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the light-dark cycle although re-entrainment occurred signifi-
cantly faster (Figure 1C; Figure S1C,G). Subsequently, mice 
were released into constant darkness following 2 cycles of a 
shifted light-dark cycle to assess whether SCN phase was re-
entrained to the shifted light-dark cycle (Figure 1D,E). The 
change in the timing of the activity onset showed that mice 
exposed to an 8-hour delay of the light-dark cycle already 
completed most of the shift (−5.80 hour shift, one-sample t 
test: t13 = 10.74, P < .0001, Figure 1E), while two cycles of 
exposure to an 8-hour advance did not advance, but instead 
resulted in a small phase delay of the timing of activity onsets 
(−1.84 hour shift, t13 = 4.47, P = .0006, Figure 1D). All re-
sponses to light-dark cycle shifts were similar in Per2::Luc/+ 
and wild-type mice.

The response of peripheral rhythms to an environmental 
shift was determined in a separate cohort of Per2::Luc/+ 
mice that were littermates of the mice studied above. These 
mice were exposed to either an 8-hour phase advance or 
an 8-hour delay of the light-dark cycle. The rhythmicity 
of peripheral clocks in the submandibular gland, liver, and 

kidneys was assessed by measuring in vivo PER2::LUC 
bioluminescence at six timepoints throughout the day be-
fore, as well as 2, 4, and 7  days after shifting the light-
dark cycle. These measurements showed that rhythmicity 
persisted in all three organs on each of the measurement 
days following the shifted light-dark cycle (Rayleigh tests: 
P <  .005, Figure 2A-D) and that the response to a shifted 
light-dark cycle was consistent in all three peripheral tissues 
(Figure 2E,G). In response to an 8-hour delay of the light-
dark cycle, peripheral clocks in all three peripheral organs 
gradually re-entrained to the shifted environmental rhythm 
at a consistent rate of ~1 h/d (Figure 2G), resulting in a tran-
sient state of misalignment with both the environment and 
the quickly resetting SCN (Figure 1C,E). Surprisingly, pe-
ripheral re-entrainment following an 8-hour advance of the 
light-dark cycle did not show a similar gradual pattern. The 
phase of all three recorded peripheral clocks remained un-
changed 2 and 4  days after the light-dark cycle shift, but 
peripheral rhythms were nearly fully re-entrained after 
7 days (Figure 2E). The rapid re-entrainment rate between 

F I G U R E  1  Behavioral re-entrainment in response to advances and delays of the light-dark cycle. A, Representative actogram of a mouse 
being exposed to repeated shifts of the light-dark cycle. B-E, The timing of activity quantified by the onset (upward triangles), midpoint (circle), 
and offset (downward triangles) of general locomotor activity on day −1, 2, 4, and 7 following a LD-cycle advance (B), delay (C), advance with 
release in constant darkness (D), and delay with release in constant darkness (E). Graphs represent mean ± SEM. SEM bars fall within the symbols 
for the means. Light and dark phases are indicated by the white and gray background, respectively
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day 4 and 7 was preceded by a depression of the relative 
amplitude of the PER2::LUC bioluminescence rhythms on 
day 4 after advancing the light-dark cycle (submandibular 

gland: F3,22.31  =  5.398, P  =  .0060; liver: F3,22.75  =  7.416, 
P = .0012; kidney: F3,20.98 = 13.89, P < .0001; Figure 2F). 
A similar depression of the peripheral amplitude was not 
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observed following a delay of the light-dark cycle (subman-
dibular gland: F3,24 = 0.1887, P = .9031; liver: F3,24 = 1.372, 
P = .2753; kidney: F3,24 = 4.915, P = .0084; Figure 2H).

3.2 | Circadian responses to chronic 
shifting of the light-dark cycle

The response of the circadian system to chronic circadian dis-
ruption by shifting of environmental rhythms was assessed in 
Per2::Luc/+ mice (No-Cre Bmal1fl/fl) exposed each week to 
an 8-hour phase advance followed 4 days later by an 8-hour 
phase delay (Figure 3A). Exposure to this repeated shifting 
of environmental rhythmicity resulted in a state of chronic 
circadian disruption in which the timing of running wheel 
behavior was consistently misaligned with the environmental 
light-dark cycle (Figure  3B). The timing of activity onsets 
advanced by ~1 h/d following phase advances of the light-
dark cycle. Following phase delays of the light-dark cycle, 
the onset of activity was determined by the negative masking 
effects of light. Nevertheless, the week-to-week consistency 
of the timing of activity on each day of the week showed that 
the timing of the circadian clock regulating activity was con-
sistently delayed by phase delays of the light-dark cycle. The 
daily timing of food intake maintained its regular phase rela-
tion to the timing of activity and was also consistently out of 
phase with the environmental light-dark cycle (Figure S2C).

The behavior of peripheral clocks in response to chronic 
environmental disruption was assessed in mice following re-
peated environmental phase shifts by measuring peripheral 
PER2::LUC bioluminescence rhythmicity on the last day of 
the advanced, as well as the last day of the delayed, light-dark 
cycle. The relative amplitude of peripheral PER2::LUC bio-
luminescence rhythms was between that observed “normally” 
(eg, during stable light-dark entrainment) and that observed 
4 days following a single 8-hour phase advance (submandib-
ular gland: F3,21.01 = 6.409, P = .0030; liver: F3,21.73 = 13.59, 
P < .0001; kidney: F3,21.33 = 17.40, P < .0001; Figure 3C). 
Surprisingly, no consistent differences were observed in 
the relative amplitude of the PER2::LUC bioluminescence 
rhythms between the last day of the advanced and the last 
day of the delayed light-dark cycle (submandibular gland: 

F1,9 = 3.889, P = .0801; liver: F1,9 = 3.116, P = .1114; kidney: 
F1,9 = 0.2853, P = .6062). In line with our observation that 
peripheral phase remained unchanged during the first 4 days 
following a single 8-hour phase advance of the light-dark 
cycle (Figure 2E), the peak phase of the PER2::LUC biolumi-
nescence rhythms measured on the last day of the advanced 
and on the last day of the delayed light-dark cycle did not 
differ (submandibular gland: F1,9 = 0.2558, P = .6252; liver: 
F1,9 = 0.4702, P = .5102; kidney: F1,9 = 2.266, P = .1665; 
Figure S2E). The observed time of peak during both the ad-
vanced and delayed light-dark cycle (Figure S2E) was simi-
lar to that seen in mice entrained to a stable light-dark cycle 
aligned with the delayed light-dark cycle (Figure 2E,G).

3.3 | Peripheral amplitude depression in 
mice lacking a functional central clock housed 
in constant darkness

A chronic state of peripheral clock amplitude depression 
was induced in mice by using a temporally chimeric mouse 
line (Vgat-Cre+ Bmal1fl/fl)18 in which the endogenous clock 
in GABAergic neurons (including the SCN) is disrupted, 
while cellular clocks in peripheral organs remain effec-
tively wild type. These mice are behaviorally arrhythmic 
when housed in the absence of environmental rhythmicity 
(Figure  S3).18 While daily rhythmicity in behavior can be 
induced by exposing these mice to a light-dark cycle, they 
become arrhythmic immediately upon release into constant 
darkness.18 Repeated exposure to a weekly phase advance 
and delay revealed that the behavior of these mice rapidly 
re-aligned with the shifted light-dark cycle (Figure  S2A-
C) while peripheral PER2::LUC bioluminescence rhythms 
were disrupted (low relative amplitude and wide phase dis-
persal) with the response to light-dark cycle phase shifts 
being different between organs (Figure  S2D,E). Based on 
previous measurements of in vivo and ex vivo peripheral 
clock amplitude in mice with disrupted SCN rhythmic-
ity,22,24,25 we expected that mice without a functional central 
clock would exhibit continued peripheral rhythmicity, albeit 
with a reduced amplitude, when housed in the absence of 
environmental rhythms. Indeed, in mice housed in constant 

F I G U R E  2  Re-entrainment of peripheral clocks in response to an advanced or delayed light-dark cycle. A and C, Average PER2::LUC 
bioluminescence of three organs at different times of day on day −1, 2, 4, and 7 following an 8-h phase advance (A) or an 8-h delay (C) of the 
light-dark cycle. Bioluminescence values are expressed as a percentage of the average bioluminescence of each organ observed on day −1. B and 
D, Phase plots indicating the time of peak PER2::LUC bioluminescence of different organs in individual mice on day −1, 2, 4, and 7 following an 
8 h phase advance (B) or delay (D) of the light-dark cycle. Organs within the same animal are connected with a black line. E and G, The average 
PER2::LUC bioluminescence peak phase of different organs on day −1, 2, 4, and 7 following an 8-h advance (E) or delay (G) of the light-dark 
cycle. Dark gray lines indicate the midpoint of behavioral activity of a different cohort of mice, reported in Figure 1. These data are replotted to 
facilitate comparisons between central and peripheral phase. F and H, The relative amplitude of peripheral PER2::LUC bioluminescence rhythms 
following an 8-h advance (F) or delay (H) of the light-dark cycle. Graphs represent mean ± SEM. Light and dark phases are indicated by the white 
and gray background, respectively
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darkness throughout their life, PER2::LUC bioluminescence 
rhythms in the submandibular gland, liver, and kidney had a 
reduced amplitude in mice lacking a functional central clock, 
compared to Cre-negative Bmal1fl/fl controls (submandibu-
lar gland: t21 = 3.75, P = .0012; liver: t21 = 4.93, P < .0001; 
kidney: t21 = 4.23, P =  .0004; Figure 4A; Figures S4 and 
S5). A similar depression of peripheral rhythms was not 
observed in mice housed in a 12-hour light/12-hour dark 
lighting cycle (submandibular gland: t10 = 0.87, P = .4059; 
liver: t10 = 1.20, P = .2600; kidney: t10 = 1.17, P = .2718; 
Figure 4B). Interpretation of these results is, however, com-
plicated by the anesthesia required to perform these meas-
urements, which might potentially induce rhythmicity in 
otherwise desynchronized tissues.

To exclude the potential caveat that anesthesia might 
induce peripheral rhythmicity and establish whether with-
in-animal phase alignment is maintained in mice lacking 
a functional central clock in the absence of environmen-
tal rhythmicity, whole-body PER2::LUC bioluminescence 
rhythmicity was measured in a separate cohort of freely 
moving mice. These mice were not subjected to repeated 
anesthesia between bioluminescence measurements. Mice 
lacking functional clocks throughout the body (Bmal1−/−), 
lacking a functional central clock (Vgat-Cre+ Bmal1fl/fl) or 
with a fully functional circadian system (No-Cre Bmal1fl/fl) 
were exposed to a 12-hour light/12-hour dark lighting cycle 
before being released into constant darkness. Whole-body 
PER2::LUC bioluminescence was recorded for 7  days in 

F I G U R E  3  Response to repeated phase shifting consisting of an advance and a delay of the light-dark cycle each week. A, Representative 
actogram of running wheel activity from a mouse being exposed to an 8-h phase advance and 8-h phase delay of the light-dark cycle each week. 
B, Average activity profile of mice exposed to chronic 8-h advances and 8-h delays of the light-dark cycle. C, Relative amplitude of peripheral 
PER2::LUC bioluminescence rhythms of mice exposed to chronic 8-h advances and 8-h delays of the light-dark cycle. Peripheral rhythmicity was 
measured on the last day of the advanced and delayed light-dark. The upper and lower dotted lines represent the relative amplitude of peripheral 
PER2::LUC bioluminescence rhythmicity observed in mice exposed to a single 8-h phase advance of the light-dark cycle (from Figure 2F) on 
day −1 and 4 postshift, respectively. Graphs represent mean ± SEM. Light and dark phases are indicated by the white and gray background, 
respectively. The number of animals measured during each condition is indicated at the base of each bar
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constant darkness. In the absence of environmental timing 
signals, mice lacking functional clocks throughout their body 
became arrhythmic immediately, while Cre-negative control 
mice maintained high-amplitude bioluminescence rhythms 
throughout the 7-day measurement period (Figure  5A). 
Because the reduction in relative amplitude of peripheral 
PER2::LUC bioluminescence rhythms during the 7-day mea-
surement was not significantly different in mice lacking a 
functional central clock compared to Cre-negative controls 
(F2,206.7 = 1.533, P =  .2184), the average amplitude of pe-
ripheral rhythms was compared over the whole 7-day mea-
surement period. Peripheral PER2::LUC bioluminescence 

rhythmicity in mice lacking a functional central clock was 
depressed in amplitude and less robust compared to controls, 
but not fully absent as seen in whole-body Bmal1-KO mice 
(relative amplitude: F2,22.1 = 22.95, P <  .0001, Figure 5B; 
signal to noise: F2,24 = 25.90, P < .0001, Figure 5C). Overall, 
our comparison of in vivo PER2::LUC bioluminescence 
rhythms between mice lacking a functional central clock and 
both control groups showed that, in the absence of environ-
mental and central-clock rhythmicity, peripheral organ-level 
rhythms were chronically depressed in amplitude, to a level 
comparable to that observed transiently following an 8 hours 
advance of the light-dark cycle (Figure 2F).

F I G U R E  4  Reduced peripheral 
PER2::LUC bioluminescence rhythms' 
amplitude in the absence of both central-
clock and environmental rhythmicity. A, 
In the absence of a light-dark cycle, the 
relative amplitude of peripheral PER2::LUC 
bioluminescence rhythms in three peripheral 
organs was significantly reduced in mice 
without a functional central clock (Vgat-
Cre+ Bmal1fl/fl) compared to control mice 
(No-Cre Bmal1fl/fl). B, When housed in 
a 12-h light/12-h dark lighting cycle, the 
relative amplitude of peripheral PER2::LUC 
bioluminescence rhythms was statistically 
indistinguishable between mice without a 
functional central clock and clock-proficient 
controls. Values represent mean ± SEM. 
The number of animals per genotype is 
indicated at the base of each bar


