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Abstract

Tryptophan hydroxylase-2 mRNA (TPH, the rate limiting enzyme in 5-HT synthesis) expression levels display circadian
variations in the median and dorsal raphe nuclei. This circadian pattern is under the control of the suprachiasmatic nuclei
(SCN), the master clock. Photoperiodic cue is encoded by the SCN which convey the seasonal message to target sites. In
the present study, we have investigated the effect of photoperiodic changes on the serotonergic neurons of the raphe
nuclei. We have assessed the daily expression of TPH2 mRNA in both median and dorsal raphe nuclei of rats housed
either under long photoperiod (18 h light/6 h dark cycle, LP18:6) or short photoperiod (SP6:18). Our results demonstrate
that under LP18:6, TPH2 mRNA levels display a progressive decrease during the dark period and a maximal expression is
reported at the beginning of the light period. The expression pattern of TPH2 mRNA under SP6:18 remains unchanged
during the dark period and increases significantly before the day/night transition. This latter expression pattern is in line
with the daily profiles of TPH2 mRNA reported previously under standard lighting regimen (12 h light/12 h dark cycle).
The present results suggest that TPH2 mRNA expression pattern within DR and MR is affected by photoperiod which
might in turn affect TPH content and 5-HT release within the circadian structures, but also in all the serotonergic

projection areas of the brain.
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Introduction

Serotonin (5-HT) plays an important role in both photic
and non-photic resetting of the central -circadian
pacemaker residing in the suprachiasmatic nuclei (SCN)
of the hypothalamus [1,2]. A direct serotonergic afferent
pathway to the SCN arises from the median raphe nucleus
(MR), whereas the dorsal raphe nucleus (DR) projects
indirectly to the SCN through the thalamic intergeniculate
leaflets [3,4]. Both Tryptophan hydroxylase (TPH, the
rate limiting enzyme in 5-HT synthesis) content and 5-HT
release  display circadian variations within the
serotonergic fibres in the SCN of rat [5]. Furthermore,
TPH protein and TPH2 mRNA (encoded by the neuronal
tph gene: tph?2) levels undergo circadian variations in both
DR and MR [6,7]. The circadian pattern of TPH2 mRNA
expression has been shown to be directly controlled by
corticosterone daily surge, a neuroendocrine output of the
clock [8].

While several features of serotonergic neurons have been
characterized, the impact of photoperiod (the annual
change in the day length) on the general functioning of
these neurons is poorly investigated. Indeed, little is
known about the photoperiodic-related changes in the
synthesis and the release of 5-HT within the time-keeping
system. For instance, the rhythmic release of 5-HT in the
SCN and the IGL of golden and siberian hamsters was
only investigated under long photoperiod [9-11]. On the
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other hand, among the studies performed on rats, the intra
-SCN 5-HT release was only examined under 12 h
light:12 h dark cycle. Furthermore, to our best knowledge,
the photoperiodic regulation of the daily pattern of TPH
protein and TPH2 mRNA has never been studied.

Photoperiodic information is encoded by the SCN clock
which displays photoperiod-related changes in its
electrical activity [12,13] and genes expression [14-18).
The circadian pacemaker distributes the photoperiodic
message to the target sites via several endocrine outputs.
Melatonin secretion is one of these outputs and is
considered as an internal message that ensures seasonal
timing [19,20]. In addition, daily secretion of
corticosterone is affected by the day-length in rats housed
under short and long photoperiod [21,22] and could
therefore carry photoperiodic changes to glucocorticoids
sensitive neurons.

The aim of this study was to investigate whether the
photoperiodic  environment could influence the
functioning of the serotonergic neurons in the DR and the
MR. Thus, we have assessed the daily expression of
TPH2 mRNA in both raphe nuclei of rats housed either
under long or short photoperiod.

Materials and Methods

Animals: All experiments were performed in accordance
with NIH Guidelines regarding the care of laboratory
animals, with the European Communities Council
Directive of 24 November 1986 (86/6.9/EEC) and the
French laws.
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Adult male Wistar rats weighing 180-200 g were
purchased from the faculty of medicine in Strasbourg
(France) and kept in animal’s facilities for a period of one
week for acclimation. Animals were then divided into two
groups: the first group was placed under long photoperiod
which corresponds to 18 h light and 6 h dark cycle
(LP18:6, lights on from 05h00 until 23h00). The second
group was transferred into short photoperiod (SP6:18,
lights on from 14h00 until 20h00). Animals had free
access to food and water during the period of this
experiment. Rats in both groups were kept 4 weeks under
LP or SP conditions and then killed by decapitation at
seven time-points across the day/night cycle. Four
animals were killed at each of the following time points:
24h00, 02h00, 04h00, 09h00, 13h00, 17h00 and 21h00 for
the LP group and 21h00, 23h00, 02h00, 06h00, 10h00,
13h00 and 18h00 for the SP group. Brains were quickly
removed, frozen in cold isopentane, and stored at -80°C
until tissue preparation. Trunk blood was collected into
heparinized tubes and centrifuged (2800 rpm at 4°C) and
the resulting serum was wused for melatonin
radioimmunoassay in order to confirm the integration of
the photoperiodic change.

In situ hybridization procedure: Brains were cut in serial
coronal sections (20 pum thick) with a cryostat (Leica
Instruments GmbH, Nussloch, Germany) throughout the
rostral part of the Raphe, including DR and MR
(Interaural from +1.9 mm to +0.7 mm, Paxinos and
Watson, 1982) and collected on gelatine-coated slides.

For in situ hybridization, sense and antisense riboprobes
for TPH2 were prepared as described previously (Malek
et al., 2005) by using the corresponding linearized
plasmids and the appropriate polymerase (MAXI script,
Ambion, USA) in presence of [35S]-UTP (1250 Ci/mmol,
Amersham, UK).

Hybridization was performed as following: sections were
postfixed in 4% formaldehyde and then acetylated twice
in triethanolamine (0.1 M, pH 8.0) with 0.5 % acetic
anhydride. Thereafter, sections were rinsed, dehydrated in
graded ethanol and air-dried. Hybridization was carried
out at 54°C overnight in humid boxes by deposing 100 pl
of TPH2 riboprobes (300 pM). The hybridization solution
contained 50 % deionised formamide, 2X sodium saline
citrate (SSC), 1X Denhardt’s solution, 0.25 mg/ml yeast
tRNA, 1 mg/ml salmon sperm DNA, 10% dextran sulfate
and 10 mM dithiothreitol. After hybridization, the
sections were treated with Ribonuclease A at 37°C (1.4
pg/ml, Sigma, USA). Stringency washes were then
performed in 4X SSC, 2X SSC, 0.5X SSC and 0.2 X
SSC. Finally, sections were dehydrated in graded ethanol,
air-dried, and exposed for 24 h to an autoradiographic
film (Kodak BioMax).

Melatonin radioimmunoassay:

Melatonin was extracted from plasma samples using
dichloromethane and assessed in duplicates using a
specific rabbit antiserum at 1:90 000 (R 19540, INRA,
Nouzilly, France) and ['*’I]-2-iodomelatonin. Melatonin
assay detected values as low as 5 pg/ml, and the
reproducibility of the method was determined by
evaluating the INTRA-assay variation (2.5%) and the
INTER-assay variation (6.5%).

Quantification procedure and statistical analysis:
Quantitative analysis of the autoradiographic films was
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performed using a computerized analysis system (Biocom
-program RAG 200). Total optical density (OD) was
measured for each region of interest (MR, DR). The
surface of each region was measured and the area of
TPH2 mRNA expression was found to be comparable
between the experimental groups. Non-specific OD was
measured for each section within mesencephalic areas
where TPH2 mRNA is not expressed, and then subtracted
from total OD. By reference to radioactive microscales,
OD was converted to relative levels of mRNA. DR is
divided into three distinguishable subgroups in which
TPH2 mRNA levels were quantified separately:
Ventromedial (VM), Dorsomedial (DM) and Lateral
(LAT).

One-way analysis of variance (ANOVA 1, time as factor)
was conducted in order to examine the daily variation of
melatonin plasma levels and TPH2 mRNA expression in
the MR and all the DR subdivisions for both LP and SP
animals and was followed by a Post-Hoc Newman-Keuls
analysis. On the other hand, two-way analysis of variance
(ANOVA 11, photoperiodic condition and time as factors)
and Newman-Keuls analysis were performed to compare
the daily profiles of TPH2 mRNA between LP and SP
condition. For all statistical procedures, the level of
significance was set at P<0.05.

Results

Melatonin plasma levels (pg/ml)

Time (hours)

Figure 1: Daily profiles of melatonin plasma
concentrations (pg/ml) measured by radioimmunoassay in
rats housed under long (LP18:6, blue triangles) and short
(SP6:18, red circles) photoperiods.  Each symbol
corresponds to the mean + SEM of 4 rats. The black
horizontal bars represent the night period. Using
ANOVA 1, *** P<(0.001 and ** P<0.01 for the time effect
on melatonin plasma levels in LP and SP rats
respectively.

Plasma melatonin levels

Plasma melatonin concentrations display noticeable daily
variations under both LP and SP conditions (Figure 1,
P<0.01 for both photoperiods). The melatonin peak is
delayed with the increase of the night length. Under LP,
the nocturnal rise of melatonin occurs within three hours
after the lights are off (02h00) and expands on the
following two hours (04h00). The nocturnal rise under SP
occurs about 10 hours after the lights are off (06h00), and
lasts for the rest of the night period. These profiles are in
accordance with previous results obtained in the rat and
confirm the integration of the photoperiodic change.
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Effect of photoperiod on TPH2 mRNA in the MR The
daily pattern of TPH2 mRNA expression in MR of rats
housed under LP and SP is presented on the Figure 2. The
ANOVA T analysis reveals significant daily variation of
TPH2 mRNA expression in MR under both photoperiodic
conditions (P<0.05 for both LP and SP). A sharp increase
(93 %) in TPH2 mRNA levels in MR is observed at the
night/day transition in LP group (P<0.05 between 04h00
and 09h00). On the other hand, a significant decrease in
TPH2 mRNA levels is noticed during the night under LP
(24h00/04h00: -81 %, P<0.05). In all the daytime points,
TPH2 mRNA expression exhibits no significant
difference compared with 24h00. In rats of the SP group,
the maximal expression levels are also observed during
the day-time (P<0.05 between 13h00 and 18h00). The
percentage of the increase between these two time-points
is 40 %. During the dark period, TPH2 mRNA expression
levels remain unchanged. Comparing the daily pattern of
TPH2 mRNA in both photoperiods (ANOVA 1I) reveals
no significant effect for time or photoperiod, though a
significant interaction between both factors is observed
(P<0.001). The latter analysis demonstrates that the daily
profile of TPH2 mRNA is different between LP and SP

group.
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Figure 2: The daily profiles of TPH2 mRNA levels in the
median raphe (MR) of rats housed under long (LP18:6,
blue triangles) and short (SP6:18, red circles)
photoperiods.

The top panel illustrates TPH2 mRNA in situ
hybridization within the MR (scale bar: 1000 pm). Each
symbol is the mean + SEM of 4 rats in which TPH2
mRNA was quantified throughout the caudo-rostral extent
of the MR. The black horizontal bars represent the night
period. * P<0.05, using ANOVA I to assess the effect of
the timing on the daily expression of TPH2 mRNA.

Effect of photoperiod on TPH2 mRNA in the DR

The day/night evolution of the TPH2 mRNA expression
pattern in the DR subgroups is presented in Figure 3 and
is indeed quite similar to that reported in MR. TPH2
mRNA expression levels are quantified separately in each
subgroup of the DR: VM, DM and LAT (Figure 3). In the
DR, the expression of TPH2 mRNA displays significant
daily variations under LP (P<0.05 for VM, P<0.01 for
DM and LAT) and SP (P<0.01 for VM and LAT, P<0.05
for DM). A marked increase of TPH2 mRNA expression
occurs between 04h00 and 09h00 under LP condition in
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the DR (90 % for VM, 100 % for DM and 92 % for LAT,
P<0.01 for all the subgroup). Under the same
photoperiod, a significant nocturnal decrease of TPH2
mRNA levels is observed between 24h00 and 04h00 for
VM (-79 %, P<0.05) and LAT (-78 %, P<0.01). In the
DM, however, this decrease (-66 %) fails to reach the
significance limit. No significant differences are noted
between 24h00 and other daytime points in all DR
subgroups. Under SP, the highest levels of TPH2 mRNA
are reported at 18h00 (P<0.05 for VM and DM and
P<0.01 for LAT, between 13h00 and 18h00). The
percentage of the 13h00/18h00 increase is 38 % for VM,
33 % for LAT and 52 % for DM.

For all nighttime points, TPH2 mRNA expression levels
are unchanged. The statistical comparison of TPH2
mRNA daily profiles between LP and SP condition in DR
showed no significant differences in either time, except
for VM (P<0.001), or photoperiod. The interaction
between both factors is however significant (P<0.01 for
VM, P<0.001 for DM and LAT), which demonstrate that
the daily pattern of TPH2 mRNA expression is different
with respect to the photoperiod.
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Figure 3: TPH2 mRNA relative levels

Dorsal raphe (DR) subdivisions; ventromedian (VM),
dorsomedian (DM) and lateral (LAT) of rats housed
under long (LP18:6, blue triangles) and short (SP6:18, red
circles) photoperiods. The anatomical subgroups of the
DR are illustrated using TPH2 mRNA in situ
hybridisation (the top panel, scale bar: 1000 pm). Each
symbol is the meanJSEM of 4 rats in which TPH2
mRNA was quantified throughout the caudo-rostral extent
of each subdivision. The black horizontal bars represent
the night period. * P<0.05 and ** P<0.01, using ANOVA
I to assess the effect of the timing on the daily expression
of TPH2 mRNA.

Discussion

To our knowledge, this is the first evidence for
photoperiod-related changes in the daily pattern of the
tph2 gene expression in rats. Under standard lighting
conditions (i.e. LD12:12), TPH2 mRNA undergoes
rhythmic expression and the higher levels are observed 2
hours before the day/night transition in both raphe nuclei

3



Labban et al. Bl Photoperiod regulates the daily profiles of tryptophan hydroxylase-2 gene expression in rats

(7). In this study, we report a similar expression pattern
under SP8:16, where TPH2 mRNA levels peak at 18h00
(lights off at 20h00) in both MR and DR. This is however
different to that in LP group, for which TPH2 mRNA
levels peak at the beginning of the light period and are
unaffected by the day/night transition. Under both
photoperiodic conditions, TPH2 mRNA levels increase
with the lights on, which might reflect an effect of the
light onset on its expression. Previous tract tracing studies
have described the presence of retinal input to the DR,
suggesting that 5-HT neurons can receive the light/dark
information [23,24].

The effect of light on TPH2 mRNA expression needs to
be further investigated. It is noteworthy that the daily
pattern of TPH2 mRNA under LP tends to be bimodal
because the expression levels display a marked nocturnal
decrease in DR and MR before the peak at the beginning
of the light period. This bimodal pattern is, however not
evident in VM and DM, and the nocturnal decrease of
TPH2 mRNA levels in the latter subgroup is not
significant. A bimodal pattern in serotonergic neurones
has been previously reported in rats under LD12:12
conditions concerning 5-HT content in the raphe [25] as
well as TPH protein content in the SCN (5). However, in
the latter study, the bimodal pattern was not found in the
daily profile of 5-HT release in the SCN, which displays a
single peak at the beginning of the dark period.

In our previous studies, we have described a temporal
relationship between TPH2 mRNA, TPH protein and 5-
HT release in the rat circadian system under standard
lighting conditions. Indeed, these three parameters display
rhythmic and time-related variations under LD12:12
cycle. The circadian variations of TPH2 mRNA in the DR
and MR are found at the protein level in the same nuclei,
as well as in the 5-HT terminals within the SCN and the
IGL [5-7]. Furthermore, the 5-HT release is rhythmic in
the SCN [5] and the IGL [11]. Herein, we demonstrate a
daily differential pattern of TPH2 mRNA expression in
both DR and MR concerning photoperiodic environment.
It could be suggested that the rhythmic patterns of TPH
protein levels and S5-HT release would display
photoperiod-related changes within both RDUIGL and
RMIISCN pathways. Further experiments should be done
in order to confirm such hypothesis.

We have previously demonstrated that TPH2 mRNA
expression under constant darkness condition displays
significant variations that are similar to those observed
under LD12:12, indicating a circadian regulation of this
expression [6]. This later result confirms that TPH2
mRNA daily pattern is under the SCN clock control.
Indeed, under LD12:12, the rhythmic expression of TPH2
mRNA has been shown to be controlled by
glucocorticoids, one of the endocrine outputs of the SCN
central pacemaker [26-28].

The abolishment of corticosterone surge by
adrenalectomy results in a complete suppression of TPH2
mRNA rhythm, which can be reinstated using a paradigm
of rhythmic replacement of corticosterone [7]. In rats, the
daily secretion of corticosterone is affected by the day-
length [9,10] and could thereby provide an internal signal
not only for the circadian time but also for the seasonal
time. Glucocorticoids might thus drive the photoperiod-
related changes in TPH2 mRNA daily rhythm described
in the present study.
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To further confirm the involvement of corticosterone, it
would be relevant to examine the effect of photoperiodic
restitution of corticosterone on the TPH2 mRNA daily
expression in adrenalectomised rats housed under both
photoperiodic regimens. Furthermore, we can investigate
the influence of photoperiodic changes upon GR
expression levels within both DR and MR, to assess
whether the sensitivity of the serotonergic neurons to
corticosterone is modified according to the photoperiod.

Melatonin secretion is a seasonal output of the SCN
known to drive photoperiodic message. Indeed, the
duration of the nocturnal melatonin secretion is
proportional to the length of darkness, providing an
internal signal for seasonal changes [28]. A primary target
tissue of this seasonal signal in mammals is the
hypophyseal pars tuberalis in which melatonin is a key
regulator of clock genes expression [26-29].

Melatonin could also be involved, as a seasonal signal, in
the photoperiodic changes of TPH2 mRNA daily rhythm
reported in the present study. Although melatonin
receptors have not been identified in the raphe neurons
[30], this hormone has been shown to modulate 5-HT
synthesis in the SCN [31]. It can be suggested that
melatonin would act indirectly upon the serotonergic
neurones via melatonin-sensitive brain areas. Further
experiments are needed to investigate the influence of
melatonin on the photoperiodic related changes of TPH2
mRNA rhythmic expression.

Conclusion

Raphe serotonergic neurons are sensitive to changes in
the photoperiodic environment. The daily pattern of
TPH2 mRNA is affected by these changes, which might
influence TPH protein levels and 5-HT release within the
SCN. If so, the involvement of the serotonergic system in
the photoperiodic time measurement should be further
considered. Moreover, photoperiodic changes in 5-HT
release within the SCN, and elsewhere in the brain, would
reflect the involvement of the serotonergic system in
seasonal affective disorder.
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