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Abstract — The mRNAs encoding three enzymes of the melatonin synthesis pathway (tryptophan
hydroxylase (TPH), arylalkylamine-N-acetyltransferase (AANAT) and hydroxyindole-O-methyl-
transferase (HIOMT)) are expressed with a day/night rhythm in the chicken pineal gland and retina.
TPH and AANAT mRNA levels reach their peak at night. HIOMT mRNA levels peak at night in the
retina, but during the day in the pineal gland. In this tissue, the rhythm of TPH, AANAT and HIOMT
mRNA levels persisted in constant darkness (DD), both in vivo and in vitro, indicating that the three
genes are controlled by the circadian oscillator of the chicken pineal. In the retina, the rhythms of TPH
and AANAT mRNA levels also persisted in DD in vivo, suggesting that they are driven by a circa-
dian oscillator. In contrast, the rhythm of HIOMT mRNA in the retina appeared to be controlled
only by light. The clones of chicken AANAT and HIOMT genes that we have isolated should help
us to understand the molecular mechanisms of: 1) their transcriptional regulation by circadian oscil-
lators and by light; 2) their tissue-specific expression in the pineal gland and the retina. © Inra/
Elsevier, Paris
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Résumé — Voie de synthése de la mélatonine : régulation circadienne des génes codant pour les
enzymes clés, dans la glande pinéale et 1a rétine de poulet. Les ARNm codant trois des enzymes
de la voie de synthése de la mélatonine (tryptophane hydroxylase (TPH), arylalkylamine N-acétyl-
transférase (AANAT) et hydroxyindole-O-méthyltransférase (HIOMT)) sont exprimés selon un
rythme jour/nuit, dans |’organe pinéal et la rétine de poulet. Les taux d’ARNm de la TPH et de
I’AANAT sont maximum pendant la nuit. Le pic du taux d’ARNm de ’HIOMT est atteint de nuit dans
la rétine, mais de jour dans I’organe pinéal. Dans ce tissu, les rythmes des taux d’ARNm de la TPH,
de AANAT et de I'HIOMT persistent a I’ obscurité constante (DD), a la fois in vivo et in vitro, ce
qui suggere qu’ils sont contrdlés par I’oscillateur circadien de I’organe pinéal de Poulet. Dans la
rétine, les rythmes des taux d’ARNm de la TPH et de ’AANAT persistent également en DD, in
vivo, ce qui indique qu’ils sont sous controle d’un oscillateur circadien. Par contre, le rythme d’ARNm
de ’HIOMT dans la rétine semble controlé uniquement par la lumiere. Les clones des génes de
I’AANAT et de I'HIOMT de poulet, que nous avons isolés, devraient aider a comprendre les méca-
nismes moléculaires : 1) de leur régulation transcriptionnelle, par les oscillateurs circadiens et par la
lumiére ; 2) de la spécificité tissulaire de leur expression, dans 1’organe pinéal et la rétine. © Inra/
Elsevier, Paris

mélatonine / tryptophane hydroxylase / arylalkylamine N-acetyltransferase / hydroxyindole-

O-methyltransferase/ pinéale/ rétine

1. INTRODUCTION

The production of the pineal hormone
melatonin shows a daily rhythm with a noc-
turnal peak. The duration of this peak
reflects the duration of the night and pro-
vides temporal information to the organism.
This melatonin rhythm influences many
physiological functions, including locomo-
tor activity and reproduction [1, 17, 35].
The main source of circulating melatonin
is the pineal gland. However, melatonin is
also produced in the retina where it seems to
act mainly as a local modulator of neuronal
activity and photoreceptor metabolism [5,
34, 44].

The rhythm of melatonin production in
the pineal is not merely driven by the
light/dark cycle, but is controlled by an endo-
genous mechanism. In birds, at least two cir-
cadian clocks are involved in this control:
one is located in the visual suprachiasmatic
nuclei and influences pineal melatonin pro-
duction through sympathetic innervation
[11, 12]; another one is located in the pineal
gland itself [8, 16]. In vivo experiments have
suggested the presence of yet another cir-
cadian oscillator in the chicken retina that

would control local melatonin production
[43]; however, in vitro experiments con-
firming this point are still needed. The exis-
tence of a retinal clock controlling mela-
tonin production has been demonstrated in
vitro for Xenopus [6, 10], zebrafish [9], ham-
ster [39] and mouse [40]. Day/night changes
in mRNA levels have been observed, in both
the pineal gland and the retina, for three of
the enzymes of the melatonin biosynthesis
pathway: tryptophan hydroxylase (TPH,
E.C.1.14.16.4), which converts tryptophan
to 5-hydroxytryptophan, arylalkylamine-
N-acetyltransferase (AANAT, E.C.2.3.1.87),
which converts 5-hydroxytryptamine (sero-
tonin) to N-acetyl-5-hydroxytryptamine
(N-acetylserotonin) and hydroxyindole-
O-methyltransferase (HIOMT, E.C.2.1.1.4),
which converts N-acetylserotonin to mela-
tonin. The transcriptional regulation of
AANAT generates a corresponding rhythm
of AANAT enzyme activity [3], which
appears to be responsible for the rhythm in
melatonin production, in the pineal gland
and the retina. The rhythm in TPH mRNA
levels [14, 19, 29] is followed by a low-
amplitude rhythm of TPH enzyme activity in
the retina [38] and of TPH neosynthesis in
the pineal gland [18]. HIOMT enzyme activ-
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ity only shows 20 % changes throughout
the light/dark cycle in the chicken pineal
gland [7] and no clear-cut day/night changes
in the retina (Bernard M., Voisin P., unpub-
lished results). However, the mRNA encod-
ing this enzyme is expressed with a daily
rhythm of significantly greater amplitude,
in the chicken pineal gland and retina [2,
30, 31]. In the present paper, our purpose
is to compare the patterns of rhythmic tran-
scription of these three genes and to delin-
eate the contributions of clock- versus light-
regulated mechanisms in the control of these
rhythms in the chicken pineal gland and
retina.

2. RHYTHMS OF TPH, AANAT
AND HIOMT mRNAs IN
THE CHICKEN PINEAL GLAND

Two forms of TPH mRNA are detected
in the pineal gland: a major transcript of
~4 kb and a minor one of ~3.5 kb. In chick-
ens raised under a light/dark cycle (LD),
these two forms of TPH mRNA show a
day/night rhythm with a peak in the early
dark phase (between ZT12 and ZT18) (fig-
ure 1A, see also [19]). The TPH mRNA lev-
els are increased about 6-fold at night as
compared to the daytime levels. A similar
pattern of oscillation is observed for the sin-
gle AANAT transcript (1.6 kb), although it
reaches its peak slightly later than the TPH
mRNA, between ZT15 and ZT21 (figure 1C).
The amplitude of the nocturnal increase in
AANAT mRNA is about 9-fold. The situa-
tion is clearly different for HIOMT, because
the rhythm of its mRNA is 180 degrees out
of phase with those of TPH and AANAT
mRNAs, i.e. the peak of HIOMT mRNA
(single transcript of 1.6 kb) occurs in the
middle of the light phase (figure I/E). The
difference between midday and midnight
levels of HIOMT mRNA is about 3-fold. It
should be noted here that this pattern seems
characteristic of the chicken pineal gland,
because similar studies performed in the rat
have shown a rhythm in HIOMT mRNA
with a nocturnal peak {23].

The rhythms in TPH, AANAT and
HIOMT mRNA levels in the chicken pineal
are not just passive responses to the
light/dark cycle, because they all persist
when the animals are maintained in con-
stant darkness (DD) [3, 14, 30]. The rhythms
of TPH and AANAT mRNA are also
observed in the pineals of chickens raised in
constant light (LL) [3, 14]; this type of study
has not been performed for HIOMT. The
persistence of these rhythms in constant
lighting conditions (DD or LL) indicates
that these three genes are controlled by a
circadian clock. Because the chicken pineal
gland contains its own oscillator [8, 16], the
next question to ask was whether this pineal
oscillator was the one involved in the rhyth-
mic expression of the TPH, AANAT and
HIOMT genes. To answer this question, the
levels of mRNAs transcribed from these
three genes were analyzed in vitro and in
constant darkness. These experiments
revealed that the rhythmicity of TPH,
AANAT and HIOMT mRNA levels also
persisted under these conditions: the TPH
and AANAT mRNA levels peaked during
the subjective night ([19, 29] and figure 2A),
whereas HIOMT mRNA levels peaked dur-
ing the subjective day (figure 2B). These in
vitro studies clearly demonstrated the role of
the pineal oscillator in generating the
rhythms of TPH, AANAT and HIOMT
mRNA levels. However, in vivo as well as
in vitro, the amplitude of the rhythms in
TPH, AANAT and HIOMT mRNA levels
was lower in DD than in LD. The damping
of the rthythms in TPH and AANAT mRNA
levels is mainly due to higher values in the
subjective day than in the effective day [3,
14], while the damping of the HIOMT
mRNA rhythm is mainly due to lower val-
ues in the subjective day than in the effective
day [30]. This observation suggests that,
although light is not required for rthythmic
transcription, it contributes to the mainte-
nance of low levels of TPH and AANAT
mRNAs and high levels of HHOMT mRNA
during the daytime. It is not known whether
this effect of light is mediated through the
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circadian clock (entrainment) or if it reflects
a direct response to the phototransduction
mechanism.

3. RHYTHMS OF TPH, AANAT
AND HIOMT mRNAs IN
THE CHICKEN RETINA

The mRNAs encoding TPH, AANAT
and HIOMT are also expressed with a
day/night rhythm in the chicken retina. For
TPH, this rhythm in mRNA is very similar
to the one observed in the pineal gland: the
levels of the two transcripts increase about
6-fold during the night, with a peak around
ZT15 (figure 1B). The rhythm in retinal
AANAT mRNA is also similar to the one
in the pineal gland, with maximum levels
during the dark phase, between ZT15 and
ZT21. The amplitude of the nocturnal
increase is, however, lower (4-fold) than in
the pineal gland (figure 1D). The mRNA
encoding HIOMT is expressed with a
day/night rhythm in the retina but, in con-
trast to the pineal gland, the mRNA levels
peak in the late dark phase (ZT22) and grad-
ually decrease during the light phase (fig-
ure 1F). The average difference between
day and night levels (5-fold) is greater than
in the pineal gland [31].

The oscillations in TPH and AANAT
mRNAs are still observed in the retina of
chickens maintained in DD or in LL [3, 14],
indicating that in this tissue, as in the pineal
gland, the expression of the two genes is
influenced by a circadian oscillator. The

question of whether this oscillator is located
within the retinal photoreceptor cells has
not been addressed directly by culturing
chicken retinal cells in DD. Instead, retinas
were injected with kainic acid, in vivo, to
destroy most of the inner retina. This treat-
ment, which apparently leaves the photore-
ceptor cells undamaged, does not affect the
TPH [14] or the AANAT mRNA rhythm
(Bernard M., Klein D., Iuvone M., unpub-
lished data) in LD. However, endogenous
rhythmicity (in DD or LL) after kainate
treatment has not been reported. For both
TPH and AANAT mRNAs, the amplitude
of the rhythms in DD or LL is markedly
reduced as compared to the one observed
in LD (3-fold increase instead of 6-fold for
TPH, 1.5- to 2-fold instead of 4-fold for
AANAT). This suggests that, in the retina,
the rhythmicity of TPH and AANAT
mRNA levels is more dependent upon the
light/dark cycle than in the pineal gland.
The rhythm in retinal HHOMT mRNA levels
has not been studied in DD or LL condi-
tions. However, the question of a possible
control by a circadian oscillator has been
addressed using a similar approach, for
example by extending the dark phase or the
light phase by 10 h. The nocturnal rise in
HIOMT mRNA levels did not occur in the
presence of light and conversely, the diurnal
decrease did not occur in the absence of
light [31]. The absence of a photorefractory
period in this retinal HHOMT mRNA rhythm
suggests that it is not driven by a circadian
clock, but occurs only as a passive response
to an inhibitory effect of light (figure 1F).
Altogether, these results suggest that light

Figure 1. Chickens were housed in a light/dark cycle (LD 12:12; lights on at zeitgeber time (ZT) 0).
The solid bars indicate when lights were oft. Pineal glands (A, C and E) and retinas (B, D and F) were
taken at the indicated times and processed for RNA analysis. Top panels: representative northern blot
analyses of TPH (A and B), AANAT (C and D), HIOMT (E and F) and actin mRNAs. Bottom pan-
els: quantitative analysis of the northern blots (@: A-F) and levels of AANAT activity (O: C and D)
in each experimental group. The abundance of TPH, AANAT and HIOMT transcripts has been nor-
malized to actin mRNA, to correct for variations in loading. Data are means of duplicate determinations
(= SD in panels E and F) and are expressed relative to the values at ZT2 (A and B), ZT5 (C), ZT8 (D),
ZT18 (E) or ZT12 (F). (Panels A and B are from [14]; panels C and D are from [3]; panel E is from

[29]; panel F is from [30].)
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Figure 2. A) Dissociated pineal cells from 1-day-old chicks were cultured for 4 days in a light/red cycle
(LR 12:12; white lights on at ZT0) and were transferred to constant red (RR). The filled bar indicates
when white light was off. Cells were harvested at the indicated times (zeitgeber times are indicated
as a reference). The top panel shows a representative northern blot analysis of AANAT and glycer-
aldehyde-3-phosphate-dehydrogenase (G3PDH) mRNAs. The bottom panel illustrates the quantita-
tive analysis of the northern blot, after normalization to the G3PDH signal (@), and the levels of
AANAT activity (O) at each time point. Values represent the mean of duplicate determinations and
are expressed relative to the first ZTS time point. (From [4].) B) One-day-old chicks were kept for
4 days in a light/dark cycle (LD 12:12; lights on at ZT0). Pineal glands were taken in the morning of
the 4th day and were cultured for 3 days under the same lighting schedule. On the 4th day of culture,
pineals were placed in constant darkness (black and grey horizontal bars) and were collected at the
indicated time points. The top panel shows a representative northern blot analysis of HIOMT and actin
mRNAs. The bottom panel is a quantitative analysis of the northern blot, after normalization to the
actin signal. Values represent the mean of duplicate determinations (= SD) and are expressed relative
to the first ZT18 time point. (From [29].)

has a major influence on gene expression 4. ELUCIDATING THE MOLECULAR
in the retina, an influence that may, in some MECHANISMS OF LIGHT-
cases (HIOMT), overrule that of the clock. AND CLOCK-CONTROLLED

The stronger effect of light in the retina than TRANSCRIPTIONAL REGULATION

in the pineal is also indicated by in vivo

. . We have recently cloned the genes and
experiments showing that acute exposure

the promoter regions of the chicken HIOMT

to light at night causes a small, but signifi- [25] and AANAT (Bernard M., Chong N.W.
cant, decrease in AANAT and TPH mRNA  gjeip D.C., unpublished results). These

levels in the retina, but does not affect the  ¢lones should now help to elucidate the
levels of these transcripts in the pineal gland  mechanisms of the transcriptional regula-
[3, 14]. tion of HIOMT and AANAT. Over the
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years, models have been proposed to explain
how transcription factors could generate an
endogenous rhythm of gene expression. One
of these models was based on the regula-
tion by cAMP-dependent transcription fac-
tors. The key actor in this regulation was
the inhibitory transcription factor ICER
(inducible cAMP early repressor), which is
expressed under control of a cAMP-
inducible promoter, located in an intronic
region of the CREM (cAMP regulatory ele-
ment modulator) gene [37]. The model pro-
posed was that of a negative autoregulatory
loop, initiated by the instability of the intra-
cellular level of cCAMP [36]: arise in cAMP
levels, subsequent to the activation of trans-
membrane receptors, can activate stimula-
tory transcription factors such as CREB,
which increases the transcriptional level of
cAMP-dependent genes, but it also causes
the expression of ICER, which represses the
transcription of these genes. The postulate
was that, when the ICER protein accumu-
lated, it inhibited its own expression, there-
fore releasing the repression and allowing
a new cycle of transcriptional activation.
Although attractive, this model could not
account for a self-sustained rhythmicity of
transcription, because it was dependent upon
the increase in intracellular cAMP levels.
In addition, this mechanism of gene regu-
lation by ICER was first demonstrated in
the rat pineal gland, an organ which does
not contain any circadian oscillator. Some
evidence suggest that, in the rat pineal gland,
ICER could control the shape and the ampli-
tude of the AANAT mRNA rhythm in
response to the adrenergic signal [20]. How-
ever, it does not seem to be a key element in
the genesis of this rhythm, because the
thythmic transcription of AANAT persists in
CREM-knockout mice [20]. In the avian
pineal gland, which does contain a circa-
dian oscillator, the contribution of cAMP
in the clock mechanism has not received
any experimental support. In cultured chick
pineal cells, agents which alter the intracel-
lular levels of cAMP are not able to phase-
shift the rhythm of melatonin and do not

interfere with the phase-shift induced by
light pulses [41, 42]. In addition, it seems
unlikely that the circadian expression of the
AANAT or TPH genes in the chicken pineal
gland relies on a cAMP-dependent mecha-
nism, because the transcription of these genes
is only moderately increased (20-50 %) by
cAMP [3, 29]. The expression of HHOMT
mRNA in the chicken pineal gland is
increased 2- to 3-fold in response to ele-
vated cAMP levels [26]. This regulation by
cAMP does not appear to be required for
the day/night rhythmicity of the HIOMT
transcript [26], but it might be able to influ-
ence the basal level of HIOMT gene tran-
scription. To conclude on the role of cAMP,
it should be noted that what is true for the
chicken pineal gland may not be a general
rule. Recent studies on the Xenopus retina
have shown that the circadian oscillator
located in this tissue is phase-shifted by vari-
ations in cAMP levels [32]. Xenopus retina
may therefore provide a valuable model sys-
tem to analyze the connection between
cAMP and circadian rhythms of transcrip-
tion.

The major alternative model of the cir-
cadian oscillator was based on the tran-
scriptional control by a ‘clock gene’. The
starting hypothesis was that this gene should
encode a transcription factor which could
sustain its own rhythmic expression, through
a negative feedback loop, but could also
control the rhythmic transcription of other
target genes. Several candidates meeting
these criteria had been identified in Neu-
rospora crassa (Frq) and in Drosophila (Per
and Tim) [27, 33]. This ‘clock gene’ model
has recently received extensive support from
several laboratories, but has also increased
in complexity [28]. The emerging picture
is based on the action of at least four nuclear
proteins organized as heterodimers. The first
heterodimer is composed of two basic helix-
loop-helix (bHLH) transcription factors,
with PAS interaction domains: CLOCK and
BMALI. The CLOCK-BMAL.1 heterodim-
er is a transcriptional activator, which binds
to E-box elements (CACGTG) in the pro-
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moter regions of two genes encoding PAS-
containing proteins, Per and Tim [24]. Fol-
lowing the activation of transcription, these
two proteins accumulate and form another
heterodimer, which blocks the transcrip-
tional activation by CLOCK-BMAL1 (pos-
sibly by sequestering this last heterodimer)
[15]. The subsequent decrease in the expres-
sion of Per and Tim releases the CLOCK-
BMALI heterodimer, which can again acti-
vate transcription and reinitiate a new loop.
As CLOCK-BMALLI activates transcription
by binding to E-box elements, we looked
for the presence of such motifs in the
HIOMT and AANAT promoters. Although
16 E-box sequences (CANNTG) are found
in the HIOMT promoter (figure 3B), none of
them matches the exact motif CACGTG
that appears to be required for transcrip-

tional activation by CLOCK-BMALI. In
contrast, one such element is present in the
proximal promoter region of the chicken
AANAT gene (figure 3A). The functional
analysis of this promoter should help to
determine whether this potential CLOCK-
BMALI binding site plays a role in the
rhythmic transcription of the chicken
AANAT gene. The analysis of the HIOMT
promoter should also be of special interest,
because it conveys circadian transcription
in the pineal gland, but not in the retina, thus
allowing comparative studies between the
two tissues. One way to perform these func-
tional studies will be to test the ability of
the chicken AANAT and HIOMT promot-
ers (complete or partially deleted) to drive
the circadian transcription of a reporter gene,
in transfected pineal (or retinal) cells.

A. AANAT
E E
-1500 4 "
| [EEE E
-500 1 |: -t $
Crx Crx
B. HIOMT
E EEEE E
-2900 : et ]
Crx Crx
E E EEE
-1900 —t } s
Crx Crx
E E EE .
-900 = ' =+ T
Crx Crx TATA box

Figure 3. Schematic representation of the chicken AANAT (A) and HIOMT (B) promoters. The
shaded boxes with an arrow represent the first exon of the genes. The letter ‘E’ shows the positions
of the E-box sequences; the letter ‘E’ in bold and italic shows the position of the potential binding site
for CLOCK-BMALL in the AANAT promoter. ‘Crx’ indicates the positions of the potential binding
sites for the photoreceptor-specific transcription factor Crx. The unusual ‘TATA-box” of the HIOMT

promoter [25] is also indicated.
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Sequence analyses of the AANAT and
HIOMT promoters have also revealed the
presence of potential binding sites for the
newly identified photoreceptor-specific tran-
scription factor Crx (cone-rod homeobox-
containing protein) (figure 3). This tran-
scription factor is expressed only in the
pineal gland and the retina [13] and seems to
be required for the normal differentiation
of photoreceptor cells [21, 22]. Transfec-
tion experiments have shown that Crx can
bind to and transactivate the promoter
regions of photoreceptor-specific genes
(rhodopsin, arrestin, interphotoreceptor
retinoid-binding protein) [13]. However,
these studies have been focused mainly on
the role of Crx on the expression of genes of
the phototransduction cascade. Because
melatonin synthesis is another important
characteristic of the functional diffentiation
of photoreceptor cells, it would be of great
interest to determine whether Crx can also
play a role in the tissue-specific expression
of the AANAT and HIOMT genes.

Together, the cloned promoter regions
of the chicken AANAT and HIOMT genes
should provide valuable models to identify
cis-regulatory elements involved in circa-
dian rhythmicity and in pineal/retina-spe-
cific gene transcription.
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