
INTRODUCTION

Biological rhythms (i.e., daily changes in biological
parameters) are fundamental properties of nearly all of the living
organisms studied to date (1-3). Almost all daily changes in the
physiological state (also referred to as circadian rhythms) are
generated by endogenous oscillators that are active for nearly 24
hours, even when organisms are placed in an unchanging
environment, such as constant darkness (D:D). These
endogenous oscillators are synchronized or entrained to the local
time via the detection of an ambient cue or time giver (ZT,
Zeitgeber time); thus, the endogenous phase corresponds
reliably to the environmental phase. The dominant ZTfor most
species is the light:dark (L:D) cycle, and specialized
photoreceptive and phototransduction mechanisms have evolved
in biological clock systems. The stable entrained oscillator, or
population of oscillators in avian species, in turn regulates
multiple downstream processes, conferring pacemaker
properties to the system. This activity is regulated by clock genes
and transcriptional-translational feedback loops. These clock
genes are highly conserved among species; Per and Cry encode

negative transcriptional regulators, while Bmal, Clock and
Npas2 encode positive regulators (3). Positive regulators are
capable of mediating the transcriptional regulation of genes
containing elements of enhancer box (E-box) sequences in their
promoters. The latter group of genes encode transcription factors
(TFs) that may regulate the cyclic expression of additional
clock-controlled genes (CCGs) as well as genes encoding the
PER and CRY proteinsvia a negative feedback loop. CCG-
dependent and negative feedback loop regulation occurs through
the binding of different TFs to promoter consensus sequences
other than E-box, such as DBP/E4BP4 binding (D-box) elements
and REV-ERBα/ROR binding (RRE) elements (4, 5).

The input mechanism for ZTdetection, together with the
pacemakers and their outputs constitute the biological clock. In
vertebrates, the regulation centers of circadian rhythms reside
in specialized structures such as the pineal gland, the retina and
the hypothalamic suprachiasmatic nuclei (SCN) (6). The pineal
gland synthesizes the indoleamine hormone melatonin (MEL)
rhythmically throughout the L:D cycle, with a peak occurring
at night, while a low basal level is maintained during the day.
This hormone is not stored in the pineal gland but is released
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Our recent research on the pineal gland of young chickens confirmed that three genes encoding enzymes involved in
pineal melatonin biosynthesis, tryptophan hydroxylase 1 (Tph1), arylalkylamine-N-acetyltransferase (Aanat) and
acetylserotonin O-methyltransferase (Asmt), are transcribed rhythmically under light:dark (L:D) 12:12 conditions in
vivo. Additionally, in the pineal gland of maturing chickens, the dopa decarboxylase (Ddc) gene is transcribed
rhythmically at a specific stage of the developmental process. Therefore, the aim of the present study was to verify
whether all of these genes are transcribed rhythmically in vivo under constant darkness (D:D) and in pinealocyte cultures
under both L:D and D:D. Experiments were performed on chickens maintained under L:D 12:12 conditions. Chickens
at 15 days of age were divided into two groups; chickens from the first group remained under the same conditions,
whereas those from the second group were kept in darkness. Subsequently, 16-day-old animals were sacrificed every 2
hours over a 24-h period. For the in vitro experiments, 16-day-old chickens were sacrificed at ZT6, and their pineal
glands were isolated. Pineal cultures were maintained for up to two days in L:D conditions. Then, the pinealocyte
cultures were divided into two groups: the first remained under L:D conditions, whereas the second was transferred to
D:D conditions. Pinealocytes were subsequently collected every 2 hours over a 24-h period. Transcription was evaluated
using the RT-qPCR method, and the rhythm percentage was calculated through Cosinor analysis. The mRNAlevels of
all genes examined were rhythmic under all conditions. Moreover, in silico analysis of the promoters of all of the genes
examined revealed the presence of enhancer box sequences in all of the promoters as well as DBP/E4BP4 binding
elements in the promoters of Tph1 and Asmt. This suggests that these genes may all be regulated transcriptionally by the
molecular clock mechanism and may be considered clock as controlled genes.
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immediately into the peripheral circulation; thus, the elevation
of its level in the blood corresponds to the night period.
Consequently, MEL conveys information about external
lighting conditions and the activity state of the central
oscillator (7).

The biosynthesis of MELoccurs through a well-
characterized sequence of enzymatic reactions, starting with
the active uptake of the essential amino acid tryptophan (TRP)
from the bloodstream into the mitochondria of pineal
parenchymal cells (8). In the mitochondria, TRPis transformed
into 5-hydroxytryptophan (5-HTP) via tryptophan hydroxylase
(TPH; E.C.1.14.16.4), which is encoded by the tryptophan
hydroxylase 1 gene (Tph1) in chickens (9). In the cytosol,
aromatic L-amino acid decarboxylase (AADC; E.C.4.1.1.28),
encoded by the dopa decarboxylase gene (Ddc), subsequently
converts 5-HTPinto 5-hydroxytryptamine (serotonin, 5-HT)
(10). Serotonin is then transformed into N-acetylserotonin
(NAS) via arylalkylamine-N-acetyltransferase (AANAT;
E.C.2.3.1.87), which is encoded by the arylalkylamine-N-
acetyltransferase gene (Aanat) (11). Finally, hydroxyindole-O-
methyltransferase (HIOMT; E.C.2.1.1.4), encoded by the
acetylserotonin O-methyltransferase gene (Asmt), converts
NAS into MEL (12).

The molecular details of the regulation of rhythmic MEL
biosynthesis vary among species (6, 13). The genes encoding
each of the enzymes participating in the MELbiosynthetic
pathway have been identified in several species and have been
cloned and sequenced. It was found that in chickens, at least
three of these genes (Tph1, Aanat and Asmt) are indirectly
regulated by the molecular clock within pinealocytes and
directly regulated by light at the transcriptional, translational
and post-translational levels (14). Thus, pineal MEL
biosynthesis is a rhythmic dynamic process. In contrast, Ddc
was thought to be an arrhythmic gene. However, our recent
research has indicated that the pineal gland of the chicken
undergoes post-embryonic maturation dependent on the
hatching season, and the circadian rhythm of MEL
biosynthesis is already established by the second day of
postembryonic life. Our data further indicated that in 2-day-
old birds maintained under a standard photoperiod (L:D,
12:12), both the Aanat and Asmt genes are expressed by this
time (15), regardless of the season, whereas the Tph1 gene is
expressed rhythmically in 2- and 9-day-old animals only in the
summer (16). Moreover, we found that in 9-day-old
individuals hatched in the summer season, Ddc gene
expression is also rhythmic. However, the daily changes in
Ddc mRNA levels are relatively small (16).

Taken together, these findings led us to hypothesize that all
genes encoding enzymes participating in MELbiosynthesis are
expressed rhythmically in the chicken pineal gland and that
their expression may be regulated by the molecular clock. To
verify these hypotheses, we examined daily changes in the
transcription of Tph1, Ddc, Aanat and Asmt in (1) pineal glands
isolated from 16-day-old chickens maintained under L:D to
verify whether these genes are transcribed rhythmically; (2)
pineal glands isolated from 16-day-old chickens maintained
under D:D conditions to verify whether the rhythm is
maintained without external light cues; and (3) pinealocyte
cultures under both L:D and D:D conditions to verify whether
the endogenous rhythm of gene transcription persists in vitro.
Additionally, we performed the Cosinor analysis of the results
in order to determine the rhythmicity of the investigated genes
expression. Moreover, to examine the possibility that these
genes might be CCGs, we scanned the promoter regions of all
four genes in silico for putative binding sequences of
transcriptional factors involved in the molecular mechanism of
circadian expression.

MATERIALS AND METHODS

Animals and experimental design

The experiments were performed using 928 male Hy-Line
chickens (Gallus gallus domesticus L.). The animals were
transported from a commercial hatchery to the animal facility of
the Faculty of Biology of the University of Warsaw on the day
of hatching and maintained under a strictly controlled cycle of
12 h light and 12 h dark (L:D 12:12), using strip lighting with a
250 lux intensity. The light was switched on at 6:00 A.M. The
temperature was 32 ± 2°C during first week and then gradually
decreased to 24 ± 2°C. The birds were provided free access to
standard food and water. For the in vivo experiments, 15-day-old
chickens were divided into two groups. The birds in the first
group (L:D) remained in the same light conditions previously
described, whereas those in the second group (D:D) were moved
to constant darkness. On the next day, starting from ZT2
(Zeitgeber Time) or CT2 (Circadian Time) in the D:D group,
animals from each group were sacrificed every 2 hours over a
24-h period. The pineal glands of chickens from the L:D group
were isolated under strip lighting at a 250 lux intensity during
the day and under dim red light (< 10 lux intensity) at night,
whereas the pineal glands of birds from the D:D group were
isolated only under dim red light. The isolated pineal glands
were immediately frozen in liquid nitrogen and stored at –80°C
until further analysis. The experiments were performed twice in
the summer season.

In the in vitro experiments, 16-day-old chickens were
sacrificed at ZT6, and their pineal glands were isolated under
strip lighting at a 250 lux intensity, then kept in chilled (4°C)
buffer containing 120 mM NaCl, 25 mM NaHCO3, 5 mM KCl,
1.2 mM KH2PO4, 86.6 mM glucose and 0.1% bovine serum
albumin (Gibco/Invitrogen, Carlsbad, CA). Pineal cells were
dispersed in trypsin (0.25%, Sigma Aldrich, MO, USA) through
a 30 min incubation at 37°C and subsequently plated in modified
McCoy’s 5A medium (Gibco/Invitrogen, Carlsbad, CA)
containing an antibiotic and antimycotic solution (1%,
Gibco/Invitrogen, Carlsbad, CA) and 10% heat-inactivated fetal
bovine serum (Biochrome/Merck, Berlin, Germany). Cells from
up to 160 glands were seeded in 6-well plates (Primaria, Corning,
NY, USA) at a concentration of 1.4 × 106 cells per well. The
cultures were maintained in a humidified incubator at 41°C with
5% CO2 and fed through the exchange of medium at least daily.
Serum-containing media were used throughout the full three days
of culture. Cells were maintained under L:D 12:12 for the
duration of culture. Pinealocyte cultures in the L:D group
remained under L:D 12:12 until the end of the experiment,
whereas those in the D:D group were moved to constant darkness
after two full days of culture. The next day, starting from ZT2 or
CT 2 in the D:D group, pinealocytes from each group were
collected every 2 hours over a 24-h period from 6 wells per time
point. The pinealocytes in the L:D group were collected and
treated under strip lighting at a 250 lux intensity during the day
and under dim red light (< 10 lux intensity) at night, whereas the
pinealocytes in the D:D group were always isolated and treated
under dim red light. The first step in the isolation of mRNAfrom
pinealocytes was to wash the cells twice with PBS and then add
400 µl of cell lysis buffer RI to each well (AxyPrep Multisource
Total RNA Miniprep Kit, Axygen Bioscences, CA, USA). The
lysates were immediately frozen in liquid nitrogen and stored at
–80°C until further analysis. The experiments were performed
twice in the summer season.

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. The protocol was



approved by the First Local Ethical Council in Warsaw (Permit
No 227/2011 and No 477/2013).

Isolation and quantification of mRNA

In the in vivo as well as in in vitro experiments, total RNA
was isolated from the pineal glands of the animals and from the
pinealocyte cultures using the AxyPrep Multisource Total RNA
Miniprep Kit (Axygen Bioscences, CA, USA). The
concentration of RNAwas assessed using a spectrophotometer
(NanoDrop), and its quality was assessed via gel
electrophoresis. In addition, DNase treatment was performed
(RQ1-RNase-Free DNase, Promega, WI, USA) following the
instructions of the manufacturer. The reaction mixtures for
reverse transcription (RT) contained 1,000 ng of total RNA, 2
µl of Maxima Enzyme Mix, 4 µl of 5 × Maxima Reaction Mix
(Maxima First Strand cDNASynthesis Kit, Thermo Scientific,
MA, USA) and nuclease-free water (NFH2O, Thermo
Scientific, MA, USA) for a total volume of 20 µl. RT reactions
were performed in a thermal cycler (C1000 Touch, Bio-Rad,
CA, USA) employing the following incubation temperature
profile: 25°C for 10 min, 50°C for 30 min and finally 85°C for
5 min. The RT products were subsequently used in quantitative
real-time PCR assays (RT-qPCR) performed in 48-well
transparent plates (MicroAmp Fast Optical 48-Well Reaction
Plate, Applied Biosystems/Thermo Scientific, MA, USA).
Each RT-qPCR mixture contained a cDNAtemplate (10% of
the RT product in the in vivo experiments and 20% of the RT
product in the in vitro experiments), 5 µl of 2 × SYBR Green I
PCR master mix (Kapa SybrFast Universal qPCR Kit,
KapaBiosystem, MA, USA), the gene-specific forward and
reverse primers at 0.75 µM (Table 1) and NF-H2O added to a
total volume to 12.5 µl. The reactions were performed in a
thermal cycler (StepOneTM Real-Time PCR System, Applied
Biosystems/Thermo Scientific, MA, USA) using the following
conditions: 95°C for 20 s, followed by 40 cycles of
denaturation (95°C for 3 s), and annealing with extension
(58/63°C for 30 s). Fragments of the Tph1, Ddc, Aanat, Asmt
and Tbp (TATA-binding protein, reference gene) cDNAs were
cleaned and used as quantification standards (108 – 101) for
qPCR. Transcript-level quantification was performed using
Applied Biosystems software. Each sample was assayed in
duplicate. The results were normalized to the level of the Tbp
transcript and expressed as the number of mRNAcopies per
100 copies of Tbp mRNA. Pulled cDNAwith a well-known
level of gene transcription was used as an internal control
between the plates. The isolation of RNAand RT-qPCR was
carried out no later than 1 month after pineal gland or
pinealocyte collection.

In silico analysis

The in silico analysis of short promoter regions (–1,000/+100
from the transcription start site) from the chicken Tph1 (Gene ID:
395799, NC_006092.3), Ddc (Gene ID: 420947, NC_006089),
Aanat (Gene ID: 396066, NC_006105.3)and Asmt (Gene ID:
396286, NC_006088.3) genes was performed using the Biobase
Transfac® program, according to the standard protocol (17). The
first translation start codon was verified for the transcription start
site (TSS) in all genes analyzed, which was ATG in Tph1 and
Ddc, GCAin Aanat (9) and GCC in Asmt (18), at positions 1,583
(chromosome 5, gi|358485507:c11849927-11839352), 24,558
(chromosome 2, gi|358485510:c80780541-80708806), 4,352,229
(chromosome 18) and 128,389,030 (chromosome 1),
respectively.

Statistical analysis

The data, presented as the mean values ± S.E.M., were
compared through nonparametric statistical analysis.
Significance was assessed using the Kruskal-Wallis test,
followed by Dunn’s multiple-comparison post hoc test. The
differences were considered significant at P< 0.05. Statistical
analysis were performed using Statistica 10 PLsoftware
(StatSoft/Dell, TX, USA). In addition, the data were analyzed
using the Cosinor method as previously described (15). The
observed circadian variability is presented in Figs. 1-4 as a
cosine curve with approximations of the cosine function. The
midline estimation statistics of the rhythm and the rhythm
percentage were computed, and the data are presented in Tables
2 and 3. Rejection of the zero-amplitude assumption for the
approximating function at P< 0.05 was considered to
demonstrate the significance of rhythmicity.

RESULTS

Pineal Tph1 mRNA levels

The Kruskal-Wallis test indicated significant daily
variability in pineal Tph1 gene transcription (Table 2), both in
chicks maintained under L:D 12:12 conditions and those
maintained under constant darkness (Fig. 1A and 2A). Dunn’s
multiple-comparison post hoc test revealed that in birds
maintained under L:D 12:12 conditions, the transcription rate
began to increase at ZT6 (P< 0.01) and reached a plateau at the
highest level at ZT8 (P < 0.00001), then finally began to
decrease at ZT20 (P< 0.01). Similarly, in animals maintained
under D:D conditions, transcription began to increase at CT6 
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Gene (accession no.) Primer set  

Tph1 (U26428.1) 

 
 

Ddc (XM419032.2) 

 
 

Aanat (U46502.1) 

 
 

Asmt (X62309.1) 

 
 

Tbp (D83135) 

Forward: ACTGTATACCGAGAGCTTAACAA  

Reverse: GTGAAAAACTCTGAATGCTAATC  
 

Forward: TATAACACTGTTTGGGTCCTATC  

Reverse: AGGAAACTTTTAAGGAGAGAGAA   
 

Forward: TGTCAGAGCTGCCCCAGATAAG  

Reverse: AGATGAAGGCTTCCCTCTCGAT  
 

Forward: ATTCAATCCCTGAAGCTGACCTC  

Reverse: TCTTCACTCAGGAGCGATTCAAC  
 

Forward: CAGACTCTTACCACAGCCCCTTT  

Reverse: CAAGTTTGCAACCAAGATTCACC  

Table 1. Primers used for RT-qPCR analysis.
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Fig. 1. Daily changes in the mRNAlevels of Tph1, Ddc, Aanat
and Asmt in chicken pineal glands in vivo. The mRNAlevels
were determined using pineal glands harvested from 16-day-old
chicks reared under L:D conditions (n = 12).

Fig. 2. Daily changes in the mRNAlevels of Tph1, Ddc, Aanat
and Asmt in the chicken pineal glands in vivo. The mRNAlevels
were determined using pineal glands harvested from 16-day-old
chicks reared in constant darkness D:D (n = 12).
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Fig. 3. Daily changes in the mRNAlevels of Tph1, Ddc, Aanat
and Asmt in chicken pinealocyte cultures in vitro. The mRNA
levels were determined using pinealocytes maintained under
L:D conditions (n = 12).

Fig. 4. Daily changes in the mRNAlevels of Tph1, Ddc, Aanat
and Asmt in chicken pinealocyte cultures in vitro. The mRNA
levels were determined using pinealocytes kept in constant
darkness, D:D (n = 12).



(P < 0.01), reached a plateau at the highest level at CT8 (P<
0.05), but began to decrease earlier than in the L:D animals, at
CT 18 (P< 0.05). The Cosinor analysis revealed significant daily
rhythmicity of pineal Tph1 mRNA levels, regardless of the
experimental light conditions, with the acrophase occurring
during the transition from light to darkness (Table 2). However,
in the birds that were reared in constant darkness, the amplitude
of the mRNArhythm was lower than in those maintained under
L:D 12:12 conditions (Fig. 1A and2A, Table 2).

Pineal Ddc mRNA levels

The Kruskal-Wallis test revealed that pineal Ddc gene
transcription exhibited significant daily variability (Table 2) both
in animals reared in L:D 12:12 conditions and in those reared in
constant darkness (Fig. 1B and 2B). Dunn’s multiple-
comparison post hoc test indicated that in chicks maintained
under L:D 12:12 conditions, transcription began to increase at
ZT 8 (P< 0.01), reached its highest level at ZT16 (P< 0.000001)
and then began to decrease at ZT20 (P< 0.001). In contrast, in
birds reared in constant darkness, although transcription also
began to increase at CT8 (P< 0.05), it had already reached its
highest level at CT12 and 14 (P< 0.05) and then decreased
rapidly at CT24 (P< 0.05). The Cosinor analysis demonstrated
significant daily rhythmicity of pineal Ddc mRNA levels,
regardless of the experimental light conditions (Table 2), with
the acrophase occurring during the transition from light to
darkness. Nevertheless, in chickens maintained under constant
darkness, the amplitude of the mRNArhythm was lower than in
those maintained under L:D 12:12 conditions (Fig. 1B and2B,
Table 2).

Pineal Aanat mRNA levels

The Kruskal-Wallis test revealed significant daily variability
in pineal Aanat gene transcription (Table 2) in birds maintained
under both L:D 12:12 conditions and constant darkness (Fig. 1C
and 2C). Dunn’s multiple-comparison post hoc test revealed that
in animals reared under L:D 12:12 conditions, transcription
increased rapidly at ZT12 (P< 0.001), remained at this elevated
level until reaching a peak at ZT20 (P< 0.001), and finally
decreased rapidly at ZT24 (P < 0.001). Similarly, in chicks
hatched in constant darkness, gene transcription increased
rapidly at CT12 (P< 0.05), then remained at an elevated level
until reaching its peak at CT20 (P < 0.001), and finally
decreased rapidly at CT24 (P < 0.05). The Cosinor analysis
indicated significant daily rhythmicity of pineal Aanat mRNA
levels, regardless of the experimental light conditions (Table 2),

with the acrophase occurring in the middle of the scotophase. In
birds kept in constant darkness, however, the amplitude of the
mRNA rhythm was lower than in those maintained under L:D
12:12 conditions (Fig. 1C and2C, Table 2).

Pineal Asmt mRNA levels

The Kruskal-Wallis test revealed that pineal Asmt gene
transcription exhibited significant daily variability (Table 2) in
chicks reared under both L:D 12:12 conditions and in constant
darkness (Fig. 1D and 2D). Dunn’s multiple-comparison post
hoc test showed that in animals hatched in L:D 12:12 conditions,
transcription began to increase at ZT24 (P< 0.01), reached its
maximum at ZT4 (P< 0.01) and then decreased gradually until
ZT 14 (P < 0.01). On the contrary, in birds kept in constant
darkness, transcription began to increase at CT2 (P < 0.001),
reached its maximum at CT4 (P < 0.01) and then decreased
gradually until CT 10 (P < 0.05). The Cosinor analysis
demonstrated significant daily rhythmicity of pineal Asmt
mRNA levels, regardless of the experimental light conditions
(Table 2), with the acrophase occurring in the photophase. In
animals reared in constant darkness, however, the amplitude of
the mRNArhythm was lower than in those maintained under
L:D 12:12 conditions (Fig. 1D and2D, Table 2).

In vitro Tph1 mRNA levels

The Kruskal-Wallis test revealed significant daily variability
in Tph1 gene transcription in vitro (Table 3), in both pinealocytes
maintained under L:D 12:12 conditions and those kept in
constant darkness (Fig. 3A and 4A). Dunn’s multiple-
comparison post hoc test indicated that in cells cultured in L:D
12:12 conditions, the transcription rate remained at a low level
during the day and rapidly increased at ZT12 (P< 0.01) to reach
its highest level, then rapidly decreased at ZT18 (P< 0.001).
Similarly, in pinealocytes maintained under D:D conditions,
transcription remained at a low level during the subjective day
and rapidly increased at CT14 (P< 0.01), reaching its highest
level at CT16 (P< 0.0001), then began to decrease at CT18 (P
< 0.05). Interestingly, in pinealocytes kept in constant darkness,
transcription also increased at CT24 (P< 0.01). The Cosinor
analysis demonstrated significant daily rhythmicity of in vitro
Tph1 mRNA levels, regardless of the experimental light
conditions (Table 3), with the acrophase occurring during the
transition from light to darkness. However, in the pinealocytes
that were kept in constant darkness, the amplitude of the mRNA
rhythm was higher than in those maintained under L:D 12:12
conditions (Fig. 3A and 4A, Table 3).
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Gene Group Daily variability 

H value      P value 
                                                Cosinor analysis 

% of rhythm    F value      P value       mesor     amplitude           acrophase 

                                                                                                  degrees     minutes
 

Tph1 
 

 

 

Ddc 
 

 
Aanat 
 

 

 

Asmt 

L:D 

D:D 
 

L:D 

D:D 
 

L:D 

D:D 
 

L:D 

D:D 

190.6       P < 0.0001   

138.2       P < 0.0001  
   

159.6       P < 0.0001   

75.31       P < 0.0001   
   

190.1       P < 0.0001   

168.5       P < 0.0001   
   

206.1       P < 0.0001   

133.0       P < 0.0001  

      85.78          27.14      P < 0.001     49472      31049         –191,65       766,6  

       89.95          40.28      P < 0.001     48766      27833         –162,28        649,1 
 

      92.49          55.40      P < 0.001      1736        1114          –219,21        876,8 

       85.79          27.18      P < 0.001      1892         736           –201,83        807,3 
 

      90.53          43.01      P < 0.001     21433      19365         –257,65      1030,6 

       87.92          37.75      P < 0.001     20772      15290         –260,22      1040,9 
 

       76.46          14.61      P < 0.01       42996      43600           –75,73        302,9 

       72.25          11.71      P < 0.01       36273      25757           –60,53        242,1  

 

Table 2. Percentage of rhythm and Cosinor analysis of the mRNAlevels of Tph1, Ddc, Aanat and Asmt in chicks maintained under
L:D and D:D conditions in vivo.



In vitro Ddc mRNA levels

The Kruskal-Wallis test indicated that the in vitro transcription
of the Ddc gene exhibited significant daily variability (Table 3)
both in pinealocytes cultured in L:D 12:12 conditions and those
reared in constant darkness (Fig. 3B and 4B). Dunn’s multiple-
comparison post hoc test revealed that in pinealocytes maintained
under L:D 12:12 conditions, transcription significantly increased
only at ZT16 (P< 0.05). In contrast, in pinealocytes cultured in
constant darkness, transcription increased rapidly at CT14 (P<
0.0001), reaching its maximum level at this point, then remained
at a high level at CT16 (P< 0.01), and finally began to decrease
rapidly at CT 20 (P < 0.05). The Cosinor analysis revealed
significant daily rhythmicity of in vitro Ddc mRNA levels,
regardless of the experimental light conditions (Table 3), with the
acrophase occurring during the transition from light to darkness.
Nevertheless, in cells cultured in constant darkness, the amplitude
of the mRNArhythm was higher than in those maintained under
L:D 12:12 conditions (Fig. 3B and 4B, Table 3).

In vitro Aanat mRNA levels

The Kruskal-Wallis test indicated that the in vitro transcription
of the Aanat gene exhibited significant daily variability (Table 3)
in pinealocytes maintained under both L:D 12:12 conditions and
in constant darkness (Fig. 3C and 4C). Dunn’s multiple-
comparison post hoc test demonstrated that in cells cultured in
L:D 12:12 conditions, Aanat gene transcription remained at the
lowest level during the day (P< 0.05), then began to increase to
reach a peak at ZT18 (P< 0.05), and finally decreased rapidly at
ZT 4 (P < 0.01). In pinealocytes cultured in constant darkness,
gene transcription remained at a relatively high level, with a peak
being observed at CT22 (P< 0.05). However, the Cosinor analysis
revealed that the in vitro daily rhythmicity of the Aanat mRNA
level was significant, regardless of the experimental light
conditions (Table 3), with the acrophase occurring in scotophase.
Nevertheless, in cells kept in constant darkness, the amplitude of

the mRNArhythm was higher than in those maintained under L:D
12:12 conditions (Fig. 3C and4C, Table 3).

In vitro Asmt mRNA levels

The Kruskal-Wallis test revealed significant daily variability
of the transcription of the Asmt gene in vitro (Table 3) in
pinealocytes cultured under both L:D 12:12 conditions and
constant darkness (Fig. 3D and4D). Dunn’s multiple-comparison
post hoc test demonstrated that in cells maintained under L:D
12:12 conditions, transcription remained at the relatively low
level with a nadir at ZT12 (P < 0.05). On the contrary, in
pinealocytes kept in constant darkness, transcription remained at
its highest level during the subjective day, with a peak being
observed at CT2 (P < 0.0001). Transcription then decreased
gradually from CT12 (P< 0.01) until reaching its lowest level at
CT 20 and 24 (P< 0.0000001). The Cosinor analysis indicated
significant daily rhythmicity of in vitro Asmt mRNA levels,
regardless of the experimental light conditions (Table 3), with the
acrophase occurring during the transition from light to darkness
in L:D conditions and in the photophase in D:D conditions. In
cells kept in constant darkness, however, the amplitude of the
mRNA rhythm was higher than in those maintained under L:D
12:12 conditions (Fig. 3D and4D, Table 3).

In silico analysis

The in silico analysis of short promoter regions (–100/+100
from the transcription start site) from the chicken Tph1, Ddc,
Aanat and Asmt genes indicated that all of these genes may
potentially be regulated transcriptionally by the molecular clock
mechanism. The analysis predicted 7 enhancer box sequences
(E-box) in the Tph1 promoter, 9 sequences in theDdc promoter,
11 sequences in the Aanat promoter and 4 sequences in the Asmt
gene promoter (Table 4). In addition, DBP/E4BP4 binding
elements (D-box) were demonstrated to be present in the
promoters of Tph1 and Asmt.
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Gene Group Daily variability 

H value        P value 
Cosinor analysis 

% of rhythm    F value      P value         mesor        amplitude           acrophase 

                                                                                                       degrees     minutes
 

Tph1 
 

 

 

Ddc 
 

 
Aanat 
 

 
 

Asmt 

L:D 

D:D 
 

L:D 

D:D 
 

L:D 

D:D 
 

L:D 

D:D 

51.38        P < 0.0001   

45.39        P < 0.0001   
   
34.59        P < 0.001   

46.99        P < 0.0001  
   
42.77        P < 0.0001  

28.4          P < 0.01   
   
29.2          P < 0.01   

100.58      P < 0.0001   

      62.18          7.4           P < 0.025        332              194            –214,24      856,9  

      64.97          8.35         P < 0.01        8436             2994           –244,5        978,0  
 

      71.62          11.36       P < 0.01          12,8             6,33           –306,73     1226,9  

      83.82          23.3         P < 0.001        341              167            –204,48      817,9  
  

      67.42          9.31         P < 0.01          166              117            –330,9       1323,6  

      58.49          6.34         P < 0.025       1987             494            –306,96     1227,8  
  

      63.64          7.88         P < 0.025        289               114            –19,71          78,9  

      53.08          5.09         P < 0.05         4596            2288            –77,78         311,1  

 

Table 3. Percentage of rhythm and Cosinor analysis of the mRNAlevels of Tph1, Ddc, Aanat and Asmt in pinealocytes maintained
under L:D and D:D conditions in vitro.

 

Position in the gene promoter 

Gene 

Tph1 
 

Ddc 
 

Aanat 
 

Asmt 

DBOX 

–976  
 

 
 

 
 

–50 

EBOX 

–907  –866  –785  –717  –558  –395  +52     
 

–927  –909  –543  –505  –356  –234  –210  –64    +91    
 

–774  –708  –677  –634  –546  –362  –328  –294  –145  –50  +23   
 

–645  –442  –289  –82         

Table 4. In silico analysis (Biobase, ExPlain software) of the –100/+100 region of the chickenTph1, Ddc, Aanat and Asmt genes (+1,
TSS), revealing the location of predicted D-box and E-box elements.



DISCUSSION

It is generally accepted that genes that remain under the
control of the molecular biological clock are expressed
rhythmically under L:D conditions as well as under constant
conditions of either darkness (D:D) or dim light (dim L:L) (14),
both in vivo and in vitro. Therefore, the aim of the present study
was to verify whether all of the genes encoding enzymes
participating in MEL biosynthesis in the pinealocytes of
chickens are transcribed rhythmically under these conditions.
Moreover, we sought to examine whether all of these genes may
be defined as clock-controlled genes (CCGs). CCGs should
contain E-box elements in their promoters; therefore, we
performed an in silico analysis of short promoter regions. The
results of this study clearly confirmed that all of these genes
exhibit a circadian rhythm in the pineal glands (in vivo) as well
as isolated pinealocytes of 16-day-old chicks (in vitro) under
L:D 12:12 light conditions. Moreover, rhythmicity was sustained
when the animals or pinealocytes were transferred to D:D
conditions. We found that the expression of the Aanat gene was
at its highest level during the scotophase, whereas the maximum
expression of Asmt occurred during the photophase.
Additionally, the Tph1 and Ddc genes were expressed at their
highest levels during the transition from light to darkness. We
also found possible E-box and D-box binding sites in the
promoters of the investigated genes.

These results are consistent with the available data
concerning the diurnal profiles of Tph1, Aanat and Asmt gene
transcription in the pineal glands of chickens. The first day/night
changes in Asmt gene expression were observed in pineal glands
collected from chicks between day 8 of embryonic life and day
31 post-hatching (19). The first gene to be recognized as
rhythmic, both in pineal glands and chicken pineal cultures, was
Tph1 (20). The authors showed that the circadian rhythm of
Tph1 not only persisted under L:D 12:12 conditions, but was
also sustained in constant darkness. In a later study, circadian
rhythm of Aanat expression was demonstrated in chicken pineal
cells cultured under both L:D 12:12 and D:D conditions (11).
Moreover, exposure to light during the first 6 h of the night was
shown to inhibit the nocturnal increase in the mRNAlevel of
Aanat. The same authors confirmed day/night changes in the
expression of the Tph1, Aanat and Asmt genes in both pineal
glands and chicken pineal cultures. They also found day/night
changes in the expression of the Tph1 and Aanat genes in the
chicken retina (21). Interestingly, it was observed that in contrast
to the pineal gland, exposure to light at night does not suppress
Aanat gene expression in the chicken retina (11). In light of these
results, the Ddc gene was thought to be arrhythmic. Moreover,
this gene was generally believed to be constitutively expressed
at a high level (22, 23), and it has therefore been disregarded and
generally not even tested alongside the other parameters.

Two new methodological approaches have been introduced
in recent years: 1) characterization of microRNAs (miRNA) as
new players in the regulation of gene expression; and 
2) microarray transcriptome analysis. Profiling of the pineal
miRNA population in mammals (24) indicated that it exerts
limited influence on the expression of genes encoding enzymes
involved in MEL biosynthesis. Microarray analysis has been
applied to the study of both avian (25, 26) and mammalian (27-
30) pineal physiology. Bailey and co-workers investigated the
mRNAs encoding the enzymes of the MELbiosynthesis
pathway in chicken pineal glands under L:D conditions. They
found that the highest levels of Tph1 and Ddc mRNA occurred
in the early evening, while for the Aanat gene, the levels were
highest during the night. In contrast, the level of Asmt mRNA
peaks during the day (25). However, these researchers detected
significant daily oscillations in the level of pineal Ddc mRNAin

chickens maintained under L:D 12:12 conditions, with a lack of
rhythmicity being observed under D:D conditions. Interestingly,
these authors also identified orthologues of some mammalian
clock genes in the chicken pineal gland and suggested that the
expression of Tph1, Aanat and Asmt remains under clock
control. Our results are in partial agreement with the above-
mentioned studies. Comparison of our results with other
published data indicated the same diurnal changes in the mRNA
levels of the Tph1, Aanat and Asmt genes in chickens (11, 19,
21). However, our results clearly indicated that the Ddc gene is
transcribed in vivo in a rhythmic fashion, with a 6-fold increase
being observed during the first half of the night. This
inconsistency may be due to differences in the experimental
procedures adopted. Bernard and colleagues used 1- or 2-day-
old animals in their in vitro experiments, whereas the in vivo
experiments were conducted on older birds (11, 21). Moreover,
in the aforementioned studies, the season of hatching was not
taken into consideration. Our recent studies indicate that the
chicken pineal gland matures between the 1st and 16th day of life,
and the duration of the maturation may vary between seasons
(15, 16). Some processes that occur in this period are arrhythmic
in the youngest birds, and rhythmicity develops in older ones.
Additionally, we were able to employ chronobiological cosine
analysis because of the frequent and regular (every 2 hours over
a 24-h period) collection of the pineal glands and mRNA
measurements performed in the present work. Moreover, the
expression of Ddc in chicken pineal glands as well in
pinealocyte cultures is quite low in comparison with expression
of other pineal genes. Thus, the previously applied methods
might have been insufficient to measure Ddc expression.

Although most of our knowledge concerning the vertebrate
molecular clock has been derived from studies in rodents,
several orthologues of the mammalian clock genes have been
identified in birds (31). These genes encode positive proteins,
such as CLOCK, MOP4 (NPAS2), BMAL1 and BMAL2;
negative proteins, such as CRY1, CRY2 and PER2, PER3; and
regulatory elements, such as E4BP4. Rhythmic changes in
clock gene expression are responsible for the measurement of
biological time in animals and influence their physiology
through the expression of CCGs containing E-box enhancer
elements (32). In addition to the clock genes described above,
auxiliary transcriptional-translational feedback loops have also
been identified. In mammals, two other promoter elements, the
DBP/E4BP4 binding element (D-box) and the REV-
ERBα/ROR binding element (RRE), were also found to
participate in cellular clock functions. REV-ERBα, an orphan
nuclear receptor, negatively regulates the activity of
CLOCK:BMAL1. The same mechanism controlling Per and
Cry gene transcription also regulates the transcription of REV-
ERBα. Similarly, the transcription factor DBPis positively
regulated by the CLOCK:BMAL1 complex and acts as an
important output mechanism, driving the rhythmic transcription
of other output genes via a PAR basic leucine zipper factor
(PARbZIP) (33).

As presented in the current work, our in silico analysis of
short promoter regions (–100/+100 from TSS) of chicken genes
encoding enzymes that catalyze pineal MELbiosynthesis
provided additional support for our suggestion that all of the
analyzed genes may potentially be regulated transcriptionally by
the molecular clock mechanism. Our analyses revealed the
presence of E-box sequences in the promoters of the Tph1, Ddc,
Aanat and Asmt genes and D-box sequences in the promoters of
Tph1 and Asmt. The transcription of Aanat and Asmt, the most
frequently examined genes among the genes encoding enzymes
participating in MELbiosynthesis, is regulated via numerous
endogenous and exogenous factors. Noteworthy among these
factors are clock genes working through E-box and D-box
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promoter binding sites, cAMP-responsive elements (CRE) and
inducible cAMPearly repressor (ICER), which interact with
CRE-binding protein (CREB), mediating positive and negative
transcriptional regulation. Two CRE-like sequences (CLSs) and
two E-box elements were identified in the chicken Aanat gene
promoter. Moreover, it was revealed that a complex of TFs (c-
Fos/JunD/pCREB) may augment the E-box-activated
transcription of Aanat at night through effects on the CLSs and
via characteristic regulatory elements (repetitive 8 × TTATT
motif) in the proximal promoter (34). Analyses of the chicken
Aanat and Asmt promoters also revealed the presence of
potential binding sites for the photoreceptor-specific
transcription factor cone-rod homeobox-containing protein
(CRX). In addition, sixteen potential E-box elements were
identified in the Asmt promoter (18, 35). Prior to our study, the
relative dearth of available data meant that little was known
about the transcriptional regulation of pineal MELbiosynthesis
in birds, and major gaps in our knowledge remain. However, a
few recent studies conducted in chickens have confirmed the
involvement of clock genes in the regulation of Aanat
transcription via suppressing its transcription using Bmal1
antisense oligonucleotides (36)and throughRNA interference
(RNAi)-mediated knockdown of CLOCK and NPAS2 (37).
Involvement of MAPkinases and cFos/Jun in the rhythmicity of
pineal MELbiosynthesis in birds has also been noted, but the
relevant results have not been consistent (38, 39).

MEL is an universal and multifunctional molecule. In
vertebrates this hormone is synthesized not only in the pineal
gland, but also in many peripheral tissues, and is well known to
regulate many physiological processes including seasonal
reproduction, locomotor activity and immunity. It was
demonstrated that MEL, which exerts its biological role acting
trough both G protein-coupled membrane receptors as well as
cytoplasmic and nuclear receptors, may affect the function of the
pituitary-adrenal cortex axis (40). Moreover, a paracrine
function of C-cell-synthesized MELwithin thyroid gland was
reported recently (41). Additionally, it was also found that MEL
is involved in thyroid function by regulating thyroglobulin gene
expression (41). It was also shown that MELmay stimulate
differentiation of mesenchymal stem cells into osteoblastic cell
lineage as well as may inhibit proliferation and differentiation of
osteoclasts (42). On the other hand the new studies demonstrate
that changes of the carbon monoxide concentration may impact
on the systemic MELlevel (43). These numerous functions of
MEL indicate that knowledge about the regulation of its
biosynthesis may be crucial for understanding the numerous
properties of this hormone.

In conclusion, we observed rhythmic expression of all of the
genes involved in pineal MELbiosynthesis in chicks maintained
under both L:D and D:D conditions and in pinealocytes cultured
in comparable light conditions. Moreover, our in silico analysis
suggested the existence of enhancer box sequences in the
promoters of all of the examined genes and DBP/E4BP4 binding
elements in the promoters of Tph1 and Asmt. Taken together, our
findings suggested that the Tph1, Ddc, Aanat and Asmt genes are
clock-controlled genes, which must be confirmed through
further functional promoter analyses of all genes encoding
enzymes participating in MELbiosynthesis.
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