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SUMMARY

PEROUTKA, S. J., R. M. LEBOVITZ AND S. H. SNYDER: Serotonin receptor binding

sites affected differentially by guanine nucleotides. Mol. Pharmacol. 16, 700-708,

(1979).

Guanosine triphosphate (GTP) and diphosphate (GDP) decrease the binding of the
agonist [3H]serotonin (5-HT) to serotonin receptors in mammalian brain membranes.
Binding of the antagonist [3H]spiroperidol is not affected by guanine nucleotides while
the mixed agonist-antagonist [3H]lysergic acid diethylamide ([3H]LSD) is affected in an
intermediate manner. GTP lowers the apparent affinity of [3H]5-HT for its receptors
without changing the number of binding sites. Both the association and dissociation rates

of [3H]5-HT are increased by GTP. The potency of 5-HT agonists in competing for
[3H]5-HT but not [3H]LSD or [3HJspiroperidol binding sites is decreased by GTP.

Competition by partial agonists and antagonists for [3H]5-HT binding sites is not affected
by GTP.

INTRODUCTION

The activation of many adenylate cyclase
systems is regulated by guanine nucleotides
(1, 2). Receptor binding sites for hormones
such as glucagon (3), angiotensin (4), and
prostaglandin E (5), and neurotransmitters
which are associated with adenylate cy-
clases are also regulated by guanine nucleo-
tides. In general, the affinity of agonists but

not antagonists for receptor binding is de-
creased by guanine nucleotides in fl-adre-

nergic (6), a-adrenergic (7), dopamine (8-
10) and opiate (11, 12) systems. Guanine
nucleotides may control the physiological

response to hormones and neurotransmit-
ters by affecting the coupling of the recep-
tor and adenylate cyclase (1-13).
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In brain homogenates, a specific sero-
tonin sensitive adenylate cyclase system
has been described in the rat (14, 15). The
serotonin-sensitive adenylate cyclase is lo-
cated to synaptic membranes and its den-
sity throughout the brain parallels regional
distributions of endogenous serotonin con-
tent (15). Though nucleotide influences
have not been examined in brain homoge-

nates, guanine nucleotides do regulate the
serotomn-sensitive adenylate cyclase sys-

tem in the liver fluke, Fasciola hepatica

(16).
Postsynaptic serotonin receptors in the

brain can be labeled by the agonist [3HJ5-
hydroxytryptamine ([3H]5-HT) (17), the
mixed agonist-antagonist [3H]lysergic acid
diethylamide ([3H]LSD) (17-20) and the
antagonist [3H]spiroperidol (21, 22). Differ-
ential drug affinities and regional variations
in receptor number indicate that [3H]5-HT

and [3H]spiroperidol label distinct popula-



SEROTONIN RECEPTOR REGULATION 701

‘The abbreviations used are: GTP, guanosine 5’-

triphosphate; GDP, guanosine 5’-diphosphate.

tions of serotonin receptors while [3H]LSD
labels both sites (23). In the present study
we describe the regulation by guanine nu-
cleotides of serotonin receptors labeled by

the agonist [3H]5-HT, while the binding of
the antagonist [3H]spiroperidol is not influ-
enced by guanine nucleotides.

MATERIALS AND METHODS

Various brain regions were dissected
from freshly decapitated male Sprague-
Dawley rats (150-200 g) and mice. Frozen
guinea pig brain (Pel-Freez) and calf brain
freshly obtained from a local slaughter-
house were also utilized. AU tissues were

homogenized in 10 volumes of 0.32 M su-
crose using a motor driven pestle. The ho-
mogenate was centrifuged at 700 x g for 10
mm in a Sorvall RC2-B centrifuge. The
supernatant fluid was decanted from the
crude nuclear pellet (P1) and centrifuged at
50,000 x g for 10 mm. The sedimented
material (P2) was resuspended in 10 vol-

umes of 50 mi�i Tris-HC1 buffer (pH 7.5 at
25#{176})using a Brinkmann Polytron for 10 sec.
The tissue suspension was then incubated

at 37#{176}for 10 mm in the manner described
by Nelson et al. (24) and centrifuged again

at 50,000 x g for 10 mm. The pellet was
resuspended in the standard assay buffer
which consisted of 50 m�i Tris-HC1 (pH 7.7
at 25#{176}),4 mM Ca Cl2, 10 JLM pargyline, and
0.1% ascorbic acid. The final tissue suspen-
sion was incubated for 15 mm at 37#{176}and

then stored on ice until used.
Incubation tubes received 100 �d of

[3H]ligand, 100 �tl of various drugs, and 0.8
ml of tissue suspension during standard
binding assays. Assays were performed in
triplicate. The concentrations of labeled hg-

ands were 2.0 nM [3H]5-HT, 3.7 ni�i [3H]-
LSD and 0.24 n� [3H]spiroperidol. The fi-
nal tissue concentration was 10 mg/mi of
wet weight brain tissue in all regions except

the caudate where 3.5 mg/mi of wet weight
brain tissue was used. The tubes were in-
cubated at 37#{176}(10 mm for [3H]5-HT and
[3H]LSD and 15 mm for [3H]spiroperidol)
and then rapidly ifitered under vacuum
through Whatman GF/B filters with three
5 ml rinses of ice-cold 50 m�.i Tris-HC1
buffer (pH 7.7 at 25#{176}).The filters were
counted by liquid scintillation spectrometry

in 9 ml of Formula 947 (New England Nu-
clear) after 18 hr extraction at 4#{176}at effi-
ciencies of 38-40%.

Specific binding of the [3H]ligands was
defined as the excess over blanks taken in
the presence of 1 �tM d-LSD. Generally, 70%
of total binding was specific for [3H]5-HT

and [3H]LSD while 60% of total [3H]spiro-
peridol binding was specific. [3H]5-HT (28.2
Ci/mmole) and [3H]spiroperidol (23.6 Ci/
mmole) were obtained from New England

Nuclear. [3H]LSD (15.3 Ci/mmole) and
[:IHIGTP (14.0 Ci/mmole) were obtained
from Amersham. [3HJGTP metabolism was
analyzed by thin layer chromatography on
PEI-cellulose F (Merck) pre-coated sheets
using a 0.2 M Li C12/0.2 M formic acid sol-
vent system. The R1 values for GTP’, GDP

and GMP were 0.06, 0.14 and 0.53, respec-

tively. All higands were dissolved in the
standard assay buffer immediately before
use. Guanine and adenine nucleotides were
obtained from Sigma except for Gpp(NH)p
which was from P-L Biochem. All drugs
were dissolved in distified water and diluted

as necessary in the standard assay buffer.
The sources of other drugs were as follows:
5-HT, Sigma Chemical Co.; 5-methoxytryp-
tamine, Aldrich Chemical Co.; d-LSD, Na-
tional Institute on Drug Abuse; bufotenine,

Regis Chemical Co.; spiroperidol, Janssen
Pharmaceutica; clozapine, Sandoz Phar-
maceuticals.

RESULTS

Differential effects of guanine nucleo-
tides on [3H]5-HT, [3H]LSD and [3H]spi-
roperidol binding associated with sero-

tonin receptors. The drug specificity of

[3H]5-HT and [3H]LSD binding in rat fron-
tal cerebral cortex indicates an association
with serotonin receptors (17-20, 23). The
drug specificity of [3Hjspiroperidol in the
rat frontal cortex also displays properties
expected of a serotonin receptor with no

evidence for binding to dopamine receptors
(21-23).

At 1 nmi concentration GTP reduces spe-

cific [3H]5-HT binding by about 45%, while
the nonmetabohizable analogue of GTP, 5’-
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guanylyl-imidodiphosphate (Gpp(NH)p),

reduces the binding of the agonist [3H]5-
HT by about 80% (Table 1). GDP lowers
[3H15-HT binding to about the same extent
as GTP, while GMP has a negligible influ-
ence on [3H]5-HT binding. The adenine
nucleotides ATP, ADP and AMP displace
only 5-10% of [3HJ5-HT binding while a
15% reduction is apparent with the stable
ATP analogue, App(NH)p.

In contrast to the influence of guanine

nucleotides on [3H]5-HT binding, adenine
or guanine nucleotides do not reduce
[3H]spiroperidol binding in the rat frontal

cerebral cortex. [3H]LSD is affected in a
fashion intermediate to that of [3H]5-HT
and [:IHlspwoperidol GTP and GDP re-
duce [3H]LSD binding 21-27% while
Gpp(NH)p lowers binding almost 40%. As
observed with [3H]5-HT binding, GMP and
the adenine nucleotides do not markedly

reduce the binding of [3H]LSD.
Detailed displacement curves indicate

that about 80% of specific [3H]5-HT binding
is lowered by Gpp(NH)p over the concen-
tration range 10 �tM-1 mM (Fig. 1A): The

displacement curves for GTP and GDP are

more shallow, with only about a 40% reduc-
tion in binding occurring over the same

concentration range. No reduction in

[3H]5-HT binding is apparent for GMP or

TABLE 1

Effect of nucleotides on [3H]ligand binding to

serotonin receptors in rat frontal cerebral cortex

The standard [‘H]ligand binding assays were con-

ducted as described in MATERIALS AND METHODS. Nu-

cleotides were added at 1 m� final concentration.

Values are the percent specific [�H]ligand binding

determined in the absence of nucleotides. The results

are the means ± standard errors of four to nine exper-

iments, each performed in triplicate.

[‘H}S-HT [‘H]LSD [:IH]sPiro
peridol

GTP 55±1 73±2 102±4

GDP 64±2 79±2 102±3

GMP 98±3 92±2 98±4

Gpp(NH)p 21 ± 2 62 ± 5 93 ± 7

ATP 90±3 90±6 95±5

ADP 90±3 98±3 95±6

AMP 94±1 99±2 92±5

App(NH)p 84 ± 1 96±2 102 ±5

the adenine nucleotides over the range 1
�LM-300 tIM.

Guanine nucleotides have a lesser effect

on [3H]LSD than on [3H]5-HT binding
(Fig. 1B). An approximately 40% reduction
in [3H]LSD binding occurs with Gpp(NH)p
over the concentration range 50 !.LM-1 mM.

GTP and GDP display somewhat lesser
influences on [3H]LSD binding while GMP

and the adenine nucleotides are inactive at
any concentration between 1 tIM and 1 mM.

With [3H]spiroperidol binding, neither gua-
nine nor adenine nucleotides lower specific
binding at any concentration examined
over the range of 1 tIM-i �M (Fig. 1C).

The activity of the serotomn-sensitive
adenylate cyclase differs in various brain

regions (14, 15) as does the binding of sev-
eral higands labeling serotonin receptors
(18, 19). Accordingly, we have explored the
influence of nucleotides on [3H]5-HT bind-
ing in various regions of calf, rat, mouse,
and guinea pig brain (Table 2). In all re-
gions of all species examined, guanine flu-
cleotides exert essentially the same effect

at 1 mM concentrations. GTP reduces bind-
ing 40-50%, similar to the effect of GDP.

Gpp(NH)p lowers binding 80-90% while
GMP has negligible effects on binding. Ad-
enine nucleotides displace 0-20% of [3H]5-
HT binding.

Stability of GTP under assay conditions.
The potency of guanine nucleotides in re-
ducing [3H]5-HT binding is substantially
less than has been reported at other neu-
rotransmitter receptor binding sites (7-12).

This lesser potency does not appear to be
due merely to the metabolic degradation of

the added guanine nucleotides for several

reasons. First, the reduction by guanine
nucleotides of [3H]5-HT binding in rat fron-
tal cerebral cortex is the same at 4 #{176}as at

37#{176}(Table 3). Second, to directly evaluate
GTP disposition under our present incu-
bation conditions, we examined the identity
of radioactivity in the media after incuba-
ting membranes with [3H]GTP under con-
ditions identical to those used in the bind-

ing studies. Thin layer chromatographic
analysis (n = 3) of [3H]GTP after incuba-
ting with tissue membranes for 10 mm at
37#{176}reveals that 98±2% of the radioactivity

remains as GTP. Third, Gpp(NH)p, the
nonmetabolized analogue of GTP, is also



I00�

80

60

40�

I

J, 20

I

0
0

0

4

0GNP #{149}GDP

AATP aGTP

o App(NH1p� Gpp(P4HIp �8T�I
[NUCLEOTIDE) N

io-’ 10’ 10’ I0’

[NucLE0TIDE]M

SEROTONIN RECEPTOR REGULATION 703

- 20-

�, �c

I00�-

e0�-

6 60-

40�

20�

0�,5., - o’ 0-’ ‘0-s

[NUCLEOTIDE) N

FIG. 1. Effects of increasing concentrations of nucleotides on the specific binding of [3H]ligands to rat

frontal cerebral cortex tissue

Increasing concentrations of (0) GMP, (#{149})GDP, (A) GTP, (�) Gpp(NH)p, (A) ATP and (0) App(NH)p

were added to a P2 fraction prepared from the frontal cerebral cortex of adult male rats. Specific binding for

each ligand, in the absence or presence of nucleotides was measured as described in the MATERIALS AND

METHODS. Values are expressed as a percentage of the specific binding determined in the absence of nucleotides.

(BC). Each point is the average of triplicate determinations. Values in three separate experiments varied less

than 20%. (A) [3H]5-HT (B) [3H]LSD (C) [3H]spiroperidol.

much weaker in inhibiting [3H]5-HT bind-
ing than it is in displacing agonist binding
to the a-(7), dopamine (8) and opiate (ii,
12) receptors in brain homogenates.

Saturation properties and kinetics of

�H]5-HT binding as influenced by GTP.

To ascertain the mechanism of the GTP

influence on [3H]5-HT binding, we exam-

ined the saturation and kinetics of binding
in rat frontal cerebral cortex (Fig. 2). In the
absence of GTP specific [3H15-HT binding
is saturable with maximal binding attained
at about 20 nz�i and half maximal binding
apparent at about 3 rust. Scatchard analysis
indicates a single population of [3H]5-HT
binding sites with a dissociation constant
(KD) of 2.7 n�t and a maximal number of
binding sites (Bmax) of 9.0 pmoles/g tissue.
This KD value is about one third of the KD

we previously reported for [3H15-HT bind-

ing (17) but resembles values described by

Nelson et al. (24). The discrepancy is re-
lated to the fact that in the study of Nelson
et al. (24) and in the present study we have
preincubated the membranes to remove re-
sidual endogenous 5-HT that would other-
wise diminish the apparent affinity of

[3H]5-HT for receptor binding sites.

The three concentrations of GTP exam-
ined, 10 tIM, 0.1 m�, and 1 mM progressively
increase the K0 value up to 5.1 nM at 1 mM
GTP. None of the GTP concentrations af-
fect the Bmax value. Thus, it appears that
GTP reduces [3HJ5-HT binding predomi-
nantly by decreasing the apparent affinity

of binding sites for 5-HT.
To evaluate how GTP alters the affinity

of 5-HT for receptor sites, we examined the
influence of 1 mi�i GTP on the association

and dissociation of [3H]5-HT (Fig. 3). In



Brain membranes were prepared as described in MATERIALS AND METHODS. Calf tissue was obtained fresh

and dissected before being placed in storage at -70#{176}for up to two weeks. Rat brain regions and mouse cortex

were obtained from freshly decapitated animals. Whole guinea pig brains stored at -70#{176}for 1-3 days were

thawed before the frontal cortex was removed. Binding assays were performed as described in MATERIALS AND

METHODS. Nucleotides were added at 1 mM final concentration. Values are the percent of specific [‘HIS-HT

binding in the absence of nucleotides. The results are the means ± standard errors of three experiments, each

performed in triplicate.

GTP GDP GMP Gpp(NH)p ATP ADP AMP App(NH)p

Calf cerebral cortex 58 ± 4 64 ± 2 90 ± 6 14 ± 4 81 ± 1 86 ± 7 93 ± 4 98 ± 2

Calfcaudate 66±5 51±8 96±3 20±8 91±6 93±6 94±0 94±4

Calf inferior colliculi 59 ± 5 44 ± 2 96 ± 5 13 ± 5 89 ± 3 83 ± 7 97 ± 2 87 ± 5

Calf superior colliculi 53 ± 6 46 ± 2 98 ± 2 9 ± 4 83 ± 2 95 ± 2 98 ± 1 91 ± 5

Rathippocampus 66±2 61±3 99±2 9±2 80±3 87±2 99±5 87±4

Ratcaudate 51±1 59±2 105±4 17±4 83±5 91±4 92±3 93±2

Mousecerebralcortex 64±6 61±6 100±6 17±5 81±6 88±3 100±1 95±3

Guineapigcerehralcortex 63±6 59±3 104±9 12±4 80±6 88±5 91±5 99±3
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TABLE 2

Effect of nucleotides on [3HJ5.HT binding in various brain regions of different species

TABLE 3

Comparison of guanine nuc!eotide effects on [3HJ5-

HT binding in rat frontal cerebra! cortex at

37#{176}and 0#{176}

The standard [‘H]S-HT assay was performed at 37#{176}

as described in MATERIALS AND METHODS. For assays

at 0#{176},guanine nucleotides, [3H]5-HT and tissue sus-

pension were added at 0#{176}.The assay tubes were then

incubated in the dark at 0#{176}for 2 hr before filtration.

Nucleotides were added at 1 m� final concentration.

The results are the percent of specific [‘H)5-HT bind-

ing as determined in the absence of nucleotides. Values

are the means ± standard errors of three experiments,

each performed in triplicate.

37#{176} 0#{176}

GTP 57±3 57±3

GDP 66±2 62±1

GMP 96±6 94±3

Gpp(NH)p 22±2 25±1

the absence of GTP, [3H]5-HT associates
very rapidly, reaching maximal levels at
about 5 mm and attaining 75% of maximal
values by 1 mm. In the presence of GTP

the association of [3H]5-HT is even more
rapid, attaining 87% of maximal level at 1
mm. Because of the extremely rapid asso-
ciation rates, it is difficult to calculate the
change in the rate constant of association
in the presence of 1 mi�vi GTP.

The dissociation of specifically bound
[3H]5-HT was examined by first labeling

the receptors with [3H]5HT during a 10
mm incubation at 370 whereupon 1 tIM d-

LSD was added and binding examined at
varying intervals. In experiments evaluat-
ing the influence of GTP, 1 m�.t GTP was
added simultaneously with the d-LSD. In
the absence of GTP, [3H]5-HT dissociates
rapidly so that 50% of specific binding is
dissociated by approximately 15 sec. GTP
accelerates this dissociation rate so that

50% dissociation occurs in about 5 sec. Both
in the absence and presence of GTP, [3H]5-
HT dissociation is virtually complete by 1
mm. This pattern for association and dis-
sociation of [3H]5-HT at 37#{176}in the absence
of GTP resembles our earlier findings (17).

Influence of GTP on the potency of com-

petitors for serotonin receptors. At guanine
nucleotide regulated neurotransmitter re-
ceptors in which [3Hjagonists and [3H]an-
tagonists label the same receptor, GTP re-
duces the binding of [3H]agonists only.
However, at these receptors, GTP de-
creases the potency of agonists in compet-
ing for [3H]antagonist binding. Such pat-

terns have been described for guanine nu-
cleotide regulation of $-adrenergic (6), do-
pamine (9, 10) and opiate (ii, 12) receptors.
By contrast, at a-adrenergic receptors the
antagonist [3H]WB-4i01 labels a physically
distinct receptor from that labeled by the
agonists [3H]clonidine [3H]epinephrine
and [3H]norepinephrmne (25, 26). GTP de-
creases the binding of [3H]clonidine, [3HJ-
epinephrmne and [3H]norepinepb.rine but
has no effect on [3H]WB-4i01 binding.
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FIG. 2. The effect of GTP on [3H]5-HT binding to serotonin receptors as a function of increasing

concentrations of[3H]5-HT

Rat frontal cerebral cortex homogenates were prepared from a P2 fraction as described in MATERIALS AND

METHODS. Specific binding was determined with various concentrations of [3H]5-HT with no GTP (#{149}),10 fLM

GTP (0), 0.1 mM GTP (), or 1 mM GTP (0). Nonspecific binding was determined by the addition of 1 �LM LSD.

Points shown are those obtained in a single experiment performed in triplicate. The experiment was performed

three times with values that varied less than 25%. (A) Specific [3HJ5-HT binding (B) Scatchard plots of the data

in A.

LI‘�‘M DIP CONTROL

TINE (NINU1TS)

FIG. 3. The effects of GTP on the time course of association and dissociation of [3H]5-HT binding to

serotonin receptors

A. The time course of association of [3H]5-HT binding to serotonin receptors was examined in the presence

and absence of 1 mM GTP under standard assay conditions at 37#{176}.Rat frontal cerebral cortex tissue was

prepared as described in MATERIALS AND METHODS. Specific binding was determined for each point from the

amount of radioactivity displaced by 1 �LM LSD. The experiment was replicated three times.

B. The time course of dissociation of [3H]5-HT binding to serotonin receptors in the rat frontal cerebral

cortex was examined in the presence and absence of 1 mM GTP. Standard assay conditions as described in

MATERIALS AND METHODS were used. The sample volumes were incubated at 37#{176}for 10 mm until equilibrium

had been achieved. At this time, 1 �M LSD ± 1 mM GTP was added to initiate dissociation, and the samples

were filtered at increasing time intervals. The experiment was replicated three times.
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‘Significantly different from controls, p < 0.05

Moreover, GTP fails to affect the potency

of agonists in competing for [3H]WB-
4101 bmndmng (7).

In order to delineate the effects of GTP
on drug competition for serotonmn recep-
tors, we evaluated a group of serotonin

agonists, partial agonists, and antagonists
as defined by their activity on the sero-
tonin-sensitive adenylate cyclase in rat
brain (14, 27). In competing for the binding
of [3H]5-HT, 1 mist GTP reduces the po-
tency of the agonmsts 5-HT and 5-methox-
ytryptammne by 65-115% (Table 4). Bufo-

tenine and d-LSD behave as partmal ago-
nmsts of the serotonmn-sensmtmve adenylate
cyclase mn both rat brain homogenates (27)
and Fasciola hepatica (28). The potency of

these partial agonists is not significantly
affected by the presence of GTP. Similarly,
the antagonists spiroperidol and clozapine
display the same potency in competing for
[3H]5-HT binding in the absence or pres-
ence of 1 mist GTP. By contrast, GTP fails
to alter the potency of all drugs tested in

TABLE 4

Effect of GTP on affinities of competitors for [3H]5-

HT binding sites on rat frontal cerebra! cortex

Rat frontal cerebral cortex membranes were incu-

bated with 2.0 nM [‘H]S-HT for 10 mm at 37#{176}together

with four concentrations of unlabeled drugs, in the

presence or absence of 1 mM GTP, under standard

assay conditions as described in MATERIALS AND

METHODS. IC� values were determined by log-probit

analysis and apparent K, calculated by K, = IC�,o/(1

+ [rH]5�HT/K,)). The values used for the [‘H}5-HT

K,, value were 2.7 nM in the absence of GTP and 5.1

nM in the presence of 1 mM GTP. Values given are the

means ± standard errors for three experiments, each

performed in triplicate. Values of p were determined

by the Student’s t-test (two-tailed).

-Drug K,

Control 1 msi GTP

(nM)

Agonists

5-HT 2.1 ± 0.1 4.5 ± 0.2’

5-Methoxytryptamine 5.6 ± 0.1 9.1 ± 0.3’

Partial agonists

d-LSD 8.8 ± 0.2 12± 2

Bufotenine 34 ± 6 47 ± 4

Antagonists

Spiroperidol 650 ± 100 690 ± 200

Clozapine 1100 ± 200 1200 ± 200

TABLE 5

Effect of GTP on affinities of competitors for [3H1-

LSD and [3H]spiroperidol binding sites in rat

frontal cerebral cortex membranes

Rat frontal cerebral cortex membranes were incu-

bated with 3.7 nM [‘H}LSD or [‘H]spiroperidol for 10

and 15 mm, respectively, together with four concen-

trations of unlabeled drugs, in the presence or absence

of 1 msi GTP. Standard assay conditions were used as

described in MATERIALS AND METHODS. ICu values

were determined from log-probit analysis and are the

means ± standard errors from three experiments, each

performed in triplicate.

Drug -- ICu

Control 1 mM GTP

(nM)

[3H]LSD

5-HT 300 ± 20 260 ± 30

5-Methoxytryptamine 790 ± 100 970 ± 200

d-LSD 11±1 13±0.5

Bufotenine 460 ± 100 420 ± 10

Spiroperidol 33 ± 3 26 ± 6

Clozapine 150 ± 20 140 ± 20

[3H]Spiroperidol

5-HT 4300±700 4500±300

5-Methoxytryptamine 3900 ± 900 4300± 80

d-LSD 12±1 12±2

Bufotenine 1100 ± 200 900 ± 100

Spiroperidol 0.72 ± 0.1 0.73 ± 0.1

Clozapine 18 ± 1 17 ± 1

competing for [3H]LSD and [3H]spiroperi-
dol binding (Table 5).

DISCUSSION

The major finding of this study is that

guanine nucleotides regulate at least one
population of serotonin receptors in brain
membranes. The characteristics of the gua-

nine nucleotide effects closely resemble the
nucleotide effects on other hormone and
neurotransmitter receptors (6-12). Thus,

guanine nucleotides affect agonist interac-
tions with the receptors but not antagonist
interactions. GTP lowers the affinity of 5-
HT for receptors without changing the
number of [3H]5-HT binding sites. Also, the
decrease in 5-HT affinity appears to be
mediated in a large part by an acceleration
of the dissociation rate from receptor sites.

One implication of these findings is that the
guanine nucleotide regulation of agonist
binding to serotonin receptors may indicate

a receptor-cyclase coupled system. Al-
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though a serotonin-sensitive cyclase exists
in brain membranes (14, 15), a regulatory
role for guanine nucleotides has heretofore
been demonstrated only in the liver fluke

Fasciola hepatica (16). Though most re-
ceptor binding systems regulated by gua-
nine nucleotides are linked to adenylate
cyclase, GTP does influence angiotensin re-
ceptor binding for which no adenylate cy-
clase association has been directly demon-
strated (4).

The second major finding of the present
study is the differential influence of guanine
nucleotides on two populations of serotonin
receptor binding sites. In an accompanying
paper, we show that the serotonin receptors
labeled by [3H]5-HT are physically distinct
entities from those labeled by [3H]spiroper-
idol, while those sites labeled by [3H]LSD
include both populations of receptors (23).

Guanine nucleotides fail to influence [3H]-
spiroperidol binding and have only a mod-
est influence on [3H]LSD binding consist-
ent with the partial binding of [3H]LSD to

the same receptors labeled by [3H]5-HT.
Guanine nucleotides have no influence on
the ability of agonists or antagonists to
compete for [3H]spiroperidol or [3H]LSD
binding sites. This pattern of guanine nu-
cleotide effects at the two serotonin recep-

tors closely resembles the differential ef-
fects of guanine nucleotides at the two dis-
tinct a-adrenergic receptors labeled respec-
tively by the agonists [3H]clonidine, [3H]-
epinephrmne and [3H]norepinephrmne and
antagonist [3H]WB-4iOi (25, 26). Guanine

nucleotides reduce the binding of agonists

to a-adrenergic receptors but do not alter
the potency of either agonists or antago-
nists in competing for the binding of [3H]-
WB-4101 to a distinct population of a-re-
ceptors (7).

One way in which the guanine nucleotide
effects observed here differ mrkedly from
previous studies is that GTP is 20-100 fold
weaker in influencing receptor interactions
of [3H]5-HT than of several other hormones
and neurotransmitters. GTP is also approx-
imately 10-fold weaker in inhibiting [3H]5-
HT binding than in facilitating the sero-
tonin-sensitive cyclase in the liver fluke
(16). The decreased potency in our system
is not due to metabolic degradation of GTP
during the assay procedure. Similar dis-

crepancies between guanine nucleotide ef-
fects on receptor binding and associated
cyclases have been reported for glucagon
(2) and opiate (ii) receptors. From the
numerous studies on guanine nucleotide
regulation of adenylate cyclase (1, 2, 13, 29)
a generalized model has emerged: guanine
nucleotides influence both receptors and
adenylate cyclase through functionally and
possibly physically distinct regulatory sites.
As a result, the influence of guanine nucleo-
tides on cyclase activation need not parallel

the effects on receptor ligand binding. The
potency of guanine nucleotides in regulat-
ing receptor binding may be a measure of

the “coupling” of the receptor to the cy-
clase. Maguire et al. (30) have noted nearly
100,000 fold variations in the degree of

“coupling” between /3-adrenergic receptors
and adenylate cyclase in different species
and organs. The KD of [3H]agonist binding
was compared to the KACT of the fl-sensitive
cyclase (30). This ratio varied from 100 in
cholera-treated S49 cells to 0.001 in rat
heart and liver. Rat brain 5-HT receptors
may simply reflect one end of this contin-

uum, thus suggesting poor “coupling” of 5-

HT receptors with an associated adenylate
cyclase. 5-HT receptors in other tissues
may respond to lower concentrations of
guanine nucleotides, although no such or-
gan or system has yet been described. It is,
therefore, conceivable that the relatively
weak effect of guanine nucleotides on ser-
otonin receptors in rat brain reflects a lesser
“coupling” of receptor and cyclase than in
systems in which GTP is more potent.
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