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Abstract
The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor that is bound and
activated by many toxic ubiquitous environmental contaminants, including the halogenated
aromatic hydrocarbon, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The AhR belongs to a family
of proteins that contain basic helix-loop-helix/Per-ARNT-SIM (bHLH/PAS) domains. The
circadian clock protein, BMAL1, is also a bHLH-PAS transcription factor and has been shown to
interact with the AhR. AhRs are expressed in nearly every mammalian tissue, including the
suprachiasmatic nuclei (SCN), and previous studies have suggested that activation of the AhR
with dioxins affects rhythmicity in circadian clocks. In this study, the authors tested the hypothesis
that activation of the aryl hydrocarbon receptor with the potent dioxin, TCDD, alters the
organization of the mammalian circadian system by measuring bioluminescence from tissues
explanted from PER2::LUCIFERASE mice. They found that in vitro treatment of explanted
tissues with TCDD did not alter the periods, amplitudes, or damping rates of the PER2::LUC
rhythms compared with controls. Likewise, in vivo treatment with TCDD had no effect on the
phase relationship between central and peripheral oscillators. Together, these data demonstrate
that activation of the AhR with TCDD does not directly or systemically alter the mouse circadian
system.
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Dioxins are chemical contaminants that are formed as unintentional by-products of industrial
processes, including the production of pesticides and herbicides and bleaching of paper
products. The halogenated aromatic hydrocarbon, 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), is a toxic dioxin that is found ubiquitously in the environment and is concentrated
at high levels of the food chain. TCDD evokes adverse effects on multiple organ systems in
animals, including tumorigenesis, wasting syndrome, decreased fertility,
immunosuppression, and acute lethality (Gao et al. 2000; Knerr and Schrenk 2006; Seefeld
et al. 1984; Whysner and Williams 1996). Most of the toxic effects of TCDD are mediated
by its binding to the aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor
that belongs to the bHLH/PAS (basic-helix-loop-helix/Period [PER]–aryl hydrocarbon
receptor nuclear translocator [ARNT]–single minded [SIM]) family of heterdimeric
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transcription factors. AhR-deficient mice are resistant to the toxic effects of TCDD,
including teratogenesis, thymic atrophy, and liver pathology (Fernandez-Salguero et al.
1996; Mimura et al. 1997). Upon binding of TCDD, the AhR translocates from the
cytoplasm to the nucleus, where it forms a heterodimer with ARNT. This heterodimer then
binds to xenobiotic response elements that are upstream of genes encoding xenobiotic
metabolizing enzymes (XMEs), such as Cytochrome P450 1A1 (Cyp1a1).

AhR mRNA is widely expressed in embryonic (Abbott et al. 1995) and adult (Li et al. 1994;
Su et al. 2002) mouse tissues, and AhR-deficient mice have physiological deficits in
multiple organ systems (Fernandez-Salguero et al. 1995; Fernandez-Salguero et al. 1997;
Mimura et al. 1997; Schmidt et al. 1996), suggesting that AhRs have physiological functions
that are distinct from their role in the metabolism of xenobiotics. One of AhR’s functions
may be a role in circadian rhythms since the bHLH-PAS proteins, BMAL1 and AhR, have
been shown to interact in vitro and in vivo (Hogenesch et al. 1997; Tischkau et al. 2011; Xu
et al. 2010). AhR mRNA is expressed in the mouse and rat SCN (Mukai et al. 2008;
Petersen et al. 2000) and in many peripheral oscillators, including the liver, lung, and
thymus, so it is anatomically poised to participate in circadian functions (Li et al. 1994;
Okey 2007). Circadian gene expression is altered in the liver of AhR-deficient mice, and
treatment of wild-type mice with TCDD affects the phase of their locomotor activity
rhythms and alters circadian gene expression in the SCN, ovary, liver, and bone marrow
(Garrett and Gasiewicz 2006; Miller et al. 1999; Mukai et al. 2008; Mukai and Tischkau
2007; Tischkau et al. 2011; Xu et al. 2010). Together these data suggest that there is
crosstalk between the circadian system and AhR signaling pathways.

MATERIALS AND METHODS
Animals

Male and female heterozygous mPer2Luc mice (Yoo et al. 2004), backcrossed with the
C57BL/6J strain for at least 19 generations (age 124 ± 70 [mean ± SD] days for in vitro
experiments or 44 ± 5 days at time of in vivo TCDD treatment), were bred and maintained
in 12L:12D for all experiments. Mice were group-housed after weaning. All experiments
were conducted in accordance with the guidelines and approval of the Institutional Animal
Care and Use Committee at Vanderbilt University.

Tissue Culture and Luminescence Recording
Within 1.5 h before lights-off, cultures of white adipose tissue (from above the adrenal
gland), adrenal, kidney, liver, lung, pituitary, SCN, and thymus were prepared as previously
described, except that CellGro (cat. no. 90-013PB plus L-glutamine) recording medium was
used (Yamazaki and Takahashi 2005). The recording media that we used contained 16 mg
tryptophan per liter. Previous in vitro studies have demonstrated that Cyp1a1 mRNA levels
are increased by ultraviolet irradiation in media containing tryptophan, likely through the
production of tryptophan photoproducts that that can bind to and activate the AhR (Rannug
et al. 1987; Rannug et al. 1995; Wei et al. 1999). One study carefully analyzed Cyp1a1
mRNA expression in vitro in media with an identical tryptophan concentration as our media
and found that after 3 h of exposure of the media to room lighting and daylight exposure
through the windows of the laboratory, there was an induction of Cyp1a1 mRNA
corresponding to 12% of the maximal effect of 155 pM of TCDD (Oberg et al. 2005). Oberg
et al. (2005) also found that exposure of the media to light did not alter the potency of
TCDD in the media. Although these studies demonstrate that tryptophan photo products in
culture media only minimally affect Cyp1a1 expression, we nonetheless took every effort to
minimize the production of tryptophan photoproducts in our protocol. Our recording media
were stored and heated in the dark and exposed to fluorescent lights in the culture hood for a
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maximum of 10 min as the media were added to the cultures (the media were never exposed
to daylight). Bioluminescence was monitored in real time with the LumiCycle, and photon
counts were integrated over 10-min intervals.

In Vitro TCDD Treatment
At the time of culture, vehicle (DMSO) or 1 nM, 10 nM, or 100 nM TCDD (2,3,7,8-
tetrachlorodibenzo-p-dioxin in DMSO; Cambridge Isotope Laboratories, Inc, Andover, MA)
was added to the recording medium before the dish was placed in the LumiCycle.
LumiCycle software (Actimetrics, Inc., Evanston, IL) was used to subtract the 24-h moving
average from the raw luminescence data and to smooth the data by 0.5-h adjacent averaging.
LumiCycle software was used to determine the amplitude (of the first cycle) and damping
rate as previously described, where damping rate is the number of days required for the
amplitude of the rhythm to decrease to 1/e (≈36.79%) of the starting value (Izumo et al.
2003). Samples with a goodness of fit less than 90% were excluded. Amplitude and
damping rate could not be analyzed in liver explants because the goodness of fit was always
less than 90% because the amplitudes and periods of the PER2::LUC rhythms changed
during the recording (see Supplemental Online Material). In almost every liver explant
examined, we observed a spontaneous change in period after 2 to 4 cycles in culture (Suppl.
Fig. S1). The first period measured in culture is shown in Figure 1, and the secondary period
in liver explants is shown in Supplementary Figure S2. In addition, the amplitude of the
second cycle of the PER2::LUC rhythms was often larger than the amplitude of the first
cycle (Suppl. Fig. S1). To determine period, the detrended and smoothed data were exported
to ClockLab (Actimetrics, Inc.) and a regression line was fit to the acrophase of 3 to 4
cycles. Tissues were collected 7 days later (all tissues collected from 15:00–17:00 local
time) for analysis of Cyp1a1 expression.

In Vivo TCDD Treatment
At ~6 weeks old, mice were singly-housed and then administered vehicle (DMSO) or 1 µg/
kg TCDD dissolved in corn oil by oral gavage. The percentage of DMSO in vehicle- and
TCDD-treated mice was 1%. A single 1-µg/kg dose of TCDD administered by oral gavage
in corn oil was chosen because this dose and route of administration have been shown to
induce Cyp1a1 mRNA expression in liver, alter circadian gene expression, and alter
physiological processes such as oxidative stress and immunosuppression (Inouye et al. 2005;
Mukai et al. 2008; Narasimhan et al. 1994; Slezak et al. 2000; Tischkau et al. 2011; Xu et al.
2010). Either 4 or 14 days later, tissues were cultured and livers were collected for
preparation of RNA and analysis of Cyp1a1 expression. ClockLab was used to measure
phase, designated as the value of the first peak of detrended and smoothed PER2::LUC
bioluminescence.

RT-PCR Analysis of Cyp1a1 Expression
Total RNA was isolated with the TRIzol reagent (Invitrogen). cDNA was synthesized from
total RNA (1 µg RNA for liver for in vivo TCDD administration, 175 ng RNA for liver and
lung explants, 350 ng RNA for pituitary explants, 75 ng RNA for thymus explants, and 50
ng RNA for SCN explants treated in vitro with TCDD) using SuperScript II reverse
transcriptase (Invitrogen) with random hexanucleotide primers. PCR was performed on the
cDNA using specific primers for Cyp1a1 (sense: 5′-
AGGGCCACATCCGGGACATCACAG-3′ and antisense: 5′-
CAGGCCGGAACTCGTTTGGGTCAC-3′) and glyceraldehyde-3-phosphate
dehydrogenase (sense: 5′-ATGGTGAAGGTCGGTGTGAA-3′ and antisense: 5′-
GAGTGGAGTCATACTGGAAC-3′). Cyp1a1 and Gapdh expression was assessed in the
following numbers of in vitro DMSO- and TCDD-treated samples, respectively: liver: 2, 2;
lung: 2, 2; pituitary: 4, 4; SCN: 4, 5; and thymus: 1, 1. For the in vivo treatment
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experiments, Cyp1a1 and Gapdh expression was assessed in 2 mice administered DMSO, 4
mice administered TCDD and euthanized 4 days later, and 2 mice administered TCDD and
euthanized 14 days later.

Statistical Analysis
One-way analysis of variance (ANOVA) was used for comparison of more than 2 groups,
and independent t tests (2-tailed) were used to compare 2 groups except when variances
were not homogeneous, and then the Mann-Whitney rank sum test was used. Significance
was ascribed at p < 0.05.

RESULTS
To elucidate the effects of AhR signaling pathways on circadian rhythms, we first
investigated the direct effects of TCDD treatment on circadian rhythms in SCN and
peripheral tissue explants (Fig. 1). We found that the periods of PER2::LUC expression in
liver (Fig. 1A–D), lung (Fig. 1E–H), pituitary (Fig. 1I–L), SCN (Fig. 1M–P), and thymus
(Fig. 1Q–T) were not altered by treatment with TCDD compared to vehicle (DMSO)–treated
controls (see Suppl. Table S1 for statistical values). To confirm that the AhR was activated
by in vitro TCDD treatment of the explanted tissues, we collected the tissues at the end of
the experiment (after 7 days in culture) and analyzed the expression of Cyp1a1, which is
upregulated by TCDD-dependent AhR activation, by semi-quantitative RT-PCR. We found
that in vitro treatment with TCDD markedly increased the expression of Cyp1a1 compared
to DMSO-treated controls in all tissues we examined, demonstrating that the AhR was
activated in our experiment (Fig. 1D,H,L,P,T). Circadian rhythms of Cyp1a1 expression
have been observed in SCN and liver, and expression levels vary by 2- to 3-fold each day in
untreated mice (Mukai et al. 2008). Therefore, we sometimes detected Cyp1a1 expression in
control samples. In all samples, TCDD treatment increased the expression of Cyp1a1 more
than 3-fold compared to controls, demonstrating that we strongly activated AhR signaling
above baseline rhythmic levels in all tissues.

We next analyzed the effect of TCDD treatment on the amplitudes of PER2::LUC rhythms
in tissues in vitro. We found that the amplitudes of PER2::LUC rhythms in lung (Fig. 2A),
pituitary (Fig. 2C), SCN (Fig. 2E), and thymus (Fig. 2G) were not altered by TCDD
treatment compared to vehicle-treated controls (statistical values presented in Suppl. Table
S1). Since TCDD or vehicle was added at the time of culture, the effect of TCDD may be
reflected in the damping rate of ex vivo rhythms. We found that the damping rates of
PER2::LUC rhythms in lung (Fig. 2B), pituitary (Fig. 2D), SCN (Fig. 2F), and thymus (Fig.
2H) did not differ between vehicle- and TCDD-treated tissues (see Suppl. Table S1 for
statistical values). Amplitude and damping could not be measured in liver because
PER2::LUC rhythms in liver explants have spontaneous changes in period and increases in
the amplitude of the second cycle relative to the first cycle, which precludes the use of the
curve-fitting method for analysis (see Supplemental Online Material).

Even though we did not detect a direct effect of AhR activation on circadian rhythms in the
SCN and peripheral tissues, it was possible that dioxin could indirectly affect the circadian
system. To assess the systemic effect of TCDD on the organization of the circadian system,
we administered 1 µg/kg TCDD or vehicle (DMSO) to PER2::LUC mice by oral gavage,
cultured tissues either 4 days or 14 days later, and measured the phase of PER2::LUC
expression in adipose tissue, adrenals, kidney, liver, lung, pituitary, SCN, and thymus (Fig.
3A). We found that the phases of these tissues were not altered either 4 or 14 days after
administration of TCDD. Furthermore, the expression of Cyp1a1 was strongly activated in
the liver 4 and 14 days after the single dose of 1 µg/kg TCDD compared to controls,
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demonstrating that in vivo TCDD treatment induces long-lasting, potent activation of the
AhR (Fig. 3B).

DISCUSSION
Previous studies have described crosstalk between the AhR signaling pathway and the
circadian system. TCDD-mediated AhR signaling is altered in the mammary glands and
livers of mice that do not have functional PERIOD1 and/or PERIOD2 (Qu et al. 2007, 2009,
2010). Conversely, activation of the AhR signaling pathway has been shown to alter
circadian rhythms. For example, TCDD-treated mice have altered circadian gene expression
in the SCN, liver, and cultured cells (Garrett and Gasiewicz 2006; Mukai et al. 2008; Xu et
al. 2010).

In the current study, we analyzed the effects of TCDD-mediated activation of the AhR
signaling pathway on circadian rhythms by measuring the expression of the PER2::LUC
fusion protein in real time. We found that direct application of TCDD to tissues in culture
did not affect the periods of the PER2::LUC rhythms in the SCN and peripheral tissues.
Since AhR interacts with BMAL1, and a function of BMAL1 in cellular clocks is to regulate
the amplitudes of rhythms, it was possible that TCDD would affect the amplitudes of
circadian rhythms without affecting their periods (Baggs et al. 2009; Hogenesch et al. 1997;
Sato et al. 2006; Tischkau et al. 2011; Xu et al. 2010). However, we found that TCDD
treatment did not affect the amplitudes and damping rates of PER2::LUC expression in ex
vivo tissues.

Although we did not detect a direct effect of TCDD on the periods and amplitudes of
circadian rhythms in cultured tissues, it was possible that TCDD could have indirect effects
on the circadian system. To determine the systemic effects of TCDD, we measured circadian
organization, or the phase relationships between central and peripheral clocks. We found
that the phase relationship between circadian clocks was not altered by treatment of mice
with TCDD. For our study, we chose to assess circadian organization either 4 or 14 days
after TCDD treatment. We chose these time points because our goal was to assess the
primary effects of TCDD on the circadian system. If we had assessed circadian organization
after a longer duration, we may have measured changes in the circadian system that were
secondary to the toxic effects of TCDD.

For both the in vitro and in vivo TCDD treatment studies, we measured increased Cyp1a1
expression, a marker of AhR activation, compared to controls in all of the tissues we
examined. A previous study described circadian rhythms of Cyp1a1 expression in animals
that had not been exposed to dioxins, consistent with our finding that low levels of Cyp1a1
expression were detected in vehicle-treated tissues (Mukai et al. 2008). Although we cannot
rule out the possibility that the cage bedding was contaminated with low levels of dioxins,
TCDD treatment markedly increased Cyp1a1 expression in liver, confirming that the AhR
signaling pathway was activated in our TCDD-treated mice compared to vehicle controls.

A recent study reported that circadian gene expression in mouse ovary is altered by in vivo
TCDD treatment (Tischkau et al. 2011). In the current study, we did not examine the effects
of TCDD in reproductive tissues. Future studies could examine the effects of TCDD on real-
time circadian gene expression in reproductive tissues.

Together, our data suggest that the TCDD-dependent alterations in circadian gene
expression that were described in previous studies may not be translated into effects on the
periods, amplitudes, and phases of circadian rhythms. Although TCDD-mediated changes in
circadian gene expression may affect other processes related to dioxin toxicity, our study
demonstrates that the mammalian circadian system is resistant to TCDD.
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Figure 1.
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) does not directly affect the periods of
circadian rhythms in cultured tissues. Representative detrended bioluminescence rhythms in
liver (A, B), lung (E, F), pituitary (I, J), SCN (M, N), and thymus (Q, R) explants treated in
vitro with DMSO (control, A, E, I, M, Q) or 100 nM TCDD (B, F, J, N, R). The mean
period (± SD) of the PER2::LUC rhythm with DMSO (control) or TCDD treatment (1 nM,
10 nM, or 100 nM as indicated) is shown for each tissue (C, G, K, O, S). The first period
measured in liver explants is shown (C; secondary period shown in Suppl. Fig. S2). The
number of samples for each condition is indicated in the bar graph. Representative examples
of the expression of Cyp1a1 and Gapdh in tissues treated in vitro with DMSO (C) or with
100 nM TCDD (T) were assessed by RT-PCR (D, H, L, P, T). Water (−) was added to the
PCR reaction as a negative control.
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Figure 2.
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) does not directly affect the amplitudes and
damping rates of circadian rhythms in cultured tissues. The mean (± SD) amplitudes (A, C,
E, G) and damping rates (B, D, F, H) of PER2::LUC rhythms in lung (A, B), pituitary (C,
D), SCN (E, F), and thymus (G, H) explants did not differ between tissues treated in vitro
with DMSO (control) or TCDD (1 nM, 10 nM, or 100 nM as indicated). The number of
samples for each condition is indicated in the bar graph.
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Figure 3.
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) does not systemically affect the organization
of the circadian system. (A) Phase map for circadian oscillators from PER2::LUC mice
administered DMSO (white circles) or 1 µg/kg TCDD (filled symbols) by oral gavage.
Tissues were cultured either 4 days (white circles and black squares) or 14 days (black
triangles) after treatment. The mean phases (± SD) were determined from the first peak of
PER2::LUC expression in vitro and are plotted relative to the time of last lights-on, where 0
h is lights-on and 12 h is lights-off (black and white bar at top). The sample size is shown
(number of rhythmic tissues/number of tissues tested). (B) The expression of Cyp1a1 and
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Gapdh in the liver of mice 4 days after treatment with DMSO (control) or 4 or 14 days after
treatment with TCDD was assessed by RT-PCR.
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