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ABSTRACT
The Blackcap, Sylvia atricapilla, is a nocturnally migrating songbird which travels
extreme distances and experiences significant changes in latitude to seek better wintering and
breeding conditions. Migration places stress on the bird to maintain energy, overcome increased
predation, limited resources, and meet the extreme metabolic demands of long-range flight. An
endogenous circannual rhythm controls the timing of seasonal migration, and it has been shown
that extreme metabolic changes are necessary for the bird to cope with these extreme stressors.
The liver plays a major role in fat metabolism and energy balance in birds, suggesting that
seasonal changes within the liver could be necessary to initiate the changes required for
successful migration. The retina is an important component of the Neuroendocrine Loop
controlling biological clocks in birds, and may be necessary for navigation by modulating visual
sensitivity or for magnetoreception during nocturnal migration. I therefore hypothesized that the
clock in the retina and liver would be altered during migration. Liver and retina were collected
from migrating and non-migrating birds and analyzed for expression of clock and clockcontrolled genes related to fat catabolism, glucose metabolism, and energy homeostasis. My
investigations found that the clock in the liver changes dramatically across the migratory cycle,
although the clock in the retina is only slightly modified. My data suggests that these clocks helps
control the seasonal changes in metabolism necessary for completing long distance nocturnal
migratory flight and may therefore be considered part of the “migratory syndrome”.
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Chapter 1
Introduction
The Migrating Bird
Migrating birds fly extreme distances to seek seasonal food sources and better breeding
grounds. These flights can test the limits of endurance and place tremendous energetic demands
on the bird, while limiting food resources and recovery time (Piersma et. al, 2005; Bartell and
Moore, 2013). The question that arises is how have migratory birds adapted to shift their
metabolic processes from the normal non-migrating status to the highly specialized phenotype
that is so well tailored to meeting the demands of nocturnal long-range flight and nocturnal
migration? It is pertinent to examine the exact challenges that the migratory bird faces, the most
obvious being the huge energetic cost of the long distance flight itself, plus the additional
confound of limited opportunities to feed and rest. Nocturnal migration also increases predation
with exposure to more night-active predators. The changes in behavior, physiology and
metabolism associated with migration work to overcome some of these challenges, and these
changes constitute the so-called “migratory syndrome” (Piersma et. al, 2005). One of the most
prominent seasonal modifications observed in small songbirds is the switch from diurnal to
nocturnal behavior to allow nighttime migration. In preparation, the bird also accretes huge stores
of adipose tissue for meeting the large energetic demands ahead, and atrophies organ systems that
are not vital to survival during the migration (Weber, 2009; Gwinner, 1996).
The Blackcap, Sylvia atricapilla, is a sylvid warbler that has several morphs and
geographical distributions in nature. Short, medium, and long distance migrants exist, as well as a
population from the Cape Verde Islands, which is non-migratory (Fusani and Gwinner, 2001).
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The population used for my study were long distance migrants from Sweden, who complete a
transequatorial flight twice each year. It is hypothesized that the Blackcap has a particularly
robust endogenous circannual clock to deal with the conflicting photoperiodic input that is
associated with switching hemispheres, making this species an excellent model for this study
describing the molecular control of endogenous circannual rhythms and their control of seasonal
physiological and behavioral changes (Weber, 2009; Gwinner, 1996). Sylvid warblers, a
polyphyletic family of old world warblers, express robust endogenous rhythms when held in
constant photoperiodic conditions with 12.5 hours of light and 11.5 hours of dark (12.5L:11.5D);
these rhythms have been shown to persist in constant photoperiod for up to twelve years
(Gwinner, 1986; Gwinner 1996).

Endogenous Rhythms Control Behavior and Physiology
The circadian clock in the bird functions to synchronize metabolic and physiological
processes systemically within the body. Particularly robust circadian rhythms control output from
the endocrine system, biochemical processes, as well as locomotor activity. Any adjustments of
these processes during migration would therefore suggest that an adjustment of the circadian
clock has taken place. In mammals, the master circadian oscillator has been located in the
suprachiasmatic nucleus (SCN) in the brain, but several other peripheral oscillators in other
tissues convey tissue specific rhythmic input (Ko and Takahashi, 2006). In birds however, the
pineal gland sets the phase of the SCN (Gwinner and Brandstätter, 2001). Metabolic and
physiological changes in the tissues adjust to the phase and status of the endogenous clock.
Identifying connections between the circadian clock and the metabolic and physiological changes
exhibited during migration involves finding coincidences in clock gene expression patterns and
genes which are associated with energy homeostasis, fat catabolism, and glucose metabolism,
such as the peroxisome proliferator activated receptor family, adiponectin receptors, and
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glycogen synthase kinase. Alterations in clock gene expression profiles across the day, and across
the annual cycle, can then be compared to the rhythmic changes in physiology.
Migration is a behavior that is initiated twice each year in accordance with a circannual
rhythm that is shaped or modified by changes in photoperiod. Deep brain photoreceptors sense
information about day length, conveying temporal information to the brain and other clocks
within the body (Dawson, 2001). When induction of migration occurs, a series of changes to the
circadian rhythms of the bird also take place to accommodate the necessary activity patterns of
the bird. For example, diurnally active birds will undergo a dramatic shift in the phasing of
circadian rhythms, thereby generating nocturnal locomotor activity, when previously they were
exclusively diurnal. One hypothesis for the circadian regulation of circannual rhythms is called
the ‘external coincidence theory’, which suggests that the change in day length is perceived by
separate clocks in the brain, but that they assume different phase relationships to the photoperiod.
This results in a change in phase relationships among the oscillators themselves, ultimately
sending a different output of the system as a whole. It has been shown that introduction of light at
the beginning or end of the photoperiod, in effect lengthening the day causes changes in the
reproductive photoperiodic responses of birds. This is in opposition to the hypothesis that strictly
the amount of light conveys photoperiodic information; instead what time of day the light is
introduced is more vital, indicating that the sensitivity of the photoperiodic timer to changes in
day length is modulated by the circadian clock (Yoshimura, 2006).

Migratory Syndrome
Studies comparing migrating and non-migrating birds provide prime opportunities to
observe the changes that occur to prepare for the extreme demands of migration. These changes
culminate in a physiological state coined the “migratory syndrome” by many biologists (Piersma
et. al, 2005). There is still much to be understood about the details of these metabolic and
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physiological adaptations that occur as a bird prepares for and completes seasonal migration,
however a framework of evidence exists which supports their connection to the circadian and
circannual clocks.
To prepare for the huge energetic costs due to migratory flight, birds accrete massive
stores of energy in the form of adipose tissue. The processes by which this occurs varies from
species to species, but include actively seeking higher caloric food sources, increasing
assimilation rates, decreasing metabolic rate, and engaging in hyperphagia (Price, 2010). Birds
have even been known to double their body mass while achieving a body composition that is
approximately 50% fat (Weber, 2009; Gwinner, 1996). Lipids yield the most energy in the form
of ATP per gram when compared to carbohydrates and protein, and has the least bound water,
making it a lighter energy source for the bird to carry. Fatty acids also release the most water as
they are oxidized, helping to alleviate the problem of dehydration during flight (Weber, 2009;
Price, 2010). In short, fat is the ideal energy source for long distance flight. The adaptations to
lipid metabolism in the migrating bird are two-fold. First, the preparing migratory bird accretes
large deposits of adipose tissue, and then immediately switches to a high efficiency lipid
oxidation state as it uses the stored energy to power its muscles during flight (Weber, 2009;
Rutter et. al, 2005). The question that arises is, how are birds able to shift gears so rapidly from
the normal, non-migrating state, to a high efficiency level of lipid storage, and then again to a
high level of lipolysis? It is likely that cues from the circadian and circannual clock that induce
migration also play a role in regulating the modifications in lipid metabolism to help synchronize
these changes.
It is known that birds utilize lipids as an energy source to a larger degree than mammals,
even 2-3 times more than mammals of similar size under similar conditions (Weber, 2009).
However it is clear that to support long-range flight, this dependence on lipids for fuel must
increase even further. The transportation of lipids within the bird is a major factor, which allows
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the increase in their lipid oxidation capabilities. While mammals use albumin bound fatty acids,
birds use circulating lipoproteins in the blood to supply energy to their muscles (Weber, 2009;
Rutter et. al, 2005). This same strategy has been observed, and more thoroughly characterized, in
other migrating species such as the migratory salmon and even a variety of insects. For example,
increases in lipoprotein lipase and circulating lipoproteins have been recorded in the red muscle
of trout while subjected to endurance swimming (Weber, 2009).
Fluctuations in lipid storage levels have been characterized in migrating birds. A period
of hyperphagia in preparation for migration is followed by depletion of fat stores by the bird on
long flights. As adipose is diminished, protein becomes an important source of energy until a
stopover for feeding can occur. At this time, the bird selectively eats to rapidly increase lipid
stores (Pierce and McWilliams, 2005). Metabolism in the bird at this time is extremely efficient at
lipogenesis, using carbohydrates and ingested lipids for fatty acid storage. Two strategies that
may come into play include dietary selection for specific types of fatty acids as well as
modifiying lipid metabolism to yield an ideal fatty acid profile in the adipose tissue. Pierce, in
2005, hypothesized that unsaturated fatty acid storage predominates in the migratory bird to
mirror the preferential oxidation of unsaturated fatty acids over saturated in lipid metabolism. The
exact relationship between fatty acid composition and energy utilization is still somewhat unclear
due to conflicting results. Six different studies, each using a different species, have examined the
fatty acid composition of migratory birds. While all six studies found that fatty acid composition
was modified in the adipose tissue of migrating compared to non-migrating birds, each study
found very different proportions of the specific fatty acids with regards to the two groups. This
may indicate that specific changes in fatty acid composition and preferential oxidation vary by
species or even among populations of a species (Pierce and McWilliams, 2005).
Another emerging hypothesis explaining the superior lipid oxidation potential of the
migrating bird involves the process coined “natural doping” in which free fatty acids bind with
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peroxisome proliferator-activated receptors to upregulate the transcription of enzymes involved in
lipid oxidation (Pierce and McWilliams, 2005). As the bird includes more and more fatty acids
into its diet, it functions to further increase its lipid metabolism efficiency in a feed-forward
manner. This hypothesis is particularly attractive for chronobiologists because it could directly
involve the core molecular clock due to the transcriptional relationships of clock genes with the
PPAR γ, as explained below.

Genetic Control of The Internal Clock and Associated Metabolic Changes
PPAR γ, a nuclear receptor, is of specific importance to the interaction between fat
metabolism and clocks because of its role in adipogenesis and its regulatory inhibition by Per 2.
Per 2 is a major component of the core circadian oscillator, and would provide a direct, molecular
connection between adipose tissue metabolism and the circadian clock. Studies have shown that
Per2 deficient mice exhibit increased adipocyte differentiation due to the loss of this inhibition.
Per 2 acts as a regulatory protein for PPAR γ by forming a complex with it, thereby blocking it
from targeting promoters involved in lipid oxidation (Dawson, et al., 2001; Grimaldi, 2010).
The role of Per2 in avian circadian rhythms however differs drastically from that in the
mammalian clock. By comparing gene expression profiles over the day, it appears that Per1 and
Per2 in the mammalian clock function more similarly to Per2 and Per3, respectively, in the avian
molecular clock (Yasuo et.al, 2001). The molecular control of the mammalian clock is well
characterized and consists of multiple transcriptional feedback loops. CLOCK and BMAL1
proteins activate expression of Per1/Per2 (Period) and Cry1/Cry2 (Cryptochrome) by binding to a
special promoter region of clock genes called E-boxes. Per and Cry proteins then leave the
nucleus after translation and heterodimerize and associate with the protein CK1ε, a kinase
involved in nuclear translocation and degradation of these proteins. Once in the nucleus, the
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complex then functions to inhibit further expression of Per and Cry by BMAL1 and CLOCK in a
negative feedback loop (Dawson, 2001) (Bartell, 2010).

Figure 1. (A) CLOCK and BMAL gene products enter the nucleus and heterodimerize
and bind to the E-Box of the promoter region of genes Cry and Per, activating their
transcription (B) Gene products of Cry and Per enter the nucleus heterodimerize and
function to repress activation by CLOCK and BMAL in a negative feedback pathway.
(C) Genes regulated by the endogenous clock also contain this E-Box in their promoter
region, thus are activated by CLOCK/BMAL and also transcribed rhythmically. (Figure
taken from Bartell, 2010)

The avian circadian clock appears to diverge significantly from the mammalian system of
molecular control, most notably in the absence of Per1 in the avian system. The bird appears to
rely more heavily on Per2/Per3; while Per3 is present in the mammalian core circadian oscillator
(CCO), studies utilizing Per3 knockouts in mammals have shown this gene to have minimal
importance in regulating the output of the clock (Dawson, et al., 2001). There is still much to be
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discovered about the exact mechanisms of the molecular control of the avian clock, as knockouts
are not currently available. This, of course, complicates the study of metabolism in relation to
PPAR genes in the bird. Per2, as mentioned before, inhibits mammalian PPAR. In general, it
would be expected that rising expression levels in Per2 would yield decreasing levels in PPAR,
leading to decreased adipogenesis based on the characterization of PPAR gene products
aforementioned (Grimaldi, 2010). However, because Per2 in the avian CCO appears to play
different roles in regulating circadian rhythms, it is yet unknown if and how Per genes function to
regulate metabolism in the migrating bird. Uncovering these interactions would also necessitate
performing experiments on molecular kinetics of clock components.
An interesting and relatively new addition to the discussion of lipid metabolism during
migration and its relation to the circadian clock is the possible role of yet undiscovered analogues
to the mammalian hormone, leptin. Leptin is a protein hormone secreted by white adipose tissue
and actins largely to inhibit lipogenesis and reduce body adiposity through increased energy
expenditure. However during states of high energy demand, the hormone’s function switches to
one which facilitates lipid deposition and maintain adequate food intake. The existence and
function of this hormone has been well characterized in mammals, but there is still controversy
over the potential role of leptin-like hormones in the in the avian model (Cersale et al., 2011).
Some controversy exists surrounding avian leptin because to date, the leptin receptor and
signal transduction system has been isolated in avian tissues of several species, while the
hormone ligand itself appears to be absent from the avian genome (Friedman et al., 1999; Sharp
et al., 2008; Pitel et.al, 2010). Studies show that injections of mammalian leptin during the period
of photoperiod-induced migration increases body mass and food intake in white-throated
sparrows, while the same injections in wintering birds resulted in reduced adiposity (Cersale et
al., 2011). While these results suggest a functional leptin receptor and signaling pathway similar
to those of mammals exists in avians, they also lead to the questions as to what the natural ligand
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activating this signaling pathway is if indeed leptin is absent in birds. The studies also provide a
real world example of the effects of high energy demands on leptin function, which is similar to
the situation in mammals (Cersale et al., 2011; Arble et al., 2011).
While much is left to speculation thus far with the circadian control of theoretical leptin
in avian species, it may be valuable to use the mammalian model of circadian rhythmicity of
leptin to hypothesize about the possible rhythms in birds of a unique adipose marker to signal the
extent of fat stores in birds. In the mouse, leptin fluctuates in plasma across the day, and these
changes are closely associated with food intake and insulin responses (Arble et al., 2011).
Rhythms of leptin content have also been shown to persist under constant conditions,
demonstrating that leptin regulation is under the control of an endogenous clock, most likely, in
the adipocyte. Control of this clock is highly coupled to food intake and, consequently, levels of
leptin decrease during fasting. The close association of leptin regulation with food intake also
suggests that the adipocyte clock receives input from hunger and satiety centers in the brain
concerning nutritional status (Arble et al., 2011).
A recent paper from the Bartell lab, currently in press, investigates the hypothesis that
adipokines, adiponectin, and visfatin may have a role in modulating migratory behavior by
helping regulate circadian and circannual rhythms in birds (Stuber et. al, In Press; Ghazanfari et
al., 2011). Namely, adiponectin is identified as a possible “replacement” for the functions of
leptin in the avian adipose/satiety governing system, and may regulate energy reserves and
function to signal to the bird the status of lipid stores (Stuber et. al, In Press). Adiponectin is a
hormone characterized as having roles in mammalian glucose utilization by increasing insulin
sensitivity and regulating energy homeostasis through the promotion of fatty acid catabolism
(Wolf, 2003). It has been shown in mammals that overfeeding and obesity are tied to low
expression of adiponectin, while adiponectin levels rise during fasting (Ghazanfari et al., 2011;
Ramachandran et al., 2007; Zhu et al, 2004). Adiponectin functions through two membrane
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bound receptors, AdipoR1 and AdipoR2, which modulate the sensitivity of target tissues to the
hormone (Yamauchi et al., 2003).The substitution of adiponectin for leptin would be particularly
pertinent for migrating birds, which rely on stored fat reserves to supply energy for long-range
flight. The requirement for adequate energy reserves during migration suggests that the degree of
adiposity may be a regulator for deciding the duration and induction of migratory flight (Fusani
and Gwinner, 2001). Knowledge about circannual rhythmycity of adiponectin receptors may help
strengthen this claim. Adiponectin levels in plasma were shown in this study to be secreted in a
circadian rhythm in non-migrating, diurnally active birds, with levels peaking during the day. The
expression patterns of AdipoR1 and AdipoR2 across the day have not previously been profiled in
migrating birds and my work will augment the dearth of knowledge in this area.

Clock and Clock-Related Genes in the Liver
Because of the additional demands for energy at night during migration, we hypothesized
that clock controlled metabolic processes would be differentially regulated to allow the bird to
adapt to these increased energetic demands. It is known that energy is stored in the form of
accreted adipose tissue prior to migratory flight (Schuab and Jenni, 2000); and rapid changes in
physiology, which promote lipid metabolism, are also undertaken during this time. How these
processes are controlled, however, is not understood (Jenni and Jenni-Eiermann, 1998).
Circadian rhythms of genes involved in metabolism have been well explored in
mammals, but less so in birds. In mammals, expression of glycogen synthase kinase-3β (GSK3β),
a protein kinase which inhibits glycogen synthesis (Embi et. al, 1980) is upregulated during
fasting to promote mobilization of glucose and downregulated after meals to promote the storage
of glucose in the form of glycogen (Roach et. al, 2012). GSK3β plays a role in the precision of
the core molecular clock through its interactions with Rev-erbα, another clock molecule. Rev-
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erbα transcription is activated at the E-box promoter by the CLOCK/BMAL1 heterodimer, and
inhibited by Per/Cry. Transcription is also inhibited by a negative feedback loop, which is
enhanced by GSK3β through phosphorylation-mediated stabilization of the Rev-erbα protein
product. BMAL1 transcription is also repressed by Rev-erbα (Qing Meng et. al, 2008). The
nuclear receptor peroxisome proliferator-activated receptor (PPAR) familiy has been shown to
play a major role in lipid homeostasis. While PPARσ is expressed in low levels throughout the
body, PPARγ and PPARα are found in adipose tissue and the liver, primarily promote lipogenesis
and fatty acid oxidation, respectively (Roach et. al, 2012; He et. al, 2003; Lee, Olson, and Evans
2003; Oishi et. al, 2005; Charoensukasi and Xu, 2010). PPARα influences fatty acid oxidation in
feed restricted birds by promoting the transcription and activity of enzymes involved in fatty acid
oxidation (Lee, Olson, and Evans 2003; Madsen and Wong, 2011; Evans et. al, 2004). PPAR and
clock gene data taken together suggest that PPAR’s could play a role in fat mobilization and
metabolism observed in migrating songbirds.
This study provides the first detailed demonstration of endogenous circannual changes in
a circadian clock, which are directly connected to an adaptive behavior. Furthermore, my study
links these changes in the clock with changes in the metabolic state of the liver through the
modulation of clock controlled genes known to be involved in gluconeogenesis and the storage
and oxidation of lipids during migration.

Retina, Clocks, and Navigation
The retina is partially responsible for conveying light information to the brain and
peripheral tissues through the proposed Neuroendocrine Loop model hypothesized to regulate
circadian rhythms at the systems level (Figure 2).
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Figure 2. The Neuroendocrine Loop, which has been proposed as the mechanism by
which the retina plays a role in regulation of the circadian clock. The pineal produces
melatonin at night, which inhibits the SCN. During the day, light inhibits melatonin
production, allowing the SCN to resume function (Cassone and Menaker, 1984). The
superior cervical ganglion (SCG) inhibits melatonin production during the day through
production of norepinephrine from the pineal gland (Zatz, 1991) (Figure taken from
Cassone and Menaker, 1984)

The multiple, light sensitive oscillators that make up the endogenous circadian clock allow it to
be mediated by the environment through entrainment. Entrainment is mediated by input from the
environment, which adjusts the phase of the internal clock (Bell-Pedersen et. al, 2005). In the
Neuroendocrine Loop, melatonin secreted from the pineal in the absence of light cues functions
to synchronize the circadian rhythm by the endogenous clock (Cassone and Menaker, 1984).
The retina, pineal gland and hypothalamus each house an independent clock, and each
interacts with each another to form a centralized clock system. However, it has been shown that
the retina is not necessary for maintaining rhythmicity, as its removal does not alter the phasing
of behavioral rhythms in birds (Menaker et. al, 1975). The other clocks and photoreceptors are
able to compensate and maintain the integrity of the clock system in its absence. Deepbrain
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photoreceptors convey light information to the SCN, which generate oscillations as pacemakers
for the other autonomous clocks. Furthermore, the pineal itself is directly light sensitive in birds.
Photoperiod perceived by these photoreceptors function to regulate both the circadian clock and
circannual clocks of birds. In the wild, induction of migratory behavior is typically dependent on
these signals to convey seasonal information (Kumar et. al, 2010)
Notwithstanding the roles of the retina in photoperiodic and circadian regulation of the
endogenous clock during nocturnal migration, in particular for navigation, has not been studied.
A circadian rhythm of visual sensitivity which is controlled by the clock in the retina has been
shown in several species (Bassi, 1987; Li, 2012; Brown, 2004). Therefore nocturnally migrating
birds, which were previously diurnally active, may display changes in the clock in the retina to
allow for an increase in sensitivity to light at night (Rastogi, 2011). These changes may include a
lowering of amplitude of the clock overall to minimize day and night differences, thereby
maintaining a higher degree of visual sensitivity during nocturnal flight to aid in navigation.
Metabolic gene expression in these retinal cells would also need to be appropriately
altered to supply the tissue with adequate fuel. Glycogen synthase kinase, an enzyme, which
phosphorylates the glycogen synthase enzyme, is responsible for storing excess glucose in
glycogen. Its role in retina, is similar to that in the liver, as mentioned previously, although to the
retina does not undertake glucose storage. When phosphorylated, this glycogen synthase is
inhibited, effectively increasing mobilization of glucose in the tissue. The gene, GSK3β, which is
responsible for production of this enzyme, contains an E-box in its promoter regions, and can be
transcriptionally regulated by components of the molecular clock (Sahar et. al, 2010). We
hypothesized that there would be alterations in the phasing and amplitude of the clock and in
expression levels of GSK3β in the retina of migrating and non-migrating birds. A clockmodulated increase in metabolism in the retina at night in migrating birds supports the proposed
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mode by which the circadian clock feeds into the display of circannual rhythms of physiological
changes associated with migration.
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Chapter 2
Materials and Methods
Animal Samples: Male blackcaps, Sylvia atricapilla (n=48) were mist-netted in Torvetorp,
Sweden at the University of Stockholm Zoological Station and brought to Andechs, Germany.
Birds were housed under a 12.5L: 11.5D photocycle, which allows Sylvid warblers to express
endogenous circannual rhythms in migration, molt, and reproduction (3). Throughout the
experiment bird were provided water, mealworms, and a mixture of eggs, beef hearts, and
commercial food for insectivorous birds (Fettfütter Grün; Alewcka, Waldsee, Germany) ad
libitum. Birds were placed in registration cages and their locomotor activity patterns analyzed for
the appearance of nocturnal migratory restlessness. Birds (n=24) were overdosed with 1 mL of
10% ketamine and perfused with heparin (100 IU) PBS (0.1 M, pH 7.4), followed by 4%
paraformaldehyde in PBS (pH 7.4) at 0, 3, 6, 9, 12, 15, 18, and 21 hours after lights on during the
migratory season. All birds were documented to be exhibiting nocturnal migratory restlessness
continuously for two weeks prior to harvesting. The medial portion of the left lobe of the liver,
the retina, and section of the pectoral muscle, were excised, post fixed in 4% paraformaldehyde
and dehydrated in ethanol series and embedded in paraffin for use in the current study. Other
tissues were collected for use in additional studies. The remaining group of birds (n=24)
continued to be housed in the same LD cycle and were harvested in the same manner
approximately one month after the nocturnal migratory restlessness ceased. All experiments were
undertaken in accordance with permitage from the Swedish Environmental Protection Agency
(Naturvardsverket).
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Primer Design: Primer sequences (Invitrogen) were designed using Primer Express
software (v 3.0, Applied Biosystems). Primers that amplified short amplicons were chosen to
accommodate RNA fragmentation that can occur in processing RNA from paraffin embedded,
formalin fixed tissues. Primer sequences used are shown in Table 1-1.:
Table 1-1. Table of Primer Sequences Designed for Gene Expression Quantitation
Target Gene
AdipoR 1
AdipoR 2
β-actin
BMAL1
CLOCK
Cry 1
GSK3β
Per2
Per3
PPARγ
PPARα

Forward
GGGCAAGTTCGACATCTGGTT
CTGGCATTGCACTCCTCATAA
CCCACCTGAGCGCAAATACT
TTTCCCTTCAACCTGCTCAA
ACTCCGCGCACAATGGTT
TGGCGATTCCTGCTTCAAT
GCCTGTGCGCACTCTTTCTT
CCAGGATTGCATGGAAGAGA
TGTGAATCCTTGGAGCAGGAA
CCGAGTTCGCCAAGAACAT
ACTGGGAAATGGTCCAGGATCT

Reverse
CCAGCACGTGGAAGATCTGA
CATGGTACAAAGCTGCCCATT
GAGCCTCCGATCCAGACAGA
TTTGCGGTCTGCTTTCTTCT
TATGAGGGCCGGTGTGATCT
TGGCATCGAGATCCTCAAGA
CGTTTGGGTCCCGTAGTTCA
CGCACTGATGCGACAGAAA
CTTTGTGTCGGCCAATGATGA
GTCGTTGAGGTCGAGGTTGA
ATGCTGGTGAAAGGGTGTCTGT

Nucleic Acid Preparation: Paraffin embedded liver was sliced with a microtome (10
µm) dissolved in xylene, and the organic layer removed. An E.Z.N.A. FFPE RNA Extraction Kit
(Omega Bio-Tek) was used to extract RNA from the tissues. RNA was quantified with a
Nanodrop (v1.3.1, Thermo Fisher Scientific Inc.) and stored at -80°C until use.
RT-PCR: Samples were run in triplicate (10 µL/well). Relative gene expression
levels were quantified by qPCR with a ABI 7500 Fast thermocycler (v2.0.5, Life Technologies)
with a reaction consisting of cDNA (66ng), primers (300 nmol), and SYBR Green FastMix
LowROX (Quanta). Initial denaturation occurred at 95°C for 15 sec, and 60°C for 15 sec.
Relative expression levels were determined sing the ΔΔCt method with β-actin as the reference
(Livak and Schmittgen, 2001).
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Chapter 3
Liver
Results:
The Circadian Clock in Liver is Modified During Migration
In birds, as in mammals, the core circadian oscillator (CCO) is a set of autoregulatory
transcription factors. Clock proteins BMAL1 and CLOCK activate transcription of Cry and Per,
whose gene products work through a negative feedback loop to downregulate BMAL and
CLOCK transcriptional activity (Okano et. al, 2001). To test whether the core molecular circadian
clock is modified during migration by an endogenous circannual oscillator, blackcaps were
housed in registration cages under a 12.5L:11.5D photocycle, which allows Sylvid warblers to
express endogenous circannual rhythms in nocturnal migratory restlessness, commonly called
Zugunruhe (Gwinner, 1986). Livers from blackcaps were collected across the day when birds
were either exhibiting Zugunruhe or when they were not and examined for expression levels of
canonical clock genes using qRT-PCR (Livek and Smittgen, 2001). The expression profiles for
CLOCK, Per2, Per2, Cry1 and BMAL1 were rhythmic in liver of birds that were exhibiting
Zugunrhe as well as those which were not, except for CLOCK (Figure 3), suggesting that the
circadian clock in the liver continues to function during migration.
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Figure 3. Expression levels of Cry1 (A), CLOCK (B), Per2 (C) and BMAL1(D) across the
day in liver of birds exhibiting nocturnal restlessness (black bars), and non-migrating birds
(grey bars). All clock genes exhibited rhythmicity in liver of both migrating and nonmigrating birds, except CLOCK in non-migrating birds. Cry expression was higher in liver
of migrating birds at ZT0 and ZT15; CLOCK expression was higher in liver of migrating
birds at ZT9, ZT12, ZT18, and ZT21; and Per3 expression was higher in liver of migrating
birds at ZT0 and ZT18 (two-way ANOVA, p<0.05). Per2 expression was higher in liver of
migrating birds at ZT0, but was lower at ZT21 (two-way ANOVA, p<0.05). No difference
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in BMAL1 expression was observed between migrating and non-migrating birds.
Asterisks denote those times of day with higher expression.

Per2 appeared to have bimodal distribution in liver of both migrating and non-migrating
birds. Analysis of the abundance of transcripts from individual genes at each timepoint showed
that the expression levels of clock genes were altered across the day: CLOCK was more highly
expressed in migrating birds during the late part of the day and during the night. Per2 rhythms
peaked in expression at ZT21 in migrating birds, but at ZT0 in non-migrating counterparts. Per3
expression was significantly higher in migrating birds during the night and at the time of lights on
(ZT0). Cry1 expression in migrating birds was also higher at ZT0 and ZT`15. BMAL1 expression
did not change in expression. Interestingly, the peak to trough ratio in expression was
significantly higher for CLOCK, Per2, Per3, and Cry1, but not in BMAL1, suggesting that the
overall amplitude of the circadian clock in the liver is higher at those times of the year when birds
exhibit migratory behavior.

Expression of Clock Controlled Genes Regulating Metabolism are Upregulated in
Migrating Birds
The basic regulatory scheme of the canonical circadian clock can be expanded to include
other gene products, such as Rev-erbα, RORα, GSK, and the PPAR’s, which are all involved in
metabolism and metabolic signaling (Charoensuksai and Xu, 2010; Livak and Schmittgen, 2001;
Okano et. al, 2001). GSK3β also feeds into the CCO by phosphorylating BMAL and
downregulating the protein by inducing ubiquitylation (Ko and Takahashi, 2006). PPARγ and
PPARα function as regulatory components of the core clock genes by activating transcription of
BMAL1 (Charoensuksai and Xu, 2010). PPAR’s are rhythmic in expression in the liver and in
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adipose tissue of mice (Sahar et. al, 2010), but little is known about their expression profiles in
birds. Consequently the circadian clock has been shown to directly control metabolic outputs, in
addition to sensing metabolic state. We hypothesized that the changes we observed in clock gene
expression in the liver would therefore be associated with changes in the expression of a select
number of genes involved in metabolic processes in the liver. We chose to examine two genes
involved in lipid mobilization and fatty acid oxidation, PPARγ and PPARα. In order to examine
whether carbohydrate metabolism is involved, we chose to analyze the liver for changes in
GSK3β expression. There was significant increase in PPARγ expression in the liver during the
day (Figure 4).

Figure 4. Expression levels of PPARγ and PPARα across the day in liver of birds
exhibiting nocturnal migratory restlessness (black bars) and non-migrating (grey bars).
PPARγ was rhythmic in migrating birds, but not in non-migrating birds (cosinor analysis;
p<0.05). Expression of PPARγ was higher in migrating birds at ZT3 and ZT6 (one-way
ANOVA, p<0.05). Asterisks denote those times of day with higher expression. PPARα
was rhythmic in both migrating and non-migrating birds, but expression was higher at
night in migrating birds (two-way ANOVA; p<0.05).
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Because PPARγ influences lipid storage, this finding indicated that the liver was likely
using a clock controlled mechanism to increase its accumulation of lipid during the day in order
to be used for fuel at night during nocturnal migration. This was confirmed by the finding of a
nocturnal increase in PPARα expression (Figure 4), which promotes fatty acid oxidation. We
found that the expression levels of GSK3β were significantly higher during the nocturnal phase in
migrating birds (Figure 5), which indicated that carbohydrate metabolism was also increasing
during this time. This finding suggested that birds are using carbohydrate metabolism in addition
to fatty acid oxidation to promote nocturnal migratory behavior.

Figure 5. Expression levels GSK3β across the day in liver of birds exhibiting nocturnal
migratory restlessness (black bars), and non-migrating birds (grey bars). GSK3β was
rhythmic in migrating birds but not in non-migrating birds (cosinor analysis; p<0.05).
GSK3β was higher in migrating birds at ZT12 and ZT21 (one-way ANOVA; p<0.05).

Adiponectin Receptor Levels Are Upregulated During Migration
Adiponectin functions through two membrane bound receptors AdipoR1 and AdipoR2
that modulate the sensitivity of the target tissues to the hormone. AdipoR1 is more highly
expressed in skeletal muscle, but is also expressed in liver. Increased adiponectin levels are
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associated with increased fatty acid oxidation and increased insulin sensitivity. In mammals,
adiponectin levels decrease with increased adipose accumulation. Previously, the Bartell lab had
shown that the circadian rhythmicity of adiponectin is attenuated and the amount of adiponectin
in blood plasma lowered during migration (Stuber et. al, In Press). We hypothesized that the
levels of AdipoR1 and AdipoR2 in the liver might be increased in response to the lower levels of
circulating adiponectin as a compensatory mechanism. We found that AdipoR1 expression was
rhythmic in both migrating and non-migrating birds (Figure 6), however, levels of expression
were higher at night in migrating birds. Interestingly, we did not find AdipoR2 expression to be
rhythmic in the liver of non-migrating birds, but it was so in migrating birds (Figure 6). AdipoR2
expression peaked during the night in migrating birds, and its levels of expression were
significantly higher than in non-migrating birds.

Figure 6. Expression levels of Adiponectin Receptor 1 (A) and Adiponectin Receptor 2
(B) across the day in liver of birds exhibiting nocturnal migratory restlessness (black
bars) and non-migrating (grey bars). AdipoR1 was rhythmic in both migrating and nonmigrating birds, but migrating birds exhibited higher expression levels during the night
(two-way ANOVA p<0.05). AdipoR2 levels were rhythmic in migrating birds, but not in
non-migrating birds (cosinor analysis), and migrating birds expressed higher levels of
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AdipoR2 during the night (one-way ANOVA, p<0.05). Asterisks denote those times of
day with higher expression.

Discussion:
This study is the first to provide a detailed characterization of seasonal changes in a
circadian clock that is directly connected to the endogenous expression of a circannual behavior,
nocturnal migratory restlessness. Birds were kept under constant photoperiod (12.5L: 11.5D),
conditions in which endogenous circannual rhythms of migratory behavior are clearly expressed
in warblers (Gwinner, 1996). Furthermore, the diet of the birds was the same throughout the
experiment, suggesting that seasonal changes in dietary composition, as occurs naturally in wild
birds, was not the origin of the changes in the clock we observed. Therefore the findings we
present here are the direct result of the endogenous circannual control of an observable behavior.
Previous work has suggested that daily timing of nutrient availability drives the phasing of clocks
in the liver (Yang et. al, 2006; Stokkan et al, 2001). The data presented here suggest that this is
not always true, because birds expressing nocturnal migratory restlessness do not eat at night
even though they are nocturnally active (Bartell and Gwinner, 2005). It is understood that
associated changes in the expression of the genes involved in metabolism to be driven by the
clock, as they are in the livers of other organisms (Hara et. al 2001; Miller et. al, 2007). We found
that the expression patterns of some clock genes, but not all, were altered in their phase and
amplitude between migrating and non-migrating birds. The variable phasing and amplitude of
clock gene expression under these tightly controlled conditions is unusual and suggests greater
plasticity in the molecular clock of the liver than previously thought. Indeed, birds expressing
nocturnal migratory restlessness also exhibit lengthening of their endogenous free running
periods of locomotor activity (Bartell and Gwinner, 2005; Eckel-Mahan et. al, 2012). Variations
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in the phasing of molecular components of the circadian clock of the liver could reflect theses
observed changes in period length of migrating birds.
These data suggest that an interface of the endogenous circannual clock and metabolism
exists which allows migrating birds to modulate energy storage and mobilization efficiently. In
migrating birds, relative expression of PPARγ rises during the day, a process that has been shown
to promote lipogenesis in the liver (Evans, Barish and Wang, 2004). This finding suggests that the
circadian clock may help mobilize lipid stores in the liver during the day so that they can be
utilized as fuel at night when birds migrate. Our finding of increased PPARα expression, which
promotes fatty acid oxidation, lends support to the hypothesis that the liver is promoting fatty acid
metabolism at night in migrating birds. Prior studies have shown PPARα to play a role in glucose
metabolism as well (Charoensuksai and Xu, 2010) and although we cannot definitively determine
the role of PPARα in our system, our findings still support the hypothesis that circadian and
circannual clocks are influencing metabolic processes in migrating birds. Although skeletal
muscle plays an important role in metabolism too, in the bird the liver is primarily responsible for
regulating fatty acid metabolism and to some extent carbohydrate metabolism too. In studies with
knockout mice, removal of CLOCK lowers expression of PPARα (Oishi et. al, 2005). Our
finding of increased CLOCK and PPARα at night suggests CLOCK may play a similar activating
role in migrating birds.
GSK3β expression also increases at night during nocturnal migration in the liver. This
finding was somewhat unexpected, as it has been proposed that birds use lipid reserves
exclusively for fueling nocturnal migration, although it has been suggested by some that
carbohydrate metabolism may be particularly useful at the onset of nocturnal flight before fatty
acid utilization can be fully upregulated. Our finding of increased GSK3β specifically during the
beginning of night supports this “ramping-up” hypothesis. During low intensity flight, fatty acid
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oxidation can provide enough energy to maintain activity, however metabolic studies on
exercising birds suggest that high levels of activity cannot be maintained by fatty acid oxidation
alone (Pohl, 1974; Roberts et. al, 1996). Our study finding higher GSK3β at multiple points
during the night suggests that carbohydrate metabolism is also used to augment the energy
derived from fatty acid metabolism in order to meet the demands of sustained flight.
The relative expression of both adiponectin receptors, AdipoR1 and AdipoR2, were
rhythmic and upregulated in birds exhibiting migratory behavior. Previously, the Bartell lab
profiled the abundance of adiponectin in the blood of migrating songbirds and found that the
levels of plasma adiponectin in migrating birds is lower, and the circadian rhythm attenuated
during migration (Stuber et. al, In Press). The upregulation of AdipoR1 and AdipoR2 may
provide a compensatory response of the liver in migrating birds in order to maintain an allostatic
effect within the liver. Increase lipid uptake in the liver of mammals is associated with decreased
insulin and adiponectin sensitivity, symptoms of non-alcoholic stenosis. Increased adiponectin
receptors may help maintain adiponectin sensitivity in the liver even though levels of circulating
adiponectin are lower. It has been proposed that birds do not produce leptin, a major control of
feeding behaviors and lipid reserves in mammals (Weber, 2009), and it is proposed that
adiponectin might serve an analogous purpose in birds (Stuber et. al, In Press), however some
studies show that exogenous leptin can have effects on fat deposition in migrating birds (Ohkubo
and Adachi, 2008; Cerasale et. al, 2011).
Because the core canonical clock gene products are transcription factors, the differences
in phasing and amplitude of some clock genes likely reflect the selective downstream
transcriptional activity needed to enable birds to undertake migration. The interplay between
altered circadian clocks and metabolic processes in the liver on a circannual basis suggests that
the clock can be considered and integral component of the so-called “migratory syndrome”
necessary for preparing birds for long-distance flight (Cerasale et. al, 2011).

26

Chapter 4
Retina
Results:
Changes in the Circadian Clock in the Retina During Migration
The core circadian oscillator in birds, as in mammals, is a set of autoregulatory
transcription factors, which have been described previously (Figure 1). To test whether an
endogenous circannual oscillator modifies the core molecular clock in the retina during
migration, birds were held in a 12.5L: 11.5D photocycle, a photoperiod proven by Gwinner in
1986, to allow Sylvid warblers, like the Blackcap, to express endogenous circannual rhythms of
nocturnal migratory restlessness, or Zugunruhe. Retinas were harvested across the day from the
birds following two weeks of continuous Zugunruhe expression and were identified as
“migrating”, or after two continuous weeks without Zugunruhe, and identified as “non-migrating”
and then examined for expression levels of clock and clock-related metabolic genes using qt-PCR
(Livek and Schmittgen, 2001). The expression profiles for CLOCK, Per2, Per2, Cry1 and
BMAL1 were rhythmic in liver of birds that were exhibiting Zugunrhe as well as those which
were not, except for Cry1 which was only rhythmic in migrating birds (Figure 7). This suggests
that the circadian clock in the retina continues to function during migration, without many
significant alterations to amplitude or phase.
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Figure 7. Expression levels of Cry1 (A), CLOCK (B), Per2 (C) and BMAL1(D) across
the day in liver of birds exhibiting nocturnal restlessness (black bars), and non-migrating
birds (grey bars). All clock genes exhibited rhymicity in retina of both migrating and
non-migrating birds, except Cry1 in non-migrating birds. Cry1 expression was higher in
liver of migrating birds at ZT0 and ZT15; CLOCK expression was higher in retina of
migrating birds at ZT15; and Per3 expression was higher in retina of migrating birds at
ZT21 (one-way ANOVA, p<0.05). No difference in BMAL1 or Per2 expression was
observed between migrating and non-migrating birds. Asterisks denote those times of day
with higher expression.
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Evidence of Changes in Expression of GSK3β is Inconclusive
The expansion of the core circadian molecular clock to include the metabolic gene
GSK3β for its role in regulating the mobilization of glucose, have been described previously on
pages ten and eleven. Photoreceptor structure and electrical response are dependent on free
circulating glucose (Cohen and Noel, 1965; Graymore, 1970; Winkler, 1981). Therefore we
hypothesized that GSK3β would be upregulated in the migrating bird at night to allow the
increase in retinal activity for visual acuity during nocturnal flight. While there appears to be a
significant difference in relative expression in the retina of migrating and non-migrating birds at
ZT15 (Figure 8), the magnitude and isolated nature of this change is troublesome. There are no
other significant differences at any other time point. However, at three hours after lights-off
(ZT15) there appears to be a nearly 8-fold increase in expression in the migrating bird compared
to the non-migrating bird, potentially indicating that the response is triggered by lights off in only
migrating birds. Throughout the rest of the night, there is no difference in gene expression,
leading us to caution that the difference may be the result the small sample size (n=3) for each
treatment group. More investigation is necessary to make any strong conclusions about the
relative expression of GSK3β in the retinas of migrating and non-migrating Blackcaps.
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Figure 8. Expression levels GSK3β across the day in retina of birds exhibiting nocturnal
migratory restlessness (black bars), and non-migrating birds (grey bars). GSK3β was not
rhythmic in migrating birds, nor in non-migrating birds (cosinor analysis; p<0.05).
GSK3β was higher in migrating birds at ZT15 (one-way ANOVA; p<0.05).

Discussion:
We found relatively few changes in the molecular clock between migrating and nonmigrating birds, although those changes which were found proved interesting. In particular, Cry1
showed differences in that its expression was rhythmic in migrating birds, but not in those that
were not migrating. In general, there seems to be an overall lack of plasticity of the clock in the
eye, as opposed to that which was found in the liver. The changes observed in Cry1 however are
particularly interesting when considered in light of the fact that cryptochromes make up the
sensor in the light-dependent magnetic compass system proposed to exist in the eyes of birds
(Wiltschko, 1972; Wiltschko, 1995; Cochran et al., 2004; Liedvogel et. al, 2007). Cryptochromes
are a class of proteins which exhibit homology to photolyases (Ritz et al, 2000), and although the
role of Cry1 as an avian magnetic sensor is still unconfirmed, there is significant evidence
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supporting this hypothesis. The presence of Cry1 in the retina of warblers has been proven, and
levels of the protein have been shown to differ at night in migratory and non-migratory birds.
Cry1 has also been identified in ganglion cells which have increased neuronal activity at night
while birds are performing magnetoreception-guided navigation (Mouritsen et al. 2004).
Crytochrome must be in the nucleus in order to function as a component of the molecular clock.
Cry in the nucleus and Cry in the cytosol of retinal cells therefore could lead to a separation of
function; one regulating the output of the clock in the retina (nuclear), and one in aiding
magnetoreception for navigation during migration (cytosolic). It is possible that the upregulation
of Cry we observed is set to be sequestered in the cytosol and that is why other components of the
clock are unaffected. Due to the possibility of a dual role in the core molecular clock and in
magnetoreceptor-guided navigation, Cry could therefore be a target for circannual modulation of
navigation during nocturnal migration. These data show that only migrating birds are rhythmic
with respect to Cry1, with levels peaking at ZT9, right before night considering the lag in time
necessary for translating protein from RNA transcripts. However, future studies would be helpful
to link the location of the Cry protein to its level of transcription during migration further
elucidating the role of Cry in the migrating bird and magnetic orientation systems.
The inconclusive results with respect to the relative gene expression changes in GSK3β
in the migrating and non-migrating birds were somewhat surprising. GSK3β appears to be
upregulated at ZT15 in the migrating bird however the magnitude and isolated nature of the
increase, leading us to suspect that this data may be due to small sample size. The data are not
significant enough to conclude that there is increased expression of GSK3β in the nighttime in
migrating birds, as we hypothesized. The circadian clock modulates visual acuity, which is
dependent, in part, on glucose supply, and therefore we expected to see a significant modification
of glucose metabolism through a change in GSK3β in the migrating bird at night (Bassi, 1987; Li,
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2012; Brown, 2004; Rastogi 2011). Further investigation into this topic is necessary to determine
whether there is a change in glucose metabolism in the eye in the migrating bird, and if so, which
genes are controlling this change. Since the clock in the retina of Blackcaps was not significantly
modified during migration, it appears that an alteration in the clock is not necessary for the
changes that are occurring in the eye during this time. Visual sensitivity is dependent upon the
circadian clock via its rhythmic regulation of dopamine and melatonin, two important
neuromodulators which regulate sensitivity to light. In typically diurnal animals, dopamine levels
peak in the day, coinciding with peak visual sensitivity; melatonin peaks at night when visual
sensitivity is at its lowest. Dopamine rhythmicity in the retina is dependent upon a circadian
rhythm of melatonin from photoreceptor cells, as well as some contribution from pineal
melatonin (Bartell et. al, 2007) Dopamine appears to be required for rod signal transmission at
least within the inner retinal layer (Li and Dowling, 2000). However the data presented do not
reflect a significant difference in the clock in the migrating and non-migrating bird, suggesting
the dopamine levels in the retina of the two groups would not be altered by the circadian clock.
The findings that dopamine have different effects on the inner and outer retinal layers may lead to
this discrepancy; e.g. the same amount of dopamine can yield different effects depending upon its
location (Li and Dowling, 2000). Further investigation into the interactions between dopamine
and melatonin in the retina, and the clock in the retina of migrating birds are necessary to
distinguish the role of the clock in modulating visual sensitivity during migration.
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