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ORIGINAL ARTICLE
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Abstract
In the Syrian hamster a serotonergic (5-HTergic) stimulation during daytime acts on the circadian timing
system by inducing behavioral phase advances and by decreasing Per1 and Per2 (Period) mRNA levels in the
suprachiasmatic nuclei, containing the main circadian clock in mammals. The present study was conducted in
Syrian hamsters, housed in constant darkness, to investigate the interactions between light or melatonin with
serotonergic stimulation in terms of phase resetting and clock gene expression. Both light exposure and systemic administration of melatonin prior to the injection of a 5-HT1A/7 receptor agonist, 8-OH-DPAT, in the middle
of the day blocked behavioral phase advances. In contrast, neither light nor melatonin treatment during daytime prevented serotonergic-induced down-regulation of Per1 and/or Per2 mRNA levels in the suprachiasmatic
nuclei. Taken together, the results show that interactions between afferent cues to the suprachiasmatic nuclei
differentially modulate phase adjustment and clock gene expression during daytime.
Index Entries: Circadian rhythm; 8-OH-DPAT; nonphotic cues; locomotor activity; clock gene.

Introduction
In mammals, the master circadian clock that controls a wide variety of circadian patterns at behavioral, physiological, and biochemical levels is located
in the hypothalamic suprachiasmatic nuclei (SCN
[Klein et al., 1991]). The current molecular model
used to explain the endogenous oscillation of the
SCN consists of autoregulatory transcription-translation feedback loops that involve several clock
genes, including Period (Per1, Per2, and Per3), Cryptochrome (Cry1 and Cry2), Clock, Bmal1, Rev-erbα, and
possibly Dec1 and Dec2 (Honma et al., 2002; Preitner

et al., 2002; Reppert and Weaver, 2002). To maintain
proper phasing with the environment, the endogenous rhythmicity produced by the SCN has to adjust
its phase and period to environmental cues, a process
known as synchronization. Several inputs are
involved in SCN phase resetting by environmental
cues. Ambient light is the preeminent synchronizing cue of the SCN. Photic stimuli reach the SCN
through a monosynaptic pathway from retinal ganglion cells and a bisynaptic pathway via the intergeniculate leaflets (IGLs) of the thalamus (Morin et al.,
1992; Moore and Leak, 2001). The expression of several clock genes (i.e., Per1, Per2, Dec1, and Cry2)

*Author to whom all correspondence and reprint requests should be addressed. E-mail: challet@neurochem.u-strasbg.fr
†
Present address: Departamento de Biología Celular y Fisiología, Instituto de Investigaciones Biomédicas, Universidad
Nacional Autónoma de México, 04510 México D.F., México.

Journal of Molecular Neuroscience

53

Volume 25, 2005

Challet_JMN25_1.qxd

07/02/2005

10:35 am

Page 54

54
within the SCN can be acutely modified by light pulses
during the night (Zylka et al., 1998; Yan et al., 1999;
Miyake et al., 2000; Honma et al. 2002; Wilsbacher
et al., 2002; Caldelas et al., 2003).
Various stimuli other than light, called nonphotic
cues, such as social stimuli, cage changing, noveltyinduced wheel running (Mrosovsky et al., 1989;
Reebs and Mrosovsky, 1989), scheduled activity (Sinclair and Mistlberger, 1997), and nutritional factors
(Challet and Pevet, 2003), also have synchronizing
effects on the SCN clock. Other nonphotic cues
include pharmacological treatments, for instance,
benzodiazepine (Van Reeth and Turek, 1989; Cutrera et al., 1994) and melatonin (Redman et al., 1983;
Pitrosky et al., 1999; Slotten et al., 1999). One of the
most important and best-studied nonphotic cues is
serotonin (5-HT). It is known that a 5-HT1A/7 receptor agonist (8-OH-DPAT) induces phase shifts of the
SCN when administered in vivo (Edgar et al., 1993;
Cutrera et al., 1996; Ehlen et al., 2001) or in vitro
(Medanic and Gillette, 1992; Shibata et al., 1992;
Prosser et al., 1993). In Syrian hamsters, 5-HTergic
afferents come from a direct projection to the SCN
originating in the median raphe nucleus and an indirect projection originating in the dorsal raphe nucleus
to the IGL (Meyer-Bernstein and Morin, 1996).
In contrast to light, nonphotic factors have
marked phase-resetting effects on the circadian
clock, mostly when applied during daytime.
Although 5-HTergic and neuropeptide Y afferents
from raphe nuclei and IGLs, respectively, have been
implicated in conveying nonphotic information to
the SCN, the mechanisms underlying nonphotic
resetting are still poorly understood. Similar to light
cues, nonphotic phase shifting of the circadian
rhythms of locomotor activity has been correlated
with acute changes of clock gene expression in the
SCN. Whereas transcription of Per1 and Per2 in the
SCN is increased in response to nocturnal light
pulses (see above), it is reduced after nonphotic
resetting, such as novelty-induced wheel running
(Maywood et al., 1999), injections of 5-HT agonists
and benzodiazepines (Horikawa et al., 2000; Yokota
et al., 2000), as well as in vivo and in vitro treatment
of SCN with neuropeptide Y (Fukuhara et al., 2001;
Maywood et al., 2002; Yannielli et al., 2002).
It is clearly established that nonphotic cues modulate circadian responses to light (reviewed in Challet and Pevet, 2003). The interactions, not only
between photic and nonphotic time cues but also
among different nonphotic cues, are crucial to
understanding how the entrainment of the SCN is
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achieved on a daily basis. For example, pretreatment
with melatonin modifies phase-shift responses to
nocturnal light (Benloucif et al., 1999). Similarly,
although exposure to light during the mid-subjective
day has no phase-shifting effect in nocturnal
rodents, delimiting a dead zone in their phase
response curve to light (Daan and Pittendrigh, 1976),
light exposure blocks in vivo phase-resetting
properties of 8-OH-DPAT (Penev et al., 1997; Challet
et al., 1998; Ehlen et al., 2001) and novelty-induced
wheel running (Maywood and Mrosovsky, 2001).
Moreover, in vitro treatment with melatonin during
the mid-subjective day, which by itself has no phaseshifting effect, blocks 8-OH-DPAT-induced phase
advances (Prosser, 1999). In this context, we performed a series of experiments in Syrian hamsters
to investigate whether light exposure and melatonin affects in vivo 8-OH-DPAT-induced phase
advances and whether any effects could be correlated with changes in down-regulation of Per genes
in the SCN.

Materials and Methods
Animals
Adult male Syrian hamsters (Mesocricetus auratus),
obtained from our breeding colony in Strasbourg,
were used. They were housed in a 14-h light/10-h
dark cycle (lights on at 6 AM), and food pellets and
tap water were available ad libitum. For the recording
of the wheel-running activity, animals were transferred
to individual cages with a 20-cm-diam. running wheel
and kept under constant dim red light throughout
the experimental procedure. The wheel-running revolutions were recorded using the Dataquest III data
acquisition system (Mini-Mitter, Sunriver, OR). Food
and water were available ad libitum. All experiments
were performed in accordance with “Principles of
Laboratory Animal Care” (NIH pub. no. 86-23, revised
1985), as well as French national laws.
Behavioral Experiment
Melatonin (1 mg/kg, Sigma, St Louis, MO) was
dissolved in 95% saline and 5% ethanol ([V] vehicle)
and injected subcutaneously. 8-OH-DPAT, a serotonergic agonist (5 mg/kg, Research Biochemicals,
Natick, MA), was dissolved in saline (S) and injected
intraperitoneally.
Forty-eight animals were assigned randomly to
one of the following groups (n = 8 per group):
1.

sc injection of vehicle 5 min before circadian time (CT)
07, with CT12 defined as the onset of locomotor
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2.
3.
4.
5.
6.

activity, followed by an ip injection of saline administered at CT07 (V + S).
15-min light exposure (100 lx white light) finished at
CT07, followed by an ip injection of saline (L + S).
sc injection of melatonin 5 min before CT07, followed
by an ip injection of saline at CT07 (M + S).
sc injection of vehicle 5 min before CT07, followed by
an ip injection of 8-OH-DPAT at CT07 (V + D).
15-min light exposure (100 lx white light) finished at
CT07, followed by an ip injection of 8-OH-DPAT at
CT07 (L + D).
sc injection of melatonin 5 min before CT07, followed
by an ip injection of 8-OH-DPAT at CT07 (M + D).

Free-running activity rhythms were recorded
during 20 d under dim red light. The onset of the
wheel-running rhythm (CT12) was estimated by
fitting a line throughout the activity onsets over
10 consecutive cycles before and after treatment,
respectively. The phase-shifting effect of each
treatment was calculated as the difference between
the two regression lines.

In Situ Hybridization
In situ hybridization experiments were performed to assess the interactions between 8-OHDPAT, melatonin, and light on clock gene expression
in the SCN. Therefore, 36 Syrian hamsters, maintained as described above, were assigned randomly
to one of six experimental groups (n = 6) that
received the same treatments as those described in
the behavioral experiment. After treatment, the
animals were returned to their cages until CT09,
when they were deeply anesthetized and sacrificed. The timing of sacrifice was based on the maximal effect found after 8-OH-DPAT administration
on clock gene expression in the SCN (Horikawa
et al., 2000).
Once the brains were frozen with isopentane,
20-µm coronal sections were prepared through the SCN
and stored at –80ºC until the in situ hybridization procedure. In the present study, we used rPer1 and rPer2
riboprobes, generated from plasmids kindly provided
by Dr. H. Okamura (Kobe University Graduate School
of Medicine, Kobe, Japan). Antisense and sense cRNA
probes were generated by in vitro transcription (Maxiscript Kit, Ambion., Austin, TX) using 35S-UTP as
radiolabel. The procedures of prehybridization,
hybridization, and posthybridization were performed
as described previously (Caldelas et al., 2003). Thereafter, the sections were exposed to Kodak Biomax films
for 8 d, with microscale standards.
The relative optical density (ROD) of the
hybridization signal in the SCN was quantified as
Journal of Molecular Neuroscience
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the difference between the signal in identical areas
of the SCN and the adjacent anterior hypothalamic
area (Biocom RAG200, Les Ulis, France). The individual mean values were obtained from three to four
sections of each brain.

Statistical Analysis
The behavioral phase shifts induced by the different treatments and the effect of each treatment on
clock gene expression in the SCN were analyzed using
one-way analyses of variance (ANOVA), followed
by multiple comparisons using the Fisher test
(Statview, SAS Institute). p > 0.05 is considered as not
significant. Data are shown as means ± S.E.M.

Results
In accordance with previous studies in Syrian
hamsters (see Introduction), 8-OH-DPAT plus vehicle administration (V + D) at CT07 led to 1.5-h phase
advances of the wheel-running rhythm (p < 0.001;
Figs. 1 and 2). On the other hand, neither administration of vehicle plus saline (V + S), light pulse plus
saline (L + S), nor melatonin plus saline (M + S)
induced significant phase shifts of the locomotor
activity rhythm (Figs. 1 and 2). Furthermore, both
pretreatment with melatonin or light exposure prior
to 8-OH-DPAT administration (i.e., L + D and M + D)
reduced the magnitude of the elicited phase shifts
by 66% (p < 0.04 and p < 0.01, respectively) when
compared with the group injected with the 5-HT
agonist (V + D [Figs. 1 and 2]).
The levels of Per1 mRNA in the SCN of Syrian
hamsters injected with saline and exposed to light
(L + S) or injected with melatonin and saline (M + S)
were roughly similar (p > 0.05) to those found in
the control, injected with vehicle and saline (V +
S; Fig. 3). In contrast, 8-OH-DPAT plus vehicle
administration (V + D) significantly reduced Per1
expression in the SCN (p < 0.05), levels being 18%
lower than the control values (V + S, Fig. 4). Furthermore, a reduction in Per1 expression was also
observed when animals were exposed to light prior
to 8-OH-DPAT injection (p < 0.005), the reduction
amounting to 25% of the level observed in the control group (V + S, Fig. 4). Finally, injections of melatonin followed with 8-OH-DPAT treatment (M +
D) led to a nonsignificant reduction in Per1 mRNA
levels of approx 11% in comparison with the control values (V + S, Fig. 4). No statistical differences
were detected among V + D, L + D, and M + D
groups (Fig. 4).
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Fig. 1. Representative actograms of wheel-running activity in Syrian hamsters, before and after the following treatments applied during the mid-subjective day (*): vehicle plus saline [V + S], vehicle plus 8-OH-DPAT [V + D], melatonin plus saline [M + S], melatonin plus 8-OH-DPAT [M + D], light plus saline [L + S], or light plus 8-OH-DPAT
[L + D]. The arrows indicate the day of treatment.

The effects of 8-OH-DPAT with or without pretreatment with light or melatonin on Per2 mRNA
levels were roughly similar to the effects on Per1
expression. The levels of Per2 mRNA were not significantly different (p > 0.05) in the SCN of hamsters
injected with saline exposed to light (L + S) from
those measured in the control group (V + S; Figs. 3
and 4). The most marked effect on Per2 levels was
observed after 8-OH-DPAT and vehicle injections
(V + D), which led to a 43% reduction (p < 0.001) in
comparison with the values of the V + S group
(Fig. 4). A decrease, albeit smaller (i.e., 31% of control values; p < 0.01), was also observed in animals
that were exposed to light prior to 8-OH-DPAT
administration (L + D; Fig. 4). Moreover, pretreatment with melatonin, followed by 8-OH-DPAT injections (M + D), led to a significant decrement in Per2
mRNA levels (25% of V + S values, p < 0.05). No

Journal of Molecular Neuroscience

significant differences were detected among V +
D, L + D, and M + D groups (Fig. 4). With respect
to the results of in situ hybridization, neither rPer1
nor rPer2 sense probes revealed hybridization
signals in SCN sections (not shown).

Discussion
The present findings indicate that (1) light exposure can reduce the phase advances induced by
injections of 8-OH-DPAT, a 5-HT1A/7 receptor agonist, whereas it does not prevent 8-OH-DPATinduced down-regulation of Per1 and Per2 mRNA
levels in the SCN; (2) melatonin also reduces serotonergic phase advances without altering Per2
down-regulation. Thus, in these two cases of interaction of light and melatonin with 5-HT1A/7 receptor agonist during daytime, there is a dissociation
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Fig. 2. Magnitude of behavioral phase shifts in Syrian
hamsters induced during the middle of the subjective day
by the following treatments: vehicle plus saline [V + S],
light plus saline [L + S], melatonin plus saline [M + S], vehicle plus 8-OH-DPAT [V + D], light plus 8-OH-DPAT [L +
D], or melatonin plus 8-OH-DPAT [M + D]. Mean ± S.E.M.
Treatment effect was highly significant (p < 0.0001, F = 13.8).
Groups with different letters (a–c) are significantly different from one another (p < 0.05). Light and melatonin pretreatments reduced by 66% the magnitude of the shift
induced by 8-OH-DPAT alone.

between the effects at the behavioral and transcriptional levels.

Effects of Light on Serotonergic Phase Shifting
At the behavioral level, in vivo 8-OH-DPAT injections during the mid-subjective day are able to phase
advance the SCN clock of hamsters. This result is in
keeping with numerous studies (Tominaga et al.,
1992; Edgar et al., 1993; Cutrera et al., 1994, 1996;
Bobrzynska et al., 1996; Challet et al., 1998). 8-OHDPAT-induced phase advances in hamsters are
inhibited by administration of ritanserin, a 5-HT2/7
receptor antagonist, and DR4004, a more selective
5-HT7 receptor antagonist, suggesting that the phase
advances are mediated by 5-HT7 receptors in the
SCN (Ehlen et al., 2001). Other works favor the
hypothesis of a presynaptic action of 8-OH-DPAT
either on 5-HT fibers or in the raphe nuclei (Mintz
et al., 1997; Schuhler et al., 1998). The involvement
of 5-HTergic projections to the IGLs also has been
considered (Challet et al., 1998).
As expected (Daan and Pittendrigh, 1976), exposure to a 15-min light pulse during the middle of
the day had no phase-shifting effect on the wheelrunning activity rhythm. Concomitantly, there was
no effect of light exposure on Per1 and Per2 expression in the SCN. A recent study in mice showed that
Journal of Molecular Neuroscience
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sustained light stimulation during daytime can
increase the levels of Per (Challet et al., 2003). Photic
signals used in the present study might not have
been strong enough to be effective in this respect.
Here, such a short light pulse was sufficient to inhibit
8-OH-DPAT-induced phase advances. The exact
timing of light exposure with respect to 8-OH-DPAT
injections does not appear to be critical for mediating the light-induced modulation of serotonergic
phase resetting. The animals in the present study
were exposed to light just prior to serotonergic stimulation. On the other hand, previous studies have
demonstrated that exposure to light during (Ehlen
et al., 2001) or just after (Penev et al., 1997; Challet
et al., 1998) serotonergic treatment is effective as well.
The effects of light on the SCN neurons are considered to be mediated by excitatory amino acids
released from the retinohypothalamic terminals
(Ebling, 1996). Because in vitro treatments with glutamate, AMPA, or NMDA, as well as optic chiasma
stimulation, have been shown to inhibit the phaseshifting effects of 8-OH-DPAT (Prosser, 2001), the
inhibitory effects of light presented here at the behavioral level could have been mediated by this neurochemical pathway. Alternatively, because light blocks
the shifting effects of a local serotonergic stimulation within the IGLs and not within the SCN, the
photic inhibition of serotonergic phase shifts has
been suggested to involve the IGLs (Challet et al.,
1998). Other brain areas that receive direct retinal
projections, innervate the SCN, and possibly express
clock genes might participate in the modulatory
effects of light on the SCN. The paraventricular thalamic nuclei are a candidate structure in that respect
(Youngstrom et al., 1991; Yamamoto et al., 2001).
At the molecular level, 8-OH-DPAT administration produced a significant reduction of Per1 and
Per2 expression in the SCN, as described previously
for this 5-HTergic agonist (Horikawa et al., 2000;
Yokota et al., 2000) and other nonphotic cues (Yokota
et al., 2000; Fukuhara et al., 2001; Maywood and
Mrosovsky, 2001; Maywood et al., 2002; Yannielli et
al., 2002). As mentioned earlier, a clear correlation
has been established between phase-shifting properties of light and some nonphotic cues and their
effects on Per expression in the SCN. Light pulses
lead to phase shifts of the SCN clock and increase
Per levels during the night (i.e., during the daily
trough of Per expression), whereas nonphotic cues
produce phase shifts and decrease Per levels during
the day (i.e., during the daily peak of Per expression
[reviewed in Challet and Pevet, 2003]). The present
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Fig. 3. Per1 (A–F) and Per2 (G–L) expression in the SCN of Syrian hamsters that had received the following treatments 2 h before (i.e., at CT07): vehicle plus saline [V + S] (A for Per1 and G for Per2), light plus saline [L + S] (B for
Per1 and H for Per2), melatonin plus saline [M + S] (C for Per1 and I for Per2), vehicle plus 8-OH-DPAT [V + D] (D for
Per1 and J for Per2), light plus 8-OH-DPAT [L + D] (E for Per1 and K for Per2), or melatonin plus 8-OH-DPAT [M + D]
(F for Per1 and L for Per2). Scale bar, 1 mm.

study shows that light can markedly inhibit serotonergic phase shifting without preventing acute
reduction in the levels of Per mRNA at least 2 h after
serotonergic stimulation. This time point was chosen
because it has been shown to correspond to the maximal reduction of Per mRNA levels in response to 8OH-DPAT administration (Horikawa et al., 2000).
Therefore, it cannot fully be excluded from the present results demonstrating that effects on clock gene
expression occurred later than 2 h after serotonergic
stimulation.
Because light exposure in mice blocks both behavioral phase shifting and acute down-regulation of
Per expression induced by neuropeptide Y, which is
the main neuropeptide released from geniculohypothalamic fibers (Maywood et al., 2002), the photic

Journal of Molecular Neuroscience

inhibition of serotonergic phase shifting shown here
in hamsters might not involve the IGLs. Given that
GABA can also be released from geniculothalamic
fibers (Moore and Speh, 1993), it could play a role
in the photic inhibition of 5-HTergic chronobiotic
effects observed here. To our knowledge, the effects
of GABAergic stimulation or inhibition have not
been assessed on clock gene expression in the SCN.
It is therefore difficult to know if a GABA hypothesis is tenable. Alternatively, the present behavioral
data could be interpreted as light cues acting at the
level of SCN cells, thus supporting in vitro observations of Prosser (2001). Our results on clock gene
expression, however, strongly suggest that light inhibition of serotonergic phase shifting is mediated
either independently or downstream of the reduction
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Fig. 4. Relative optical density (ROD) values (mean ± S.E.M.) of Per1 (black bars) and Per2 (gray bars) mRNA levels
in the SCN of Syrian hamsters maintained under dim red light that received the following treatments during the subjective day (CT07): vehicle plus saline [V + S], light plus saline [L + S], melatonin plus saline [M + S], vehicle plus 8OH-DPAT [V + D], light plus 8-OH-DPAT [L + D], or melatonin plus 8-OH-DPAT [M + D]. Plus signs (+) indicate the
treatment administered. Treatment effect was significant for Per1 and Per2 (p < 0.0001, F = 5.9, and p < 0.001, F = 4.8,
respectively). For a given gene, an asterisk (*) indicates a statistical difference (p < 0.05) from the control group [V + S].

in Per expression (e.g., at a post-transcriptional level).
An effect mediated either by Bmal1 or Cry2 is unlikely
because we detected no induction in the present conditions for these genes during the mid-subjective
day (i.e., during their daily trough [I. Caldelas and
E. Challet, unpublished data]). In this context, it
should be noted that a dissociation between photic
phase resetting and Per expression already has been
observed (Hannibal et al., 2001). Nevertheless, further studies are needed to better understand the signaling pathways and the molecular events involved
in the altered sensitivity to serotonergic stimulation
seen after light exposure around midday.

Effects of Melatonin on Serotonergic Phase
Shifting
The behavioral experiment indicates that melatonin administration during the mid-subjective day
has no effect on the phase of overt rhythmicity. This
observation is in accordance with previous studies
showing that contrary to the phase-shifting effects
of melatonin injections in rats and other rodent
species (Redman et al., 1983; Warren et al., 1993;
Pitrosky et al., 1999; Slotten et al., 1999; 2002), acute
Journal of Molecular Neuroscience

or short-term administration of melatonin in adult
Syrian hamsters is unable to induce phase shifts
(Hastings et al., 1992; Antle et al., 2002). In species
in which exogenous melatonin is effective, its phaseshifting properties occur only when applied during
the late subjective day but not in the mid-subjective
day. In spite of the lack of phase-resetting effect per
se in the early afternoon, we show that a single injection of melatonin is able to block 8-OH-DPATinduced phase advances in Syrian hamsters. This
observation and the fact that a long-term daily infusion of melatonin can change tau in adult Syrian
hamsters (Schuhler et al., 2002) clearly indicate that
melatonin affects, directly or indirectly, the SCN clock
in this species (see also Pevet, 2003).
Our behavioral results also fit well with previous
in vitro data demonstrating in rats that (1) melatonin
administered during the mid-subjective day has no
phase-resetting property on the SCN neuronal activity rhythm, and (2) coapplication of melatonin and
other inhibitors of cAMP with 8-OH-DPAT fully
inhibits 8-OH-DPAT-induced phase advances
(Prosser, 1999). It is also known that exogenous melatonin has an inhibitory influence on firing rates of
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SCN cells, including in the early afternoon (Rusak
and Yu, 1993; Yu et al., 1993; Van den Top et al., 2001),
which might decrease the sensitivity of the SCN clock
to serotonergic phase-shifting effects. This hypothesis is supported by the fact that melatonin in vitro
blocks serotonergic phase advances unless
tetrodotoxin is administered, together with melatonin (Prosser, 1999). We therefore speculate that
melatonin in vivo might inhibit 8-OH-DPAT-induced
phase advances via an inhibitory action on SCN cells.
Alternatively, other brain regions that synthesize
melatonin receptors and innervate the SCN might
participate in the modulatory effects of melatonin on
the SCN. The paraventricular thalamic nuclei are a
candidate structure in that respect (Ebling et al., 1992).
At the molecular level, injection of melatonin at
CT07 did not significantly modify Per1 and Per2
expression in the hamster SCN, a result in accordance with a recent study showing that exogenous
melatonin has no effect on clock gene expression in
the rat SCN (Poirel et al., 2003) although it synchronizes locomotor activity rhythm (Redman et al., 1983;
Warren et al., 1993). As hypothesized previously,
exogenous melatonin might affect post-translational
mechanisms in the SCN (Poirel et al., 2003) or synchronization between SCN neurons (Yasuo et al.,
2002), which might explain why melatonin can
inhibit serotonergic phase advance without modifying the 8-OH-DPAT-induced reduction of Per2
expression. One can notice that in response to melatonin and 8-OH-DPAT treatment, there was a trend
for decreased levels of Per1 mRNA that might have
reached a threshold of statistical significance with
larger sample size.

Functional Significance
Several studies have provided direct and indirect
evidence that endogenous 5-HT release, in particular in the circadian timing system, is increased during
the night, that is, during the regular period of high
motor activity in nocturnal rodents (Dudley et al.,
1998; Barassin et al., 2002; Grossman et al., 2004;
Malek et al., 2004). This suggests, therefore, that
endogenous 5-HT might signal nighttime to the SCN.
Because the secretion of melatonin by the pineal
gland occurs only during the night (Pevet, 2003), the
same might hold for this hormone. Exogenous serotonergic drugs and melatonin injected during this
temporal window do not induce phase shifts of the
SCN. Rather, these neurochemical signals can produce phase advances of the suprachiasmatic clock
when applied during the mid-subjective and late
Journal of Molecular Neuroscience
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subjective day, respectively (Redman et al., 1983;
Edgar et al., 1993; Warren et al., 1993; Cutrera et al.,
1996), that is, at times when levels of endogenous 5HT and melatonin are minimal. Conversely, exposure to light in nocturnal rodents displays an
opposite window of temporal sensitivity because
light stimulation leads to clear phase shifts only when
applied during the night, that is, at times when the
presence of light is not expected in the natural
light/dark environment (Daan and Pittendrigh, 1976).
It is important to note in hamsters that a behavioral activation such as novelty-induced running
during daytime induces both increased release of
hypothalamic 5-HT and subsequent phase advances
(Dudley et al., 1998). Because a short exposure to
light can inhibit the phase advance induced by a
serotonergic stimulation, this suggests that a temporary behavioral activation concomitant with transient exposure to light during daytime would not be
sufficient to produce long-term phase shifts in hamsters in their natural environment. That is, ambient
light during daytime might buffer the SCN clock
against behavioral (serotonergic) phase resetting.
Concerning any chronobiotic effect of exogenous
melatonin during daytime, it is unlikely that such a
situation occurs in natural conditions because the
nocturnal secretion of pineal melatonin is both clock
controlled and light inhibited (Simonneaux and
Ribelayga, 2003). Nevertheless, as exemplified here
with exogenous melatonin, there might be modulatory mechanisms during daytime allowing other
nonphotic cues (e.g., neuropeptide Y) to alter in vivo
phase advances induced by a serotonergic stimulation resulting from behavioral activation.
In conclusion, the present data show that both
light and melatonin can inhibit the behavioral
phase-shifting properties of serotonergic stimulation without affecting the effects of 8-OH-DPAT on
Per mRNA levels in the SCN. These findings reinforce the idea of multiple interactions between
photic and nonphotic cues, and between different
nonphotic cues that can modulate the phase of the
SCN clock during daytime. Further experiments are
needed to understand at which level of the clock
machinery the blocking effects of light and melatonin
are mediated.
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