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Abstract: Influence of the season of hatch on the functional characteristics of the pineal gland was examined in neonatal
Hi-Line male chickens. The pineal glands from 2-day-old birds hatched in summer and winter, and kept from the day of
hatch in artificial lighting conditions (12L:12D), were isolated under dim red light in the middle of the day or night. The
pineal glands were analyzed to characterize their melatonin biosynthetic activity: (1) expression of the Arylalkylamine—
N-acetyltransferase and Hydroxyindole-O-methyltransferase genes, encoding the final two enzymes of the melatonin
biosynthesis pathway; (2) the activity of AA-NAT and HIOMT; and (3) the content of the main substrates of this
pathway, tryptophan (TRY) and serotonin (5-HT). Daily changes in pineal AA-NAT activity were observed in chickens
hatched in both seasons, with a more pronounced nocturnal increase in summer. In contrast, the level of Aa-nat gene
expression, although exhibited the same nocturnal/diurnal pattern in both seasons, was much lower in the summer. The
activity of HIOMT was season- and daytime-independent. In “winter” chickens the pineal content of 5-HT was low and
stable, while in “summer” birds it was correlated with levels of AA-NAT activity and Aa-nat gene expression. TRY
content was very high and exhibited neither daily nor seasonal changes. The pineal gland of newly hatched chickens kept
in controlled 12L:12D conditions exhibits daily variations in melatonin biosynthetic activity influenced by the season.
This suggests a maternal effect on the perinatal/postnatal development of the circadian clock residing in the chicken pineal

gland.
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INTRODUCTION

The majority of physiological processes are subject to
cyclical changes, the most important being related to daily
variations between day and night, and the annual succession
of the seasons. In temperate latitudes, photoperiod appears to
be the most reliable parameter and, as such, is used by
animals to gauge the time of day/year in order to synchronize
daily and seasonal rhythms of physiology and behaviour to
environmental changes [1-3].

Circadian rhythms are generated by an endogenous
pacemaker (the “circadian clock™) and are synchronized with
environmental lighting conditions. In birds, the circadian
clock system consists of three functionally equal structures:
one is located in the visual suprachiasmatic nuclei (avian
brain structures equivalent to the mammalian SCN), another
in the pineal gland itself and the third, which controls local
melatonin production, in the retina [4].

The photic input reaches the avian pineal gland via two
pathways: indirectly, from the eyes through the retinohypo-
thalamic tract, SCN and sympathetic innervations, and
directly through the photosensitive pineal cells [5-7]. Within
the cells of the pineal gland (pinealocytes), environmental
photoperiodic information is converted into a neuroendo-
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crine signal, i.e. the methoxyindole hormone melatonin,
secreted during the dark phase of the light/dark (LD) cycle
and often called the “hormone of darkness” [§].

The molecular mechanisms of melatonin biosynthesis
within pinealocytes have been thoroughly established (Fig.
1) [9]. The amino acid tryptophan is taken up from the blood
and converted to 5-hydroxytryptophan (5-HTP) by trypto-
phan hydroxylase (TrH; E.C. 1.14.16.4). Then, aromatic
amino acid decarboxylase (AADC; E.C.4.1.1.28) converts 5-
HTP to serotonin (5-HT). During the night, 5-HT is
acetylated to N-acetylserotonin (NAS) by arylalkylamine-N-
acetyltransferase (AA-NAT; E.C. 2.3.1.87), and thereafter
hydroxyindole-O-methyltransferase (HIOMT; E.C.2.1.1.4)
converts NAS to melatonin [10]. The hormone is not stored
in the pinealocytes but is immediately released into the
capillary vessel and peripheral circulation. Therefore, the
pineal content and circulating levels of melatonin are highly
correlated [11].

The avian pineal gland acquires its oscillatory function
during embryogenesis. Melatonin is initially detected in the
chicken embryo on the 10th day of embryonic life (ED10)
[12], while a daily rhythm of melatonin may be demons-
trated in vivo in the pineal gland of 18- and 20-day-old
embryos, with increasing amplitude from EDI19 [13] until
postembryonic day 21 (3 weeks after hatch) [13, 14].
Melatonin release by cultured pineal cells from 13- and 14-
day-old chicken embryos held under a 12 h light:12 h dark
cycle increases during the dark phase and decreases during
the light phase. A circadian rhythm of melatonin release is
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Fig. (1). Melatonin biosynthesis pathway.

observed in pineal cells isolated from 18-day-old chicken
embryos and cultured under constant darkness (DD) condi-
tions [15]. These data indicate that the pineal melatonin
synthesizing machinery is not only present in the chicken
embryo, but is already synchronized to the environment [16].
Unfortunately, in the aforementioned reports there is no
indication of the season in which the eggs were incubated.
Our previous studies have demonstrated that in 3-week-old
Hi-line male chickens kept from hatch under controlled
artificial lighting conditions (L:D 12:12) the daily rhythm of
pineal AA-NAT activity changes according to the local
season [17]. To determine whether the season-related pattern
of the daily rhythm of chicken pineal AA-NAT activity is
already established during embryonic development or
whether it is a postembryonic event, we examined the
circadian rhythm of pineal AA-NAT activity in 2-, 9- and
16-day-old chickens hatched in both winter and summer and
kept from the day of hatch under the same artificial
photoperiod — L:D 12:12 [18]. The results of this study
identified a kind of postembryonic maturation of the pineal
AA-NAT circadian rhythm seen only in chickens hatched in
winter; the nocturnal peak of AA-NAT was lowest in the
youngest birds examined and it increased with age. In
contrast, in 2-day-old chicks hatched in summer, the pattern

— CH, — NH — C — CH,
[

O

of pineal AA-NAT activity was comparable with that
previously observed in 3-week-old birds. These findings
indicate that one or more steps of the pineal melatonin
biosynthesis pathway are season-dependent in neonatal
chickens. The present study was undertaken to examine the
influence of the season of hatch on pineal melatonin
biosynthesis (substrate availability, gene expression and
enzyme activity) in 2-day-old male Hi-line chickens, kept
from hatch under artificial L:D 12:12 lighting conditions.

MATERIALS AND METHODS
Animals

Experiments were performed on neonatal (2-day-old)
male Hi-Line chickens hatched in the season of shortest days
(winter, January) and longest days (summer, June). The eggs
were purchased from the laying hens kept at commercial
farm (fully controlled lightproof house) in controlled lighting
conditions (16h light: 8h darkness) with free access to food
and water. The mother’s food was adjusted to the period of
theirs development and was the same, regardless of the
season. Incubated eggs were obtained from the same hen-
mothers being, therefore, in summer period older by a half of
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year than those in winter. The eggs at hatchery were incu-
bated in constant darkness at the appropriate temperature. On
the day of hatch, the chicks were transported from the
hatchery to the animal facility of the Faculty of Biology,
Warsaw University (fully isolated from the environmental
conditions) and reared under controlled light (12 h light:12 h
darkness, lights on at 04:00) and temperature conditions (32
+ 2°C), with free access to the water and the same standard
food regardless of season.

Two-day-old chicks were sacrificed by decapitation in
the middle of the day (ZT6) and in the middle of the night
(ZT18): 9 individuals were killed at each time point. Their
pineal glands were isolated under dim red light, immediately
frozen in liquid nitrogen and stored at -75°C prior to further
analysis. All treatments were approved by the Local Ethical
Commission and were in accordance with Polish regulations
concerning experiments on animals.

AA-NAT and HIOMT Activity Measurement

The activity of both enzymes was measured using the
liquid biphasic diffusion method [19] modified by Majewski
et al. [20]. Briefly, individual pineal glands were disrupted
by sonication in 100 pl of ice-cold 0.05 M sodium phosphate
buffer (16 mM Na,HPO,, 40 mM NaH,PO, pH 6.8).
Aliquots of 10 pl of the sonicate were added to reaction
mixtures containing 1.5 mM tryptamine-HCI, 0.1 mM acetyl
coenzyme A and 0.01 mM of 3[H]-acetyl coenzyme A
(0.2 uCi/assay) for the AA-NAT assay, and 0.25 mM N-
acetylserotonin and 0.125 mM 1:1 mixture of S-adenosyl-
methionine with 3[H]-S-adenosyl-methionine (492.1 GBq/
mmol), for HIOMT activity measurement. Reactions
prepared in triplicate were incubated at 37°C for 20 min. and
then stopped by the addition of 180 ul of ice-cold sodium
phosphate buffer (50 mM, pH 6.8). The diluted reaction
mixtures were rapidly transferred to vials containing 3 ml of
scintillation fluid [18 mM 2,5-diphenyloxazole (PPO), 0.27
mM  1,4-Bis(5-phenyl-2-oxazolyl)benzene (POPOP) in
toluene]. After 24 h incubation at room temperature the
levels of N-’[H]-acetyltryptamine for the AA-NAT assay or
newly synthesized ’[H]-melatonin for the HIOMT assay
were determined using a liquid scintillation counter
(Beckman Instruments). The activity of both enzymes was
expressed as nmol of the product formed/pineal gland/h.

Measurement of Pineal Serotonin and L-Tryptophan
Levels

Pineal glands were sonicated in 25 pl of ice-cold sodium
phosphate buffer (50 mM, pH 6.8) and aliquots of 2.5 and 10
pl were used to measure the serotonin and L-tryptophan
concentration, respectively. Serotonin was measured using a
competitive ELISA assay kit (IBL). Duplicate samples of the
pineal sonicate were diluted 8 times with Assay Buffer and
processed according to the manufacturer’s protocol. The
serotonin concentration was quantified by spectrophotometry
(Victor, Perkin Elmer) at 405 nm within 20 min. of adding
the Stop Solution. The serotonin level was expressed as
pmol/pineal gland. L-tryptophan was measured in duplicate
pineal sonicate samples using a Bridge-It L-Tryptophan
Fluorescence Assay Kit (Mediomics), according to the
manufacturer’s protocol. The L-tryptophan concentration
was quantified using a microplate reader fluorometer
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(Ascent, Labsystems) with appropriate settings: excitation
485 nm; emission 665 nm. The L-tryptophan level was
expressed as pmol/pineal gland.

Pineal Gene (Aa-nat and Hiomt) Expression Analysis

Total RNA was isolated from each pineal gland using a
GF-1 Total RNA Extraction Kit (Vivantis). Reverse
transcription of 650 ng total RNA was performed in each
pineal gland (3 pineal glands per time point) reactions
containing M-MuLV reverse transcriptase (200 U,
Finnzymes), transcriptase reaction buffer (Finnzymes), 0.5
mM dNTPs (New England Biolabs), 4.6 mM oligo dT (New
England Biolabs) and RNasin RNase inhibitor N211A (20 U,
New England Biolabs), incubated, 2h, 42°C in a DNAengine
thermocycler (Bio-Rad). Fragments of the Aa-nat, Hiomt and
Tbp (TATA-binding protein, housekeeping gene) cDNAs
were amplified by PCR using the same primers described
below, gel purified and cloned in the pCR II-TOPO cloning
vector (Invitrogen). These cDNA fragments were used as
quantification standards for qRT-PCR.

In separate real-time RT-PCR assays, cDNA fragments
were amplified from each sample using the following primer
sets: Aa-nat (GenBank accession U46502) forward: 5’-TGT
CAGAGCTGCCCCAGATAAG, and reverse: 5°- AGATGA
AGGCTTCCCTCTCGAT (efficiency E=1.895 and sensi-
tivity 10%-107); Hiomt (GenBank X62309) forward: 5’-
ATTCAATCCCTGAAGCTGACCTC and reverse 5°-TCTT
CACTCAGGAGCGATTCAAC (efficiency E=1.936 and
sensitivity 10>-107); Thp (GenBank D83135) forward: 5’-
CAGACTCTTACCACAGCCCCT and reverse 5°- TCTT
CACTCAGGAGCGATTCAAC (efficiency E=1.908 and
sensitivity 10°-107). Reactions contained cDNA (10% of RT
reaction volume), SYBR green I, PCR master mix containing
polymerase (F-410L DyNAmo™ qPCR Kit F-410S/L,
Finnzymes) and 0.5 mM each gene-specific primer. The
reactions were carried out in a Quantica thermocycler
(Techne) under the following cycling conditions: 95°C for
10 min, followed by 55 cycles of 94°C for 20 s, 63°C for 20
s and 72°C for 20 s. Transcript level quantification was
performed by Quantica software. Each sample was assayed
in duplicate (in total six results for each time point). Results
from each time poit and season were averaged and
normalized to the mean Thp level.

Statistical Analysis

Statistical significance was determined by the Student's t
test. Data are expressed as means + S.E.

RESULTS

Aa-nat gene expression in the pineal glands of both
seasonal chicken groups was found to be higher in the
middle of the dark phase than in the light phase, and this
difference was statistically significant in chickens hatched
both in winter and in summer (p<0.01). Moreover, the level
of Aa-nat mRNA was much higher in “winter” than in
“summer” chicks, particularly in the light period (ZT6,
p<0.001) (Fig. 2A).

In contrast, pineal expression of the Hiomt gene exhibited
a significant (p<0.001) diurnal-nocturnal difference (with
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Fig. (2). Pineal Aa-nat (A) and Hiomt (B) gene expression in the middle of the light phase (ZT6, white bars) and in the middle of the dark
phase (ZT18, black bars) in chickens hatched in the winter and summer, quantified by qRT-PCR. Results are given as the mean (+ S.E.) for 3
pineal glands per group, measured in duplicate and normalized to the expression of the housekeeping gene 7bp. Asterisks (*) indicate a
significant difference between ZT6 and ZT18 (o vs. m) with following levels of significance *P< 0.05, **P<0.01, ***P< 0.001. The hash
sign (#) indicates a significant difference between winter and summer for the same ZT (m vs. m; O vs. 0) with following levels of significance
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Fig. (3). Pineal AA-NAT (A) and HIOMT (B) activity measured in the middle of the light phase (ZT6, white bars) and in the middle of the
dark phase (ZT18, black bars) in chickens hatched in winter and in summer. Other features as in Fig. (2).

elevated transcript level during the light phase) in the
chickens from both seasons. Furthermore, the quantity of
Hiomt mRNA was much higher in “summer” than in
“winter” chicks, especially in the light phase (ZT6, p<0.001)
(Fig. 2B). In addition, the number of copies of the Hiom¢
transcript was several times higher than that of Aa-nat.

The pineal AA-NAT activity of “winter” and “summer”
chickens exhibited a significant (p<0.01) nocturnal-diurnal
difference, and was generally much higher in the second
group (Fig. 3A). On the other hand, pineal HIOMT activity
differed neither diurnally nor seasonally, but had a tendency
to be higher in the “winter” birds (Fig. 3B).
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Fig. (4). Pineal tryptophan (A) and serotonin (B) content in the middle of the light phase (ZT6, white bars) and in the middle of the dark
phase (ZT18, black bars) in chickens hatched in winter and in summer. Other features as in Fig. (2).

The pineal content of tryptophan, the first substrate in the
melatonin biosynthetic pathway, was very high and remained
constant regardless of the season or the time of measurement
(Fig. 4A). The diurnal-nocturnal serotonin content was stable
in the pineal glands of “winter” chickens, while in those
hatched in summer it changed significantly (p<0.001), with
higher levels present in the middle of the dark phase (Fig.
4B). The level of serotonin differed seasonally, with
significantly (p<0.01) higher levels at ZT18 and significantly
(p<0.01) lower levels at ZT6 in chicks hatched in summer
compared with those hatched in winter.

DISCUSSION

Previously, we demonstrated season-related differences
in the shape of the curve describing nocturnal AA-NAT
activity in the pineal glands of 3-week-old male chickens
kept in controlled lighting conditions (L:D 12:12) [17].
Subsequent studies confirmed this observation and indicated
that this seasonality is also age-dependent, because the
nocturnal peak of AA-NAT activity in 2-day-old chickens
kept in the same conditions was much lower in winter than
in summer [18]. The present study was undertaken to
determine, which step of pineal melatonin biosynthesis in 2-
day-old chickens is influenced by the season of hatch. For
this purpose, the expression of genes encoding AA-NAT and
HIOMT, the activity of these enzymes and the content of the
main substrates, tryptophan (TRY) and serotonin (5-HT),
were examined in pineal glands isolated in the middle of the
light and dark phases from chicks kept under the artificial
photoperiod L:D 12:12.

Elevated nocturnal levels of Aa-nat mRNA were found in
birds hatched in both seasons, with significantly higher
expression in winter than in summer (Fig. 2A). In contrast,

the activity of AA-NAT was much lower in winter than in
summer, although exhibited the same nocturnal/diurnal pat-
tern in both seasons (Fig. 3A). This implies the involvement
of some factor(s) that contribute to the lack of straight
correlation between the amount of Aa-nat transcript and AA-
NAT enzymatic activity observed in the pineal gland of
chickens hatched in both seasons. Besides possible post-
transcriptional mechanisms, the AA-NAT protein may be
modified to produce a less/more active form or its enzymatic
activity may be modulated by some unidentified negative/
positive regulatory factor(s) [21]. These results also suggest
the existence of season-dependent regulation of AA-NAT
activity and/or protein level, which might be controlled at
different stages of the enzyme synthesis and processing, e.g.
at the translational level, by posttranslational processes such
as phosphorylation or binding to chaperone proteins, or by
modulation of the rate of protein degradation by proteasomal
proteolysis [22]. Similarly in sheep, the pineal Aa-nat
mRNA level was found to be only 2-fold higher at night
compared with day, while the nocturnal AA-NAT activity
was about 7-fold higher, suggesting that translational and/or
post-translational processes may also be involved in this
regulation [23]. On the other hand, transcriptional regulation
appears to play a major role in the rat pineal gland, where the
level of nocturnal 4a-nat mRNA was found to be more than
100-fold higher and corresponded to AA-NAT enzymatic
activity [24].

In the chicken pineal glands examined here, the amount
of Hiomt mRNA was very high at midday, which is out of
phase with the Aa-nat transcript (Fig. 2A, B). This pattern
seems to be characteristic of the chicken pineal gland,
because similar studies performed in the rat detected a noc-
turnal peak of Hiomt mRNA [25]. The difference between
midday and midnight levels of the Hiomt¢ transcript in 2-day-
old chickens appeared to be independent of the season of
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hatch, although the number of Hiomt mRNA copies was
significantly higher in “summer” chicks (Fig. 2B). More-
over, the quantity of Hiomt mRNA was 20-30 times higher
than that of 4a-nat. Despite the significant diurnal/nocturnal
difference in Hiomt gene expression in the pineal glands of
chickens from both seasons, HIOMT activity did not exhibit
similar difference, i.e. it was comparable at both light and
dark phase (Fig. 3B). In addition, HIOMT activity was 20-30
times lower than that of AA-NAT. However, it must be
stressed that while HIOMT catalyzes the O-methylation of 5
different HO-indole compounds present in the pineal gland
(N-acetylserotonin, 5-hydroxytryptophol, 5-hydroxytrypto-
phan, 5-hydroxytryptamine and 5-hydroxy-3-indoleacetic
acid) [26], in our experiment, HIOMT activity was assayed
using only N-acetylserotonin as the substrate.

The serotonin content of the pineal gland of “winter”
chickens did not exhibit diurnal/nocturnal differences,
whereas in those hatched in the summer it varied similarly to
the expression and activity of AA-NAT (higher in the middle
of the dark phase) (Fig. 4B). The elevation of nocturnal
levels of 5-HT depends on the expression/activity of
tryptophan hydroxylase (TrH), which transforms tryptophan
into 5-hydroxytryptophan (Fig. 1) and fluctuates in a clock-
driven circadian rhythm with high values occurring during
the night [27]. In addition, exposure to light during the night
causes a rapid reduction in nocturnal TrH activity [28]. The
activity of TrH controls the availability of serotonin;
therefore, its plays a very important role in melatonin
formation [29]. Serotonin can also be acetylated, although to
a lesser extent, by arylamine N-acetyltransferase (A-NAT),
which is present in the chick pineal gland and probably
contributes to daytime serotonin acetylation, since its activity
is stable and does not exhibit cyclical changes [30].

Finally, as the pineal content of the essential substrate
tryptophan is very high, regardless of the point of
measurement and season (Fig. 4A), this cannot be considered
as a factor limiting the level and daily changes of the second
measured substrate, serotonin. Diet is the main source of
amino acid tryptophan and its administration was found to
increase the level and amplitude of both 5-HT and melatonin
in the blood of ring doves [31]. On the other hand, nocturnal
tryptophan loading of the rat pineal gland led to substantial
increases in pineal levels of S5-hydroxytryptophan, 5-
hydroxyindole acetic acid (5-HIAA) and 5-HT, but resulted
in a highly significant reduction in AA-NAT activity. In
contrast to other measured indoles, melatonin levels were
also found to be significantly diminished by tryptophan
loading [32]. In our experiments, the diets of both parental
flocks and chicks were the same in winter and summer
seasons and adjusted to the period of laying hens’
development. It results probably in the same level of
tryptophan observed in the pineal gland of 2-day-old
chickens of both seasons, indicating, on the other hand, that
posttranscriptional processing of Aa-nat mRNA or/and AA-
NAT protein as well as the level of 5-HT may contribute to
the season-related changes in pineal biosynthetic activity.
This remains in line with our previous data [18] in which
AA-NAT activity measured at three nocturnal time-points
(ZT13,ZT17 and ZT20) was much higher in “summer” than
in “winter” chickens, suggesting that season-related differ-
rences do not consist in the changes in acrophase/rhythm but
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represent generally elevated chicken pineal activity observed
in summer.

The pineal gland, through the secretion of melatonin, is
essential for photoperiodic time measurement which allows
organisms to anticipate and adapt to changes in envi-
ronmental conditions [33]. Therefore, the profile of the
melatonin rhythm changes with the season [34]. This
phenomenon occurs not only in the natural environment but
also in the laboratory under different photoperiodic regimens
[35]. Furthermore, seasonality in reproduction has been
observed in mice kept for several generations in controlled
L:D 12:12 conditions [36]. The findings of the present study
are in agreement with those obtained in studies of mice, and
taken together they clearly suggest the existence of either
internal mechanisms capable of recognizing external lighting
conditions and/or a kind of “photoperiodic memory”, which
“remembers” the external lighting conditions experienced by
the parental animals or by itself as an embryo. Postnatal
circadian organization in the chicken pineal gland may be
influenced by embryonic lighting history [37], although it is
difficult to determine whether, or explain how, the external
lighting conditions experienced by laying hens (kept in
artificial photoperiod, 16h Light: 8h Darkness, regardless of
the season) and by the embryos during incubation (constant
darkness) are transmitted to the newly hatched chicks and
how this may influence the pineal circadian rhythm in a
season-dependent manner. However, the parents, through
their own rhythmic behaviour, can influence the microenvi-
ronment in which the embryo develops. It was recently
proposed that an epigenetic mechanism, such as the maternal
age effect, can influence the hormonal content of eggs and
the behavioural phenotype of chicks [38]. Therefore, these
possible influences have to be taken into consideration when
experiments are performed on animals (at least chickens)
kept under constant lighting conditions during different
external seasons. Moreover, some knowledge about the
seasonality of chicken pineal gland activity could be useful
for chicken farms or hatcheries, since the melatonin bio-
synthetic machinery in the pineal gland and the immune
function [17] of chickens are season-dependent, even when
the birds are kept in controlled artificial lighting conditions.

CONCLUSIONS

The results of this study suggest the existence of some
factors that serve as “external timekeepers” for the chicken
embryo, regulating post-transcriptional events affecting two
key enzymes that catalyze the final steps of melatonin
biosynthesis in the chicken pineal gland. These factors seem
to be season-related, and therefore, suggest a maternal
influence on the early postnatal pineal gland development in
chickens. The possible influence of the natural season on
pineal gland function in chickens (and perhaps other species)
should be taken into consideration even when experimental
animals are kept in controlled laboratory conditions.
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