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Jet-lag symptoms arise from temporal misalignment between the internal circadian clock and
external solar time when traveling across multiple time zones. Light is known as a strong
timing cue of the circadian clock. We here examined the effect of daily light on the process of
jet lag by detecting c-Fos expression in the master clock neurons in the suprachiasmatic
nucleus (SCN) under 8-hr phase-advanced jet lag condition. In WT mice, c-Fos-
immunoreactivity was found at 1–2 hours on the first day after light/dark (LD) phase-
advance. This induction was also observed on the second and third days, although their
levels were diminished day by day. In contrast, c-Fos induction in the SCN of V1a–/–V1b–/–

mice, which show virtually no jet lag symptoms even after 8-hr phase-advance, was only
detected on the first day. These results indicate that external light has affected SCN
neuronal activity for 3 days after LD phase-advance in WT mice suggesting the continuous
progress of activity change of SCN neurons under jet lag conditions. Noteworthy, limited c-
Fos induction in V1a–/–V1b–/– SCN is also consistent with the rapid reentrainment of the SCN
clock in mutant mice after 8-hr LD phase-advance.
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I. Introduction

Most biological processes in the body have daily
rhythms with a period of approximately 24-hr, and these
rhythms are maintained even in the absence of external
stimuli [6, 21]. The center of this biological clock system
resides in the suprachiasmatic nucleus (SCN) of the hypo-
thalamus [9, 25]. The internal oscillator composed of the
clock genes in the SCN is entrained to the Earth’s 24-hr
light/dark (LD) cycle by external timing cues, such as light
and temperature. Thus, it is now considered that the inter-
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nal biological clock system is supported to oscillate by the
cyclic change of environmental timing cues.

However, the invention of modern conveniences now
threatens our biological clock system. Artificial illumina-
tion widens our activity time and forces exposure to light
that influences the clock. Moreover, a jet airplane enables
us to cross multiple time zones within hours, dissociating
biological rhythms from the environmental LD cycle (jet
lag) and causing sleep disturbances and gastrointestinal dis-
tress [5, 17]. Equally as important, shift work and nighttime
work could also lead to jet-lag-like experience. Repeated
jet lag and rotating shift work both increase the risk of life-
style related diseases, including cardiovascular complaints,
metabolic insufficiency, and cancer [3, 11, 19]. Although
jet lag has been widely recognized as a chronobiological
health problem [7, 15, 28], its specific molecular and cellu-
lar mechanisms are poorly clarified.

Jet lag is caused by the dissociation of the internal cir-
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cadian clock and the environmental time. After traveling
across the multiple time zones, the internal clock cannot
phase-shift instantaneously to the local time like a watch
after the shift of the LD cycle, but continues to oscillate
autonomously according to its original time at departure for
several cycles. Indeed, 8-hr phase-advance of LD cycle
evoked a gradual shift of the locomotor activity rhythm and
took 10 days for complete reentrainment to the new LD
schedule in C57Bl/6 mice, which are widely used as a
model animal for jet lag study [7, 15].

Since the full phase-shift of circadian rhythms takes
10 days after 8-hr LD advance, the daily environmental LD
cycle might have an effect on the reentrainment progress of
the behavioral rhythms. However, little is known about the
effect of daily light on the neuronal activities in the SCN
during the reentrainment process. Thus, we firstly exam-
ined the time-dependent effects of LD phase-advance on
SCN neurons by detecting the expression of c-Fos, a useful
physiological marker of neural activation [18] which was
successfully used in the SCN [20], and phosphorylated
mitogen activated protein kinase (pErk1/2) [13] in WT
SCN throughout the first day (day 1) after 8-hr LD phase-
advance. Secondly, we examined daily changes in the light
effects on c-Fos expression in the SCN from the onset to
the complete reentrainment to the new LD cycle after 8-hr
LD phase-advance.

In contrast to the slow resetting of the locomotor
activity in WT mice, we recently found that mice geneti-
cally lacking AVP receptors V1a and V1b (V1a–/–V1b–/–

mice) are resistant to jet lag; circadian rhythms of behavior,
clock gene expression, and body temperature immediately
reentrained in the mutant mice to new LD cycles after 8-hr
phase-advance [27]. Since V1a–/–V1b–/– mouse is an inter-
esting animal model showing no jet lag symptoms,
although they have an intact biological clock, we examined
the daily effects of light exposure after 8-hr LD phase-
advance in V1a–/–V1b–/– SCN and compared them to those
in WT SCN in the present study. As expected, we con-
firmed the limited expression of c-Fos after LD advance
and it soon disappeared in V1a–/–V1b–/– SCN.

II. Materials and Methods
Animals and jet lag experiment

V1a–/–V1b–/– mice [27] and C57Bl/6 mice (males, 2- to
5-month-old) were entrained to 12-hr light (~200 lux fluo-
rescent light):12-hr dark (LD) cycle for at least two weeks
with ad libitum access to food and water, and then the LD
cycle was advanced by 8-hr lighting at ZT16 (Zeitgeber
time 16). All experiments were conducted in accordance
with the ethical guidelines of the Kyoto University Animal
Experimentation Committee.

Immunohistochemistry
For immunohistochemistry of c-Fos and phospho-

Erk1/2, animals were anesthetized and circulationally per-

fused with cold fixative (4% paraformaldehyde in 0.1 M
PB). The isolated brains were post-fixed with the same fix-
ative for 24 hr at 4°C and then transferred to 20% sucrose
in 0.1 M PB for cryoprotection. Coronal brain cryosections
(30 μm thick) were processed for free-floating immunohis-
tochemistry with rabbit polyclonal antibody against c-Fos
(abcam, ab7963) and rabbit polyclonal antibody against
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cell
Signaling, 9101). In brief, the free-floating sections, pre-
treated with hydrogen peroxide (1.5%, in 0.1 M PB, for 20
min at 4°C), were blocked with 5% horse serum in 0.1 M
PB for 1 hr at room temperature. Then, the sections were
incubated with the primary antibody [1:10,000 (c-Fos) and
1:500 dilution (phospho-Erk1/2), in 0.1 M PB containing
0.3% Triton X-100 (PBX)] for 72 hr at 4°C. After washing
with PBX, the sections were incubated with a secondary
antibody [biotinylated anti-rabbit IgG (Vector Laboratories,
BA-1000), 1:1000 dilution in PBX] for 16 hr at 4°C. The
immunoreactivities were visualized according to a standard
avidin-biotin-immunoperoxidase procedure (Vectorstain
Elite ABC kit, Vector Laboratories). The immunostained
sections were washed with 50 mM Tris-HCl buffer (pH 7.5)
and coverslipped with Entellan after dehydration.

Measurement of the number of c-Fos-positive cells
c-Fos expression offers cellular resolution, since

immunohistochemical c-Fos staining is localized to the cell
nucleus. Coronal SCN sections at the middle level of its
rostro-caudal axis (three sections per animal) were used for
the measurement of positive cell counts. The number of c-
Fos-positive cells in the SCN were counted using ImageJ
(NIH), as described previously [14, 24]. First, images were
converted from grayscale to binary black and white images
reflecting stained and unstained areas from the micro-
graphs. The image threshold was determined using the tri-
angle method within ImageJ and a set of cells from each
sample was outlined as a Region of Interest (ROI). The
number of cells were extracted using the “Analyze Parti-
cles” function. Selected cells were reconfirmed visually one
by one and counted only when the cytoplasm was clearly
labeled against the background. To minimize technical var-
iation throughout the experiment, sections from different
experimental conditions were collected into one group and
c-Fos immunostaining was performed simultaneously. A
two-way analysis of variance (ANOVA) was used to deter-
mine if significant differences were present (***P < 0.001,
**P < 0.01, and *P < 0.05). All statistical analyses were
performed using a Graphpad Prism 6.0 software. Sample
sizes at each time point were as follows: at ZT1 (Pre-jet
lag), WT SCN n = 6, V1a–/–V1b–/– SCN n = 4; ZT17 (Pre-jet
lag), 10, 6; day 1, 6, 10; day 2, 8, 6; day 3, 12, 12; day 4,
10, 6; day 5, 10, 6; day 6, 6 (WT), and day 7, 6 (WT),
respectively.
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III. Results
Time-course analyses of the light effect on SCN cells after
LD phase-advance in WT mice

We examined the acute effect of light on the neuronal
activities in the SCN on the first day after the onset of jet
lag. To address this issue, we first immunostained c-Fos
expression in WT SCN throughout the first day (day 1)
after 8-hr LD phase-advance (Fig. 1A). Before LD phase-
advance (Pre-jet lag), c-Fos was rarely expressed in the
SCN at ZT17 (ZT0 indicates lights-on and ZT12 lights-off)
(Fig. 1B). However, on day 1 just after 8-hr LD phase-
advance (jet lag), c-Fos was strongly induced in many cells
in the ventrolateral to the central region of the SCN at ZT1
(one hour after the onset of advanced light-on) (Fig. 1B),
which corresponded to ZT17 in LD cycle before LD phase-
advance (Pre-jet lag). Thereafter, c-Fos induction decreased
gradually (ZT2-ZT6) but remained in the ventral to the cen-
tral parts of the SCN, and disappeared at ZT10 (Fig. 1B,
C).

We also examined the phosphorylation state of
Erk1/2 [13] by an antibody against Phospho-p44/42 Erk1/2
(Thr202/Tyr204, pErk1/2). In pre-jet lag state, faint staining
of pErk1/2 was observed in the dorsal part of the SCN at
ZT17 (Fig. 1B), as previously reported as a night time sig-
nal [4, 13]. In contrast, pErk1/2-positive cells and fibers
appeared in the ventrolateral and the central parts of the
SCN at one hour after the onset of jet lag (ZT1 in Fig. 1B,
lower-middle panel). Then, pErk1/2 signal gradually
decreased during ZT2-ZT6 and was almost absent at ZT10
or later in the ventrolateral and the central region of the
SCN (Fig. 1B, C).

These immunohistochemical activities of c-Fos and
pErk1/2 indicate that advanced light under jet lag induces
an immediate alternation of the signal transduction in the
cells of the ventrolateral to the central SCN, which peaks at
ZT1 and diminishes within several hours.

c-Fos immunoreactivity in the SCN of WT mice under jet lag
conditions

Unlike pErk1/2, c-Fos expression offers cellular reso-
lution, since immunohistochemical c-Fos staining is local-
ized to the cell nucleus. Using this characterization of c-Fos
immunostaining, we next examined the daily changes of c-
Fos expression in WT SCN under jet lag conditions. We
sacrificed WT mice at ZT1, when the effect of light was
maximal, from day 1 to day 7 (Fig. 2A), and performed
immunostaining using anti-c-Fos antibody (Fig. 2B). The
positive c-Fos immunostained cells were observed in the
ventrolateral to the central region of the SCN on day 1 after
jet lag, and, to a lesser extent, on day 2. On day 3 and day
4, the stained cells were confined to the ventrolateral part
of the SCN just above the optic chiasma. On day 6 and day
7, stained cells were not observed in the SCN.

c-Fos immunoreactivity in the SCN of V1a–/–V1b–/– mice
under jet lag conditions

It appears that c-Fos induction occurs in the SCN in
relation to jet lag. To gain more insight into the correlation
between jet lag process and c-Fos expression in the SCN,
we performed the same jet lag experiment using V1a–/–

V1b–/– mutant mice. Importantly, we previously demon-
strated that these mutant mice differ from WT in showing
immediate reentrainment to 8-hr phase-advance [27]. We
examined c-Fos expression in the SCN at ZT1 until day 5
after 8-hr LD phase-advance of V1a–/–V1b–/– mice (Fig. 3).
Similar to WT, c-Fos was not observed before the onset of
jet lag and was strongly induced in the ventrolateral to the
central parts of the SCN in V1a–/–V1b–/– mice on day 1 after
jet lag. However, this induction was rapidly damped and
c-Fos expression was no longer observed on day 2 or the
following days in V1a–/–V1b–/– SCN, which was totally
different from that of the c-Fos expression in WT SCN.

Quantitative changes in the number of c-Fos-positive
neurons in the SCN of WT and V1a–/–V1b–/– mice under jet
lag conditions

To quantitatively compare the c-Fos expression in WT
and V1a–/–V1b–/– SCN under jet lag conditions, we per-
formed an imaging analysis and counted the number of c-
Fos-positive cells (Fig. 4). Whereas quite a few cells were
positive in both WT and V1a–/–V1b–/– SCN in the pre-jet lag
state, the numbers of c-Fos-positive cells were dramatically
increased on day 1 in the SCN of both genotypes. More-
over, the level of induction was quite similar in WT and
V1a–/–V1b–/– SCN on day 1. However, there was a marked
difference between genotypes in the later days: the greater
number of cells was continuously counted until day 5 in
WT SCN, whereas the number of c-Fos-positive cells on
day 2 or later was decreased to the level before jet lag in
V1a–/–V1b–/– SCN. Two-way ANOVA with Bonferroni post
hoc tests indicated that the number of c-Fos-positive cells
in WT SCN were greater than that in V1a–/–V1b–/– SCN on
days 2–3 after LD phase-advance.

IV. Discussion
We examined the effect of 8-hr phase-advance of LD

cycle causing jet lag on the expression of the early genes in
the SCN. We found that c-Fos was induced in many cells in
the ventrolateral and the central parts of both WT and
V1a–/–V1b–/– SCN on day 1, but the number of c-Fos-
positive cells in V1a–/–V1b–/– SCN returned to the basal
level on day 2, whereas that in WT SCN was still greater
on days 2–3. These results demonstrated that the effect of
daily exposure to light decreases day by day after jet lag in
both genotypes. It is strongly suggested that the transition
of the phase of the circadian clock due to jet lag affects the
reactivity of the clock to light exposure. The absence of the
light effect on SCN cells suggests that the light-induced
phase-shift of SCN cells has been completed on the second
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Immunohistochemistry showing c-Fos and pErk1/2 expression in WT SCN on day 1 after LD phase-advance. (A) Sampling time course. White
and black bars indicate light and dark phases, respectively. (B, C) Representative images of immunoreactivity to c-Fos and pErk1/2 in WT SCN before
or after jet lag. Boundaries of the SCN and the ventrolateral and the central parts are shown in the dotted lines in panel (B). oc, optic chiasma; v, third
ventricle. Bar = 100 μm.

Fig. 1. 
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c-Fos expression in WT SCN before or after jet lag. (A) Sampling time course. White and black bars indicate light and dark phases, respectively.
(B) Representative images of immunoreactivity to c-Fos in the SCN of WT mice before or after jet lag. Boundaries of the SCN and the ventrolateral and
the central parts are shown in the dotted lines. oc, optic chiasma; v, third ventricle. Bar = 100 μm.

Fig. 2. 
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c-Fos expression in V1a–/–V1b–/– SCN before or after jet lag. (A) Sampling time course. White and black bars indicate light and dark phases,
respectively. (B) Representative images of immunoreactivity to c-Fos in the SCN of V1a–/–V1b–/– mice before or after jet lag. Boundaries of the SCN and
the ventrolateral and the central parts are shown in the dotted lines. oc, optic chiasma; v, third ventricle. Bar = 100 μm.

Fig. 3. 
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day after jet lag in V1a–/–V1b–/– SCN. Together with the
complete change in the circadian expression profiles of
Per1 and Dbp of the SCN to the new environmental LD
cycles on day 2 [27], the present c-Fos data strongly sug-
gest that V1a–/–V1b–/– mice truly show no jet lag symptoms
and promptly adapt to the new environmental LD schedule.

Jet lag-induced c-Fos immunoreactivity is observed in
the neurons in the ventrolateral and the central parts of the
SCN where retinal fibers terminate [10, 22]. Since a brief
light exposure (30 to 60 min of 200 lux light) at subjective
night increases c-Fos expression selectively in the ventro-
lateral part of the SCN [8, 16], light may be the causative to
affect the SCN cells under jet lag conditions. Compared to
c-fos expression in the SCN under jet lag conditions in rats
[12, 23], we found c-Fos positive cells in wider parts of the
SCN, including its central area (See Fig. 1, Fig. 2, and Fig.
3). This seems to correspond to the wider distribution of
retinal terminals in mice [1] than that in rats [22].

There is a positive correlation between the amounts of
a light pulse-induced c-Fos expression and the behavioral
phase-shifts [2, 8]. Moreover, application of antisense oli-
gonucleotides against c-fos inhibits the light pulse-induced
phase-shifts [26]. Here, we revealed that c-Fos induction in
WT SCN was detected not only on day 1 but also on days
2–3. Thus, our present jet lag observation suggests that

light exposure in every morning after LD phase-advance
has a substantial effect on the promotion of reentrainment
of the locomotor activity rhythm under jet lag condition,
even though the effect on day 1 has the most significant
effect since the number of c-Fos-positive cells are much
greater than that of the rest of the days. Hence, it might be
helpful for us to reduce jet lag symptoms if we have expo-
sure to sunlight each morning when we go abroad.
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