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SUMMARY
Evidence has accumulated indicating that the radioactive hallu-
cinogens 4-bromo-[3H](2,5-dimethoxy)phenylisopropylamine
([3H]DOB) and 4-[125l]iodo-(2,5-dimethoxy)phenylisopropylamine
([12511001) label an agonist high affinity state of the 5-
hydroxytryptamine2 (5HT2) receptor and [3H]ketanserin labels
both agonist high and low affinity states. Recently, an alternative
hypothesis has been put forward proposing that the radioactive
hallucinogens are labeling a 5HT2 receptor subtype distinct from
the receptor labeled by [3H]ketanserin. In order to provide defin-
itive evidence as to which of these hypotheses is correct, the rat
5HT2 receptor gene was transfected into NIH-3T3 (mammalian
fibroblast) cells and COS (green monkey kidney) cells. Neither
nontransfected cell type expresses 5HT2 receptors; the trans-
fected cells expressed high affinity binding sites for both [1251]

DOl (K0 = 0.8 flM and Bmax 363 fmol/mg in NIH-3T3 cells; K0
= 0.2 flM and Bmax 26 fmol/mg in COS cells) and [3H]ketanserin
(K0 = 0.4 flM and Bmax 5034 fmol/mg in NIH-3T3 cells; K0 =

1 .0 nM and Bmax 432 fmol/mg in COS cells). The affinities of
agonists and antagonists for the [125l]DOI-labeled receptor were
significantly higher than for the [3H]ketanserin-labeled receptor.
The affinities of agonists and antagonists for these binding sites
were essentially identical to their affinities for the sites radiola-
beled by these radioligands in mammalian brain homogenates.
The [125l]DOI binding was guanyl nucleotide sensitive, indicating
a coupling to a GTP-binding protein. These data indicate that the
5HT2 receptor gene product contains both the guanyl nucleotide-
sensitive [125l]DOI binding site and the [3H]ketanserin binding
site. Therefore, these data indicate that the 5HT2 receptor gene
product can produce a high affinity binding site for the phenyli-

sopropylamine hallucinogen agonists as well as for the 5HT2
receptor antagonists. These results strongly support the two-
state hypothesis for the 5HT2 receptor and do not support the
multiple 5HT2 receptor subtype hypothesis.

5HT2 receptors mediate many of the central and peripheral

physiological functions of serotonin (5HT) and serotonergic

drugs. Cardiovascular effects include contraction of blood yes-

sels (1) and shape change in platelets (2); central nervous

system effects include neuronal sensitization to tactile stimuli

(3) and mediation of the hallucinogenic effects of lysergic acid

diethylamide and related phenylisopropylamine hallucinogens

(4). The molecular properties of 5HT2 receptors have been

studied extensively using radioligand binding technology; [3H]

spiperone and [4H]ketanserin antagonist radioligands, have

been used extensively to radiolabel brain 5HT2 receptors (5, 6).

This work was supported by United States Public Health Service Grant MH-

40716.

� Formerly spelled Titeler.

Detailed studies in which the effects of agonists on [3Hjketan-

serin-labeled 5HT2 receptors were observed revealed evidence

that the 5HT2 receptor is a two-state receptor (7). This evidence

included the observation that agonists competed with high and

low affinity phases, whereas antagonists competed in a manner

indicative of a homogeneous population of sites. Further evi-

dence included the observation that guanyl nucleotides elimi-

nated the high affinity phase of agonist competition curves. In

order to selectively label the agonist high affinity state of the

5HT2 receptor, two hallucinogenic 5HT2 receptor agonists,

DOB and DOl, were radiolabeled with tritium and 125! respec-

tively (8, 9). Consistent with the 5HT2 receptor two-state

hypothesis, these radioligands apparently labeled a subset of

the 5HT2 receptor population demonstrating high affinity for

both agonists and antagonists. Furthermore, guanyl nucleotides

ABBREVIATIONS: 5HT, 5-hydroxytryptamine; � ...�.. . � J.-

h�e;GTP-yS, guanosine 5’-O-(3-thio)triphosphate; Gpp(NH)p, guanosine 5’-(j3,’y-imido)triphosphate.
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Fig. 1. Saturable specific binding of [‘25l]DOI (A) and [3Hjketanserin (B)
to membranes from fibroblast (NIH-3T3) cells transfected with the rat
5HT2 receptor gene. Insets, Scatchard transformation of the saturable
binding data. The results are the means of two experiments, each
performed with duplicate data points.
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2 B. J. Hoffman and M. J. Brownstein, unpublished observations.

potently inhibited the specific binding of these two radioli-

gands.

Recently, an alternative hypothesis has appeared in the

literature. Peroutka and co-workers (10-12) have used [77Br]

DOB, [3H]DOB, and [‘251]DOI to label 5HT2 receptors in
cortical homogenates. Although their data have not differed

significantly from the data previously published, they have

offered a very different interpretation. Peroutka and co-workers

have proposed that the site labeled by the agonist radioligands

is a 5HT2 receptor subtype distinct from the 5HT2 receptor

labeled by [3H]ketanserin. They proposed that the binding site

labeled by [77Br]DOB, [3HJDOB, and [‘251]DOI represents a
5HT2 receptor (5HT2A) possessing high affinity for agonists
and antagonists. The site labeled by [3H]ketanserin (5HT2B)

was proposed to possess low affinity for agonists and high

affinity for antagonists.

In order to provide more compelling evidence in favor of the

two-state hypothesis or the two-receptor hypothesis, we decided

to utilize the recently cloned rat 5HT2 receptor gene (13).

Murine fibroblast (NIH-3T3) cells have been stably transfected
with this gene and express a functional 5HT2 receptor (14).

Also, green monkey kidney (COS) cells have been successfully

transfected with the cloned rat 5HT2 receptor gene in one of
our laboratories. We hypothesized that ifthe two-state receptor
hypothesis was correct then membranes from these transfected

cells should contain both the [‘2511DO1 and the [3H]ketanserin

binding sites and agonists would display higher affinities for

the [‘25I]DOI-labeled receptor than for the [3H]ketanserin-
labeled receptor; if the two-receptor hypothesis was correct

then [‘2511D01 and [3H]ketanserin binding would be present if

the “5HT2A receptor” gene was being transfected; however,

agonists would be expected to have similar affinities for the

receptor regardless of whether [‘251]DOI or [3H]ketanserin was
the radioligand. If the “5HT2B receptor” was being transfected,

only [3H]ketanserin binding would be expected to be detected.

Materials and Methods

NIH-3T3 cells, stably expressing 5HT2 receptors (14), were cultured
and generously donated by Dr. David Julius, University of California,

San Francisco. To produce transfected COS cells, a 5.3-kilobase rat
5HT2 receptor cDNA was isolated from a rat cortex cDNA library2 in

the expression vector pCD1 (15). This plasmid was introduced into

COS cells by the calcium phosphate method of Chen and Okayama

(16). Forty-eight hours after transfection, medium was removed and

cells were washed with phosphate-buffered saline. Membranes were

collected in 10 mM Tris.HC1, pH 7.6 (at 23’), 5 mM MgC12, homoge-

nized using a Tekmar Tissumizer (50% of maximum speed, 30 sec),

and centrifuged at 20,000 x g for 20 mm. The membrane pellet was
washed again by homogenization and centrifugation and then resus-

pended in 50 mM Tris. HC1, pH 7.6 (at 23’). Aliquots were frozen and

stored in liquid nitrogen.
[‘91D01 (2200 Ci/mmol) and (3H]ketanserin (64 Ci/mmol) were

synthesized by New England Nuclear. GTP-yS was obtained from

Boehringer. Membranes were prepared from transfected NIH-3T3 and

COS cells by homogenization in 50 mM Tris.HC1, 0.5 mM EDTA, 10

mM MgC12, pH 7.4 (1:10 w/v), and centrifuged at 30,000 x g for 15

mm. The pellet was resuspended in buffer, incubated at 3T for 15 mm,
and then centrifuged at 30,000 x g for 10 mm twice (with a resuspension

between centrifugations). The final pellet was resuspended in 50 mM

Tris.HC1, 0.5 mM EDTA, 10 mM MgCl2, 0.1% ascorbate, 10� M

pargyline.

Assays were performed in triplicate 1.0-ml volumes containing 10 �zg

of protein (which was added last). Competition assays were conducted

using three log units of radioligand concentration, using 1 �M cinan-

serin to define nonspecific binding. Competition experiments were

performed using 1 x 10�0 M [‘9JD01 or 4 X 10�0 M [3Hjketanserin.

At this concentration, 70% of the total binding was specific for both

radioligands. Tubes were incubated for 15 mm at 37’, filtered on

Schlemcher and Schuell (Keene, NH) glass fiber filters (presoaked in
0.1% polyethyleneimine), and washed with 10 ml of ice-cold buffer.

Preliminary experiments indicated higher levels of [�I]DOI binding
at room temperature; however, because our results were to be compared

with brain tissue experiments, which had all been performed at 3T, we

decided to perform all the experiments at this higher temperature. The
filters were counted on a LKB ‘y-counter (efficiency = 85%) for (125!]

DO! experiments. The filters were immersed in liquid scintillation fluid

and counted at an efficiency of 50% for (3H]ketanserin experiments.

Saturation and competition experiments were analyzed using an up-
dated version of the program EBDA (17) to obtain equilibrium disso-

ciation constants (K,), B�, values, and IC� values. K, values for

competition experiments were obtained using the equation K, =

1C50/1 + (D4/K,�.), where IC� is the experimentally observed concen-

tration of competing drug that inhibits 50% of the specific binding,
K,). �5 the equilibrium dissociation constant determined in saturation
studies, and D5 is the concentration of radioactive ligand used in the
competition assays. This equation was applied to competition curves
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Fig. 2. Saturable specific binding of [125I]DOl (A) and [3H]ketanserin (B)
to membranes from green monkey kidney (COS) cells transfected with
the rat 5HT2 receptor gene. Insets, Scatchard transformation of the
saturable binding data. The results are the means of two experiments,
each performed with duplicate data points.

producing Hill coefficients less than unity. Drugs used in competition

studies were purchased from Sigma or Research Biochemicals, Inc.

Results

As shown in Figs. 1 and 2, membranes from NIH-3T3 cells

and COS cells (both transfected with the rat 5HT2 receptor

gene) displayed saturable [“5IJDOI and [tHjketanserin specific

binding. The K,) values ofO.8 and 0.4 nM for [‘251]DOI and [1H]

ketanserin in transfected COS cells and 0.2 and 1.0 nM for [125!]

DO! and [4H]ketanserin in transfected COS cells are close to
the values observed in mammalian brain (7, 8). The Bma. values

in the N!H-3T3 cells are similar to the values reported previ-

ously in cells transfected with the rat 5HT2 receptor gene (14).

The affinities of drugs in competing for the [‘251]DOI- and [4HJ

ketanserin-labeled 5HT2 receptors (Figs. 3 and 4 and Table 1)

were also very similar to values observed in mammalian brain

tissue (7, 8); the mode of competition of the antagonists spi-

perone and ketanserin, as revealed by the Hill coefficients of

the competition curves (Figs. 3 and 4), were also very similar

to the results observed in mammalian brain tissue. The non-

hydrolyzable GTP derivative GTP�YS inhibited specific [125!]

Fig. 3. Representative competition curves generated by competition of
varying concentrations of spiperone and ketanserin for [125I]DOl (A) and
[3H]ketanserin(B) SpecifiC binding to fibroblast(NIH-3T3)cell membranes.
Standard errors were less than 10% for all data points.

DO! binding in the COS cells; at iO� M GTP�YS, 30% of specific
[‘251]DO! binding was inhibited (data not shown).

Discussion

Many receptors coupled to GTP-binding proteins have been
radiolabeled with agonist radioligands and antagonist radioli-

gands (18). These studies have revealed that receptors that

stimulate GTP-binding proteins exist in two detectable states,

the free receptor and a receptor-GTP-binding protein complex.

GTP and nonhydrolyzable derivatives of GTP [Gpp(NH)p and
GTP�YSJ dissociate the complex. The presence of these two
states can be detected with radioligand binding methodology.

Antagonists appear to bind to both states with equal affinity;

agonists appear to have much higher affinity for the receptor-

GTP-binding protein complex than for the free receptor. An-

tagonist radioligands, therefore, label the total population of

sites, whereas agonist radioligands only label the receptor-

GTP-binding protein complex. Guanyl nucleotides inhibit ag-

onist radioligand binding without affecting the levels of antag-

onist radioligand binding.

Radioligand binding studies of 5HT2 receptors have been

consistent with the hypothesis that the 5HT2 receptor is a two-

state receptor (7, 8). Nevertheless, it was recently proposed
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Fig. 4. Representative competition curves generated by competition of
varying concentrations of spiperone and ketansenn for [‘25I]DOl (A) and
[3H]ketanserin (B) specific binding to green monkey kidney (COS) cell
membranes. Standard errors were less than 10% for all data points.

TABLE 1
K, values of drugs for radiolabeled 5HT2 receptors on transfected
cell membranes
Reported values are the mean ± standard error of three independent experiments
performed in duplicate. Eleven concentrations of competing drug were used.

Drug

K

NIH-3T3 cells COS cells

[3HJKetanserin l’2511D01 [3HJKetanserin (‘�lJD0l

flu

DOI
Serotonin
Cinanserin
Spiperone
Ketanserin

57 ± 0.6
479 ± 2

ND1
0.4±0.1
1.0 ± 0.2

2.5 ± 0.2
5.7 ± 1 .1

ND
0.6±0.1
5.0 ± 2.1

87 ± 12
703 ± 169

6 ± 1 .4
2 ±0.1
2.0 ± 0.2

0.8 ± 0.5
2 ± 0.4
6 ± 0.7
4 ±0.1
4 ± 0.4

a Not done.

that the agonist radioligands [HIDOB, [‘25I]DO!, and [77Br]
DOB label a 5HT2 receptor subtype distinct from the 5HT2

receptor subtype labeled by [3H]ketanserin (10-12). The ago-

nist high affinity site was designated the “5HT2A” receptor and

the receptor labeled by [4Hjketanserin was designated the

“5HT2B” receptor. The data produced by Peroutka and co-

workers were essentially identical to the data presented previ-

ously; thus, the discrepancy resided in interpretation of the

C. .

-10 -9 -8 -7 -6 -5

LOG [NUCLEOTIDE) P4

Fig. 5. Representative inhibition curve of guanyl nucleotide-sensitive
specific [�I]DOI binding to transfected COS cells by GTP-YS. ATP’YS
was inactive. GTPYS had no effect on specific [3H]ketanserin binding to
transfected COS cells (data not shown). Data points are the means and
standard errors of triplicate determinations. Seventy percent of total
specific [125l]DOI binding was guanyl nucleotide sensitive.

data. Therefore, we designed an experiment, using the recently
cloned 5HT2 receptor gene, that would provide novel data

differentiating multiple 5HT2 receptor states from multiple

5HT2 receptor subtypes.

The transfected cells present an opportunity to test the

conflicting hypotheses concerning the two-state 5HT2 receptor

hypothesis versus the two-5HT2 receptor subtype hypothesis.

If the two-state hypothesis is correct, then the one gene should

produce both [1251]DOI and [3H]ketanserin binding and agonist

affinities for I’25!JDOI binding should be significantly higher

than agonist affinities for [3H]ketanserin binding. If the two-

receptor hypothesis is correct, then one of two situations should

arise in the transfected cells. If the transfected gene is the

5HT2A receptor gene, then both [‘25IJDOI and [1H]ketanserin

binding should be present and agonist affinities should be the

same (high affinity) regardless of the radioligand used. If the

transfected gene is the 5HT2H receptor gene, then only [‘H)

ketanserin binding should be present.

The results presented herein conclusively demonstrate both

[‘2�I]DO! and [:IH]ketanserin binding in the membranes of the

transfected cells (Figs. 1 and 2). Furthermore, the affinities of

some representative 5HT2 drugs for the sites labeled by the

ligands are essentially identical to those for the sites labeled in

mammalian cortical tissue homogenates (Figs. 3 and 4 and

Table 1). [‘2i]DOI binding to 5HT2 receptors in COS cell

membranes was modulated by the guanyl nucleotide GTP�YS,

indicating that the 5HT2 receptor expressed in the transfected

cell is functionally coupled to a GTP-binding protein. The

affinities of the agonists DO! and serotonin are 10-25-fold

higher for the [‘25!JDOI-labeled receptor than for the [‘H]

ketanserin-labeled receptor. Taken together, these results do

not correspond to the results expected if a distinct 5HT2A or

5HT2B receptor gene had been transfected. The level of [125!]

DOI binding is significantly lower in both cell lines (Figs. 1 and

2) than the level of [‘H]ketanserin binding, which is again

consistent with the observations from mammalian brain mem-

branes (8). The GTP-binding protein interacting with the 5HT2

receptor is undoubtedly a constituent component of the host
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cell’s membrane, because receptor-mediated stimulation of

phospholipase C activity (a GTP-binding protein-mediated re-

sponse) has been observed in these cells (14).

In summary, the results presented herein demonstrate that

the 5HT2 receptor gene codes for a receptor that is radiolabeled

by both the agonist radioligand [‘251]DOI and the antagonist

radioligand [:lHlketanserin and that agonists display higher

affinities for the [‘251]DOI-labeled receptor than for the [3H]

ketanserin-labeled receptor. These data indicate that the pro-

posed 5HT2A and 5HT25 receptor subtypes are actually states

of one 5HT2 receptor.
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