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Summary
In the course of evolution most organisms have evolved endogenous circadian clocks that help them to
anticipate daily environmental changes in light, temperature and food availability and therefore adjust
physiology and behavior in a more efficient manner. The mammalian genome encodes a number of
dedicated clock proteins, which coordinate the rhythmic transcription and translation of hundreds of
genes in almost every cell of the body. The transcriptional activator BMAL1 (also known as ARNTL
or MOP3) is at the core of this molecular clockwork and indispensable for circadian clock function.
Information about external time, so called Zeitgeber input, is integrated by a circadian master
pacemaker in the hypothalamic suprachiasmatic nuclei (SCN) that synchronizes subordinate clocks in
other brain regions and peripheral tissues via different routes including hormonal signals, autonomic
innervation, and regulation of the sleep-wake cycle. Glucocorticoid (GC) hormones (mainly cortisol in
humans and corticosterone (CORT) in rodents) produced by the adrenal cortex in a rhythmic fashion
are essential for the coordination of responses to stress, but also act as systemic synchronizers of
circadian rhythms in various tissues. It has previously been shown that adrenocortical clocks modulate
the sensitivity of the steroidogenic machinery to external stimuli. Their role in the regulation of stress
responses, however, remains unclear. To close this gap and to study adrenocortical clock function in
vivo, two genetic mouse models with full and conditional deletion of the Bmal1 gene were used in this
study.
In the first part of the thesis I studied GC production and stress responses in Bmal1-deficient mice.
Under unstressed conditions Bmal1−/− mutants suffer from hypocortisolism, associated with impaired
adrenal responsiveness to adrenocorticotropin (ACTH) and down-regulated transcription of genes
involved in cholesterol transport and steroidogenesis in the adrenal gland, such as Star, Stard4, Ldlr
and Por. Bmal1-deficient mice show reduced GC responses to acute stress, but preserved ACTH
responses. Furthermore, they develop behavioral resistance to acute and sub-chronic stressors, as
shown using forced swim, tail suspension and sucrose preference tests. These data suggest that the
clock gene Bmal1 regulates circadian and acute secretion of GCs by the adrenal gland and contributes
to behavioral resistance to stress, probably via its effects on adrenocortical function.
The second part of the thesis focuses on the generation of conditional knockout mice that lack a
functional circadian clock specifically in adrenocortical cells. For this purpose Bmal1fl/fl mice were
cross-bred with Cyp11a1-Cre mice that express the CRE recombinase in steroid-producing cells of the
adrenal gland and the gonads. Immunohistochemical stainings reveal high efficiency of BMAL1
deletion in the adrenal cortex of Cyp11a1Cre/+;Bmal1fl/fl (ACD) mice compared to Cyp11a1Cre/+
controls. Moreover, abolished rhythms in the expression of clock and clock-controlled genes in the
adrenal cortex, but not in the kidney, of ACD mice confirm a disrupted functionality of the
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adrenocortical clock. However, circadian rhythms of CORT and aldosterone are not significantly
altered in ACD mice kept in constant darkness. This suggests that the adrenocortical clock itself is
dispensable for maintenance of circadian GC rhythms under unstressed conditions. Considering that
GCs play a crucial role in the entrainment of circadian clocks, I analyzed behavioral responses of
ACD and control mice to a rapid shift of the light-dark cycle. After a 6-hour phase advance the photic
re-entrainment of locomotor activity of ACD mice occurs significantly faster compared to control
mice, indicating that the adrenocortical clock contributes to the robustness of the circadian system
under conditions of persistent external noise.
In conclusion, this study shows that the adrenocortical clock plays a role in regulation of hormonal and
behavioral responses to stress and contributes to the phase stability of the circadian system. Since
many people live under conditions of regular Zeitgeber contamination, e.g. during shift work,
manipulation of the adrenocortical clock may help buffering our endogenous clocks against exogenous
perturbation. On the other hand, suppressing the stabilizing effect of the adrenocortical clock could
speed up adaption of the circadian system when this is wanted, such as during jetlag.

Chapter 1. Introduction
1.1. Circadian rhythms. Properties of the circadian clock
Day-night rhythms in physiology of many organisms have been recognized for centuries. However it
is much less obvious that these daily cycles are not merely induced, or driven, by recurring changes of
light and temperature. Remarkably, the external cues generated by the rotation of the Earth around its
axis serve only as rhythmic synchronizers of endogenous biological clocks. These circadian clocks
(from the Latin circa diem—“about a day”) can independently generate robust rhythms in gene
expression, protein activity and hence functional outputs with a period of approximately 24 hours. The
circadian clock is encoded in the genome and based on transcriptional-translational feedback. In
mammals, likely every cell of the body contains an active circadian clock.
Three key properties can be attributed to a bona fide circadian clock: an endogenous ability to sustain
a nearly 24-h rhythm, responsiveness to entraining signals, and relative stability of endogenous period
to fluctuations of ambient temperature.

1.1.1. Sustainability
A key property of a biological clock is its ability to maintain oscillations in the absence of external
rhythmic signals. The first well known evidence that a biological organism can sustain a rhythmic
behavior dates back to a study of the French astronomer Jean-Jacques d'Ortous de Mairan who found,
in 1729, that daily rhythmicity in leaf movement of Mimosa pudica was preserved even when the plant
was kept in a dark place (Daan, 2010). Since then, self-sustained rhythms in physiology and behavior
have been reported in species almost from every branch of the evolutionary tree. Despite the fact that
an endogenous period usually differs from precisely 24 hours, doubts on the intrinsic nature of the
circadian oscillations persisted for a long time, until a firm and rigorous basis of circadian biology was
established from many convincing experiments conducted by Jürgen Aschoff, Colin Pittendrigh and
other notable chronobiologists (Daan, 2010). One of the most extraordinary ways to confirm the
endogenous nature of circadian rhythms was an automated recording of the photoaccumulation rhythm
in the unicellular eukaryote Chlamydomonas reinhardtii aboard a spacecraft orbiting the earth every
90 min (Mergenhagen and Mergenhagen, 1987). The rhythms continued for at least 6 days in
microgravity without any terrestrial cue of the time of day, showing conclusively that the circadian
clock can run independently from daily cycles of gravity, magnetism, cosmic ray irradiation etc.
(Mittag et al., 2005).
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1.1.2. Entrainment
Entrainment can be defined as a synchronization of a self-sustained oscillator by a rhythmic external
signal (Daan, 2010; Golombek and Rosenstein, 2010; McEwen and Gianaros, 2010; Roenneberg et al.,
2003). The strongest external cues able to entrain the circadian clock, or, according to terminology
originally proposed by J. Aschoff, Zeitgebers (German “time givers”), include light, temperature and
feeding, but many other signals can also serve as Zeitgebers (e.g. social interactions, exercise, sounds)
(Aschoff et al., 1971; Menaker and Eskin, 1966; Mistlberger and Skene, 2005). A range of
entrainment is defined by strength (amplitude) and period length of the Zeitgeber signal rhythms.
Circadian clocks can be entrained by a Zeitgeber only when the period of the latter is sufficiently close
to the natural period of the oscillator (from 23 to 25 h for most mammals). In the entrainment regime,
the period of the circadian clock becomes equal to the Zeitgeber period, and the phase difference
between the oscillator and the entrainment signal is fixed (Mondragon-Palomino et al., 2011;
Roenneberg et al., 2003).

1.1.3. Temperature compensation
In lower, poikilothermic organisms temperature fluctuations may affect rates of chemical reactions
and therefore alter functionality of the circadian clock. For this reason specific mechanisms were
evolved to confer a relative resistance of circadian clocks to temperature changes (so called
temperature compensation). Independence of the circadian rhythm in leaf movement from temperature
fluctuations was demonstrated for the first time in the 18th century, soon after de Mairan’s
observation(Golombek and Rosenstein, 2010), and later C. Pittendrigh confirmed the existence of this
phenomenon in animals, revealing temperature independence of circadian eclosion rhythms in
Drosophila (Pittendrigh, 1954). Of note, large temperature changes still do affect circadian period
length, but these changes are very minor, compared to most biological systems. For example, C.
Johnson and colleagues showed that the cyanobacterial circadian clock changes its endogenous period
from 25.5 h at 25°C to 23 h at 36°C, which corresponds to a temperature coefficient Q10 of 1.1 (Kondo
et al., 1993). This is far from that of most biological processes, for which the Q10 values range from 2
to 3.

1.2. The molecular clockwork
The first “clock” gene, Period, was characterized as mutations of a Drosophila gene that affected the
period length of circadian behavioral rhythms in locomotion and eclosion (Konopka and Benzer,
1971). Since then, forward genetic screens in vivo and in cell lines identified dozens and even
hundreds of genes, the down-regulation of which leads to the impairment of clock function (Zhang and
Kay, 2010).
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It is now well established that the molecular circadian clock in the majority of organisms is based on
interlocked transcriptional-translational regulatory feedback loops. This is in contrast to many other
biological oscillators that normally do not require gene transcription as a principal matter for rhythm
generation (Goldbeter, 2002). In mammals (Figure 1), the bHLH-PAS transcriptional activators
CLOCK (or NPAS2) and BMAL1 heterodimerize and induce transcription of many target genes in the
morning by binding to specific DNA elements, called E- and E’-boxes. Among the activated genes are
those that encode the inhibitors of CLOCK/BMAL1 transcriptional activity – two Period (Per1, Per2)
and two Cryptochrome (Cry1, Cry2) genes. Further PER/CRY-mediated suppression of
CLOCK/BMAL1 activity down-regulates the strength of the negative feedback and therefore reinitiates the circadian cycle (Buhr and Takahashi, 2013; Oster, 2006).

Figure 1. Molecular organization of the
mammalian circadian clock. Modified
from (Oster, 2006).
TTL—transcriptional-translational
feedback loop, CCGs—clock controlled
genes. CREB—cAMP response element
(CRE)-binding protein.

To ensure robustness and flexibility of the system, the dynamics of the positive and negative limbs of
the circadian feedback are under complex control, including posttranscriptional (e.g. (Fustin et al.,
2013)) and posttranslational modifications (Reischl and Kramer, 2011) as well as chromatin
remodeling (Sahar and Sassone-Corsi, 2013).
The period length is finely adjusted through the regulation of stability of the PER and CRY proteins.
This is achieved by posttranslational modifications ((Buhr and Takahashi, 2013; Reischl and Kramer,
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2011) and refs within). For instance, phosphorylation of the PER proteins by two casein kinases, CK1ε
and CK1δ, leads to their ubiquitination by βTrCP and subsequent proteasomal degradation. Similarly,
CRY proteins phosphorylated by specific kinases (AMPK1 phosphorylates CRY1, whereas CRY2 is
phosphorylated sequentially by DYRK1A and GSK-3β kinases) are then polyubiquitinated by the E3
ubiquitin ligase FBXL3 and degraded in the proteasome. In contrast, ubiquitination by another E3
ligase, FBXL21, stabilizes CRY proteins by competing with the destabilizing action of FBXL3.
Rhythmic binding of the CLOCK/BMAL1 complex to E-box-containing transcriptional elements
occurs on a genome-wide scale and is associated with dynamic chromatin remodeling, including
rhythmic recruitment of RNA polymerase II and coactivators and circadian cycling of chromatin
modifications such as histone acetylation and methylation (Koike et al., 2012). The CLOCK and
BMAL1 proteins can rhythmically recruit chromatin modifiers such as the methyltransferase MLL1
and the deacetylases HDAC3 and SIRT1 and therefore alter chromatin accessibility at target genes
(Sahar and Sassone-Corsi, 2013). Moreover, the CLOCK protein per se possesses a histone acetyl
transferase activity (Doi et al., 2006).
In addition to the “classical” feedback loops, the mammalian molecular clock includes accessory
regulatory limbs that are based on clock-controlled DNA binding elements different from E-boxes.
REV-ERBα/β and RORα proteins compete for binding to RORE sequences in regulatory regions of
many genes and, importantly, in the promoter of the Bmal1 gene, acting, respectively, as inhibitors or
activators of its transcription (Preitner et al., 2002; Sato et al., 2004). REV-ERBα/β-mediated
regulation is indispensable for proper functioning of the circadian clock, since an inducible deletion of
both genes in adult mice leads to severe disruption of locomotor behavior in constant darkness (Cho et
al., 2012). Another potential transcriptional loop is made of additional clock-controlled transcription
factors including PAR bZIP proteins (DBP, TEF, HLFs), KLF10 and E4BP4, which contain E-box
elements or ROREs in their promoters (Asher and Schibler, 2011). These factors are dispensable for
basic clock function, but still important for sustaining robust period of oscillations (Liu et al., 2008).
Together, different combinations of three clock-controlled elements (E-boxes, D-boxes and ROREs)
control the temporal dynamics of the circadian clockwork and clock-controlled genes (Ueda et al.,
2005).
Importantly, genetic inactivation of core clock genes results in dramatic alterations of circadian
locomotor rhythms in vivo. Robustness of the circadian clock is supported by the fact that Bmal1 (or
Arntl) is the only known clock gene in mammals, knockout of which leads to behavioral arrhythmicity
(Bunger et al., 2000). Due to functional redundancy, in vivo circadian clock ablation normally occurs
when at least two functionally similar genes are deleted, as shown in Clock/Npas2, Cry1/Cry2,
Per1/Per2, and Per2/Cry1 double knockout mice (DeBruyne et al., 2007a; Oster et al., 2006b; van der
Horst et al., 1999; Zheng et al., 2001).

INTRODUCTION

14

1.3. The anatomical basis of circadian rhythms: central and peripheral
clocks
1.3.1. The central clock
Molecular clocks are present in most tissues and cells, but their functional roles of maintaining
circadian rhythms of physiology and behavior seem to be not equal. The principal anatomical region
responsible for generation of circadian rhythms was located to the suprachiasmatic nuclei (SCN) in the
hypothalamus (reviewed in (Welsh et al., 2010)). Lesion studies showed that in the absence of the
SCN animals are devoid of circadian behavioral and hormonal rhythms in constant darkness (Abe et
al., 1979; Moore and Eichler, 1972; Stephan and Zucker, 1972). In accordance, recent genetic ablation
experiments confirmed that conditional inactivation of the circadian clock in SCN neurons leads to
behavioral arrhythmicity in constant conditions, similar to what is seen in Bmal1-deficient mice
(Husse et al., 2011). In addition, elegant experiments using SCN transplantations between wild-type
and circadian mutant hamsters demonstrated that the SCN determines the period of endogenous
behavioral rhythms (Ralph et al., 1990). Finally, wild-type SCN grafts can restore circadian behavioral
rhythms when transplanted into arrhythmic Cry1/Cry2-deficient mice (Sujino et al., 2003).
A distinct feature of the SCN clock is its ability to generate self-sustained, coherent and robust
oscillations over a long time (virtually during over the whole life span of an animal) in the absence of
synchronizing light cues. Circadian clocks in different SCN neurons are coupled together via synaptic
communication between neurons, gap junctions, and paracrine interactions via neuropeptides such as
VIP (Welsh et al., 2010). Importantly, intercellular coupling between SCN neurons is essential to
confer robustness of the oscillations against genetic perturbations, as shown for Per1, Cry1, and
Bmal1 deficient SCN explants (Ko et al., 2010; Liu et al., 2007).
The SCN is important for light-dependent synchronization of diurnal rhythms in physiology and
behavior. Sitting on the top of the optic chiasm, it receives light information via the retina of the eye
from a subpopulation of non-image-forming photoreceptors, so called intrinsically photosensitive
retinal ganglion cells (ipRGCs), which express the light-sensitive pigment melanopsin (Schmidt et al.,
2011). Animals that lack ipRGCs still retain pattern vision but have extensive deficits in their pupillary
reflex to light and circadian photoentrainment (Guler et al., 2008). The ipRGCs activated by light reset
the circadian clocks in SCN neurons through glutamate/PACAP-dependent signaling pathways which
culminates in induction of Per and immediate early genes (Albrecht et al., 1997; Dibner et al., 2010).
Additionally, the SCN receives non-photic information from the geniculohypothalamic tract and
serotoninergic neurons of the raphe nuclei.
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1.3.2. The circadian clocks in peripheral tissues
Most peripheral tissues and brain regions outside the SCN were shown to contain circadian oscillators
that drive circadian rhythms in the transcription of hundreds of genes (normally from 5 to 10 % of
genes expressed in a given tissue) (Doherty and Kay, 2010). Generation of circadian clock-controlled
luciferase reporter rodents such as Per2::luc mice and Per1-luc rats provided a powerful genetic tool
for real-time registration of circadian oscillations in various tissues and allowed to demonstrate selfsustained circadian rhythms of gene expression in culture over several weeks (Yamazaki et al., 2000;
Yoo et al., 2004) (Figure 2). In accordance, circadian rhythms in tissue physiology have been
consistently observed for cultured retina (Tosini and Menaker, 1996), adrenal glands (Andrews and
Folk, 1964), lymphocytes (Gamaleia et al., 1988) and other tissues. The dampening of circadian
oscillations in culture is related to desynchrony between individual cell rhythms, rather than gradual
loss of the intrinsic capacity to maintain oscillations (Welsh et al., 2004). In vivo, a significant
dispersion of phase in peripheral oscillators was observed in SCN-lesioned Per2::luc mice, both
within and among animals (Yoo et al., 2004). These findings provide strong evidence that the central
SCN clock serves mainly as a master synchronizer of largely independent rhythms in individual cells
and does not drive the circadian rhythms in the rest of the body (Dibner et al., 2010).

Figure 2. Long-term persistent circadian rhythms of bioluminescence in peripheral tissues of Per2::luc mice.
From (Yoo et al., 2004).

Physiological significance of some peripheral circadian clocks has been evaluated using conditional
knockout models. For example, mice with liver-specific ablation of Bmal1 exhibit hypoglycemia
restricted to the fasting phase of the daily feeding cycle, exaggerated glucose clearance, and loss of
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rhythmic expression of hepatic glucose regulatory genes (Lamia et al., 2008). A diabetes-like
phenotype including impaired glucose tolerance and hypoinsulinemia was observed in mice with
conditional ablation of the pancreatic circadian clock (Marcheva et al., 2010). Finally, deletion of
Bmal1 in myeloid cells including monocytes and macrophages exacerbates pathologies associated
with acute and chronic inflammation, both of infectious (Listeria infection) and non-infectious
(metabolic inflammation) origin (Nguyen et al., 2013).

1.3.3. Communication between central and peripheral clocks
SCN neurons convey the timing information to other organs and tissues via distinct routes (Dibner et
al., 2010) (Figure 3). The SCN can target peripheral organs directly, by releasing humoral factors or
sending neural projections to the autonomic nervous system (ANS). Restoration of locomotor, but not
hormonal, rhythms was observed in SCN lesioned animals after transplantation of fetal SCN tissue
encapsulated in a semi-permeable membrane, which prevents axonal growth (Meyer-Bernstein et al.,
1999; Silver et al., 1996). Humoral factors secreted from the SCN which may be responsible for
regulation of behavioral periodicity include TGFα, prokinecitin-2 and cardiotropin-like cytokine
(Cheng et al., 2002; Kramer et al., 2001; Kraves and Weitz, 2006).
The SCN clock controls brain areas responsible for regulation of hormonal production, for instance,
paraventricular nucleus (PVN) neurons, which activate the HPA axis and stimulate GC synthesis by
adrenal glands (section 1.5.5.). Hormones can therefore serve as synchronizers of peripheral clocks.
Complementary, the SCN acts through the ANS to synchronize circadian rhythms in peripheral
organs, as shown for liver, heart, pancreas, adrenal gland, and kidney (Buijs et al., 2013), and some
brain regions, for example the melatonin-producing pituitary gland (Pevet and Challet, 2011). SCNANS connections are important for circadian modulation of blood pressure and heart rate (Scheer et
al., 2001) as well as for appropriate daily timing of glucose production and insulin sensitivity (Cailotto
et al., 2005; la Fleur et al., 2001). Sympathetic denervation by 6-hydroxydopamine flattens the daily
rhythm of Per1 and Per2 gene expression in the liver, whereas electrical stimulation of the
sympathetic nerve increases hepatic Per1 expression in vivo (Terazono et al., 2003).
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Figure 3. Peripheral clock entrainment pathways. From (Dibner et al., 2010).

Interestingly, an intricate balance between sympathetic and parasympathetic innervation seems to be
important for maintaining rhythmic output in a peripheral tissue. Cailotto et al. found that complete
hepatic denervation combined with a non-circadian feeding schedule did not abolish the 24-h profile in
plasma glucose nor daily rhythms in the expression of key liver enzymes, but either sympathetic or
parasympathetic denervation did so (Cailotto et al., 2008).
Whereas light is the main Zeitgeber signal for the central clock, peripheral clocks are more readily
entrained by feeding cues. Indeed, U. Schibler and others convincingly demonstrated that feeding
restricted to few hours during the light phase, when mice do not normally forage for food, can reset
peripheral circadian oscillators without altering the central clock rhythms (Damiola et al., 2000;
Stokkan et al., 2001). Feeding, however, can serve not only as a synchronizer of a local clock, but also
induce rhythmic transcription, when applied in a rhythmic manner. Indeed, Vollmers et al. showed that
restricted feeding is capable of inducing rhythmic gene expression in the liver of circadian clockdeficient Cry1/Cry2 animals (Vollmers et al., 2009). Interestingly, animals on restricted feeding
behaviorally anticipate the time when food is available. This so-called food anticipatory activity does
not require intact SCN structures nor known clock genes (Marchant and Mistlberger, 1997; Storch and
Weitz, 2009), suggesting that an additional circadian oscillator of unknown location is likely to be
involved (Mistlberger, 2011). Moreover, it seems that the central clock has mainly an inhibitory effect
on food entrainment. For instance, SCN lesions were shown to augment food anticipatory activity in
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rats (Angeles-Castellanos et al., 2010). In line, elimination of neural signals from the SCN by surgical
sympathectomy made the circadian clock in salivary glands more sensitive to feeding entrainment
(Vujovic et al., 2008). The entrainment of peripheral clocks by metabolic cues can be achieved via
different pathways (Asher and Schibler, 2011; Bass and Takahashi, 2010; Kovac et al., 2009). NADdependent enzymes (e.g., sirtuins and poly[ADP-ribose] polymerases), redox- and/or temperaturedependent transcription factors (e.g., CLOCK, NPAS2, and HSF1), nutrient-sensing transcriptional
regulatory proteins (e.g., FOXO-p300, nuclear receptors, PGC-1) and protein kinases (e.g., AMPK),
are plausible candidates for conveying a metabolic state of the cell to the core clock machinery (Asher
and Schibler, 2011). As an example, the DNA binding activity of the CLOCK/BMAL1 transcriptional
complex is dependent on the redox state of the cell (Rutter et al., 2001). The molecular candidates for
mediating metabolic effects on the clock include NAD-dependent enzymes such as SIRT1 and PARP1
and the rate limiting enzyme of NAD synthesis, NAMPT (Asher and Schibler, 2011). However,
systemic signals that mediate entrainment of peripheral clocks by feeding still remain obscure.
Finally, the SCN neural network is resistant to physiological fluctuations of body temperature,
whereas the circadian rhythms in peripheral tissues can be entrained by temperature cycles, involving
the heat shock pathway (Brown et al., 2002; Buhr et al., 2010; Saini et al., 2012). Therefore SCNmediated control of circadian rhythms in body temperature can serve as a universal cue for the
entrainment of cell-autonomous oscillators throughout the body (Buhr et al., 2010).

1.4. Circadian rhythms and disease: clinical applications
A link between disruption of circadian rhythms and pathology is well documented. On the one hand,
aberrant behavioral/social rhythms seen in shift workers, people experiencing the jet lag syndrome or
suffering from chronic “social jet lag” may cause development of a range of physiological/metabolic
abnormalities and facilitate disease susceptibility and progression. Indeed, repetitive jet lag was shown
to produce cognitive deficits, temporal lobe atrophy (Cho, 2001) and promote tumor growth (Filipski
et al., 2004). In addition, a significantly higher incidence of autoimmune diseases such as autoimmune
hypothyroidism and rheumatoid arthritis has been reported in chronic shift workers (Magrini et al.,
2006; Puttonen et al., 2010). Finally, Roenneberg and colleagues found that misalignment of
endogenous and behavioral rhythms, i.e. social jet lag, of just one hour increases the chances to be
overweight/obese by 30% (Roenneberg et al., 2012; Roenneberg et al., 2013).
In line, genetic models of clock deficiency revealed that impaired circadian clock function leads to
obesity (Shostak et al., 2013b; Turek et al., 2005), diabetes (Marcheva et al., 2010) and mood
disorders such as mania (Hampp et al., 2008; Roybal et al., 2007). Interestingly, a lack of certain clock
genes does not always result in impaired resistance to developing a disease. As an example, flies with
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the per01 mutation are more efficient in combating infection compared to wild-type controls (Lee and
Edery, 2008).
In humans, mutations in clock genes lead to disorders associated with abnormal sleep-wake cycles
(Landgraf et al., 2012). For example, patients with familiar advanced sleep phase syndrome (FASPS)
often carry mutations in the Per2 and Csnk1d genes (Toh et al., 2001; Xu et al., 2005).
On the other hand, diseases can disrupt the circadian clock. Circadian alterations have been described
both in patients and mouse models with various disorders such as obesity (Kohsaka et al., 2007), some
forms of cancer (Yang et al., 2006) and neurological disorders (Albrecht, 2013b), including
Alzheimer’s disease (Stranahan, 2012), schizophrenia (Oliver et al., 2012) and unipolar and bipolar
depression (Boivin, 2000).
Additionally, some chronic diseases show diurnal variations in symptoms, as it is well known for
rheumatoid arthritis (Gibbs and Ray, 2013). Such patients suffer from increased painful joint stiffness
in the early morning, which correlates with an early morning rise in circulating levels of proinflammatory cytokines, such as interleukin (IL)-6.
Our fundamental knowledge on circadian rhythms of physiology and behavior helps establish a firm
background for chronopharmacology and chronotherapy – time of day-dependent clinical
interventions for more efficient treatment of disorders (Levi and Schibler, 2007; Musiek and
Fitzgerald, 2013). Promising trends in this emerging field are circadian rhythm-based administration
of anti-tumor drugs (Levi and Schibler, 2007; Ortiz-Tudela et al., 2013) and timed bone marrow
transplantation (Scheiermann et al., 2012; Shi et al., 2013). As shown in two consecutive randomized
multicenter trials involving a total of 278 patients with metastatic colorectal cancer, the
chronomodulated regimen of chemotherapy achieved 51% objective tumor responses, compared with
30% in patients receiving constant rate infusion (Levi et al., 1997). In mice, when the bone marrow
was transplanted in the beginning of the activity phase (i.e. at night), all recipients survived, which
represents significantly better engraftment of hematopoietic progenitor/stem cells (Scheiermann et al.,
2012). Strikingly, only 50% of mice survived after the transplantation during daytime.

1.5. GCs, stress response, and the circadian clock
Glucocorticoid (GC) hormones (mainly cortisol in humans, corticosterone (CORT) in rats and mice)
play a key role in daily regulation of normal physiology and behavior as well as in orchestration of
bodily responses to stress. Under homeostatic conditions GCs are produced by the adrenal glands in a
rhythmic fashion. GCs are secreted in regular, hourly pulses and the amplitude of these ultradian
pulses varies over the course of a day, reaching its peak in the beginning of the activity phase (early
morning in diurnal animals, including humans, and early night in nocturnal animals). Upon acute
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stress a rapid surge of GC synthesis overrides ultradian and circadian rhythms, drives a stress response
throughout the body, and allows an organism to shift physiology and behavior in order to adapt to
stressful stimuli. However, chronic, persistent stress and over-production of GCs can lead to diverse
pathologies.
The circadian clock and GCs are closely interconnected. Corticoid receptors can control expression of
some clock genes and interact directly with components of the molecular clock. Therefore the effects
of GCs in tissues are partially mediated via modulation of the circadian clockwork.
The importance of GCs for an organism is clearly seen in patients and experimental animals with
impaired GC production. Rats that survived adrenalectomy (ADX) become extremely sensitive to
various stressors under compromised conditions, even when maintained on saline solution to restore
mineralocorticoid deficiency (Darlington et al., 1990). In humans, chronic hypocortisolism with
normal aldosterone levels and electrolyte balance is featured in familial GC deficiency (FGD), a rare
autosomal recessive disorder due to impaired adrenal sensitivity to adrenocorticotropin (Clark et al.,
2009; Clark and Weber, 1998). Already in the neonatal period or early childhood, patients with FGD
develop recurrent hypoglycemia and frequent, persistent infections that might be lethal if untreated.

1.5.1. Anatomy and physiology of the adrenal gland
GCs are produced in the adrenal gland by adrenocortical cells of the zona fasciculata. In addition, the
adrenal gland produces other hormones essential for stress responses and the regulation of body
homeostasis. Firstly, the mineralocorticoid aldosterone produced by zona glomerulosa cells is
important for regulation of blood pressure and salt homeostasis (Thomas and Harvey, 2011). Under
conditions of hypotension, aldosterone is released in response to angiotensin II and elevates blood
pressure through changes in vascular tone and electrolyte transport across absorptive epithelia.
Alternatively, aldosterone promotes the secretion of excess potassium from the body under conditions
of hyperkalemia. Secondly, catecholamines (adrenalin and noradrenalin) released by medullary
chromaffin cells upon activation of the sympatho-adrenomedullary system coordinate a complex of
fast physiological responses to stress, known as the “fight-or-flight” reaction (reviewed in
(Kvetnansky et al., 2009); section 1.5.8.). Finally, the adrenal cortex of humans and some nonhuman
primates

(but

not

rats

and

mice)

contains

androgen-producing

cells

that

synthesize

dehydroepiandrosterone (DHEA) and its sulfoconjugate DHEA-S during pre- and postnatal periods of
development (Nguyen and Conley, 2008).
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1.5.2. Regulation of GC production: Anatomy of the HPA axis
Basal GC production and GC responses to stress are under control of upstream brain regions that,
together with the adrenal gland, form the so-called hypothalamic-pituitary-adrenal (HPA) axis (Figure
4). It consists of the following molecular and anatomical components.

Hypothalamus. The first hub of the HPA axis
– parvocellular neurons in the hypothalamic
paraventricular nuclei (PVN) – integrates
signals from various brain regions including
those involved in processing homeostatic
perturbations,
(brainstem,

pain

and

inflammation

hypothalamic

nuclei,

circumventricular organ) as well as from
limbic structures (amygdala, hippocampus,
prefrontal cortex) that deal with more
complex psychogenic and systemic stimuli
(for a comprehensive review, see (Ulrich-Lai
and Herman, 2009)). Upon activation, the
PVN

neurons

secrete

two

corticotrophin-releasing

peptides

–

hormone/factor

(CRH) and arginine vasopressin (AVP) – into
the hypophyseal portal blood.
Pituitary. CRH and AVP synergistically
induce proopiomelanocortin (POMC) mRNA
expression in corticotroph cells of the anterior
pituitary via oligomerization of corresponding
receptors CRHR1 and V1bR and activation of

Figure 4. A schematic representation of the HPA axis.

the adenylate cyclase–cAMP–protein kinase

From (Lightman and Conway-Campbell, 2010).

A (PKA) signaling cascade (Bonfiglio et al.,

CNS—central nervous system.

2011). The POMC polypeptide is cleaved by
the prohormone convertase 1 (PC1) forming a
major stimulator of GC synthesis – adrenocorticotropic hormone (ACTH) (Bicknell, 2008). ACTH is
processed and stored in acidified secretory granules and released via exocytosis upon demand (Moore
et al., 2002).
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Adrenal cortex. ACTH released into the bloodstream binds to the melanocortin-2 receptor (MC2R) in
adrenocortical cells and acutely induces streroidogenesis. Similar to CRHR1, MC2R is a
transmembrane G-protein coupled receptor that activates cAMP-PKA signaling. Within minutes,
ACTH up-regulates mobilization of lipid droplet-stored cholesterol esters and steroidogenic acute
regulatory protein (StAR)-mediated increase of cholesterol delivery to the CYP11A1 (P450scc)
enzyme in the inner mitochondrial membrane (Hu et al., 2010; Stocco, 2001). StAR-mediated delivery
of cholesterol to the substrate site of P450scc for conversion to pregnenolone represents a key ratelimiting step of steroidogenesis (Stocco, 2001). Prolonged stimulation of adrenocortical cells with
ACTH increases transcription of other steroidogenic enzymes (CYP17, CYP21A1, CYP11B1) and
elevates cholesterol uptake via LDL receptor-mediated and SR-BI-mediated pathways (Hu et al.,
2010; Simpson and Waterman, 1988). In addition, HMG-CoA reductase, a rate-limiting enzyme of de
novo cholesterol synthesis, is also rapidly stimulated upon exposure of adrenal cells to ACTH (Hu et
al., 2010).
Activity of the HPA axis is influenced by a number of other hormones and cytokines. For instance,
oxytocin, opioid peptides and endocannabinoids suppress ACTH secretion via different mechanisms,
while VIP, catecholamines, ghrelin, and the IL-1 and IL-6 act in a stimulatory manner (Papadimitriou
and Priftis, 2009).

1.5.3. Regulation of GC production: Autonomic innervation
In addition to hormonal control of adrenal function, there is also extensive innervation from
sympathetic and sensory circuits. Both of these are carried in the splanchnic nerves (Ulrich-Lai and
Engeland, 2000). Medullary chromaffin cells are per se modified postganglionic sympathetic neurons
that are controlled by preganglionic sympathetic fibers. Nerve supply to the adrenal cortex is more
complex. Adrenocortical cells are innervated by sympathetic postganglionic and primary afferent
nerve fibers, but there is little evidence for direct parasympathetic innervation (Ehrhart-Bornstein et
al., 1998; Engeland, 2013). In addition, cortical cells are intertwined anatomically with chromaffin
cells and the latter release a broad spectrum of neuropeptides (VIP, NPY, CGRP, substance P,
catecholamines and acetylcholine); for many of these peptides there are receptors on adrenocortical
cells (reviewed in (Ehrhart-Bornstein et al., 1998)). These cortico-medullary interactions occur via
intra-adrenal nerve fibers that originate in the medulla and innervate the outer layers of the cortex.
Autonomic innervation of the adrenal gland contributes to regulation of adrenal sensitivity to ACTH
(reviewed in (Engeland and Arnhold, 2005)). Indeed, splanchnic nerve transsection in rats or lambs
leads to reduced GC production and ACTH sensitivity in the evening (Dijkstra et al., 1996a; Edwards
et al., 1986; Ulrich-Lai et al., 2006). On the other hand, electrical stimulation of the splanchnic nerve
in various species significantly increases adrenal GC production (Bornstein et al., 1990; Edwards and
Jones, 1987; Engeland and Gann, 1989). It remains still unclear how sympathetic nerves alter adrenal

INTRODUCTION

23

sensitivity to ACTH, but various potential scenarios were proposed (Engeland, 2013). One possibility
is based on modulation of ACTH delivery via changes in cortical blood flow. According to another
hypothesis, the release of catecholamines from chromaffin cells could stimulate ACTH receptor
signaling via β-adrenergic receptor-mediated changes in intracellular cAMP concentrations.
Extra-adrenal GC production. In addition to adrenocortical cells other tissues, including thymus,
intestine, skin and brain, express steroidogenic enzymes and regulatory proteins and thus are
principally capable of producing GCs (Talaber et al., 2013; Taves et al., 2011). Interestingly, local
production of other components of the HPA axis such as CRH and ACTH was identified in the skin.
Normally extra-adrenal GCs are synthesized in much lower concentrations compared to the adrenal
gland and act in a paracrine, rather than endocrine, manner. However, it seems that under some
specific conditions local GC synthesis might be boosted up to endocrine levels. P. Chambon’s group
recently reported that antibiotic-induced depletion of microbiota in ADX mice led to increased
steroidogenesis in the intestine and a remarkable surge of plasma CORT concentrations reaching those
observed in sham-operated animals (Mukherji et al., 2013).

1.5.4. Regulation of GC sensitivity: from release to action
After release into the bloodstream, most GCs bind to carrier proteins and can exert their effects almost
on every tissue due to a wide distribution of corticosteroid receptors. Importantly, the final biological
effects of GCs are determined not only by activity of GC synthesis, but also by sensitivity of target
tissues to GCs (reviewed in (Quax et al., 2013)). Tissue responsiveness to GCs depends on many
factors including those that regulate GC bioavailability, corticosteroid receptor signaling and
transcriptional activity of the receptors.
Plasma GCs are continuously degraded. The half-life of GCs in mouse blood is short – less than 10
min (Conway-Campbell et al., 2010), but extends to 80-120 min in humans (Agarwal and Mirshahi,
1999). In the liver, GCs are reduced to dihydro- and tetrahydro-derivatives, following conjugation
with glucuronic acid in both the hepatic and renal parenchyma, and excretion with urine and feces
(Agarwal and Mirshahi, 1999; Girard et al., 2003).
Only about 5% of plasma cortisol or CORT circulates in a non-protein-bound or “free” state, whereas
the rest is bound to two carrier proteins produced by liver – corticosteroid-binding globulin (CBG, also
known as transcortin and serpin A6; binds approximately 80% of plasma GCs) and albumin (Cizza
and Rother, 2012; Henley and Lightman, 2011). Of note, GC dissociation from CBG is exquisitely
sensitive to changes in body temperature and increases significantly in response to fever, thus
facilitating anti-inflammatory effects of GCs in febrile patients (Lightman and Conway-Campbell,
2010).
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GCs bind to two kinds of corticosteroid receptors – mineralocorticoid (MR) and glucocorticoid (MR)
receptors – and modulate gene expression via genomic and non-genomic signaling pathways. It is
estimated that a large portion (1–20 %) of the mammalian genome can be positively or negatively
regulated by GCs, depending of cell type and experimental settings (John et al., 2008; Lamia et al.,
2011). Although the MR and GR share almost identical DNA binding domains, they show only
limited (30 %) gene overlap (Datson et al., 2001; Groeneweg et al., 2011). Therefore, both receptors
can exert distinct cellular actions.
Although the ligand for both receptors is the same, the GR binds GCs with a 10-fold lower affinity,
compared to the MR (de Kloet et al., 2005). The affinity of MR is sufficiently high to keep the
receptor active even when GC production is low. By contrast, the low-affinity GR is occupied only at
peaks of pulsatile GC secretion (section 1.5.5.) and during stress response (section 1.5.8.). The MR
remains bound to the ligand for a long time (the half-life is ≈45 min), while GR rapidly associates and
dissociates from its endogenous ligand (the half-life is ≈5 min). Of note, this is not the case with
synthetic GC agonists such as dexamethasone (Dex) (Sarabdjitsingh et al., 2012; Stavreva et al.,
2009).
Compared to the GR, which is almost ubiquitously expressed, the pattern of MR expression is limited
to some specific tissues, mainly the polarized tight epithelia of the kidney where it mediates
aldosterone-dependent transepithelial sodium transport. MR is also found in epithelial cells of lung,
eyes and skin, in cardiomyocytes, macrophages, adipocytes, the hypothalamus and the hippocampus.
Local concentrations of GCs in tissues are controlled by two 11β-hydroxysteroid dehydrogenase
isoenzymes. 11β-HSD type 1, which is expressed, for example, in the liver and adipose tissue,
converts biologically inactive cortisone into active cortisol, whereas 11βHSD type 2 has the opposite
effect, particularly in the kidney where it prevents GC-mediated activation of the high-affinity MR
(Chapman et al., 2013; Funder et al., 1988). In addition, the multidrug resistance P-glycoprotein
(MDR1) lowers availability of GCs via active transport of the hormones out of the cell, affecting GC
transport to the brain (Karssen et al., 2001; Mason et al., 2008; Meijer et al., 1998; Tsujimura et al.,
2008).
It has been reported that GR activity and transcriptional specificity are modulated by alternative
splicing of the Nr3c1 gene, alternative translation of the GR protein, and posttranslational
modifications (phosphorylation, ubiquitination, sumoylation). Next, folding, affinity and intracellular
and/or nuclear transport of GR are dynamically regulated by ligand binding. In the absence of a ligand,
GR is located in the cytoplasm as part of a multiprotein complex composed of several heat shock
proteins and other co-chaperones. The composition of the GR-chaperone complex is plastic and
defines GR affinity and its sensitivity to proteolysis.
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Upon ligand binding GR-GC complexes form dimers, translocate to the nucleus and bind to GCresponse elements (GREs) in regulatory regions of many genes. This can promote the recruitment of
several coactivators and chromatin remodeling proteins and initiation of transcription. Alternatively,
GCs can inhibit gene expression through protein–protein interactions with co-regulatory proteins and
promoter-bound transcription factors such as AP-1 and NF-κB (so called “tethering”), direct
association with inhibitory nGREs (Surjit et al., 2011), or recruitment of the corepressor GRIP1.
However, the transcriptional outcome (activation versus suppression) of GC action is not defined
exclusively by the presence or absence of the mentioned cis- and trans-regulatory elements, implying
that additional epigenetic regulators are involved (Uhlenhaut et al., 2013). In addition to regulation of
gene expression, GCs also have multiple rapid (within 5–15 min) effects that seem to be independent
of transcription/translation and even resistant to blocking of the corticosteroid receptors (reviewed in
(Groeneweg et al., 2011)). For instance, it was reported that ACTH secretion in pituitary can be
rapidly inhibited by steroid administration in rats and the fast negative feedback is preserved in rats
pretreated with a GR antagonist or transcription inhibitor (Hinz and Hirschelmann, 2000). On the other
hand, some of the non-genomic effects can be mediated via membrane-bound forms of the GR or MR,
as has been shown for rapid GC-mediated modulation of electrophysiological properties of
hippocampal neurons ((Groeneweg et al., 2011); section 1.5.8.).

1.5.5. Dynamic regulation of basal GC production
Three main dynamic modes of GC production are seen in basal, non-stressed conditions – ultradian,
circadian, and seasonal.

Ultradian GC rhythms
In rats and humans, activity of the HPA axis including plasma ACTH and GC levels as well as GC
concentrations in target organs follow an ultradian, hourly pattern (Henley et al., 2009a; Lightman and
Conway-Campbell, 2010; Sarabdjitsingh et al., 2012). Ultradian GC rhythmicity seems to be
independent of the circadian clock, being preserved in SCN lesioned animals (Waite et al., 2012).
Experimental studies and mathematical modeling suggest that ultradian GC pulsatility is unlikely to be
generated by a hypothalamic pulse generator, but merely stems from a rhythmic, delayed feedback of
GCs on pituitary (Lightman and Conway-Campbell, 2010; Walker et al., 2010). Indeed, Engler and
co-workers showed that disconnection of the hypothalamus from the pituitary in sheep does not impair
pituitary-adrenal ultradian activity (Engler et al., 1990).
Responsiveness of the HPA axis to stress varies at different phases of the ultradian GC cycle. The rats
displayed a considerably greater sensitivity of HPA axis when a 10-min noise stress was applied
during the rising phase of a CORT pulse, while CORT responses during the falling phase were
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significantly diminished (Windle et al., 1998). Similarly, when the same dose of CORT was given by
constant infusion rather than in a pulsatile pattern, the ACTH response to stress was markedly reduced
(Sarabdjitsingh et al., 2010). This suggests that deregulated GC pulsatility may have a significant
effect on the ability to respond properly to stress. Indeed, deregulation of the pulsatile pattern of GC
secretion is associated with various disease states, including depression, other stress-related diseases,
and obstructive sleep apnoea (Henley et al., 2009b).
Studies of ultradian GC responses in the AtT-20 corticotroph cell line revealed that each pulse of
CORT initiates rapid and transient activation of intracellular GR and cyclical GR association with
GREs in the promoter regions of the GC-induced genes, such as Per1 or serum-GC-regulated kinase 1
(Stavreva et al., 2009). Interestingly, after withdrawal of the ligand, GR stays in the nucleus and is
reactivated by the following CORT pulse, resulting in re-association of GR with the chromatin
template (Stavreva et al., 2009). Importantly, altering the pattern of GC delivery (pulsatile versus
constant) results in different patterns of gene regulation.

Circadian GC rhythms
All main molecular constituents of the HPA axis, including CRH, ACTH and CORT/cortisol, follow a
circadian pattern of production (Dickmeis, 2009). Several pathways contribute to generation of
circadian GC rhythms: SCN-dependent rhythmic release of ACTH, rhythmic activity of the ANS, and
a circadian clock in the adrenal gland (Figure 5).
The central clock and the HPA axis
Lesion experiments have convincingly shown that the SCN itself and intact SCN projections are
essential for maintaining GC rhythms (reviewed in (Dickmeis, 2009; Kalsbeek et al., 2012)), since
SCN grafts transplanted into SCN-lesioned hamsters are not sufficient to rescue the hormonal
oscillations (Meyer-Bernstein et al., 1999). Firstly, the SCN sends indirect projections to the PVN
neurons, mainly via subPVZ and DMH, to exert rhythmic AVP-dependent suppression of HPA axis
activity (Figure 5). Work done by Buijs, Kalsbeek and colleagues clearly demonstrated that SCN
ablation potentiates CORT release, while infusion of AVP into the PVN/DMH region inhibits it (Buijs
et al., 1993; Kalsbeek et al., 1992; Kalsbeek et al., 1996a). A stimulatory effect of the SCN on GC
synthesis was also reported (Cascio et al., 1987; Kalsbeek et al., 1996b), but its molecular nature is
still unclear.
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Figure 5. Pathways involved in circadian
regulation of GC production. From
(Dickmeis, 2009).
DMH—dorsomedial hypothalamus,
subPVZ—subparaventricular zone,
mpPVN—medioparvocellular division of
the PVN; I—interneuron of the PVN;
C—corticotrope cell of the pituitary;
IML—intermediolateral column of the
spinal cord.

Circadian oscillators in other anatomical nodes of the HPA axis such as PVN ((Abe et al., 2002;
Girotti et al., 2009; Guilding and Piggins, 2007) and refs within) and anterior pituitary (Abe et al.,
2002; Bur et al., 2010; Chu et al., 2013; Girotti et al., 2009; Yoo et al., 2004) might also contribute to
rhythmic GC production.
The central clock and the ANS
SCN neurons regulate rhythmic functioning of the adrenal gland through the autonomic nervous
system that explains many physiological examples of dissociation between ACTH and GC production
(reviewed in (Bornstein et al., 2008)). Indeed, hypophysectomy does not ablate GC rhythms, but does
so only in combination with adrenal denervation (Meier, 1976; Ottenweller and Meier, 1982).
Similarly, diurnal variation in adrenal steroidogenesis persists in CRH knockout mice with constant
infusion of CRH (Muglia et al., 1997). Furthermore, 12-hour rhythmic cortisol release in behaviorally
split hamsters, which presumably reflects asymmetric activity of left and right SCN (de la Iglesia et
al., 2000), does not rely on rhythmic release of ACTH (Lilley et al., 2012). The multisynaptic SCN-

INTRODUCTION

28

adrenal pathway consists of pre-autonomic PVN neurons, sympathetic preganglionic IML neurons of
the spinal cord, and finally the splanchnic nerve that innervates the adrenal gland (Buijs et al., 1999;
Dickmeis, 2009).
Seminal work by Okamura and co-workers demonstrated that the autonomic innervation of the adrenal
gland is required for light-induced GC responses. Ishida et al. showed that a 30-min exposure to light
is able to up-regulate Per gene expression in the adrenal gland and induce GC release independent of
ACTH via the SCN-ANS pathway (Ishida et al., 2005). Interestingly, it seems that epinephrinemediated medulla–cortex signaling is required for this effect. This is consistent with observations that
adrenal demedullation prevents splanchnic nerve-mediated GC release (Ulrich-Lai et al., 2006).
Another functional aspect of autonomic innervations is that the SCN–adrenal neural connections are
important for maintaining circadian regulation of adrenal sensitivity to ACTH in vivo, since SCN
ablation or adrenal denervation severely compromise circadian variation in adrenal ACTH
responsiveness ((Dallman et al., 1978; Dijkstra et al., 1996b; Kaneko et al., 1980; Kaneko et al., 1981;
Sage et al., 2002; Ulrich-Lai et al., 2006); reviewed in (Engeland and Arnhold, 2005)).
Light is not the only signal relevant for GC rhythms. Daily feeding patterns are able to adjust the
circadian phase of peripheral clocks, e.g. in liver (Damiola et al., 2000; Stokkan et al., 2001), and of
daily GC oscillations, independently of the SCN (Krieger et al., 1977). Interestingly, daytime
restricted feeding strongly dampens the circadian clock in the pituitary, even upon adrenalectomy (Bur
et al., 2010; Girotti et al., 2009), which may point towards ANS-mediated control of the restricted
feeding-induced GC rhythm.
The adrenal clock
Several lines of evidence support the view that both adrenocortical and chromaffin cells contain
functional circadian clocks.
It is well documented that the expression of clock genes (Arntl, Npas2, Cry1, Per2, Per3, Nr1d1) and
first-order clock-controlled genes (Dbp, Tef) in the adrenal gland follows a 24-hour rhythm (Bittman
et al., 2003; Fahrenkrug et al., 2008; Lemos et al., 2006; Oster et al., 2006a; Oster et al., 2006b; Son et
al., 2008; Torres-Farfan et al., 2006; Valenzuela et al., 2008). Importantly, clock gene rhythmicity is
sustained in cultured adrenal explants from Per2::luc and Bmal1::Eluc circadian reporter mice
(Noguchi et al., 2012) (Leliavki and Oster, unpublished). Furthermore, Oster et al. showed that
approximately 5 % of the adrenal transcriptome (more than 1,500 genes) is expressed in a circadian
fashion (Oster et al., 2006a; Oster et al., 2006b) (Figure 6). Among rhythmic genes are those involved
in cholesterol uptake (Ldlr, Scarb2) and transport (Slc25a, Bzrp), steroid biosynthesis and its
regulation (Hsd17b7, Lss, Stard4, Star, Sp1, Por), ACTH receptor signaling (Mc2r, Acdy5, protein
kinase A, protein phosphatase 1 subunits) as well as catecholamine metabolism (Maoa, Nr4a2, Pnmt).
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It has been reported that rhythmic expression of StAR, a key rate-limiting cholesterol transporter, is
under E-box-dependent circadian regulation by CLOCK and BMAL1 (Kil et al., 2012; Son et al.,
2008; Ulrich-Lai et al., 2006). In addition, a circadian microarray study revealed that a significant
portion of the found cycling genes represents some general biological pathways such as protein
catabolism and nucleosome assembly (Oster et al., 2006a). Interestingly, rhythmic steroidogenic genes
peak at day-to-night transition, when GC synthesis is maximal in mice, matching the phase of typical
E-box-regulated clock-controlled genes. On the other hand, the expression of nucleosome assembly
genes has a reversed circadian pattern, reaching its maximum around early morning.

Figure 6. Circadian clock-regulated genes involved in the control of adrenal GC biosynthesis. Gray boxes
indicate rhythmically expressed genes. From (Oster et al., 2006b).

24-hour oscillations of adrenal function were reported in vivo and found to be preserved in culture. In
1964, Andrews and Falk demonstrated that cultured hamster adrenal glands maintain circadian
patterns in respiration and steroid secretion ex vivo (Andrews and Folk, 1964). Similarly, rhythmic GC
synthesis persists in cultured adrenocortical Y-1 cells (Son et al., 2008). Recently, Kil and co-authors
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provide evidence that rhythmic activity of the peroxiredoxin system is critical for removal of hydrogen
peroxide generated as a side-product of CYP11B1-mediated CORT synthesis (Kil et al., 2012). This
prevents oxidative damage of adrenocortical cells during the peak of GC production. Furthermore, it
was demonstrated the adrenal clock autonomically controls circadian variation of ACTH
responsiveness in cultured adrenal explants (Oster et al., 2006b). In accordance to this, in vitro
knockdown of Cry2 in capuchin monkey adrenal glands decreases cortisol production in response to
ACTH (Torres-Farfan et al., 2006). The CRY2 down-regulation leads to dramatic reduction of the
clock protein BMAL1 and two steroidogenic factors – StAR and 3β-HSD. This suggests that the
adrenal clock may serve as a critical hub in the SCN-ANS-mediated regulation of circadian rhythms in
ACTH sensitivity (Dickmeis, 2009).
To address a role of the adrenal clock in generation of circadian GC rhythms in vivo, Oster and
colleagues transplanted Per2/Cry1−/− adrenal grafts under the kidney capsule of adrenalectomized
wild-type mice, and vice versa (Oster et al., 2006b). This approach revealed that the intact adrenal
clock is not sufficient to sustain GC rhythms under constant conditions, but the light-dark (LD) cycle
still can drive diurnal changes in GC production, though with a reduced amplitude. On the other hand,
adrenal clock deficiency led to a dampened rhythm of CORT production, both in LD and constant
dark (DD) conditions. Alternatively, Son and co-workers performed genetic ablation of the adrenal
clock (Son et al., 2008). They generated a transgenic mouse in which an antisense Bmal1 gene coding
sequence was expressed under control of the ACTH receptor (Mc2r) promoter. In partial agreement
with the previous finding, daily rhythms of adrenal CORT were preserved in the mutant mice kept in
LD, but disappeared in constant conditions. Taken together, these observations suggest that the adrenal
clock is required for maintaining high amplitude circadian GC rhythms.

Seasonal GC rhythms
GC production in many vertebrates varies over the course of the year (Romero, 2002), normally
peaking during a breeding period. Several hypotheses have been proposed to explain the nature of
annual GC fluctuations. It is plausible that these changes may be driven by a need to mobilize energy
or adjust behavior for coping with stress changes. On the other hand, annual GC rhythms may
represent an evolutionary consequence of seasonal differences in the risks of being exposed to
stressors (Romero, 2002). Importantly, the existence of a circannual clock in the pituitary of sheep has
recently been proposed (Lincoln et al., 2006), but its potential contribution to seasonal GC variation
remains obscure.

1.5.6. Circadian GC rhythms and synchronization of tissue clocks
Schibler and co-workers were the first to demonstrate that GCs can reset the circadian clock, both in
vitro (Balsalobre et al., 1998) and in vivo (Balsalobre et al., 2000). Intriguingly, despite the fact that
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the GR is present in most peripheral tissues and brain areas, the SCN neurons are devoid of the
receptor (Balsalobre et al., 2000), shielding the master clock from direct GC feedback. This makes
GCs ideal candidates for unidirectional hormonal mediators that link the SCN clock and circadian
clocks in the periphery.
GCs can reset the circadian clock machinery via different routes. One mechanism is based on
transcriptional regulation of clock genes. Indeed, functional GREs are present in regulatory regions of
several clock genes, including Per1 and Per2, E4bp4, Npas2 and some others (So et al., 2009;
Yamamoto et al., 2005). Another mechanism involves direct/indirect protein-protein interactions and
posttranslational modifications. CRY proteins inhibit GR activity and transcription of a large portion
of GC-responsive genes via direct interaction with the GR (Lamia et al., 2011). Further, Cheon et al.
found that GR-BMAL1 interaction is required for GC-mediated Per2 induction and the delayed
circadian phase in mouse fibroblasts (Cheon et al., 2013a). Similarly, the CLOCK/BMAL1 complex
can physically interact with the ligand-binding domain of the GR to suppress GC-induced
transcriptional activity (Nader et al., 2009). CLOCK inherits histone acetyltransferase activity (Doi et
al., 2006) and acetylates a lysine cluster in a hinge region of the human GR, thus reducing its affinity
to GREs (Charmandari et al., 2011; Nader et al., 2009). GR is rhythmically expressed in many tissues,
for example, in the rat liver and human peripheral leukocytes (Xu et al., 1991), implying that complex
bi-directional communication between the GR and the circadian clock modulates the final output of
rhythmic GC action in tissues.
Another example of such bidirectional regulation of rhythmic GC sensitivity is at the level of GC
transport in blood. CBG concentration in blood and expression of its transcript in liver shows diurnal
variation with a rhythmicity pattern parallel to that observed for GCs ((Hsu and Kuhn, 1988; Hughes
et al., 2009) and refs within). On the other side, CBG rhythms per se are regulated by GCs, since
adrenalectomy in rats abolishes its diurnal variation (Hsu and Kuhn, 1988).
Rhythmic transcription of many genes relies on circadian GC oscillations. Oishi et al. showed that
adrenalectomy in mice causes around 60% reduction in the number of rhythmic genes in liver,
supporting a view that adrenal gland/GCs play a role in generation of circadian rhythms in GC target
tissues (Oishi et al., 2005). In line, Bmal1 gene knock-down in adrenocortical cells led to significant
dampening of Per1 gene expression rhythms in the liver, kidney and pancreas under constant
conditions (Son et al., 2008). Furthermore, GCs might be important in synchronization of brain clocks
outside the SCN. For instance, in mice rhythmic PER2 protein expression in the central amygdala is
dependent on GC-GR signaling (Segall et al., 2009). However, it remains unclear how direct and
circadian clock-mediated GC effects are integrated in circadian control of global transcription.
Finally, it has been demonstrated that circadian GC rhythms and the adrenal clock play an important
role in adjusting the speed of behavioral re-entrainment and synchronized resetting of peripheral
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clocks to a new light-dark cycle during jet lag. Phase shifts of locomotor activity rhythms happen
much faster in mice transplanted with circadian clock-deficient adrenals and can be changed through
pharmacological manipulation with the phasing of GC production (Kiessling et al., 2010). These
findings suggest that GCs can influence the activity of the central clock and behavioral rhythms via an
indirect pathway. In line with this, Le Minh and colleagues showed that phase shifts in peripheral
oscillators, such as liver and kidney, induced by day-time feeding happen significantly faster in
adrenalectomized mice and are GR-dependent (Le Minh et al., 2001). Therefore, GCs play an essential
role in communication between central and peripheral clocks during responses to different entraining
signals such as light-dark and feeding cycles.

1.5.7. Circadian GC oscillations and rhythmic regulation of tissue functions
Either by modulation of circadian clock activity or direct transcriptional regulation of various GC
target genes, daily GC rhythms were shown to be important for GC-dependent rhythmic control of
many physiological processes in the mammalian body, including learning and memory, mobilization
of energy stores, tissue homeostasis and immune functions.
The Born group and others provided evidence that changes in plasma cortisol levels during sleep in
humans are important for memory consolidation (reviewed in (Wagner and Born, 2008)). The ﬁrst half
of the night, when cortisol levels are low, is dominated by slow wave sleep (SWS), whereas rapid eye
movement (REM) sleep prevails in the second half, when the peak of cortisol production occurs. An
increase of plasma GC concentrations during SWS-rich early sleep counteracts hippocampusdependent declarative memory consolidation (Plihal and Born, 1999). On the other hand, preventing
the elevation of cortisol during late REM sleep-rich sleep by administration of metyrapone impairs
hippocampus-dependent declarative memory, but enhances amygdala-dependent emotional aspects of
memory (Wagner et al., 2005). In line with this, Liston et al. showed that circadian GC oscillations in
mice are important for formation and stabilization of new synapses and hence facilitate long-term
memory retention (Liston et al., 2013). To the contrary, chronic and excessive GC exposure eliminates
learning-associated new postsynaptic spines and disrupts previously acquired memories. Interestingly,
GCs promote rapid spine formation through a non-transcriptional mechanism recruiting the LIM
kinase–cofilin pathway and increase spine elimination through transcriptional mechanisms involving
MR activation (Liston et al., 2013).
It still remains unclear to which extent basal circadian rhythms of GCs contribute to daily changes in
glucose, lipid and protein metabolism. For instance, adrenalectomy does not affect rhythmic changes
in hepatic glycogen in ad libitum fed rats (Bouillon and Berdanier, 1981). On the other hand, the
diurnal rhythm of plasma leptin is significantly attenuated in ADX rats supplemented with a CORT
pellet (Nishiyama et al., 2000). Two key lipolytic enzymes, hormone-sensitive lipase (HSL) and
adipose triglyceride lipase (ATGL) found to be under control of the circadian clock in adipose tissue
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(Shostak et al., 2013a) are also directly regulated by GCs (Xu et al., 2009). This assumes an intricate
interaction between local and systemic components of the circadian timing system in adipose tissues.
Daily rhythmic changes in the immune system and immune responsiveness to antigen challenge also
seem to be dependent on circadian GC rhythms. For instance, circadian variations of CD4+ and CD8+
T cell subpopulations in human blood are differentially regulated by release of cortisol (Dimitrov et
al., 2009). Moreover, time of day-dependent variation in IgE-mediated allergic reaction in the skin is
not observed in adrenalectomized mice as well as in Per2 mutant mice that display an aberrant daily
GC production (Nakamura et al., 2011).
Finally, physiological GC oscillations contribute to the regulation of cell proliferation and tissue
homeostasis. Kollet et al. recently showed that circadian GC rhythms in mice control proliferation of
hematopoietic stem/progenitor cells and CXCL12 expression by bone marrow stromal progenitors
(Kollet et al., 2013). Some data also suggest that circadian GC oscillations play a role in daily
variation of neurogenesis in the dentate gyrus, cell proliferation in gastrointestinal mucosa and skin
(reviewed in (Dickmeis and Foulkes, 2011)), as well as in circadian cell cycle rhythms in zebrafish
(Dickmeis et al., 2007).

1.5.8. Dynamics: regulation of GC response to acute stress
Stress response: from adaptation to pathology
Information about various disturbances, actual or potential, in the environment of an individual are
recognized and conveyed to specific brain areas. This causes a coordinated release of molecules, so
called “stress mediators”, that are responsible for coordination of different aspects of stress response
(Joels and Baram, 2009). In addition to GCs, these stress mediators include monoamines
(noradrenaline, serotonin and dopamine) and various neuropeptides (CRH, AVP, urocortins, orexin,
dynorphin, oxytocin, NPY, ghrelin, and others). Such diversity is needed to cope with the entire range
of stress-induced challenges, from conferring immediate attention and decision making to ensure
survival at the moment of stress exposure, to storage of information about the stressful situation for
better coping with similar stressful events in the future. Therefore, production and action for each of
the stress mediators occurs within a limited time window and at specific anatomical locations.
Nevertheless, such spatial and temporal niches of action of the different mediators are not strictly
defined, but rather overlapping, which allows their actions to converge and generate a coordinated
stress response (reviewed in (Joels and Baram, 2009)).
Dynamics and quality of molecular stress responses depend on type of stressor and duration of stress
(Joels and Baram, 2009). For instance, physical stressors such as blood loss, trauma and cold rapidly
recruit the brainstem and hypothalamic regions, whereas psychological stressors primarily engage
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stress mediators in brain regions dealing with emotions (the amygdala and the prefrontal cortex),
learning and memory (the hippocampus) and decision-making (the prefrontal cortex).
The stress response can be characterized by two temporal waves of stress mediator actions (Figure 7).
The first includes rapid actions of noradrenaline, serotonin, dopamine and CRH that stimulate
vigilance, alertness, appraisal of the situation and the choice of an optimal strategy to face the
challenge. GCs belong to the second temporal wave, which is most important for provoking long-term
adaptive components of a stress response, such as memory formation. These classical effects of GCs
in stress responses rely on alterations in gene transcription and are mediated via GR. In addition, GCs
can modulate cell functions within few minutes, acting through non-genomic pathways including
membrane-bound MR (Karst et al., 2005; Olijslagers et al., 2008).

Figure 7. Time course of cellular responses to stress hormones. From (de Kloet et al., 2005).

Adaptive response to stress can lead to effective coping with a challenging situation and reinstate
disturbed homeostasis. According to Sterling and Eyer, the process of adaptation to stress is defined as
“allostasis”, or “stability through change” (Sterling and Eyer, 1981). In contrast, if the stress response
is inadequate or excessive and prolonged, the cost of reinstating homeostasis might become too high,
which leads to a pathological condition termed “allostatic load”. McEwen defined allostatic load as
“wear and tear of the body and brain resulting from chronic hyperactivity or inactivity of the
physiological systems that are normally involved in adaptation to environmental challenge” (McEwen
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and Gianaros, 2010). The concept of allostasis and allostatic load helps formally distinguish between
adaptive, advantageous consequences of effective stress reaction and detrimental effects of chronic or
inadequate stress due to the overload of the physiological functions.
Major targets of GC action include the central nervous system and most peripheral tissues, especially
tissues involved in metabolism (liver, adipose tissue, muscle) and immune responses.

GC effects in the brain
Both corticosteroid receptors are involved in GC action in the brain during stress response. MR and
GR are differentially distributed in brain. MRs are highly expressed in hippocampal neurons and the
lateral septum and moderately expressed in the amygdala, PVN and locus coeruleus – regions that are
involved in cognitive, emotional and neuroendocrine processing of stressful events. GRs are
ubiquitously expressed in the brain, but enriched in the hippocampus, lateral septum and PVN.
MR is implicated in the appraisal process and the onset of the stress response. GR, which is only
activated by large amounts of GCs, terminates the stress reactions, mobilizes the energy resources
required for this purpose and facilitates recovery. Additionally GR promotes memory storage in
preparation for future events.
One of the essential effects of GCs in the brain is to enhance learning and facilitate memory formation
in preparation for similar stressful events in the future (Kim and Diamond, 2002). Therefore, the
hippocampus, which is necessary for the formation of stable declarative memory in humans and
spatial, or contextual, memory in rodents, is the main target of GCs in the brain, highly expressing
both corticosterioid receptors. Hippocampal MR, which is activated with low amounts of GCs even
during troughs of ultradian pulses, is necessary for maintaining basal neuronal activity, inducing longterm potentiation (LTP). By non-genomic action, GCs rapidly enhance excitability of CA1 pyramidal
neurons via pre- and postsynaptic effects on the membrane MR (Olijslagers et al., 2008). On the other
hand, activation of GR during stress or exposure to a novel environment causes a delayed suppression
of neuronal excitability and synaptic plasticity by impairing LTP (Kim and Diamond, 2002). In the
CA3 hippocampal area, a single stressor results in a delayed loss of apical dendrites but an enhanced
basal dendritic tree (Kole et al., 2004).
Complex functional consequences of GC action in the hippocampus are highly dependent on the
timing of events (de Kloet et al., 2005). Behavioral studies in rodents demonstrated that GR activation
during stress is a prerequisite for the storage of relevant information. For instance, i.c.v. administration
of GR antagonists immediately after the learning phase in a water maze impairs memory retrieval
measured 24 hours later (Oitzl and de Kloet, 1992). GRdim/dim mutant mice, which carry a point
mutation that prevents GR dimerization and DNA binding, also show impairments in memory storage
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(Oitzl et al., 2001). Moreover, both MR and GR are important for control of neurogenesis in the
dentate gyrus (Garcia et al., 2004). Brief exposure to stress temporarily suppresses proliferation and
increases cell death, affecting the expression of several pro- and antiapoptotic genes in the dentate
gyrus.
Importantly, an emotional, arousing situation promotes formation of long-lasting memories through
recruitment of brain regions responsible for processing of emotional stimuli. Indeed, a number of
studies showed that GC-mediated enhancement of memory storage involves noradrenergic activation
in the basolateral amygdala (BLA) and bidirectional interactions between the BLA and the medial
prefrontal cortex (mPFC) (Quirarte et al., 1997; Roozendaal et al., 2009).
To the contrary, exposure to chronic stress impairs subsequent attention and memory and can even
induce profound amnesia (Bremner et al., 1996). Extensive evidence strongly suggests that GCinduced memory impairment is associated with drastic alterations in structure, organization and
function of the hippocampus and related areas (reviewed in (Bremner et al., 1996; de Kloet et al.,
2005; Kim and Diamond, 2002; McEwen and Sapolsky, 1995)). One of the most consistent effects of
chronic stress is a reduction in the branching and length of CA3 pyramidal apical dendrites and a
decreased number of synaptic contacts. Dendritic atrophy in the hippocampus can be prevented by
NMDA receptor blockers, which implies a key role of glutamate in mediating these structural
alterations (Magarinos et al., 1996). In addition, chronic exposure to high GC levels results in a
longer-lasting reduction in proliferation and survival of progenitor cells in the dentate gyrus. This
effect can be prevented by some antidepressants, e.g. tianeptine (Czeh et al., 2001). Such degenerative
processes may explain the reduced hippocampal volume in patients with Cushing’s disease and
depression, pathologies characterized by chronic hypercortisolemia (Sheline et al., 1999).
Extensive animal studies and a wealth of strong correlative data in humans support the idea that
disturbed HPA axis activity and chronic hypercortisolemia are risk factors for depression (de Kloet et
al., 2005; Holsboer, 2000). A depression-like phenotype sensitive to antidepressant treatment was
observed in mice lacking GR in limbic brain regions, which results in hyperactive HPA axis due to
impaired negative feedback (Boyle et al., 2005). In accordance, the HPA axis of depressive patients
poorly responds to suppressive action of Dex and stimulatory effects of CRH. Importantly,
longitudinal studies showed that HPA axis activity is a good predictor for the relapse and remission of
depressive symptoms (Zobel et al., 2001).
Stress and GC over-production affect the metabolic state of the body not only through GC effects in
metabolic tissues, but also by modulating the activity of brain areas involved in appetite regulation and
reward (Adam and Epel, 2007; Dallman et al., 2003; Koob, 2008; Parylak et al., 2011). The effect of
stress on appetite depends on the type of stressor, its duration and intensity. Acute immobilization
stress in rats leads to a transient decrease in food intake and body weight (Shimizu et al., 1989; Valles
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et al., 2000), whereas mild stressors, such as a gentle tail-pinch, rather promote spontaneous feeding
(Morley et al., 1983). In line, Pijlman et al. showed that a physical stressor (foot shock) reduces
consumption and preference for a saccharin drink compared to water, while emotional stress increased
saccharin preference (Pijlman et al., 2003). In humans, chronic stress and negative emotional states
can either enhance food intake and stimulate weight gain, as observed in most cases, or lead to weight
loss through diminished food intake.
Food palatability plays a key role in the stress-related modulation of appetite (Adam and Epel, 2007).
Using the Trier social stress test, Epel and others showed that those volunteers who responded with
high cortisol were likely to consume more calories after the stressor, particularly of high fat food (Epel
et al., 2001). In rats, food restriction combined with repetitive stress (but not food restriction alone)
promoted greater palatable food intake over chow and this effect was sensitive to a non-specific opioid
receptor antagonist (Boggiano et al., 2005). Studies on stress and addiction support the view that the
dopaminergic reward system is involved in mediating the effect of stress on appetite. Indeed,
uncontrollable stress or chronic GC administration increase intake of drugs of abuse, such as cocaine
(Goeders, 2002). In contrast, mice with genetic inactivation of GR in the brain develop reduced
motivation to self-administer cocaine compared to wild-type animals (Deroche-Gamonet et al., 2003).
GR is expressed, and can be activated by stress exposure, in neurons of the dopaminergic reward
circuit, including the substancia nigra and the ventral tegmental area (VTA) (Hensleigh and Pritchard,
2013). On the other hand, several lines of evidence suggest that GCs may influence the reward value
of food via neuroendocrine mediators such as leptin, insulin and NPY (Adam and Epel, 2007).

GC effects on metabolism
Stress and GCs influence various peripheral metabolic pathways, mainly in the liver, adipose and
muscle tissues (reviewed in (Vegiopoulos and Herzig, 2007)). During prolonged fasting or stress
exposure, GCs coordinate increased energy supply to the brain by stimulating gluconeogenesis in
hepatocytes, reducing glucose uptake by muscle and fat cells, and promoting lipolysis in the adipose
tissue and protein break-down in muscles to release substrates for gluconeogenesis. Metabolic effects
of chronic GC over-production are seen in patients suffering from Cushing’s disease such as central
obesity, increased breakdown of skeletal muscle mass, hyperglycemia, fatty liver development,
elevated cholesterol, and insulin resistance (Shibli-Rahhal et al., 2006). In accordance, chronic social
defeat leads to a pre-diabetes-like state in subordinate mice represented by hyperphagia and weight
gain, increased leptin levels and dyslipidemia both on standard and high-fat diets (Sanghez et al.,
2013). In humans, the Whitehall II study clearly established an association between lifetime stress
exposure and the development of the metabolic syndrome and insulin resistance (Chandola et al.,
2006).
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Liver-specific GR knockout mice display fasting hypoglycemia and are protected from streptozotocininduced hyperglycemia (Opherk et al., 2004). GCs promote hyperglycemia through GR-dependent
induction of the gluconeogenic enzyme genes PEPCK and G6Pase (Vegiopoulos and Herzig, 2007).
In addition, elevated GCs affect hepatic fat metabolism by promoting very-low-density lipoprotein
(VLDL) production and secretion as well as triglyceride synthesis via fatty acid synthase (FAS) and
acetyl-CoA carboxylase (ACC). Along with the inhibition of free fatty acid (FFA) beta-oxidation via
interference with the activity of Acyl-CoA dehydrogenase, GCs trigger hepatic fat accumulation
(steatosis) as well as systemically elevated blood lipid levels. GCs can also affect hepatic glucose
metabolism via the brain. Kalsbeek and colleagues recently found that GC signaling specifically in
neurons of the arcuate nuclei modulates hepatic insulin responsiveness via NPY and the sympathetic
nervous system (Yi et al., 2012).
GCs play an essential role in regulation of fat deposition. Remarkably, treatment of obese Zucker rats
with the GR antagonist RU486 or adrenalectomy reverses the obese phenotype in these animals
(Livingstone et al., 2000). GCs differentially affect distinct fat depots. In peripheral fat depots, GCs
increase lipolysis by inducing hormone-sensitive lipase (HSL) and inhibiting lipoprotein lipase (LPL)
activity. In contrast, GCs promote pre-adipocyte differentiation, pro-lipogenic pathway activity, and
thereby cellular hypertrophy in central (abdominal) fat. Interestingly, MR is critical for adipogenic
effects of GCs (Marzolla et al., 2012). Moreover, GCs were shown to directly influence insulin
sensitivity in adipocytes by interfering with components of the insulin-signaling cascade.
In the muscle, GCs inhibit glucose uptake and glycogen synthesis. On the other hand, they suppress
protein synthesis while promoting protein degradation and amino acid export. These catabolic effects
are exerted through modulation of several molecular pathways, including suppression of the
insulin/IGF-1 signaling, which leads to decreased glucose uptake and reduced glycogen and protein
synthesis; activation of the ubiquitin-proteasome pathway; and secretion of myostatin, an inhibitor of
muscle growth (Vegiopoulos and Herzig, 2007).

Regulation of the negative GC feedback
During ultradian pulses or acute stress responses, GCs effectively suppress their own production
through inhibitory action at the levels of the PVN and anterior pituitary (Herman et al., 2012). Fast
non-genomic effects of GCs on CRH-producing PVN neurons require endocannabinoid release that
inhibits presynaptic glutamatergic signaling (Evanson et al., 2010), likely mediated via a membranebound GR (Laryea et al., 2013). In addition, limbic structures such as the hippocampus and mPFC are
involved in inhibition of the HPA axis and termination of stress responses (McEwen and Sapolsky,
1995). Indeed, genetic deletion of the GR in the limbic forebrain, but not in the PVN, causes delayed
shut-off of HPA axis responses to psychogenic stressors and impaired Dex suppression (Boyle et al.,
2005).
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Chronic stress causes a persistent increase of POMC mRNA in anterior pituitary, adrenal hyperplasia
and GC over-production. Interestingly, at the level of the PVN, the central activation of HPA activity
is taken over by a predominant AVP rather than CRH drive, as shown in an arthritis model of chronic
stress (Chowdrey et al., 1995) and in repeated restraint stress (Ma et al., 1997). Chronically elevated
GC levels lead to altered sensitivity of the HPA axis to negative feedback. Chronic psychosocial stress
(daily social defeat) promotes down-regulation of GR in the hippocampus and pituitary and resistance
to suppressive effect of Dex on GC production (Bartolomucci et al., 2004). Interestingly, chronically
stressed rats exhibit facilitated ACTH responses to acute stress ((Dallman et al., 2003) and refs
within). Moreover, Dallman and co-workers suggest that, under conditions of chronic stress, an
indirect GC feedback takes place as well, being mediated by GC-induced metabolic alterations
(Dallman et al., 2004).

Developmental programming of HPA axis sensitivity
Early life experiences can program HPA axis reactivity and vulnerability to stressful events later in
life. Pioneering studies by S. Levine demonstrated that already brief separations of rat pups from the
mother reduces emotional and neuroendocrine reactivity to common stressors in adulthood (Levine,
1957), which is likely caused by increased maternal care that the pups received upon their return.
Indeed, the offspring of high licking and grooming mothers showed attenuated activity of the stress
axis, improved cognitive performance in a spatial-learning test and reduced anxiety-like behavior in
adulthood (Liu et al., 1997). The programming effect of maternal behavior is associated with reduced
DNA methylation in the promoter of the Nr3c1 (GR) gene and hence higher hippocampal GR
expression in pups (Weaver et al., 2004). On the other hand, repeated daily mother-offspring
separations (i.e. maternal deprivation/neglect) produced a phenotype later in life that was characterized
by enhanced emotional and HPA axis responsiveness to brief stressors (Ladd et al., 2004).

1.5.9. The circadian clock and stress response
A role of the circadian clock in acute stress response
Responsiveness of the HPA axis to stress varies around the clock. Restraint stress as well stress by
ether or novel environment has been reported to produce a greater corticosterone response at the
beginning of the active phase in rodents (Dunn et al., 1972; Kant et al., 1986; Sage et al., 2001).
Lesioning the SCN causes a loss in the diurnal difference in this response, but not the ability to
respond itself (Sage et al., 2001). In accordance, mice lacking VIP in the hypothalamus and adrenals
loose circadian rhythms of ACTH and CORT, but are capable of mounting a normal GC response to
acute stress (Loh et al., 2008).
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Acute immobilization stress induces a more intense grooming behavior in Per1 mutant mice, which is
accompanied by elevated expression of Crh in the PVN (Zhang et al., 2011). However, CORT
responses to stress and GR expression in PVN were not affected by Per1 deficiency implying a
contribution of GC-independent mechanisms. Similarly, Bmal1-deficient mice as well as mice with
targeted down-regulation of Bmal1 transcript in adrenal glands are able to up-regulate GC production
in response to acute restraint stress (Curtis et al., 2007; Son et al., 2008).
Is exposure to acute stress capable of resetting the circadian clock in vivo? Yamamoto et al.
demonstrated that both behavioral circadian rhythms in constant darkness as well as the central clocks
in peripheral tissues are largely resilient to the effect of 1-h restraint stress exposure (Yamamoto et al.,
2005). Among eleven clock genes studied, only Per1 was up-regulated in the liver and other organs
after acute stress or CORT injection. Further studies are needed to understand a physiological
significance of stress-induced Per1 responses independently of its role in the circadian clock.

1.5.10. When good things turn bad: interplay between the circadian clock and GCs in
chronic stress and pathology
Animal studies and clinical data suggest that chronic stress can impair circadian and ultradian
oscillations along the HPA axis and GC-mediated synchronization of tissue clocks. It is important to
note that chronic stress effects are complex and, in addition to GC hormones, rely on multiple stress
mediators (Joels and Baram, 2009).
Not only overall daily GC secretion is elevated in chronic stress, but the frequency of ultradian GC
pulses significantly increases. Lightman and colleagues revealed that rats with adjuvant-induced
arthritis, which represents a model of chronic hyperactivation of the HPA axis, show an almost twofold increase in the number of GC pulses per day (Windle et al., 2001). Interestingly, when the
frequency of pulsatility increases, there is an increased proportion of time when the animals are in a
stress nonresponsive state, giving rise to apparent stress hyporesponsiveness (Windle et al., 2001).
Similarly, neonatal stress can exert long-term programming effects on the mechanisms generating
basal pulsatile HPA activity in adult animals. Endotoxin injection in neonatal rats results in both an
increased frequency and amplitude of GC pulses (Shanks et al., 2000).
It was shown that chronic stress impairs functioning of circadian clocks in the brain, including the
SCN. Chronic restraint stress alters circadian behavioral rhythms through a change in circadian gene
expression of Per2 and GSK-3β phosphorylation in the SCN (Kinoshita et al., 2012). Jing et al.
showed that chronic unpredictable stress in mice leads to depression-like behavior and a dampened
amplitude of PER2 expression in the SCN, which was restored after termination of stress (Jiang et al.,
2011). This is in line with blunted locomotor rhythms in mice exposed to chronic unpredictable stress
(Solberg et al., 1999). Furthermore, CLOCK, but not BMAL1, protein expression in the hippocampus
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was altered in the stressed mice (Jiang et al., 2013). However, GC levels were not measured in the
mentioned studies; therefore a contribution of GC-GR signaling to PER2 and CLOCK rhythm
deregulation remains unclear and potential effects of other stress mediators cannot be excluded. It still
remains unclear how circadian clock gene deficiencies would affect an animal’s sensitivity to chronic
stress and activity of HPA axis.
Chronic stress responses associated with exposure to abnormal light-dark schedule do not necessarily
depend on deregulated rhythms in the SCN. Interestingly, LeGates et al. recently found that another
type of a chronic stressor – aberrant light exposure (ultradian 7-hour light-dark cycles) – does not
affect central clock rhythms, but still induces GC over-production and depression-like behavior in
mice, presumably via modulation of neural activity in stress response-related brain areas, such as the
amygdala (LeGates et al., 2012).
Finally, it was recently shown that chronic mild stress can affect rhythms of hepatic core clock genes
and key metabolic genes (Takahashi et al., 2013), which suggests that chronic stress, likely via
elevated GC levels, may also alter peripheral clock stability. Indeed, disturbance of GC rhythms in
chronically stressed people may result in the loss of intercellular synchrony in tissue clocks, as
predicted by mathematical modeling (Mavroudis et al., 2012).
A number of pathological conditions are associated with impaired GC production and alterations in
circadian rhythms. Moreover, chronic stress, which per se affects the circadian clock and GC rhythms,
can promote as well as be a consequence of many pathological conditions.
The loss of a normal diurnal rhythm is the hallmark of Cushing’s syndrome of different etiology
(Pirich and Vierhapper, 1988; Yaneva et al., 2004). Few studies and case reports have also revealed
patients with shifted or inverted cortisol rhythms (Ambrosi et al., 1985; Olsen et al., 1978; Shimatsu et
al., 1988; Xu et al., 1991). Interestingly GC-mediated signaling in tissues of Cushing’s patients might
still be rhythmic, since the circadian rhythm of GR does not significantly deviate from that of normal
subjects (Xu et al., 1991).
Diverse circadian abnormalities have been observed in depressive subjects and animal models of
depression including deregulated diurnal GC rhythms (reviewed in (Albrecht, 2013a; Turek, 2007).
Patients with major depressive disorder display disruptions of daily rhythms of clock gene expression
in blood cells as well as flattened altered plasma cortisol rhythms (Jarcho et al., 2013; Li et al., 2013).
Similarly, lower morning cortisol peaks and flattened diurnal rhythms of plasma cortisol were reported
in Holocaust survivors with posttraumatic stress disorder, which is, in contrast to major depression,
characterized by decreased cortisol production and hypersensitivity of the HPA axis (Yehuda et al.,
2005). A postmortem study found less AVP mRNA and higher AVP immunoreactivity in the SCN in
patients with major depression (Zhou et al., 2001), which suggests that not only peripheral clocks, but
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also central clock function is likely to be affected. In accordance, SCN lesioning in rats that leads to
arrhythmic GC production, reduces time spent immobile in the forced swim test (Tataroglu et al.,
2004), indicating an increased resilience to stress (Castagne et al., 2011).
GC rhythms are deregulated in many cancer patients (reviewed in (Mormont and Levi, 1997)) and
have been correlated with survival, as shown for breast cancer (Sephton et al., 2000). However little is
known about causes of impaired GC rhythms in cancer and about the mechanisms that link GCs and
tumorigenesis. Both direct action of GCs on tumor cells or indirect influence via regulation of the
immune system and metabolism are possible (reviewed in (Volden and Conzen, 2013). Intimate
interactions have been shown between GC rhythms and cell cycle progression (reviewed in (Dickmeis
and Foulkes, 2011) highlighting a potential importance of deregulated GC rhythmicity in initiation and
progression of tumor growth.
Chronic inflammation, a hallmark of autoimmune disorders, is often associated with elevated GC
production and flattening of diurnal GC rhythms, as shown in several animal models such
experimental autoimmune encephalomyelitis (a model of multiple sclerosis) (Buenafe, 2012), lupusprone MRL/MP-faslpr mice (Lechner et al., 2000) and rats with adjuvant-induced arthritis (Sarlis et al.,
1992). Interestingly, Lechner et al. found that increased GC production during the light phase in
MRL/MP-faslpr mice was not associated with a corresponding surge of plasma ACTH levels (Lechner
et al., 2000), which may point to altered ACTH sensitivity. On the other hand, diurnal HPA axis
activity remains normal in patients with rheumatoid arthritis, although circadian variation in severity
of symptoms and rhythmic secretion of pro-inflammatory cytokines is preserved and in anti-phase
with plasma cortisol levels (Crofford et al., 1997; Harkness et al., 1982; Kirwan et al., 2010).
Aberrant GC rhythms were found in metabolic diseases (Nader et al., 2010). Obesity is associated with
a flattening of the diurnal rhythm; plasma cortisol levels are slightly increased during the trough,
although they are normal or low in the morning ((Buren et al., 2007) and refs within). Moreover, obese
Zucker rats lack a circadian rhythm of 11beta-HSD1 gene expression in the hippocampus, which may
contribute to increased HPA axis activity (Buren et al., 2007). Similarly, obese mice kept on high-fat
diet as well as overweight and obese children show substantial down-regulation of overall GC
production (Kjolhede et al., 2013; Kohsaka et al., 2007). Interestingly, plasma cortisol levels seem to
be not affected in patients with cirrhosis, but the timing of their diurnal cortisol peak is considerably
(2-3 h) delayed (Montagnese et al., 2011). Finally, metabolic abnormalities such as defective glucose
utilization and obesity coincide with impaired HPA axis activity and altered GC rhythms in Per1 and
Per2 mutant mice (Dallmann et al., 2006; Yang et al., 2009).
In conclusion, despite the fact that disturbances of the circadian clock and daily GC rhythms are welldocumented in various diseases, it is still a long way to go until causative interactions are revealed to
establish potential molecular targets for chronotherapy.
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1.6. Publication: “Physiology of the adrenal and liver circadian clocks”

Alexei Leliavski and Henrik Oster
In: Circadian Medicine (Wiley-Blackwell, Ed.: C.S. Colwell), in press.
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1.7. Aims of the work
The main aim of this work was to elucidate the physiological significance of the circadian clock in the
GC-producing adrenocortical cells. For this purpose I used two genetic mouse models, with general
and conditional deletions of the circadian clock. A deletion of the clock gene Bmal1 (Arntl) is
sufficient to disrupt the functioning of the molecular circadian clockwork and this approach has been
successfully used in other studies to evaluate functional roles of the clock in various tissues.
In the first part of the study, I characterized the functional state of the adrenocortical clock in Bmal1deficient male mice by investigating the capacity of the adrenal gland for rhythmic GC production
under basal and stressed conditions. I hypothesized that a compromised clock function will lead to
impaired GC biosynthesis in the adrenal gland, which would affect GC-related functions, especially in
the response to stress. In support of this hypothesis, it has been previously reported that in another
mouse model of clock deficiency, Per2/Cry1 mice, the circadian rhythms of basal GC synthesis are
impaired. However, in Per2/Cry1 mice the negative limb of the circadian feedback mechanism is
affected, whereas Bmal1 depletion targets a transcriptional activator of the positive limb of the
circadian clock. Moreover, stress responses in circadian clock-deficient mice have so far been poorly
investigated.
In the second part, I aimed at generating a conditional deficiency of the circadian clock in the adrenal
cortex using the Cre-loxP gene targeting system. This would allow to better distinguish local from
systemic effects of the circadian clock on adrenal gland function in vivo. My hypothesis was that the
adrenocortical clock plays a role in the stabilization of circadian GC rhythms against external
perturbation and can also be important during acute responses to stress.

Chapter 2. Results
2.1. Publication „Impaired Glucocorticoid Production and Response to
Stress in Arntl-Deficient Male Mice“

Alexei Leliavski, Anton Shostak, Jana Husse and Henrik Oster
Endocrinology, published online 4 Nov, 2013
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2.2. Generation and evaluation of adrenocortical clock-deficient (ACD)
mice
2.2.1. Generation of conditional knockout mice deficient in adrenocortical
circadian clock
To specifically disrupt the molecular clock in the adrenal cortex, I used the Cre-loxP gene targeting
system that allows deleting target region of a gene of interest flanked with loxP sites (“floxed”) by the
Cre recombinase expressed under control of a tissue-specific promoter.
Among the core circadian clock proteins, BMAL1 is the only non-redundant and essential component
as has been strongly supported by the fact that Bmal1–/– mice are completely arrhythmic at molecular
and behavioral levels (Bunger et al., 2000; Ko et al., 2010). Therefore I selected BMAL1 as a suitable
molecular target for deleting clock function in the adrenal cortex. For this purpose I used Bmal1fl/fl
mice that were generated by C. Weitz and his colleagues (Storch et al., 2007). In this mouse line, loxP
sites flank the exon encoding the BMAL1 basic helix-loop-helix (bHLH) domain, which is essential
for heterodimerization with CLOCK or NPAS2 to induce transcription (Huang et al., 2012). Upon the
action of Cre recombinase, deletion of the
bHLH-encoding DNA fragment results in a
mutation nearly identical to the original
null mutation in Bmal1 knockout mice
(Bunger et al., 2000; Storch et al., 2007).
To target the Bmal1 gene in adrenocortical
cells I obtained a commercially available
Cyp11a1-CreGFP knock-in mouse line, in
which

CRE

recombinase

targets

steroidogenic cells (adrenocortical cells and
testicular Leydig cells) (www.gudmap.org;
O’Hara et al. 2013, in press). The Cyp11a1
gene encodes the cholesterol side-chain
cleavage enzyme (P450scc) that initiates
the

process

of

steroidogenesis

by

Figure 8.
Cyp11a1

β-galactosidase

Cre/+

;ROSA26R

lacZ/+

staining

of

tissues

from

male mice. Scale bar: 100 µm

converting cholesterol to pregnenolone,

(upper two images), 200 µm (lower part). Cx — cortex,

which makes it a good candidate for gene

Med — medulla.

targeting

in

steroid-producing

tissues.

Indeed, after crossing these mice with ROSA26RlacZ reporter mice I observed intense β-galactosidase
staining in the adrenal cortex and testosterone-producing Leydig cells in testes – two main sites of
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Cyp11a1 expression (Figure 8, upper part). Very sporadic CRE activity was detected in single
cerebellar granule cells and few cardiomyocytes, whereas other analyzed tissues, including the SCN,
remained β-galactosidase-negative (Figure 8, lower part). Thus I concluded that this Cre driver line is
suitable for generation of adrenocortical clock-deficient (ACD, or mutant) mice by crossing the mice
with Bmal1fl/fl animals. Nevertheless, a potential clock disruption in Leydig cells of these mice should
be taken into account. In further experiments, Cyp11a1Cre/+ male littermates were used as controls,
since the targeting vector containing the GFP-Cre cassette disrupts the exon containing the ATG
translation start site of the Cyp11a1 gene. Although it was reported that the heterozygous animals are
viable, fertile, normal in size and do not display any gross physical or behavioral abnormalities
(http://jaxmice.jax.org/strain/010988.html), they may develop a mild phenotype in steroid biosynthesis
(Hu et al., 2002). Indeed, the amplitude of plasma CORT rhythms in control Cyp11a1Cre/+ animals was
moderately reduced compared to wild-type mice (Figure 9).
To verify the efficiency of Bmal1
deletion in adrenocortical cells, I
analyzed the expression of Bmal1
mRNA and protein in the adrenal
cortex of control and mutant mice
using

qRT-PCR

immunohistochemistry

and
methods,

respectively. To estimate the efficiency
of Bmal1 deletion by qRT-PCR I used
primers targeting the floxed DNA
and

sequence of the Bmal1 gene (Husse et

Cyp11a1Cre/+ control male mice (n=3 per group). 2-way

al., 2011). Bmal1 mRNA transcription

ANOVA revealed significant effect of time (p<0.0001). #:

in the adrenal cortex at the peak of its

p<0.05, CircWave analysis; controls (p=0.012), wild-types

expression, circadian time (CT) 0, was

(p<0.001).

significantly reduced to 15.6 ± 0.7 %

Figure 9.

Plasma

CORT

production

in

wild-type

of

that

in

control

adrenals

(Figure 10A). Similarly, immunohistochemical staining of BMAL1 protein in adrenals revealed a
marked reduction of BMAL1-positive cells in the adrenal cortex of mutant mice (13.5 ± 5.2 % of
controls; Figure 10B), whereas the expression of BMAL1 protein in adrenal medullar cells was not
affected.
To ensure that deletion of BMAL1 leads to disruption of the circadian clock activity in adrenocortical
cells of the mutants, I measured circadian rhythms in expression of clock genes, such as Bmal1, Dbp
and Nr1d1 (which encodes REV-ERBα), in control and mutant animals on the second day in DD. As
expected, Bmal1 transcript was rhythmic in the kidney of the mutant mice, whereas the rhythmicity of
a (non-functional) Bmal1 mRNA was drastically dampened in the adrenal cortex of the mutants
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(Figure 10C). Similarly, both Dbp and Nr1d1 transcripts were down-regulated and arrhythmic in the
adrenal cortex of the mutant mice (Figure 10C), whereas no significant changes between controls and
mutants were observed in the expression of the clock genes in the kidney (Figure 10D).

Figure 10. Quantification of the conditional knockout efficiency. (A) Bmal1 mRNA expression in the adrenal
cortex of control and mutant mice (n=3). *: p=0.03. (B) Immunohistochemical staining of BMAL1 protein in
adrenals of control and mutant mice (n=6). ***: p<0.001. IR—immunoreactivity. (C and D) Expression of clock
and clock-controlled genes in the adrenal cortex and kidney of control and mutant mice (n=3 per group). *:
p<0.05, **: p<0.01, ***: p<0.001 (2-way ANOVA with Bonferroni post-hoc test). Circwave analysis revealed
significant rhythms in all cases (p<0.001), except of Dbp and Nr1d1 in adrenal cortex of mutants.
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2.2.2. Circadian hormone production in the adrenocortical clock-deficient
mice
To further understand how a compromised circadian clock in the adrenal cortex affects adrenal
endocrine functions, I measured circadian rhythms of adrenocortical hormones – corticosterone
(CORT) and aldosterone – in plasma using radioimmune assays. Additionally, CORT
immunoreactivity was measured in fecal extracts of control and mutant mice under light-dark (LD)
conditions and in constant darkness (DD). Interestingly, daily rhythms of fecal corticoid excretion
were not altered in the mutant mice both in LD and DD conditions, compared to control animals
(Figure 11A). In accordance, circadian variation of plasma CORT was preserved in ACD mice (Figure
11B). Even a mild elevation of plasma and fecal CORT levels was observed around the peak of CORT
release in the beginning of the activity phase in mutant animals (Figure 11, A and B).

Figure 11. Steroid hormone production in control and ACD mice. (A) CORT immunoreactivity in fecal extracts
(n=4). Shaded area indicates the time when mice were kept in constant darkness. (B–D) Circadian analysis of
CORT (B), aldosterone (C) and testosterone (D) levels in plasma of control and mutant mice (n=3). In panel A,
repeated measures 2-way ANOVA revealed significant effects of time (p<0.0001) and interaction between two
factors (genotype and time) (p=0.027). Bonferroni posthoc test revealed increased CORT excretion in mutants at
ZT14 (p<0.01). Separate statistical analysis (repeated measures 2-way ANOVA) of fecal corticoid excretion
during LD and DD conditions showed, in LD, there is significant effect of time (p<0.0001) and significant
interaction between both factors (p=0.004). In DD, the effect of time is only significant (p<0.0001). In panel B,
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significant effect of time (p<0.001). In panel C, 2-way ANOVA revealed significant effect of time (p=0.003). In
panel D, 2-way ANOVA revealed significant effects of genotype (p=0.021) and time (p=0.001).

The CYP11A1 enzyme is required for synthesis of both CORT and aldosterone by adrenocortical cells
of the zona fasciculata and zona glomerulosa, respectively. Moreover, circadian rhythms in
aldosterone release have been reported (Doi et al., 2010). This implies that the circadian clock in
aldosterone-producing cells is likely to be affected in the mutant mice. However, circadian rhythms of
plasma aldosterone, analogous to CORT rhythms, are intact in the mutant mice (Figure 11C).
In addition I analyzed whether adrenocortical clock deficiency leads to altered circadian rhythms in
expression of some adrenal transcripts involved in steroidogenesis that were previously found to be
affected in Bmal1 knockout adrenals (section 2.1). The expression of Star mRNA was moderately
down-regulated, whereas the changes in Ldlr and Por expression were not significant (Figure 12,
upper row).

Figure 12. Expression of genes involved in steroidogenesis (upper row) and ACTH receptor signaling (lower
row) in the adrenal cortex of control and ACD mice (n=3). *: p<0.05, **: p<0.01, ***: p<0.001 (2-way
ANOVA with Bonferroni post-hoc test). 2-way ANOVA revealed significant effect of time for Ldlr, Por, Mc2r
and Mrap; significant effect of genotype for Star, Mrap and Prkce; significant interaction between two factors
for Ldlr, Por and Mrap.
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One possible explanation for the fact that the adrenal CORT content in the mutant mice was not
changed is that ACTH release from the pituitary and/or adrenal ACTH sensitivity are amplified in the
mutant mice. Indeed, in Bmal1−/− mice I observed that reduced responsiveness to ACTH coincided
with up-regulated expression of the ACTH receptor (section 2.1). However, plasma ACTH
measurements did not reveal any changes in circadian ACTH production in constant darkness in ACD
mice, compared to the controls (Figure 13). I further analyzed the adrenal expression of genes that
encode key components of the ACTH receptor signaling such as the ACTH receptor, MC2R, its
accessory molecule MRAP and a subunit of
the downstream protein kinase C epsilon
(encoded by Prkce gene) (Figure 12, lower
row). Importantly, all three transcripts have
been previously shown to be expressed in a
rhythmic fashion (Oster et al., 2006b; Park
et al., 2013). Indeed, I confirmed that Mc2r
and Mrap mRNAs are expressed in antiphase in the control mice. ACD mice
showed a loss of circadian rhythmicity in

Figure 13. Plasma ACTH levels in control and ACD mice

the transcription of Mc2r and Prkce genes.

(n=3–5).

Surprisingly, Mrap mRNA was highly upregulated during the day and early night in circadian clock-deficient adrenals.
Finally, the tissue pattern of Cre expression in the mutant mice suggested that Bmal1 deficiency in
Leydig cells in testes may alter testosterone production. 2-way ANOVA revealed modest reduction of
plasma testosterone in mutant mice under DD conditions, compared to controls (Figure 11D).
Taken together, these results suggest that under basal conditions adrenocortical clock deficiency does
not lead to significant abnormalities in corticosteroid production, though the expression of some genes
involved in steroidogenesis and ACTH sensitivity is altered.

2.2.3. Circadian behavioral resynchronization in response to a jet lag in the
adrenocortical clock-deficient mice
At the beginning of my thesis I had hypothesized that the adrenal clock may be important for
stabilizing circadian phase against external perturbation, e.g. during stress response or
resynchronization of the circadian rhythms after a phase shift of light-dark cycle (jet lag). As was
shown above, global Bmal1 deficiency indeed results in compromised hormonal and behavioral
responses to acute stress (section 2.1). Furthermore, previous studies demonstrated that the behavioral
re-entrainment during experimental jet lag is altered in adrenalectomized mice as well as in wild-type
mice with transplanted Per2/Cry1-deficient adrenals (Kiessling et al., 2010; Sage et al., 2004).
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I measured locomotor activity of control and mutant mice under LD conditions as well as in constant
darkness. Analysis of wheel-running behavior revealed a moderate, but significant shortening of the
endogenous period length in mutant mice in DD, but no changes in locomotor activity in LD (Figure
14). Further, ACD mice showed faster behavioral adaptation in a 6-hour jet lag paradigm (Figure 15).

Figure 14. Locomotor behavior in control and mutant mice (n=6). (A) Representative double-plotted actograms
of control and ACD mice. Vertical bars represent wheel-running activity. Unplanned interruption of the
recording is seen on day 23. (B) Locomotor activity during light and dark periods of LD cycle. (C) Endogenous
period of locomotor activity in constant dark. *: p<0.05, ***: p<0.001 (unpaired t-test).
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Figure 15. Behavioral re-entrainment in control and mutant mice following a 6-hr shift of the LD cycle (n=5). *:
p<0.05, ***: p<0.001 (repeated measures 2-way ANOVA with Bonferroni post-hoc test). Average onsets of
locomotor activity and 50 % phase shifts (PS50) in control and mutant mice during the jet lag. The PS 50 value is
defined a time at which half of the phase shift was completed.

Chapter 3. Discussion and Outlook
In this study I analyzed the physiological role of the adrenocortical circadian clock using total and
conditional knockout mice lacking an essential clock gene Bmal1. I showed that Bmal1 knockout mice
develop hypocortisolism and have impaired hormonal and behavioral responses to acute stress. This
impaired hormonal production is likely due to a defect in GC biosynthesis in the adrenal gland, rather
than a result of systemic alterations, e.g. in HPA axis activity. In support, adrenal responsiveness of
Bmal1-deficient adrenals to ACTH stimulation in culture is drastically reduced and associated with
down-regulation of adrenal transcripts involved in cholesterol transport and steroidogenesis such as
Star, Stard4, Ldlr and Por. To the contrary, Cyp11a1Cre+/−;Bmal1fl/fl mice that have a dysfunctional
clock in steroid-producing cells only do not display substantial alterations in systemic levels of steroid
hormones, including CORT, aldosterone and testosterone. Gene expression analysis of the adrenal
transcripts that were found to be reduced in Bmal1−/− adrenals demonstrate only minor changes in
adrenal clock-deficient mice, although Star mRNA expression is consistently down-regulated.
Interestingly, in accordance with previous findings, behavioral re-entrainment to a 6-hour advanced
light-dark cycle occurs faster in the conditional mutant animals compared to controls. This suggests
that the adrenocortical clock may contribute to the stabilization of circadian clock network
rhythmicity, including the SCN, against perturbation by external Zeitgeber signals, though it seems not
to be essential for the maintenance of normal GC rhythms under basal conditions.
In the Discussion I will summarize the information about potential physiological roles of
adrenocortical clocks revealed by different genetic models and compare my findings with previous
studies that used non-genetic tools to address similar questions. I will focus on three distinct aspects of
adrenocortical clock biology: (I) maintenance of circadian GC rhythms; (II) regulation of hormonal
and behavioral responses to stress; and (III) a role in circadian synchronization. Finally, I will suggest
an updated view on the organization of the circadian timing system in mammals, considering unique
properties of the adrenocortical clock.

3.1. Conditional disruption of circadian clocks in the adrenal cortex:
methodological issues
Among in vivo loss-of-function approaches to study functional roles of peripheral circadian clocks are
organ/tissue transplantations (for example, see (Kiessling et al., 2010; Oster et al., 2006b; Sun et al.,
2006) or genetic conditional alterations of circadian clock function. The Cre-loxP gene targeting
technology is a powerful tool to investigate gene function in a tissue-specific manner. It has been
successfully used to evaluate roles of circadian clocks in a number of peripheral tissues, such as liver
(Lamia et al., 2008), pancreas (Marcheva et al., 2010), adipose tissues (Paschos et al., 2012), and
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macrophages (Gibbs et al., 2012; Nguyen et al., 2013), and is now available for targeting the central
clock in the SCN as an alternative to lesioning (Husse et al., 2011) as well as clocks in other brain
areas (Mieda and Sakurai, 2011). In addition, in vivo genetic tools were used to alter the circadian
clock in the brain and periphery including tissue-specific genetic knockdown (Son et al., 2008) and
genetic “rescue” of a circadian clock, either by conditional inhibition of a transcriptional repressor
(Kornmann et al., 2007) or by using the tetracycline transactivator system (McDearmon et al., 2006).
Is BMAL1 an optimal target for a genetic loss-of-function approach to study circadian tissue clocks?
The advantages are that Bmal1 is the only non-redundant gene the deletion of which causes molecular
clock disruption. It further is an important transcriptional activator, which allows easy identification of
E-box-regulated (i.e. clock-controlled) genes after its knockout. However, Bmal1−/− mice have the
largest spectrum of described physiological abnormalities, compared to other circadian clock-deficient
animals (e.g. (Alvarez et al., 2008; Bunger et al., 2005; Kondratov et al., 2006)). In addition, for many
genes, not only the rhythmicity of transcription is lost, but also the expression is dramatically downregulated, or, in some cases, up-regulated, in the absence of Bmal1, suggesting its pleiotropic effects
(reviewed in (Yu and Weaver, 2011)). Clock deficient mice might be a good alternative to Bmal1−/−
animals in studying peripheral versus central effects of circadian clock disruption, since the CLOCK
protein is necessary for circadian rhythms in peripheral tissues, at least in liver and lungs, but
dispensable for behavioral rhythms in locomotor activity (Debruyne et al., 2006; DeBruyne et al.,
2007b). Therefore one should take into account that a lack of Bmal1 or, likely, Clock genes results in a
complex phenotype that combines the effects on both alterations in gene expression levels and loss of
rhythmicity. Another potential approaches to study a role of circadian rhythms in peripheral tissues are
behavioral arrhythmicity induced by constant light conditions, which impairs synchronization between
SCN neurons, but leaves the molecular clockwork intact (Ohta et al., 2005), and dynamics of circadian
clock re-entrainment after a shift of Zeitgeber cycle, which corresponds to a degree of the intrinsic
robustness of a circadian clock in response to perturbation (Kiessling et al., 2010).
In this study I showed that circadian clock function is impaired in the adrenal cortex of the conditional
mutant Cyp11a1Cre+/−;Bmal1fl/fl mice, compared to Cyp11a1Cre+/− controls. Bmal1/BMAL1 levels
are down-regulated to around 15 % of the control levels, and rhythmic transcription of clock- and
clock-controlled genes (Dbp, Nr1d1) is abolished. Since Dbp is a direct BMAL1/CLOCK target gene
(Stratmann et al., 2012), its arrhythmicity clearly indicates a dysfunction of the BMAL1/CLOCK
complex activity. According to published studies that used Bmal1fl/fl animals for peripheral clock
targeting, the most drastic effect of Bmal1 deletion is seen in the expression of Dbp and Nr1d1,
whereas Cry1 transcripts are up-regulated (e.g. (Gibbs et al., 2012; Lamia et al., 2008; Paschos et al.,
2012)). Persistent Per2 rhythmicity can be driven by systemic cues even in the absence of intrinsic
clock function (Hughes et al., 2012; Kornmann et al., 2007), which is in line with other studies (Lamia
et al., 2008). Flattened rhythms or arrhythmic expression in mutant adrenals was also shown for some
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clock output genes such as Por, Mc2r and Prkce (Oster et al., 2006b; Park et al., 2013). This is
consistent with previous reports showing that Por is regulated by the circadian clock in liver (Cho et
al., 2012; Lamia et al., 2008). In conclusion, these data suggest that the circadian clock machinery is
severely affected in the adrenal cortex of mutant mice. Although it is possible that in the 10–15 % of
residual adrenal cells that do not show recombination the circadian clock is still functional (Figure
10), the circadian gene expression data suggest that it is unlikely that these cells would significantly
contribute to hormonal rhythms.

3.2. The adrenocortical clock and hormonal rhythms
I found that mice lacking Bmal1 in all tissues suffer from hypocortisolism, but are still capable of
producing ACTH at levels resembling those in wild-type animals (section 2.1). Despite the fact that
Bmal1−/− adrenals lack gross morphological defects, they do develop reduced adrenal responsiveness
to ACTH stimulation in vitro and show impaired expression of transcripts involved in cholesterol
transport and steroidogenesis (Star, Stard4, Ldlr and Por). It is worth noting that, similar to Bmal1−/−
mice, reduced plasma and fecal CORT levels and impaired adrenal responses to ACTH in culture have
previously been found in another genetic model of circadian disruption – Per2/Cry1 mutant mice
(Oster et al., 2006b). However potential alterations in the expression of steroidogenic genes in
Per2/Cry1 mice were not assessed.
In sharp contrast, plasma and fecal CORT levels in adrenocortical clock-deficient animals are not
impaired in LD and DD conditions (Figure 12). This suggests that BMAL1 expression in other tissues
outside the adrenal cortex provides an opportunity for compensation of the circadian clock defect in
steroid-producing cells, which is not available in case of global Bmal1 disruption. One scenario for
such compensation is that increased ACTH production would normalize GC production in spite of
defective ACTH sensitivity. However, plasma ACTH levels in the mutant mice are unaltered (Figure
13). Another option is based on the contribution of the SCN-ANS pathway. In Bmal1−/− mice,
compromised ANS signaling cannot compensate for a lack of adrenocortical ACTH sensitivity,
whereas in the conditional knockout mice an intact ANS input may rescue ACTH sensitivity and
hence restore basal rhythms of GC production in the absence of an adrenocortical circadian clock. In
line, Mrap mRNA, which encodes a key adaptor molecule of the MC2R signaling pathway, is
markedly over-expressed in the adrenal cortex of the conditional knockout mice. Since the adrenal
medulla plays a key role in ANS-mediated regulation of adrenal sensitivity to ACTH (Ulrich-Lai et
al., 2006) and is involved in setting the amplitude of circadian GC rhythms (Ikeda et al., 2013), an
intact circadian clock in the adrenal medulla of the conditional mutant mice may have an important
contribution to these interactions. But severely impaired circadian GC rhythms in mice with
adrenocortical clock knockdown do not support this idea (Son et al., 2008).
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Some attempts have already been made to unveil a potential role of the adrenal clock in regulation of
circadian GC rhythms. To inactivate the adrenal clock in vivo, Oster and co-workers transplanted
pieces of adrenal glands from Per2/Cry1 mice under the kidney capsule of wild-type animals (Oster et
al., 2006b). Both under LD and DD conditions, the amplitudes of CORT secretion rhythms were
dampened by 40-50 % in the adrenal clock-deficient mice compared with control mice that received
wild-type transplants. However, the same transplantation model used later by Kiessling and coworkers
did not confirm down-regulation of GC excretion rhythms in adrenal clock-deficient mice in LD
conditions (Kiessling et al., 2010). A potential explanation of this discrepancy is that the relatively
short recovery period after surgery (2 weeks) was insufficient for functional re-innervation of the
adrenal grafts (Oster et al., 2006b), whereas Kiessling et al. waited much longer (8 weeks) to ensure
that transplanted tissues were completely re-innervated (Ulrich-Lai and Engeland, 2000). This again
supports the view that SCN-ANS-mediated regulation of adrenal responsiveness to ACTH may play a
critical role in maintaining a proper amplitude of circadian GC rhythms.
In another study, Son et al. used a genetic approach to investigate a role of the adrenal clock in
generation of GC rhythms (Son et al., 2008). They generated a transgenic mouse line in which a part
of the BMAL1 coding region was expressed in an antisense orientation under control of the ACTH
receptor (Mc2r) promoter. The authors reported that circadian rhythms of adrenal GC synthesis are
severely affected in the transgenic animals in constant darkness, although daily GC secretion in
entrained conditions was not impaired. In addition, they showed flattened circadian rhythms of
locomotor activity and down-regulated Per1 mRNA expression in some peripheral organs, implying
that the adrenal clock is essential for GC-mediated regulation of the circadian system under constant
conditions (Son et al., 2008). However, the strong phenotype raises questions about the precision of
the genetic targeting. One cannot exclude that Bmal1 expression in other tissues was affected due to a
broader expression pattern of the construct in the transgenic mice (Haruyama et al., 2009). Indeed, we
do not know whether HPA axis activity was affected in these mice, since ACTH levels were not
measured. In addition, the ACTH receptor might be also expressed in the anterior pituitary and other
brain structures, at least at certain developmental windows (Clark and Metherell, 2006; Nimura et al.,
2006) which would interfere with clock regulation at upper levels of the HPA axis.
The adrenal cortex is the main, but not the only source of GC biosynthesis. Other tissues include
intestinal epithelium, skin, thymus and few other tissues. Although we assume that Bmal1 deletion
occurred in all steroidogenic cells of the mutant mice, including extra-adrenal GC-synthesizing cells,
cell type-specific differences may provide a chance for compensation of GC production by elevated
CORT synthesis outside the adrenal gland. Therefore, to exclude a potential contribution of nonadrenal sources of GCs to systemic CORT levels, intra-adrenal CORT content should be analyzed
(Son et al., 2008).
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For conditional Bmal1 inactivation in GC-producing adrenal cells I used a Cre knock-in mouse line
that also targets other steroidogenic cells including Leydig cells in male gonads and aldosteroneproducing cells in the adrenal zona glomerulosa. However, inactivation of Bmal1 at both locations has
no apparent effects on hormonal production in these tissues, since plasma aldosterone levels are not
significantly altered. Interestingly, plasma testosterone is moderately reduced at CT6 in the mutant
mice, but fertility of the mutants does not differ substantially from controls (not shown). Therefore it is
unlikely that inactivation of Bmal1 in other CRE-targeted cell types may significantly influence the
function of GC-producing adrenocortical cells.

3.4. The adrenocortical clock and stress responses
This study revealed that hormonal and behavioral responses to acute stress are highly compromised in
Bmal1-deficient mice (see also Discussion in section 2.1). The reduced CORT response to 10-min
forced swimming observed in the knockouts might be explained by impaired adrenal responsiveness to
ACTH. Because the adrenocortical clock-deficient mice are capable of compensating the
consequences of Bmal1 deficiency on basal GC regulation, it would be interesting to study whether the
mutant animals also have normal hormonal responses to stress. Although reduced Star expression in
the adrenocortical clock-deficient mice may potentially result in compromised adrenal function under
stressed conditions (Figure 12), it is important to see whether induction of StAR expression in
response to stress or ACTH stimulation is impaired in the mutants.
Expression of adrenal transcripts involved in the ACTH receptor signaling was also differentially
regulated in complete and conditional knockout mice. Adrenals of Bmal1−/− mice show up-regulated
expression of the ACTH receptor gene Mc2r, but unaltered expression of the accessory molecule
Mrap, at CT12. ACD mice, to the contrary, have the opposite changes in the adrenal expression of
Mc2r and Mrap genes. It is not clear so far how these differences affect the ACTH signaling and
adrenal responsiveness to ACTH under homeostatic and stressed conditions.
Dysregulation of HPA axis upstream of the adrenal gland in Bmal1-deficient mice may contribute to
its sensitivity to negative GC feedback and therefore modulate GC responses to stress. Indeed, the
results of the dexamethasone suppression test show that HPA axis of Bmal1−/− mice is resistant to the
negative GC feedback, which is in accordance with the finding that plasma ACTH levels are normal in
spite of hypocortisolism. For instance, GR signaling in pituitary and/or PVN neurons may be altered in
Bmal1-deficient mice, since the circadian clock proteins BMAL1 and CRYs can interact with GR
(Cheon et al., 2013b; Lamia et al., 2011; Nader et al., 2009). On the other hand, HPA axis is
presumably less affected in animals with conditional Bmal1 knockout, compared with complete Bmal1
deficiency, since the circadian clocks in pituitary and hypothalamus are supposed to be functional in
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these mice. In line, Son and coworkers showed that mice with Bmal1 knockdown in adrenals do not
differ from controls in GC response to 30-min restraint stress (Son et al., 2008).
Behavioral resistance to stress observed in Bmal1-deficient mice may arise from impaired adrenal GC
responses and/or altered GC sensitivity in the brain, as well as from Bmal1 deletion in brain areas that
regulate mood- and reward-related behavior. For instance, under unstressed conditions Bmal1−/− mice
develop reduced sucrose preference indicating a depression-like phenotype, which is not related to GC
responses to stress. Similarly, other studies support the view some behavioral abnormalities seen in
Clock and Per2 mutant mice are likely due to impaired circadian clock in the brain (Hampp et al.,
2008; Roybal et al., 2007). On the other hand, this data clearly indicates that acute and sub-chronic
stress has markedly reduced potential to alter behavior of Bmal1−/− mice in FST, TST and sucrose
preference tests. Recent findings suggest that an increased amplitude of circadian GC rhythms has
anxiolytic effect. Since the adrenocortical clock-deficient mice also reveal a clear trend in increased
CORT release at the circadian peak of GC production, it would be interesting to test behavioral
changes in these mice.

3.5. The adrenocortical clock and the synchronization of circadian
clocks
In addition to a plethora of physiological and behavioral effects, GCs are systemic synchronizers of
the circadian clock network, being able to directly induce the transcription of Per genes in various
tissues. Indeed, a significant reduction in the number of rhythmic transcripts has been reported in the
liver of adrenalectomized mice (Oishi et al., 2005). Importantly, it recently became clear that the
central clock can also be a target of GCs. Sage et al. were first to demonstrate that adrenalectomized
rats adapt their locomotor behavior faster in response to a shifted LD cycle, compared to sham
operated animals (Sage et al., 2004). In an elegant study by Kiessling and colleagues, wild-type mice
transplanted with Per2/Cry1 adrenals also showed accelerated behavioral re-entrainment in a 6-hour
jet lag experiment (Kiessling et al., 2010). Using my genetic model of adrenal clock deficiency, I
confirmed that photic resynchronization of wheel-running behavior in response to a 6-hour phase
advance occurs significantly faster in the mutant mice than in controls (Figure 15), while locomotor
activity in LD and DD conditions is largely unaffected. Together, these data suggest that the
adrenocortical clock decelerates the rate of behavioral resetting after shifting the LD cycle. This effect
is likely mediated via modulation of the phase and/or amplitude of GC rhythms. This possibility is
supported by the fact that pharmacological alteration of GC rhythms prior to a 6-hour shift of LD
cycle affects the resetting speed of locomotor activity (Kiessling et al., 2010). Under normal LD
conditions such a feedback control mechanism would stabilize clock phase by preventing unwanted
resetting of the circadian system by sporadic light exposure, thus protecting it from Zeitgeber noise.
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The inhibitory effect of GCs on the behavioral re-entrainment during a jet lag can be conferred by
different means (see (Kiessling et al., 2010; Sage et al., 2004) for detailed discussions). One possibility
is that the SCN per se is the target of GC action. Since SCN neurons are devoid of significant levels of
GR expression, GCs could influence the central clock indirectly, for instance, via the serotoninergic
input from the midbrain raphe, which are known to express a high density of GR (Harfstrand et al.,
1986). Indeed, Sage et al. showed that pharmacological suppression of serotoninergic signaling to the
SCN in adrenalectomized rats prevented the modulatory effects of a restored corticosterone rhythm on
photic synchronization of the locomotor activity (Sage et al., 2004). This indirect effect on the central
clock may be mediated through changes in circadian coupling between the circadian clocks in
individual SCN neurons (Yamaguchi et al., 2013). The second option is that GC oscillations modifies
locomotor activity rhythms by an effect on brain areas involved in regulation of locomotion such as
the striatum and the parietal cortex (Masubuchi et al., 2000). Finally, the light input pathway to the
SCN may be regulated by GCs. Thus GCs could affect the SCN’s photic sensitivity.
Another important aspect is a role of the adrenocortical clock in stabilization of circadian clocks in
other peripheral tissues. Kiessling et al. found that clock gene resetting kinetics following a 6-hour LD
phase advance differs significantly in various tissues (Kiessling et al., 2010). Therefore, the
adrenocortical clock may be involved in the coordination of tissue clocks. Indeed, Pezük and
coworkers recently demonstrated that adrenalectomy increases the rate of reentrainment after phase
shifts in a number of peripheral tissues including liver, kidney and lung (Pezuk et al., 2012). Progenies
of the adrenocortical clock-deficient mice cross-bred to circadian reporter Per2luc mice would be a
valuable genetic model to assess this hypothesis.

3.6. Towards a comprehensive understanding of the mammalian
circadian organization: the adrenocortical clock and the stability of the
circadian timing system
In line with current knowledge, local circadian clocks contribute to physiological functions of a tissue
through regulation of rhythmic transcription of genes relevant for execution of tissue-specific
functions and regulation of sensitivity to systemic signals (Barclay et al., 2012; Dibner et al., 2010).
GC-producing cells of the adrenal cortex are essential for coordination of physiological and behavioral
responses to stressful stimuli. This study provides first evidence that Bmal1-deficient mice develop
deregulated gene expression locally in the adrenal gland, which leads to reduced adrenal sensitivity to
ACTH and compromised GC production in response to acute stress.
On the other hand, the results of this study, together with previous findings, support a view that the
adrenocortical clock has a unique position in the hierarchy of the circadian timing system (Figure 16).
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This is mainly explained by the fact that adrenal GCs, in addition to their role in stress responses, are
important for the synchronization of circadian clocks in the periphery and in the brain.

Under entrained conditions, rhythmic GC
release is involved in daily resetting of
peripheral clocks and also drives rhythmic
transcription of some genes in various
tissues. It seems that the adrenocortical clock
plays only a minor role in the maintenance of
daily

GC

rhythms

under

homeostatic

conditions. However it is important for
adapting

to

perturbed

environmental

conditions, such as stressful experiences or
Zeigeber noise. Although exact mechanisms
behind the effects of the adrenocortical clock
on stress responses and stability of the
circadian timing system are not fully
understood, several possibilities come to
mind (Figure 17). In general, I assume that
upon perturbation (a shift of LD cycle or a
Figure 16. GCs regulate synchronization of the circadian
system.

stressful stimulus) the adrenocortical clock is
involved in adjusting the level and/or the
kinetics of GC synthesis (Figure 17A, lower

part). Adrenocortical clock deficiency would therefore compromise GC responses to perturbation and
result in reduced/delayed GC effects in target tissues (Figure 17B, lower part).
What are potential pathways that are under control of the adrenocortical clock? ACTH and autonomic
innervation are two major inputs that regulate baseline adrenal steroidogenesis as well as adrenal GC
responses to stimulation. Both pathways converge in the adrenal gland, since the ANS controls
responsiveness of adrenocortical cells to ACTH (Figure 17A, arrow 1) (Engeland and Arnhold, 2005;
Ulrich-Lai et al., 2006). However, their relative contribution depends on many factors, such as a type
of stimulus. According to Okamura’s study (Ishida et al., 2005), adrenal GC responses to light are
mediated via SCN-ANS pathway, without stimulation of ACTH release, whereas both HPA axis and
autonomic innervation contribute to stress-induced CORT production (Ulrich-Lai and Engeland,
2002). There are several possibilities how the adrenocortical clock might be involved in regulation of
GC responses to light and stress, including direct regulation of ACTH sensitivity and steroidogenesis
(Figure 17A, arrow 2) and gating of signals from ANS (Figure 17A, arrow 3). On the other hand, the
adrenocortical clock per se and/or its output might be modulated by ANS (Figure 17A, arrow 4).
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Moreover, adrenal medulla is necessary for ANS-mediated regulation of adrenal sensitivity to ACTH
(Engeland and Arnhold, 2005; Ishida et al., 2005), therefore a local clock in chromaffin cells (Lemos
et al., 2006; Oster et al., 2006a) may add an extra dimension in this scheme. Finally, in addition of
ACTH, other factors, e.g. IL-6, can directly affect adrenal GC production (Salas et al., 1990), and the
adrenocortical clock might influence their action.

Figure 17. A role of the adrenocortical clock in organization of the circadian timing system. See the text for
explanations.
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3.7. Outlook
The results of this study open a number of intriguing questions and ideas that would be interesting to
address in future experiments.


It is not clear how autonomic innervation of the adrenal gland affect the adrenocortical clock
and adrenal sensitivity to ACTH and whether the clock itself regulates the ANS input. Adrenal
denervation in Bmal1−/− and ACD mice would help reveal this.



Although reduced GC production is well in line with altered behavioral responses to stress in
Bmal1−/− animals, a causative link between hormonal and behavioral changes has not been
established in the study. Chronic restoration of daily GC oscillations in Bmal1-deficient mice
by administering exogenous CORT may partially answer this question.



When studying a role of the circadian clock in stress responses I tested a limited set of stress
paradigms. Furthermore the kinetics of GC response to a stressor in vivo was not assessed. It
would be interesting to study HPA axis activity and behavioral responses in Bmal1−/− and
ACD mice under conditions of chronic unpredictable stress or other stimuli that up-regulate
GC production such as exercise.



In addition to circadian rhythms, ultradian ACTH release is essential for pulsatile GC
secretion. It would be important to clarify whether altered adrenal responsiveness to ACTH
influence ultradian rhythms of GC production and, if so, what are consequences of these
changes.



Other paradigms for further analysis of circadian locomotor behavior (e.g. responses to
constant light, phase responses to light pulses under free-run, T-cycles) of ACD mice should
be used to fully understand the role of the adrenocortical clock in stabilization of the circadian
system under perturbed light conditions. It also remains unclear how the GC-mediated
feedback on the central clock works. Genetic or pharmacological manipulations with GR
signaling in relevant brain areas would provide more understanding.



Does the adrenocortical clock also regulate the robustness of circadian rhythms in peripheral
tissues under conditions of unstable Zeitgeber input? To address this question, ACD mice
harboring a circadian Per2luc reporter in their genome would be an elegant genetic model.



This study shows that ACD mice lacking Bmal1 gene in all steroid-producing cells may also
serve as a genetic model to study a circadian clock in testosterone-producing Leydig cells.

Chapter 4. Materials and Methods
4.1. Animal experiments
4.1.1. Animal housing and breeding
All animal experiments in this study were carried out in compliance with the German Animal Welfare
Act (TierSchG) and approved by the local state authorities. 3–4 months old mice of different
genotypes were housed in transparent plastic cages, standard chow and water was provided ad libitum.
Room temperature and humidity were held constant at 21 °C and 55%, respectively, and animals were
kept in a 12 hour light 12 hour dark cycle (LD; 300–400 lux).

4.1.2. Tissue, blood and feces collection
For adrenal slice culture experiments, analysis of gene expression and hormonal measurements in
constant darkness conditions (DD), single-housed animals were entrained to LD cycle for at least one
week and then released into DD. Tissues and blood were collected on the second day in DD (circadian
time (CT) 0 in wild-type mice roughly corresponds to 36 hours after “lights off”). Animals were
removed from their cages and immediately culled by cervical dislocation. Trunk blood was collected
in Microvette 300 EDTA-coated tubes (Sarstedt), centrifuged at 2200g for 20 min at 4°C, and plasma
was frozen at -80°C until use. For collection of fecal samples mice were housed in individual cages
with metal grid floor. Before fecal collections, at least 4 days were provided to animals for adaptation
to new housing conditions. Fecal samples were collected at 4-hour intervals and stored at -80°C until
extraction.

4.1.3. Behavioral tests
Wheel running analysis
Wheel running experiments were carried out as described previously (Jud et al., 2005; Kiessling et al.,
2010). For all behavioral experiments male mice between 2 and 4 months of age were used. During
recording, mice were kept in individual transparent plastic cages equipped with running wheels. Wheel
revolutions were detected via a magnetic switch connected to a computer system. 12 cages were kept
in one isolation chamber, in which lights were controlled via a computer system. Temperature (20 ±
0.5 °C) and humidity (50–60 %) were kept constant. Animals with different genotypes were always
distributed equally between different isolation cabinets. Mice were provided standard chow food and
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water ad libitum. Locomotor activity parameters were analyzed using the ClockLab analysis software
plug‐in (Actimetrics) for MatLab (The Mathworks).
During LD conditions, overall and day-night wheel-running activity was measured. After entrainment
to an LD12:12 cycle for at least 14 days lights were not turned on again at the following morning and
animals were kept in constant darkness for two weeks to setermine the internal period (τ) of locomotor
activity (the length of a subjective day determined by the time points of activity onset on two
consecutive days). For a jet lag experiment, mice were entrained to LD12:12 cycle for at least 14 days
and then lights were turned off 6 h earlier. The number of days needed by an animal to adapt to the
new LD cycle was measured by determining the onsets of activity after the LD shift. Individual
activity onsets before and after the shift were determined by using the ClockLab software.

Forced swim test (FST)
The test was performed at the end of the light phase (between Zeitgeber time (ZT) 10 and ZT12, ie,
10–12 hours after “lights on”) as described in (Castagne et al., 2010), with minor modifications.
Briefly, animals were placed for 6 minutes into a standard 3-L glass beaker filled with tap water (25 ±
2°C). Size of the beaker and level of water prevents mice from escape and does not allow reaching the
bottom of the beaker. Every session was video recorded, and the duration of immobility over every
minute of the 6-minute test was estimated using the CowLog open source software (http://cowlog. org)
(Hanninen and Pastell, 2009).

Repeated restraint stress
Mice were exposed to confinement stress once daily for 2 hours between ZT10 and ZT12 for 7
consecutive days (Swiergiel et al., 2008) by keeping them in small transparent plastic restrainers (95 x
30 x 32 mm). Sucrose preference tests (SPTs; see below) were performed one day before the restraint
period (baseline sucrose preference) and after 7 restraint sessions. Immobility behavior during a tail
suspension test (TST) was assessed twice, one day before the beginning of the first and one day after
the last restraint session.

Tail suspension test (TST)
TSTs were conducted according to a protocol described elsewhere (Castagne et al., 2010). Between
ZT10 and ZT12, mice were suspended for 6 minutes by the tail on a horizontal bar at a height of 20–
25 cm using a sticky paper tape. Every session was video recorded in the absence of the experimenter.
The duration of immobility (i.e. passive hanging without movements) over the course of the 6-minute
test was measured with assistance of the CowLog software.
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Sucrose preference test (SPT)
To estimate baseline sucrose preference (LeGates et al., 2012), mice were provided a choice between 2
bottles filled with 1% sucrose solution and tap water. To avoid positional preference, bottle positions
were changed twice a day, in the middle of activity and rest phases, respectively. The bottles were
weighed once a day (at the end of light phase) for 3 consecutive days, and sucrose and water intake
were averaged. Occasional water leakage from individual bottles was thoroughly controlled. Sucrose
preference after restraint stress was evaluated over a 24-hour period. To calculate the percentage of
sucrose preference, the amount of consumed sucrose solution was divided by the amount of total
liquid intake and multiplied by 100.

4.1.4. Dexamethasone suppression test
Mice received ip injection of dexamethasone solution (100 µg per kg of body weight in 0.9% saline) at
ZT8, and trunk blood was collected 6 hours later for CORT analysis. A control group was injected
with 200 µL of 0.9% saline solution. The selected dosage was previously shown to be efficient in
suppressing CORT production down to about 20% compared with saline-injected controls
(Bartolomucci et al., 2004).

4.2. Histological methods
4.2.1. Hematoxylin−eosin staining and histological analysis of adrenal glands
Isolated adrenal glands were removed from surrounding fat, weighed, fixed in 4% paraformaldehyde,
dehydrated and embedded in paraffin. 8-µm adrenal sections were deparaffinized, rehydrated and
stained with hematoxylin solution for 3 min. To allow staining develop, the slides were rinsed with tap
water and dipped several times into acid ethanol (1 mL concentrated hydrochloric acid in 400 ml 70 %
ethanol). Then sections were stained with eosin for 30 sec, dehydrated and mounted with a xylenebased mounting medium (Permount). To evaluate adrenal cortex-to-medulla ratio, cortical and
medullar areas were measured from every specimen in at least 3 different sections close to the middle
of the adrenal gland.

4.2.2. Oil Red O staining
Lipid staining was performed on frozen adrenals obtained from untreated or repeatedly stressed mice
(3 sequential 10-minute forced swim sessions with 30-minute rest intervals). Saturated (approximately
1 %) stock solution of Oil Red O (Sigma-Aldrich) in 99 % isopropanol was prepared at least 2 days
before staining. 1 % dextrin solution (Sigma-Aldrich) was prepared the day before and stored at RT
overnight, then was filtered through filter paper. The working solution was prepared by mixing 60 ml
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of stock solution with 40 ml of 1 % dextrin and filtered through filter paper. Frozen sections were
stained 20 min in Oil Red O staining solution, then washed in 60 % isopropanol and mounted with
glycerin jelly. Image analysis was performed with Image J software (National Institutes of Health,
Bethesda, Maryland).

4.2.3. Immunohistochemistry
Adrenals were embedded in OCT medium (Tissue-Tek) and 10 μm sections were cut using a cryotome
(Leica). Sections were pre-treated with 3 % H2O2 in methanol for 10 min at room temperature and
washed 3 times with deionized water. Antigen retrieval was performed in 0.01 M sodium citrate (pH
6.0) for 2 min at room temperature. Then sections were boiled in the same solution for 5 min and
cooled on ice for 20 min. Next, slides were washed 2 times with TNT buffer (0.1 M Tris-HCl pH 7.5,
150 mM sodium chloride, 0.05 % TWEEN 20) for 2 min each. Blocking solution was applied for 2 h
at room temperature (Vectastain kit) followed by anti-BMAL1 antibody solution (Novus Biologicals;
1:1,000 in TNT buffer) at 4 °C overnight. On the next day sections were washed in TNT buffer for 5
min, twice in PBS for 5 min and covered with secondary antibody (Vectastain kit) solution for 20 min.
After 5-min PBS wash the ABC reagent (Vectastain kit) was applied for 30 min. Then the ABC
reagent was removed and slides were washed with PBS for 5 min and the DAB reagent (Vectastain
kit) was applied until the color developed. Slides were mounted with Kaiser’s glycerol gelatin
(Merck).

4.2.4. β-galactosidase staining of frozen tissues
OCT (Tissue-Tek) embedded freshly frozen tissues were sectioned (10-16 μm) and sections were fixed
in 0.2% glutaraldehyde in 1x PBS for 5 min, washed in 1x PBS for 5 min and incubated over night
with staining solution (5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl2, 1
mg/ml X-Gal solution, 1 mM phosphate, 150 mM NaCl) at 30°C. The next day, sections were washed
in 1x PBS for 5 min, counterstained with Nuclear fast Red solution (Sigma-Aldrich) for 5 min and
dehydrated in progressively increasing ethanol concentrations (30%, 70%, 90%, 100% ethanol, each
step 2 min) followed by 2x incubation with xylene for 2 min. Cover slips were mounted with DPX
mounting medium (Sigma).

4.3. Tissue culture experiments
Adrenal responsiveness to ACTH ex vivo
Adrenal slice culture and adrenal ACTH stimulation ex vivo were performed as described previously
(Oster et al., 2006b). 200-µm slices were precultured for 20 minutes on Millicell-CM membranes
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(Millipore Corp.) in DMEM (PAA Laboratories) supplemented with 0.1% dimethyl sulfoxide, 50 µM
2-mercaptoethanol, 2% fetal bovine serum, and 0.12 mg/mL penicillin/ streptomycin at 37°C and 5%
CO2. Slices were stimulated with 20 nM ACTH and medium was collected immediately (0 minutes),
30 minutes, 90 minutes, and 210 minutes later. To study dose response to ACTH, adrenal slices were
stimulated with 0, 2, and 20 nM ACTH, and medium was collected 90 minutes later. Samples were
stored at -80°C until further processing.

4.4. Hormonal measurements
4.4.1. Corticosterone extraction from mouse feces
Fecal corticoid extraction was done according to a previously published protocol (Abraham et al.,
2006), with few modifications. Fecal samples were collected in 4 hour intervals and stored at -80°C
until used. Samples were dried in a speed vac centrifuge over night and homogenized using 2.8 mm
ceramic beads (Peqlab) in a OMNILAB bench homogenizer running 5x the following program: 3x 30
sec at 6800 rpm. Homogenized samples were dissolved in 10 ml ethanol, boiled for 20 min in a water
bath and centrifuged at 900 rcf for 15 min. Supernatant was poured into Petri dishes and pellets were
re-extracted by adding 5 ml ethanol and vortexing for 1 min. After centrifugation at 900 rcf for 15 min
the second supernatant was added to the first supernatant in the Petri dish and samples were dried in an
oven at 55°C for 45-90 min. Dried extracts were dissolved in 1 ml methanol and stored at -80°C until
use.

4.4.2. Hormonal assays
Corticosterone was measured from plasma or feces samples using the ImmuChem Double Antibody
125I-Radioimmunoassay Kit (MP Biomedicals) with the following modifications: for each reagent
only ¼ of the volume was used, plasma samples were used at 1:200 dilutions, fecal samples were used
at 1:5 dilutions. All samples were measured in duplicate and CORT concentrations were calculated
from standard values by fitting a one-site competition function using Graph Pad software.
ACTH plasma concentrations were analyzed using the IMMULITE 1000 Immunoassay System
(Siemens) at 1:2 to 1:4 dilutions. Since ACTH levels raise faster during stress, all efforts were taken to
sacrifice animals within 1-2 minutes of handling.
Aldosterone and testosterone concentrations were measured using commercially available kits from
Cayman and Immunotech, respectively, in accordance with manufacturer’s instructions.
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4.5. Molecular biological methods
4.5.1. Quantitative reverse transcription polymerase chain reaction (qRTPCR)
Quantitative analysis of mRNA levels was performed as described elsewhere (Barclay et al., 2013;
Oster et al., 2006b). Total RNA was extracted from whole adrenal tissues using TRIzol Reagent (Life
Technologies) according to the manufacturer’s instructions. cDNA was synthesized using High
Capacity cDNA Reverse Transcription kit (Life Technologies). qRT-PCR was performed on a C1000
Thermal Cycler and CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories) with GoTaq
qPCR Master Mix (Promega Corp.), and relative expression was assessed by comparison with Eef1a1
using the ddCT method (Oster et al., 2006a). Primer sequences are listed in section 2.1.

4.5.2. Genotyping
Tail snips were taken from 3–4 week old weaned mice and were lysed overnight at 55 °C in 400 μl tail
extraction buffer (200 mM Tris-HCl, pH 8.0, 50 mM EDTA (pH 8.0), 100 mM NaCl, 1 % SDS) with
10 μl proteinase K (10 mg/ml). Afterwards tissue debris was spun down at 13,000 rpm for 10 min and
200 μl DNA-containing supernatant was mixed with 400 μl of ice-cold 100 % ethanol. Precipitated
DNA was washed with 200 μl of 70 % ethanol and air-dried for 10 min. DNA was dissolved in TrisEDTA (10 mM Tris, pH 8.0, 1 mM EDTA, pH 8.0). Genotyping PCR was carried out with a
FlexCycler PCR machine (Analytik Jena).
Bmal1 knockout/flox genotyping was performed as previously described (Storch et al., 2007).
Reaction setup:

Cycling program:

• 1 μl DNA (approx. 200 ng/μl),

• 3 min 94 °C,

• 2.5 μl standard PCR buffer,

• 30 sec 94 °C,

• 1 μl dNTPs,

• 1 min 59 °C, 35 x,

• 1 μl MgCl2,

• 1 min 72 °C,

• 1 μl forward primer 1 (10 μM),

• 5 min 72 °C,

• 1 μl forward primer 2 (10 μM),

• keep at 4 °C.

• 2 μl reverse primer (10 μM),
• 0.5 μl Amplicon Taq polymerase,
• 16 μl PCR-graded water.
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Primers:
Bmal-flox-F
Bmal-flox-R
Bmal-KO-R

ACTGGAAGTAACTTTATCAAACTG
CTGACCAACTTGCTAACAATTA
CTCCTAACTTGGTTTTTGTCTGT

Approximate DNA lengths of the amplified alleles are: wild-type—420 bp, floxed—524 bp,
knockout—726 bp.
Cyp11a1-CreGFP genotyping was performed according to a protocol from the Jackson Laboratory
(http://jaxmice.jax.org/strain/010988.html).
Reaction setup:

Cycling program:

• 1 μl DNA (approx. 200 ng/μl),

• 3 min 94 °C,

• 2.5 μl standard PCR buffer,

• 30 sec 94 °C,

• 1 μl dNTPs,

• 1 min 60 °C, 35 x,

• 1 μl forward primer (10 μM),

• 1 min 72 °C,

• 1 μl reverse primer 1 (10 μM),

• 10 min 72 °C,

• 1 μl reverse primer 2 (10 μM),

• keep at 4 °C.

• 0.3 μl Amplicon Taq polymerase,
• 17.2 μl PCR-graded water.

Primers:
Cyp11a1-F
Cyp11a1-R1
GFP-R

GAGCTGCCTGCCAGTGTTTG
GGGGCCATACTTTTGGAAAC
GTCCAGCTCGACCAGGATGG

Approximate DNA lengths of the amplified alleles are: wild-type—488 bp, knock-in—296 bp.

4.6. Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad). All data are represented as
means ± SEM. Whenever applicable, data distribution was tested for normality using the D’AgostinoPearson omnibus test. Two-group comparisons were done using unpaired t tests. For multiple
comparisons one- or two-way ANOVAs with Bonferroni post hoc test was used as indicated in the
figure legends. Time course analyses were performed using repeated-measures two-way ANOVA.
Rhythmicity of gene expression was tested using the Circwave software (developed by R.A. Hut,
University of Groningen) and represented by fitting a sine curve using GraphPrism software. P values
below 0.05 were considered significant.
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