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Two Distinct Central Serotonin Receptors with Different

Physiological Functions

Abstract. Two distinct serotonin (5-hydroxytryptamine) receptors designated
serotonin 1 and serotonin 2 bind tritium-labeled serotonin and tritium-labeled
spiroperidol, respectively. Drug potencies at serotonin 2 sites, but not at serotonin 1
sites, predict their effects on the ‘“‘serotonin behavioral syndrome,” indicating that
serotonin 2 sités mediate these behaviors. The limited correlation of drug effects with
regulation by guanine nucleotides suggests that serotonin 1 sites might be linked to
adenylate cyclase. Drug specificities of serotonin-elicited synaptic inhibition and
excitation may reflect serotonin 1 and serotonin 2 receptor interactions, respectively.

Serotonin (5-hydroxytryptamine) elic-
its both synaptic inhibition and excita-
tion in the brain (/—) and plays a role in
numerous behavioral systems. Increased
congentrations of serotonin in the brain
result in a behavioral hyperactivity syn-
drome with head twitching, resting trem-
or, and hypertonicity (5, 6). A serotonin-
sensitive adenylate cyclase in brain ho-
mogenates may mediate some serotonin
responses (7-9). Serotonin receptors in
the brain can bind tritium-labeled lyser-
gic acid diethylamide (LSD) ({0), seroto-
nin (17), and spiroperidol (/2). Recently,
we demonstrated that [*H]serotonin and
[*Hlspiroperidol bind to physically dis-
tinct populations of serotonin receptors
in the brain, whereas [*'H]LSD binds to
both of these sites with similar affinity
(13). The receptors that bind serotonin
(designated serotonin 1 receptors) are
regulated by guanine nucleotides, where-
as sites that bind spiroperidol (serotonin
2 receptors) are not influenced by nucle-
otides (14). By comparing drug affinities
for serotonin binding sites with drug po-
tencies in physiologic functions, we now
provide evidence that serotonin 1 recep-
tors might be related to the serotonin-
sensitive adenylate cyclase, whereas the
behavioral syndrome resulting from cen-
tral serotonin stimulation is mediated by
serotonin 2 receptors. Moreover, drug
specificities of serotonin-elicited synap-
tic inhibition and excitation refléct sero-
tonin | and serotonin 2 receptor interac-
tions, respectively.
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Behavioral hyperactivity follows cen-
tral serotonin stimulation with drugs
such as 5-hydroxytryptophan, trypto-
phan plus a monoamine oxidase inhibi-
tor, D-LLSD, and quipazine (5, 6). The
syndrome includes resting tremor, hind-
limb abduction, splayed hindlimbs,
snake tail, side-to-side head weaving,
and head twitching. The head twitch is
an easily monitored and reliable measure
of the presence of the syndrome. Ac-
cordingly, we evaluated the potencies of
a wide range of drugs in inhibiting hy-
droxytryptophan-elicited head twitches
in mice (Fig. 1, A and B). A number of
drugs—including classical serotonin an-
tagonists such as cyproheptadine and

metergoline, neuroleptics such as spiro-
peridol and pipamperone, and antide-
pressants (/5) such as mianserin and
amitriptyline—are capable of preventing
head twitches induced by hydroxytiryp-
tophan. Although amitriptyline and
mianserin are potent inhibitors of the
induced head twitches, other antidepres-
sants, such as desipramine and iprindole,
are much weaker; thus, serotonin block-
ade is not likely to account for the thera-
peutic efficacy of these latter drugs. The
butyrophenone neuroleptic spiroperidol
is the most potent inhibitor of hydroxy-
tryptophan-induced head twitches; a 50
percent inhibitory dose (IDsg) of 0.18
umole per kilogram of body weight also
inhibited apomorphine-induced stereoty-
py (I6), a dopamine-linked behavior. Pi-
pamperone (IDsg = 1.73 pwmole/kg) and
chlorpromazine (IDsg = 2.41 wmole/kg),
on the other hand, are more than 100 and
8 times, respectively, more potent inhibi-
tors of the serotonin than of the dopa-
mine behavioral syndrome. Conversely,
haloperidol (IDsq = 4.26 pmole/kg) is
approximately 10 times more potent in
blocking the dopamine than the. seroto-
nin syndrome. Thus, while neuroleptic
drugs are potent antagonists of the hy-
droxytryptophan syndrome, these ef-
fects are not mediated.through the dopa-
mine system.

Drug affinities for serotonin I recep-
tors labeled by [*H]serotonin do not cor-
relate with head twitch blockade (Fig.
1A). By contrast, drug potencies in
blocking induced head twitches closely
correlate with affinities for serotonin 2
receptors labeled by [*H]spiroperidol
(r = .98, P < .001). Since in vivo block-
ade of head twitches corrélates with in
vitro receptor affinity, the drugs tested
presumably differ little in their ability to
reach target sites in the brain.

Several lines of evidence suggest that

Table 1. Comparison of drug potencies at serotonin receptors with physiological actions,

means £

standard errors of thrée to six experiments, each performed in triplicate. The in-

fluences of drugs on microiontophoretic serotonin effects are from the literature (/—, 23-25).

* Affinity for Affinity for
serotonin 1 serotonin 2 Effects on serotonin synapses
Serotonin- receptors: receptors:
related K; versus [*H]- K; versus [°H]-
drugs serotonin spiroperidol ~ Inhibition Excitation
(nM) (nM)
Serotonin 27 = 055 2700 = 400 Agonist (I4; Agonist (/)
23-23)
p-LSD 98 = 1.0 89 = 1.7 Agonist (3) Antagonist (/-3)
Lisuride 62 = 1.1 il = 36 Agonist (25)
Metergoline 99 + 2.1 2.1 = 0.67 Antagonist (24) Antagonist (4)
Cyproheptadine 1100 = 120 24 = 021 Noeffect (4) Antagonist (4)
Bromo-LSD 100 = 15 2.5 £ 0.41 No effect (1) Antagonist (/)
Methysergide 150 = 17 3.1 £ 091 No effect (1, Antagonist (/,
2,4) 2,4
Methiothepin 300 = 27 4.1 £ 0.67 No effect (4) Arntagonist (4)
Cinanserin 1800 =+ 540 15 = 3.1 No effect (I, 4) Antagonist (I, 4)
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serotonin 1 receptors are associated with’
the serotonin-sensitive adenylate cy-
clase. Serotonin 1 but not serotonin 2
receptor binding is regulated by guanine
nucleotides (/4), a phenomenon com-
monly reflecting a linkage to adenylate
cyclase (17). Though guanine nucleo-
tides are less potent in regulating seroto-
nin receptors than some others, the
specificity of the effect is the same as at
other transmitter and hormone recep-
tors. Of course some receptors regulated

by guanosine S-triphosphate have not
been clearly linked to a cyclase (I8).
Kainic acid lesions of rat corpus striatum
elicit parallel declines in serotonin 1 re-
ceptor binding and serotonin cyclase
(19). Finally, drug potencies as inhibitors
of the serotonin cyclase correlate with
their affinities for serotonin 1 receptors
(Fig. 1C) (r = .92, P < .01). By con-
trast, cyclase inhibition does not corre-
late significantly with drug affinity for
serotonin 2 receptors (Fig. 1D). Howev-

er, differences in ontogenetic develop-
ment and drug sensitivity argue that se-
rotonin 1 receptors and the serotonin-
sensitive cyclase are distinct entities
(20). The possible existence of multiple
[*Hlserotonin-labeled receptors (21)
might account for these these discrepan-
cies as may the existence of distinct
serotonin-sensitive adenylate cyclase
complexes with different affinities for
various drugs (8, 9).

Differential neurophysiologic actions

100 P-A Iprindole ® B /
r=.43 100 } r=.08 lprindole d
° N.S. Desipramine ® Slope = 0.82
_‘é ° P < .001 .
E A Promethazine Desipramine
L e 1ol Promethazine
[ ~
£ 9
S o L
° ;E, Amitriptyline @ 10
a . o .
; ‘w‘ Cinanserin o ohi Haloperidol Amitriptyline e o Haloperidol
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Fig. 1. Comparison of drug affinities at two serotonin receptors with drug inhibition of serotonin-related behavior. Binding assays were performed
on cortical membrane homogenates prepared from freshly decapitated male Sprague-Dawley rats as described previously (13, 14). Behavioral
studies were performed on mice after the injection of 300 mg of 5-hydroxytryptophan 30 minutes before a 2-minute observation period. Various
drugs were injected 1 hour before the observation period (6). The number of head twitches were recorded at four or five concentrations, and [Ds
values were calculated for log-probit analysis. Slopes of these plots were parallel for all drugs. Standard errors did not exceed 15 percent of mean
values. Drug inhibition values (ICso’s of serotonin-sensitive adenylate cyclase) were derived from previously published reports (8, 9). Depending
on brain region, species, and experimental conditions, absolute potencies of drugs vary at the serotonin-sensitive cyclase (7-9). Data depicted
include results from all published studies on drugs at the serotonin-sensitive adenylate cyclase (7-9). A similar high correlation with affinities for
[*H]serotonin binding sites occurs regardless of the species and experimental conditions. Data were statistically compared by linear regression

analysis.
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of serotonin may also reflect discrete
effects at serotonin 1 or serotonin 2 re-
ceptors (Table 1). Synaptic excitation
but not inhibition by iontophoretically
applied serotonin is antagonized by
drugs such as cyproheptadine, bromo-
1.SD, methysergide, and cinanserin,
which are 40 to 400 times more potent at
serotonin 2 than at serotonin 1 receptors.
Lisuride, LSD, and metergoline, which
influence iontophoretic serotonin inhibi-
tion, are 15 to 200 times more potent at
serotonin 1 receptors than the peripheral
serotonin antagonists, which fail to in-
hibit serotonin. Metergoline, which
blocks both inhibition and excitation of
serotonin, displays low nanomolar K;
values for both types of receptors. Since
iontophoretic results are only qualita-
tive, one cannot establish numerical cor-
relations with drug affinities for receptor
binding sites or behavioral potencies.
The data suggest that serotonin inhibi-

tion and excitation are mediated by sero-
tonin 1 and serotonin 2 receptors, re-
spectively. The excitatory actions of ser-
otonin may reflect a facilitation of ex-
citatory influences of other substances
such as acetylcholine and glutamate (22).
Since the serotonin behavioral syndrome
appears to involve serotonin 2 receptors,
it may reflect excitatory synaptic actions
of central serotonin. ‘The relationship
between serotonin 1 receptors and both
the serotonin cyclase and neural inhibi-
tion is less clear than the link of seroto-
nin 2 sites and excitation. A major prob-
lem in evaluating serotonin 1 receptor
binding, the serotonin-sensitive adenyl-
ate cyclase, and iontophoretic serotonin
inhibition is the lack of specific, high-
affinity antagonists. Whereas cyprohep-
tadine has nanomolar affinity for seroto-
nin 2 sites and a 500-fold predilection for
serotonin 2 over serotonin 1 receptors,
no such selective antagonist has yet been
described for serotonin | receptors, the
serotonin cyclase, or serotonin-mediated
inhibition.
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Rod-Cone Interaction in the Distal Human Retina

Abstract. During the rod-isolated phase of dark adaptation, b-wave implicit time
of the human cone electroretinogram increased exponentially with a time constant
corresponding to that for the regeneration of rhodopsin. In the presence of different
photopically equated short-wave backgrounds, cone b-wave implicit time varied
inversely with the scotopic brightness of the background. Taking into account the
origin of the b wave, these measurements support the idea of a rod effect on cone

function in the distal human retina.

Convergence of rod and cone signals
in the human visual pathway has been
suggested from both psychophysical and
electrophysiological studies. For exam-
ple, psychophysical measurements have
shown that a background light that is

e S

640 nm

_Ji
Q
o

20 msec

Fig. 1. Dark-adapted ERG’s from a normal
observer in response to the 640-nm stimulus
and a photopically matched 500-nm flash.
Each tracing begins at stimulus onset and is
an average of 16 responses. The lower re-
sponse is generated by cones alone, lacking
the slow b-wave component of the upper
response (arrow) characteristic of the rod
system. A pure cone ERG to the 640-nm
stimulus was seen also in a second normal
observer. The three remaining normal sub-
jects showed in addition a very late, small rod
oscillation to this stimulus (12).

above rod threshold, but below cone
threshold, can raise cone increment
threshold (1), elevate dark-adapted cone
threshold (2), and reduce the brightness
of cone-detected stimuli (3). Interaction
between rod- and cone-generated signals
has been observed electrophysiological-
ly in single-unit recordings from ganglion
cells and the optic nerve of the rhesus
monkey (4) and presumably occurs also
in human ganglion cells and optic nerves.
Intracellular recordings from the cat
have demonstrated that light stimulation
of both rods and cones produces a great-
er hyperpolarization of cones (5), cone-
type horizontal cells (5, 6), and cone
bipolars (7) than does stimulation of
cones alone. Electron microscopic stud-
ies have revealed gap junctions between
rod spherules and cone pedicles in hu-
mans (8, 9) and macaque monkeys (9,
10), raising the possibility of functional
confluence in the outer plexiform layer
of the retina. The present study demon-
strates that rod-cone interaction can be
detected in the b wave of the human
electroretinogram (ERG) and, therefore,
originates in the retina distal to ganglion
cells.
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