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SUMMARY

A permanent line of cells has been established from the trans-
plantable rat pituitary tumor 731 5a. P1 1 cells have been cloned
repeatedly, and after more than 60 passages their growth and
characteristics are stable. Results of radioligand binding studies
with 125l-lysergic acid diethylamide (1251-LSD) indicate that P11
cells express serotonin-2 (5-HT2) receptors. Analysis of the
binding of 125l-LSD to membranes prepared from P1 1 cells
revealed the presence of a single class of high affinity sites (Kd
= 1 .6 nM; Bmax 21 1 fmol/mg of protein). The pharmacological
profile of the inhibition of the binding of 125l-LSD by a panel of
drugs was consistent with the expected profile of these drugs
at 5-HT2 receptors. The affinity of the site for serotonin was in
the low micromolar range and was decreased by GTP. Phos-
phoinositide hydrolysis in P1 1 cells, measured in the presence
of lithium, was stimulated by serotonin. Increasing concentra-
tions of the 5-HT2-selective antagonist ketanserin blocked phos-

phoinositide hydrolysis stimulated by serotonin, and Schild analy-
sis was consistent with a simple competitive interaction. The K
for ketanserin derived from Schild analysis was comparable to
the K, for ketanserin at the binding site for 1251-LSD. These results
suggest that stimulation of phosphoinositide hydrolysis in P11
cells by serotonin is mediated by 5-HT2 receptors. Pretreatment
of P1 1 cells with pertussis toxin caused ADP-ribosylation of G
and G0, but did not affect the ability of serotonin to stimulate
phosphoinositide hydrolysis. Therefore, the guaninine nucleotide-
binding protein involved in the coupling of 5-HT2 receptors to
phospholipase C in P1 1 cells is unlikely to be either G or G0.
P1 1 cells expressing 5-HT2 receptors coupled to phosphoinosi-
tide hydrolysis will be a useful model system for future studies
of the regulation and function of 5-HT2 receptors on cultured
cells.

Receptors for serotonin in the central nervous system were

originally classified, on the basis of radioligand binding studies,

into two subclasses, 5-HT1 receptors with a nanomolar affinity

for serotonin and 5-HT2 receptors with a micromolar affinity

for serotonin (1). A third major subclass ofserotonin receptors,

5HT:i receptors, was identified and characterized in the pe-

riphery. More recently, these receptors have been localized in

the central nervous system (2). On the basis of their pharma-

cology, at least four subtypes of 5-HT1 receptors have been

identified (3), and subtypes of 5-HT:i receptors may also exist

(4). The existence of subtypes of 5-HT2 receptors has been

postulated (5), but the possibility of multiple states of a single

subtype of 5-HT2 receptors has not been ruled out (6). 5-HT2

receptors have a high affinity for antagonists including ketan-

serin, pipamperone, and mianserin. They can be labeled with

[3H]ketanserin and ‘251-LSD (7, 8).
High densities of 5-HT2 receptors are found in brain regions
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including the frontal cortex, mesolimbic areas, and striatum.

Behavioral responses associated with activation of these recep-

tors include head twitches in rats (9) and discriminative stim-

ulus effects of serotonin agonists (10). Activation of 5-HT2

receptors in the hypothalamus is associated with an increase

in prolactin secretion from the anterior pituitary (11). 5-HT2

receptors are also found on vascular smooth muscle, where they

mediate contraction (12), and on platelets, where their activa-

tion is associated with platelet aggregation and increased cal-

cium flux (13, 14). In platelets (15), blood vessels (16), and the

cerebral cortex (17, 18), 5-HT2 receptors are coupled to phos-

phoinositide hydrolysis.

The regulation of the density and function of 5-HT2 receptors

in the central nervous system has been investigated in studies

involving drug treatments and lesions of neuronal pathways.

Unlike the results of studies of the regulation of adrenergic

receptors, the regulation of 5-HT2 receptors cannot be ex-

plained by an adaptive response of receptors, in which chronic

receptor blockade causes a compensatory up-regulation of re-

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine (serotonin); LSD, lysergic acid diethylamide; lAP, islet-activating protein (pertussis toxin); mCPP, 1-

(3-chlorophenyl)piperazine; 8-OH-DPAT, (±)-8-hydroxy-dipropylaminotetralin HBr; DOl, (±)-2,5-dimethoxy-4-iodoamphetamine; HEPES, 4-(2-hydrox-

yethyl)-1 -piperazineethanesulfonic acid; DMEM, Dulbecco’s modified Eagle medium; PBS, phosphate-buffered saline; B�5, maximal number of
binding sites; IBZM, (S)-(-)-3-iodo-2-hydroxy-6-methoxy-N-[(1-ethyl-2-pyrrolidinyl)methyl}benzamide; G protein, guanine nucleotide-binding protein;
DOB, 4-hrnmn-2 5-tlimPthvrwnhnnvlisnnrnnvl3minp
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ceptors and chronic receptor activation causes a compensatory

down-regulation of receptors. Instead, ligands that are potent

antagonists at 5-HT2 receptors, including ketanserin, mian-

serin, methysergide, and setoperone, cause a paradoxical de-

crease in the density of receptors that cannot be explained by

the presence of residual drug in binding assays (19-22). Lesions

of serotonergic neurons with 5,7-dihydroxytryptamine deplete

endogenous serotonin but do not cause a compensatory increase

in the density of 5-HT2 receptors (23). Furthermore, fluoxitene

and citalopram, selective inhibitors of serotonin uptake, do not

cause a decrease in the density of receptors (24, 25).

Studies of the regulation of receptors are facilitated by the

availability of cell lines expressing high densities of receptors.

With the use of clonal cell lines, it is possible to study the

regulation of receptors in homogeneous populations of cells

under controlled conditions. However, no cell lines are available

that are known to express high densities of 5-HT2 receptors.

Serotonin stimulates phosphoinositide hydrolysis in A7r5

smooth muscle cells (26), WRK1 mammary tumor cells (27),

C6 glioma cells (28), and NRK normal rat kidney cells (29).

The results of experiments using selective antagonists sug-

gested that this stimulation was mediated by 5-HT2 or 5-HT2-

like receptors. However, direct binding assays or a more exten-

sive pharmacological analysis of phosphoinositide hydrolysis

would be necessary to confirm that these cells express 5-HT2

receptors.

We have used the prolactin-secreting transplantable rat pi-

tuitary tumor 7315a (30) as a tissue source to establish per-

manent cell lines. We report here that one of the cell lines

isolated expresses a high density of 5-HT2 receptors measured

by the specific binding of ‘251-LSD. Activation of 5-HT2 recep-

tors in these cells caused a marked increase in phosphoinositide

hydrolysis that was insensitive to lAP.

Experimental Procedures

Materials. Buffalo rats carrying the 7315a tumor were a gift from
R. M. MacLeod (University of Virginia, Charlottesville, VA). ‘9-LSD

and [32P]NAD were purchased from New England Nuclear. myo-[3H]
Inositol was purchased from American Radiochemicals. lAP was from

List Biologicals. Ketanserin, spiroperidol, pipamperone, and domperi-
done were donated by Janssen Pharmaceutica. Prazosin was donated

by Pfizer; haloperidol was donated by MacNeil Laboratories. Mian-
serin, m-CPP, quipazine, 8-OH-DPAT, and DO! were purchased from

Research Biologicals. Other drugs were from Sigma.
Tissue culture. Clonal cell lines were established from the rat

pituitary tumor 7315a maintained subcutaneously in female Buffalo

rats. Animals carrying the tumor were sacrificed by decapitation.
Thanors were dissected from adhering tissue and incubated at room

temperature for 30 mm in L15 medium (G!BCO) buffered with 15 mM
HEPES (pH 7.4) and supplemented with 100 units/ml penicillin and
100 �g/ml streptomycin (penicillin/streptomycin). The tissue was then

minced with a razor blade and incubated for 15 mm at 3T in L15
medium containing 15 mM HEPES (pH 7.4), 0.4% collagenase, 0.001%

DNAse, 0.125% hyaluronidase, 1% bovine serum albumin, and penicil-
lin/streptomycin. After centrifugation for 5 mm at 180 x g, the tissue

was resuspended in DMEM (GIBCO) supplemented with 10% fetal

bovine serum (HyClone) and penicillin/streptomycin and was filtered
through a Millipore Swinnex-25 filter to obtain a suspension of mdi-
vidual cells. Cells were centrifuged again for 5 mm at 180 x g, resus-

pended in the same medium, plated onto protamine-coated (2.5 mgI
ml) tissue culture plates, and grown in an atmosphere of 10% C02/

90% air at 375� After several days, cells were detached by exposure to
0.1% trypsin/0.02% EDTA in PBS (138 mM NaCl, 4 mM KC1, 5 mM

Na2HPO4, 1.5 mM KH2PO4, 11 mM glucose, pH 7.4). Clonal lines of

cells were established by colony selection. Cells were subcultured at

low density onto uncoated tissue culture plates in medium A EDMEM

supplemented with 10% charcoal-treated fetal bovine serum (31), 2 mM

glutamine, 150 �ag/ml oxaloacetate, 50 �zg/ml pyruvate, 0.2 units/mi
insulin, and penicillin/streptomycin]. Individual colonies of cells were

isolated using cloning rings and expanded. One ofthe cell lines obtained
in this way, P11, was selected for use in subsequent experiments

because results of radioligand binding experiments suggested that P11
cells expressed a high density of ‘9-LSD binding sites. The P11 cell

line was recloned twice and used in the experiments described below.

P11 cells were grown in monolayer culture in medium A. Cells were

detached from plates with 0.1% trypsin/0.02% EDTA in PBS and were

subcultured at densities of 5000-20,000 cells/cm2. The medium was
changed every third day until cells were harvested or subcultured.

Contrast-enhanced phase contrast photomicrographs of cells were pro-

duced using a Nikon Diaphot microscope equipped with a Dage New-
vicon camera, an Image 1/AT digital image processor, and a Mitsubishi

image printer.

Radioligand binding. To prepare crude membranes for binding
assays, cells were washed with PBS, lysed by incubation with ice-cold

hypotonic buffer (5 mM HEPES, 5 mM EDTA, pH 7.5) for 10 mm,

detached with a rubber policeman, and centrifuged for 10 mm at 20,000

x g. The resulting pellet was resuspended using a Brinkmann Polytron

(10 sec at speed 6) in buffer (20 mM HEPES, 154 mM NaCl, 10 mM

EDTA, pH 7.5) and centrifuged for 10 mm at 20,000 x g. The pellet

obtained from this centrifugation was resuspended in 50 mM Tris

buffer (pH 7.4) for use in binding assays.

Assays were initiated by the addition of 50 �l of tissue (10-40 �sg of

protein) to 50 �sl of 50 mM Tris buffer (pH 7.4) containing ‘251-LSD

(0.1-6 nM) and appropriate competing uganda. In experiments using

agonists, 1 mM MgCl2 with or without 300 �aM GTP was included in
the reaction mixture. Specific binding was defined as binding that was

inhibited by 1 �M ketanserin. Following incubation for 60 mm at 37�,

reactions were terminated by the addition of 5 ml of ice-cold 10 mM

Tris buffer (pH 7.5). Samples were filtered through glass-fiber filters
(No. 30; Schleicher and Schuell) coated with 3% polyethylenimine (pH

9.5). Filters were washed three times with 5 ml of the same buffer and

radioactivity retained by the filters was determined. Saturation binding
data were transformed by the method of Scatchard (32). K,, and Bm,z

values were estimated by unweighted linear regression analysis. Com-

petition binding data were analyzed using the NEWFITSITES program

of the PROPHET software package available through the National
Institutes of Health (33). Competition curves were modeled to one-site

and two-site equations, and IC� values and Hill coefficients were

obtained as described by Lin et aL (33). In most cases, data were best

fit by a one-site model with a Hill coefficient not significantly different

from 1. ICse values were then estimated after constraining the Hill

coefficient to 1.0. Protein was determined by the method of Lowry et
al. (34).

Phosphoinositide hydrolysis. Measurement of phosphoinositide
hydrolysis in cultured cells was carried out essentially as described by

Lee et aL (35). P11 cells were plated in enriched medium in six-well

cluster dishes (Costar), at a density of 10,000 cells/cm2. After 24 hr,

the medium was replaced by medium containing myo-[3H]inositol (3.5

MCi/well). Assays were carried out 2-3 days later, when cells approached
confluency. Cells were washed twice with DMEM and then equilibrated
in 2 ml of DMEM for 1 hr, in an atmosphere of 10% C02/90% air.

LiCl was added in a volume of 250 �zl, and 10 mm later assays were

started by the addition of 250 �zl of drug. Unless otherwise stated, the

final concentration of LiC1 was 20 mM. Incubations were carried out
for 40 mm and were stopped by the addition of 250 �zl of perchloric

acid (final concentration, 4.5%). The soluble contents of each well were
transferred into tubes and 0.5 M KOH/9 mM Na tetraborate was added

to achieve a pH of 8-9. After centrifugation for 5 mm at 10,000 x g,

inositol phosphates in the supernatant were isolated by column chro-

matography. Briefly, supernatants were loaded onto 0.5 ml of Bio-Rad
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AG 1-x8 resin (200-400 mesh, formate form) and, after being washed

eight times with 5 ml of H2O, inositol phosphates were eluted with 6

ml of 0.1 M formic acid containing 0.2 M ammonium formate. Radio-

activity was determined with Ecolite scintillation fluid (ICN). Cell
membranes remaining in each well were solubilized with 1 ml of 0.1 N

NaOH and radioactivity was determined. Data were expressed as the

percentage of [‘H]phospholipids converted to [3H]inositol phosphates.

In some experiments, individual inositol phosphates were chromato-

graphically resolved, according to the method of Berridge et al. (36).

Detection of pertussis toxin substrates. Membranes from con-
trol cells and from cells treated with 200 ng/ml lAP were harvested as

described for radioligand binding studies. Membranes (25 pg of protein)
were incubated with 5 �iM [32P]NAD (3 pCi), 1 mM EDTA, 5 mM

dithiothreitol, 10 mM thymidine, 200 �g/ml bovine serum albumin,

0.025% SDS, and 20 pg/mi activated lAP in 10 mM HEPES (pH 8)
buffer, for 60 mm at 30� (37). Incubations were stopped with sample

buffer (10% glycerol, 1% �?-mercaptoethanol, 2% sodium dodecyl sul-
fate, 0.01% bromophenol blue, and 65 mM Tris, pH 6.8) and samples

were boiled for 5 mm before analysis by one-dimensional polyacryl-

amide gel electrophoresis. [2P]ADP-ribosylated proteins were detected

by autoradiography, and the amount of radioactivity present was de-

termined by densitometry.

Results

Cells were cultured from collagenase-dispersed 7315a tumors,

as described in Experimental Procedures. Several cell lines

were isolated using cloning rings. One of these lines, P11, was

subcloned twice and used in the experiments described below.

P11 cells grow in monolayer culture on untreated plastic tissue

culture plates. They attach tightly to plates, and little phase

contrast is evident. At low densities, the cells have a round flat

morphology (Fig. 1A). As they approach confluency, the cells

appear elongated (Fig. 1B). Vacuoles are sometimes apparent

in the cells. Under the culture conditions used, the doubling

time of the cells was approximately 25 hr. P11 cells have been

in culture for over 1 year and have been subcultured more than

60 times. Their characteristics have been stable over this

period. Furthermore, the cells are viable after storage in liquid

nitrogen for 6 months.

Radioligand binding studies were carried out to detect recep-

tors for monoamines on P11 cells. The specific binding of 1251

LSD (0.1-6 nM) to membranes prepared from P11 cells was

saturable when nonspecific binding was defined by the inclu-

sion of 1 �sM ketanserin (Fig. 2). Nonlinear regression analysis

of untransformed saturation data indicated that the data were

best fit by a one-site model. The site had a high affinity for

‘251-LSD and was present at high density (K�1 = 1.6 ± 0.3 nM;

Bmax 211 ± 5 fmol/mg of protein; mean ± SE from five

separate experiments). Scatchard transformation of the data

resulted in a linear plot (Fig. 2, inset).

The binding site for ‘251-LSD on P11 cell membranes was

characterized in competition experiments. Inhibition of the

binding of ‘251-LSD by serotonin resulted in a biphasic com-

petition curve best fit by a two-site model (Fig. 3). The high

and low affinity components of binding were present in a ratio

of approximately 1:1. In the presence of 300 �M GTP, the

competition curve produced by serotonin was monophasic and

best fit by a one-site model. A high affinity component of

binding was not observed when assays were carried out in the

presence of GTP (Fig. 3). Inhibition of’ the binding of ‘251-LSD

by other agonists at serotonin receptors was studied in the

presence of 300 �sM GTP (Fig. 4A). Under these conditions, the

competition curves generated by all drugs studied, including

Fig. 1. Photomicrograph of P1 1 cells in monolayer culture. A, P1 1 cells
were subcultured at a low density (approximately 3000 cells/cm2) on an
untreated tissue culture plate. The cells were allowed to attach and were
grown for 2 days. Note the round, flat appearance of an individual cell
(arrow). B, After 6 days, the cells approached confluency. Calibration
bar, 20 �m.

mCPP, DOl, quipazine, and 8-OH-DPAT, were best fit by a

one-site model. Dissociation constants for these drugs at the

251-LSD binding site were calculated (Table 1).

Inhibition of the binding of ‘251-LSD by 5-HT2-selective

antagonists including ketanserin, pipamperone, and mianserin

resulted in monophasic competition curves best fit by a one-

site model (Fig. 4B). Inhibition of the binding of 12�I-LSD by

haloperidol, an antagonist with a high affinity for dopamine D-

2 receptors, was of lower potency. In some tissues, 1251-LSD

labels H1-histaminergic and cs-adrenergic receptors as well as

the 5-HT2 and 5-HT1. subtypes of serotonin receptors. Ligands

selective for H1-histaminergic and cs1-adrenergic receptors, tn-

polidine and prazosin, respectively, inhibited the binding of

‘251-LSD to membranes prepared from P11 cells only at mi-

cromolar concentrations. Furthermore, although 5-HT2 and 5-

HT1. receptors have a similar affinity for some antagonists,

including mianserin, spiropenidol is 1000-fold more potent at

5-HT2 receptors than at 5-HT1, receptors (38). Spiropenidol
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Fig. 2. Saturation binding of 1251-LSD to membranes prepared from P11
cells. Increasing concentrations of 125l-LSD (0.1 -6 nM) were bound to
membranes prepared from P1 1 cells. Nonspecific binding was defined
using 1 �M ketansenn. Specific binding was saturable and best fit by a
one-site model (K,, 2.1 I1M, B�, = 21 1 fmol/mg of protein). Data shown
are means of triplicate determinations in a representative experiment. #{149},

Total binding; �, nonspecific binding; 0, specific binding. Inset, Scatchard
transformation of the same data.

1

5-HT (M)
Fig. 3. Inhibition of the binding of ‘251-LSD to membranes from P1 1 cells
by 5-HT. The binding of 0.1 nr�i 1251-LSD to membranes prepared from
P1 1 cells was inhibited by increasing concentrations of 5-HT. In the
absence of GTP, the competition curve generated was best fit by a two-
site model (0). The high affinity component (lCse 550 nM) and low
affinity component (lCse 47 �zM) were present in a ratio of approximately
1 :1 . In the presence of 300 MM GTP (#{149}),the competition curve was best
fit by a one-site model (lCse 16 zM) with a Hill coefficient of 0.9. Data
shown are representative of three similar experiments. Inset, results of
a similar experiment carried out using membranes prepared from P11
cells pretreated with lAP (200 ng/ml for 24 hr).

inhibited the binding of ‘251-LSD to membranes prepared from

P11 cells with subnanomolar affinity, consistent with the affin-

ity of spiropenidol at 5-HT2 receptors. K values calculated for

antagonists at the ‘251-LSD binding sites on P11 cells were

consistent with reported K, values of these antagonists at 5-

HT2 receptors (Table 1). The correlation coefficient between

the K1 values obtained with P11 cells and reported K values

was 0.97.

The coupling of serotonin receptors on P11 cells to the

phosphoinositide second messenger system was investigated.

The accumulation of inositol phosphates stimulated by 20 �zM

serotonin was maximal in the presence of 20 mM LiC1 (Fig. 5A)

and was linear for at least 50 mm (Fig. 5B). In subsequent

Concentration (M)
Fig. 4. Inhibition of the binding of ‘25l-LSD to membranes from P1 1 cells
by competing drugs. A, The binding of 0.4 nr�i ‘25l-LSD to membranes
prepared from P1 1 cells was inhibited by agonists in the presence of
300 �M GTP. Competition curves generated were best fit by a one-site
model. B, The binding of 0.1 n� ‘251-LSD to membranes prepared from
P1 1 cells was inhibited by antagonists. Competition curves generated
were best fit by a one-site model. Data shown are representative of
three similar experiments.

experiments, phosphoinositide hydrolysis was measured in the

presence of 20 mM LiCl, using a 40-mm incubation with drugs.

In some experiments, individual products of phosphoinositide

hydrolysis were isolated (Fig. 6). Inositol monophosphate was

the predominant form of inositol phosphate measured under

these conditions. Levels of both inositol monophosphate and

glycerol phosphoinositol increased in cells treated with sero-

tonin (Fig. 6).

Serotonin caused a dose-dependent 4- to 6-fold increase in

phosphoinositide hydrolysis in P11 cells (Fig. 7). The ECS() for

serotonin was 640 ± 180 nM (mean ± SE of seven determina-

tions). When increasing concentrations of the 5-HT2-selective

antagonist ketansenin were included, parallel shifts in the dose-

response curve were observed (Fig. 7). Schild analysis of the

data resulted in a linear plot with a slope of approximately 1,

consistent with a simple competitive interaction (Fig. 7, inset).
The K1 value for ketanserin derived from Schild analysis was

0.73 ± 0.19 nM (mean ± SE from three experiments). This

value was in good agreement with the K, of the receptor for

ketansenin, as determined in binding assays (1.7 ± 0.1 nM; five

experiments).

The ability of serotonin to stimulate phosphoinositide hy-

drolysis in P11 cells was blocked in a dose-dependent manner
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I K. J. Ivins. Unpublished observations.

TABLE 1
Pharmacological profile of ligands at the 5-HT2 site on P1 1 cells
competing ligands inhibited the binding of ‘251-LSD to homogenates of P1 1 cells. Inhibition curves using agonists were generated in the presence of 300 MM GTP and 1
mM Mgcl2. All of the inhibition curves were best fit by a one-site model of binding. Hill coefficients (flH) of the competition data are shown. K values were calculated from

c� values using the Cheng and Prusoff equation (61 ). Data are expressed as mean ± standard error. The number of separate determinations is given in parentheses.
Published K values of these drugs at cortical 5-HT2 receptors are included for comparison.

K, values flH Reported K, values flH

flM flM

Agonists

DOl 420±84(4) 1.11 ± 0.16

5-HT 33,600 ± 6,400 (5) 1 .00 ± 0.09 928� 0.708b

8-OH-DPAT 22,200 ± 1 400 (3) 0.99 ± 0.12 5350a� 0.838.b

5-Methoxytryptamine 1 41 000 ± 35,000 (4) 1 .45 ± 0.25 3058L� 0.75�

mCPP 330 ± 90 (4) 1 .03 ± 0.05

Quipazine 1 206 ± 434 (3) 1 .13 ± 0.13 2288L� 0.74a�

Tryptamine 163,000 ± 13,000 (4) 1.20 ± 0.27 2005a.b 0.818.

Antagonists
Spiroperidol 0.69 ± 0.19 (5) 0.90 ± 0.14 0.53c

Domperidone 309 ± 56 (3) 1 .10 ± 0.00 481

Haloperidol 1 73 ± 34 (4) 0.96 ± 0.09 1 53�

Ketanserin 1 .7 ± 0.1 (5) 1 .05 ± 0.07 3.8d

Mianserin 8.3 ± 1 .8 (4) 1 .02 ± 0.09 8.1

Pipamperone 2.1 ± 0.1 (4) 0.91 ± 0.04 0.78c

Prazosin 48,900 ± 6,700 (5) 0.89 ± 0.06 >10,000a

Tripolidine 4,41 0 ± 670 (4) 1 .01 ± 0.20

a From Lyon et a!. (6).
a Measured in the absence of GTP.

C From Leysen et a!. (7).
a From Kaden et a!. (8).

by 5-HT2 antagonists including spiropenidol, miansenin, and

halopenidol, with a rank order of potency consistent with their

order of potency at 5-HT2 receptors (Fig. 8). Spiropenidol and

miansenin inhibited phosphoinositide hydrolysis, in a mono-

phasic manner, to basal or near-basal levels. Tnipolidine (10

�M) and prazosin (10 �tM) did not affect phosphoinositide

hydrolysis stimulated by serotonin (data not shown).

The effect of lAP on phosphoinositide hydrolysis in P11 cells

was investigated. Cells were treated with lAP (200 ng/ml for

24 hr) or vehicle, and dose-response curves for the stimulation

of phosphoinositide hydrolysis by serotonin were generated.

Pretreatment of P11 cells with lAP had no effect on the ability

of serotonin to stimulate phosphoinositide hydrolysis (Fig. 9).

lAP pretreatment of cells also had no effect on the ability of

serotonin to inhibit the binding of 1251-LSD to membranes

prepared from P11 cells (Fig. 3, inset). To confirm that sub-

strates for lAP in the cells had been ADP-nibosylated by this

treatment, membranes from control cells and from cells pre-

treated with lAP were prepared and incubated in vitro with

[32P]NAD and lAP. [12P]ADP-nibosylated substrates for lAP

with molecular weights of approximately 41,000 and 39,000,

presumably corresponding to the cs-subunits of G, and G0,

respectively, were identified in membranes prepared from con-

trol cells (Fig. 10). These substrates were not detectable in

membranes prepared from treated cells. The absence of labeling

in membranes prepared from cells pretreated with lAP mdi-

cates that G, and G0 had been quantitatively ADP-nibosylated

by the drug treatment.

Discussion

The 7315a pituitary tumor was originally induced by tn-

methylaniline and has been maintained subcutaneously in fe-

male Buffalo rats (30). It has a lactotroph origin, demonstrated

by the spontaneous and stimulated secretion of prolactin from

the tumor and from cells dispersed from the tumor (30, 39).

Dopamine interacts with D-2 receptors on normal lactotrophs

to inhibit prolactin secretion (40). Previous studies have shown

that the 7315a tumor is an appropriate model system to study

some of the properties of lactotrophs, because the tumor con-

tains dopamine D-2 receptors coupled to the inhibition of

adenylate cyclase activity (33, 41) and to the inhibition of

prolactin secretion (39). In preliminary experiments using 1251

LSD, we determined that the 7315a tumor also expresses a low

density of 5-HT2 receptors (data not shown).

The P11 cell line described here was isolated from cells

dispersed from a 7315a tumor. P11 cells attached to untreated

tissue culture plates, in contrast to other cells that grew in

suspension. P1 1 cells do not appear to express detectable levels

of dopamine D-2 receptors, as measured by the specific binding

of [1251]IBZM, or to spontaneously secrete prolactin.’ The origin

of these cells is, therefore, ambiguous. There is a possibility

that the cells were not derived from tumor cells. However, the

appearance of the cells does not resemble that of fibroblasts,

and the stability of P11 cells in culture over an extended time

period suggests that the cell line is immortal. Therefore, it

seems likely that the P11 cell line was derived from lactotrophs

of the 7315a tumor. These tumor cells may normally express

5-HT2 receptors or their expression of receptors may have

changed as the cells were adapted to culture. The question of

whether P11 cells can be stimulated to secrete prolactin is

currently under investigation.

When P11 cells were characterized in terms of their expres-

sion of receptors for monoamines, a binding site for 1251-LSD

was detected that was present at high density. The pharmaco-

logical profile of ligands at this site was consistent with their

profile at 5-HT2 receptors. Furthermore, the ability of serotonin

to stimulate phosphoinositide hydrolysis in P11 cells was con-

sistent with the reported coupling of 5-HT2 receptors to the
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phosphoinositide second messenger system. The response to

serotonin in P11 cells seemed to be mediated by 5-HT2 recep-

tors, because the 5-HT2-selective antagonist ketansenin inhib-

ited the response with an affinity similar to its affinity at 5-

HT2 receptors. Antagonists at a1-adrenergic and H1-histamin-

ergic receptors, which also have a relatively high affinity for

ketansenin (7), were ineffective in blocking phosphoinositide

hydrolysis stimulated by serotonin. Furthermore, the ability of

nanomolan concentrations of spiropenidol to completely inhibit

the response to serotonin suggested that the observed phos-

phoinositide hydrolysis was mediated by 5-HT2 receptors and

not by 5-HT1. receptors (42). 5-HT1� receptors bind ‘251-LSD

with high affinity and stimulate phosphoinositide hydrolysis

(38, 43), but spiropenidol has only a micromolar affinity for

these receptors.

Together, these results suggest that P1 1 cells express a high

density of 5-HT2 receptors coupled to phosphoinositide hy-

drolysis. A discrepancy was observed between the EC50 of

serotonin in the activation of phosphoinositide hydrolysis and

the K of serotonin at the 5-HT2 receptor. A similar discrepancy

in the EC50 and K, of serotonin at cortical 5-HT2 receptors has
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0 .

-20 0 20 40

Time (mm)
Fig. 5. LiCI dependence and time course of the accumulation of inositol
phosphates in P1 1 cells. A, Phosphoinositide hydrolysis in P1 1 cells was
measured in the presence of increasing concentrations of LiCI. Cells
were incubated with 20 �zM 5-HT (S) or vehicle (0) for 40 mm, and the
accumulation of inositol phosphates was determined. B, The accumula-
tion of inositol phosphates in P11 cells stimulated with 20 j�M 5-HT (#{149})
or vehicle (0) was measured in the presence of 20 mM LiCl after various
times of incubation. Data shown are means ± standard deviations of

triplicate determinations in a representative experiment.

1 20

Fig. 6. Elution profile of [3H]inositol-derived products. Phosphoinositide
hydrolysis was measured in P1 1 cells in the presence of 20 m� LiCI after
a 40-mm incubation with 20 �M 5-HT (#{149})or vehicle (0). Stepwise
gradients were used to elute tritiated products of phosphoinositide
hydrolysis, as described by Berridge et al. (36). Steps were 1) H20; 2)
50 m� sodium formate/5 mM sodium tetraborate; 3) 0.2 M ammonium
formate/0.1 M formic acid; 4) 0.4 M ammonium formate/0.1 M formic
acid; 5) 1 .0 M ammonium formate/0.1 M formic acid. The peaks of
radioactivity represent the following products: I, inositol; II, glycerol
phosphoinositol; Ill, inositol monophosphate; IV, inositol diphosphate;

and V, inositol trisphosphate.
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Fig. 7. Schild analysis of the stimulation of phosphoinositide hydrolysis
by 5-HT in P1 1 cells. Phosphoinositide hydrolysis in P1 1 cells was
measured in the presence of increasing concentrations of 5-HT. The
EC� for the stimulation of phosphoinositide hydrolysis by 5-HT was 260
nM. Dose-response curves for the stimulation of phosphoinositide hy-
drolysis by 5-HT were also generated in the presence of increasing
concentrations of the 5-HT2-selective antagonist ketanserin. Inset, Schild
transformation of the data resulted in a linear plot with a slope of 0.96
and a derived K, value for ketanserin of 0.40 nr�i. Data shown are means
± standard deviations of triplicate determinations and are representative

of three similar experiments.

been described by other investigators (38). Differences in assay

conditions may account for the greater potency of serotonin in

the activation of phosphoinositide hydrolysis than in binding

to 5-HT2 receptors. Assays of phosphoinositide hydrolysis were

carried out using intact cells in isotonic medium. In contrast,

radioligand binding assays were carried out using homogenates

of cells in Tnis buffer. Another possible explanation for the

greater potency of serotonin in assays of phosphoinositide
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several studies using isolated pituitary glands have failed to

detect stimulation of prolactin secretion by serotonin (46, 47).

However, it was recently suggested that 5-HT2 receptors are

present on normal lactotrophs and their activation causes a

rapidly desensitized increase in prolactin secretion (48). These

results raise the intriguing possibility that serotonin binds to

5-HT2 receptors on lactotrophs and directly stimulates the

secretion of prolactin at the level of the anterior pituitary.

Results of several types of experiments have led to the

conclusion that receptor-stimulated phosphoinositide hydroly-

sis is mediated by G proteins (for review, see Ref. 49). In P11

cells, phosphoinositide hydrolysis stimulated by serotonin ap-

peared to be mediated by a G protein, because the high affinity

component of binding of serotonin to 5-HT2 receptors was

eliminated by GTP. This is consistent with the observation

that the affinity of 5-HT2 receptors in the frontal cortex for

agonists, including serotonin, tryptamine, and 5-methoxytryp-

tamine, was decreased by GTP (50). It has been reported that

the proportion of sites with a high affinity for agonist depended

on the agonist studied (50). It will be interesting to identify

compounds that are full or partial agonists at the 5-HT2 recep-

ton on P11 cells and to determine whether they bind to the

same number of sites with high affinity.

Several investigators have studied the effect of lAP on the

coupling of 5-HT2 receptors to phosphoinositide hydrolysis.

Kavanaugh et at. (51) reported that lAP did not affect phos-

phoinositide hydrolysis stimulated by serotonin in primary

cultures of vascular smooth muscle from calf aorta. Expeni-

ments designed to document the effectiveness of the exposure

to lAP were not reported. In contrast, Go et at. (52) reported

that lAP blocked the ability of serotonin to stimulate phos-

phoinositide hydrolysis in primary cultures from rabbit aorta.

In P11 cells, a concentration of lAP that caused quantitative

ADP-ribosylation of substrates for lAP in the cells did not

affect phosphoinositide hydrolysis stimulated by serotonin,

suggesting that the G protein that couples 5-HT2 receptors to

hydrolysis than in radioligand binding assays would be the

presence of spare 5-HT2 receptors on P11 cells.

These results also raise questions as to whether 5-HT2 recep-

tons are normally expressed on lactotnophs. Because an increase

in intracellular calcium in lactotrophs is associated with an

increase in prolactin secretion (39), and because phosphoino-

sitide hydrolysis is accompanied by an increase in intracellular

calcium, it might be expected that stimulation of 5-HT2 recep-

tons on lactotrophs would cause an increase in the secretion of

prolactin. Administration of the serotonin precursor 5-hydrox-

ytryptophan on intnaventnicular injection of serotonin stimu-

lates secretion of pnolactin in vivo, but this stimulation is widely

believed to be due to the ability of serotonin to cause the release

of a secretagogue for prolactin from the central nervous system,

rather than to a direct action at the pituitary (44, 45). In fact,
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Fig. 8. Inhibition of the effect of 5-HT on phosphoinositide hydrolysis by
antagonists. Phosphoinositide hydrolysis stimulated by 20 MM 5-HT in
P1 1 cells was inhibited by increasing concentrations of spiroperidol (#{149}),
mianserin (U), and haloperidol (A). Data shown are means ± standard
deviations of triplicate determinations and are representative of three
experiments.

b_b io8 io�6
5-HT (M)

Fig. 9. Stimulation of phosphoinositide hydrolysis by 5-HT following
treatment of P1 1 cells with lAP. P1 1 cells were treated with 200 ng/ml
lAP (0) or vehicle (#{149})for 24 hr, and phosphoinositide hydrolysis was
measured in the presence of increasing concentrations of 5-HT. Data
shown are means ± standard deviations of triplicate determinations and
are representative of three experiments.

Fig. 10. Detection of substrates for lAP in P1 1 cells. Proteins in P1 1 cell
membranes were [32PjADP-ribosylated in vitro in the presence of lAP,
solubilized in sodium dodecyl sulfate, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and visualized by autoradi-
ography. The experiment has been repeated two times with similar
results. Lane 1 , membranes from control cells; lane 2, membranes from
cells pretreated for 24 hr with 200 ng/ml lAP.
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phospholipase C in P11 cells is not a substrate for ADP-

ribosylation by lAP and is not G, or G0. Previous reports have

shown that lAP does not have a consistent effect on phosphoi-

nositide hydrolysis; in some cells, including mast cells (53) and

NG1O8-15 neuroblastoma-glioma cells (54), lAP blocks recep-

tor-stimulated phosphoinositide hydrolysis. In others, includ-

ing 3T3 fibroblasts (55) and GH3 pituitary cells (56), lAP has

no effect. These findings have been interpreted as evidence

that multiple G proteins are involved in coupling receptors to

phosphoinositide hydrolysis. Ashkenazi et at. (57) recently pre-

sented evidence suggesting that multiple G proteins within a

cell couple selectively to different receptors and activate phos-

pholipase C. Therefore, the 5-HT2 receptor may belong to a

class of receptors that selectively couples to an lAP-insensitive

G protein to activate phospholipase C. One candidate for the

lAP-insensitive G protein is G2, a G protein identified on the

basis of sequence homology to G0 and G� (58, 59). The predicted

amino acid sequence of G2 lacks the cysteine residue, present

in G,, G0, and G�, that is ADP-nibosylated by lAP. The concen-

tration of mRNA encoding G� is highest in brain and retina

but is also detectable in endocrine tissues and in GH, pituitary

cells (58, 59).

Previous reports have identified cell lines in which serotonin

stimulates phosphoinositide hydrolysis (26-29). However, nei-

ther a detailed pharmacological analysis of phosphoinositide

hydrolysis nor results of direct binding studies have been re-

ported. Therefore, P11 cells represent the first cell line in which

5-HT2 receptors have been unambiguously identified. 5-HT2

receptors on P11 cells can be assayed with radioligands, and

they are coupled to phosphoinositide hydrolysis by a G protein

that is neither G nor G0. The relatively high density of recep-

tors on P11 cells should facilitate studies of 5-HT2 receptors

and the regulation of receptor density. A current issue in studies

of 5-HT2 receptors is whether binding sites for the hallucino-

gens DO! and DOB represent the agonist-preferring high affin-

ity state of the 5-HT2 receptor, as postulated by Titeler and co-

workers (6), or whether they represent a subtype of 5-HT2

receptors, as postulated by Pierce and Peroutka (5). This issue

might be addressed using P11 cells, by correlating the density

of [3H]DOB binding sites in homogenates of P11 cells with the

density of the component of 1251-LSD binding with high affinity

for serotonin. Recently, the sequence of a cDNA encoding the

rat 5-HT2 receptor was reported (60), and probes constructed

from this sequence will allow detailed study of the regulation

of 5-HT2 receptors at the level of gene transcription. Because

peptide fragments ofthe receptor can be synthesized, antibodies

to the 5-HT2 receptor should become available for examination

of receptor synthesis and sequestration or internalization. With

the use of these molecular biological probes, as well as radioli-

gand binding studies and assays for second messenger produc-

tion, we believe that P11 cells will be a useful model system for

future studies of the regulation and function of 5-HT2 receptors

coupled to phosphoinositide hydrolysis in cultured cells.
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