Brain Serotonin Neurotransmission:

An Overview and Update With an Emphasis on Serotonin
Subsystem Heterogeneity, Multiple Receptors, Interactions With
Other Neurotransmitter Systems, and Consequent Implications

for Understanding the Actions of Serotonergic Drugs

Dennis L. Murphy, M.D.; Anne M. Andrews, Ph.D.; Christine H. Wichems, Ph.D.;
Qian Li, Ph.D.; Michihisa Tohda, Ph.D.; and Benjamin Greenberg, M.D., Ph.D.

Recent research has

delineated 15 molecularly

g endocrine) pathuays and meshanisms hat melt the many fnctons of seroai,

available for cl

..u.mnmuhnm 2 A Hormone, Fe ol e o i s

il gretest therapeutic ubity, Athough the nechagisns vadediRg ein Gty theay, wikch

clearly resul follow

an carly uptake

bl Sl itself, are incompletely ummm T Spar e e e el

Awmllh of evidence strongly implicates the involve-
ment of serotonin (5-HT) in many centrally and pe-
ripherally mediated physiological functions (Table 1; for
review see reference 1), In some phylogenetically ancient
organisms with relatively simple nervous systems, there is
direet evidence for a specific role for serotonergic trans-
mission in behaviors such as sexual, feeding, and aggres-
sive behavior. In more complex organisms, experimental
hniques such as electrophysiologic recording. micro
alysis, and other neurochemical assessments have pro-
vided evidence implicating serotonin in centrally medi-
ated functions. These techniques are especially valuable
when used together with pharmacologic agents that selec-
tively alter serotonin synthesis, release, metabolism, or
uptake, or agents that have direct effects on specific sero-
tonin receptors o their signal transduction mechanisms.
Additional evidence has been clicited by using lesions
produced by surgical or other physical procedures that ar-
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get the different S-HT-synthesizing mesencephalic raphe
nuclei, or the different 5-HT brain pathways or by using
selective serotonin  neurotoxins like 5.7-dihydroxy-
tryptamine or 2-NH,-MPTP, which target specific 5-HT
projection fields.* More recently, transgenic methodology
has led to the “knockout” or “knockdown’ of individual
‘molecular components of the serotonergic system, includ-
ing different serotonin receptors, the serotonin transporter,
and the 2 serotonin metabolizing enzymes, monoamine
oxidase type A (MAO-A) and type B (MAO-B).

In some neuropsychiatric disorders, an etiologic role
for altered S-HT function has been suggested. Evidence
for this hypothesized serotonergic neurotransmission dys-
function comes mainly from quantified observations
rather than controlled experiments. Some evidence
been obtained from clinical trials of agents whose primary
or only known direct mechanism of action is on serotonin

eg. the efficacy of se-
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lective serotonin reuptake inhibitors (SSRIS) in many ma
jor neuropsychiatric disorders (Table 2). This evidence,
however, indicates only that therapeutic benefit results
from an intervention in serotonergic neurotransmission; it
cannot be used as primary evidence for serotonergic dys-
function in the pathophysiology of these disorders.

¢ primary objective of this overview is to highlight
the heterogencous and complex nature of serotonin neuro-
transmission in terms of both structure and function. This
heterogeneity is implicitly recognized by the loose desig-
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‘Table 4. Examples of Serotonin Receptor-Mediated
Interactions With Other Neurotransmitter
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postsynaptic actions. In different phyla, species, and loca-
tions, 5-HT can act as a classical neurotransmitter via ac-

jonally, act as a neuromodulator or
neurohormone, with less localized effects, and variably
longer durations of action (Table 3).

The most pragmatic conclusion is that changes in glo-
bal brain srotonin neurotransmission such as that pro-
duced by lesions or drugs that affect release or reuptake of
5-HT, or genetically engineered or spontancous geneti-
cally based alterations in 5-HT reuptake, will lead to a
maltitude of effects, both immediate and delayed. Some of
these effects will depend upon the functional status of
other neurotransmitter systems with which 5-HT interacts
via different 5-HT receptors, including some with opposite
effects on 1 or more of these other neurotransmitter sys-
tems (Table 4). Of course, repeated drug administration or
the delayed, adaptive consequences of lesions or other en-
during changes (e.g.. knockouts of individual molecular
components of 5-HT neurons) may lead to supersensitiv-
ity. tolerance, trophic changes, or other alterations in
5-HT-modulated CNS or peripheral functions.

'WHY IS BRAIN SEROTONIN
NEUROTRANSMISSION SO COMPLEX AND WHY
ARE THERE 15 DIFFERENT SEROTONIN
RECEPTORS IN VERTEBRATE BRAIN?

5-HT neurons in brain and other tissues use only 1 syn-
thesis pathway, that from L-tryptophan to 5-hydroxy-
tryptophan via tryptophan hydroxylase and then to 5-HT
via L-amino acid decarboxylase. Likewise, a single mol-
ecule whose structure is highly homologous across spe-
cies, the S-HT transporter (S-HTT), is primarily re-
sponsible for terminating the action of 5-HT in brain and
many other tissues via reuptake of released 5-HT. Meta-
bolic degradation of 5-HT is primarily by MAO-A, 4
though the closely related enzyme, MAO-B, is present in
some serotonin-containing cells in brain, as well as in
blood platelets. and can deaminate 5-HT when S-HT is
present at high concentrations.

As listed in Table 5. 15 molecularly-identified seroto-
found in vertebrates. This far exceeds the

Effect Scrotonin Recepior
Dopamine Tnhibit release SHT,,
Increase release SHT,
Acetylcholine Increase release SHT,,
Inhibit release SHT,
Glutamate Inhibit release SHT,,
Potentiation S.HT,
Norepinephrine. Inhibit release SHT,
Cholecystoki Increase release SHT,

nations of different central serotonin “subsystems” or

“neuronal networks” in recent literature. Heterogeneity is
particularly evident in the existence of 15 different recep-
tors upon which serotonin exerts it initial presynaptic or
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number of receptors known for any other transmitter sys-
tem. 5-HT receptors have been grouped into 7 families
The largest of these are the 5-HT, receptors (5-HT,
o3 £ ). which are predominantly coupled to the G pro-
teins. G, or G, and generally act to inhibit cyclic AMP for-
mation (G) or open potassium channels (G,). 5-HT.y, y. c
receplors are coupled to G, or G, and increase phosphati-
dyl inositol (IP,) hydrolysis, diacylglycerol and cyclic
GMP (eyelic guanosine monophosphate). The 5-HT, re-
ceptor is the only 5-HT receptor which is an ion channel,
and thus, is the only subtype that does not share the gen-
eral structural backbone of 7 or 8 transmembrane do-
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mains, or the coupling to G proteins found for all other
known S-HT receptors. 5-HT,, 5-HTYy,. o, S-HT,, and
5-HT, have been more recently identified, and while less
known about these receptors, most are coupled to G, and
AMP formation, although the signal
sms of the 5-HT, receptors remain

One speculative rationale for this large number of re-
ceptors s that 5-HT has apparently been used as a neuro-
transmitter or neuromodulator dating back to very primi-
tive organisms.” and thus, the multiplicity of these
receptors could represent evolutionary mechanisms that
over time permitted serotonin to modulate multiple func-
tions. 5-HT can be found in all phyla that possess nervous
systems, including invertebrates such as coelenterates,
flatworms, nematodes (e.g., C elegans), mollusks (e.g.,
aplysia), leeches, crustaceans (lobster, crayfish), and echi-
noderms (sea urchins, starfish).” In these organisms, 5-HT
subserves sensory, motor, and cardiovascular functions,
including those contributing to more complex behavi
such as feeding, egg laying, defensive and aggressive be-
havior, and learning. In only a few instances have seroto-
nin receptors from these organisms been molecularly iden-
tified and their homology compared with vertebrate 5-HT
receptors. Several 5-HT receptors with homology to hu-
man 5-HT, , and 5-HT receptors are found in drosophila,
however, and have been molecularly characterized." "

Some examples of the anatomical and physiologic
complexity of serotonergic transmission are discussed in
several following sections of this article. The basis for this
complexity has been attributed to phylogenetic ancemy,
multiple mechanisms of actions, and also the possible
need for integration of the many physiologic functions
subserved by 5-HT."

MULTIPLE SEROTONIN RECEPTORS AND
PHARMACOLOGIC EFFECTS

For a long time, the pharmacology of serotonin neuro-
transmission has been complicated by the moderate-to-
marked homology within and sometimes across receptor
subtypes (except 5-HT3 receptors, which have almost no
structural homology to the other 5-HT receptors). Some
older ligands with high affinity for almost all serotonin re-
ceptor subtypes (c.g., lysergic acid diethylamide, 5-CT, and
metergoline) have provided the first clues used to identify
some of the more recently discovered receptors (some dis-
covered as "orphzn" cloned receptors) as being serotonin
receptors, e.g., 5-HT, 5-HT,, and 5-HT, receptors.”**
Among some of the “classic” 5-HT receptor subtype
agents, 8-OH-DPAT appeared to have highly selective af-
finity for 5-HT,, receptors sites and considerably lesser
affinity for other 5-HT, sites, as well as 5-HT, sites. It con-
stituted an example of 1 of the few agents with selective
pharmacologic agonist effects on the 5-HT,, receptor
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across a wide range of physiologic functions regulated by
5-HT, including temperature, food intake, motor activity,
and neuroendocrine functions. Recently it has become
Kknown that 8-OH-DPAT also has appreciable affinity for
5-HT, receptors." Since, however, at present the pharma-
cology and function of the 5-HT; receptor remain unde-
fined, it is not clear if any effects of 8-OH-DPAT previ-
ously related to 5-HT,, actions may actually represent
5-HT,-mediated actions.
ong agents acting at 5-HT; receptors, 1-2,5-
dimethoxy-4-phenyl)-2-aminopropane (DOI) and its con-
geners, DOB and DOM, have substantially greater affinity
for S-HT, sites than for any other sites (including
5-HT, ). The agonist effects of DOI at 5-HT,, versus
5-HT, receptors were difficult to separate, despite the fact
that the 5-HT;,, antagonist ketanserin (in vivo) and, more
clearly, spiperone (in vitro only, because of its strong do-
pamine antagonist properties) were shown to possess
greater 5-HT,, antagonist than 5-HT, antagonist effects.
Nonetheless, differences in the physiologic alterations
produced via 5-HT;, versus 5-HT, receptors became ap-
parent only in paradigms that employed repeated adminis-
tration of DOI versus m-chlorophenylpiperazine (m-CPP),
s 5-HT,c agonist, in investigations in
s.'* Recently, antagonists with greater affinity for
4 HT;,\ vs. 5-HT.c (e.g.. MDL-100907; SB-206553) have
been synthesized, and reports of their selective efficacy on
functions thought to be mediated by 5-HT,, 5-HT,,, and
5-HT,c receplors are emerging, although, as yet, are in-
complete. "

Among agents acting at 5-HT, receptors, highly selec-
tive antagonists, including granisetron, ondansetron, and
wopisctron have been identified.”' In contrast, few high af-
finity, high potency 5-HT; agonists have been found, a
though 2-methyl-5-HT and m-chlorylbiguanide exhibit
some selectivity at 5-HT, sites.

¢ pharmacology of 5-HT, receptors has been aided
by the identification of some selective agonists
(ML-10302, RS-67506, and BIMU-8) and antagonists
(SB-204070, GR-113808, and RS-39604). The pharma-
cology of the 5-HT; subtype is developing rapidly, but that
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of the 2 5-HT, variants and the 5-HT, receptor subtype re-
main largely unknown at this time."**

With regard to 5-HT receptor pharmacology, one gen-
eral issue needs to be emphasiz e many character-
istics of molecules involved in serotonergic transmission
are conserved across vertebrate species, this conservation
cannot be assumed a priori. Some examples include the
following: The human and rat 5-HT, , receptors share 97%
sequence homology, yet their responses to pharmacologic
agents differ greatly. The human (and guinea pig) 5-HT
receptors are 5-HT terminal autoreceptors, and this same
function is subserved in rodents by 5-HT,, receptors. The
pharmacology of -HT . receptor i very similar across
primate and rodent spe

SHT, , presynapic receptors subscrve an autoreceptor
function at somatodenditc sites located in the raphe area
in both rodents and primates. The same 5-HT,, receptor
molecule also .\'ub:erve.\ postsynaptic functions through-
out the of the other serotonin receptors are lo-
cated pn:nynnpncnlly. although as noted below, some are
found at tance from serotonin-releasing termi-
nals, e~pec|z|ly in perlph:ml tissues, and thus have more
in common with hormone receptors."

SOME EXAMPLES OF THE COMPLEXITY OF
SEROTONERGIC INNERVATION IN
SPECIFIC BRAIN REGIONS

Rostral projections from the dorsal, median, and adja
cent raphe nuclei have long been known to innervate vari-
ous brain regions differentially. For example, the median
raphe nucleus preferentially innervates the cingulate cor-
tex, septal nuclei, and the hippocampus, whereas the dor-
sal raphe nucleus prefereniall innervates the subsianta
nigra, striatum, amygdala, and nucleus accumbens

Serotonin Neurotransmission in the Hippocampus
‘The hippocampus is a clearly demarcated Torebrin
structure that is richly innervated by serotonergic, norad-
renergic, and other neurotransmitter systems. It has long
been regarded as a component of the limbic system, con-
tributing to the appraisal and expression of both emotional
behaviors and learing, particularly the leaming of emo-
tionally-related events.
ferent axonal pathways have been identified from
the dorsal and median raphe 5-HT neurons to the hip-
pocampus.”* 5-HT neuronal cell bodies from the dorsal
raphe nucleus project to the hippocampus via the fimbria
fornix and fasciculus cinguli pathways. Those 5-HT axons
in the fimbria-fornix pathway are distributed to the hip-
pocampal CA, and CA, layers and the molecular layer of
the dentate gyrus of the hippocampus. These axons are
very fine, with small varicosities, and are highly suscep-
tible to damage by serotonin neurotoxins. ™ In contrast,
axons from 5-HT neuronal cell bodies in the median raphe
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nucleus reach the dentate gyrus, Ammon’s horn, and sub-
iculum regions of the hippocampus via the fasciculus
cinguli pathway. These axons are thicker and have larger
varicosities and greater resistance to damage by serotonin
neurotoxins.

One illustration of how these separate anatomical fiber
projections are accompanied by functional differences
comes from studies of 5-HT, , receptor-mediated release
of SHT in the hippocampus. The S-HT,, agonist,
8-OH-DPAT, given systemically, has long been known to
reduce 5-HT release in the hippocampus and other brain
areas, such as the striatum and cortex, when measured via
‘microdialysis cannulae placed in these brain areas. Elec-
trophysiologic and other data identified the site of action
of 8-OH-DPAT to be somatodendritic autoreceptors in the
raphe nuclei area, and this was verified by the finding that
8-OH-DPAT, when administered directly into the microdi-
alysis cannulac in the hippocampus, had no effect on 5-HT
release.” However, injection of 8-OH-DPAT directly into
the median raphe nucleus reduced 5-HT release in the hip-
pocampus, while, interestingly, 5-HT release in the stria-
tum was unchanged. In contrast, local injections of
8-OH-DPAT directly into the dorsal raphe nucleus did not
reduce 5-HT release in the hippocampus, but did s in the
striatum.”

Serotonin Neurotransmission in the Cerebellum
on o other brain regions, 5-HT innervation
is sparse. Yet, recent have
revealed that this innervation is specifically organized
along the same pattern as that of other more well-studied
cerebellar neuronal networks. For example, the depolar-
ization-induced release of glutamate from parallel/climb-
ing fiber pre:ympnc terminals is inhibited by activation of
5-HT,, ucepl 5.4 Postsynaptic responses elicited by
N-methy] artate (NMDA) antagonists are inhibited
by 5-HT via actions at 5-HT,, receptors® and also 5-HTc
receptors.*!
Thus

omplex and well- uq,amzeu aﬂu(unergm
mndulannn nl glutaminergic transmission 5-HT re-
ceptors can be found in the cercbellum. Ml 6ot
workers"' suggest that these interactions may play a ole in
the cerebral control of movement, including that associ-
ated with movement disorders such as cerebellar ataxia.
This hypothesis is supported by recent data indicating
some efficacy for 5-HT,, agents in clinical studies of cer-
% and another study demonstrating a rela-

ebellar ataxia,
tively high density of 5-HT.c receptors in the cercbellum.*

SEROTONIN-MEDIATED FUNCTIONS
‘OUTSIDE THE BRAIN

‘This review is primarily focused on brain serotonin
neurotransmission, and is principally directed toward sci-
entists and physicians with neuropsychiatric interests.
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Brief mention needs to be made, nonetheless, of the func-
tion of serotonin in the periphery. first described in 1954.
Some of these functions, in fact, are directly mediated by
the caudal raphe nuclei, which project into the cranial
nerves and down the spinal cord. Other functions are
found in cells that are embryonically associated with the
neural crest, from which the raphe nuclei also differenti-
ate, e.g.. thyroid parafollicular cells.* Still other cells that
transport, store, and release 5-HT by using the identical
5-HT transporter and MAO-B molecules as those found in
brain have different embryolog rlgas blood plate-
lets and lung epithelial cell s a cautionary note,
however, serotonin function has sometimes been studied
in cultured cell lines, e.g.. neuroblastoma cells. Many of
these cell lines are of uncertain origin, and may exhibit ec-
topic gene expression. Thus, while (hey pmvide conve-
nient models for studies, they may ng normally
present regulatory proteins or cemplelc aacaiar s
naling elements; hence, studies in such systems could pro-
duce misleading conclusions.

The first identified physiologic function of serotonin
was as a vasoconstricting substance.* It may not be a co-
incidence that the most recent and one of the most se;
medical complications associated with an agent with a pri-
mary serotonergic mechanism of act

viduals treated with fenfluramine—leading to the Federal
mandate to recall this
eeds 10 be noted that several substituted am-
phetamines including fenfluramine and 3 4-methylenedi-
oxymethamphetamine (MDMA; ecstasy) have long been

considered as potentially neurotoxic.** * These agents act
via the 5-HT transporter to release stored 5-HT. Other
drugs like the SSRIs. which act by blocking reuptake of
5-HT, but which do not produce 5-HT release, have not
been associated with neurotoxicity. In fact, in some mod-
els, SSRIs including fluoxetine and citalopram have been
shown (o prevent neurotoxicity including apoptosis, pro-
duced by MDMA and fenfluramine.”

Serotonin has long been known to be present in most
peripheral organs where it mediates, in part, the neural and
local control of their functions. High concentrations of
5-HT are present in the gut both as part of an enteric ner-
vous system and in nonneural endocrine system cells (en-
terochromaffin cells).““**' 5-HT regulates many gastro-
intestinal functions, from peristalsis™*’ to. pancreatic
secretion.***” The cardiovascular system, including blood
are now known to possess at least 4 different 5-HT

given to influence brain serotonin for therapeutic aims in
neuropsychiatic disorders may also act in the periphery.
Such actions may contribute to or complicate their effects
in ways not yet completely understood.

SEROTONIN NEUROTRANSMISSION
AND CLINICAL NEUROPHARMACOLOGY

Despite the existence of 15 molecularly-identified sero-
tonin receptors, most of which have been identified in
human brain or cultured human cells, only a few 5-HT re-
ceptor subtype selective agents are available as pharma-
cologic therapeutic agents, and only for limited in
tions. Ondansetron and granisetron (5-HT, antagonists)
are available for the treatment of emesis associated with
anticancer chemotherapy. Sumatriptan (a 5-HT,, ligand)
is available for the treatment of migraine headaches. One
5-HT, , partial agonist, buspirone, is available for the treat-
‘ment of anxiety disorders.

While nonselective inhibitors of MAO-A/B are avail-
able as antidepressants, moclobemide, a more recently de-
veloped selective MAO-A inhibitor, is available in many
countries, but not in the United States. No drugs acting on
the serotonin synthesis pathway are available. 1-trypto-
phan had been available as a nonprescription dietary
supplement, but there are few data that increased oral

ryptophan (at least in combination with a normal diet,
or without coadministration with other drugs) leads to any
increase in serotonin-mediated functior

“Thus, despite the intricacies of multiple serotonin sub-
systems served by 15 different serotonin receptors, SSRIs,
such as fluoxetine, paroxetine, sertraline, and citalopram,
remain the most widely-used class of serotonin-selective
agents of therapeutic benefit available (Table 2). Their
mechanisms of action are complex and may vary across
different disorders (for reviews, see references 72-74).
‘The SSRIs differ with respect to many properties, includ-
ing 5-HT transporter affinity, pharmacokinetic properties
(including absorption, duration of action, presence of ac-
tive metabolites and interactions via drug metabolizing
enzymes with other drugs), as well as other propert
such as additional direct effects on serotonin receptors in
the case of some SSRIs and their metabolites,’*” and ef-
fects on other neurotransmitter systems.”

CHANGES IN SEROTONIN-RELATED
FUNCTIONS FOLLOWING TRANSGENIC
DELETIONS OR ALTERATIONS OF MOLECULAR
COMPONENTS OF THE SEROTONERGIC

7 When they are examine
some organs, such as the lumbar dorsal root ganglia and
the cervical sympathetic ganglia, have been reported to
have 6 and 7 different 5-HT receptors, respectively.”"

The fundamental conclusion regarding incompletely
studied serotonin subsystems in the periphery is that drugs

TER

The newest evidence demonstrating contributions of
serotonergic transmission to physiology and behavior, par-
ticularly in the complex nervous system of vertebrates, is
the use of transgenic methodology to delete single mo-
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lecular components of the 5-HT system.
This has been accomplished for several 5-HT receptors
and the 5-HT transporter. These models are in the early
stages of study, but have provided both expected and un-
expected additional knowledge of 5-HT-mediated func-
tions.*

5-HT,-Deficient Mice

‘These mice were generated by introducing a nonsense
mutation into exon 5 of the gene encoding the 5-HTs re-
ceptor, thereby placing a stop codon within the fifth put;
tive transmembrane segment and eliminating the carboxy
terminal half of the protein. These mice do not exhibit ap-
parent developmental defects and are fertile. Their most
obvious phenotypic difference is manifested by the occur-
rence of spontaneous seizures and a markedly greater sus-
ceptibility to sound-induced seizures.” > These mice are
also overweight and do not respond to m-CPP, an appetite-
suppressant agent in rodents and humans whose principal
effects long have been thought to be mediated by 5-HT,
receptors.” %

5-HT, -Deficient Mice

These mice also appeared developmentally normal.
However, they were unresponsive 1o the locomotor
enhancing effects of the 5-HT,,, agonist, RU-24969,
and also demonstrated reduced sensitivity 1o selective
5-HT,, autoreceptor agonists.** Because a number of
agents that are thought t0 act via 5-HT,,-mediated actions
have anti-aggressive activity, aggressive behavior w
vestigated in these mice. After a period of isolation, mice
lacking 5-HT,, receptors were found to show increased
aggression in a standard resident-intruder paradigm of ro-
dent aggression."

S

Other Transgenic Mice Models
Mice with a disrupted MAO-A gene were found to lack
MAO-A enzyme activity and to have markedly elevated

kinase Il (-CAMKID), a facilitator

of presynaptic neurotransmitter release.'® While alter-

ations in 5-HT release were found in electrophysiologic

studies of brain slices from these mice, further studies are

required o evaluat 8 possble connection berween sero-
nergi

normalities they display.

Further study also s needed of the deficit in fear condi-
tioning observed when o-CAMKII was transgenically ex-
pressed at high levels in the lateral amygdala and the stria-
tm, but not in other forebrain areas.'” Increased
aggression, which was completely normalized by admini;
tration of 2 selective inhibitors of serotonin reuptake, zi-
‘melidine or clomipramine, also has been observed in a dif-
ferent transgenic model, mice overexpressing human
growth factor. %

Preliminary data indicate that mice lacking the 5-HT
transporter have apparently normal early development
patterns, with intact feeding and mating behaviors. "
However, these mice exhibit gene dose-dependent reduc-
tions in responses to serotonergic agents, including
MDMA (“ecstasy”) and 8-OH-DPAT.'"*"”” While there is
some evidence that serotonin regulates neural crest migra-
tion in rodents, and that excess serotonin, including that
produced by SSRI administration, might lead to
dysmorphogenesis, *'* the apparent physiologic and ana-
tomical normality of these mice is in agreement with ter-
atogenic surveys of pregnant humans exposed to SSRIs
which indicated a lack or minimal risk of developmental
problems."*'"* These data raise the question of whether
serotonergic neurotransmission, with all of its heterogene-
ity, is adaptively redundant, and that normal or near-
normal function can be maintained despite a marked re-
duction or even total absence of a key component of this
system, the 5-HTT, for example. This is in decided con-
trast with results from a similar knockout of the mouse
dopamine transporter.' However, the possibility of local-
ized, highly specialized alterations in somatosensory-

(up to 9-fold higher) brain
early development.” These mice displayed evidence of in-
creased spontaneous aggression as well as increased ag-
gression in the resident-intruder paradigm. They also ex-
hibited altered mating behaviors and altered open-field
behavior (more time in the center of the field).”* While
the latter change could be interpreted as an indication of a
reduction in anxiety or fear-related behaviors, neuroana-
tomical evidence of alterations in the barrel fields of the
somatosensory cortex raised the question of whether cog-
nitive or sensory alterations might contribute to this be-
havioral difference. Of note, treating neonatal mice lack-
ing MAO-A with the serotonin synthesis  inhibitor,
para-chlorophenylalanine (PCPA), partally restored the

Increased aggressive behavior and decreased fear
responses were also observed in mice deficient in
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related and possibly function such as that
found in some studies in rodents expu\cd 10 excess S-HT
or o SSRIS requires further inve: o

CONCLUSIONS

Unraveling the complexity of brain serotonergic trans-
mission in attempts to link structure and function has
proved to be a daunting task. The existence of different
projection fields from the 2 rostral nuclei (dorsal raphe vs.
median raphe), which use different pathways through the
brain dually or singly to innervate some regions or specific
neurons, has been demonstrated in vertebrate brain. The
existence of 15 different serotonin receptors, some of
which h:
tem neurons (including dopamine, acetylcholine, and gln-
tamate neurons), also has been demonstrated. Understand-
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ing the mechanism of action of selective serotonergic
agents that primarily target 1 serotonin receptor, e.g., the
5-HT, receptor, remains a reasonable goal.

“The situation with drugs like the SSRIs, however,is far
more complicated. These drugs, as well as serotonin-
releasing drugs like fenfluramine, initially act by increas-
ing synaptic and other extracellular serotonin concentra-
tions_ that, theoretically, could affect all 15 serotonin
receptors. The therapetic cffects of the SSRIs e

tems. EMBO J 199211717

Saudou F, Hen R. 5-Hydroxytryptamine receptor subtypes in verebrates
nd imeretres. Neuochem n 19942550352

: Amars DA, D A o, Efanodsgressve v i
mmukmn HT, receplor.Science 1994:265:1875-1878.
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quire 3 10 6 weeks of continued in de-
prssed patcats and a long as 1010 12 weeks n painte
with obsessive-compulsive disorder. These therapeutic cf-
fects are likely to depend upon adaptive events involving
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