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Abstract
Background: The serotonergic system is associated with numerous brain functions, including the
resetting of the mammalian circadian clock. The synthesis and metabolism of 5-HT in the brain
increases in response to exercise and is correlated with high levels of blood-borne tryptophan
(TRP). The present investigation was aimed at testing the existence of a daily rhythm of TRP and
5-HT in the blood of athletic horses.

Methods: Blood samples from 5 Thoroughbred mares were collected at 4-hour intervals for 48
hours (starting at 08:00 hours on day 1 and finishing at 4:00 on day 2) via an intravenous cannula
inserted into the jugular vein. Tryptophan and serotonin concentrations were assessed by HPLC.
Data analysis was conducted by one-way repeated measures analysis of variance (ANOVA) and by
the single cosinor method.

Results: ANOVA showed a highly significant influence of time both on tryptophan and on
serotonin, in all horses, on either day, with p values < 0.0001. Cosinor analysis identified the
periodic parameters and their acrophases (expressed in hours) during the 2 days of monitoring.
Both parameters studied showed evening acrophases.

Conclusion: The results showed that serotonin and tryptophan blood levels undergo nycthemeral
variation with typical evening acrophases. These results enhance the understanding of the athlete
horse's chronoperformance and facilitate the establishment of training programs that take into
account the nycthemeral pattern of aminoacids deeply involved in the onset of central fatigue.

Background
Fatigue is an important factor affecting exercise and sport-
ing performances. It is defined physiologically as the ina-
bility to maintain power output, [14] and the organism
uses it as a defence mechanism to avoid irreversible dam-
age due to excessive exertion. Fatigue is a complex multi-

factorial element with peripheral and central
components. Central fatigue develops in the central nerv-
ous system and involves brain serotonin (5-HT) level
[15]. The serotonergic system is associated with numerous
brain functions that can positively or negatively affect
endurance [6]. Accordingly, the synthesis and metabolism
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of 5-HT in the brain increases in response to exercise [4].
Furthermore, the rise of brain serotonin concentration is
associated with markers of central fatigue such as
decreased motivation, lethargy, tiredness and loss of
motor coordination [6].

Increase of 5-HT synthesis in the brain is correlated with
high levels of blood-borne tryptophan (TRP), the amino
acid precursor to serotonin. The rate limiting step in the
synthesis of 5-HT is the transport of TRP across the blood-
brain barrier into the brain [9].

Many behavioral and physiological processes display 24-
hour rhythms that are controlled by the circadian clock
mechanism. The internal circadian clock is a molecular
time-keeping system that generates a biological rhythm,
regulating diverse physiological processes [18]. Serotonin
(5-HT) is an important neurotransmitter and plays impor-
tant roles in many physiological functions, including the
operation of the mammalian circadian clock [12,17]. 5-
HT is synthesized from the amino acid tryptophan
hydroxylase (TPH) and aromatic L-amino acid decarbox-
ylase [2,11]. 5-HT is a metabolic precursor of melatonin
in the pineal gland and is believed to be involved in the
control of sleep and in clock resetting [10].

In view of the above, and taking into account that the
modulation of the physiological onset of fatigue acts pos-
itively on exercise adaptation, a good athlete's goal is to
delay the occurrence of fatigue in order to maintain high
performance standards. This can be achieved through a
specific and continuous training programme [3]. Conse-
quently, training and sporting activity in the horse should
be accomplished in the predictably favourable phase of
the day.

The present investigation was aimed at testing the exist-
ence of a daily rhythm of TRP and 5-HT in the plasma of
horses. For this purpose, plasma samples were collected
across 48 h from horses exposed to natural photoperiodic
conditions and subjected to regular feeding and training
schedules.

Materials and methods
Five Thoroughbred mares, 8 years old, were used. For 30
days prior to the study, the animals underwent the same
pattern of daily activity. They were housed in individual
stalls under a natural photoperiod (sunrise at 06:06, sun-
set at 18:49) and natural indoor temperature (19–21°C).
All the horses were feed traditional rations, based hay and
a mix of cereals (oats and barley), it was provided three
times daily (at 08:00, 12:00 and 17:00). Water was avail-

Daily rhythm of tryptophan blood level in the horseFigure 1
Daily rhythm of tryptophan blood level in the horse. Each time point represents the mean value ± SD. Φ represents the 
acrophase. Black and white stripes at the bottom of the graphic represent dark and light duration of the natural photoperiod.
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able ad libitum. The horses were trained from 15:00 to
16:00. Training included walking, trotting, galloping and
obstacle jumping.

Blood samples were collected at four-hour intervals over a
48-hour period (starting at 08:00 hours on day 1 and fin-
ishing at 4:00 on day 2) via an intravenous cannula
inserted into the jugular vein. Blood samples were imme-
diately centrifuged for 10 min at 3000 rpm with a stand-
ardized procedure and stored at + 4°C for a maximum of
24 h. Individual serum samples were deproteinized with
5-sulfosalicylic acid (5-SSA), centrifuged for 10 min at
3000 rpm, and immediately processed. On the filtered
supernatant, the concentrations of tryptophan and serot-
onin were assessed by high-performance liquid chroma-
tography (HPLC).

All the results were expressed as mean ± SD. One-way
repeated measures analysis of variance (ANOVA) was
used to determine significant difference. Probabilities <
0.05 were considered statistically significant. In addition,
we applied a trigonometric statistical model to the average
values of each time series, so as to describe the periodic
phenomenon analytically, by individuating the main
rhythmic parameters according to the single cosinor pro-

cedure [13]: Mesor (Midline Estimating Statistic of
Rhythm), expressed in the same conventional unit of the
relative parameter, with the confidence interval (C.I.) at
95%, Amplitude (A), expressed in the same unit as the rel-
ative Mesor, and Acrophase (Φ), expressed in hours with
95% confidence intervals.

Results
The results obtained during the experimental period indi-
cate the existence of daily rhythms of tryptophan and
serotonin serum concentration in the horse, as shown in
Figures 1 and 2. ANOVA showed a highly significant effect
of time on serum concentration of tryptophan and serot-
onin, in either day, as follows: tryptophan F(11,44) = 38.41,
p < 0.0001; serotonin F(11,44) = 64.21, p < 0.0001. The
application of the periodic model and the statistical anal-
ysis of the cosinor procedure enabled us to define the peri-
odic parameters and their acrophases (expressed in hours)
during the 2 days of monitoring. Both parameters studied
showed nocturnal acrophases, as follows: tryptophan at
18:45 in the first day and at 18:16 in the second day; sero-
tonin at 19:00 in the first day and 18:24 in the second day.

Daily rhythm of serotonin blood level in the horseFigure 2
Daily rhythm of serotonin blood level in the horse. Each time point represents the mean value ± SD. Φ represents the 
acrophase. Black and white stripes at the bottom of the graphic represent dark and light duration of the natural photoperiod.
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Conclusion
The results obtained in this study outline a nycthemeral
pattern regarding blood levels of serotonin and tryp-
tophan. For both parameters, acrophases occurred during
the evening hours at the onset of the dark phase of the
experimental dark/light cycle. This suggest that photope-
riod affects the timing of the investigated parameters since
animals exposed to an autumnal photoperiod showed
nocturnal acrophase (tryptophan at 00:40 and serotonin
at 00:28) [1].

Tryptophan acrophase occurred 30 minutes earlier than
serotonin acrophase. This is consistent with the role of
tripthophan hydroxilation in the control of 5-HT biosyn-
thesis. However, various patterns of daily variation of 5-
HT and 5-hydroxyindoleacetic acid (5-HIAA) were
observed in rats, suggesting that the nycthemeral factors
affecting serotonin metabolism can be different among
brain areas [16].

It has long been known that nutritional status can alter
brain neurochemistry, especially that involving carbohy-
drates and serotonin [5,8,19]. It has been hypothesized
that tryptophan infusion may increase fTrp (free-tryp-
tophan) and the fTrp-to-BCAA (branched-chain amino
acids) ratio in plasma at the same time as it decreases
treadmill endurance in horses [7]. Thus central fatigue
may limit endurance capacity in horses and, by manipu-
lating fTrp and BCAA, equine exercise capacity might be
altered predictably [7]. Tryptophan infusion results are
consistent with the central fatigue hypothesis that an
increased plasma fTrp concentration is related to the early
onset of fatigue during prolonged exercise [15]. Therefore,
it is likely that exercise performed at the time of the acro-
phase of the tryptophan rhythm (18:45, 18:16) affects the
onset of physiological fatigue, thus turning on the body's
exercise adaptation mechanisms in order to maintain bet-
ter physical performance.

Authors' contributions
GP- Designed the study and conducted statistical analysis.

AA- Conducted bibliographic research.

FF- Carried out the data collection procedure.

MP- Carried out the data collection procedure.

GC- Supervised the data collection procedures and con-
ducted bibliographic research.

All authors read and approved the final manuscript.

References
1. Assenza A, Arcigli A, Piccione G, Velis A, Bergero D, Caola G: Daily

rhythms of blood serum concentrations of some neutral

amino acids and serotonin in the horse: a preliminary study.
In Proceedings of the symposium "Biological rhythms in livestock" Messina,
Italy:95-99.  14 October 2002

2. Borjigin J, Wang MM, Snyder SH: Diurnal variation in mRNA
encoding serotonin N-acetyltrasferase in pineal gland. Nature
1995, 378:783-785.

3. Caola G: Fisiologia dell'esercizio fisico del cavallo Bologna: Calderini
Edagricole; 2001. 

4. Chaouloff F: Physical exercise and brain monoamines: a
review. Acta Physiol Scand 1989, 137(1):1-13.

5. Curzon G: Brain tryptophan: normal and disturbed control. In
Recent advances in tryptophan research Edited by: Filippini GA. New
York: Plenum Press; 1996:27-34. 

6. Davis JM, Alderson NL, Welsh RS: Serotonin and central nervous
system fatigue: nutritional considerations. Am J Clin Nutr 2000,
72(suppl):573S-578S.

7. Farris JW, Hincheliff KW, McKeever KH, Lamb BR, Thompson DL:
Effect of tryptophan and of glucose on exercise capacity of
horses. J Appl Physiol 1998, 85(3):807-816.

8. Fernstrom MH, Fernstrom JD: Brain tryptophan concentration
and serotonin synthesis remain responsive to food consump-
tion after the ingestion of sequential meals. Am J Clin Nutr 1995,
61:312-319.

9. Fernstrom JD: Aromatic amino acids and monoamine synthe-
sis in the central nervous system: influence of the diet. J Nutr
Biochem 1990, 1(10):508-517.

10. Ganguly S, Coon SL, Klein DC: Control of melatonin synthesis in
the mammalian pineal gland: the critical role of serotonin
acetylation. Cell Tissue Res 2002, 309(1):127-137.

11. Jèquier E, Robinson DS, Lovenberg W, Sjoerdsma A: Further stud-
ies on tryptophan hydroxylase in rat brainstem and beef
pineal. Biochem Pharmacol 1969, 18(5):1071-1081.

12. Lovenberg W, Jèquier E, Sjoerdsma A: Tryptophan hydroxylation:
measurement in pineal gland, brainstem, and carcinoid
tumor. Science 1967, 155(759):217-219.

13. Nelson W, Tong YL, Lee JK, Halberg F: Methods for
cosinorrhythmometry. Chronobiologia 1979, 6:305-23.

14. Newsholm EA: Application of principles of metabolic control
to the problem of metabolic limitations in sprinting, middle-
distance, and marathon running. Int J Sports Med 1986, 7(Suppl
1):66-70.

15. Newsholme EA, Acworth IN, Blomstrad E: Amino acids, brain
neurotransmitters and a functional link between muscle and
brain that is important in sustained exercise. In Advances in
Myochemistry Edited by: Benzi G. London: John Libby Eurotext;
1987:127-138. 

16. Newsholme EA, Blomstrand E, Hassmen P, Ekblom B: Physical and
mental fatigue: do changes in plasma amino acids play a role?
Biochem Soc Trans 1991, 19(2):358-362.

17. Poncet L, Denoroy L, Jouvet M: Daily variations in vivo tryp-
tophan hydroxylation and in the contents of serotonin and 5-
hydroxyindoleacetic acid in discrete brain areas of the rat. J
Neural Transm Gen Sect 1993, 92(2–3):137-150.

18. Prosser RA: Serotonin phase-shifts the mouse suprachias-
matic circadian clock in vitro. Brain Res 2003, 966:110-115.

19. Reppert SM, Weaver DR: Molecular analysis of mammalian cir-
cadian rhythms. Ann Rev Physiol 2001, 63:647-76.

20. Wurtman RJ, Wurtman JJ: Carbohydrates and depression. Sci Am
1989:68-75.
Page 4 of 4
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8524412
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8524412
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2678895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2678895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9729551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9729551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9729551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7840068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7840068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7840068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15539167
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15539167
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12111543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12111543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12111543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5789774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5789774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5789774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6015530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6015530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6015530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=548245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=548245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3017875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3017875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3017875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1679730
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1679730
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7690229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7690229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7690229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12646314
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12646314
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2642626

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Results
	Conclusion
	Authors' contributions
	References

