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Introduction
A key function of melatonin (MEL) synthesized 

rhythmically by the vertebrate pineal gland is to pro-
vide information about day/night length and its annu-
al variation. In this way it permits adaptation to pre-
dictable environmental changes, like temperature, 

humidity or food availability (Brandstatter, 2003).  
As a result, several physiological processes, such as 
reproduction, fur density and colour, energy expend-
iture, etc. (Paul et al., 2007) exhibit well-expressed 
photoperiodic variations throughout the year, and 
similar seasonality has been recognized in immune 
function (for a review see Majewski et al., 2012).  

ABSTRACT. The aim of this study was to examine the involvement of me-
latonin in the photoperiod-related development of inflammation in chickens. 
Newly hatched birds obtained in summer and winter were kept in a light : dark 
(LD) cycle (corresponding to the season of hatch) or in continuous light (LL). 
Half of the chickens held under LL conditions were given melatonin during the 
subjective night. Peritonitis was evoked on the 12th day of life by thioglycollate 
(TG) injection at the beginning or towards the end of the subjective day and the 
effect was measured 4 h later, i.e. during the day or at night. The development 
of inflammation was evaluated by the number of peritoneal leukocytes (PTLs) 
inflowing to the peritoneal cavity and by the level of mRNAs encoding pro-
inflammatory cytokines in the blood leukocytes. Day/night differences in PTL 
number were seen only in the summer, regardless of the experimental condi-
tions. In chickens kept under LL conditions and given melatonin, TG injection 
caused an increase in interleukin-6 (IL-6) mRNA level in blood leukocytes in 
summer and a decrease in winter. Neither experimental conditions nor circa-
dian time affected the interleukin-18 (IL-18) mRNA level in summer, whereas 
in winter abundance of this transcript exhibited the daily variations and the 
influence of the treatment.  The obtained results suggest the existence of clock-
controlled diurnal and seasonal variability of the chicken inflammatory reaction, 
which is influenced in different ways by circulating melatonin. 

4   Dr. Seema Rai was a Visiting Scientist at the University of Warsaw, Poland, under the INSA-PAS Bilateral Exchange 2012 programme.
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A trade-off between reproduction and immune func-
tion has been postulated (Martin et al., 2008) and 
was confirmed experimentally in seasonal breeders 
like the jungle bush quail and Indian palm squirrel 
(Singh and Haldar, 2007; Ahmad and Haldar, 2009). 
However, the ability of melatonin to synchronize the 
seasonal immune adaptability of various species is 
still under investigation. It has been reported that 
keeping some rodents under different lighting condi-
tions evokes an increase or a decrease in immune tis-
sues weight (i.e. thymus and spleen), demonstrating 
that melatonin acts directly but differently upon im-
mune function (Nelson and Demas, 1997). Exposure 
to an extended lighting period or to continuous illu-
mination has been shown to decrease both humoral 
and cell-mediated immunity in avian species, exem-
plified by the broiler chicken (Kirby and Froman, 
1991) and Japanese quail (Moore and Siopes, 2000). 
These effects may be due to seasonal changes in the 
blood melatonin concentration (Kliger et al., 2000), 
since light intensity itself did not affect immune 
parameters like B- and T-lymphocyte proliferation, 
plasma lysozyme concentration or the bacterial kill-
ing ability of whole blood (Blatchford et al., 2009). 

On the other hand, experimental peritonitis 
was found to develop differently depending on the 
season of hatch (winter or summer) in chickens kept 
under laboratory lighting conditions (LD 12:12) 
from the day of hatch (Majewski et al., 2005). In 
particular, the influx of peritoneal leukocytes (PTLs) 
to the peritoneal cavity was faster and lasted longer 
in chickens hatched in the summer than in winter 
birds. These findings, together with decreased levels 
of reactive oxygen species in PTLs and reduced 
mitogen-induced splenocyte proliferation, suggest 
that chicken immunity is season-related and more 
efficient in summer than in winter (Majewski et al., 
2005; Skwarlo-Sonta et al., 2007). This phenomenon 
does not seem to be limited solely to the chicken, 
because similar results have been obtained in the 
Siberian hamster (Phodopus sungorus), a seasonal 
breeder. In this species, a short day length attenuated 
the symptoms of infection (Bilbo and Nelson, 
2002) and compromised both the development of 
peritoneal inflammation and mitogen-stimulated 
splenocyte proliferation (Pawlak et al., 2005, 2009). 

It is generally accepted that the diurnal profile of 
the blood melatonin concentration results from daily 
variations in the activity of pineal arylalkylamine-
N-acetyltransferase (AANAT; E.C.2.3.1.87), a key 
enzyme in melatonin biosynthesis (Klein, 2007). 
The daily profile of AANAT activity in chickens 
was found to be affected by the season, regardless 
of artificial LD 12:12 conditions imposed from the 

day of hatch (Majewski et al., 2005; Piesiewicz et 
al., 2012b). This observation suggested the involve-
ment of the endogenous clock, located in the pineal 
gland of avian species (Bell-Pedersen et al., 2005), 
and melatonin, in season-related variations in chick-
en immunity.

Experiments with male chickens have re-
vealed the daily variation in lipopolysaccharide 
(LPS)-induced systemic inflammation, measured 
in the spleen by the expression of several cytokines 
(Naidu et al., 2010). Signaling through cytokines is 
likely to play a major role in both the activation of 
innate immunity and the subsequent development 
of the adaptive response (Commins et al., 2010). 
The level of mRNAs encoding pro-inflammatory 
interleukins-6 (IL-6) and -18 (IL-18), known to ex-
ert a broad spectrum of biological activities, was 
evaluated. Chicken IL-6, similarly to its mamma-
lian counterpart, is a multifunctional cytokine pro-
duced during systemic inflammation in response 
to stimuli like LPS, IL-1α or tumor necrosis factor 
(TNF-α) (Akdis et al., 2011). In innate immunity, 
IL-6 directs leukocyte trafficking and activation, in-
duces the production of acute-phase proteins, and 
subsequently promotes T-cell proliferation, B-cell 
differentiation and survival. Unlike most cytokines, 
IL-18, a member of the IL-1 superfamily, is consti-
tutively expressed and performs an important role 
in cellular adherence (Commins et al., 2010). The 
upregulation of several cytokine and chemokine 
genes, including IL-6 and IL-18, was recently dem-
onstrated in chicken peripheral blood leukocytes 
during stress (Shini et al., 2010), suggesting a role 
for these factors in the stimulation of leukocyte 
movement and the regulation of inflammatory vs. 
anti-inflammatory activities.

In the present study, we evaluated the transcrip-
tion of the IL-6 and IL-18 genes in peripheral blood 
leukocytes of chickens hatched in two seasons, in 
which experimental peritonitis was evoked at the 
beginning or towards the end of the light phase. It 
was hypothesized that the photoperiodic conditions 
corresponding to the season of hatch (LD 16:8 or 
8:16 in summer and winter, respectively) would 
modify the development of chicken inflammation 
in relation to the presence or absence of circulat-
ing melatonin. Continuous illumination (LL) was 
imposed to achieve a functional pinealectomy (John 
et al., 1994), which was antagonized in a subset of 
chickens from this LL group by melatonin supplied 
in the drinking water. We anticipated that photoper-
iod-related development of inflammation could be 
modified by the LL conditions, whereas melatonin 
supplementation should restore the observed season-
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al changes. The development of peritonitis was meas-
ured by the number of PTLs infiltrating the peritoneal 
cavity after injection of an irritant. The level of IL-6 
and IL-18 mRNAs in blood leukocytes was selected 
as an indicator of systemic inflammation following 
the recent demonstration of opposite diurnal chang-
es in the expression of these genes in the spleens of 
LPS-injected chickens (Naidu et al., 2010).

Material and methods
Animals and experimental design

Experiments were performed on male Hi-Line 
chickens hatched in summer (June) and winter 
(January). On the day of hatch, the chicks were 
transported from the commercial hatchery (H&P, 
Orzesze-Gardawice, Poland) to the animal facility 
of the Faculty of Biology, University of Warsaw and 
reared under controlled temperature conditions (32 
± 2°C for one week and then decreased gradually 
to 21°C), with free access to the standard feed and 
water.

Control chickens were reared for 12 days in 
a LD cycle corresponding to the season of hatch, i.e. 
LD 16:8 in summer and 8:16 in winter (LD groups). 
Another group of animals was kept in continuous 
light (LL group, 250 lux) and half of them received 
melatonin (15 μg · ml–1, Sigma) in their drinking 
water (LL MEL group), administered for 8 or 16 
hours daily in the summer and winter, respectively, 
to mimic the scotophase. The volume of melatonin 
solution consumed was recorded daily to calculate 
the average melatonin dose received by the chick-
ens; this was 1.3 and 2.6 mg · kg–1 BW. · day–1 in 
summer and winter, respectively.

Experimental peritonitis was initiated in 
12-day-old chickens by i.p. injection of a single 
dose of 3% sterile thioglycollate (TG group, 2 ml · 
100 g–1 BW), 2 h after the beginning or before the 
end of the subjective day, as described previously 
(Piesiewicz et al., 2012a). TG-injected and intact 
animals (INT group) were decapitated 4 h later, in 
the subjective light period (Zeitgeber or Circadian 
Time, ZT/CT 6) or during darkness (ZT/CT 18 and 

10 in summer and winter, respectively). Trunk blood 
was collected into heparinized tubes for peripheral 
blood leukocyte isolation. The development of 
peritonitis was verified by evaluating the number of 
leukocytes in the peritoneum, obtained by flushing 
the peritoneal cavity with 7 ml of phosphate-
buffered saline (PBS) supplemented with heparin 
(1 μl · ml–1) and counted with a haemocytometer 
(Majewski et al., 2002, 2005). 

All procedures were performed in accordance 
with the regulations of the Polish Ethical Council 
for the care and use of laboratory animals and the 
European Community Directive for the ethical use 
of experimental animals.

Isolation of peripheral blood leukocytes
Peripheral blood leukocytes (PBL) were iso-

lated on a Histopaque (Sigma, 1077-1) gradient, 
according to the manufacturer’s protocol. Briefly, 
blood samples (n=4/time point/group) were diluted 
1:1 with sterile PBS and an aliquot of 2.5 ml of this 
mixture was gently loaded onto a 2.5 ml cushion 
of Histopaque. Following centrifugation (400 g, 30 
min, room temperature), the opaque interface con-
taining mononuclear cells was transferred to a clean 
tube. The cells were washed twice with PBS by cen-
trifugation (250 g, 10 min), then frozen in liquid ni-
trogen and stored at –80°C prior to further analysis.

Isolation and quantification of mRNA
Total RNA was isolated from PBLs using an 

AxyPrep Multisource Total RNA Miniprep Kit and 
treated with QR1-DNase (Promega). The concen-
tration of RNA was determined spectrophotometri-
cally (NanoDrop-1000, Thermo Scientific) and its 
quality was assessed by gel electrophoresis. Isolated 
RNA (40 ng) was then added to one-step RT-qPCR 
reaction mixtures containing 0.4 μl of 50 × Kapa 
RT Mix (Kapa Sybr Fast Universal qPCR Kit, Kapa 
Biosystems), 0.5 μl of gene-specific forward and re-
verse primers (10 μM, Genomed, Poland; Table 1), 
10 μl of 2 × SYBR Green I PCR master mix (Kapa 
Biosystems) and nuclease free water up to a final 
volume of 20 µl · well–1. 

Table 1. Sequences of oligonucleotide primers used for qPCR analysis. Primers were designed using OligoPerfect software, based on sequences 
obtained from the GenBank database

Gene with GenBank Accession Number Primer sequence (5’ to 3’) Product length
Interleukin 6 (IL-6)
NM_204628

F:  CAAGGTGACGGAGGAGGAC
R:  TGGCGAGGAGGGATTTCT

254 bp

Interleukin 18 (IL-18)
AY_628648

F:  GGAATGCGATGCCTTTTG
R:  ATTTTCCCATGCTCTTTCTCA

264 bp

TATA-box binding protein (Tbp)
D83135

F:  TGTCAGAGCTGCCCCAGATAAG
R:  CAAGTTTGCAACCAAGATTCA

163 bp
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The reactions were set up in 96-well plates and  
incubated in a Quantica (Techne) thermal cycler, 
using the following conditions for one-step  
RT-qPCR: 42°C for 10 min (cDNA synthesis), 95°C  
for 10 min (reverse transcriptase inactivation), fol-
lowed by 40 cycles of denaturation (95°C for 15 s), 
annealing (61°C for 20 s) and extension (72°C 
for 10 s). Each sample was assayed in duplicate. 
For each RT-qPCR, the dissociation curves were 
analysed using Quantica software to detect and 
eliminate possible primer dimers and non-specific 
amplification. Reactions to prepare standard curves 
for IL-6, IL-18 and the reference gene Tbp (TATA-
binding protein) were performed using ten-fold 
serial dilutions of cDNA fragments that had been 
separately amplified by PCR. The PCR products 
were gel purified and the amount was determined 
spectrophotometrically and verified by sequencing. 
Cycle threshold (Ct) values were used to plot standard 
curves for Tbp (slope: –3.1866, y-intercept: 34.585,  
R² = 0.9869, efficiency: 106%), IL-6 (slope: –3.0239, 
y-intercept: 33.625, R² = 0.9961, efficiency 114%) 
and IL-18 (slope: –3.4687, y-intercept: 36.84,  
R² = 0.9982, efficiency: 94%) in which the Ct values 
decrease in linear proportion to the log of the template 
concentration. Ct values from reactions performed 
with experimental samples were extrapolated from 
the standard curves in order to determine the initial 
amount of each particular transcript. These values 
were then normalized to the level of the Tbp transcript 
and expressed as the number of target gene mRNA 
copies per 100 copies of Tbp mRNA. The isolation 
of RNA and RT-qPCR were performed no later than 
1 month after PBL collection.

Statistical analyses
All data are expressed as the mean ± SEM. 

Data were analysed by one-way analysis of vari-
ance (ANOVA), followed by the Tukey post-hoc 
test. The differences were considered significant at 
p < 0.05. Statistical analyses were performed using 
GraphPad Prism 5.02 software.

Results

PTL number as a measure of peritonitis 
intensity 

Intraperitoneal injection of TG evoked an influx 
of PTLs into the peritoneal cavity, which was sea-
son- and time of day-dependent, but did not differ 
between the experimental groups: LD, LL and LL 
MEL (Figure 1). The elevated PTL number detected 
in summer (Figure 1A) at ZT/CT 6 (‘day’) was fol-

lowed by a significant decrease at ZT/CT 18 (‘night’). 
In winter, the influx of PTLs was significantly lower 
(P < 0.001), and was the same in all experimental 
groups and at both time points (Figure 1B). 

Influence of peritonitis on the IL-6 mRNA 
level in PBLs

In summer (Figure 2A), the level of IL-6 mRNA 
measured in the PBLs did not differ between the in-
tact chickens (INT) in the three experimental groups 
(LD, LL and LL MEL), but was significantly low-
er at ZT/CT 18 (‘night’) than at ZT/CT 6 (‘day’):  
P < 0.001 and p < 0.05 in the LD and LL MEL 
groups, respectively. Injection of TG increased the 
IL-6 mRNA level only in PBLs isolated from chick-
ens that received exogenous melatonin (LL MEL,  
P < 0.001), having no effect in those from the LD and 
LL groups, regardless of the time of day (Figure 2A).

In winter (Figure 2B), day/night variations 
in IL-6 transcription in PBLs from intact chick-
ens were seen, with significant differences in the  
LD (P < 0.001) and LL MEL (p < 0.05) groups. 
TG injection caused a significant decrease in 
PBL IL-6 mRNA in the LL MEL group at CT 10  
(P < 0.01), and the same tendency was seen in this 
group at CT 6 and in the LL group at both time points  
(Figure 2B).

Figure 1. Number of leukocytes isolated from the chicken 
peritoneal cavity 4 hours after i.p. injection of thioglycollate 
(TG). Charts show the results obtained for the subjective day 
(ZT/CT 6, grey bars) and subjective night (ZT/CT 18 and 10 
in summer and winter, respectively, black bars). The results 
are expressed as the mean ± SEM, n = 10. Crosses indicate 
significant differences between day and night in the respective 
groups (†† P < 0.01; ††† P < 0.001). ZT/CT – Zeitgeber/
Circadian Time
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Influence of peritonitis on the IL-18 mRNA 
level in PBLs

Neither experimental conditions nor circadian 
time affected the IL-18 mRNA level in PBLs isolated 
from intact chickens in summer, while in TG-injected 
birds from all groups at ZT/CT 6 and in the LL MEL 
group at ZT/CT 18, a tendency towards an increased 
level of this mRNA was observed (Figure 2C). 

A well-pronounced day-night difference in 
IL-18 mRNA level was observed in winter, with 
increased transcription during the subjective day, 
and very low values at subjective night (Figure 2D).  
In intact chickens at CT 6, LL conditions evoked 
a decrease in IL-18 mRNA level (P < 0.01, LL vs. 
LD group) and this effect seems to be reversed in 
chickens supplemented with melatonin (LL MEL 
group). After TG-injection the IL-18 mRNA level 
was significantly decreased (P < 0.001) under LL 
conditions, regardless of MEL supplementation.  
In comparison to the respective INT animals, TG-
injection at ZT/CT 6 increased IL-18 transcription 
in the LD group (p < 0.05) and decreased it in the LL 
MEL group (p < 0.05), with no change in the LL group.  

The levels of IL-18 mRNA were very low at ZT/CT 
10, although a significant increase was observed in 
the LD group after TG injection (p < 0.05).

Discussion
The aim of this study was to examine the sea-

son- and time of day-related development of ex-
perimental peritonitis in chickens, paying particular 
attention to the role of melatonin, both endogenous 
and exogenous. The development of peritonitis was 
monitored by evaluating both the number of leuko-
cytes infiltrating the site of inflammation and the 
level of mRNA encoding two pro-inflammatory 
cytokines (IL-6 and IL-18) in blood leukocytes. 
Healthy birds have a very low number of resident 
leukocytes in their body cavities (Toth and Siegel, 
1986), therefore the massive cell influx into the 
peritoneum in response to the injection of an irri-
tant (TG) is a good measure of the inflammation 
intensity and its season-related modifications in the 
chicken (Majewski et al., 2005; Skwarlo-Sonta et 
al., 2007). On the other hand, although measuring 

Figure 2. Influence of season (summer vs. winter), circadian time (day vs. night), continuous light (LL), melatonin supplementation 
(LL MEL) and peritonitis on the level of interleukin-6 (IL-6) and interleukin-18 (IL-18) mRNAs in chicken peritoneal blood leukocytes 
(PBLs). Peritonitis was elicited by i.p. injection of thioglycollate (TG) at two time points and the transcript levels were evaluated 4 
hours later in PBLs from both intact (INT, grey bars) and TG-treated chickens (TG, black bars). The results are expressed as the 
mean ± SEM, n = 4 (assayed in duplicate). Asterisks indicate significant differences between INT and TG animals within the same 
group (* p < 0.05; ** P < 0.01; ***P < 0.001), crosses indicate significant differences between day and night within the same season 
(† p < 0.05; †† P < 0.01; ††† P < 0.001). Letter ‘a’ indicates significant difference between intact animals from light : dark (LD) 
and LL groups (P < 0.01), letter “b” indicates significant difference between TG-injected animals from LD and LL/LL MEL groups 
(P < 0.001). ZT/CT – Zeitgeber/Circadian Time
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cytokine mRNA abundance does not necessarily 
reflect the real content of bioactive IL-6 and IL-18 
in the blood, a recent report demonstrated that in 
the absence of an effective avian cytokine bioassay, 
RT-qPCR is the most sensitive method available 
to quantify synthesis and regulation of various cy-
tokines (Shini et al., 2010). 

As was anticipated using the applied experimen-
tal schedule, the influx of inflammatory cells to the 
peritoneal cavity was strictly season-dependent, i.e. 
the number of leukocytes isolated 4 h after TG in-
jection was substantially higher in chickens from the 
summer experiment compared with those from the 
winter. This observation corroborates previous find-
ings obtained in different seasons with chickens kept 
from the day of hatch under controlled LD 12:12 con-
ditions (Majewski et al., 2005). Although conducted 
using a different lighting schedule, both studies show 
that in winter it is very hard to stimulate the migra-
tion of leukocytes towards the peritoneal cavity. 
These observations also support the widely accepted 
concept of seasonality of immunity in various species 
of mammals and birds (Majewski et al., 2012). 

The results of the present study also confirm once 
more that inflammation evoked during the subjective 
day is much more intense than that developing at 
subjective night. Several experimental approaches 
have been used to show that nocturnal elevation of 
pineal melatonin biosynthesis is a factor preventing 
rolling of leukocytes and their access to the site of 
inflammation, and this anti-inflammatory function of 
melatonin is now well accepted (e.g. Lotufo et al., 
2001; Markus and Ferreira, 2011). Surprisingly, we 
found that the number of PTLs retrieved at night from 
the peritoneal cavity of chickens kept in LD conditions 
(18:6 in summer and 6:18 in winter) did not differ 
between experimental groups in which the level of 
melatonin was considered to be quite different: LD 
vs. LL vs. LL MEL. One possible explanation for this 
result is that melatonin applied in these experimental 
conditions is not the main factor controlling immune 
cell traffic during inflammation, and this aspect will 
be discussed in detail below. Another interpretation 
is based on the suggestion that in the experimental 
schedule employed, the functional pinealectomy was 
incom-plete in the LL chickens, perhaps because the 
duration of the constant illumination treatment was 
too short or melatonin from extra-pineal sources 
(e.g. retina or Harderian gland) compensated for 
any deficiency. Experiments to examine the effect of 
continuous light (LL) on circulating melatonin levels 
in chickens are currently being performed in our 
laboratory. 

The incomplete pinealectomy scenario seems to 
be only partially supported by the analysis of levels 
of mRNAs encoding pro-inflammatory cytokines 
IL-6 and IL-18 in the PBLs. The expression of both 
genes was also season- and time of day-dependent, 
but they responded differently to melatonin pres-
ence/absence and TG injection. First, the IL-18 
gene appeared to be expressed constitutively (at 
least in the summer experiment), as was found in 
a previous study (Commins et al., 2010). Second, 
TG treatment affected the transcription of both 
cytokine genes only slightly, with the greatest effect 
observed in the LL MEL group. IL-6 transcription 
was enhanced in the summer chickens and 
decreased in winter birds when stimulation with TG 
followed 12 days of melatonin treatment, indicating 
that melatonin can operate as a pro- and an anti-
inflammatory agent, respectively. A similar, but less 
clear, seasonal tendency in the IL-18 mRNA level 
was observed in the MEL-supplemented group. It 
is important to note that the length of the period 
of melatonin availability in the drinking water 
corresponded to the seasonal duration of darkness, 
i.e. to the period of naturally elevated melatonin 
synthesis (8 h in summer and 16 h in winter). In 
the majority of mammalian species examined 
to date, exogenous melatonin administration in 
vivo has been found to increase innate immune 
reactions (Currier et al., 2000) and counteract the 
immunosuppressive effects of stress (Maestroni, 
1999). However, its influence on the development 
of inflammation appears to be the opposite: in the 
rodent model, treatment with melatonin decreased 
the extent of the inflammation (Constantino et al., 
1998; Escames et al., 2006). On the other hand, the 
effect of a short photoperiod (corresponding to the 
extended melatonin availability in our experiment) 
on immunity is not clear. Keeping animals under 
artificial short photoperiod conditions has been 
shown to enhance selected measures of immunity 
(Nelson et al., 1995; Ahmad and Haldar, 2009), while 
field studies have demonstrated that immune system 
functions are compromised under these conditions 
(Nelson et al., 1995). These apparently contradictory 
observations indicate that the regulation of immunity 
by photoperiod/melatonin is a complex phenomenon 
that is influenced by the species and varies according 
to the parameter examined, some being melatonin-
dependent and others not (Wen et al., 2007). 
Therefore, seasonal variations in immunity cannot 
be explained by simple changes in circulating 
melatonin concentration and may be created by the 
modulation of other factors, for which melatonin is 
only a timing cue (Majewski et al., 2012).



E. Turkowska et al. 155

This last point raises the role of circadian clock 
mechanisms in rhythmic immune functions that are 
now the subject of extensive investigation. Recent 
studies have shown that in mice, an endogenous 
clock can influence the daily oscillations in innate 
immune functions, like bacterial endotoxin-stimulat-
ed TNF-α and IL-6 secretion by isolated spleen cells 
(Keller et al., 2009) or phagocytosis in macrophages 
(Hayashi et al., 2007). These circadian clock mecha-
nisms, which can operate autonomously even ex 
vivo in the spleen and lymph nodes, are based on 
the expression of major clock genes, like Bmal, Per, 
Clock and Rev-erb α (Keller et al., 2009). Moreover, 
clock gene expression in human immune cells seems 
to be very sensitive to a damaging challenge, since 
a single injection with endotoxin was found to sup-
press the expression of these genes in the PBLs of 
healthy humans volunteers (Haimovich et al., 2010). 
Constant light applied to the chickens in the pre-
sent study desynchronized or shifted the circadian 
rhythm of the transcription of selected clock genes in 
the pineal gland, while melatonin supplementation 
restored the diurnal pattern in a season-dependent 
manner (data not shown). 

Time of day-dependent variations of immune 
parameters are apparently ubiquitous and have been 
shown to affect the expression of cytokines in the 
chicken spleen (Naidu et al., 2010) and in mouse 
peritoneal macrophages (Hayashi et al., 2007), for 
example. In the experiments described here, higher 
levels of both the studied cytokine mRNAs were ob-
served during the subjective daytime vs. nighttime 
in both seasons and in almost all groups of chick-
ens. This finding is in sharp contrast to the results 
presented by Naidu et al. (2010), indicating a greater 
overall induction of both IL-6 and IL-18 at midnight 
vs. midday in the chicken spleen during LPS-in-
duced systemic inflammation. Moreover, their study 
showed that melatonin injected during the day, one 
hour prior to LPS, evoked a huge increase in pro-in-
flammatory cytokine gene expression (Naidu et al., 
2010). On the contrary, in our experimental model, 
the administration of melatonin for 12 days before 
TG treatment caused up-regulation of IL-6 expres-
sion in summer and down-regulation in winter, and 
reversed the repressive effect of continuous light on 
IL-6 expression in PBL in summer. However, the 
experimental protocols employed in these two stud-
ies differ in several aspects, including induction of 
inflammation, melatonin treatment and, most im-
portantly, the source of the immune cells examined. 
Circulating PBLs represent a highly heterogeneous 
population of cells that move between the marginal 
zones and the site of inflammation, and they prob-

ably differ in their sensitivity to regulatory/synchro-
nizing humoral factors (Keller et al., 2009). 

It has also been suggested that the daily rhythm 
of the inflammatory response may be attributed ei-
ther to melatonin or to the anti-inflammatory gluco-
corticoids (Dickmeis, 2009). Moreover, the compro-
mised immune status observed in Siberian hamsters 
under short day conditions (LD 8:16) was shown to 
result from the combined action of elevated mela-
tonin, high cortisol and low testosterone concentra-
tions in the serum (Pawlak et al., 2009). Considering 
the available data, it may be concluded that diurnal 
and seasonal changes in immunity are related to the 
general neuro-endocrine status of the organism (Hal-
dar et al., 2008). 

To summarize, the results of the present study 
suggest that the seasonal and daily changes in the 
development of acute inflammation can be driven by 
local autonomous clock machinery, uncoupled from 
the activity of the central pineal clock and the level 
of melatonin in the circulation. A greater understand-
ing of the bi-directional communication between the 
immune system and the circadian clock will provide 
valuable insight into the timing mechanism of physi-
ological and pathophysiological immune functions.

Conclusions
Using the described experimental schedule, 

the greatest TG-evoked peritonitis was observed 
in chickens in the summer and during the 
subjective day, although these variations were 
not closely correlated with melatonin treatment. 
The transcription of genes encoding the pro-
inflammatory cytokines IL-6 and IL-18 in peripheral 
blood leucocytes (PBLs) was only slightly modified 
by inflammation, with more pronounced daily and 
seasonal changes. However, melatonin can function 
as both a pro- and anti-inflammatory agent, and its 
action may change throughout the year. Our results, 
together with recently published data, suggest that 
the development of inflammation at least in chicken 
could be driven more by the clock system than by 
melatonin itself.
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