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Serotonin, sex, and psychiatric illness
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The omnipresent process of sex, as it is woven into the
whole texture of our man’s or woman’s body, is the
pattern of all the process of our life.—Havelock Ellis (1)

Numerous examples in medicine illustrate that different
rates of illness between men and women (based on biologic
differences) usually reflect important aspects of the underlying
pathophysiology. This can be important for psychiatry, since
several psychiatric illnesses have large sex differences in inci-
dence rates. However, after nearly half a century of increas-
ingly sophisticated research on the biologic basis of these
illnesses, we still do not have a clear picture of the specific
biochemical events that lead to symptom formation in patients.
The paper by Nishizawa et al. (2), in the current issue of the
Proceedings, reporting a reduced serotonin [5-hydroxytrypta-
mine (5-HT)] synthesis rate in women compared with men,
now provides an opportunity to investigate the role of this
important neurobiologic system in those psychiatric conditions
differentially affecting males and females.
Since the advent of modern neuropharmacologic research in

the 1950s, the brain 5-HT system has been a major focus of
intense investigation. The reasons for this high level of sus-
tained interest include: (i) The demonstrated widespread
distribution of 5-HT axons andmultiple 5-HT receptor systems
in the brain and the extensive evidence of the importance of
5-HT inmaintaining normal brain function; (ii) drugs that alter
behavior, affect, and cognition produce changes in the 5-HT
system and, conversely, drugs that alter 5-HT function are
effective treatments for a wide range of psychiatric and
medical conditions; and (iii) abnormalities in 5-HT function
have been shown in many psychiatric illnesses, and depletion
of plasma tryptophan (TRP) (the precursor for 5-HT) pro-
duces symptoms in several psychiatric conditions.
The wide range of phenomena involving 5-HT including

cognition, affect, endocrine regulation, neurotrophic effects,
pain, appetite, emesis, sex, sleep, aggression, perception, sen-
sory-motor function, vascular regulation, and GI regulation,
can be related to the anatomy, physiology, and biochemistry of
the system. The cell bodies located in brain stem nuclei project
diffusely to almost all areas of brain (3), and up to 60–70% of
the varicosities seen in cortical 5-HT axons are nonjunctional
(4). This raises the possibility of more widespread global and
sustained paracrine–neurotrophic effects of 5-HT, in addition
to the more classical localized actions as a neurotransmitter.
The 5-HT neurons have a rather slow constant firing rate (5),
which is not generally sensitive to changes in the behavioral
state of the animal, except that firing rates decrease in slow
wave sleep and almost cease in rapid eye movement sleep (6).
However, biochemical studies have clearly shown that 5-HT is
a stress responsive system with increases in 5-HT turnover
during both acute and longer term stress (7).
Because 5-HT synthesis is dependent on the availability of

the essential amino acid TRP, presynaptic function of the 5-HT
system can be regulated by any one of several factors including

plasma TRP levels, transport of TRP into brain, synthesis of
TRP into 5-HT, and 5-HT storage, release, reuptake, and
degradation. One of the two essential synthetic enzymes,
converting TRP to 5-HT, TRP hydroxylase, is normally only
50% saturated. In the paper by Nishizawa et al. (2), the authors
used a method where radiolabeled a-[11C]methyl-L-trypto-
phan was injected and the rate of formation of radiolabeled
a-[11C]methylserotonin was measured in the brains of the
subjects by positron emission tomography scanning. a-[11C]m-
ethylserotonin accumulates in serotonin neurons because it is
not a substrate for monoamine oxidase and does not cross the
blood brain barrier. Using this method, the authors found that
the 5-HT synthesis rate for healthy male volunteers was 50%
higher than for females volunteers. In addition, following a
TRP-deficient amino acid drink, they reported 72% and 89%
reductions in plasma-free TRP for males and females, respec-
tively, which reduced serotonin synthesis by a factor of 9.5 for
males and 40 for females. Since the calculation of synthesis rate
is directly proportional to plasma-free TRP levels, and the
female TRP levels in the study were only one-half the level of
the males, the study will need replication in male and female
samples with similar baseline TRP levels. If validated, these
findings will have major implications for the study of differing
sex-related incidence rates of psychiatric illness.
In contrast to the reduced 5-HT synthesis rate in human

females, female laboratory rats have an increased 5-HT syn-
thesis rate. Female rats have higher brain 5-HT levels and
levels of the 5-HT metabolite 5-hydroxyindole-3-acetic acid
than males (8). Following L-amino acid decarboxylase inhibi-
tion, 5-hydroxytryptophan accumulation is more pronounced
in the female rat brain, which indicates an increased 5-HT
synthesis rate in females (9). This is consistent with reports of
greater brain TRP hydroxylase capacity in female rats (10). In
addition, female rats show less immobility in the Porsolt
Test—an animal model of depression (11). Thus, these labo-
ratory animal studies are not consistent with the reported
findings in humans of decreased 5-HT synthesis rate and
increased vulnerability to depression in human females.
Since there may be important species differences, human

studies will be required to fully answer this question; however,
human studies directly measuring differences in 5-HT metab-
olism between males and females are more limited. Lumbar
cerebralspinal f luid 5-hydroxyindole-3-acetic acid concentra-
tions have been reported to be higher in females in some
studies, but many other studies do not find sex differences in
cerebrospinal f luid 5-hydroxyindole-3-acetic acid or postmor-
tem brain 5-HT levels (12, 13).
There is a large sex difference in lifetime rates of depression;

three females are affected for every one male (14), and the
question of whether impaired 5-HT function contributes to this
difference is important. Because drugs that increase 5-HT are
effective antidepressants, many clinical studies on the 5-HT
system have been conducted in depressed patients (15). How-
ever, few of the many demonstrations of altered 5-HT function
in depression have shown a clear difference betweenmales and
females. Plasma-free and total TRP levels do not differ
between healthy male and female controls, but it does appear
that plasma-total TRP levels are lower in depressed females
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than depressed males (16–18). As would be expected because
of the differences in reproductive endocrinology, the prolactin
response to a number of prolactin-stimulating drugs (including
5-HT agonists) is greater in females thanmales, but the relative
effect of depression in altering the response is mostly the same
between males and females. One exception is the finding that
with sleep deprivation, the prolactin response to infused TRP
is increased much more in depressed females than depressed
males (19).
Eating disorders are another psychiatric illness having a

large increase in incidence in women compared with men; up
to 10 women for every 1 man (20). Serotonin is critically
involved in the regulation of eating, and abnormalities in 5-HT
function have been demonstrated in patients with eating
disorders. Dieting can progress into an eating disorder, and a
3-week low caloric diet in healthy controls reduced plasma
TRP concentrations and increased the prolactin response to
both infused TRP and oral D-fenfluramine in women but not
men (21, 22). This is a specific effect on the 5-HT system, since
dieting did not alter the response to thyrotrophin releasing
hormone in either men or women. In addition, there is
evidence for sex differences in 5-HT receptor systems between
women and men since compared with men, women have a
reduced hypothermic response following administration of the
5-HT precursor 5-hydroxytryptophan or the 5-HTIA type
receptor agonist buspirone (23, 24), and women have fewer
5-HT 2 type receptors on positron emission tomography
scanning than men (25).
The report by Nishizawa et al. (2) that women have a lower

5-HT synthesis rate than men, suggests that women may have
impaired 5-HT function, which could relate to an increased
incidence of illness. The lower plasma TRP in depressed
women and increased prolactin response to TRP following
sleep deprivation in depressed women, in addition to the
decreased plasma TRP levels and increased sensitivity to
infused TRP in normal females with dieting, is consistent with
this idea. The findings of decreased hypothermic response to
5-HT agonists and decreased 5-HT receptor number in fe-
males are more complex and difficult to interpret, but they do
illustrate important sex differences in the human 5-HT system.
As stated by Ellis (1), sex differences are the ‘‘pattern of all the
process of our life’’ and it is of interest in this regard that even
cognitive changes following brain injury are related to sex (26).
If specific defects in the 5-HT system of women can be
discovered, this will provide powerful and critically needed
information with which to clarify the pathophysiology of those
psychiatric conditions where sex makes a difference.
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