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Abstract All organisms present circadian rhythm in most of their physiological functions, and 
among them there stand out sleep, motor activity, immune function, the secretion 
of melatonin, and the production and release of numerous neurotransmitters, in 
particular of serotonin because of its relationship with the aforementioned factors. 
Aging changes these rhythms, altering sleep quality and contributing to immunose-
nescence. Treatment with exogenously administered melatonin or tryptophan may 
restore these impaired functions due to aging. In our animal model (Streptopelia 
risoria), both the hormone and the amino acid acted on the activity-rest rhythms, 
modulating the circulating levels of melatonin and serotonin, and increased the cell 
viability and resistance to induced oxidative stress of blood heterophils, at the same 
time as enhancing the phagocytic function and neutralizing the superoxide anions 
deriving from this immune function. Also, in the old individuals, the treatments 
with melatonin and tryptophan at the concentrations and times of administration 
considered suitable improved nocturnal rest besides reverting the immunosuppres-
sory and oxidative effects accompanying phagocytosis at these advanced ages.

IntRoDuCtIon

It is known that the hormone melatonin is a key 
factor in the relationship between the sleep-wake 
cycle and the immune system. Nevertheless, it is 
also well known that age modifies them profoundly, 
diminishing the amount and quality of sleep and 
the capacity of the immune response, factors that 
are accompanied by major changes in melatonin 

secretion. melatonin is used in the treatment of 
age-related problems of insomnia (Cajochen et 
al., 2006). In alterations of sleep, melatonin is not 
involved by itself, but also acts through the mecha-
nism of the organism’s internal clock. melatonin 
therapy has been able to correct alterations in 
the sleep-wake patterns of the elderly, although 
it also corrects problems of insomnia in younger 
individuals (Cubero et al., 2006a). Also, exogenous 
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administration of tryptophan increases serotonin levels 
in the brain, and, being the precursor of melatonin, 
one must also presume that it influences the synthesis 
of this hormone. The administration of tryptophan in 
the diet increases serotonin’s availability in the brain as 
well as the delta potential in the electroencephalogram 
and NREm (Garau et al., 2006). In recent years, there 
has been an extension of the use of tryptophan in the 
treatment of depression and sleep alterations (Cubero 
et al., 2006a,b). One hence deduces that improving the 
contribution of tryptophan or administering melatonin 
according to the requirements of the circadian cycle in 
elderly is probably translated into an improved adjust-
ment of their circadian cycles, which in turn implies an 
improvement in their state of health.

There are now specific data on the intimate relation-
ship of the sleep-wake cycle and the immune system. 
Thus, there exists evidence of connections between 
the circadian rhythms of the immune system and the 
neuroendocrine and thermoregulatory systems on the 
one hand with those of the sleeping brain on the other, 
one of the essential functions proposed for sleep being 
immunological restoration (Everson et al., 2005).

human studies of the differences in the circadian 
factors that determine immunity, sleep, and the changes 
that occur with age, involve a series of methodological 
problems that limit their possibilities of obtaining data. 
They are also costly in terms of effort and means. Studies 
on other mammals are difficult to extrapolate to man 
since most mammals are nocturnally active, as well as 
being multiphasic (Tobler, 1995). For this reason, the 
work described in the present thesis was on the ringdove 
(Streptopelia risoria), which is a diurnal and monophasic 
animal as is man, and hence an appropriate experimen-
tal model for the analysis of the alterations undergone by 
circadian cycles with age. Also, under safe conditions, as 
is the case with these birds in captivity, they sleep with 
both hemispheres simultaneously, with both eyes closed. 
This gives rise to what is denominated “bihemispheric 
sleep”, a phenomenon that also occurs in man.

In previous studies on the ringdove (Streptopelia 
risoria) we have observed a positive correlation between 
the phagocytic function and the serum concentrations 
of melatonin (Rodriguez et al., 2001). In in vitro studies, 
we have found a stimulating effect on the function of 
phagocytic cells after their incubation with physiologi-
cal and pharmacological concentrations of the hormone 
(Terrón et al., 2002). Also, recently, we have observed that 
the circadian rhythm of melatonin is lost with age, with 
the physiological concentrations in old animals being 
lower than in young animals (Terrón et al., 2005).

Thus, the aim of this research was to evaluate the func-
tional connection between tryptophan and melatonin 
in their action on the activity-rest and non-specific im-
mune response rhythms, evaluating the latter through 
the phagocytic function and oxidative metabolism of 
heterophils from young and old ringdove (Streptopelia 
risoria). 

ReSultS AnD DISCuSSIon

The circadian rhythms undergo important changes 
with aging, causing the disorders that appear in old 
age (Pandi-Perumal et al., 2005; Cajochen et al., 2006). 
There thus appear misfits in the maintenance of noctur-
nal sleep and diurnal wakefulness, sleep becomes fragile 
and its continuity difficult to maintain. In addition there 
appear many other physiological disorders, as is the case 
with the immune function.

Aging is associated with numerous changes in the 
morphology, physiology, and biochemistry of the 
pineal gland which lead to a significant reduction in 
the nocturnal levels of melatonin and serotonin. The 
production and secretion into the blood of melatonin 
is under circadian control, with maximum production 
during the nocturnal period of the light/dark cycle. It 
is known that, although the production of melatonin 
at a 24-hour rhythm is very clear in young animals, 
including humans, this cycle deteriorates with age. One 
of the causes is the significant decline of serotonin levels 
in the pineal, since the synthesis of melatonin depends 
critically on the amount of this neurotransmitter pres-
ent. Various studies point to an intimate relationship of 
the secretion of melatonin and serotonin with the sleep-
wake cycle or the activity-rest rhythm (Pandi-Perumal 
et al., 2002), because serotonin increases the proportion 
of slow wave sleep (Jouvet, 1999), and behaves as a 
regulatory neurotransmitter for waking (Ursin, 2000), 
whereas melatonin acts as a link between the circa-
dian pacemaker and the sleep-wakefulness generating 
mechanism (Lavie, 2001). For this reason, both elements 
need to be studied in any approach to understanding 
the deterioration of the circadian rhythm that takes 
place as a result of aging. In this sense, it was observed 
in the ringdove (Streptopelia risoria) that there were 
daily oscillations of the melatonin and serotonin levels 
in young and old animals, with a significant reduction 
in the serum levels and amplitudes of the oscillations of 
both secretions with advanced age. There were negative 
correlations of melatonin and positive correlations of 
serotonin with the animals’ activity-rest rhythms, the 
old animals presenting greater levels of nocturnal activ-
ity (Paredes et al., 2006).

As it has been established that there is a causal 
relationship between the reduction of melatonin and se-
rotonin and the activity-rest rhythm, and knowing that 
melatonin therapy has an action of circadian adjustment 
on sleep (Lewy et al., 2006), melatonin and its precursor, 
the amino acid tryptophan, were administered at dif-
ferent doses and times of administration to investigate 
their effects on the activity-rest rhythm of young and old 
ringdove (Paredes et al., 2007a,b). It was observed that 
the doses of 0.25 and 2.5 mg melatonin per kg weight 
administered to young and old ringdove, respectively, 
one hour before lights-off, and of 300 mg tryptophan per 
kg weight to old ringdove one hour after lights-on, were 
the most appropriate therapeutically in terms of noctur-
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nal rest, affecting least the diurnal activity. These doses 
and times of administration led to increased diurnal and 
nocturnal serum levels of melatonin, and of serotonin in 
the case of the treatment with tryptophan. Also, in the 
case of the treatment with melatonin, the amplitude of 
the rhythms in the group of old ringdove were similar 
to or even greater than in the young animals, and in 
the case of the tryptophan treatment the amplitude in 
the old animals was greater than that of their controls 
(Paredes et al., 2007a,b). This confirms on the one hand 
that exogenous melatonin acts as a regulatory element 
of sleep, as well as improving the temporal organization 
of the aging circadian system of the ringdove (Karasek, 
2004), and on the other that a tryptophan rich diet in-
creases the available amount of melatonin and serotonin, 
with the consequent implication that this has for the 
activity-rest rhythms, as we had previously suggested in 
nursing infants and in very young, sexually immature, 
birds (Cubero et al., 2005; 2006a,b, 2007).

The studies performed in this research have also con-
firmed that the old ringdove present a reduction in het-
erophil function. This could be at least in part due to the 
reduction in the amplitude and circulating levels of the 
daily melatonin rhythm (Paredes et al., 2006; 2007c,d). 
In this sense, the focus was on the changes related to age 
in the levels of melatonin, and the possible role that the 
administration of the hormone might have in managing 
the changes in phagocytic activity (phagocytosis and 
oxidative metabolism) during aging. melatonin admin-
istered to old ringdove increased the differences between 
the nocturnal and diurnal serum levels of the hormone, 
at the same time as enhancing phagocytosis and reduc-
ing superoxide anion levels in the heterophils. Also, the 
results showed that, in old animals, with the melatonin 
administration there was a clear positive correlation 
between the levels of the hormone and the values of the 
phagocytosis index observed at the acrophase and nadir 
of the rhythm of the circulating indole (Paredes et al., 
2007d). This is indicative that, as the levels of melatonin 
increase in the plasma of the old animals, there was 
also an increase in their blood heterophils’ capacity to 
phagocytose latex beads. These findings are coherent 
with previous results showing the existence of a positive 
melatonin-phagocytosis correlation in young and old 
ringdove (Rodriguez et al., 1999; Terrón et al., 2005), 
as well as with the increased phagocytic activity of the 
heterophils of old animals that have been treated with 
tryptophan (Paredes et al., 2007c), being higher in this 
latter case the circulating levels of not only melatonin, 
but of serotonin as well, as was described above (Paredes 
et al., 2007a,b). The study therefore confirmed in this 
bird species that the administration of melatonin and 
tryptophan has a stimulatory effect on the phagocytic 
function, at the same time as neutralizing the oxidative 
stress that derives from it. These effects were less in the 
old animals, possibly because of the aforementioned 
reduction decline in the circulating levels of melatonin 
characteristic of their aging (Paredes et al., 2006). The 

increase observed in both the serum melatonin levels 
and in the heterophil phagocytic activity of the old ani-
mals when they were administered orally the hormone 
itself or its precursor, the amino acid tryptophan, is of 
especial interest since the melatonin deficiency of old 
age is related to suppression of the immune function 
(Karasek and Reiter, 2002). Also, both treatments had 
a protective effect against the oxidative stress induced 
by high hydrogen peroxide concentrations in cells from 
old animals, in agreement with numerous studies that 
have shown the antioxidant power of melatonin and 
serotonin (Paredes et al., 2007c,d).

ConCluSIonS

In sum, although aging is a multifactorial process, the 
age-related decline in melatonin and serotonin secre-
tion seems to be one of the most important factors. The 
direct consequences of their loss with age are related to 
problems in the capacity to achieve sleep, perturbations 
of the circadian rhythm, lessened antioxidant protec-
tion, depressed immune function, and other disorders 
(Karasek and Reiter, 2002). An ever growing body of 
research indicates the existence of a close relationship 
between the 24-hour melatonin rhythm and age-related 
changes in the physiology of the immune system and in 
the activity-rest rhythms. Considering that melatonin 
acts by sending the organism information on its tem-
poral organization, this hormone, either directly or 
through its creation by the conversion of its precursor, 
the amino acid tryptophan, could be an important 
pharmacological agent to attenuate age-related changes 
in circadian organization, the immune system, sleep, 
and other disorders that accompany aging. The way 
is thus signposted for new studies to allow a recom-
mendation of melatonin, or diets rich in tryptophan, 
as therapeutic agents to counteract what has been 
called the “melatonin deficient state” (Wurtman, 2000; 
Karasek and Reiter, 2002) that typically appears in old 
age. The findings obtained in the research work support 
this proposal.

ACknowleDgementS

This research was supported by grants from the 
Spanish ministry of Science and Technology (BFI2002-
04583-FC02-01) and Consejería de Infraestructuras 
y Desarrollo Tecnológico (Junta de Extremadura, 
3PR05A053). S. D. Paredes was the beneficiary of a 
grant from Consejería de Infraestructuras y Desar-
rollo Tecnológico – Fondo Social Europeo (Junta de 
Extremadura, FIC02A049). The authors would like to 
express their thanks to Dr. maría Pilar Terrón, Dr. Javier 
Cubero, Dr. Vicente Valero, Dr. José Antonio Pariente, 
ms. Ana maría marchena, ms. Elena Circujano, mr. 
Ricardo megías Cebrino, and ms. Ana Royano for their 
technical assistance; and to Professor Russel J. Reiter for 
helpful comments on the research.



760 Copyright © 2007 Neuroendocrinology Letters ISSN 0172–780X • www.nel.edu

Sergio D. Paredes, Carmen Barriga and Ana B. Rodríguez

REfERENcEs

cajochen c, Munch M, Knoblauch V, Blatter K, Wirz-Justice A 
(2006). Age-related changes in the circadian and homeostatic 
regulation of human sleep. Chronobiol Int. 23: 461–474.
cubero J, Narciso D, Valero V, Rodriguez AB, Barriga c (2005). Oral 
administration of L-tryptophan in the morning affects phagocy-
tosis and oxidative metabolism in heterophils of Streptopelia ro-
seogrisea. Biogenic Amines. 19: 209–221.
cubero J, Narciso D, Aparicio s, Garau c, Valero V, Rivero M, et 
al. (2006a). Improved circadian sleep-wake cycle in infants fed 
a day/night dissociated formula milk. Neuroendocrinol Lett. 27: 
373–380.
cubero J, Narciso D, Valero V, Rivero M, Paredes sD, Parvez H, et 
al. (2006b). The oral administration of tryptophan improves noc-
turnal rest in young animals: correlation with melatonin. Bio-
genic Amines. 20: 53–62.
cubero J, Narciso D, Terrón P, Rial R, Esteban s, Rivero M, et al. 
(2007). chrononutrition applied to formula milks to consolidate 
infants’ sleep/wake cycle. Neuroendocrinol Lett. 28: 360–366.
Everson cA, Laatsch cD, Hogg N (2005). Antioxidant defense re-
sponses to sleep loss and sleep recovery. Am J Physiol Regul In-
tegr Comp Physiol. 288: R374–383.
Garau c, Aparicio s, Rial RV, Nicolau Mc, Esteban s (2006). Age 
related changes in the activity-rest circadian rhythms and c-fos 
expression of ring doves with aging. Effects of tryptophan in-
take. Exp Gerontol. 41: 430–438.
Jouvet M (1999). sleep and serotonin: an unfinished story. Neu-
ropsychopharmacology. 21: 24s–27s.
Karasek M, Reiter RJ (2002). Melatonin and aging. Neuroendocri-
nol Lett. 23 suppl: 14–16.
Karasek M (2004). Melatonin, human aging, and age-related dis-
eases. Exp Gerontol. 39: 1723–1729.
Lavie P (2001). sleep-wake as a biological rhythm. Annu Rev Psy-
chol. 52: 277–303.
Lewy AJ, Emens J, Jackman A, Yuhas K (2006). circadian uses of 
melatonin in humans. Chronobiol Int. 23: 403–412.
Pandi-Perumal sR, seils LK, Kayumov L, Ralph MR, Lowe A, Moller 
H, et al. (2002). senescence, sleep, and circadian rhythms. Ageing 
Res Rev. 1: 559–604.
Pandi-Perumal sR, Zisapel N, srinivasan V, cardinali DP (2005). 
Melatonin and sleep in aging population. Exp Gerontol. 40: 911–
925.

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Paredes sD, Terrón MP, cubero J, Valero V, Barriga c, Reiter RJ, 
et al. (2006). comparative study of the activity/rest rhythms in 
young and old ringdove (Streptopelia risoria): correlation with 
the serum levels of melatonin and serotonin. Chronobiol Int. 23: 
779–793.
Paredes sD, Terrón MP, cubero J, Valero V, Barriga c, Reiter RJ, 
et al. (2007a). Tryptophan increases nocturnal rest and affects 
melatonin and serotonin serum levels in old ringdove. Physiol 
Behav. 90: 576–582.
Paredes sD, Terrón MP, Valero V, Barriga c, Reiter RJ, Rodriguez 
AB (2007b). Orally administered melatonin improves nocturnal 
rest in young and old ringdoves (Streptopelia risoria). Basic Clin 
Pharmacol Toxicol. 100: 258–268.
Paredes sD, Terrón MP, Marchena AM, Barriga c, Pariente JA, Re-
iter RJ, et al. (2007c). Tryptophan modulates cell viability, phago-
cytosis, and oxidative metabolism in old ringdove. Basic Clin 
Pharmacol Toxicol. 101: 56–62.
Paredes sD, Terrón MP, Marchena AM, Barriga c, Pariente JA, Re-
iter RJ, et al. (2007d). Effect of exogenous melatonin on viabil-
ity, ingestion capacity, and free radical scavenging in heterophils 
from young and old ringdoves (Streptopelia risoria). Mol Cell Bio-
chem. 304: 305–314.
Rodríguez AB, Marchena JM, Nogales G, Durán J, Barriga c (1999). 
correlation between the circadian rhythm of melatonin, phago-
cytosis, and superoxide anion levels in ring dove heterophils. J 
Pineal Res. 26: 35–42.
Rodriguez AB, Terrón MP, Durán J, Ortega E, Barriga c (2001). 
Physiological concentrations of melatonin and corticosterone af-
fect phagocytosis and oxidative metabolism of ring dove hetero-
phils. J Pineal Res. 31: 31–38.
Terrón MP, cubero J, Marchena JM, Barriga c, Rodriguez AB 
(2002). Melatonin and aging: in vitro effect of young and ma-
ture ring dove physiological concentrations of melatonin on 
the phagocytic function of heterophils from old ring dove. Exp 
Gerontol. 37: 421–426.
Terrón M del P, Paredes sD, Barriga c, Ortega E, Reiter RJ, Ro-
dríguez AB (2005). Oral administration of melatonin to old ring 
doves (Streptopelia risoria) increases plasma levels of melatonin 
and heterophil phagocytic activity. J Gerontol A Biol Sci Med Sci. 
60: 44–50.
Tobler I (1995). Is sleep fundamentally different between mam-
malian species? Behav Brain Res. 69: 35–41.
Ursin R (2002). serotonin and sleep. Sleep Med Rev. 6: 55–69.
Wurtman RJ (2000). Age-related decreases in melatonin secre-
tion – clinical consequences. J Clin Endocrinol Metab. 85: 2135–
2136.

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 
26 


