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In order to test the “serotonin” hypothesis of the genesis of central fatigue, we studied
association between genotype and fatigue (3-hour mental workload consisting of in-
formation processing and logical task solution) using analysis of variance for different
indices (well-being, activity, mood, mental fatigue index). It was concluded that young
men with serotonin deficit (LL genotype) and girls with serotonin excess (S genotype)
were less tolerant to long-lasting mental workload. Thus, we confirmed that the degree
of central fatigue depends on the function of the serotonin system and revealed gender
differences in adaptive capacities of carriers of different variants of serotonin transporter.
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Fatigue is a characteristic of human functional sta-
tus which is a result of long-lasting work and leads
to temporary performance impairment [10]. Fatigue
is divided into muscular (physical) and central (neuro-
psychic) types [6]. Physical fatigue results from
intense physical exercise and is characterized by
impaired muscular function: decreased coordina-
tion and rhythmicity of muscular activity and redu-
ced strength and speed of movement. Biochemical
mechanisms underlying the development of mus-
cular fatigue are clearly understood [9]. Neuro-
psychic (central) fatigue is caused by long-lasting
mental work. Monotonous work, bad working con-
ditions, emotional factors, and some diseases can
promote the development of central fatigue. The
problem of central fatigue has been attracting atten-
tion of scientists for a long time. According to one

hypothesis of central fatigue development, the loads
are followed by the release of free tryptophan, a
biochemical precursor of serotonin, intensification
of tryptophan penetration through the blood-brain
barrier, and accumulation of serotonin in the brain
[4,5,7,11,14]. Increased serotonin (5-HT) concen-
tration is responsible for weariness effect. Resist-
ance to mental workload was tested on individuals
with genetic variations of serotonin transporter (5HTT).
5HTT supports serotonin reuptake from the syn-
aptic cleft [8]. After serotonin release into the syn-
apse, the transporter transfers it into the presynaptic
neuron and it rejoins the neurotransmitter pool. In
humans, the 5HTT gene is located in chromosome
17q11.2, it consists of 14 exons and covers 37.8
Kb. Transcriptional activity of 5HTT is modulated
by variable repeat sequence polymorphism (20-23
b.p.) in the promoter region, which leads to the
appearance of two forms: L-allele presented by
repeats consisting of 16 elements and S-allele con-
sisting of 14 repeats. 5HTT polymorphism leads to
differences in mRNA concentration (S-allele corre-
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sponds to lower transcription level), changes in
protein density on the membrane, and the degree
of 5-HT binding [12].

Here we studied “serotonin” hypothesis of cen-
tral fatigue genesis on example of 5HTT polymor-
phism.

MATERIALS AND METHODS

The study included 143 individuals (students of M.
V. Lomonosov Moscow State University: 71 young
men and 72 young women, mean age 20±3 years;
Table 1). Participants signed informed consent to
the use of their DNA and results of psychological
tests in the investigation. Genetic and psychological
research was approved by local ethical committee.
Students were put through psychological tests and
solved computer logical tasks for 3 hours. Before
and after the workload, feeling of weariness was

evaluated using WAM (well-being—activity—mood)
and AMF (acute mental fatigue) questionnaires [1,
10]. Venous blood samples were used for genetic
investigation. 5HTT polymorphism was detected
using PCR based on identification of differences in
the length of PCR product of each allele. Protocols
for DNA purification, primers, and PCR-amplifica-
tion program were described previously [2]. The
association between the genotype and fatigue (in-
dividual scales for well-being, activity, mood, men-

TABLE 1. Number of Participants

Young men 52 19

Young women 44 28

Sex

LLS (SS+SL)

Allele

Fig. 1. Results of analysis of variance for interaction of 5HTT genotype and “well-being” (a, b), “activity” (c, d) and “mood” (e, f) indices.
a, c, e) young women, b, d, f) young men. Here and on Fig. 2: light dots: before workload, dark dots: after the workload. Confidence
interval: 0.95.
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tal fatigue index) was investigated using analysis of
variance, where the genotype was selected as ca-
tegorical predictor with three codes (SS, SL, LL).
To reveal the factor underlying the observed differ-
ences we used the method of multiple paired com-
parisons (post-hoc test).

RESULTS

Results of assessment of the state of subjects after
3-hour monotonous work consisting of information
processing and logical task solution are presented
in Table 1 and Fig. 1. Changes in state in three
indices indicate that young men carrying two LL
alleles are more sensitive to workload than those
carrying S-allele (a group consisting of SS- and SL-
carriers). In girls this effect concerning well-being
and activity was not observed (Fig. 1, a, b); their
mood was weakly affected by 5-HTT polymor-
phism. In contrast to young men, an inverted effect
was observed in girls: the mood was worsened by
monotonous mental workload in S-allele, while

Fig. 2. Results of analysis of variance for interaction
of 5HTT genotype and acute mental fatigue (a, b)
and performance impairment and cognitive discomfort
(c, d) indices. a, c) young women, b, d) young men.

stable good mood in LL-allele carriers remained
unchanged (Fig. 1, c). Analysis of another
questionnaire focused on mental fatigue assessment
demonstrated a more pronounced effect of 5HTT
polymorphism. Young men with two LL-alleles felt
more tired than S-allele carriers (Fig. 2, a). The
extent of performance impairment and cognitive
discomfort was more expressed in young men with
LL genotype (Fig. 2, b). An inverse effect was
observed in girls: LL-carriers were more resistant
to mental workload.

Thus, 5HTT polymorphism differently affected
the development of central fatigue in men and wo-
men. 5-HT neurons express estrogen receptor mRNA
and estrogen controls transcriptional activity of 5HTT
[3,13]. Although the data on estrogen effect on
5HTT expression are controversial, scientists agree
that estrogen activates 5-HT system functioning.
Thus, based on the results of our experiments and
taking into account the data on the effect of sex
steroids on the 5-HT system functioning we can con-
clude that young men with 5-HT deficit (LL geno-
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type) and young women with 5-HT excess (S geno-
type) are less resistant to long-lasting mental workload.
Thus, we have demonstrated the dependence of the
degree of central fatigue on the 5-HT system function
and specified gender differences in the adaptive
capacity of carriers of different 5HTT variants.
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