibited agonist-mediated desensiti-
zation of phosphoinositide hydrolysis. Serotonin also
increased phosphorylation of the 5-HT, receptor before, or
coincident with, desensitization of serotonin-mediated phos-
phoinositide hydrolysis. Although the present studies have
not ruled out alterations in phosphoinositide hydrolysis sig-
naling components as contributing factors in the observed
agonist-mediated desensitization, our findings are consistent
with models of G protein-coupled receptor desensitization in
which receptor phosphorylation plays a role. In addition,
desensitization of 5-HT, receptor signaling has been shown
to be inhibited by the protein serine/threonine phosphatase
calcineurin (20), also suggesting that phosphorylation plays a
role in the mechanism of desensitization. The 5-HT, , recep-
tor (21) has been shown to be phosphorylated under condi-
tions of desensitization, suggesting that phosphorylation
plays a role in 5-HT, , receptor desensitization as well.

Recently, a constitutively active, mutant B,-adrenergic recep-
tor was shown to be phosphorylated irn vitro by B-adrenergic
receptor kinase and also to be constitutively desensitized in a
transfected cell line (12). Those results demonstrate that a
constitutively active receptor is subject to modification by the
cellular machinery involved in regulating receptor desensitiza-
tion. Although it is likely that the stoichiometric ratio between
receptor and G protein plays an important role in the level of
constitutive receptor activity, it is also conceivable that the level
of constitutive activity may be regulated by the cell. For exam-
ple, the cell may regulate the level of constitutive activity by
manipulating the basal levels of receptor phosphorylation and
desensitization. Determination of the sites within the 5-HT,¢
receptor that are phosphorylated under basal conditions, as
well as after agonist treatment, will allow the construction of
mutant 5-HT, receptors to begin to address the role of receptor
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phosphorylation in the mechanism of constitutive 5-HT, re-
ceptor activation.
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