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PHARMACOLOGY 
OF CENTRAL 
SEROTONIN NEURONS 

Ray W. Fuller 
The Lilly Research Laboratories, Indianapolis, Indiana 46206 

INTRODUCTION 

+6762 

Serotonin (5-hydroxytryptamine), formed enzymatically by the 5-hydroxy­
lation of L-tryptophan and the subsequent decarboxylation of 5-hydroxy­
L-tryptophan, appears to function as a neurotransmitter or neuromodulator 
in mammalian brain. Histofluorescence and other techniques have been 
used to map the neuronal tracts in rat brain that contain serotonin (see 1). 
Various functional roles of serotonin-forming neurons have been elucidated 
or suggested based on their anatomic localization or on results obtained by 
experimental modification of their function. The purpose of this paper is to 
assess our ability at present to intervene pharmacologically in serotonin 
neuron function, i.e. to determine with what specificity and with what 
consequences brain serotoninergic systems can be altered by drugs. 

HOW BRAIN SEROTONIN NEURONS FUNCTION 

The serotonin neuron is generally thought to operate as illustrated 
schematically in Figure 1. Drugs may alter this process at several sites. 
First, they may act directly on the synaptic receptor to mimic (serotonin 
agonists) or to antagonize (serotonin antagonists) the action of serotonin. 
Alternatively, drugs may increase or decrease the amount of serotonin that 
acts on the receptor. Drugs that increase serotonin stores (monoamine 
oxidase inhibitors or serotonin precursors), release serotonin, or inhibit the 
neuronal reuptake mechanism all lead to increased stimulation of synaptic 
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112 FULLER 

Figure I Postulated function of a serotonin neuronal system. Serotonin is synthesized by 
5-hydroxylation ofL-tryptophan (try) and subsequent decarboxylation of 5-hydroxY-L-trypto­
phan (HTP). Serotonin (lIT) is stored in intraneuronal vesicles from which it is released upon 
nerve impulse into the synaptic cleft. There it may combine reversibly with receptors that exist 
not only postsynaptically (action on these receptors completes the process of neurotransmis­
sion across this synapse) but also presynaptically. The presynaptic autoreceptors apparently 
modulate the synthesis and release of serotonin by the serotoninergic neuron. The action of 
serotonin on synaptic receptors is terminated when it is pumped back into the serotonin 
neuron, where it may either be reutilized in storage granules or degraded enzymatically by 
monoamine oxidase, the major metabolite being 5-hydroxyindoJeacetic acid (5-HIAA). 

receptors by serotonin itself. Drugs that deplete stores of serotonin either 
by impairing the storage mechanism or by inhibiting the synthesis of seroto­
nin would, by decreasing the avai1�bi1ity of serotonin for release by nerve 
impulse, diminish neurotransmission through this pathway. Drugs that act 
by most of these mechanisms have been identified and studied. 

TYPES OF DRUGS THAT ACT ON SEROTONIN 
NEURONS 
Drugs Leading to Stimulation of Serotonin Receptors 
DIRECT AGONISTS Drugs that mimic the action of serotonin receptors 
classically have been studied with isolated peripheral tissues (e.g. uterus or 
ileum) that respond to serotonin. The possibility that serotonin receptors 
in the periphery might differ from those in brain must be considered, though 
in general drugs that act on peripheral serotonin receptors seem also to act 
on the brain. Recently, radioligand binding has been introduced as a tech­
nique for studying several types of receptors in brain, and the binding of 
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SEROTONIN NEURON PHARMACOLOGY 113 

tritiated serotonin or lysergic acid diethylamide is now used to study seroto­
nin receptors in brain directly. Characteristic functional effects may also be 
used as indicators of serotonin receptor stimulation, such as head twitch in 
mice (2), extensor hindlimb reflex in acutely spinalized rats (3), and "seroto­
nin behavioral syndrome" in rats (see 4, 5). 

Figure 2 depicts two classes of drugs that appear to stimulate seroton­
in receptors, these classes being indolic compounds and certain substi­
tuted piperazines. The former group includes bufotenin, N, N-dimethyl-5-
methoxytryptamine and several chemically related compounds (6-9), and 
the latter group includes quipazine (10, 11), MK-212 (12), and 1-(m­
trifluoromethylphenyl)-piperazine (13). MK-212 (14) and quipazine (11, 
15-17) also have presynaptic effects on serotonin neurons, and 1-(m­
trifluoromethylphenyl)-piperazine may act more purely as a postsynaptic 
agonist (18) than these other substituted piperazines. 

INDIRECT-ACTING AGENTS (UPTAKE INHIBITORS, RELEASERS, IN­

HIBITORS OF DEGRADATION, PRECURSORS) Drugs that inhibit the 
neuronal reuptake mechanism on serotonin neurons have been known for 
several years. The first drugs found to inhibit serotonin uptake also inhibited 
the uptake of catecholamines, especially norepinephrine, and so could not 
be used to manipulate serotonin neurons specifically. In recent years, how-

Quipazine 

Bufotenin 

l'(m ·trifluoromethylphenyl)· 
piperazine 

MK·212 

CH30�CH2CH2N(CH3)2 
�N)J 

H 
N.N-dimethyl-5-

methoxytryptamine 

Figure 2 Structures of some direct-acting serotonin agonists. 
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114 FULLER 

ever, uptake inhibitors that are selective or specific for the uptake pump on 
serotonin neurons have been described. Figure 3 lists several of these. 
Fluoxetine was the first compound reported to have this selectivity (19,20); 
although ft.uoxetine can inhibit the uptake of catecholamines in vitro when 
added at concentrations much higher than those required to inhibit seroto­
nin uptake, doses that can be used in vivo inhibit only serotonin uptake with 
no detectable effects on catecholamine uptake. Subsequently, zimelidine 
(21), pirandamine (22), ft.uvoxamine (23), paroxetine and related com­
pounds (24), citalopram (25), Org 6582 (26), p-bromo-EXP 561 (27), and 

Fluoxetine 

(\�Br 
C 
• 
CH 
I 

fH2 
N 

CH/ \.CH3 

CF3��-CH2CH2CH2CH20CH3 
N 

Zimelidine 

I 
OCH2CH2NH2 

Fluvoxamine 

I�� NH2 
CIQJ 

ORG 6582 

Pirandamine 

Citalopram 

Br-o-G-NH2 

p·bromo EXP561 

�CH2CH20H 
�N)l 

H 
LM 5008 

Figure 3 Structures of some selective inhibitors of serotonin uptake. 
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SEROTONIN NEURON PHARMACOLOGY 115 

LM 5008 (28) have been reported to be similarly selective in inhibiting 
serotonin uptake. 

The uptake inhibitors in Figure 3 have little or no ability to release 
serotonin from intraneuronal granular stores. Other agents that are compet­
itive inhibitors of the serotonin uptake pump on the neuronal membrane 
also release serotonin from intraneuronal stores. The most widely studied 
of these agents are fenfluramine (see 4, 13) and p-chloroamphetamine and 
numerous analogues of it (29). Reserpine, tetrabenazine, and some other 
agents release serotonin but also release other biogenic amines; some of their 
initial pharmacologic effects may be due to amine release but cannot be 
attributed specifically to serotonin. 

Inhibitors of monoamine oxidase increase neuronal stores of serotonin, 
which apparently results in increased concentrations of serotonin in the 
synaptic cleft due to the release of larger quantities per nerve impulse. 
Numerous monoamine oxidase inhibitors are known, but none affect seroto­
nin neurons selectively (that is, they also increase dopamine, norepineph­
rine, epinephrine, and other biogenic amines). 

L-Tryptophan and 5-hydroxY-L-tryptophan, the two precursors of seroto­
nin, have been used to increase brain serotonin concentration. Precursor 
loading can enhance central serotonin function, but the use of each of these 
precursors has certain disadvantages. Only a small fraction of a dose of 
L-tryptophan is metabolized to serotonin, so the doses of tryptophan that 
have to be used to increase serotonin are relatively high. Alteration of 
transport or metabolism of other amino acids, or of processes like protein 
synthesis in which tryptophan is involved, may occur. Additionally, some 
of the quantitatively more major metabolites of tryptophan (such as kynure­
nine) reach high concentrations under conditions of tryptophan loading, 
and kynurenine or excess tryptophan may inhibit tryptophan conversion to 
serotonin (30). The use of 5-hydroxY-L-tryptophan is complicated by the 
fact that it requires only the aromatic L-amino acid decarboxylase for 
conversion to serotonin. This enzyme is not restricted to serotonin-forming 
neurons, so administration of 5-hydroxy-L-tryptophan leads to the forma­
tion of serotonin cells that do not normally form it. Serotonin formed from 
administered 5-hydroxY-L-tryptophan can influence catecholamine neuton 
function, for example, by displacing catecholamines from storage granules 
(31). This problem of specificity can be avoided by using low doses of 
5-hydroxY-L-tryptophan, which increase serotonin principally in serotonin 
neurons (32), in combination with selective inhibitors of serotonin uptake; 
an uptake inhibitor like fluoxetine enhances only those actions of 5-
hydroxY-L-tryptophan that are mediated by serotonin neurons (the only 
neurons that have a serotonin uptake pump). 
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116 FULLER 

The foregoing discussion indicates that selective uptake inhibitors, releas­
ers, and precursors are the most useful means of selectively enhancing 
serotoninergic neurotransmission by increasing the synaptic concentrations 
of the endogenous neurotransmitter. 

Drugs That Impair Serotonin Neuron Function 
RECEPTOR ANTAGONISTS Drugs that block serotonin action on recep­
tors have been identified by the same means as serotonin agonists, i.e. using 
peripheral tissues that respond to serotonin, radiolabeled ligand binding, or 
functional tests. Among compounds that block serotonin receptors are 
those shown in Figure 4 (some of these have serotonin agonist activity in 

CHZOH 

eH2NHeooeH2� 
JtH'� 

-CH3 

&1" - 7( I 
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COOCH(CH3)CHOHCH3 0:::0 ,..... ---II &CH{C"'{' Q 7( I I 
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I Cyproheptad ine CH3 

LY53857 

o;p (J(SCH2CH2CH2N{CH3)2 (
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Figure 4 Structures of some serotonin receptor antagonists. 
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SEROTONIN NEURON PHARMACOLOGY 117 

certain experimental situations). Representing the most commonly studied 
serotonin antagonists are metergoline (33-35), methysergide (36, 37), cy­
proheptadine (38), cinanserin (39, 40), mianserin (41, 42), lysergic acid 
diethylamide (LSD) (43), and methiothepin (44). LY53857 is a related 
compound from our laboratories that is a potent serotonin antagonist in 
vitro and in vivo. A compound not included in the figure is trazodone, 
which may have both agonist and antagonist actions on serotonin receptors 
(45). Some uncertainty about the ability of these agents to block serotonin 
receptors in brain has persisted, principally because of the lack of univerally 
accepted criteria of block of brain serotonin receptors. However, most or 
all of the compounds in Figure 4 do antagonize 5-hydroxY-L-tryptophan­
induced head twitch in mice, the extensor hindlimb reflex in rats, and other 
effects attributed to serotonin receptor stimulation. 

Aghajanian and his colleagues (see 6) have studied the ability of antago­
nists to block the effect of microiontophoresed serotonin in various brain 
regions. When cinanserin, cyproheptadine, methysergide, metergoline, and 
methiothepin were tested microiontophoretically on neurons in the raphe 
and on neurons in areas known to be innervated by serotonin-containing 
terminals, they were found not to block but instead to mimic the inhibitory 
effects of serotonin. In some brain regions the antagonists did block the 
excitatory effect of iontophoretically applied serotonin, but this excitatory 
effect was not considered to be a synaptic action. Thus electrophysiological 
findings with serotonin antagonists have not always been straightforward. 

Antagonists of dopamine and norepinephrine receptors cause a compen­
satory increase in the turnover of dopamine and norepinephrine in brain 
(see 46). A similar increase in serotonin turnover could be expected to result 
from block of central serotonin receptors and has been looked for after 
treatment with putative serotonin antagonists. Methiothepin does increase 
brain serotonin turnover (44, 46-48), but in general the other drugs in 
Figure 4 do not (49, 50). The inability of these other drugs to increase 
serotonin turnover remains unexplained, since many experimental data 
affirm their ability to block central serotonin receptors. Methiothepin is not 
an ideal drug for use in blocking serotonin receptors because it also appears 
to block dopamine and norepinephrine receptors (46), and its elevation of 
serotonin turnover may not be solely a consequence of serotonin receptor 
blockade (48). 

INHIBITORS OF SYNTHESIS AND DEPLETORS Although serotonin 
synthesis could be inhibited by blocking either of the two enzymes involved, 
only tryptophan 5-hydroxylase has been a useful target for inhibition be­
cause the aromatic L-amino acid decarboxylase is not restricted to serotonin 
neurons and is present in large excess so that its activity would have to be 
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118 FULLER 

inhibited almost completely in order for serotonin synthesis to be decreased 
substantially. p-Chlorophenylalanine is the most widely used inhibitor of 
serotonin synthesis. This compound is only a weak competitive inhibitor of 
tryptophan hydroxylase in vitro but causes an irreversible decrease in tryp­
tophan hydroxylase activity in vivo lasting for several days. However, 
p-chlorophenylalanine has to be used at high doses and interferes with 
amino acid transport processes, with phenylalanine hydroxylation, and 
probably with functions of neurons other than serotonin neurons to some 
extent. These other effects may complicate the interpretation of data ob­
tained with this inhibitor of serotonin synthesis, though it remains a useful 
tool for lowering brain serotonin concentration. 

Depletors of serotonin that act by mechanisms other than or in addition 
to inhibition of serotonin synthesis include p-chloroamphetamine, fenflura­
mine, and reserpine. The effects of reserpine and reserpine-like drugs, as 
mentioned before, are not confined to serotonin neurons. p-Chloroampheta­
mine and fenfluramine act more selectively on serotonin neurons. After 
initially releasing serotonin into the synaptic cleft (4), they decrease seroto­
nin stores and presumably lead to a functional deficit of serotonin at the 
receptor. 

NEUROTOXINS 5,6- and 5,7-Dihydroxytryptamines are actively trans­
ported into serotonin neurons by means of the membrane uptake pump and 
cause rapid irreversible destruction of serotonin neurons. These compounds 
have been widely used to lesion serotonin neurons chemically. A recent 
Annal of the New York Academy of Sciences (Volume 305, 1978) deals 
exclusively with serotonin neurotoxins and provides up-to-date reviews of 
various characteristics of these drugs. p-Chloroamphetamine and fenflura­
mine, in addition to the initial release and later reversible depletion of 
serotonin stores, then lead to irreversible and long-lasting decreases not 
only in serotonin content but also in other markers of serotonin neurons 
(tryptophan hydroxylase activity and serotonin uptake). While there is 
controversy about the histologic changes that accompany these effects par­
ticularly with fenfluramine, both fenfluramine and p-chloroamphetamine 
can produce long"lasting depleting effects on serotonin neurons. 

PHYSIOLOGIC ROLES AND PHARMACOLOGIC 
MODIFICATION OF SEROTONIN NEURONS 
The availability of drugs like direct agonists, uptake inhibitors, and releasers \ 
that selectively enhance serotoninergic neurotransmission and of drugs like 
antagonists, inhibitors of synthesis, depletors, and neurotoxins that selec-
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SEROTONIN NEURON PHARMACOLOGY 119 

tively impair serotoninergic neurotransmission has been of great help in 
exploring functional roles of serotonin neurons in brain. Serotonin neurons 
are postulated to be involved in the control of various types of behavior and 
of certain other functions of the central nervous system. Some of the more 
widely studied of these physiologic roles, particularly those which phar­
macologic evidence has been prominent in establishing, are discussed below. 
These in tum suggest some therapeutic uses or possibilities for agents that 
intervene in central serotonin neuronal function. 

A role of serotonin in the etiology of mental depression and in the 
antidepressant effects of drugs has been postulated, but, despite extensive 
studies, has not been supported by compelling evidence [for a recent review, 
see (51)]. Some workers have found abnormally low concentrations of 
serotonin in post mortem brain samples or of 5-hydroxyindoleacetic acid in 
the cerebrospinal fluid of depressed patients, but others have failed to 
confirm these abnormalities. Some evidence suggests that there may be a 
bimodal distribution pattern for 5-hydroxyindoleacetic acid in the cerebro­
spinal fluid of depressed patients (52) and that only a particular subgroup 
of depressed patients are deficient in central serotonin function (53). Some 
investigators have reported antidepressant responses to serotonin precur­
sors, L-tryptophan or 5-hydroxY-L-tryptophan, but others have not found 
such effects. The possibility that enhanced serotonin function accounts for 
or contributes to the antidepressant actions of tricyclic uptake inhibitors or 
of monoamine oxidase inhibitors has been considered. One of the more 
convincing arguments for this was the finding that inhibition of serotonin 
synthesis but not catecholamine synthesis antagonized the antidepressant 
action both of tranylcypromine (54) and of imipramine (55). The recent 
availability of uptake inhibitors selective for serotonin (not affecting norepi­
nephrine) may aid greatly in proving or disproving a role of serotonin in 
antidepressant activity. Both zimelidine (56, 57) and fluvoxamine (58) have 
been reported to have antidepressant efficacy in humans, though only lim­
ited data have so far been published. 

Animal behavior in which serotonin neurons have been suggested to 
participate include contlict behavior (39) and other types of operant behav­
ior (59), sexual activity (60), ingestive behavior (see below), and muricidal 
behavior in rats. Recent experimental findings in the last area include 
inhibition of muricide by serotonin uptake inhibitors (61,62) and by direct 
or indirect serotonin agonists (62) and enhancement of muricide by raphe 
lesions (63) and by p-chlorophenylalanine (64), these latter effects being 
reversed by 5-hydroxY-L-tryptophan. 

Experimental modification of central serotonin neurons has been asso­
ciated with changes in feeding behavior (for review see 65). The anorectic 
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120 FULLER 

action of MK-212 (66) and of fenfluramine (67) is thought to be mediated 
by direct and indirect stimulation of serotonin receptors, respectively. 
Fluoxetine combined with 5-hydroxY-L-tryptophan has a potent and long­
lasting anorectic effect in rats (68). Wurtman & Wurtman (69, 70) found 
that fenfluramine, fluoxetine, and MK-212 selectively suppressed non­
protein caloric intake in rats, whereas the anorectic drug amphetamine 
(which does not act through a serotoninergic mechanism) decreased both 
protein and total calorie consumption. The selective reduction of non­
protein caloric intake might be an advantageous property of an anti-obesity 
drug. 

Serotonin neurons in the central nervous system appear to be involved 
in pain (for review see 71) and in the analgesic effect of some drugs (71, 72) 
and of acupuncture (73). Antagonism of serotonin function interferes with 
the analgesic effect of morphine [see, for example (72, 74-76)], etorphine 
(77), and enkephalin analogues (78), whereas enhancement of serotonin 
function potentiates morphine analgesia (79-82) or produces analgesia (82, 
83) and reduces hyperalgesia (84) directly. 

Numerous studies have supported a role of serotonin neurons in the 
hypothalamic control of pituitary function. For example, a stimulatory 
effect of serotonin in the secretion of two pituitary hormones-prolactin 
and ACTH-has been demonstrated by pharmacologic studies. Serum pro­
lactin in rats is elevated when brain serotonin function is enhanced by the 
combination of Buoxetine and 5-hydroxY-L-tryptophan (85, 86) or by fen­
Buramine (87). Serum prolactin in rats is also elevated by direct-acting 
serotonin agonists like quipazine (88), l -(m-trifluoromethylphenyl)-pipera­
zine (18), and some indolealkylamines including bufotenin and N, N­
dimethyl-5-methoxytryptamine (89). Stimulation of ACTH release, as 
evidenced by a rise in serum corticosterone, has also been reported with 
fiuoxetine alone or in combination with 5-hydroxY-L-tryptophan (90, 91), 
with quipazine (92), and with 1-(m-trifluoromethylphenyl)-piperazine (18). 
The effect of quipazine was prevented by pretreatment with metergoline 
(92). The elevation of serum corticosterone following enhanced serotonin 
function is presumably initiated by increased release of corticotropin-releas­
ing factor from the hypothalamus (93). Cyproheptadine has been reported 
to have therapeutic benefit in patients with Cushing's disease and to reduce 
elevated ACTH levels in other patients (94). 

There are similar kinds of evidence for a role of serotonin neurons in the 
hypothalamic control of other pituitary hormones such as growth hormone, 
thyrotropin, and luteinizing hormone (see 95, 96). 

Serotonin neurons in brain may contribute to the central regulation of 
cardiovascular function, especially in the control of blood pressure (see 97). 
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SEROTONIN NEURON PHARMACOLOGY 121 

Recently we found that tluoxetine, particularly when given in combination 
with 5-hydroxy-L-tryptophan, has a pronounced antihypertensive effect in 
spontaneously hypertensive or DOCA hypertensive rats (98) and in anes­
thetized normotensive dogs (D. R. Holland, personal communication). Fen­
fturamine has been observed to have antihypertensive effects clinically (99), 
possibly through reduction of central sympathetic outtlow (100) as a conse­
quence of enhanced brain serotonin neuronal function. Blatt et al (101) 
reported that MK-212 and other purported central serotoninergic agents 
diminished cardiac susceptibility to ventricular fibrillation. The effect of 
MK-212 was blocked by metergoline. They suggested that an increase in 
central serotoninergic activity inhibits the ftow of arrhythmogenic sympa­
thetic nerve traffic from the brain to the heart. 

There is evidence that serotonin neurons are involved in the catalepsy 
induced by neuroleptic drugs. For instance, neuroleptic-induced catalepsy 
is reduced by impairment of serotoninergic function, e.g. medial or dorsal 
raphe lesions (102), p-chlorophenylalanine (103), cyproheptadine (104) or 
5,7-dihydroxytryptamine (105) and is enhanced by facilitating serotoniner­
gic neurotransmission, e.g. direct-acting agonists and uptake inhibitors 
(106, 107). 

Another brain function in which serotonin neurons seem to be involved 
is thermoregulation (108). Hyperthermia caused by fenfturamine in rats 
kept in a warm room is suggested to be due to hyperstimulation of serotonin 
receptors (109) and may be a useful test system for evaluating serotonin 
antagonists. Another such system is the antagonism of hyperthermia in­
duced by the intracerebroventricular injection of serotonin in rabbits (110). 
Serotonin clearly is not of crucial importance in all experimental modifica­
tions of body temperature, however. Antagonism of reserpine hypothermia 
by uptake inhibitors seems to depend on enhanced noradrenergic rather 
than enhanced serotoninergic activity (111). 

A role of serotonin in myoclonus (involuntary jerking of a muscle or 
limb) has been suggested. Therapeutic benefit of 5-hydroxY-L-tryptophan in 
patients with posthypoxic intention myoclonus has been obtained by nu­
merous investigators (see 112, 113). Recently, drug-induced myoclonus in 
animals has been reported to be antagonized by 5-hydroxY-L-tryptophan or 
other agents that enhance central serotoninergic function (114). On the 
other hand, enhanced serotoninergic function can induce myoclonic move­
ments in guinea pigs (115) and in 5,7-dihydroxytryptamine-treated rats 
(116), and 5-hydroxytryptophan is reported to have caused myoclonic-like 
spasms in some infants with Down's syndrome (117). Further investigation 
is needed to clarify the relationship between serotonin neurons and myo­
clonus (see 118). 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

0.
20

:1
11

-1
27

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

3/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



122 FULLER 

Enhancement of central serotoninergic function may be of benefit in 
Parkinson's disease to offset some of the psychiatric side effects encountered 
when L-dopa is used (see 1 19, 120). 

SUMMARY 

Drugs with improved potency and specificity are becoming available for the 
pharmacologic manipulation of serotonin neurons in brain. Both enhance­
ment and impairment of serotoninergic function can now be achieved by 
drugs acting through different mechanisms. Drugs of this sort are not only 
valuable tools for exploring functional roles of serotonin neurons but they 
have real or potential value in the treatment of diseases like mental depres­
sion, obesity, myoclonus or other movement disorders, pain, hypertension, 
and endocrine dysfunction. 
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