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1. General Introduction
Daily rhythms in behavior and physiology such as rhythms in rest and activity, feeding 

and body temperature, can be observed across the animal kingdom. Most of these rhythms 
are generated and controlled by an endogenous system of oscillators or clocks that reside 
in tissues throughout the body (Dibner et al, 2010). The endogenous oscillators are in fact 
present at the cellular level and are based on rhythms in expression patterns of so-called 
clock genes and maintained by molecular transcriptional and translational feedback loops 
(see figure 1, Mohawk et al, 2012, Bollinger and Schibler, 2014). 

Figure 1. Molecular clock machinery, autoregulated by feedback loops. The transcript factors CLOCK 
and BMAL1 activate the transcription of Per1, Per2, Cry1, Cry2, Rev-erbα and Rev-erbβ genes. In the 
main feedback loop, PER and CRY proteins form complexes that repress the activity of CLOCK and 
BMAL1. In a second feedback loop, REV and ROR compete for binding to Bmal1 promoter region and 
inhibit or activate transcription. (Mohawk et al., 2012, Bollinger and Schibler, 2014) Adapted from 
Mohawk et al., (2012).

Central to the endogenous circadian clock system is a master clock, which in 
mammals is located in the suprachiasmatic nuclei (SCN) of the hypothalamus (Dibner et 
al., 2010, Mohawk et al., 2012, Ralph et al., 1990). This master clock directly drives rhythms 
in many functions by itself (Moore and Eichler, 1972, Stephan and Zucker, 1972) but also 
coordinates clocks or oscillators in other tissues and synchronize all the endogenous rhythms 



    General Introduction                                                                       9  

to the outside world (Dibner et al., 2010, Mohawk et al., 2012). The SCN receives photic 
information from the retina through the retino-hypothalamic tract (Moore and Lenn, 1972) 
and thereby synchronizes the circadian system to the external light-dark cycle, allowing 
the organism to prepare and set metabolic processes to the optimal time of the day (Daan 
1981; Moore-Ede 1986). Although temperature, food and other environmental signals can 
influence the circadian system, the most important cue to mammalian species is the light-
dark cycle (Pittendrigh, 1981, Buhr et. al, 2010). 

Shiftwork, jet-lag, social jet-lag or aberrant eating patterns results in disruption of 
synchrony among endogenous circadian rhythms and the environmental light-dark cycle, 
which leads to sleep disturbance, fatigue, reduced attention and performance. In the long 
run, chronic circadian disruption may have a serious impact on health and has been linked 
to increased sensitivity to a wide variety of diseases. For instance, prolonged exposure to 
shiftwork is associated with an increased incidence of certain forms of cancer and metabolic 
syndrome (Davis et al., 2001, Haus and Smolensky, 2006, Knutsson and Kempe, 2014, Tucker 
et al., 2012).

Although the circadian system is well adapted to respond to predictable cues 
in the environment, we asked ourselves whether it is susceptible to unpredictable and 
uncontrollable situations that trigger a stress response in the body. Conditions of chronic 
stress are associated to development of psychiatric disorders, which show strong alterations 
in daily rhythms in behavior and physiology (e.g., disrupted sleep-wake rhythm, disturbed 
rhythms in food intake and metabolism, as well as disturbed neuroendocrine rhythms) 
(Landgraf et al., 2014). One might argue that stress impacts the circadian organization and 
that rhythm disruption could be one of the important mechanisms underlying the stress-
related diseases such as cardiovascular diseases and psychiatric disorders. In this thesis, 
we sought to answer the question whether stress can influence the circadian system and 
through which mechanism.

2. Stress does not appear to affect the master clock in the SCN
The early studies by Curt Richter in the 1960’s already implied that stress does not 

seem to have major effects on the endogenous clock in the hypothalamus controlling the 
circadian rhythm in activity. Severe forms of stress, such as forced swimming, restraint and 
electrical shocks were applied, sometimes for several days in a row, and although overall 
activity level was often strongly suppresses, after the end of stress exposure, the activity 
would gradually normalize and more or less restart at the predicted time, indicating that the 
period and phase of the master clock had not been affected (Richter, 1967).

Later studies, with different approaches and more detailed analyses confirm the 
earlier findings. Studies in our laboratory have specifically addressed the question of 
whether changes in activity and body temperature rhythm that result from uncontrollable 
social stress are a consequence of changes in the endogenous circadian timing system. Rats 
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were exposed to acute social defeat stress in the first half of the activity phase (Meerlo 
et al. 1997) or in the middle of the resting phase (Meerlo and Daan 1998), and in neither 
one of these studies there was an effect on the phase or the period of the free running 
rhythms. Although the output rhythm may become masked by stress-induced disturbances 
elsewhere in the body, the central pacemaker in the SCN seems to be unaffected.

These findings on exposure to social defeat in rodents are supported by the vast 
majority of available data collected with a variety of acute stress models and most reports on 
effects of more chronic forms of stress. However, data on chronic stress are less consistent 
and not always easy to interpret. For example, a recent study on chronic social defeat in 
mice has reported that defeated mice lost the first activity bout during the subjective dark 
phase and display shorter activity and body temperature periods compared to control mice 
during the 14 days after the stress protocol. (Bartlang et al., 2015). However, the effects on 
rhythm period were small (a shortening of 0.2h) and were only observed in C57BL/6N mice 
but not in the C57BL/6J strain.  

Manipulations of hormones of the hypothalamic–pituitary–adrenal axis, one of 
the main neuroendocrine stress-responsive systems, also suggest that the master clock 
is not easily disturbed by stress. While adrenalectomy (ADX) decreases the level of wheel 
running activity, it does not appear to affect the timing of activity, as this activity remains 
concentrated in the dark phase Moberg and Clark (1976). Moreover, administration of 
dexamethasone (DEX), a synthetic glucocorticoid (class of hormones produced by the HPA 
axis), to ADX rats, in the beginning of the light or the dark phase, increases running wheel 
activity after injection, but does not change the phase of the circadian rhythmicity (Moberg 
and Clark, 1976). Neither continuous release nor a 6 h cortisol (a glucocorticoid hormone) 
daily pulses affect the period or phase of the free-running activity rhythm in ADXed hamsters 
(Albers et al., 1985). 

Together, most data on acute stress and glucocorticoid administration are clear and 
show no effect on phase and period of SCN controlled rhythms. Results from studies on 
chronic stress seem to support this conclusion but the data are less consistent and not 
always easy to interpret. Perhaps chronic stress in the long run may result in small cumulative 
effects that go undetected with acute stress, which is one of the issues addressed in this 
research project. For a more detailed overview of effects of stress and stress hormones on 
circadian function, see chapter 2.  

3. Stress may affect peripheral oscillators 
 Another important remaining question is whether stress or stress hormones can 
affect other oscillators in various tissues throughout the body, which are normally under 
control of the central clock in the SCN (Balsalobre et al., 2000, Dibner et al., 2010).

In a study by Razzoli and colleagues (2014), chronic social stress did not affect the 
locomotor activity rhythm, but induced phase advance of the PER2 clock protein peak in the 



    General Introduction                                                                       11  

adrenal and pituitary glands.  Similarly, restraint stress at ZT4-6 for 3 days/week, for 4 weeks, 
induces PER2 rhythm phase advance in peripheral tissues (kidney, liver and submandibular 
gland) (Tahara et al., 2015). However, acute stress appears to have transient effects on clock 
gene expression, since restraint stress for 1 h enhances Per1 mRNA levels in mouse liver, 
heart, lung and stomach, without any alteration in other clock genes (Yamamoto et al., 
2005).

A study with DEXA injections showed that this synthetic glucocorticoid altered 
rhythmic clock gene expression in cell cultures from liver, kidney, and heart tissue, while 
it did not affect gene expression in neurons of the SCN (Balsalobre et al., 2000). This result 
goes in line with the finding that the adult SCN does not present glucocorticoid receptors 
(Rosenfeld et al., 1988). 
 It may be that certain stressors affect peripheral oscillators, perhaps temporarily 
disturbing their control by the SCN, leading to a state of internal desynchronization. Such 
internal desynchronization might in part be responsible for the disturbances in overt 
rhythmicity in body temperature and locomotor activity seen after social defeat stress. 

4. Outline of the studies  
 In this thesis we addressed two main questions. The first on was whether the 
circadian master clock in the SCN, that appears to be well-protected against acute stress, 
is perhaps affected by more chronic stress. The second question was whether circadian 
oscillators other than the SCN might be sensitive to stress and stress hormones (figure 2).
 In Chapter 2, we provide a detailed review of previous literature on the effects of 
stress on the circadian system. While it is generally accepted that light is the main cues that 
synchronizes the mammalian circadian system to 24h environmental cycles. Nevertheless, 
previous work has indicated that the circadian system may be sensitive to a variety of so-
called non-photic inputs (Mrosovsky, 1996) and the question we addressed is whether 
stress signals or stress hormones, one way or another might, have access to the endogenous 
circadian system as well. The chapter also provides a detailed overview of the various models 
and approaches that are used to address the question of stress effects and we discussed the 
importance and limitations of these models and approaches.
 In Chapter 3, we present our experiments in mice that were aimed at investigating 
the effects of chronic social defeat stress on the SCN-controlled circadian rhythm in 
locomotor activity. Mice were maintained under constant, free-running conditions 
throughout the experiment (constant dim red light) and different groups of animals were 
exposed to repeated defeat for 10 consecutive days, either during their activity phase or 
during their resting phase. Using activity onset as phase marker of the endogenous free-
running activity rhythm, we assessed whether chronic stress would result in phases shifts 
or changes in the circadian period. Based on most of the available literature reviewed in 
chapter 2, we expected that repeated social defeat stress would suppress activity levels but 
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would not affect the phase and period of the rhythm.
In chapter 4, we used in vivo and in vitro measures to investigate the effects of 

repeated social defeat stress on the circadian rhythms. The observations on the effects 
of chronic social defeat on the activity rhythm during stress exposure in Chapter 3 were 
replicated in transgenic PER2::LUC mice, which allowed us to assess PER2 protein abundance 
through bioluminescence recording of the fused protein fusion construct. Those animals 
were euthanized after the 10-day stress period, and liver and SNC tissue were collected to 
assess if the expression of the clock protein PER2 was affected in the master clock and/or the 
peripheral oscillator in the liver. Based on the available literature, we expected that repeated 
social defeat stress would neither affect PER2 expression in the SCN nor its output in terms 
of phase and period of the activity rhythm. However, bases on a number of recent studies, 
we anticipated that social defeat stress might affect the liver rhythm in PER2 expression.

Chapter 5 was an initial study to assess the potential mechanism by which stress 
could signal to peripheral oscillators and perhaps, to the master clock. The stress hormone 
corticosterone was applied directly in the culture media of liver and SCN tissues and PER2 
expression rhythm was assessed. We expected to find results similar to those of chronic 
social defeat stress.

Considering the hypothesis that chronic social stress may  lead to internal 
desynchronization, and that could play a role on psychiatric disorders, such as depression 
and anxiety, we evaluated the effects of chronic social stress on depressive- and anxiety-like 
behavior in adult male mice in Chapter 6.

Finally, in chapter 7 we provide a summary of the main findings and a discussion of 
the results in relation to the literature.
 

Figure 2. Chronic stress effects on circadian rhythms. The master clock in the SCN is synchronized by 
the external light-dark cycle, but it does not seem to be affected by stress stimuli. On the other hand, 
stress hormones are reported to shift phase of clock genes on peripheral tissues which could result in 
internal desynchronization between different tissues.  
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