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Jet	lag	encompasses	a	range	of	psycho-	and	physiopathological	symptoms	that	arise	from	temporal	mis-
alignment	of	the	endogenous	circadian	clock	with	external	time.	Repeated	jet	lag	exposure,	encountered	
by	business	travelers	and	airline	personnel	as	well	as	shift	workers,	has	been	correlated	with	immune	
deficiency,	mood	disorders,	elevated	cancer	risk,	and	anatomical	anomalies	of	the	forebrain.	Here,	we	
have	characterized	the	molecular	response	of	the	mouse	circadian	system	in	an	established	experimental	
paradigm	for	jet	lag	whereby	mice	entrained	to	a	12-hour	light/12-hour	dark	cycle	undergo	light	phase	
advancement	by	6	hours.	Unexpectedly,	strong	heterogeneity	of	entrainment	kinetics	was	found	not	only	
between	different	organs,	but	also	within	the	molecular	clockwork	of	each	tissue.	Manipulation	of	the	
adrenal	circadian	clock,	in	particular	phase-shifting	of	adrenal	glucocorticoid	rhythms,	regulated	the	
speed	of	behavioral	reentrainment.	Blocking	adrenal	corticosterone	either	prolonged	or	shortened	jet	lag,	
depending	on	the	time	of	administration.	This	key	role	of	adrenal	glucocorticoid	phasing	for	resetting	
of	the	circadian	system	provides	what	we	believe	to	be	a	novel	mechanism-based	approach	for	possible	
therapies	for	jet	lag	and	jet	lag–associated	diseases.

Introduction
The term jet lag describes a set of physiological and psychological per-
turbations experienced when internal circadian rhythms and external 
time are out of synchrony, for example, after traveling in a jet plane 
across multiple time zones (1, 2). It is characterized by decreased alert-
ness, nighttime insomnia, poor overall performance (3), impaired 
cognitive skills (4), loss of appetite, depressed mood, reduced psycho-
motor coordination, and gastrointestinal disturbances (5). The sever-
ity and extent of these symptoms depend on the direction and speed 
of travel and the number of time zones crossed (5–8). Individuals  
exposed to chronic jet lag may experience accelerated malignant 
growth (9) and temporal lobe atrophy combined with spatial cog-
nitive deficits (10). Rodents subjected to chronic jet lag suffer from 
cardiomyopathies (11) and hastened death upon aging (12).

Circadian clocks are oscillators driven by interlocked positive and 
negative transcriptional/translational feedback loops. The clock 
transcriptional activators circadian locomotor output cycles kaput 
(CLOCK) and aryl hydrocarbon receptor nuclear translocator–like; 
(ARNTL; also referred to as BMAL1) turn on period (Per1, Per2, and 
Per3) and cryptochrome (Cry1 and Cry2) genes. PER and CRY pro-
teins are negative regulators repressing CLOCK/ARNTL-mediated 
transactivation (13–15). A second loop involves positive and negative 
regulation of Arntl expression through RAR-related orphan recep-
tor α (RORα) and nuclear receptor subfamily 1, group D, member 1 
(NR1D1; also known as REV-ERBα), respectively (16). The transcrip-
tion factor D site albumin promoter binding protein (DBP) regulates 
rhythmic activation of downstream target genes (17), thereby serving 
as relay mediating the output of the circadian oscillator.

The master pacemaker of the hypothalamic suprachiasmatic 
nuclei (SCN) and also peripheral oscillators all rhythmically 
express clock genes (18). The SCN appears to synchronize 

peripheral oscillators present in, for example, the cerebral cortex 
(19, 20), the retina (21), the liver (22), the kidney (23), and the 
pancreas (24–27) through hormonal and neuronal pathways (27, 
28). Peripheral clocks translate clock time into physiologically 
meaningful signals via rhythmic activation of clock-controlled 
genes (29, 30). The temporal disorganization of the circadian 
system during jet lag is likely to disrupt overall physiological 
coordination and, hence, be the cause of most jet lag–associ-
ated symptoms (6). Yamazaki et al. have found that during jet 
lag, Per1 expression rhythms reentrain faster in the SCN than 
in any of the other tissues examined (22). Similar findings were 
reported by Davidson et al. for Per2 (31). Reddy et al. found 
a dissociation of period and cryptochrome gene expression 
rhythms during jet lag and postulated that the slower-adapting 
cryptochrome rhythm acts as a rate-limiting factor for behav-
ioral adaptation (32). Collectively, the results of these studies, 
which included a limited number of tissues and circadian genes, 
suggest that coordination of clock gene expression is globally 
disrupted during jet lag. This prompted us to systematically 
examine reentrainment of the major components of positive 
and negative branches of the circadian feedback loop in a variety 
of tissues. We found that the rate of clock gene reentrainment 
varied among both genes and tissues.

It remains unclear which factors mediate the organismal process 
of reentrainment. Adrenal glucocorticoids (GCs) can reset periph-
eral clocks (33), and the adrenal circadian clock regulates the rhyth-
mic release of GCs into the blood (34). Sage and colleagues showed 
that rhythmicity of GCs influences photic entrainment of locomo-
tor activity in rats (35). This led us to hypothesize that the adrenal 
clock coordinates circadian reentrainment during jet lag by gradu-
ally adjusting GC rhythms. We discovered that genetic ablation 
of the adrenal clock accelerated the rate of reentrainment. Timed 
application of metyrapone (MET), an inhibitor of adrenal GC syn-
thesis, evoked a shift in the GC rhythmicity and — depending on 
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the time point of drug application — resulted in either acceleration 
or deceleration of behavioral adaptation to the new time zone. We 
conclude that the adrenal circadian clock, through control of GC 
rhythms, is a major regulator of reentrainment to jet lag.

Results
Differential response of circadian clock gene expression in the SCN during 
jet lag. Mice were entrained to a light-dark (LD) cycle of 12 hours 
light, 12 hours dark. Their running-wheel activity was restricted to 
the dark phase (Zeitgeber time 12 to 24; ZT12–ZT24), as expected 
for nocturnal animals. Advancing the LD cycle by 6 hours (which 
simulates eastward traveling) evoked a gradual adaptation of run-
ning-wheel activity to the changed light regimen. This transition 
was completed after 8–9 days (Figure 1A). We determined locomo-
tor activity onsets before and after the shift. Onset resetting fol-
lowed a sigmoid curve, and a 50% phase shift (PS50) was reached at 
4.0 ± 0.1 days (Figure 1B).

Because locomotor activity is believed to be driven by the cir-
cadian pacemaker of the SCN (36–39), adaptation to a new time 
zone should be reflected by changes of clock gene expression in 
the SCN. Hence, we used in situ hybridization (ISH) to determine 
jet lag–evoked changes in the transcription profiles of 5 canonical 
clock genes: Per1, Per2, Dbp, Nr1d1, and Arntl. Results of densi-
tometric quantifications of autoradiographs of coronal sections 
through the SCN are depicted in Figure 2A. Before the shift (day 0),  
transcripts of Per1, Per2, and Dbp showed rhythmic expression 
with peak levels around the middle of the day (ZT4–ZT10; Figure 
2A, top row). Arntl transcript levels were highest around ZT16, 
while Nr1d1 mRNA levels peaked around the ZT0 night/day tran-
sition. At 12 days after the shift, the transcript rhythms had fully 
adapted to the new LD cycle (Figure 2A). Circadian transcript 
profiles of the different clock genes at intermediary time points 
showed marked differences in their individual adaptation char-
acteristics. To quantify the kinetics of adaptation of clock gene 
expression, we determined mRNA peaks by sine wave regression 
(Figure 2A). The rhythmicity of circadian expression was verified 
using CircWave software (ref. 34 and Supplemental Table 1; sup-
plemental material available online with this article; doi:10.1172/
JCI41192DS1). The time point of peak expression for each gene 
and day was determined. To facilitate a direct comparison of reset-
ting of expression rhythms of different clock genes, peak times at 
days 2, 3, 4, and 12 were plotted relative to those at day 0 (Figure 
2B). Similar to our activity onset results (Figure 1B), resetting of 
clock gene expression peaks followed sigmoid kinetics, with full 
reentrainment reached between day 3 (Per2) and day 8 (Nr1d1). 
PS50 values revealed a marked difference in adaptation kinetics 
among the different clock genes (Figure 2C). Consistent with pre-

vious work (22), period genes rapidly adapted to the new light 
schedule. Importantly, other clock genes showed a considerably 
slower rate of adaptation, more closely reflecting that seen for 
running-wheel activity (Figure 2C).

Peripheral clocks vary in their rate of adjustment during jet lag. In order 
to determine the rate of adaptation of peripheral clocks in mice 
subjected to jet lag conditions, we measured clock gene expression 
by quantitative real-time PCR (qPCR; adrenal, kidney, liver, and 
pancreas) or by ISH (somatosensory cortex) at days 0, 2, 3, 4, and 8 
or 12 following a 6-hour advance of the LD cycle. Sine wave regres-
sion and F testing using CircWave software (34) showed that gene 
expression patterns were rhythmic at all times (Supplemental 
Figure 1 and Supplemental Table 1). PS50 values were determined 
as described above for the SCN; values for all tissues examined 
are shown in Figure 3. Somatosensory cortex and SCN showed 
a similar pattern of clock gene adaptation (compare Figure 2C 
and Figure 3A). In both cases, we observed a rapid response of 
Per1 and Per2, followed by a slower response for Dbp, Arntl, and 
Nr1d1. The rate of adjustment of period genes was not as rapid in 
non-neuronal tissues, except for the adrenal. Per2 shifted fastest 
in kidney and liver, whereas Arntl shifted slowest and Per1 shifted 
slower, comparable to Dbp and Nr1d1 (Figure 3, B–D). In stark 
contrast, Per1 and Per2 were both slow to reset in the pancreas, 
whereas Nr1d1 adjusted fast (Figure 3E). Of note, PS50 values in 
Figure 3E were reconfirmed by repeated analysis yielding a P value 
of 0.05 or less for Nr1d1 versus Per2.

Our quantitative analysis of the rate by which clock gene expres-
sion rhythms adapt to an advanced light schedule showed consid-
erable variation between genes and organs. This misalignment in 
expression rhythms is thus a molecular hallmark of jet lag and a 
likely cause of its discomfort.

The adrenal clock regulates endocrine and behavioral reentrainment 
during jet lag. Thus far, we showed that jet lag is characterized by a 
widespread, transient desynchronization of the molecular clock-
work. However, it remains unclear by what mechanism the circa-
dian system becomes realigned. Both the present study and recent 
work by others (22, 32) showed that the SCN clock adapted fast 
to the new light schedule. Moreover, we found that such rapid 
reentrainment was also the case for the adrenal clock. It should 
be noted that adrenalectomized rats show an accelerated rate of 
reentrainment (35). Together, these findings raise the possibility 
that the adrenal clock contributes in a critical way to resynchro-
nization. To examine this possibility, we analyzed the role of the 
adrenal circadian oscillator in our jet lag paradigm. First, we trans-
planted adrenals from clock-deficient Per2/Cry1 double-mutant 
animals into adrenalectomized WT hosts (34), creating adrenal 
clock–deficient mice (hostWT/adrenalPer2/Cry1; referred to herein as 

Figure 1
Behavioral entrainment during jet lag. (A) Rep-
resentative double-plotted actogram of a mouse 
before and after 6-hour LD phase advance 
applied at day 1. Tick marks represent wheel run-
ning activity; gray shading denotes dark lighting 
conditions. (B) Average onset of mice (n = 9) dur-
ing jet lag. PS50 (4.0 ± 0.1 days) was defined as 
the time at which half the phase shift was com-
pleted. All values are average ± SEM.
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hWT/aP2/C1). Animals were subjected to a 6-hour phase advance and 
the reentrainment of locomotor activity was compared with that 
of sham-operated controls (i.e., hWT/aWT). In the control group, 
wheel-running activity took approximately 9 days to fully adapt 
to the new LD cycle, whereas hWT/aP2/C1 mice adapted substan-
tially faster, reaching full reentrainment around day 7 (Figure 4, 
A and B). PS50 values of activity onsets were 28.4% less in animals 
lacking an adrenal clock (hWT/aWT, 4.95 ± 0.07 days; hWT/aP2/C1, 
3.55 ± 0.08 days; P < 0.0001; F = 161.4 [1, 266]).

The diurnal secretion rhythm of GCs from the adrenal is 
regulated by both SCN and adrenal circadian clocks (34, 40, 
41). We therefore analyzed whether reentrainment kinetics of 
adrenal corticosterone rhythms parallel those of activity reen-
trainment in hWT/aP2/C1 animals. Fecal corticosterone excretion 
rhythms were measured at 4-hour intervals starting on day 0 
and ending on day 5 relative to the phase shift. Additional sam-
ples were collected at days –5 and 12. Reentrainment kinetics 
was assessed by determining the shift of the sine-fitted peak 
time of corticosterone excretion (Supplemental Figure 2). We 
found that the reentrainment of hormonal rhythms was sig-

nificantly accelerated in mice lacking an adrenal clock (Figure 
4C). On average, the PS50 values were reduced 36% in hWT/aP2/C1 
animals (hWT/aWT, 2.47 ± 0.17 days; hWT/aP2/C1, 1.57 ± 0.10 days; 
P < 0.0001; F = 22.05 [1, 84]).

In both experimental groups, shifting of the GC rhythm preced-
ed shifting of activity (Figure 4, compare B and C). This became 
particularly obvious by plotting locomotor activity onsets against 
hormonal peak time for transient days 1–5 for each of the 23 ani-
mals (Figure 4D). This graph revealed a strong correlation between 
both parameters (hWT/aWT, r2 = 0.79; hWT/aP2/C1, r2 = 0.87). Almost 
all data points were located above the normal diagonal, reiterating 
that corticosterone concentration rhythms shift preceded that of 
locomotor behavior at all times. Figure 4D also shows data points 
for untreated (UT; i.e., nonoperated) mice; even in this case, shift-
ing of hormone rhythms preceded activity shifts (r2 = 0.65).

In summary, the lack of an adrenal circadian clock acceler-
ated phase-shifting of an important endocrine factor (cortico-
sterone) and of locomotor activity. Because the GC phase shift 
preceded that of activity, this suggests that hormonal cues act 
as regulators of behavioral adaptation.

Figure 2
Resetting of clock genes during jet lag in the SCN. (A) Diurnal mRNA profiles (average ± SEM) of 5 different clock genes at days 0, 2, 3, 4, and 
12 after the LD shift, superimposed with sine wave fits (black). Dark phases are marked by gray shading. 3 animals were used per time point. 
(B) Shifts of gene expression peak times obtained from the ISH data in A showed that adaptation to the new light schedule varied for the 5 clock 
genes (average ± SEM). Colors are as indicated in A and C. (C) PS50 values (average ± SEM) of clock genes in the SCN (from B) and of activity 
reentrainment (from Figure 1B). **P ≤ 0.01, ***P < 0.001 versus Per2. See Supplemental Table 2 for the results of statistical analysis.
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GC rhythms regulate reentrainment of locomotor activity. The pos-
sible role of adrenal GCs in mediating resynchronization offers 
an opportunity for experimental control of adjustment to jet lag. 
To manipulate endogenous GC circadian profiles in mice, we 
injected MET, which inhibits adrenal 11β-hydroxylase, an enzyme 
that converts 11-deoxycorticosterone to corticosterone. MET was 
administered for 16 days at 2 different time points. One group of 
animals received daily i.p. injection of MET during their inactive 
day phase, the other at the beginning of their active phase during 
the night (referred to herein as METD and METN, respectively; see 
Methods). Although this injection caused transient drowsiness, 
it had no effect on the onset of wheel-running activity of METD 
mice, and only minor effect on the onset of METN mice (Figure 5,  
C and D). UT and saline-injected animals (referred to herein as 
SALD and SALN) were used as controls.

On the day prior to the phase shift (i.e., day 0), the corticosterone 
maximum in METD mice was forward shifted by 1 hour relative 
to the SALD control (from approximately ZT17 to approximately 
ZT16; Figure 5A). Conversely, METN mice showed peak corticoste-
rone concentration at ZT18, corresponding to a 1-hour backward 

shift relative to SALN (Figure 5B). Of note, MET affected GC peak 
times, but did not significantly change the amplitude of GC excre-
tion rhythms (data not shown). Sample actograms and activity 
onset plots emphasized that at the behavioral level, METD mice 
showed accelerated activity resetting, whereas METN animals reen-
trained slower (Figure 5, C–F).

To test whether MET also influences resetting in a phase delay 
(westward traveling), we combined the above-described MET injec-
tion studies with an 8-hour phase delay of the LD cycle. METD 
and METN animals shifted the rhythm of corticosterone secretion 
in a direction reminiscent of the phase-advance studies. After the 
LD shift, control mice entrained to the new LD cycle within 4–5 
days (Figure 6, A and B). METD mice showed decelerated adap-
tation, whereas METN animals exhibited more rapid behavioral 
adaptation (Figure 6, C and D), indicating that the direction of 
the shift of the corticosterone peak time prior to jet lag determines 
the effect of MET treatment on behavioral reentrainment. Taken 
together, our data show that preconditioning mice by timed appli-
cation of a GC synthesis inhibitor influences the rate of behavioral 
resynchronization processes that follow a phase advance or delay.

Discussion
Jet lag arises from a transient misalignment of the endogenous cir-
cadian timing system with external time (2). We have determined 
organ-specific expression profiles of key circadian clock genes to 
characterize circadian resynchronization during jet lag at the molec-
ular level. Each of the organs and clock genes examined showed a 
characteristic time course of adjustment from the pre– to the post–
jet lag state. Therefore, jet lag evokes a global desynchronization of 
clock gene expression rhythms that gradually returns to the robust 
alignment typical for the entrained state of the circadian oscillator 
system. We showed that during this process, the circadian clock of 
the adrenal gland has a special role, in that adrenal clock–controlled 
GCs regulated the reentrainment of locomotor activity rhythms. By 
timed application of MET prior to jet lag, the phase of the endog-
enous GC rhythm was shifted, which in turn evoked a predictable 
change in the rate of behavioral reentrainment. Our study thus not 
only substantiated the importance of GC rhythms in jet lag adapta-
tion, but also established an informative experimental animal model 
to explore the treatment of jet lag and its associated symptoms.

Figure 3
Clock gene resetting kinetics in different tissues following 6-hour LD phase 
advance. Resetting is represented by PS50 values (average ± SEM).  
*P ≤ 0.05, **P < 0.01, ***P < 0.001 versus Per2. Determination of PS50 

values from expression data (Supplemental Figure 1; n = 3 animals 
per time point) was done as described in Figure 2. See Supplemental 
Table 2 for statistical analysis. (A) In the somatosensory cortex, simi-
lar and rapid adaptation of the Per1 and Per2 was followed by slower 
adaptation of Dbp, Arntl, and Nr1d1. (B) In the adrenal, Per1 and Per2 
both showed comparable and fast adaptation, whereas Dbp and Nr1d1 
rhythms shifted at a similar, but slower, rate. Arntl showed the slowest 
adaptation, with a PS50 value of 3.5 ± 0.2 days. (C) A similar hierarchy 
was observed for kidney, with fast adaptation for Per, Dbp, and Nr1d1, 
and a slow one for Arntl. (D) In liver, Per2 expression shifted signifi-
cantly faster than that of the other clock genes except Nr1d1. Per1 
and Dbp followed at comparable speed, while Arntl adapted slowest  
(4.1 ± 0.2 days). (E) In the pancreas, Per1 and Per2 shifting was slow, 
with PS50 values of 4.8 ± 0.7 and 4.8 ± 0.7 days, respectively, followed 
by Dbp and Arntl. Nr1d1 adaptation was fastest in this tissue, with a 
PS50 value of 3.5 ± 0.4 days.
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Clock gene desynchronization during jet lag differentially affects tissues. 
To date, surprisingly little is known about the molecular processes 
underlying resynchronization of internal and external rhythms dur-
ing jet lag. Pioneering studies with rodents expressing a period gene–
driven luciferase reporter have provided inroads to understanding 
the underlying mechanism (22). It was proposed that overall clock 
resetting is initiated at the level of the SCN, with rapid reentrainment 
of period gene rhythms followed by that of cryptochrome genes (32). 
Reddy and colleagues provide evidence that cryptochrome rhythm 
entrainment closely correlates with that of behavior (32). Another 
aspect of perturbation was shown within the SCN itself, where cells 
can be separated in ventral and dorsal regions that show different 
resetting kinetics during the period of desynchrony (31).

Here we showed that the order of clock gene resetting varied 
considerably among different organs, indicative of tissue-spe-
cific pathways of reentrainment. Our data distinguish 3 differ-
ent resetting groups: a CNS group, including the SCN and the 
somatosensory cortex, with fast responding period genes and 
slower, but comparably fast, readjustment of Dbp, Arntl, and 
Nr1d1; a group of peripheral tissues, such as the kidney and 
the liver, entraining via fast Per2, intermediate resetting of Per1, 
Dbp, and Nr1d1, and slow entrainment of Arntl; and the pan-
creas, showing an inversed order of clock gene resetting, with 
fast Nr1d1 and slow Per1, Per2, Dbp, and Arntl adaptation. The 

adrenal clock has an intermediate position between the first 
(CNS) and the peripheral reentrainment group, in agreement 
with its previously reported direct light entrainability (34, 41).

Our data thus indicate that the resetting mechanisms underlying 
the entrainment of peripheral clocks are highly tissue specific. In 
a similar paradigm in which animals were shifted from a long to 
a short photoperiod, differential resetting mechanisms were seen 
between the SCN and the liver (42). This study, as well as the pres-
ent one, found that Per2 and Nr1d1 in the liver, but not in the SCN, 
shifted at comparably fast speeds. Such differential clock gene 
resetting lends further support to the hypothesis of differential 
and tissue-specific reentrainment. Interestingly, we found that the 
pancreas showed the slowest resetting kinetics of all tissue clocks 
analyzed in this study. This agrees with the finding that this organ 
has an exceptionally robust pacemaker (43, 44). Similar to the 
directly light-activated period genes in the SCN (45), fast shifting of 
Nr1d1 rhythms in the pancreas indicated that this gene might be an 
early target of resetting stimuli in this tissue. Several studies have 
characterized the nuclear orphan receptor Nr1d1 as a link between 
metabolic and circadian regulation (46–49); hence, Nr1d1 may be a 
metabolic sensor setting the circadian clock in the pancreas.

The adrenal clock regulates reentrainment during jet lag. We and others 
have previously shown that the adrenal clock gates the response of 
the steroidogenic machinery to adrenocorticotropin and thereby 

Figure 4
Influence of adrenal clock function on activity reentrainment after 6-hour phase advance of the LD cycle. (A) Representative double-plot acto-
grams of hWT/aWT and hWT/aP2/C1 animals. Dark phases are denoted by gray shading. (B) Resetting kinetics of activity onsets (average ± SEM). 
The curves differed significantly between days 3 and 8 (0.003 ≤ P ≤ 0.016). On average, PS50 values of activity resetting were reduced by 28.4% 
for hWT/aP2/C1. n = 9 (hWT/aWT); 8 (hWT/aP2/C1). (C) Resetting kinetics of corticosterone excretion maxima peak times (average ± SEM). The curves 
differed significantly between days 2 and 5 (0.030 ≤ P ≤ 0.004). On average, PS50 values of corticosterone resetting were reduced by 36.5% in 
hWT/aP2/C1. n = 5 (hWT/aWT); 6 (hWT/aP2/C1). (D) Corticosterone maxima and activity onset phase shifts are plotted against each other for individual 
UT, hWT/aWT, and hWT/aP2/C1 mice. Because nearly all individual experimental values were located above the normal (y = x; dashed line), cortico-
sterone concentration rhythms shifted more rapidly than did locomotor behavior at all times. A strong correlation between both factors for all 
groups was found (UT, r2 = 0.65; hWT/aWT, r2 = 0.79; hWT/aP2/C1, r2 = 0.87). UT activity is as shown in Figure 1.
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Figure 5
Shifting corticosterone rhythms prior to jet lag affects behavioral resetting kinetics in a phase-advance paradigms. (A and B) Advanced and 
delayed corticosterone excretion rhythms of WT METD (A) and METN (B) mice after 16 days of MET treatment. The direction of the shift of the 
corticosterone peak time prior to jet lag in treated mice in comparison to the peak time in SALD, SALN, and UT control mice (n = 5) is indicated 
(ΔZTmax). (C and D) Representative double-plotted actograms of SALD and METD mice (C) and SALN and METN mice (D) 2 weeks before and 
2 weeks after a 6-hour phase advance of the LD cycle. Time and duration of MET treatment is shown by red bars. Dark phases are denoted by 
gray shading. (E and F) Resetting kinetics of activity onsets of METD and SALD mice (E), METN and SALN mice (F), and UT controls. Resetting 
kinetics of injected animals differed significantly from that of saline-treated animals (P < 0.0001, METD vs. SALD; P = 0.0003, METN vs. SALN;  
n = 6 per group). All values are average ± SEM.
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influences the rhythm of GC secretion into the blood (34, 40). 
Moreover, our behavioral data were indicative of a key regulatory 
function of the adrenal circadian clock in behavioral reentrain-
ment during jet lag. Together with the role of GCs in the resetting 
of peripheral oscillators (33), these findings suggest a critical role 
for the adrenal clock in the overall circadian entrainment process 
(27, 50). Both the SCN and the adrenal clock receive direct photic 
input through the autonomic nervous system (34, 41), which might 
account for the rapid entrainment response of these oscillators.

We posit that the SCN signals primarily though neuronal con-
nections to the adrenal, thereby regulating adrenal clock gene 
expression. In turn, the adrenal clock feeds back to the SCN, where 
it stabilizes SCN-controlled activity rhythms. GCs are part of this 
adrenal to SCN feedback, which most likely uses indirect pathway 
of transmission, as SCN neurons themselves do not express GC 

receptors (33, 51). Such a feedback control mechanism would pre-
vent uncoordinated resetting of the circadian system, for example 
in response to sporadic light exposure, and thus serves as a pro-
tection from Zeitgeber noise. In the case of jet lag, however, this 
feedback loop becomes a problem, preventing rapid adaptation of 
behavioral rhythms to the new time zone. When the adrenal clock 
is compromised, for example by adrenalectomy (35) or transplan-
tation of a clock-deficient adrenal, then adrenal-SCN feedback 
is affected. The SCN pacemaker thus becomes less resistant to 
external perturbation and hence more rapidly relays the external 
resetting signal to subordinated clocks and tissues, resulting in 
accelerated reentrainment.

In addition to GCs, the adrenal produces several other hor-
mones, such as mineralocorticoids and catecholamines. Hence, 
deletion of the adrenal clock might have broader consequences 

Figure 6
MET injection prior to jet lag affects behavioral resetting kinetics in a phase-delay paradigm. After injection of MET or saline for 16 days, animals 
were released into an 8-hour phase delay paradigm. (A and B) Representative double-plotted actograms of SALD and METD mice (A) and SALN 
and METN mice (B) 2 weeks before and 2 weeks after 8-hour phase delay of the LD cycle. Time and duration of MET treatment is shown by 
red bars. Dark phases are denoted by gray shading. (C and D) Resetting kinetics of activity onsets of METD and SALD mice (C) and METN and 
SALN mice (D). The curves of injected animals differed significantly from that of saline-treated control animals (P < 0.0001, METD vs. SALD and 
METN vs. SALN; n = 6 per group). Differences between MET- and saline-injected animals were still significant (P = 0.0105) when the shift was 
shortened to 7 hours, caused by delayed onset after MET injection at ZT12. All values are average ± SEM.
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than merely affecting behavioral resetting. Recently it was shown 
that in clock-deficient mice, there was an abnormally high synthe-
sis of aldosterone, which impaired the renin-angiotensin pathway 
of the kidney (52). Thus, the adrenal clock might be involved in a 
feedback loop not only with the SCN, but also with other organs, 
such as the kidney, thereby regulating kidney physiology.

The phase of GC rhythms regulates reentrainment during jet lag. Com-
mon strategies to alleviate jet lag syndrome aim at adjusting the 
body clock to the new time zone prior to travel (5). Most treat-
ments are based on preflight plans, including long-term light 
conditioning, sometimes in combination with timed melatonin 
administration (6). It has recently been shown that in hamsters, 
the phosphodiesterase inhibitor sildenafil enhances circadian 
responses to light and accelerates reentrainment after phase 
advances of the LD cycle (53).

Few studies have addressed GC function in reentrainment dur-
ing jet lag, focusing on the regulation of the amplitude (35, 54) 
and phase (35) of diurnal GC secretion. Sage et al. have shown 
that in adrenalectomized rats, exogenously provided corticoste-
rone restored the rate of reentrainment only when the imposed 
corticosterone was rhythmic (35). Moreover, these authors showed 
that when the corticosterone rhythm was out of phase with the 
LD cycle, overcompensation was seen, with decelerated reentrain-
ment rates. In our study, MET treatment shifted the phase of 
GC rhythms by only 1 or 2 hours, yet, reminiscent of the find-
ings of Sage et al., we observed a marked effect on photic reen-
trainment during jet lag. Thus our present study and that by Sage 
and coworkers (35) underline the importance of GC rhythms for 
photic adaptation. As an animal model of jet lag, the strategy of 
applying the 11β-hydroxylase inhibitor MET to a normal animal 
seems more practical than adrenalectomy followed by imposing an 
endogenous GC rhythm. To restore such rhythms requires implan-
tation of slow-release pellets and restricted access to corticoste-
rone-supplemented drinking water (35).

Chronopharmacologic manipulation of GC phase prior to jet 
lag by timed administration of MET was sufficient to substantially 
accelerate or slow behavioral reentrainment and thus prolong or 
shorten the duration of jet lag. In another context, concurrent GC 
administration and electrical stimulation was shown to promote 
hippocampal synaptic plasticity, whereas treatment with GC prior 
to stimulation suppressed this effect (55–57). Both cases provide 
good examples for the clinical importance of timing in the design 
of therapeutic strategies.

In summary, our data show that in the SCN and in peripheral 
oscillators, the process of jet lag was characterized by marked hetero-
geneity of phase resetting of clock genes that operate in the positive 
and negative branches of the clock. The consequence is a transient 
misalignment of the transcriptional feedback loops driving the cir-
cadian molecular clock that results in deregulation of tissue-specific 
oscillators (29, 30). Because circadian clocks control a large number 
of organotypic output genes, jet lag–associated desynchrony of core 
clock genes across many organs will initiate a chain reaction cul-
minating in transient perturbation of a wide range of physiologi-
cal outputs. This perturbation alone would be sufficient to explain 
large aspects of the pathophysiology of the jet lag syndrome.

Because GC rhythmicity markedly influenced photic resetting 
during jet lag, modulating these rhythms by timed inhibition 
of GC synthesis might be an attractive therapeutic alternative 
because of its minor side effects. Since MET is used in the diagno-
sis of adrenal insufficiency, its efficacy in alleviating jet lag could 

be investigated in humans. In addition, the mouse model present-
ed in our study may be used for screening for new chronopharma-
cologic agents to treat the various symptoms of jet lag affecting a 
large number of travelers and shift workers each day (58).

Methods
Animals. For all experiments, male WT (C57BL/6J) and homozygous Per2/Cry1  
double mutant mice (Per2tm1Brd; ref. 59; and Cry1tm1Jhjh; ref. 15) of 2–3 months 
of age were used as described previously (60). All animal experiments were 
done with prior permission from the Office of Consumer Protection and 
Food Safety of the State of Lower Saxony and in accordance with the Ger-
man Law of Animal Welfare. Mice were housed in small groups of 5 or 
fewer under LD cycle conditions of 12 hours light, 12 hours dark, with 
food and water ad libitum.

Behavioral analysis. Handling and activity measurements during experi-
ments were performed as described previously (61). Wheel-running activity 
was analyzed using ClockLab software (Actimetrics). For the jet lag experi-
ment (6-hour rapid advance or 8-hour rapid delay of the LD cycle), ani-
mals were single-housed in running wheel–equipped cages for 2 weeks or 
longer under LD conditions (lights on, ZT0; light intensities of 350 lux). 
On day 1 of the jet lag, the lights-off time (ZT12) was shifted from 6 pm to 
12 am (phase advance paradigm) or from 6 pm to 2 am (phase delay para-
digm). Using a short day protocol, we defined day 1 as the first advanced 
dark period (similar to Davidson et al., who used a short night approach 
in which the first day is defined by the deemed light period; ref. 31; but dif-
ferent from Yamazaki et al., where the following day — corresponding to 
day 2 in our study — was referred to as day 1; ref. 22). For the delay experi-
ment (8-hour rapid delay of the LD cycle), animals were housed in running 
wheel–equipped single cages for 2 weeks or longer under LD conditions 
(lights on, ZT0; light intensities of 50 lux). On day 1 of the jet lag, the 
lights-off time (ZT12) was shifted from 12 pm to 8 pm. Day 1 was defined 
here as the day with the first delayed dark period. Animals were synchro-
nized to the new LD regimen for another 2 weeks during which time of 
wheel-running activity was recorded. Individual activity onsets before and 
after the shift were determined by visual inspection and averaged over the 
whole cohort to asses reentrainment rates.

qPCR. Animals were sacrificed at the indicated time points by cervical 
dislocation before (day 0) and at 4 different days after the phase advance 
of the LD cycle. Eyes were removed prior to tissue dissection under a 15-W 
red safety light at time points during the dark phase (45). Tissue samples 
were dissected and stored frozen in RNAlater (Ambion). Total RNA sam-
ples from adrenal, kidney, liver, and pancreas were prepared using RNeasy 
Micro and Mini Kits (Qiagen). cDNA was synthesized using Thermoscript 
RT Kit (Invitrogen). qPCR was performed on an iCycler thermocycler (Bio-
Rad) with iQ SYBR Green Supermix (Bio-Rad) according to the manufac-
turer’s protocol. Primer sequences and cycle conditions were as detailed 
previously (34, 62). Ef1α was used as standard, and single-well amplifica-
tion efficiency estimates and relative quantification of expression levels 
were performed as described previously (63).

ISH. Animals were sacrificed 1 day before (day 0) and at days 2, 3, 4, and 
12 after the LD shift, and brains were dissected. Tissues were fixed, dehy-
drated, and paraffin embedded; 8-μm sections were prepared (64) and 
stored at –80°C. Sections were hybridized with 35S-UTP–labeled antisense 
RNA probes for clock gene transcripts (34). Relative quantification of 
expression levels was performed by densitometric analysis of autoradio-
graph films using Scion Image software (Scion Corp.; ref. 60).

Adrenal transplantations. Transplantations of adrenal fragments were per-
formed as described previously (34, 65). Briefly, male WT and Per2/Cry1 
double mutant mice of 6–8 weeks were anesthetized by i.p. injection of 
100 mg/kg ketamine and 10 mg/kg xylazine. Adrenals were dissected from 
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mutant animals following medial laparotomy and transplanted under-
neath the capsule of the kidney of an adrenalectomized WT host animal. 
Both adrenals were transplanted into a single host. To control for the 
transplantation procedure, WT animals received their own (i.e., WT) adre-
nal transplants following adrenalectomy. After the surgery, animals were 
allowed to recover for 8 weeks under standard LD conditions to ensure 
complete reinnervation of the transplanted tissues (66).

Hormone measurements. Fecal samples were collected at 4-hour intervals 
before and after the jet lag treatment using wheel cages equipped with wire 
grid floors. To rule out stress-induced effects, animals were transferred to 
the collection cages 3 days prior to the first sampling interval. Fecal samples 
were stored at –80°C. Corticoid metabolite extraction and quantification by 
RIA (MP Biomedicals) were performed as described previously (67).

Pharmacologic treatments. Administration of MET (Sigma-Aldrich) to WT 
mice was done for 16 days prior to the jet lag procedure (see above). Two sets 
of 24 animals each received MET dissolved in water (100 mg/kg body weight 
per day) via i.p. injection at different times during the day. Injections were 
stopped 1 day before the LD shift (day 0). METD animals were injected during 
the first half of their rest phase at ZT3; METN animals received MET injec-
tions at the beginning of their activity phase at ZT12. At day 16 of the treat-
ment (day –1 relative to LD shift), fecal samples were collected to analyze the 
phase shift of corticoid excretion rhythms. Saline-treated (0.9% NaCl) WT lit-
termates injected at ZT3 or ZT12 were used as controls for all experiments.

Statistics. Peak time analyses were performed using Prism software 
(GraphPad). A sine wave equation, y = BaseLine + Amplitude sin (frequency 
x + PhaseShift), was fitted to the data. For gene expression and corticoste-
rone data, frequency was fixed to 24 hours. Maxima were calculated using 
the axis section of the second derivative. To determine PS50, a sigmoid 

dose-response curve with variable slope was fitted to the sine wave maxima 
(corticosterone), y = Bottom + (Top – Bottom) (1 + 10(log PS50 – x) HillSlope),  
or onset time points (locomotor activity) for each group. To test whether 
the best-fit PS50 values differed between data sets, data were compared by 
extra sum-of-squares F test using a P value of less than 0.05 as a thresh-
old. Maxima of gene expression or corticosterone at specific days were 
compared by Mann-Whitney rank sum test, even if normality tests and 
equal variance tests were positive, reflecting the small sample sizes of 3–9. 
A statistically significant difference was assumed with P values less than 
0.05. Correlations between phase-shift activity onsets and corticosterone 
maxima were performed using linear regression. The quality of fit was esti-
mated by r determination. Departure from linearity was tested with runs 
test. Normality and homoscedasticity tests were passed for all data sets. 
Diurnal variation of expression data was tested using Fourier analysis with 
CircWave version 3.3 software (34) and threshold values of 0.05 for α and 
a period of 24 hours.
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