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Abstract

Circadian clocks are biological timepieces that govern the daily timing of most processes
within an organism, thereby providing internal temporal coordination as well as appropriate
synchronisation with the external world. Disturbance of this time structure has detrimental
effects on well-being, performance and health, undermining immune responses and promoting
disease progression. Whereas such disturbance is commonly associated with rapid travel across
time zones, resulting in the syndrome of “jet lag”, clinical studies indicate that, after surgery,
patients may experience similar circadian disruption.

Whether general anaesthesia can affect the circadian clock and may thus underlie postoperative
circadian disruption was investigated in this study. The honey bee (Apis mellifera) served
as a model system that is not only of great chronobiological interest but also of high clinical
relevance owing to the similarity of its molecular circadian clock to that of mammals. In addition,
honey bees exhibit a range of circadian clock-based behaviours that are highly amenable to
experimentation and provide multiple avenues for investigation.

The effect of general anaesthesia on the circadian clock was assessed by analysing a colony
activity rhythm as a behavioural output of the clock and by examining the expression of key
circadian clock genes as a measure of the circadian clockwork itself. To this end, the circadian
rhythm of hive entrance activity was characterised under both natural conditions outdoors and
constant conditions in the laboratory using infra-red population recording as well as radio-
frequency identification of individual bees. The temporal expression patterns of five putative
clock genes in honey bee brains was also verified using an existing RT-qPCR assay. This assay
was subsequently expanded and optimised to conform with current guidelines and ensure
optimal assay performance for the detection of subtle expression changes after anaesthesia.

Using the above assays, it was demonstrated that the common general anaesthetic isoflurane
can significantly impact on circadian timing at clinical concentrations (2 %). Six hours of inhaled
isoflurane anaesthesia during the subjective day phase delayed free-running rhythms of hive
entrance activity by a mean of 4–6 hours. Likewise, the mRNA rhythms of the clock genes
Period and Cryptochrome were delayed by 4–5 hours. These results show that anaesthesia not
only affects circadian output but also phase shifts the underlying circadian feedback loop.
The specificity of this effect was highlighted by its phase-dependency as the same anaesthetic
treatment during the subjective night did not markedly alter phase of the activity and clock
gene expression rhythms.

The finding that the honey bee circadian system is markedly affected by isoflurane anaesthesia
suggests that general anaesthesia may be an important contributor or even determinant of
postoperative circadian disruption in patients. Therefore, addressing these chronobiotic effects
of anaesthesia is likely to improve postoperative recovery.
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Chapter 1

General Introduction

The overall aim of the work described in this thesis was to examine the effect of general
anaesthesia on the circadian clock using the honey bee as a model system. This chapter
provides a literature review of the topics relevant to the general research question, while the
circadian biology of the honey bee is introduced in the following two chapters.

1.1 General anaesthesia

General anaesthesia is widely used in medical practice because it allows surgical interventions
without awareness, pain and distress to the patient. In the USA alone, an estimated 40 million
anaesthetics are currently administered per year (American Society of Anesthesiologists, 2012)
and worldwide, the annual volume of major surgeries requiring a form of anaesthesia was
estimated at 234 million (Weiser et al., 2008). Not surprisingly, several anaesthetic drugs are
considered essential medicines by the World Health Organisation (2011).

1.1.1 Definition of general anaesthesia

The term “anaesthesia”1 is derived from the Greek words an for without and aisthesis meaning
sensation. Accordingly, it signifies a state of insensibility. This term was suggested by Oliver
Wendell Holmes a month after the first public demonstration of ether anaesthesia in 1846, when
a tumour was excised without considerable pain to the patient (Bigelow, 1846; Larson, 2010).

General anaesthesia, as opposed to local and regional anaesthesia, refers to anaesthesia of the en-
tire patient (Urban and Bleckwenn, 2002). It is generally regarded as a reversible, drug-induced
state of high complexity that encompasses multiple separable components or behavioural end-
points, such as sedation, hypnosis (loss of consciousness), analgesia, amnesia and immobility.
However, there is no consensus in the field regarding which of these components are essential
to general anaesthesia and consequently, no generally accepted, comprehensive definition of

1 Greek αν, without; αισθησις, sensation; αναισθησια, lack of sensation

1
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general anaesthesia exists (Urban and Bleckwenn, 2002; Campagna et al., 2003; Rudolph and
Antkowiak, 2004; Eger II and Sonner, 2006).

The difficulty in defining general anaesthesia may be found in the abstract nature of most of
its individual components, which are in themselves difficult to define and especially measure.
Furthermore, different anaesthetic drugs display different potencies in eliciting these different
endpoints (Rudolph and Antkowiak, 2004; Grasshoff et al., 2006; Franks, 2008). For inhaled
anaesthetics, for example, amnesia usually ensues at low concentrations of drug, while hypnosis
requires higher and immobility still higher concentrations (De Jong and Eger II, 1975; Dwyer
et al., 1992; Perouansky et al., 2010).

Consequently, the delineation of the potency of an anaesthetic drug or a useful anaesthetic
concentration requires specification of the behavioural or physiological endpoint assessed. The
standard measure of inhaled anaesthetic potency, MAC (minimum alveolar concentration), for
example, is defined against the endpoint of immobility: MAC is the effective concentration that
prevents 50 % of subjects (EC50) from moving in response to a strong noxious stimulus — in
humans, this is the incision of the skin (Eger II et al., 1965; Saidman and Eger II, 1964; Eger II,
2002). Likewise, the MAC-awake is defined against appropriate responses to verbal commands
and the MAC-BAR (MAC for blunting autonomic responses) against changes in blood pressure
and heart rate upon skin incision (Campagna et al., 2003).

1.1.2 General anaesthesia in the clinic

Although general anaesthetic drugs are sometimes still strictly defined as agents that can be
used for general anaesthesia in the absence of other drugs (Urban and Bleckwenn, 2002), in
the clinic, most modern general anaesthetic procedures involve the combination of different
drugs to achieve the desired anaesthetic state. This so-called “balanced anaesthesia” allows
greater flexibility and significantly lowers the drug concentrations required to achieve specific
anaesthetic endpoints (Ghouri and White, 1991; Katoh and Ikeda, 1998; Katoh et al., 1999; Urban
and Bleckwenn, 2002).

Typically, balanced anaesthesia involves the co-administration of the following classes of drugs
(Urban and Bleckwenn, 2002; Brown et al., 2010):

• Hypnotics
These include inhalational anaesthetic agents, e.g. halogenated ether compounds such
as isoflurane, sevoflurane and desflurane, as well as intravenous anaesthetic agents, e.g.
propofol, etomidate, benzodiazepines, barbiturates and ketamine (Figure 1.1).

• Analgesics
These involve mainly nitrous oxide (laughing gas) and opioids for pain relief.

• Muscle relaxants
These paralysing agents include both the depolarising and non-depolarising neuromuscu-
lar blockers such as succhinylcholin and curare compounds.
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The combination of these drugs is not only flexibly adapted to the specific needs of each patient
and the type of surgery, but also changes with the three phases of the general anaesthetic
procedure, namely induction, maintenance and emergence. For major surgery, for example,
intravenous anaesthetic agents are often the hypnotic of choice for anaesthesia induction, while
inhalational anaesthetics are preferred for maintenance of anaesthesia during the surgical
procedure (Brown et al., 2010).

1.1.3 Anatomical and molecular targets of anaesthetic drugs

Despite its widespread use in Western medicine for over 150 years (Larson, 2010), general
anaesthesia has intractably eluded mechanistic clarification. “How do general anaesthetics
work?” was thus identified by a survey in Science magazine as one of the 125 major knowledge
gaps in current science (Kennedy and Norman, 2005). Nonetheless, in recent years, much
progress has been made in identifying both neuroanatomical sites of action as well as several
molecular targets.

In terms of neuroanatomy, it is now generally accepted that different endpoints of anaesthesia
are elicited at different sites in the central nervous system (Eger II et al., 1997; Veselis et al.,
2001; Hemmings Jr et al., 2005; Perouansky et al., 2010). For instance, immobility to noxious
stimulation under inhaled anaesthesia seems to be controlled mainly at the level of the spinal
cord (Antognini and Schwartz, 1993; Rampil et al., 1993; Sonner et al., 2003). In contrast,
hypnosis appears to be produced, at least in part, through sleep pathways across several
different brain regions (Nelson et al., 2002; Franks, 2008; Brown et al., 2010; Franks and Zecharia,
2011).

At the molecular level, the main puzzle has been how compounds as structurally diverse
as anaesthetic drugs (Figure 1.1) can cause such similar clinical effects. A possible unifying
theory was postulated independently by both Meyer and Overton at the beginning of the
20th century, when they discovered a striking correlation between the anaesthetic potency of
tested compounds and their lipid solubility (Meyer, 1899; Baum, 1899; Meyer, 1901; Overton,
1901; Hintzenstern et al., 2002), today known as the Meyer-Overton rule. The resulting “lipid
theory” of unspecific anaesthetic action on cellular membranes, prevalent for several decades
thereafter, has more recently given way to a focus on protein targets. This shift in thinking
was initiated by the seminal finding that anaesthetics can inhibit the activity of the protein
luciferase, and that this inhibition shows an equally good correlation to the anaesthetic potency
of a compound as does its lipid solubility (Ueda and Kamaya, 1973; Franks and Lieb, 1984,
2004).

In accordance with anaesthetic action at several neuroanatomical sites, evidence is now accu-
mulating that there also is no single universal molecular target responsible for the actions of
all anaesthetic drugs nor for all the endpoints elicited by the same drug. Several promising
targets have been identified, the majority of which are ligand-gated ion channels. These in-
clude both channels mediating inhibitory currents, such as intra- and extrasynaptic GABAA
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Figure 1.1: Chemical structures of anaesthetic drugs in previous and current clinical use. Shortly
after the introduction of diethyl ether into clinical practice in 1846, many other agents
quickly followed. The widespread use of chloroform diminished around the beginning of the
20th century owing to its high toxicity. Other early inhaled anaesthetics such as cyclopropane,
ethylene and diethyl ether were discontinued because they were highly explosive, and were
replaced by less flammable halogenated compounds such as halothane. The halogenated
ethers isoflurane and sevoflurane have been the prevalent inhaled anaesthetics since their
introduction in the 1970s/80s and are mainly administered during anaesthetic maintenance
following induction with intravenous agents such as propofol or etomidate (Larson, 2010).

(γ-aminobutyric acid) receptors and glycin receptors, as well as channels mediating excita-
tory currents, such as nicotinic acetylcholine receptors, two-pore-domain K+ channels and
NMDA (N-methyl-D-aspartate) receptors (reviewed in detail in Grasshoff et al., 2006; Bonin
and Orser, 2008; Franks, 2008; Perouansky et al., 2010). The recent publication of the first crystal
structure of two anaesthetic agents, propofol and desflurane, bound to such a ligand-gated ion
channel (Nury et al., 2011) illustrates the rapid advances currently characterising this field. The
fact that both anaesthetics occupy a cavity in the transmembrane domain of the receptor, and
that these cavities are only accessible through the lipid bilayer, reconciles the protein binding
capacity with the lipid solubility of anaesthetic drugs.
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1.2 The circadian clock

As a consequence of the rotation of the earth around its axis, all organisms on this planet
are invariably exposed to regular 24 hour cycles in their environment. Among the many
environmental parameters that change over the course of a day, daylight and temperature
are the most obvious, but other geophysical variables such as humidity, pressure, cosmic
radiation and air ionisation are also known to undergo daily cycles (Brown, 1960). In light of
this ever-present 24 hour periodicity, it is hardly surprising that most organisms show strong
24 hour rhythms in their behaviour, physiology and biochemistry. These range from obvious
rhythms such as daily opening and closing of blossoms and sleep-wake cycles to more subtle
rhythms such as daily changes in hormone production, blood cell counts or body temperature.
Whereas some of these daily rhythms may be direct responses to the temporal changes in the
environment (imposed on the organism by the environment), most are internal rhythms based
on an endogenous biological 24 hour timing mechanism, the circadian clock.

1.2.1 The question of endogeneity

The endogenous basis of these daily rhythms has been confirmed in many rigorous experiments,
all aimed at excluding geophysical time cues by placing the study organisms under so-called
“constant conditions”. The ultimate test was conducted in space using the fungus Neurospora
crassa. Even on 90 minute orbits around the Earth, Neurospora retained an almost 24 hour
rhythmicity in conidiation (spore formation) (Sulzman et al., 1984). Likewise, exclusion or
manipulation of daily time signals on Earth verified the internal nature of many daily rhythms.
Under constant conditions of light and temperature, bean plants, fungi, flies and hamsters
continued their daily rhythms even at the South Pole, despite being rotated counter to the
rotation of the Earth (Hamner et al., 1962), and honey bees maintained their original foraging
time despite being transported across time zones (Renner, 1955a) (Section 2.1.1).

However, less elaborate experiments also show that daily rhythms are based on an internal
timing mechanism. After exclusion of the most obvious external time signals, light and temper-
ature cycles, rhythms slowly drift out of phase with respect to the external cycle, meaning they
rely not on an external but on an internal timer whose period deviates slightly from 24 hours.
This so-called “free-running” of the rhythm under constant conditions is “today considered the
true proof of endogenous generation, a proof now experimentally available for hundreds of
species of plants as well as animals” (Daan, 2010, page 4).

It was this approximately 24-hour-period of the internal clock that led to its designation as
the “circadian” clock, from Latin for “about a day” (circa, about; dies, day) (Halberg, 1959;
Halberg et al., 1977 in Halberg et al., 2003). Rhythms that are based on this endogenous clock
are therefore called “circadian rhythms” (Figure 1.2).
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1.2.2 Fundamental properties of circadian systems

Circadian rhythms display many characteristic properties. However, among the unifying
features Pittendrigh collated and formulated (Pittendrigh, 1960), the following are generally
emphasized as the three to four defining, fundamental properties of circadian rhythms and thus
of the underlying circadian clock (e.g. Saunders, 1977; Johnson et al., 2003; Bell-Pedersen et al.,
2005; Roenneberg and Merrow, 2005; Hastings et al., 2008; Allada and Chung, 2010; Brody,
2011):

1. Rhythmicity is maintained autonomously even under constant conditions and free-runs
with a period close to, but not exactly, 24 hours. This free-running period is formally
designated as τ.

2. τ is temperature-compensated. This means that changes in both ambient and body
temperature within the physiological range do not result in a net increase or decrease
in the period of circadian rhythms (Pittendrigh, 1954; Sweeney, 1960; Reyes et al., 2008).
This property is an obvious prerequisite for any accurate clock, mechanical or biological.

3. The circadian clock can be synchronised with the environment by suitable environmental
stimuli that reflect local time, such as light and temperature. These stimuli are referred
to as “Zeitgeber”, German for “timegiver” (Zeit, time; Geber, giver). The process of
synchronisation, called “entrainment” (Figure 1.2), establishes a fixed phase relationship
between the clock and the Zeitgeber, thus adapting the clock period to match the Zeitgeber
period, usually exactly 24 hours (Aschoff, 1960, 1978; Johnson et al., 2003).

Importantly, also a one-off, non-periodic stimulus can set the phase of circadian rhythms by
delaying or advancing the rhythm. Both the magnitude as well as the direction of such a shift
depend not only on the type of stimulus, but also on the phase of the rhythm at the time of the
stimulus (e.g. Coursey, 1960; Pittendrigh, 1958; Pittendrigh and Minis, 1964). This means that
the same stimulus can cause opposite effects or none at all based on the application time; one
could also speak of a circadian rhythm of sensitivity to the stimulus (Aschoff, 1965). The most
prominent example can be found in the time-dependent clock effects of light seen in all animals
including humans. Whilst exposure to light during the day has no effect, light exposure during
the first half of the night phase advances and during the second half of the night phase delays
circadian rhythms, therefore meaningfully aligning them with the solar day (e.g. Pittendrigh
and Minis, 1964; Czeisler et al., 1989).

1.2.3 Molecular basis of the circadian system

In the 1950s, Pittendrigh introduced the concept that the circadian clock not only produces
rhythmic, oscillating outputs, but can itself be viewed as an oscillator or a system of oscillators
that is — in contrast to its outputs — self-sustaining (Pittendrigh, 1958; Daan, 2010). With the
advent of molecular biological techniques, it became clear that this concept was indeed true: at
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Figure 1.2: A conceptual model of the circadian system. The circadian system can be subdivided into
three essential elements: the circadian oscillator at the core that keeps time, input pathways
that relay information to the core oscillator to synchronise it with the environment and
output pathways that relay the temporal information from the core oscillator to produce
circadian rhythms in biochemistry, physiology and behaviour (Eskin, 1979). Importantly, this
model is not strictly linear and there is important feedback between the different elements,
turning outputs into inputs and the oscillator regulating its own input (Zeitnehmer, German
for “timetaker”) (Roenneberg and Merrow, 1998; Golombek and Rosenstein, 2010). The core
oscillation, the output circadian rhythms and also periodic input can be described analogous
to wave functions, including the parameters period, amplitude and phase. In the figure,
these parameters are illustrated for the output rhythm; phase is depicted in relation to an
arbitrarily chosen phase marker (black dot).
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the core of the circadian clock in all organisms are self-sustaining molecular oscillations that
generate a rhythm of about 24 hours (Bell-Pedersen et al., 2005).

The transcriptional/translational feedback loop

Although a self-sustaining circadian molecular oscillation has been recapitulated in vitro using
only three “clock” proteins from cyanobacteria and ATP (Nakajima et al., 2005), the circadian
molecular machinery in vivo is known to be a complex system comprising multiple interlocked
feedback loops (Hastings et al., 2008; Zhang and Kay, 2010). In eukaryotes, a central component
of this complex system is the transcriptional/translational feedback loop2,3 of canonical clock
genes and their proteins (Figure 1.3) (Hardin, 2011; Lakin-Thomas et al., 2011; Lowrey and
Takahashi, 2011; McClung, 2011). Here, as first proposed by Hardin et al. (1990), the protein
products of certain clock genes negatively feed back on their own expression, thereby creating
oscillations in their mRNA and protein levels. Numerous posttranslational modifications,
which are rhythmic in themselves, add the necessary delay to this feedback loop in order to
extend the completion of a full cycle to around 24 hours4 (Gallego and Virshup, 2007; Hardin,
2011; Lakin-Thomas et al., 2011; Lowrey and Takahashi, 2011; McClung, 2011).

In animals (Figure 1.3), the positive limb of the core loop is generally made up of two basic
helix-loop-helix transcription factors, called CLOCK5 and CYCLE (named BMAL16 in mam-
mals), which heterodimerise and induce the transcription of the negative elements of the loop
upon binding to E-box elements in their promoters. The two negative elements of the core
loop, PERIOD and TIMELESS or PERIOD and CRYPTOCHROME (depending on the organism
and tissue), associate and subsequently enter the nucleus, where they repress their own tran-
scription via direct interaction with CLOCK–CYCLE/BMAL1. This inhibition is released by
degradation of the negative elements through the proteasome, which initiates a new cycle of
their transcription (Hardin, 2011; Lowrey and Takahashi, 2011).

Differences in the transcriptional/translational feedback loop among animals

In animals, the core clock genes are generally highly conserved, indicating a common evolu-
tionary origin. Accordingly, many clock genes that were originally characterised in the fruit fly
Drosophila melanogaster subsequently could be identified in mammals based on their sequence
homology (Reppert and Weaver, 2001; Young and Kay, 2001), and the reverse has also proven
fruitful (e.g. identification of CLOCK: Vitaterna et al., 1994; Antoch et al., 1997; King et al.,

2 referred to as the “core loop” throughout this thesis
3 Despite the apparent centrality of the transcriptional/translational feedback loop, which is illustrated by the fact

that mutations or deletions of its components critically alter or abrogate circadian output rhythms such as activity,
there is evidence for circadian rhythm generation in the absence of transcription not only in bacteria (Nakajima
et al., 2005), but recently also in algae (O’Neill et al., 2011) and human erythrocytes (O’Neill and Reddy, 2011).

4 A mutation in casein kinase CK1ε, which is involved in this delay through phosphorylation of several key clock
proteins, was responsible, for example, for the short free-running period of the tau hamster (Lowrey et al., 2000;
Lowrey and Takahashi, 2011), the first mammalian clock mutant identified (Ralph and Menaker, 1988).

5 Circadian Locomotor Output Cycles Kaput (Vitaterna et al., 1994)
6 Brain and Muscle ARNT-like 1
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Figure 1.3: The core circadian feedback loop in insects and mammals. The basic elements of the core
transcriptional/translational feedback loops are depicted. The indicated mRNAs all cycle in
abundance with a circadian rhythm. Although core clock genes are highly conserved among
animals, some important differences in their roles have been identified leading to the concept
of the Drosophila, mammalian and ancestral clocks (see text for details). CLK, CLOCK; CRY,
CRYPTOCHROME; CYC, CYCLE; PER, PERIOD; TIM1, TIMELESS.

1997; Darlington et al., 1998). However, despite the close homology among animal clock genes,
the feedback loop in vertebrates shows higher complexity and redundancy owing to gene
duplication creating several clock gene paralogues (e.g. 3 mouse homologues of Drosophila
period, namely Per1, Per2, Per3) and to changes in the function of orthologues within the core
loop (Reppert and Weaver, 2001; Young and Kay, 2001; Bell-Pedersen et al., 2005).

The prime example for such a change in function is the clock protein CRYPTOCHROME (CRY)
(Figure 1.3, blue): In Drosophila clock neurons, CRY functions mainly as a photoreceptor (Emery
et al., 1998; Stanewsky et al., 1998; Emery et al., 2000), whose activation decreases transcriptional
inhibition in the core loop as it mediates degradation of TIMELESS (TIM1) (Ceriani et al., 1999;
Busza et al., 2004; Dissel et al., 2004). In mice, however, CRY proteins are light-independent
and act as transcriptional repressors within the core loop in place of Drosophila TIM1 (Kume
et al., 1999; Griffin Jr et al., 1999; Van Der Horst et al., 1999; Okamura et al., 1999; Vitaterna et al.,
1999).

This difference between the roles of CRY in Drosophila and mice was first attributed to the
evolutionary distance between insects and mammals (Sandrelli et al., 2008). However, studies
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Figure 1.4: The two types of cryptochromes found in insect genomes. The phylogenetic relationship
between several selected insect orders (after Ishiwata et al. (2011)) is shown on the left,
whereas the Cry genes found in representatives of each of these orders (after Zhan et al.
(2011)) are depicted on the right symbolized by the blue CRY protein symbols. The crustacean
Daphnia pulex was added as a representative of non-insect arthropods. CRY I, Drosophila-like
CRYPTOCHROME; CRY II, mammalian-like CRYPTOCHROME. ∗, own genome analysis.

in other, non-Drosophilid insects revealed that several insect species possess genes for both
types of CRY (Figure 1.4), namely 1) the light-sensitive Drosophila-like CRY (CRY-d), which
is also called type I CRY (CRY I), and 2) the transcriptionally repressive mammalian-like
CRY (CRY-m), which is also called type II CRY (CRY II) (Zhu et al., 2005, 2006; Yuan et al., 2007;
Zhan et al., 2011). This discovery has led to the new interpretation that the ancestral clock of
insects, or even all animal clocks at the base of metazoan radiation, originally contained both
Cry genes (Figure 1.3) and that loss of either has occurred independently several times during
evolution (Figure 1.4) (Rubin et al., 2006; Yuan et al., 2007; Sandrelli et al., 2008). Interestingly,
the nematode worm Caenorhabditis elegans has lost both Cry genes from its genome (Thompson
and Sancar, 2002).

Notably, the genomes of the honey bee Apis mellifera and the flour beetle Tribolium castaneum
only contain the mammalian-like CRY II (Figure 1.4). It has thus been hypothesized that their
core molecular clockwork has converged on the mammalian core loop (Rubin et al., 2006; Yuan
et al., 2007). Further details on the molecular circadian clockwork of the honey bee can be found
in Chapter 3.
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1.2.4 Organisation of the circadian system

Although it was long known from unicellular organisms that self-sustaining circadian oscilla-
tions can be the property of single cells (cell-autonomous oscillators) (Sweeney and Hastings,
1960; Mitsui et al., 1987; Lakin-Thomas and Brody, 2004), it was a surprising discovery that this
is also the case for most (if not all) cells in multicellular organisms (Tosini and Menaker, 1996;
Plautz et al., 1997; Balsalobre et al., 1998; Whitmore et al., 1998; Yamazaki et al., 2000; Yoo et al.,
2004). For many years, the anatomical location of the clock in animals had been painstakingly
linked to specialised neuronal cells and tissues, such as the suprachiasmatic nuclei (SCN) in
the hypothalamus in mammals (Stephan and Zucker, 1972; Ralph et al., 1990; Sollars et al.,
1995; Sujino et al., 2003) or specific clock neurons in insects (Helfrich-Förster, 2005; Saunders,
2002, pages 245–270), by assessing circadian rhythms in behaviour, mainly locomotor activity.
However, in light of recent data, these “central clocks” are no longer viewed as the sole driver or
pacemaker of circadian rhythmicity in an organism, but are seen rather as the “conductor of an
orchestra of clocks [, which] synchronizes all clocks [...] to generate coherent systemic rhythms
in the organism” (Dibner et al., 2010, page 520). Furthermore, whilst “peripheral clocks” in
semi-transparent organisms such as Drosophila or zebrafish can be directly entrained by light
(Plautz et al., 1997; Whitmore et al., 2000; Pando et al., 2001), the SCN in mammals also serves
to relay this important entrainment signal to the periphery (Dibner et al., 2010; Albrecht, 2012).

1.2.5 Circadian disruption

There are two evident and plausible advantages to a circadian time structure within an organism:
1) It allows for temporal coordination with the external world, i.e. anticipation of daily changes
such as light/dark, temperature and meal times. 2) It also enables temporal organisation within
the organism, for example, to ensure sequential production chains, avoid resource shortages for
essential processes at peak times or temporally separate otherwise incompatible biochemical
processes.

The omnipresence of circadian rhythms at all levels of biochemistry, physiology and behaviour
suggests that such internal and external temporal coordination is highly relevant. However, the
far-reaching consequences of disruptions to this temporal coordination reveal the full extent of
its significance.

Disruptions in the external temporal coordination, i.e. a misalignment between biological and
external time, occur for example after rapid travel across time zones until the circadian system
has reset to the new time zone. Since the central and peripheral clocks adjust at different speeds
to new Zeitgeber cycles (Yamazaki et al., 2000; Reddy et al., 2002; Davidson et al., 2009; Kiessling
et al., 2010) and so do different circadian output rhythms (Elliott et al., 1972; Satoh et al., 2006),
such resetting after external circadian disruption causes also internal circadian disruption. The
resulting syndrome is commonly known as “jet lag”. Jet lag involves a myriad of symptoms
ranging from daytime fatigue and nighttime sleep disturbances to gastrointestinal problems,
irritability and impaired cognitive as well as physical performance (Wright et al., 1983; Winget
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et al., 1984; Tapp and Natelson, 1989; Arendt et al., 2005; Sack, 2010).

These inconvenient and unpleasant consequences of acute circadian disruption are dwarfed,
however, by the apparent long-term consequences of repeated or chronic exposure, as experi-
enced by frequent travellers and shift workers. Shift work has been associated with increased
incidence or risk of cardiovascular disease including heart attack and stroke (Knutsson et al.,
1986; Karlsson et al., 2005; Tüchsen et al., 2006; Haupt et al., 2008), obesity, metabolic syndrome
and diabetes (Morikawa et al., 2005, 2007; Karlsson et al., 2001, 2005) as well as multiple types of
cancers (Megdal et al., 2005; Schernhammer et al., 2006; Conlon et al., 2007; Lahti et al., 2008). In
long-haul transmeridian flight crews, chronic circadian disruption was shown to be correlated
with temporal lobe atrophy and lasting impaired cognitive performance (Cho et al., 2000; Cho,
2001). Even “social jet lag” (Wittmann et al., 2006), as experienced by a large fraction of the
population owing to a misalignment between their biological time and their social schedules,
correlates with obesity (Roenneberg et al., 2012).

Evidence that these associated negative consequences are directly linked to circadian disruption
is currently accumulating through an increasing number of experimental studies using con-
trolled disruption or chronic jet lag protocols. Such studies demonstrated significant metabolic
disruption under these protocols, both in animal models (Barclay et al., 2012) as well as in
humans (Scheer et al., 2009; Buxton et al., 2012). In addition, studies in rodent models show that
repeated circadian disruption can significantly impair adult neurogenesis and cause persistent
cognitive deficits (Gibson et al., 2010; Kott et al., 2012), disrupt pregnancies (Summa et al., 2012)
and promote tumour growth (Filipski et al., 2004, 2009; Greene, 2012; Wu et al., 2012). Further-
more, after only four light cycle shifts, inflammatory responses were found to be compromised
to such an extent that death risk after bacterial challenge increased 6-fold (Castanon-Cervantes
et al., 2010). Even without additional challenges, mortality rates appear markedly increased
after chronic circadian disruption (Davidson et al., 2006; Kott et al., 2012).
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1.3 The effect of general anaesthesia on the circadian clock

Postoperatively, patients often suffer from disturbed nighttime sleep (Aurell and Elmqvist,
1985; Knill et al., 1990; Gögenur et al., 2001; Kärkela et al., 2002; Kain et al., 2002; Kain and
Caldwell-Andrews, 2003; Steinmetz et al., 2007), daytime fatigue and impaired cognitive as well
as physical performance (Edwards et al., 1981, 1982; Gögenur et al., 2007a, 2009; Krenk et al.,
2010). The similarity of these symptoms to those normally associated with jet lag is conspicuous,
suggesting that they may share a common origin and both result from external and/or internal
circadian disruption.

1.3.1 Postoperative circadian disruption in humans

There is ample evidence to suggest that patients may indeed experience circadian disruption
after surgery (Dispersyn et al., 2008; Gögenur, 2010). Several clinical studies detected post-
operative irregularities in the rhythm of body temperature and in the levels of the hormones
melatonin and cortisol, which normally display circadian rhythmicity (e.g. Reber et al., 1998;
Vician et al., 1999; Cronin et al., 2000; Gögenur et al., 2004; Olofsson et al., 2004; Azama et al.,
2007; Gögenur et al., 2007b,c). Furthermore, patients’ circadian activity profile has been found
to be fragmented for several days post surgery (Gögenur et al., 2009), and no circadian variation
in autonomous nervous system tone could be detected (Gögenur et al., 2002). Notably, these
postoperative alterations in circadian output rhythms may be paralleled by altered clock gene
expression, as was the case in peripheral blood mononuclear cells after two types of cancer
surgeries (Azama et al., 2007).

Although such clinical studies are essential in establishing the prevalence of circadian disruption
after surgery, they do not easily allow for a conclusive assessment of the underlying cause.
There are many peri- and postoperative factors that might directly or indirectly affect the
circadian system: the underlying disease or injury, the surgical procedure, the resulting tissue
damage, the anaesthetic procedure or anaesthesia per se, any other medication (pre-, peri- and
postoperative), any postoperative pain, a decrease in mobility, the hospital environment with
nighttime interventions, etc.

1.3.2 The role of anaesthesia in postoperative circadian disruption in humans

Whether general anaesthesia plays a role in postoperative circadian disruption is unclear from
the above data, especially as general anaesthesia was administered in conjunction with surgery.
Moreover, surgical protocols, medication and the underlying disease or injury differed between
patients.

However, a few patient studies have sought to eliminate many of these confounding elements
by focusing on standardised ambulatory, diagnostic, minimally invasive procedures that re-
quire anaesthesia. Dispersyn et al. (2009b) investigated activity rhythms of healthy volunteers
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before and after colonoscopy under light, short (20 min) general anaesthesia with the com-
mon intravenous anaesthetic propofol. This procedure resulted in increased diurnal rest and
fragmentation of the activity rhythm until the second day after the intervention. In contrast,
Fassoulaki et al. (2007), who compared healthy volunteers with women undergoing diagnostic
dilatation and curettage of the uterus under light, short (20 min) inhaled sevoflurane anaes-
thesia, did not find any alteration in blood melatonin levels or sleep quality over the 24 hours
after the intervention. Likewise, Sessler et al. (1991) did not detect any significant alterations
in core body temperature rhythms in the days following longer (3 hour) inhaled isoflurane
anaesthesia in non-surgical, healthy volunteers. However, despite careful maintenance of body
temperature during the anaesthetic course, the core body temperature rhythm on the day of
general anaesthesia was severely affected, with 2 of the 5 subjects displaying no significant
rhythms at all, and the phase of the remaining subjects delayed by 3 hours.

Other clinical studies aimed to elucidate the possible role of general anaesthesia in postoperative
circadian disruption by comparing different anaesthetic regimens. Arai et al. (2004) found
that melatonin levels at the end of surgery were clearly dependent on the inhaled anaesthetic
used; however, the consequences on the postoperative melatonin rhythm were not assessed.
Similarly, Reber et al. (1998) detected a small difference in melatonin decrease over the first
8 postoperative hours between propofol and isoflurane anaesthesia. In contrast, Kärkela et al.
(2002) demonstrated that the melatonin profile during the postoperative night did not vary
with the anaesthetic technique and drug used, but was equally blunted after knee surgery
using either spinal anaesthesia with the local anaesthetic buvicaine or general anaesthesia with
isoflurane. Therefore, the currently available clinical data are inconclusive regarding the role of
general anaesthesia in postoperative circadian disruption.

1.3.3 The effect of general anaesthesia on the circadian clock in animal studies

Anaesthesia effect on behavioural and physiological circadian rhythms

From animal studies using rodent models and constant conditions protocols, evidence is slowly
accumulating that general anaesthesia can indeed affect circadian rhythms. Several anaes-
thetic agents including barbiturates, benzodiazepines, inhaled ether compounds, propofol and
ketamine have been demonstrated in at least one study to phase shift circadian rhythms of loco-
motor activity and/or body temperature although the results of some studies are contradictory
(Table 1.1). The magnitude and direction of the phase shifts appear to depend on the time of
drug administration, as is common for clock effects (Section 1.2.2), and on the anaesthetic agent
used. Table 1.1 provides an overview of the main studies conducted to date.

Because studies have focused mainly on benzodiazepines (e.g. diazepam and midazolam) and
barbiturates (e.g. pentobarbital), data on the effects of the most common, modern general anaes-
thetics are especially scarce. Only in 2011, the first animal study was reported that investigated
the effect of a modern inhaled anaesthetic on circadian rhythms (Ohe et al., 2011). The authors
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found that a 4 hour anaesthetic course with sevoflurane in the “subjective” morning7 delayed
activity rhythms by approximately 1 hour. Similarly, a recent set of thorough studies in rats
established that the common intravenous agent propofol can induce phase advances in activity
and temperature rhythms of up to 1 hour after only 30 minutes of anaesthesia (Challet et al.,
2007; Dispersyn et al., 2009a), while also significantly dampening the amplitude of both rhythms
(Dispersyn et al., 2009a). The greatest effect was elicited in the subjective afternoon, i.e. the late
inactive period of the nocturnal rats studied. However, the same anaesthetic intervention at the
same time only modestly affected the rats’ melatonin rhythms (Dispersyn et al., 2010).

Anaesthesia effects on the molecular circadian clock

Discrepancies like these emphasize the fact that all the circadian rhythms studied constitute
outputs of the circadian clock, but are not a measure of the clock itself, and might thus be
influenced by other factors than the clock. Therefore, to gain an understanding of the true
effects of general anaesthesia on the clock, it is necessary to examine the effect of general
anaesthesia on the molecular circadian clockwork itself. Very few studies have so far attempted
this; their results are summarised in Table 1.2.

A study of sevoflurane anaesthesia in rats, which analysed tissue specific gene expression via
microarrays, provided the first indication that general anaesthesia might alter the expression of
one or more core clock genes in several organs (Sakamoto et al., 2005). However, the authors
did not use time-matched controls, but compared expression after 2 and 6 hours of anaesthesia
to expression in tissues harvested at the beginning of the anaesthetic course and to reported
expression levels in mice. Since the expression levels of many circadian genes change over
time (Section 1.2.3), it is difficult to draw any conclusions from this study. However, follow-up
studies in rat brains confirmed mildly altered mRNA levels of the core clock gene period 2 (Per2)
and the clock controlled gene (CCG) Dbp8 after sevoflurane (Kobayashi et al., 2007), propofol
and dexmedetomidine anaesthesia (Yoshida et al., 2009). These results, together with the data
from the few other studies addressing clock gene mRNA levels post anaesthesia (Table 1.2),
suggest that general anaesthesia can indeed affect the expression of specific clock genes and that
this effect may depend on the time of anaesthesia administration (Bellet et al., 2011). However,
since most studies only analysed one or very few time points, it is unclear if these acute changes
in expression have any bearing on the molecular circadian core loop and if so, what the nature
of this bearing may be.

It was only within the last year that two studies were published that performed time course
analyses to capture the effects of anaesthesia on the molecular oscillations of the clock core
loop. However, their results are contradictory. Ohe et al. (2011) did not find any effect on
Per2 rhythms over the 2 days post sevoflurane anaesthesia despite a phase delay in activity
and an acute decrease in Per2 mRNA in the SCN, the central clock in mammals. Likewise,

7 In circadian biology, subjective time is used to denote time under constant conditions. Subjective time therefore
refers not to local clock time, but to the time relative to the free-running circadian rhythm. Local and subjective
times can differ significantly owing to the shorter or longer than 24 hour period in free-running rhythms.

8 D-box binding protein
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Kubo et al. (2012) did not observe any phase changes in Per2 rhythms in mouse SCN after
2,2,2,-tribromoethanol anaesthesia, an injected anaesthetic common to veterinary surgery. In
contrast to the study by Ohe et al. (2011), the absence of a phase shift in clock gene expression
in the SCN was matched by the absence of an activity shift. Nonetheless, the same anaesthetic
regimen at the same time induced a marked phase delay in Per2 rhythms in the mouse liver.
Notably, neither isoflurane nor propofol could elicit this delay in the liver (Kubo et al., 2012).

Taken together, data on the effect of general anaesthesia on the circadian clock and its role in
postoperative circadian disruption are slowly accumulating. These data indicate that general
anaesthesia could potentially be a major contributor to postoperative jet lag-like symptoms, but
given the dearth of data and the often inconclusive results, it is still unclear whether and how it
affects the circadian system. Consequently, this question requires further examination.

1.4 Aims and structure of the thesis

This PhD study aimed to examine the hypothesis that clinically relevant general anaesthesia
affects the circadian clock. The honey bee Apis mellifera, a long-standing model in behavioural
chronobiology, was selected as a model system for this examination because it displays many
well-characterised circadian clock-based behaviours that are highly suited for experimental
exploitation. In addition, the honey bee molecular circadian clockwork has been shown to have
converged on the mammalian clockwork both in genetic structure and function, rendering it
highly relevant for clinical circadian research.

Using one of the most common clinical anaesthetic agents, isoflurane, the effect of long, 6 hour
general anaesthesia on the honey bee circadian clock was investigated at two levels:

1. at the behavioural level, assessing whole colony activity rhythms at the hive entrance;

2. at the molecular level, assessing expression patterns of core clock genes over several days.

To this end, existing assays were adapted and new protocols established. The results obtained
in this process are described in the following first three chapters (Chapters 2, 3 and 4), which
also provide background on the honey bee circadian clock and the gene expression analysis.
These chapters are followed by the two main results chapters, which directly address the impact
of isoflurane anaesthesia on honey bee circadian behaviour (Chapter 5) and the molecular
circadian clock (Chapter 6).

This PhD study was part of a larger research project investigating the effect of general anaes-
thesia on circadian time perception and the circadian clock. Hence, the work described in this
thesis ties in directly with, and provided the background for, field studies on the influence of
isoflurane on the time-compensation and time memory of the honey bee. The combined results
of this PhD project and the field studies are reported together in

General anesthesia alters time perception by phase shifting the circadian clock.
Cheeseman, Winnebeck et al., PNAS, 2012.



Chapter 2

Circadian Behaviours of the Honey Bee

2.1 Introduction

The European honey bee, Apis mellifera1 (Hymenoptera: Apidae), is a eusocial insect that
lives in colonies of several thousand individuals. Such colonies were domesticated for honey
production already in Ancient Egypt as early as 2600 B.C. (Ransome, 2004, page 26). In addition
to their honey, the eusocial colony structure and extraordinary behaviours of honey bees have
long aroused people’s interest (cf. Aristotle’s History of Animals).

Within their colonies, honey bees display a reproductive division of labour, with a single
female queen, thousands of infertile female workers and varying numbers of male drones. This
reproductive structure is complemented by a temporal division of labour: Honey bee workers
change their tasks with age (age polyethism) and spend on average the first 3 weeks after
emergence (eclosion) performing in-hive tasks before becoming foragers for the remainder of
their lives. During their in-hive period, bees progress through a set of tasks from nursing the
brood and tending to the queen via food storing and comb building to ventilating and guarding
the hive (e.g. Rösch, 1925, 1930; Lindauer, 1952; Seeley, 1982; Winston, 1987). Both the order as
well as the timing of these tasks appear highly flexible and adaptable to the state and needs of
the colony. At the extreme ends this means that, if required, young bees can begin to forage
precociously within days after eclosion and, analogously, forager bees can revert to in-hive
duties (e.g. Rösch, 1930; Huang and Robinson, 1996).

Since the beginning of the last century, honey bees have received attention as a result of their
astounding ability to tell and memorize time. This phenomenon has also been the object of
much research and, in now classic studies, it could be conclusively demonstrated that the ”time
sense” of honey bees is based on an endogenous circadian clock and is not merely a response
to regular daily changes in the environment. Honey bees have remained an attractive subject
for chronobiological research owing to the many complex and accurate clock behaviours they
exhibit as well as the intricate time structure of their colonies. Both shall be introduced on

1 Latin mel, honey; ferre, to bring or carry; mellifera, honey bringing
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the following pages. The recent insights into the molecular organisation of the bee circadian
clock, afforded by the sequencing of the honey bee genome (Weinstock et al., 2006), will be
summarised in the subsequent chapter (Chapter 3).

2.1.1 Time memory

The first documented observation of a time sense or time memory (Zeitsinn or Zeitgedächtnis)
in honey bees stems from the neurologist Forel, who noted that bees from a hive in his gar-
den visited his veranda table reliably during breakfast time irrespective of whether he had
food on the table or not (Forel, 1910, pages 323–331). These observations were subsequently
experimentally tested by Beling (1929) and Wahl (1932) confirming Forel’s suggestion that bees
might memorize times of previous feeding. In those experiments, bees were trained to forage
for sucrose solution at an artificial feeder during the same 1.5–2 hours for several days. On
following test days, when no food was offered, bees continued to visit the food source almost
exclusively at the trained time. This timed foraging — or timed searching at the previously
profitable food source — continued usually for about a week, sometimes as long as 13 days,
without any re-training (Wahl, 1932) and could even be elicited after a single day of training
(Beling, 1929; Wahl, 1932). Moreover, provided that the interval between feeding periods was at
least 2 hours, bees displayed the ability to memorize several feeding times per day and to learn
separate times for separate locations (Beling, 1929; Wahl, 1932).

More recently, it has been demonstrated that bees can not only associate the location of a food
source with time, but create a “time-stamped memory” also for colours, odours, patterns,
landing sites and directions (Koltermann, 1971; Gould, 1987; Pahl et al., 2007; Prabhu and
Cheng, 2008). In this respect, bees can distinguish up to 9 different training times per day
(45 min apart) and clearly resolve time at least down to intervals of 20 minutes (Koltermann,
1971). Such a time memory is thought to enable bees to learn times of maximum nectar and
pollen availability for different flowers and thus schedule foraging flights appropriately (Wahl,
1933; Kleber, 1935; Moore, 2001).

The nature of this astounding time sense of bees generated much speculation and interest. Since
time memory seemed intricately linked to the 24 hour interval, as bees could not be trained
to 19 or 48 hour periods and did not depend on hunger or appetite (Beling, 1929; Wahl, 1932),
the main question was whether bees responded to temporal changes in the environment or
used an internal 24 hour clock to tell time. Experiments in flight rooms under exclusion of the
most obvious environmental time signals, temperature and light cycles, and even in a salt mine
180 meters underground to eliminate daily changes in cosmic radiation, showed no impairment
of bees’ time memory (Beling, 1929; Wahl, 1932). However, the ultimate proof of the endogenous
nature of bees’ time memory was obtained by Renner (1955a, 1957). He time-trained bees under
constant light, temperature and humidity in a flight room in Paris, before testing them in an
identical flight room in New York and vice versa. Despite their transfer across 76 ◦ longitude
and a resulting time difference of 5.1 hours, Renner’s bees continued to forage 24 hours after
their last training independent of the local time, i.e. Paris-trained bees foraged at Paris time
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despite being in New York, and New York-trained bees at New York time despite being in Paris.
This seminal finding clearly indicated that, under constant light, temperature and humidity,
bees used an internal 24-hour clock — or circadian clock — to determine foraging times rather
than hitherto unknown exogenous time signals.

2.1.2 Time-compensated sun compass navigation and dance communication

Honey bees exhibit another prominent set of behaviours that involves a “time sense”. For the
elucidation of these behaviours, Karl von Frisch was even awarded the Nobel Prize (Karolinska
Institutet, 1973). Honey bees orientate and navigate using the sun as a compass (Wolf, 1927; von
Frisch, 1949, 1950; von Frisch and Lindauer, 1954; Renner, 1959). They also communicate the
position of a food source to others in the hive by indicating the angle between the food source,
the hive and the sun in a characteristic dance, called the “waggle dance” (von Frisch, 1967,
pages 57–235). For such sun compass navigation and dance communication to work reliably,
however, bees need to compensate for the constantly changing position of the sun throughout
the day2. Whereas initial experiments indicated that bees could not or did not perform such
time-compensation (Wolf, 1927), later experiments clearly demonstrated that bees not only
adjusted their flight and dance angles over time, but could do so without visual tracking of
the sun’s path by using a time sense instead (von Frisch, 1950; von Frisch and Lindauer, 1954;
Lindauer, 1954, 1957; Meder, 1958).

The first of these experiments were the displacement experiments by von Frisch (1950) and von
Frisch and Lindauer (1954). Here, bees were trained to forage from a feeder about 200 meters
in a specific compass direction from their hives. Overnight, the hives were then transferred to
unfamiliar sites and the resulting foraging directions were observed the following morning.
Despite the unfamiliar territory and the sun being in a different relative position to the feeding
station than during the last visits the night before, the great majority of trained bees flew to
a feeder in the correct compass direction. This was even the case when bees had only been
trained the afternoon before the transfer and had thus never observed the relative morning
position of the sun for this food source. These results indicated clearly that bees compensated
for the passage of time in their orientation even while remaining in the dark hive.

Similarly, when forager bees were caught at a distant food source, held captive in the dark
between 5 minutes and 3 hours without sight of the sun or the sky and were then released at
the same or different site, they flew off in the correct compass direction that led or would have
led them directly back to their hive (Meder, 1958). Since bees were shown to rely on the sun
compass for navigation in the landmark-poor area, they must have adjusted for the movement
of the sun over the time in captivity. Meder (1958) even demonstrated that bees performed
corrections of flight angle after as short as 7–11 minutes indicating a high accuracy in their
compensation and therefore the underlying time sense.

The fact that bees also adjust their waggle-dance angles over time while in their dark hive was

2 It is, of course, the daily rotation of the earth that causes the observed change in the relative position of the sun,
not a change in the actual position of the sun.
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demonstrated by Lindauer (1954, 1957), who observed so-called “marathon dancers”, bees
that do not only dance directly after their foraging flight, but continue or restart dancing long
after their last trip outdoors. These marathon dancers corrected their dance angles surprisingly
accurately. Lindauer (1954) noted only 1 ◦ deviation from the actual angle of the sun after
21 hours of confinement to the hive, and Haidl recorded dance angles that were within 5 minutes
accuracy (von Frisch, 1967, page 350). Notably, a few bees even danced during the night,
producing fictitious (but reasonable) sun angles they could have never experienced before
(Lindauer, 1954, 1957). These observations highlighted the great extend to which the dance
communication and sun compass of honey bees are time-compensated.

It became evident that this time-compensation is based on the same timing mechanism as
time memory — and thus on an endogenous circadian clock —, when both were tested in
combination after hives were either literally transported across time zones (Renner, 1959) or
virtually by shifting of artificial light/dark cycles (Beier and Lindauer, 1970). Especially in the
controlled conditions of the latter experiment, both the search time and the search direction
were systematically and synchronously altered as would be expected if both sun compass
navigation and time memory rely on the same internal time-keeping mechanism.

Both bee time-compensation and time memory are regarded as an exceptional case or use
of a circadian clock. Unlike circadian rhythms that are intimately linked to a specific phase
of the 24 hour cycle and therefore reoccur around the same time every day, it seems both
time-compensation and time memory can be flexibly exploited at any time of day (as shown
by Beling for timed feeding and by Lindauer on nocturnal marathon dancers (Beling, 1929;
Lindauer, 1957)). Consequently, these honey bee behaviours appear to make use of a circadian
clock as a true clock, “a full-fledged chronometer” that can indicate time at any time, giving
rise to Pittendrigh’s definition of “continuously consulted clocks” (Pittendrigh, 1958, page 240).

2.1.3 Circadian rhythms

Honey bees not only show behaviours based on continuously consulted circadian clocks, but
they also display a range of classic behavioural circadian rhythms. These encompass circadian
rhythms in activity, sleep, metabolism and temperature regulation.

Colony flight activity rhythm

The most obvious among these circadian rhythms is the strong flight activity rhythm of the
colony (e.g. Kenyon, 1898; Butler and Finney, 1942; Nunez, 1977): bees fly to and from the hive
in large numbers during the day, but not at all during the night. That this activity rhythm is
not merely governed by the presence and absence of daylight is evident from its expression
even under constant conditions of light and temperature, where it free-runs with a near 24 hour
period, indicating that it is driven by an endogenous circadian clock (Bennett and Renner, 1963;
Frisch and Aschoff, 1987; Frisch and Koeniger, 1994).
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Although this colony flight rhythm constitutes a population rhythm, it does not reflect the
activity of the entire population. Instead, it appears to mirrors the diurnal activity of the colony’s
forager bees3 (Nunez, 1977), which actively fly between the hive and food sources to collect
nectar and pollen during daytime, but rest and sleep at nighttime (Kaiser, 1988; Crailsheim
et al., 1996; Moore et al., 1998; Eban-Rothschild and Bloch, 2008; Klein et al., 2008).

Ontogeny of rhythms

The activity inside the hive, however, does not follow a circadian pattern. The (usually younger)
in-hive bees are active around the clock, performing the majority of their tasks in an arrhythmic
fashion, resting and sleeping in short irregular bouts throughout the day and night (Lindauer,
1952; Crailsheim et al., 1996; Moore et al., 1998; Eban-Rothschild and Bloch, 2008; Klein et al.,
2008). Only during their transition to foraging do the in-hive bees gradually develop circadian
rhythmicity in their activity/rest behaviour (Moore et al., 1998; Klein et al., 2008).

This means that the temporal division of labour of honey bees is paralleled by an ontogeny of
circadian rhythms. Accordingly, honey bees even show a similar plasticity in their rhythmicity
as in their division of labour. It was shown that the reversion to in-hive tasks by forager bees,
caused by a depletion of nurse bees (Rösch, 1930; Huang and Robinson, 1996), is accompanied
by a reversion to arrhythmicity in activity (Bloch and Robinson, 2001). Therefore, bees have the
ability to change between a rhythmic and arrhythmic “lifestyle”.

The mechanism behind this task-related ontogeny of rhythms is not clear. However, since
rhythmicity is quickly acquired by nurse bees after blocking brood access within the hive,
it appears that the interaction with brood is instrumental in suppressing overt rhythmicity
(Shemesh et al., 2010). A recent study implicated the antennae in mediating this suppression
(Nagari and Bloch, 2012). Nonetheless, newly eclosed bees that are individually encaged outside
the hive and have never engaged in brood care also do not display circadian locomotor activity
rhythms for the first week after eclosion (Spangler, 1972; Toma et al., 2000; Moore, 2001; Meshi
and Bloch, 2007).

Other behavioural circadian rhythms of forager bees

Once they become foragers, however, honey bees express robust circadian rhythms in many
behaviours. Inside the colony environment, they show circadian activity/rest cycles (Crailsheim
et al., 1996; Moore et al., 1998) as well as sleep/wake cycles (Kaiser, 1988; Klein et al., 2008)
that are likely to indirectly give rise to the colony rhythm of flight activity described above.
However, both these cycles can also be observed in foragers that are isolated from the colony
and maintained individually encaged or harnessed in constant conditions. In this setting,
foragers display clear circadian rhythms of locomotor activity with the main activity occurring
during the subjective day (Spangler, 1972; Kaiser and Steiner Kaiser, 1983; Moore and Rankin,

3 Therefore, the colony flight rhythm may also be termed “colony foraging rhythm”. This, however, should not
be confused with time memory, which has also been called “foraging rhythm” by some authors (e.g. Moore, 2001).
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Table 2.1: Free-running periods of honey bee behavioural circadian rhythms. Free-running periods (τ)
are listed for different clock-based behaviours and different experimental conditions. DD,
constant dark; LL, constant light; LLsd, constant light with self-selected darkness inside hive.

Circadian behaviour Light Mean τ Bees Reference
regime [h]

Timed feeding LLsd 23.4 colony/foragers Beier, 1968
Locomotor activity LL 24.6 isolated foragers Moore and Rankin, 1985

23.4 isolated bees Frisch and Koeniger, 1994
LLsd 25.0 isolated bees Frisch and Koeniger, 1994
DD 21.8 isolated foragers Spangler, 1972

23.0 isolated foragers Moore and Rankin, 1985
22.7 isolated bees Frisch and Koeniger, 1994

O2 consumption DD 24.1 groups of 100 bees Southwick and Moritz, 1987
Feeding activity LLsd 23.8 colony/foragers Bennett and Renner, 1963
Hive entrance activity LLsd 23.7 colony Frisch and Aschoff, 1987

23.4 colony Frisch and Koeniger, 1994
DD 23.7 colony Frisch and Koeniger, 1994

1985) and clear sleep/wake cycles with a period of consolidated sleep during the subjective
night (Kaiser, 1988) showing signs of three different sleep stages (Eban-Rothschild and Bloch,
2008).

Moreover, held in small groups outside the hive under constant conditions, bees display
circadian rhythms in O2 consumption (Southwick and Moritz, 1987) with peak levels during the
mid subjective day. Such groups also show circadian cycles of temperature regulation (Es’kov
and Toboev, 2009) with the highest temperatures again measured during the subjective day.
These temperature cycles may reflect the cyclic changes in activity levels (e.g. Kaiser, 1988), or
alternatively, they could also represent a distinct physiological rhythm since honey bees are
capable of temperature regulation without locomotion (Esch et al., 1991).

2.1.4 Properties of the honey bee circadian system

Free-running periods (τ) have been measured for almost all bee circadian behaviours that
are described above. Depending on the lighting conditions and behaviours observed, the
mean τ ranged between 22.7 and 25.0 hours (Table 2.1). Moore and Rankin (1985) discovered
that honey bees appear to contravene Aschoff’s circadian rule4, which states that, for diurnal
animals, τ shortens with an increase in continuous illumination or a transfer from DD to LL (i.e.
τDD > τLL) (Aschoff, 1960). However, several other insect species also do not follow Aschoff’s
rule (Saunders, 2002, Table 2.1). This notwithstanding, Moore and Rankin (1985) pointed out
that honey bee free-running periods are still in accord with the generalisation that τDD < τLL

for species with τDD < 24h (Daan and Pittendrigh, 1976).

The fact that the free-running period of the honey bee circadian system is temperature-compen-
sated was demonstrated using bees’ time memory. In these experiments, neither an increase

4 now commonly known as “Aschoff’s rule”, a name suggested by Pittendrigh (1960)
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nor decrease of around 10 ◦C advanced or delayed the visiting times of foragers at the food
source (Wahl, 1932; Kalmus, 1934).

Several exogenous entraining agents or Zeitgeber have been identified for the honey bee circadian
system: Light cycles entrain or phase shift locomotor activity in isolated bees (Spangler, 1973;
Moore and Rankin, 1985, 1993; Ludin et al., 2012), metabolic rhythms (Southwick and Moritz,
1987; Moritz and Sakofski, 1991; Moritz and Kryger, 1994) as well as timed feeding (Beier, 1968).
Timed feeding in itself has also been found to constitute a Zeitgeber for colony flight rhythms
(Frisch and Aschoff, 1987), while temperature cycles can entrain locomotor activity, provided
a minimum amplitude of 10 ◦C is applied (Moore and Rankin, 1993). However, as expected,
the range of such entrainment is limited and lies within 20–26 hours for light (Beier, 1968) and
approximately 22–25 hours for feeding cycles (Frisch and Aschoff, 1987).

Notably, honey bees also readily entrain to social cues, forming the likely basis of the high
degree of social synchronisation found within honey bee colonies. The first indication of a
social Zeitgeber in honey bees stems from work by Medugorac and Lindauer (1967), who found
that time-trained foragers that were transferred to a foster colony visited the feeding site at
both their original as well as the foster colony’s training time. Further evidence emerged when
groups of worker bees from different artificial time zones were found to quickly synchronise
their rhythms in O2 consumption after they were combined in DD (Southwick and Moritz, 1987;
Moritz and Kryger, 1994). Interestingly, the assumed phase angle after mixing corresponded
directly to the relative group composition, indicating a quantitative effect that is the same for
each individual bee (Moritz and Kryger, 1994). Phase shifted queens, however, had a greater
effect on the phase of worker groups than single workers and contributed about 25 % to the
new phase angle, while shifting themselves 75 % towards the groups of 150 workers (Moritz
and Sakofski, 1991). These findings suggest that although queens might play a role in colony
synchronisation, there are likely other mechanism in place that socially entrain colonies of tens
of thousands of individuals. The necessity for such synchronisation becomes clear as individual
bees are removed from the colony environment. Here, even when bees are held in identical
light conditions, their free-running rhythms quickly start to deviate greatly from each other as
well as from their colony (Frisch and Koeniger, 1994). From this finding, one can conclude that
social synchronisation is indeed necessary and likely occurs under natural conditions.

In summary, the honey bee circadian clock shows all three fundamental properties of circadian
systems (Section 1.2): a free-running period close to 24 hours, temperature compensation as
well as entrainment.

2.1.5 Objectives

Owing to their numerous and diverse circadian clock-based behaviours, honey bees present an
attractive model for chronobiological studies providing multiple avenues for investigation. In
this PhD study investigating the effects of general anaesthesia on the circadian clock, honey
bees were intended to serve as such a model. Therefore, the objective of the work described



26 CHAPTER 2. CIRCADIAN BEHAVIOURS OF THE HONEY BEE

in this chapter was to establish the recording of a robust behavioural circadian rhythm and
further characterise this rhythm for use in the behavioural anaesthesia experiments described in
Chapter 5. The flight activity rhythm expressed at the colony level was selected for this purpose
as it lends itself to automatic monitoring under indoors and constant conditions, while still
ensuring a relatively natural and meaningful social context.
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2.2 Materials and methods

2.2.1 Honey bees and husbandry

Honey bees

Honey bees studied for this thesis were a mixture of races of the European honey bee (Apis mel-
lifera) commonly used in New Zealand commercial beekeeping. They were kept as queenright
colonies of varying sizes ranging from approximately 3,000–300,000 honey bees. All source
colonies (which supplied the experimental colonies) were maintained free-flying outdoors,
mainly at the City Campus and Tamaki Campus of The University of Auckland in Auckland,
New Zealand. However, some source colonies originated from other New Zealand apiaries
(Plant and Food Research, Ruakura; Waitemata Honey Ltd., Northshore, Auckland; private
properties in Mount Eden and Bombay Hills, Auckland).

Hives

Most source colonies were housed in wooden Langstroth hives5 assembled from full depth
boxes (243 mm) for both the hive body and the honey supers. Each box contained 10 plastic
Langstroth frames of full depth (232 mm). In contrast, a few colonies were kept in nucleus (nuc)
boxes that were of full Langstroth depth, but held only 5 plastic Langstroth frames and had a
raised, circular entrance.

In contrast to the source colonies, experimental colonies were housed in two-frame observation
hives with two honeycomb frames suspended above one another between clear hive sides. The
hive entrance consisted of a circular opening in one of the narrow hive ends and was connected
to a metal entrance tube6 (∼26 mm inner diameter) (Figure 2.1 A). Two different types of
observation hives were used in this study: 1) wooden hives with glass sides, 2) polyvinyl
chloride (PVC) hives with acrylic sides containing flaps (anaesthetic hives; Section 5.2.1). The
clear hive sides were generally covered to protect the colonies from light except during colony
inspections. While outdoors, the observation hives were placed in insulated and/or heated
shelters (Figure 2.1 B). An overview of all experimental colonies described in this thesis is
provided in Appendix C.

Maintenance

All colonies were maintained according to standard beekeeping practice. Every one or two
years, in spring, the existing queens were replaced with new, naturally mated queens from a

5 For clarity, it was strictly distinguished between the terms colony and hive in this thesis. In accordance with the
definition by the Oxford English Dictionary, the term colony was used to refer to a group of honey bees that live
together as a functional unit, whereas the term hive was only used to refer to the receptacle housing such a colony.

6 The metal tube on the opposite side of the hive only served as hinge for suspension of the hive and did not
represent an entrance tube.
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A

B

Figure 2.1: Observation hives. (A) Photographs of the two types of observation hives that were used to
house experimental honey bee colonies: wooden hives (left) and anaesthetic hives (right).
(B) The purpose-built outdoor shelters for observation hives. The left photograph depicts a
shelter in a closed state with a feeder training setup in front of the hive entrance, the right
one shows it in an opened state containing two hives.

commercial queen breeder (White House, Kerikeri, New Zealand). Before addition, queens were
marked with a brightly-coloured number tag on their dorsal thorax (Australian Entomological
Supplies) after brief immobilisation with CO2 or cold (4 ◦C) (Figure 2.2 A). Queen introduction
was performed via queen cages plugged with bee candy, a paste produced by mixing of standard
household icing sugar with honey. For merging of colonies, odour-recognition was overcome
by spraying hives and bees with air freshener (lavender, Glade or Airwick), which successfully
prevented attacks among bees originating from different colonies.

Honey was extracted once or twice every summer, and colonies hence received supplementary
feeding with sucrose solution and/or raw sugar during winter months. During this time,
foraging and brood production was reduced, but continued. All source colonies and some
experimental colonies were treated against the parasitic varroa mite Varroa destructor with the
contact miticites tau-fluvalinate (Apistan, Vita Europe Ltd.) or amitraz (Apivar, Veto-pharma)
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BA

C D

Figure 2.2: Basic bee experimental protocols. (A) Honey bees on wax comb within their hive. The
queen is labelled with a green number plaque, several workers are marked with silver paint
or tagged with an RFID transponder (white arrowhead indicates an exemplary tagged bee).
(B) Honey bees collecting sucrose solution from a feeder. (C) Paint-marking of newly eclosed
bees for age-matching. Bees were kept in a tray with fluon-lined walls and painted on their
dorsal thorax with a brush, while being counted with a cell counter. (D) Close up of the
marking procedure shown in C.

for six weeks in spring and autumn according to the manufacturers’ instructions.

2.2.2 Basic experimental protocols for honey bees

Training to feeders

Feeders with sucrose solution (50 % v/v sucrose in drinking water) were used as artificial food
sources in this study. These feeders were custom-built by Bruce Anderson (workshop, School
of Biological Sciences, University of Auckland) following the design by Renner (1959), also
preferred by von Frisch (1967, pages 18–19). In essence, these feeders represented upturned
acrylic jars fitted onto grooved acrylic plates; the grooves served as drinking channels for the
bees (Figure 2.2 B).

Honey bees were trained to forage from these feeders by following standard techniques de-
scribed by von Frisch (1967, pages 17–18). In brief, a wooden board walk was installed at the
hive entrance, on which the feeder could be placed, thus serving the bees as a walkway to the
food source (Figure 2.1 B). At the beginning of training, the feeder was placed directly at the
hive entrance, but as bees started drinking from the feeder, the distance to the entrance was
progressively increased. To facilitate initial recognition of the artificial food source, several
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drops of sucrose solution were spilt around the hive entrance and base plate of the feeder,
successfully guiding the bees to the drinking channels of the feeder.

Age matching of honey bees

To recognize bees of a certain age within colonies containing bees of all ages, a cohort of bees
can be arranged to eclose outside the colony and then be paint-marked before (re-)introduction
to the colony. This age-matched cohort can subsequently be easily identified (Figure 2.2 A, B).
Whenever such identification was required for an experiment, the following protocol was used.

Several frames with capped brood comb, containing honey bee pupae, were removed from
an appropriate colony, placed into a custom-built eclosion box (with a tightly closing lid to
prevent escape of bees, but with vents for air circulation) and incubated in the dark at 35 ◦C
and 50–70 % relative humidity. Each day, all newly eclosed bees (age ≤ 24 hours) were brushed
off their frames into a marking tray; typically, 100–200 bees were obtained per frame per day.

Owing to their soft exoskeleton, newly eclosed honey bees are not yet able to fly (or effectively
sting). Their escape from the marking tray was thus easily prevented by lining of the walls with
a dispersion of poly(ethylene-co-tetrafluoroethylene) (Fluon AD-1, Australian Entomological
Supplies), which is impassable for walking honey bees, like many other insects, because of its
low friction (Merton, 1956).

Trapped in the marking tray, bees were labelled with a paint dot (Enamel Paint, Humbrol,
or Colour Dope, Airsail) on their dorsal thorax, carefully applied with a thin round brush,
and a count of marked bees was kept with the aid of a cell counter (Figure 2.2 C, D). For
(re-)introduction to their colony, marked bees were sprayed with either sucrose solution or
air freshener (lavender, Glade or Airwick) to prevent attacks from the receiving colony and
funnelled through the top of the hive using liberal amounts of smoke.

2.2.3 Activity recording and analysis

Locomotor activity of honey bees was measured at the hive entrance and thus termed “hive
entrance activity”. Two different technologies were used to record this activity, which are
described below.

Infra-red motion detectors

Population locomotor activity was recorded at the hive entrance via an infrared light (IR) gate.
Each gate was constructed from a GaAs Infrared Emitter (SFH415, Osram, λpeak = 950 nm) and
a spectrally matched Optoschmitt detector (SDP86XX, Honeywell) as detailed in Figure 2.3. At
the site of the IR beam, the hive entrance tube (inner diameter: 26 or 32 mm) was narrowed
either to a rectangular opening of approximately 26 mm × 7 mm or to a semi-circular aperture
of 8 mm in diameter to allow simultaneous passage of only 1–4 bees (Figure 2.3 B, C). The
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Figure 2.3: Setup for locomotor activity recording at the hive entrance. (A) Schematic circuit diagram
of the infrared light (IR) gate. (B) Transverse section of the two types of hive entrance tubes
at the site of the IR gate. The grey shape in the entrance tube on the right illustrates an RFID
reader as seen in D. (C) Pictorial circuit diagram detailing the exact arrangement and wiring
of the IR gate in relation to the entrance tube. (D) Photograph of an activity recording device
with an IR gate and an RFID reader. IR, infrared light; LED, light emitting diode.

number of beam breaks per minute by bees entering and leaving the hive was recorded with
ClockLab recording hard- and software (Actimetrics, USA).

The obtained data were analysed in 5-minute time bins using the ClockLab analysis software.
Using the implemented algorithms, the phase markers activity onset, activity offset and acrophase
(peak of the sine function with a period of 24 h fitted to the activity of each day) were objectively
determined for each day. Only in the few instances when an onset or offset (setting“10 h activity
after/before 10 h inactivity”) was obviously misinterpreted by the software was the phase
marker manually adapted for that particular day. The length of activity, activity time (α), was
calculated as hours between activity onset and offset. Analyses of α in this chapter were solely
based on days under constant conditions prior to any anaesthetic intervention and did not
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Figure 2.4: Honey bee carrying an RFID transponder on its dorsal thorax. Photograph by Iain Mac-
Donald and Dr. James Cheeseman.

include any intervention- or post-intervention-days (see Chapter 5).

Rhythmicity of the activity and the underlying period were determined in Clocklab by Enright
(χ2 and F) and Lomb-Scargle periodogram analyses, Fast Fourier Transform as well as auto-
correlogram (see the Clocklab manual as well as Enright, 1965; Sokolove and Bushell, 1978;
Doerrscheidt and Beck, 1975; Lomb, 1976; Van Dongen et al., 1999). The confidence level for the
periodogram analysis was set to 0.01; however, owing to the low number of cycles (3–8 days),
the statistical significance could not be reliably computed, at least in the χ2 periodogram (Re-
finetti et al., 2007). A dataset was defined to display rhythmic activity in a circadian fashion
when at least any 4 of the above 5 methods returned a period close to 24 hours (22.5–25.5 h).
Periods were also calculated from the slope of the regression lines through the daily phase
markers.

RFID technology

Hive entrance activity of individual bees was monitored via radio frequency identification
(RFID) technology using the ilD2000 RFID system (Microsensys, Germany). This system
consisted of small, light read-only transponders (Mic3-TAG 64-D, 1.2 mm × 2.0 mm × 0.5 mm,
4 mg) that could be permanently attached to the dorsal thorax of bees using “queen glue” (from
queen bee marking kits, Australian Entomological Supplies). Movements in and out of the
hive by tagged bees were registered with RFID readers (2k6 HEAD) that were placed directly
over the narrowed section in the hive entrance tubes (Figure 2.3 B, D). The maximum reading
distance was 2–3 mm. Data were stored by the internal memory of the readers and regularly
downloaded to a PC using manufacturer supplied software.

The data consisted of a list of registered passing events giving the transponder number (bee ID),
date and time, reader number and coil number. The latter referred to the two individual coils of
each reader, which were arranged in sequence, thus providing an indication of the direction
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of the pass. Visual analysis of these data indicated clearly that not all passes were registered
(i.e. consecutive passes in the same direction by the same ID). In addition, passes were often
only registered by a single coil. Therefore, the data for each ID were filtered for events at least
20 seconds apart using MS Excel (Microsoft). This filter not only removed doubly registered
passes caused by the two coils, but also eliminated data sequences resulting from bees hovering
below the reader. For analysis via ClockLab and plotting of actograms, these filtered data were
converted to counts per minute using the statistical software R version 2.11 (R Development
Core Team, 2011) and a script kindly written by Victor Obolonkin (School of Biological Sciences,
University of Auckland).

2.2.4 Indoor maintenance of honey bee colonies

Environmental cabinets

For experiments under controlled environmental conditions or in the absence of time cues,
experimental colonies were maintained in the laboratory in temperature- and light-controlled
environmental cabinets (one colony per cabinet). The cabinets were kept at a constant tempera-
ture with a set point between 23–27 ◦C and were illuminated by indirect light diffusely reflected
off the cabinet ceiling, which was lined with wrinkled aluminium foil (Figure 2.5 A). Humidity
was not directly controlled, but monitored with a data logger (Digitech, QP-6013) and kept
within 35–85 % relative humidity through buckets filled with water.

Flight cages

Indoor hives were connected to a flight cage within the same cabinet. Bees were free to access
their cage at any time and forage ad libitum for sucrose solution (50 % v/v sucrose) from a feeder
and in several experiments also water and/or pollen (freeze-dried). Initially, a custom-built
acrylic cage (1.2 m × 1.2 m × 0.8 m) was used, which was then replaced by collapsible mesh
cages (0.6 m × 0.6 m × 0.9 m, BioQuip, USA) owing to better handling. Cage floors were lined
with newspaper for ease of cage cleaning. Cages also contained a humidifier (mesh-covered
container filled with water) and the board that was used to train the colony to its sucrose
solution feeder before transfer indoors (see below and Figure 2.5 B). The cage was cleaned,
and food and water replenished as required, but at irregular intervals and times, so these
interventions did not provide external time cues for the colonies.

Transfer of colonies into environmental cabinets

Prior to transfer indoors into the environmental cabinets, colonies were trained to forage from
an artificial feeder situated close to their hive entrance (≤ 40 cm away, still on the wooden
training board). Training was performed according to the procedure outlined in Section 2.2.2.
On the night of transfer, hives were shut after dark by blocking the entrance tube and were either
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Figure 2.5: Indoor maintenance of honey bee colonies. (A) The setup within an environmental cabinet.
(B) The setup within a flight cage. A/C, air conditioner; IR, infrared light; RFID, radio
frequency identification.

transferred immediately or early the next morning. Upon transfer, hives were immediately
connected to their flight cages and exposed to the appropriate LD cycles (see below). To improve
uptake of a feeder in the cage, the feeder and training board used outdoors were co-transferred
and the feeder was not washed until the second day in the cage to retain any potential odour
cues.

Cabinet illumination

For the first 1–4 days after transfer to the environmental cabinet, colonies received artificial
light/dark cycles (LD) timed to mimic the natural LD cycle experienced outdoors prior to
transfer. The natural LD cycle was defined as light from sun rise to sun set and dark from sun
set to sun rise, with times for Auckland obtained from the Royal Astronomical Society of New
Zealand7 and implemented to the nearest half hour. A dim light step of 30 minutes at dusk
was also included for a smoother transition between light and dark. Illumination was indirect
(see above) and bright light was provided by two fluorescent “daylight” bulbs (Philips Master
TL-D 90 De Luxe 36W/965 6500 K and Philips TL-D 36W Aqua Relle 10000 K fluorescent bulb)
under a diffuser and with flicker frequency raised through electronic ballast (> 42 kHz; well
above the flicker fusion frequency of honey bees at 200–300 Hz (Ruck, 1958; Van Praagh, 1975)).
Bright light intensity was 850 lux at the top of the flight cage and 200 lux at the cage floor, while
dusk light (standard incandescent light bulb, 15 W) was 6 lux and 3 lux at cage top and floor,
respectively. Just as outdoors in natural LD cycles, the clear hive sides were covered to protect

7 http://www.rasnz.org.nz/
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the normally dark hive from bright light (Figure 2.5 A).

For constant conditions, a constant dim light (LLdim) paradigm (standard incandescent light
bulb, 15 W, dimmed) was chosen with light levels of 2 lux at the cage top and 0.5 lux at the cage
bottom. The transition from LD to LLdim took place either at the beginning or the end of the
photophase. At this time, the covers over the clear sides of the hive were removed and were left
off during the entire period of LLdim. Therefore, the condition of the colony could be monitored
throughout the experiment without disturbance to the colony through repeated removal of
covers or changing light levels in the hive, and the hive was left at constant semi-darkness at
< 0.5 lux.
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2.3 Results

In order to use honey bees as a model in circadian anaesthesia experiments (Chapters 5 and 6),
it was necessary to establish the recording of a robust overt circadian rhythm and to investigate
it further. This is the subject of this chapter. The behavioural rhythm of choice was the daily
rhythm of colony flight activity, with high diurnal activity of bees entering and exiting the hive
and low or absent nocturnal activity (Section 2.1.3).

This activity rhythm was measured by recording locomotor activity at the hive entrance, a
strategy so far employed in only few published studies (Oehmke, 1973; Frisch and Aschoff,
1987; Frisch and Koeniger, 1994). Specifically, hive entrance activity8 was measured using two
strategies:

1. Photoelectric registration of bees passing through the hive entrance tube using an infra-
red light (IR) gate. This produced a population measure of the movement of all bees at
the hive entrance.

2. Radio frequency identification (RFID) of bees tagged with a small RFID transponder on
their dorsal thorax. This provided a measure of the movement of the tagged subpopulation
in and out of the hive with resolution at the individual level.

The results presented below were mostly obtained from the experimental colonies used for
the behavioural anaesthesia experiments. Details about these colonies and their actograms
can therefore be found in Chapter 5. For ease of colony identification, the nomenclature is
consistent throughout the thesis. An overview of all experimental colonies described in this
thesis is provided in Appendix C.

2.3.1 Hive entrance activity rhythms under natural conditions

Population level hive entrance activity

Hive entrance activity, recorded outdoors under natural conditions using the IR gate, was
similar for all 10 colonies monitored. There were high activity counts during the day and
very low counts during the night. A typical activity record is shown in Figure 2.6 A. Also
shown are the standard time series analyses of such a record, including the form estimate of the
mean activity over several days (Figure 2.6 B) and two types of period analysis, the Enright
periodogram (Figure 2.6 C) as well as the autocorrelogram (Figure 2.6 D).

All activity records suggested that outdoor hive entrance activity was highly weather dependent,
as expected. Frequent qualitative observations of colony flight activity and weather conditions
confirmed this expectation. Hive entrance activity was markedly reduced during heavy rain and
strong winds, whereas during sunshine in the absence of wind, activity was greatly increased.

8 The term “hive entrance activity” was selected to encompass all behaviours and rhythms likely contributing to
the activity, such as foraging, scouting and guarding, as well as flights for orientation, defecation and mating (see
Standifer et al. (1983) for colony defecation rhythms).
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Figure 2.6: Hive entrance activity under natural conditions outdoors. (A) Activity record of a represen-
tative colony (Colony 4) over 26 days outdoors. Black bars show activity counts per 5 minutes
per day; vertical axis marks consecutive days each with an activity scale as indicated in the
top right corner of the actogram. Background colours indicate natural illumination as regis-
tered by a photoresistor; white indicates daylight, gray indicates low light or darkness. Red
dots mark the acrophases in activity (peak of sine model fit to data of each day), the red
line represents the regression through these acrophases. The star marks the beginning of the
recording. (B) Form estimate of the activity shown in A. (C) Enright χ2 periodogram of the
activity shown in A. The blue line demonstrates a significance level α = 0.01 based on the χ2

distribution. (D) Autocorrelogram of the activity shown in A.
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During sunny days, some colonies, however, showed a dip in activity counts around midday,
while visual inspection of flight activity to and from the hive ascertained high activity (data not
shown). Therefore, it is likely that at those occasions, traffic through the hive entrance tube was
at such a high levels that the IR beam was frequently interrupted for several seconds at a time,
thus falsely lowering activity counts.

Individual level hive entrance activity

Outdoor hive entrance activity of RFID tagged subpopulations showed a pattern similar to the
activity of the colony as a whole (Figure 2.7 A, C). This was the case for both of the different
types of subpopulations monitored:

1. Forager bees that were tagged after identification by either pollen pellets in their corbiculae
or their feeding at a sucrose solution feeder (n = 2 colonies, 42–92 tagged bees each)

2. Bees, around 3 weeks old, that had been tagged as callows on their first day after eclosion
(n = 5 colonies, 110–160 tagged bees each)

Both these types of subpopulations likely comprised mainly forager bees, however, in the first,
they were task-identified and not age-matched, whereas in the latter they were age-identified
(less conclusive) and age-matched. In addition, the first type consisted of bees not accustomed
to their transponders, while for the latter type, the bees had matured for several weeks with a
transponder on their thorax.

Despite these differences between the two types of subpopulations monitored, their pattern of
hive entrance activity appeared similar9 and corresponded well with the hive entrance activity
of their respective colonies. This suggests that hive entrance activity largely reflects the activity
of the foraging population within colonies. This conclusion is further supported by the activity
records of the tagged callows before the age of 3 weeks. Although the recording began directly
after tagging, the activity levels of the callows at the hive entrance were initially very low
(Figure 2.10 C, D) and only increased significantly after 2 weeks post eclosion. This finding is
in good accord with the temporal division of labour within honey bee colonies, resulting in
increased performance of in-hive tasks throughout the first 3 weeks after eclosion before the
onset of foraging (Section 2.1), and confirms previous findings that, unlike foragers, young
honey bees do not contribute substantially to the colony flight rhythm (Nunez, 1977).

To determine the contribution of individual foragers to the hive entrance activity of the tagged
subpopulation as well as the entire population, the activity presented in Figure 2.7 (A, C) was
broken down to the level of individually tagged bees (Figure 2.7 B, D). This analysis revealed
that the majority of recorded bees were registered entering and exiting throughout the active
phase and only a few displayed passes confined to a certain period of the day. To ensure that
such distributed activity was not an artefact induced by the continuous artificial food source
close to the hive entrance, foragers were distinguished according to their foraging source and

9 The seemingly numerous peaks in Figure 2.7 C result from the generally very low activity counts in that
experiment, a possible sign that most tagged bees might not have completed their transition to foragers.
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Figure 2.7: Hive entrance activity at the colony and individual level outdoors. (A) Typical actogram
depicting activity counts at the IR gate (black) in comparison with RFID-registered passes of
tagged foragers (blue and red) (Colony 9). Labels, axes and scales as per Figure 2.6. Over
Day 2 and 3, 39 foragers, identified by their pollen load or feeding at the feeder, were tagged;
31 of these were registered on Day 4, including 10 pollen foragers (of 14 tagged). (B) Break
down of RFID activity from A on Day 4 into activity of individual bees. (C) Actogram of
representative Colony 4. RFID-tagged bees were 3–4 weeks old and had been tagged as
callows (n = 110). On Day 4, 39 tagged bees were registered. (D) Break down of RFID activity
from C on Day 4. IR, infra-red light; RFID, radio frequency identification.
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separated into foragers visiting the feeder (nectar foragers) and pollen foragers, which were
clearly visiting a natural source (Figure 2.7 B). Notably, most pollen foragers were also active
throughout the day. Furthermore, the majority of bees tagged directly after eclosion were
not foraging at the artificial food source at all (as it had not been used as a means of forager
identification). These results indicate that individual foragers might often be active throughout
the entire active period of the colony. Consequently, hive entrance activity of a subpopulation
of foragers and of the entire population is likely reflective of the activity of individual foragers.

2.3.2 Hive entrance activity rhythms under laboratory conditions

For recording of hive entrance activity under controlled laboratory conditions, honey bee
colonies were transferred to environmental cabinets, in which they were maintained connected
to a flight cage within the same cabinet. The cabinets were kept at a constant temperature, and
sucrose solution was provided ad libitum via a feeder in the flight cage. The cabinets, and thus
also the flight cage, were illuminated with square wave light/dark cycles (LD) including a
dusk simulation, which had been found to aid bees in artificial light cycles to return to their
hive before lights off (Medugorac, 1967). Alternatively, for constant conditions, cabinets were
constantly illuminated with very dim light (LLdim), providing 0.5–2 lux inside the flight cage,
intensities at which bees still forage to close food sources outdoors (Schricker, 1965). This
illumination regime was chosen since honey bees require light to fly and defecate, but constant
bright light has shown the potential to disrupt colony flight rhythms (Kefuss and Nye, 1970;
Frisch and Aschoff, 1987; Stelzer et al., 2010).

A trial transfer of a colony from outdoors directly into constant dim light conditions resulted
in no discernible activity rhythm, whereas the transfer of the same colony one week later into
light/dark cycles (LD) yielded a robust rhythm even after switch to LLdim(data not shown).
Therefore, the transfer protocol was designed to incorporate at least one day of LD before the
onset of constant conditions.

In total, 7 colonies were recorded under laboratory conditions with a minimum of 3 cycles
under LLdim before any experimental intervention (Colonies 1,2,5,8–11). Of these colonies,
2 colonies were recorded a second time under laboratory conditions after a recovery period
outdoors (Colony 2, 10 Control).

Colony adaption to laboratory conditions

The initial behaviour of each colony after transfer was similar. Over the first cycles, several
hundred bees randomly hovered and flew within the cage during daytime. A large propor-
tion (∼50 %) of these bees died over these first days in captivity. Following this initial reaction,
flight and hovering behaviour in the cage became more coordinated and mortality decreased
markedly to a constant level of maximum 50 bees per day. Nonetheless, the population declined
slowly over the course of the experiments.



2.3. RESULTS 41

A

B DC

Day

1

5

11

13

9

7

3

Scale 0-46

0 24168 484032

0 12 24 36 48
Period [h]

  1.0

Co
rr

el
at

io
n 

(n
or

m
al

iz
ed

)

.5

  1.0

Co
rr

el
at

io
n 

(n
or

m
al

iz
ed

)

.5

25 30 350
Period [h]

20

4

8

12

16

20

A
m

pl
itu

de
 [x

 1
00

]

4

8

12

A
m

pl
itu

de
 [x

 1
00

]

0 180 360
Phase angle [deg]

10

20

30

M
ea

n 
co

un
ts

/m
in

10

20

30

M
ea

n 
co

un
ts

/m
in

LD LD LD

LLdim LLdim LLdim

Time of day [h]

23.9

23.8 23.7

24.0

Figure 2.8: Hive entrance activity under laboratory conditions indoors. (A) Double plotted actogram
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Generally, there was low interest in the feeder in captivity despite successful training to the
identical feeder outdoors. This resulted in a gradual depletion of the colonies’ honey and
pollen stores, limiting the duration of experiments indoors. Nonetheless, in at least 50 % of the
colonies, the queen continued to lay eggs indoors, usually a sign of sufficient food stocks.

Bees not only flew during the bright light periods of LD, but also were frequently observed
flying and defecating during LLdim, indicating that the low illumination was sufficient for
bees to express these behaviours. Qualitative observations of activity in the flight cage (flying,
walking and feeding as well as number of bees) showed a clear daily rhythm in both LD and
LLdim with high activity restricted to the photophase or subjective day. Most bees returned to
their hives before the end of the photophase or subjective day, although up to 10 % regularly
remained in the cage, usually resting or sleeping (sunken posture indicating low muscle tone)
on the side walls during the scotophase or subjective night.

Population level hive entrance activity

The activity records from the IR gate at the hive entrance confirmed the qualitative observations
of a pronounced activity rhythm under laboratory conditions. As the typical activity record and
its analyses in Figure 2.8 illustrate, the pattern of hive entrance activity was more regular under
laboratory conditions than outdoors and also displayed slightly lower activity counts, but
was otherwise fundamentally the same (cf. Figure 2.6, actograms of all colonies in Figures 5.5
and 5.7).

A release into constant conditions did not alter the pattern of activity, but it induced a change in
the period of the rhythm. All free-running periods (τ) were close to 24 hours, with 5 out of 7
colonies displaying a slightly shorter and only 2 colonies (Colony 9 and 11) a slightly longer
than 24 hour period in LLdim (Table 2.2).

The length of the active phase (activity time α) under LLdim ranged from 11–17 hours, with
a mean of 13.4 hours. Notably, in all colonies, α gradually increased over time in constant
conditions (Figure 2.9 A). In most colonies, this increase resulted from an advance of the onset
of activity (Figure 2.9 B).

Of the three phase markers, activity onset, offset and acrophase, used throughout this study for
the analysis of hive entrance activity, acrophase10 was found to be the most reliable predictor of
the activity of the following cycle. Therefore, acrophases and the regression through the daily
acrophases are presented in all figures.

Individual level hive entrance activity

Despite several attempts, hive entrance activity could not be successfully recorded at the
individual level under laboratory conditions. This failure was mainly due to a rapid decline

10Acrophase, as computed with ClockLab and used in this study, was the peak of the sine wave fitted to the
activity of each day.



2.3. RESULTS 43

Table 2.2: Free-running periods of hive entrance activity under LLdim. Free-running periods (τ)
were quantified by Enright χ2 periodogram (χ2), Lomb-Scargle periodogram (LS), Fast
Fourier Transform (FFT), autocorrelation (AC) and least-squares regression through the
acrophases (Reg.). The analyses incorporated the indicated number of days under LLdim and
are listed for 7 different experimental colonies including repeats (“Control”) for 2 of these
colonies (corresponding actograms in Figures 5.5 and 5.7, same nomenclature). All values are
given in hours. n/d, not determinable; SEM, standard error of the mean.

τ

χ2 LS FFT AC Reg. Days

Colony 1 23.8 23.8 24.0 23.7 23.8 8
Colony 2 23.9 23.6 24.0 24.2 24.0 4a

Colony 2 Control 23.9 23.6 24.0 24.3 23.7 4a

Colony 5 23.9 23.4 24.0 23.8 23.8 3a

Colony 8 23.3 23.3 24.1 n/d 23.6 3
Colony 9 23.9 24.6 24.0 24.5 24.5 4a

Colony 10 23.6 23.6 24.1 22.7 24.0 4
Colony 10 Control 23.4 23.0 24.0 23.5 23.5 4
Colony 11 23.9 24.6 24.0 24.2 24.4 4

Meanb 23.8 23.8 24.0 23.9 24.0
SEM 0.1 0.2 0.0 0.3 0.1
a Includes the day of transition from LD to LLdim
b Excludes controls
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Figure 2.9: Changes in length of daily activity under LLdim. Activity time (α), the time between activity
onset and offset, was quantified for 7 different experimental colonies including repeats (“Con-
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in RFID-registered passes resulting from an apparent loss of transponder-tagged bees and a
low number of passes per bee. This occurred with both types of tagged subpopulations, RFID
tagged foragers and 3 week old bees tagged as callows (Figure 2.10).
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2.4 Discussion

For use of the honey bee as a model organism in behavioural anaesthesia research, the objective
of this chapter was to establish the recording of a robust behavioural circadian rhythm under
constant conditions and provide further background on this rhythm. Accordingly, recording
was set up for the colony rhythm of flight activity by registering bee passes at the hive entrance
on the population as well as individual level. Such recording was performed both under natural
conditions outdoors as well as under controlled laboratory conditions indoors using light/dark
cycles (LD) and constant dim light (LLdim).

The measure of hive entrance activity

The colony rhythm of flight and foraging activity has been measured in numerous ways over
the years, each assessing slightly different parameters: the weight of the hive (Kenyon, 1898);
the vibration of the hive (Spangler, 1973); the numbers of bees accessing a continuous artificial
food source (Bennett and Renner, 1963), flying in a flight room (Kefuss and Nye, 1970) or
entering/leaving the hive (Butler and Finney, 1942; Nunez, 1977), the latter two recorded at
fixed intervals throughout the day.

The method selected in this study, automatic continuous registration of all locomotor activity
at the hive entrance, seems to provide a useful proxy of colony flight activity rhythm, but
essentially measured a different parameter again. Only a limited number of other published
studies have used a similar technique (Oehmke, 1973; Frisch and Aschoff, 1987; Frisch and
Koeniger, 1994, Cameron in Butler and Finney (1942)). Therefore, it is interesting to note
that, under natural conditions, hive entrance activity appears similarly influenced by weather
conditions as the other measures of colony flight activity (e.g. Kenyon, 1898; Butler and Finney,
1942; Kefuss and Nye, 1970; Nunez, 1977), indicating that they are all measuring phenomena
that are at least closely linked, even if not exactly identical.

The question about whether colony flight activity or, in the case of this study, hive entrance
activity represents a true colony rhythm has not yet been conclusively answered. In light
of the known biology of honey bee colonies, it is safe to assume that forager bees are the
main contributors to the flight activity of the colony and, given the largely arrhythmic activity
patterns of in-hive bees within the colony environment (Lindauer, 1952; Crailsheim et al., 1996;
Moore et al., 1998; Klein et al., 2008, Section 2.1.3), this clear circadian activity rhythm is unlikely
to reflect the activity of the entire colony. However, does it reflect the activity of all foragers?

Moore argues in several of his publications (Moore et al., 1989, 1998; Moore, 2001) that this is not
the case as the forager population of a colony is divided into different foraging cohorts, which
visit separate food sources and are thus active at different times of day (Kleber, 1935; Körner,
1939; von Frisch, 1940; Moore et al., 1989). He therefore suggests that “the observation of a
single colony rhythm of flight activity [...] may be a consequence of the [artificial] experimental
conditions” (Moore, 2001, page 848).
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The data collected here under natural conditions outdoors contradict this notion. Hive entrance
activity at the population level was spread across the daytime in an almost bell-curve shape, with
no obvious signs of individual, separate peaks throughout the day (Figures 2.6 A and 2.7 A, C,
black bars). Furthermore, the patterns of hive entrance activity at the population level matched
the activity patterns of the subpopulations of RFID-tagged foragers, which again provided
no strong indication of separate peaks across the day (Figure 2.7 A, blue line). Moreover, the
activity patterns of individual foragers did not display distinct times of activity but showed
the majority exiting and entering the hive throughout most of the day — including the pollen
foragers, which were collecting from natural sources (Figure 2.7 B). Taken together, the outdoors
activity data collected in this study do not support distinct activity shifts among the foraging
population of a colony, but suggest that the hive entrance activity of a colony is overall reflective
of the activity of its individual foragers.

Although these RFID data from outdoor recordings provide interesting insights on this issue,
they were not specifically collected for this purpose. These data were recorded during prepa-
ration of the colonies for their transfer indoors with the intent to record activity of individual
foragers under laboratory conditions. Therefore, colonies were transferred indoor either shortly
after tagging of foragers or as soon as tagged callows had reached the 3 week mark and were
showing signs of increased hive entrance activity. Such a protocol significantly limited the days
of registered foraging activity outdoors and, consequently, also the conclusions that can be
drawn from these data about the outdoors activity profile. Nonetheless, they provide a first
indication and may stimulate future investigation of this issue.

Colony maintenance under laboratory conditions

As documented in several studies, maintenance of honey bee colonies indoors is a complex
undertaking (e.g. Renner, 1955b; Beier, 1968; Pernal and Currie, 2001). From the first generation
of flight rooms (Beling, 1929; Wahl, 1932) via significant improvements (Renner, 1955b, 1957)
till the latest generation (Pernal and Currie, 2001), optimal colony rearing has still not been
achieved, although rearing success has been drastically improved.

The environmental cabinets available for the present study were adapted to incorporate many of
the improvements achieved over the years, especially in terms of suitable lighting environment
(flicker frequency, indirect diffused lighting (Van Praagh, 1975); see Section 2.2.4). Nonetheless,
the space within the cabinets was limited and, as a consequence, flight cages were much
smaller than commonly recommended for long term colony maintenance (Renner, 1955b;
Pernal and Currie, 2001). In addition, maintenance under constant conditions as well as low
light (Van Praagh, 1975) might adversely affect colony health.

Therefore, the decline in colony food reserves and thus the overall state of the colony observed
in this study is not surprising. Other investigators have encountered similar problems in their
experiments using flight rooms, which included low uptake of feeders (Wahl, 1932, page 569),
declining populations (Kefuss and Nye, 1970) and infections (Beling, 1929; Wahl, 1932).
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Although these problems restricted the duration of experiments under laboratory conditions,
colonies could be maintained indoors in an acceptable state for at least 2 weeks with meaningful
activity records. This provided sufficient time to let colonies establish free-running rhythms
for several cycles before and after any planned anaesthetic interventions. After a single week
of recovery outdoors, colonies could even be successfully subjected to another 2 week period
in captivity, allowing for important control experiments. Therefore, the quality of indoor
maintenance achieved in this study, although not amenable to long-term maintenance, was well
suited for the intended experiments.

Hive entrance activity under laboratory conditions

Recent studies in key circadian model organisms, Drosophila, mice and golden hamsters, has
revealed significant differences between activity patterns under natural and laboratory condi-
tions in all three models (Gattermann et al., 2008; Daan et al., 2011; Vanin et al., 2012). Since
such findings cast doubt on the general validity of results obtained from behavioural laboratory
studies, it is important to note that honey bee hive entrance activity recorded in the laboratory
both under LD and LLdim appeared to mimic the activity pattern observed under natural condi-
tions outdoors (Figure 2.6 and 2.8). This was especially the case when the direct influence of
weather on colony flight rhythms (e.g. Kenyon, 1898; Butler and Finney, 1942; Kefuss and Nye,
1970; Nunez, 1977), which can cause masking of the rhythm outdoors, was taken into account.

Since indoor activity counts and observed activity in the flight cage were high during the
(subjective) day even when bees largely ignored the food provided in the cage, hive entrance
activity appears to be a fundamental rhythm of the colony (or of its foragers) that is independent
of actual foraging. This notion is in accord with findings by Kefuss and Nye (1970), who detected
robust colony flight rhythms despite feeding only inside the hive. Unfortunately, RFID data on
the indoor activity of individual foragers are scarce, precluding any meaningful conclusions
about the contribution of individuals to this colony rhythm. The lack of successful RFID
recording in captivity likely resulted from the high initial loss of bees (assumed to have been
mainly active foragers) upon transfer indoors. Overcoming this problem will be a significant
step towards elucidating the nature of this colony rhythm.

The fact that hive entrance activity was found to continue and free-run under constant condi-
tions of light, temperature and food confirmed previous findings that it constitutes an endoge-
nous circadian rhythm (Frisch and Aschoff, 1987; Frisch and Koeniger, 1994). Free-running
periods recorded here (Table 2.2) matched previously reported τ for the same and other circa-
dian rhythms (Table 2.1).

Broadening of activity under LLdim

Notably, activity profiles broadened over time in LLdim, which was illustrated by an increase
in activity time (α) (Figure 2.9). Owing to the unfortunate lack of RFID records under LLdim, it
cannot be determined if this broadening resulted from a desynchronisation of individuals within
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the colony. However, Frisch, who recorded hive entrance activity under LL for approximately
2 weeks, did not find any evidence of such desynchronisation within her honey bee colonies
(Frisch and Aschoff, 1987; Frisch and Koeniger, 1994). However, she used Cape honey bees (Apis
mellifera capensis) for her experiments owing to previous findings of fading flight rhythms under
bright LL for Apis mellifera ligustica and A. m. carnica (Frisch and Aschoff, 1987; Kefuss and Nye,
1970).

Generally, there is conflicting data on rhythmicity of honey bees in LL conditions; differences in
results may be due to different light intensities used as well as the fact that bees housed in dark
hives live in self-selected LD cycles similar to other animals who can control light exposure
by closing their eyes (termed “LLsd” in this thesis for “LL with self-selected D”). Accordingly,
Frisch found that 40 % (13 of 36) of individually encaged bees displayed arrhythmic locomotor
activity in LL as opposed to 20 % (4 of 20) in DD and 11 % (3 of 28) in LLsd (Frisch and Koeniger,
1994), resembling findings by Moore and Rankin (1985) with 30 % (6 of 21) arrythmicity in LL.
These findings contrast with experiments in bumble bees, where colony activity desynchronised
in LL (or LLsd), but individuals remained rhythmic (Stelzer et al., 2010).

Based on the above data, low light intensities were chosen for the LL conditions in this study
in the hope of preventing any possible desynchronisation — however, the increase in α under
LLdim may indicate that this was not entirely successful. This notwithstanding, the molec-
ular data presented in Chapter 6 (see discussion in Section 6.4) argue against a substantial
desynchronisation among individual foragers.

Therefore, the observed broadening in activity may just constitute an adaption to the absence of
restricting darkness and temperatures under the laboratory conditions used here because both
darkness and low temperatures might compress α under normal conditions. This hypothesis
should be testable under LD conditions with a long photoperiod and should provide further
insight on the effect of light on the circadian system of the honey bee.

Conclusion

The data presented in this chapter demonstrate that the colony rhythm of flight activity can be
readily recorded by measuring locomotor activity at the hive entrance. Under natural conditions
outdoors, the hive entrance activity of the entire population (measured via an IR gate) was
found to be reflective of the hive entrance activity of individual foragers (measured via RFID).
Although RFID recording was not successfully implemented under laboratory conditions,
IR recording showed that the activity rhythm is similar under both natural and laboratory
conditions and continues robustly under constant conditions of food, temperature and dim
light. Under these conditions, it free-runs with a period close to 24 hours indicating that hive
entrance activity is an endogenous circadian rhythm of honey bee colonies. Consequently, this
behavioural circadian rhythm of hive entrance activity can be used to elucidate the effect of
general anaesthesia on the circadian system of honey bees.
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Chapter 3

The Molecular Circadian Clock of the
Honey Bee

3.1 Introduction

As introduced in Section 2.1, honey bees exhibit a multitude of behavioural and physiological
circadian rhythms, while also expressing several outstanding, complex behaviours that are
based on a continuously consulted circadian clock. The analysis of the molecular underpinnings
of this bee circadian clock, greatly aided by the sequencing of the honey bee genome, has
revealed a transcriptional/translational feedback loop that appears surprisingly similar to the
mammalian circadian core loop.

3.1.1 Honey bee circadian clock genes

The first clock gene identified in honey bees was period (Per) (Toma et al., 2000), one of the two
main negative elements of the circadian clock core feedback loop (Section 1.2.3, Figure 1.3).
The encoded honey bee protein shows significant sequence identity with other animal PER
proteins (Table 3.1). mRNA levels of Per were found to fluctuate in bee brains over the course
of a day and cycle in circadian fashion: peak levels were detected in the early night and lowest
levels occurred in the morning (Toma et al., 2000; Bloch et al., 2001, 2004). These Per mRNA
oscillations are highly reminiscent of the oscillations in Drosophila (Hardin et al., 1990), where
Per was originally discovered as the first core clock gene (Konopka and Benzer, 1971).

The sequencing of the honey bee genome (Weinstock et al., 2006) has enabled the identification
and cloning of many more Drosophila clock gene homologues in the honey bee. Rubin et al. (2006)
detected single homologues for Per, cryptochrome (Cry), cycle (Cyc), clock (Clk), timeless (Tim),
par domain protein 1 (Pdp1) and vrille (Vri), Sumiyoshi et al. (2011) characterised the honey
bee pigment dispersing factor (Pdf ), and Rodriguez-Zas et al. (2012) reported a homologue for
clockwork orange (Cwo). This collection of genes comprises many of the basic elements of the
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Table 3.1: Amino acid sequence identity between PER proteins from selected species. The specified
sequences were aligned, and the listed percentage sequence identities were calculated using
ClustalW2 (Thompson et al., 1994; Larkin et al., 2007). The species abbreviations are as follows:
Am, Apis mellifera, honey bee; Dp, Danaus plexippus, monarch butterfly; Dm, Drosophila
melanogaster, fruit fly; Hs, Homo sapiens, human; Mm, Mus musculus, mouse.

AmPER DpPER DmPER HsPER1 HsPER2 HsPER3 MmPER1 MmPER2

AmPER ?
DpPER 33 ?
DmPER 28 26 ?
HsPER1 16 14 13 ?
HsPER2 15 18 15 41 ?
HsPER3 14 16 15 32 33 ?
MmPER1 14 14 15 92 41 33 ?
MmPER2 14 17 13 40 79 33 41 ?
MmPER3 13 14 15 33 33 64 34 33

AmPER: NP 001011596.1; DpPER: AAO48719.1; DmPER: A25018; HsPER1: NP 002607.2;
HsPER2: NP 073728.1; HsPER3: NP 058515.1; MmPER1: NP 035195.2; MmPER2: NP 035196.2;
MmPER3: NP 035197.2

animal clock transcriptional/translational feedback loops and also includes components of
putative accessory loops and modifying pathways (Pdp1, Vri, Pdf, Cwo).

3.1.2 The honey bee transcriptional/translational feedback loop

As an insect, the honey bee was expected to possess a molecular circadian clockwork similar
to that of Drosophila, where Per and Tim1 make up the negative limb of the core transcrip-
tional/translational loop and Clk and Cyc the positive limb (Section 1.2.3, Figure 1.3).

The putative negative limb of the core loop

However surprisingly, based on phylogenetic sequence and bioinformatic domain analysis, the
single timeless homologue in the honey bee genome was found not to be an orthologue of Tim1,
which is required for Drosophila clock function (Sehgal et al., 1994), but rather of Tim2 (timeout)
(Rubin et al., 2006). Tim2 is an ancient and essential animal gene required for chromosome
rearrangement but has only putative, indirect involvement in the clock (Gotter et al., 2000;
Gotter, 2006; Benna et al., 2010). Most insect genomes encode both Tim1 and Tim2, but with the
loss of Tim1, the honey bee appears to have converged on the vertebrate lineage, which also
only possesses Tim2 (Rubin et al., 2006).

Without TIM1 as the potential second negative element in the bee clock core loop, a possible
alternative interaction partner for bee PER in negative feedback is CRY. Although, in Drosophila,
CRY is not usually part of the core loop but of the light input pathway to the clock (Emery et al.,
1998; Stanewsky et al., 1998; Emery et al., 2000), such an involvement of CRY in negative feed-
back is seen in Drosophila peripheral clocks (Collins et al., 2006). Moreover, in the mammalian
circadian clock, CRY generally acts as the main transcriptional repressor in the core loop (Kume
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Table 3.2: Amino acid sequence identity between CRY proteins from selected species. The specified
sequences were aligned, and the listed percentage sequence identities were calculated using
ClustalW2 (Thompson et al., 1994; Larkin et al., 2007). The species abbreviations are as follows:
Am, Apis mellifera, honey bee; Tc, Tribolium castaneum, flour beetle; Dp, Danaus plexippus,
monarch butterfly; Hs, Homo sapiens, human; Mm, Mus musculus, mouse; Dm, Drosophila
melanogaster, fruit fly.

AmCRY TcCRY DpCRY II HsCRY1 HsCRY2 MmCRY1 MmCRY2 DpCRY I

AmCRY ?
TcCRY 79 ?
DpCRY II 68 72 ?
HsCRY1 64 66 58 ?
HsCRY2 62 65 56 70 ?
MmCRY1 64 66 56 96 69 ?
MmCRY2 63 64 56 70 94 70 ?
DpCRY I 41 39 38 39 40 39 40 ?
DmCRY 36 37 37 36 38 38 38 57

AmCRY: NP 001077099.1; TcCRY: NP 001076794.1; DpCRY II: ABA62409.1; HsCRY1: NP 004066.1;
HsCRY2: Q49AN0.2; MmCRY1: NP 031797.1; MmCRY2: NP 034093.1; DpCRY I: AAX58599.1;
DmCRY: NP 732407.1

et al., 1999; Griffin Jr et al., 1999; Van Der Horst et al., 1999; Okamura et al., 1999; Vitaterna et al.,
1999; Lowrey and Takahashi, 2011) (Section 1.2.3, Figure 1.3).

In support of a similar function in the honey bee clock, honey bee CRY displays high sequence
identity with mammalian CRY proteins (e.g. 64 % with human CRY1) and much less with
Drosophila CRY (36 %) (Table 3.2) and was accordingly found to cluster with the mammalian
CRY protein group (Rubin et al., 2006; Yuan et al., 2007), also called type II CRYPTOCHROMES
(Chaves et al., 2011). In addition, cell culture studies in Drosophila Schneider 2 cells demonstrated
that honey bee CRY can potently inhibit CLK:CYC-mediated transcription and is insensitive to
light (Yuan et al., 2007). This makes its function as a clock photoreceptor unlikely but leaves it
as a potential candidate for the negative element next to PER in the bee clock core loop. This
notion is further supported by the finding that Cry brain mRNA oscillates in phase with Per
mRNA in bee brains (Rubin et al., 2006; Shemesh et al., 2007).

Since many insect genomes have been found to encode both Cry I and Cry II, the honey bee is
believed to have lost its Drosophila-like Cry I in the course of evolution. Therefore, the honey
bee diverged not only from Drosophila but also most other insects (Zhu et al., 2005, 2006; Rubin
et al., 2006; Sandrelli et al., 2008). Conversely, the honey bee converged with vertebrates, which
also have only Cry II; and, given the putative direct involvement of honey bee CRY in the core
loop, its clock appears to have converged on the mammalian circadian clockwork (Rubin et al.,
2006).

The putative positive limb of the core loop

The honey bee homologues of the two positive elements of the Drosophila and mammalian core
loop, the basic helix-loop-helix transcription factors Clk and Cyc (named BMAL1 in mammals),
both cluster with their insect homologues (Rubin et al., 2006). However, bioinformatic protein



54 CHAPTER 3. MOLECULAR CIRCADIAN CLOCK OF THE HONEY BEE

CRY II

Per

Cry II

Gene mRNA Protein

PER

Vri

Pdp1

Tim2

Cyc

Clk

CYC
CLK

Cwo

Pdf

?

Figure 3.1: The core circadian feedback loop in honey bees. The working model of the honey bee
circadian transcriptional/translational feedback loop depicted here is based on bioinformatic,
gene expression and cell culture studies and resembles the mammalian core loop. All
additional putative clock genes so far identified but not further characterised in the honey
bee are also illustrated. Clk, clock; Cry, cryptochrome; Cwo, clockwork orange; Cyc, cycle; Pdf,
pigment dispersing factor; PdP1, par domain protein 1; Per, period; Tim2, timeout; Vri, vrille.

domain analysis indicates that the transactivation domain used for transcriptional activation
resides with honey bee Cyc and not with Clk, which is in contrast to the situation in Drosophila
but in line with several other insect species as well as the mouse (Rubin et al., 2006; Sandrelli
et al., 2008).

The temporal expression patterns of both transcription factors indicate further similarities
with mammals and differences with Drosophila. In bee brains, Clk transcript levels appear
constant throughout the day (Rubin et al., 2006; Shemesh et al., 2007), as seen in mouse and
rat SCN, which contrasts with the situation in Drosophila heads, where Clk transcripts show
circadian oscillations (Bae et al., 1998; Darlington et al., 1998; Oishi et al., 1998; Takata et al., 2002;
Hamilton and Kay, 2008). Conversely, circadian oscillations, albeit weak, were reported for Cyc
mRNA in bee brains (Rubin et al., 2006; Shemesh et al., 2007). Mouse and rat SCN also display
oscillations of BMAL1 transcripts, whereas Cyc transcript levels are constant in Drosophila heads
(Oishi et al., 1998; Rutila et al., 1998; Shearman et al., 2000; Hamilton and Kay, 2008).

The current model for the honey bee core loop

The findings detailed above led to the current working model for the honey bee molecular
circadian clockwork, as depicted in Figure 3.1, which essentially resembles the core loop of the
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mammalian clock model (cf. Figure 1.3). Importantly, owing to the fact that the honey bee is
not a molecular model organism and there are no known clock-mutants, the current bee clock
model is based mainly on homology and parallels in mRNA expression patterns and contains
very little direct experimental evidence. Nonetheless, the model appears credible given the
current state of knowledge on molecular circadian pacemaking.

3.1.3 Localisation of the central clock

The neuroanatomical organisation of the honey bee central clock, i.e. the localisation of clock
neurons in the honey bee brain, has not yet been thoroughly characterised. There are no
published lesion or transplantation studies performed in honey bees. Nonetheless, Bloch et al.
(2003), using antisera against PER from Drosophila and the silk moth Antheraea pernyi, identified
two clusters of cells in the bee dorsal protocerebrum with high levels of PER-immunoreactivity.
In addition, using an antiserum against crustacean pigment-dispersing hormone (PDH) that
cross-reacts with insect PDF, the authors observed a cluster of PDF-immunopositive cells in the
proximal optic lobes. This cluster of PDF-expressing cell bodies was also found by Závodská
et al. (2003), and only recently confirmed via in situ hybridisation and immunostaining with an
antiserum raised against Apis mellifera PDF (Sumiyoshi et al., 2011).

With these two putative sites of clock neurons, one in the optic lobes and one in the dorsal
protocerebrum, the honey bee clock neuroanatomy appears in line with that of most other
insects (Helfrich-Förster, 2005). However, further investigation is required, especially using
antibodies raised against the honey bee homologues of clock genes.

3.1.4 Ontogeny of circadian rhythms

As described in the previous chapter (Section 2.1.3), only forager honey bees express circadian
rhythms in behaviour, while the (usually younger) in-hive bees, particularly nurse bees, are
behaviourally arrhythmic. By examining clock gene mRNA expression, Shemesh et al. (2007,
2010) have now uncovered that this ontogeny of behavioural rhythmicity is paralleled by an
ontogeny of clock gene mRNA oscillations: in contrast to foragers, brood-caring in-hive bees
lack oscillations in Per, Cry, Cyc and Tim mRNA1.

This important finding indicates that behavioural arrhythmicity of in-hive bees does not result
from masking (overriding the signals) of an active circadian clock nor from an uncoupling
between the clock and its outputs. The finding by Shemesh et al. (2007, 2010) strongly suggests
that the ontogeny of circadian rhythms in bees is, in fact, based on an alteration in the molecular
circadian clockwork. However, circadian time measurement is unlikely to be completely non-
functional in in-hive bees because, when they are removed from the colony environment, clock
gene mRNA rhythms establish very quickly — and rhythmic activity commences in phase with
the colony they are taken from (Shemesh et al., 2010).

1 It is unlikely that the failure to detect a rhythm resulted from a desynchronised sample population because the
same results were obtained with LD-synchronised populations (Shemesh et al., 2007, 2010)
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3.1.5 Objectives

As evident from above, analysis of clock gene mRNA rhythms can provide fundamental insights
into the functioning and state of the molecular circadian clockwork. A powerful technique
readily available also in non-molecular model organisms such as the honey bee, clock gene
mRNA analysis was selected as a method to investigate the effect of general anaesthesia on the
molecular circadian clock. Therefore, the objective of this chapter was to establish this technique
in our laboratory by implementing the quantitative real-time PCR protocol developed by Rubin
et al. (2006) in their primary analysis of bee clock gene expression. In addition, the work for
this chapter aimed to verify and extend the current knowledge about clock gene expression
in forager bee brains, which was essential in providing a robust baseline for the subsequent
anaesthesia experiments described in Chapter 6.
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3.2 Materials and methods

In order to analyse temporal changes in clock gene expression in honey bee brains, honey bees
were sampled over a time course of 33 hours and clock gene mRNA levels were quantified
in individual brains via reverse transcription quantitative real-time PCR (RT-qPCR). In total,
6 bees were analysed for each of the 12 time points; however, samples were processed in two
separate batches of 3 bees per time point (36 bees/batch). Within each batch, each processing
step was carried out in random order to avoid any systematic error introduced by the order of
sample handling. Randomisation was performed with MS Excel (Microsoft) through random
number generation.

3.2.1 Samples

Identification of foragers

For an analysis of clock gene expression rhythms, it was necessary to work on forager honey
bees because only these display robust oscillations in clock gene expression (Shemesh et al.,
2007, and Section 3.1.4). As honey bees usually become foragers at around 2–3 weeks of age
(Section 2.1), age is a useful means for identification of foragers.

Therefore, a cohort of bees was age-matched and paint-marked following the procedure de-
scribed in Section 2.2.2. Specifically, bees were eclosed from 3 frames of capped brood comb
(kindly supplied by Dr. Mark Goodwin, Plant and Food Research, Ruakura). The brood
stemmed from a queen artificially inseminated with semen from two brother drones. Therefore,
the relatedness among this offspring should have been significantly higher than in offspring
from naturally mated queens (which typically mate with > 10 drones).

Newly eclosed bees were paint-marked with silver model aircraft dope (Colour Dope, Air-
sail, New Zealand) and subsequently introduced into an observation hive containing a well-
established colony of about 5000 bees (Colony A, Appendix Table C.1). Over the course of
8 days, 2350 newly eclosed bees were marked and added to this free-flying, outdoor foster
colony. Following addition of the painted bees, the colony was left free-flying outdoors for
2 weeks to allow the marked bees to develop into foragers.

Sample collection

Three weeks after the beginning of marking, when a large number of marked bees were observed
foraging for nectar and/or pollen, the time course sampling was started. Paint-marked bees
were collected every 3 hours over 33 hours starting in the morning. Using a modified hand-held
vacuum cleaner, ∼20 bees were aspirated at each time point, either from the hive entrance
(during daytime) or through the opened hive top (during nighttime). The sampled bees were
immediately snap frozen in liquid nitrogen and subsequently stored at –80 ◦C for 2–3 months



58 CHAPTER 3. MOLECULAR CIRCADIAN CLOCK OF THE HONEY BEE

until further processing. The collections took place under natural light during the daytime and
with the aid of a red LED light source during nighttime.

3.2.2 Clock gene expression analysis

Brain dissection

Honey bee brains were dissected from frozen bee heads on a dry ice-cooled dissecting block
as detailed in Appendix A. All parts of the cerebrum as well as the sub-œsophageal ganglion
were harvested, whereas all surrounding tissues were removed, including ocelli, compound
eyes and hypopharyngeal glands. Dissected brains were assiduously examined to ensure that
the tissue was complete. Brains were stored at –80 ◦C until RNA extraction a few days later.

RNA extraction

Total RNA was purified from individual bee brains using silica-matrix spin columns (RNeasy
Mini Kit, Qiagen) largely according to the manufacturer’s instructions.

In brief, each brain was homogenised for 20 seconds in 320 µl lysis buffer (from the kit) using a
rotor-stator homogeniser (Pro200, flat-bottom 5 mm× 75 mm generator, Pro Scientific); between
samples, the homogeniser probe was rinsed thoroughly three times. After mixing with 1 volume
of 70 % ethanol, each homogenate was loaded onto a spin column, washed once and incubated
for 15 minutes with 23 U DNase (DNase I, RNase-free, Qiagen) to digest contaminating genomic
DNA. Following three further washes, the RNA was eluted in 30 µl RNase-free water. RNA
was stored at –80 ◦C until cDNA synthesis a few days later.

RNA quantity and purity was measured via UV spectrophotometry using a NanoDrop Spec-
trophotometer (ND-1000 or ND-8000, Thermo Fisher Scientific). The average RNA concentration
obtained per brain sample was 45 ng/µl. Consequently, the average amount of total RNA
extracted from an individual bee brain was 1.35 µg. All RNA samples displayed a 260/280 ratio
of ≥ 1.8 and most ≥ 2.0, indicating the absence of protein contamination.

cDNA synthesis

cDNA synthesis was performed from 200 ng of RNA and primed with 50 ng of random
hexamers using the SuperScript III first-strand synthesis system (Invitrogen) according to the
manufacturer’s instructions. Briefly, RNA, primers and 10 nmol of dNTPs were combined with
RNase-free water to 10 µl and denatured at 65 ◦C for 5 minutes. After addition of 10 µl master
mix (2× Buffer, 100 nmol MgCl2, 200 nmol dithiotreitol (DTT), 40 U RNaseOUT RNase-inhibitor,
200 U SuperScript III reverse transcriptase), reactions were heated to 25 ◦C for 10 minutes, 50 ◦C
for 50 minutes and 85 ◦C for 5 minutes. Subsequently, samples were treated with 2 U RNase H
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at 37 ◦C for 20 minutes to remove the RNA template, increasing the final reaction volume to
21 µl.

qPCR assay

mRNA levels of the clock genes Per, Cry, Cyc, Tim and Clk were measured via qPCR for each
cDNA sample. The qPCR assay was performed — with only minor adaptions — according to
the protocol detailed in Rubin et al. (2006) and Shemesh et al. (2007). Specifically, qPCR was
performed using the same primers and primer concentrations, the same SYBR chemistry, the
same reaction volume as well as the same normalisation strategy and analysis technique.

Each brain cDNA sample was amplified in triplicate with primers for the five clock genes as
well as for EF1α as endogenous reference gene. Details about primers, amplification conditions
and plasticware can be found in Appendix B.

qPCR reactions (20 µl) contained 2 µl of 1:3 diluted cDNA (equivalent of 6.3 ng reverse tran-
scribed RNA) as template and 18 µl of master mix made up from 5 µl of 2×Power SYBR Green
PCR Master Mix (Applied Biosystems), forward and reverse primers (desalted, Invitrogen) and
molecular grade water up to 18 µl. Primers were used at the optimal concentration for the
analysis via the ∆∆ Ct method as determined by Rubin et al. (2006) and Shemesh et al. (2007),
i.e. 300 µM for Per, 500 µM for Cry, 200 µM for Cyc, 300 µM for Tim, 200 µM for Clk and 100 µM
for EF1α.

Reactions were set up in a 384-well-format using an automated pipetting system (epMotion
5075, Eppendorf) and following a ‘sample maximization approach’ (Vandesompele et al., 2002)
for optimal relative quantification. This meant that, for each gene, all samples of one batch were
amplified on the same plate. A no-template control (NTC) was also included on each plate for
all master mixes on the plate.

qPCR analysis

The qPCR data were analysed in several steps. First, the raw data of each reaction were
examined using the instrument software (SDS 2.3, Applied Biosystems). All reactions with
an irregular signal in the melting curve, amplification profile or passive reference (ROX) were
excluded. Importantly, outliers within technical replicates were discarded solely on the basis of
these exclusion criteria and not because they differed in quantification cycle (Cq, the PCR cycle
at which the amplification signal crossed a specified threshold2) from the other two technical
replicates. Control reactions were also thoroughly scrutinised.

Second, the mean Cq values for the technical replicates were imported to MS Excel (Microsoft)
and converted to relative quantities and normalised following the ∆∆ Ct method3 (Livak and

2 The thresholds for Cq determination, situated within the linear portion of the amplification signal, were
standardised across experiments for each primer pair

3 Ct stands for threshold cycle, an equivalent of Cq, not circadian time
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Schmittgen, 2001). Below is a brief overview of the analysis:

First, Cq values are converted to quantities (Q). Based on the exponential amplification in

qPCR and an assumed ideal amplification efficiency with template doubling each PCR cycle,

Q is calculated using the equation

Q =
1

2Cq
= 2−Cq (3.1)

where a larger Q indicates a greater amount of initial template.

The Q of the genes of interest (GOI) are then normalised to the Q of the reference gene (NORM),

converting them to normalised quantities (NQ) according to the equation

NQ =
QGOI

QNORM
=

2−Cq,GOI

2−Cq,NORM
= 2Cq,NORM−Cq,GOI = 2∆Cq (3.2)

The NQs are subsequently converted to relative normalised quantities (RNQ) by relating

the quantity of each sample to a reference sample (REF; arbitrarily chosen; often the lowest

expressed sample) according to the equation

RNQ =
NQ

NQREF
=

2∆Cq

2∆Cq,REF
= 2∆Cq−Cq,REF = 2∆∆Cq (3.3)

To combine the two different processing batches (3 bees/time point), the two batches were
aligned by normalising the mean NQs to the same value across batches. This procedure, a
form of inter-run calibration (IRC), successfully removed the marked differences in mean NQ
levels between Batch 1 and 2 seen for some clock genes. These differences were effectively a
shift along the y-axis with the overall pattern very similar between batches, reflecting technical
rather than biological differences. The calibration was performed on all NQs of Batch 2 using
the equation

CNQB2 =
NQB2

NQB2/NQB1
=

2∆Cq,B2

2∆Cq,B2 /2∆Cq,B1
=

2∆Cq,B2

2∆Cq,B2−∆Cq,B1
= 2∆Cq,B2−(∆Cq,B2−∆Cq,B1)

(3.4)
with CNQ the calibrated normalised quantity and B1/B2 representing Batch 1/2.

Finally, the average expression level of each time point was determined by geometric averaging
of the RNQs for each time point. The geometric was selected over the arithmetic mean since
the former accounts for the exponential origin of the RNQs (see Equation 3.1). The asymmetric
standard error for the geometric mean was determined by logarithmic transformation of the
data, followed by calculation of the standard error of the arithmetic mean including the upper
and lower limits and reverse log-tranformation of these. Last, all data points (individuals
and means) were expressed relative to the minimum mean, i.e. the time point with the lowest
expression, which was set to 1, and plotted using SigmaPlot version 11.0 (Systat Software). The
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geometric mean was used for plotting only and did not underlie any further data analyses,
which were all based on individual data points.

3.2.3 Statistical data analysis

All analyses were performed on the logarithmically (natural log, ln) transformed qPCR data
(RCNQ) using SigmaPlot version 11.0 (Systat Software).

The absence of rhythmicity in mRNA abundance was assessed via one-way analysis of vari-
ance (ANOVA) (Refinetti et al., 2007). All datasets fulfilled the condition of equal group
variances (equal variance test). The conservative Holm Sidak method was selected as a post hoc
test to identify differing means. Analyses were carried out with a significance level of α = 0.05.

For least-squares cosinor model fitting, a four-parameter sine model of the form

f (x) = A · sin(
2πx

B
+ C) + D (3.5)

was fitted using the SigmaPlot dynamic curve fitter, which iteratively (max. 200 iterations) de-
termined the parameters for the best fit using the Marquardt-Levenberg algorithm (Marquardt,
1963; Christopoulos and Lew, 2000). The period, represented by parameter B, was determined
with p < 0.001 for all fits except for Cyc.
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3.3 Results

To establish the technique of honey bee clock gene expression analysis in our laboratory and
confirm previous results, a time course experiment was conducted that closely followed the
experimental protocol of the primary study on this topic, Rubin et al. (2006). Since these authors
analysed expression over only 21 hours (6–8 time points), representing less than one complete
circadian cycle, the study here was designed to cover 1.5 cycles with the aim not only to replicate
but ideally to extend the current knowledge on honey bee clock gene expression.

To this end, forager-age honey bees were sampled every 3 hours over 33 hours (12 time points)
from a free-flying colony maintained outdoors under natural conditions. Six samples per time
point were subsequently analysed via RT-qPCR for their relative brain mRNA levels of the
5 putative clock genes originally characterised by Rubin et al. (2006), namely Per, Cry, Cyc, Tim
and Clk.

period

In accordance with numerous previous studies under LD conditions (Toma et al., 2000; Bloch
et al., 2001, 2004; Rubin et al., 2006; Shemesh et al., 2007, 2010), Per mRNA levels were found to
vary in bee brains over time (p < 0.001, ANOVA) (Figure 3.2). This variation displayed a clear
circadian rhythm and was best explained by a cosine model of a 24.1 hour period. Both the
peak timing (evening) and the amplitude of the oscillation (2.5-fold) replicated and confirmed
previous findings.

cryptochrome

Similarly, Cry results matched previous reports (Rubin et al., 2006; Shemesh et al., 2007, 2010)
in that Cry mRNA levels varied significantly with time (p < 0.001, ANOVA) in clear circadian
fashion (cosine model period of 23.8 hours) (Figure 3.2). With peak levels in the evening, Cry
mRNA oscillated in phase with Per, although with much greater amplitude (7-fold) and a much
steeper rise in the evening, also corresponding well to previous findings.

cycle

Transcript abundance for the putative circadian transcription factor Cyc was also found to
change over time (p = 0.041, ANOVA) (Figure 3.2). However, this appears to result mainly
from the single outlier in the second 0700 hours time point as the post hoc analysis (Holm-
Sidak method) detected only a statistically significant difference between this time point and
the second 1600 hours time point. In addition, the cosine model that best described the data
displayed a period of only 4 hours and explained only 10 % (R2 = 0.10) of the variation in Cry
levels over time. Therefore, these results contrast with previous studies in LD, which reported
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Figure 3.2: Clock gene mRNA levels in honey bee brains over 36 hours in natural light dark cycles.
Open circles represent individual data points (n = 6 bees per time point), filled circles the
geometric mean. Error bars denote the asymmetric standard error of the mean. Differences
in mRNA levels over time were assessed by analysis of variance (ANOVA) on the log-
transformed data, p-values are given in each graph. Blue lines display the cosinor model
fitted to the log-transformed data, with R2, the period (P) and the p-value of the presented
best fit also listed in each graph. The model does not appear sinusoidal in the figure as the
data are graphed on a linear scale for ease of interpretation. Grey background indicates the
natural dark phase from sun set to sun rise. Note that cryptochrome data are graphed on a
different scale to the other genes.
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circadian oscillations, albeit weak, in Cyc mRNA levels, which occurred in antiphase to Per and
Cry oscillations (Rubin et al., 2006; Shemesh et al., 2007). However, these data were ambiguous
with 3 out of the 6 colonies analysed by Rubin et al. (2006) not displaying statistically significant
Cyc cycling. Thus, neither presence nor absence of Cyc mRNA oscillations in bee brains has been
confirmed so far. Nonetheless, the timing of Cyc peak and trough detected here was consistent
with the patterns previously observed.

timeout

mRNA levels of Tim appeared constant over the 1.5 days of analysis (p = 0.102, ANOVA) and
were only poorly determined by a cosine model (R2 = 0.18) of near circadian period (Figure 3.2).
This lack of an obvious circadian rhythm in Tim levels is in line with the reports by Rubin et al.
(2006) and Shemesh et al. (2007), who expressed difficulties in interpreting their ambiguous
results with only 2 of 3 colonies displaying significant rhythms under LD and none under DD.
Notably, the cosinor model fit obtained in this study is almost in antiphase to the models fitted
in Rubin et al. (2006), who reported in-phase cycling with Per and Cry. In light of the previous
ambiguities, the conflicting nature of the data obtained in this study casts doubt on the true
existence of brain oscillations of Tim in honey bees.

clock

mRNA levels of the second putative circadian transcription factor Clk seemed to vary with
time (p = 0.016, ANOVA), with levels at the two 1600 hours time points differing significantly
from levels at 0400 hours (post hoc Holm-Sidak method). Matching those 12 hour intervals
between the peaks and the trough, the cosinor model fit revealed an oscillation of circadian
period, nonetheless explaining only 17 % of the observed variation (Figure 3.2). Although Clk
mRNA levels have been considered constant in bee brains under both LD and DD regimes
(Rubin et al., 2006; Shemesh et al., 2007; Rodriguez-Zas et al., 2012), and were also found
constant under LLdim in this thesis (Section 6.3, Tables 6.3 and 6.5, Figures 6.3 and 6.4), there
have recently been indications of very low amplitude oscillations in Clk mRNA levels similar to
the ones detected here (personal communication Dr. Guy Bloch, Hebrew University Jerusalem).
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3.4 Discussion

Using the method described by Rubin et al. (2006), the temporal expression profiles of five
putative clock genes were successfully analysed in bee brains. The results largely confirmed
previous findings from shorter time course experiments, especially reproducing the robust
circadian oscillations of Per and Cry mRNA. However, the previously reported oscillations
of Cyc and Tim transcript levels could not be verified, and there was some indication of low
amplitude rhythms in Clk mRNA, which had so far been regarded as constant.

The overall similarity in results from this and other studies, in particular the replication of
mRNA oscillations of Per and Cry, demonstrates that the clock gene expression analysis was
successfully implemented in our laboratory. Discrepancies in results occurred only for tran-
scripts that had yielded ambiguous expression profiles before, such as Tim in the study by
Rubin et al. (2006), which further shows that the method of Rubin et al. (2006) was replicated
effectively.

The reasons for the difficult distinction between rhythmic and non-rhythmic transcript levels
of Clk, Cyc and Tim may be found in the low amplitude of their oscillations (if indeed present)
and the sampling regime. Weak cycling can be difficult to detect when a population sampling
approach is used, where every data point is based on a different individual. Here, biological
variation between individuals may obscure an underlying rhythm or, the opposite, falsely
indicate rhythmic transcript levels in cases of constitutive expression. Therefore, a serial
sampling approach, where samples are repeatedly taken from the same individual, may prove
more effective in distinguishing between constant or rhythmic brain expression of Clk, Cyc and
Tim in honey bees. However, since non-destructive or minimally invasive sampling methods
required for such serial sampling are not available in honey bees, and honey bees cannot
currently be genetically manipulated to generate reporter lines similar to those in Drosophila
or mouse, the RT-qPCR assay on whole honey bee brains developed by Rubin et al. (2006)
constitutes the best currently available method to interrogate the molecular circadian clockwork
of honey bees.

For the bee clock model, the ambiguous results for Clk and Cyc mean that, based on their
mRNA expression, it cannot be determined if the positive limb of the core loop is more similar
to the mammalian or the Drosophila clock. More insight might be gained by examining the
expression profiles of the respective proteins as well as by studying their interactions with
other clock proteins. In the course of this thesis, I therefore initiated and conducted a project
to develop antibodies against the honey bee clock proteins PER and CRY. Although highly
specific antisera were raised against the recombinant full-length proteins, their application in
protein biochemical assays such as immunoblots is still ongoing and therefore not included in
this thesis. However, it is expected that these techniques will help to shed more light on the
honey bee circadian clockwork.
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Conclusion

Clock gene mRNA rhythms are useful indicators of the state, function and phase of the molecu-
lar circadian clock. These rhythms can be assessed by simple molecular biology techniques also
in non-molecular model organisms like the honey bee, where reporter lines are not currently
available. Here, the honey bee clock gene qPCR assay developed by Rubin et al. (2006) was
successfully established in our laboratory. The assay was used to confirm and extend the current
knowledge about temporal mRNA profiles in honey bee brains, providing a baseline for the
use of the assay in experiments examining the effect of general anaesthesia on the honey bee
circadian clockwork. Prior to this application, the RT-qPCR protocol needed to be optimised to
improve detection of subtle changes in clock gene mRNA oscillations after anaesthesia. This
optimisation work is described in the following chapter (Chapter 4).



Chapter 4

Optimisation and Verification
of the RT-qPCR Assay
for Clock Gene Expression Analysis

4.1 Introduction

For the analysis of the molecular circadian clockwork, clock gene mRNA rhythms can be
measured by reverse-transcription quantitative real-time polymerase chain reaction (RT-qPCR).
In honey bees, such an RT-qPCR assay was developed in the laboratory of Dr. Guy Bloch
(Hebrew University Jerusalem) for many of the canonical clock genes (Rubin et al., 2006). In
Chapter 3, the establishment of this assay in our laboratory was discussed as was its application
to reproduce, confirm and extend the results obtained by Rubin et al. (2006) on rhythmic
expression of selected clock genes in honey bee brains.

With the rapid rise in popularity of qPCR over the last decade, the general need for robust
assay design, optimisation and verification has been increasingly recognized. The effort by the
research community for standardisation and quality assurance of qPCR experiments recently
culminated in the publishing of guidelines stating the Minimum Information for Publication of
Quantitative Real-Time PCR Experiments (MIQE) (Bustin et al., 2009). These guidelines detail the
requirements for robust assay design as well as the information that needs to be provided to
allow critical evaluation of qPCR experiments and their results.

Although currently the best available method for clock gene expression analysis in honey bees,
the RT-qPCR assay by Rubin et al. (2006) could be expected to benefit from further technical
optimisation and verification as suggested by the MIQE guidelines. For example, an increase in
reference genes, a critical assessment of their expression stability as well as the determination
and incorporation of primer amplification efficiencies may reduce technical variation and
attenuate potential experimental error.

Since the same RT-qPCR assay was intended to be used to investigate the effect of general

67



68 CHAPTER 4. OPTIMISATION AND VERIFICATION OF THE RT-QPCR ASSAY

anaesthesia on the honey bee circadian clock (Chapter 6), and these investigations sought to
detect not only the cycling of clock gene mRNA levels but also changes to amplitude, phase
and/or period of this cycling, the robustness and precision of the RT-qPCR assay were of
paramount importance.

In accordance with both the particular requirements for experimental precision and the general
requirements of the MIQE guidelines, the RT-qPCR assay was carefully optimised and verified
before its application in anaesthesia experiments. These analyses are detailed in this methods
chapter.
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4.2 Optimisation and verification

4.2.1 Optimisation and verification — RNA integrity1

The quality of the RNA template plays an important role in reliable quantification of mRNA
levels via RT-qPCR. Several studies have documented that RNA integrity directly influences
the cycle number at which the amplification signal crosses the threshold (quantification cycle,
Cq) (Almeida et al., 2004; Antonov et al., 2005; Fleige et al., 2006; Fleige and Pfaffl, 2006), which
can lead to false conclusions of differential expression between samples of different RNA
integrity. The same studies showed that such integrity-based Cq differences can be partially
compensated by normalisation against several endogenous reference genes, thereby stressing
the importance of this normalisation strategy (also applied in the RT-qPCR assay in this work).
However, with differing susceptibility of reference genes to RNA degradation (Pérez-Novo
et al., 2005), normalisation is not able to remove the full impact of RNA integrity on RT-qPCR
results (Vermeulen et al., 2011).

For reliable mRNA quantification, it is thus necessary to work with RNA samples of good or at
least similar quality. Accordingly, RNA quality control is listed as an essential step in RT-qPCR
by the MIQE guidelines (Bustin et al., 2009).

RNA integrity analysis

The most common method for assessing the integrity of extracted RNA is gel electrophoresis
and subsequent inspection of the prominent bands of the highly abundant ribosomal RNAs
(rRNAs). Analysed in particular are the large rRNAs, designated 16S and 23S in prokaryotes
and 18S and 28S in eukaryotes. An intact sample is generally defined as displaying clear and
distinct bands for both these large rRNA species. This is based on the assumption that rRNA
integrity reflects the integrity of the other fractions of RNA, for example the mRNA fraction
in the case of expression studies. While rRNA integrity may not necessarily be an accurate
measure of mRNA quality, it is certainly useful as a readily available indicator of the general
state of the purified RNA.

RNA integrity of bee brain RNA extracts

To assess the integrity of the honey bee brain RNA extracts for this study, total RNA samples
were analysed by standard non-denaturing agarose gel electrophoresis as well as using an
Agilent 2100 Bioanalyzer, one of the recent microfluidic capillary electrophoresis systems, which
have become the gold standard for RNA quality assessment. Separation is based on a non-
denaturing gel matrix, but samples are usually heat-denatured at 70 ◦C for 2 minutes prior to
separation to uncover any nicks in the backbone (Krupp, 2005). The Bioanalyzer software also

1Parts of this section also appeared in the publication Why does insect RNA look degraded? (Winnebeck et al., 2010)
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computes an RNA integrity number (RIN) (Schroeder et al., 2006), which allows for quantitative
comparison of RNA integrity across samples.

Analysis of the honey bee brain RNA samples produced rRNA profiles that differed significantly
from the standard rRNA integrity benchmark. Bioanalyzer rRNA profiles consistently showed
a single rRNA peak instead of two clear peaks expected for the two large rRNA species, 18S
and 28S. Likewise, agarose gel analysis yielded only a single rRNA band (Figure 4.1 A–C).
This unusual rRNA profile also precluded calculation of a RIN and thus the quantification of
sample RNA integrity. Discussion with other insect molecular biologists suggested that a single
rRNA signal is commonly seen for insect RNA and does not reflect degradation of the sample,
although none could provide an explanation for this phenomenon.

However, when samples were not heat-denatured, the expected two 18S and 28S rRNA peaks
were readily observed, both in capillary and agarose gel electrophoresis (Figure 4.1 D–F).
Therefore, it seemed that heating converted the 28S rRNA into fragments that reappeared, at
least partly, with the 18S rRNA fraction.

A detailed literature survey demonstrated that this 28S rRNA thermolability in insects had been
investigated in the rRNA field 30–40 years ago. However, it appears that today, few molecular
biologists are aware of these findings, resulting in a common and unfortunate misinterpretation
of many insect RNA profiles both in daily experiments as well as in publications.

The discovery of 28S rRNA thermolability in insects

Reports of the heat-induced breakdown of insect 28S rRNA accumulated in the 1960s and 70s
and the phenomenon was first characterised further in Lepidoptera and Diptera (Applebaum
et al., 1966; Greenberg, 1969; Rubinstein and Clever, 1971; Ishikawa and Newburgh, 1972): It was
found that, after heating the RNA to 40–60◦C for a few minutes, the 28S rRNA fraction of these
taxa suddenly sedimented alongside the 18S rRNA fraction, while the latter was unaffected.
This rapid thermoconversion of 28S rRNA occurred without detectable intermediates and was
highly reproducible. It was therefore attributed to a specific scission near the centre of the
molecule that resulted in separation into two fragments of similar length, later designated α

and β. Although migrating with 18S rRNA, the 28S fragments were demonstrated to be distinct
from 18S rRNA as the difference in base composition between the 28S and 18S rRNA was
maintained even after heat-fragmentation (Ishikawa and Newburgh, 1972).

28S thermolability did not appear to be an artefact of extraction since RNase inhibitors were
ineffective in preventing the breakdown (Applebaum et al. 1966; Rubinstein and Clever 1971)
and rRNA (co-) extracted from other organisms such as Escherichia coli, rat or hamster did
not display any such rapid heat-induced fragmentation (Applebaum et al., 1966; Shine and
Dalgarno, 1973). If not introduced during extraction, the scission had to be an intrinsic feature
of the 28S rRNA of these insects, a pre-existing “hidden break” in the RNA backbone (coined
by Ishikawa and Newburgh (1972) after Gould (1967)). This hidden break was suggested to
be introduced into the polynucleotide chain rather late in the maturation of the 28S rRNA,



4.2. RNA QUALITY 71

A

D

RN
A 

La
dd

er
 

to
ta

l R
NA

18S

Marker

28Sα
28Sβ
5.8S  

Nucleotides (nt)

Fl
uo

re
sc

en
ce

 u
ni

ts

16

12

10

8

6

4

2

0
200 -

500 -

1000 -

2000 - 

4000 - 

Marker -

heat-denatured

Fl
uo

re
sc

en
ce

 u
ni

ts

Nucleotides (nt)

to
ta

l R
NA18S

28Sα
28Sβ  

5.8S  
Marker

RN
A 

La
dd

er

200 -

500 -

1000 -

2000 - 

4000 - 

25 200 500 1000 2000 4000

B

Marker -

to
ta

l R
NA

DNA 
La

dd
er

200 -

500 -

1000 -

2000 - 

4000 - 

Apis mellifera total RNA

native
Apis mellifera total RNA

 nt nt

16

12

10

8

6

4

2

0

25 200 500 1000 2000 4000

E F

to
ta

l R
NA

DNA 
La

dd
er

200 -

500 -

1000 -

2000 - 
4000 - 

 nt

C

 nt

Figure 4.1: Electrophoretic profiles of honey bee total RNA before and after heat-denaturation.
Honey bee brain RNA (∼ 70 ng) was electrophoretically separated either with an Agilent
2100 Bioanalyzer using an RNA 6000 Nano Chip Kit (A, D: electropherogram; B, E: virtual
gel) or in 1 % agarose gels (C, F). Heat-denaturation was performed at 70◦C for 2 minutes.
The main constituents of peaks and bands are given: yellow denotes 18S; blue, 5.8S; and red,
α and β fragments of 28S rRNA. Coloured areas under the curve are only illustrative, not
quantitative. After Winnebeck et al. (2010), originally created with graphical assistance from
Vivian Ward.
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Figure 4.2: Assembly of rRNA into the ribosomal subunits in insects. In eukaryotes, each cytoplasmic
ribosome comprises four different molecules of RNA, which are named after their approx-
imate sedimentation properties: two large rRNAs designated 18S and 28S and two small
rRNAs termed 5S and 5.8S. The 18S rRNA composes the major part of the small riboso-
mal subunit, whereas the other three rRNAs constitute the RNA component of the large
ribosomal subunit. While all four rRNAs of cytoplasmic ribosomes are encoded in nuclear
genes, the 18S, 5.8S and 28S rRNAs are transcribed as a single large precursor molecule. Post-
transcriptional processing of this pre-rRNA in the nucleolus subsequently yields separate
mature rRNAs, which assemble with numerous ribosomal proteins to form the ribosomal
subunits. Most insects show an additional processing step that cleaves the 28S rRNA into
α and β fragments, which remain hydrogen-bonded together. Colours refer to the colour-
coding in Figure 4.1. After Winnebeck et al. (2010), originally modified from Gillespie et al.
(2006) with graphical assistance from Vivian Ward. ETS, externally transcribed spacer region;
ITS, internally transcribed spacer regions.

following pulse-chase experiments which demonstrated that, in contrast to its mature 28S prod-
uct, the immediate precursors did not heat-dissociate into two major fragments (Applebaum
et al., 1966; Ishikawa and Newburgh, 1972). Analyses of fragmentation conditions suggested
that non-covalent RNA interactions, mainly hydrogen bonds, were most probably holding the
28S rRNA together - thereby successfully “hiding the break” (Figure 4.2).

It quickly became clear that the occurrence of a central hidden break in 28S rRNA is not
restricted to Diptera and Lepidoptera. Numerous other insects including the honey bee (Shine
and Dalgarno, 1973; De Lucca et al., 1974; Gillespie et al., 2006) display the phenomenon of
28S rRNA thermolability. In fact, the only insects found not to have fragmented 28S rRNA are
the aphids (Shine and Dalgarno, 1973; Ishikawa, 1977; Basile-Borgia et al., 2005). Furthermore,
scissions in the 28S rRNA extend even beyond the class of insects and have been shown not
only in other arthropods, but also many other protostomes (Ishikawa, 1977). Surprisingly, they
have even been discovered in mammals, namely in several South American rodent species of
the genus Ctenomys (Melen et al., 1999).
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Current state of knowledge on 28S rRNA thermolability

Research over the past 40 years has shed more light on the nature of hidden breaks in rRNA,
while their biological significance still remains an enigma (Basile-Borgia et al., 2005): The central
hidden break in 28S rRNA was found to result not from a single scission, but from a double
cleavage event with excision of the middle fragment; the length of this released fragment varies
with the species in question. Several cleavage signals have been proposed, mainly located
within AU-rich regions, but no consensus sequence has yet been identified. Concordantly, the
processing machinery for the excision is still entirely unknown.

The location of the central scission site in insects was identified in one of the highly variable
regions, expansion segment D7a (Ware et al., 1985), which also constitutes the probable site
of fragmentation in the honey bee (Gillespie et al., 2006). Therefore, the 28S fragments in the
honey bee are approximately 1900 (α) and 2000 (β) nucleotides in length. As the 18S rRNA is of
similar size (1923 nt) (Gillespie et al., 2006), these three molecules appear as a single peak after
denaturation (Figure 4.1 A–C).

5.8S rRNA “thermolability”

Heating of honey bee brain RNA extracts also saw the appearance of a new peak of approxi-
mately 160 nucleotides in size (Figure 4.1 A–B). In bees, this was first reported by De Lucca et al.
(1974); however, it is neither specific for bees nor for insects in general. The small component
released through denaturation also originates from the 28S rRNA complex, although it is not
another product of internal cleavage within an rRNA species, but rather a separate rRNA:
5.8S rRNA. First demonstrated by Pene et al. (1968) and King and Gould (1970), 5.8S rRNA is
base-paired to the 28S rRNA in all eukaryotic cytoplasmic ribosomes (Figure 4.2) and released
upon denaturation.

It is interesting to note that, since the 5.8S rRNA is hydrogen-bonded to the 28S rRNA, it
generally co-purifies with the large rRNA species. Accordingly, when extracting RNA using
silica-matrix spin columns such as the Qiagen RNeasy kit used for this thesis, 5.8S rRNA is
purified despite the exclusion of RNA below 200 nucleotides in length. This is contrary to
statements in application notes by Agilent and Qiagen (e.g. Krupp, 2005; Massotti and Preckel,
2006; Qiagen, 2006).

In conclusion, the 28S rRNA of most insects consists of two separate fragments that are hydro-
gen-bonded together. Depending on pre-treatment and electrophoresis conditions (native or
denaturing), disruption of these hydrogen bonds occurs and the two fragments co-migrate with
the 18S rRNA. The 5.8S rRNA is also base-paired to this 28S complex and is likewise released in
denaturing conditions.

Therefore, the observed rRNA profiles of honey bee brain RNA extracts reflected endogenous
components of the insect rRNA rather than degradation during the extraction process. Based
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on this knowledge, it was possible to verify that all samples used for clock gene expression
analysis displayed good and consistent RNA integrity (Section 6.2.2).

4.2.2 Optimisation and verification — Genomic DNA content of samples

Gene expression studies employing RT-qPCR generally seek to measure the absolute or relative
abundance of specific mRNAs within and across samples. For reliable quantification of such
mRNA expression, it is important to establish that the main signal in RT-qPCR originates from
the reverse-transcribed mRNA (cDNA) and not from genomic DNA (gDNA), which is often
unintentionally co-extracted with the RNA. Thus DNA contamination assessment is deemed
essential by the MIQE guidelines (Bustin et al., 2009).

Presence of genomic DNA in total RNA extracts from honey bee brains

For the mRNA expression studies in this thesis, total RNA was extracted from honey bee brains
via silica-matrix spin columns including an on-column treatment with DNase I (Sections 3.2.2
and 6.2.2). In order to assess whether this RNA purification method successfully excluded
contaminating gDNA, RNA extracts were tested for the presence of gDNA via PCR and qPCR,
making use of the binding sites of two primer pairs, one for Rp49 and one for Ef1α (Appendix
Table B.2): The Rp49 primers bind in separate exons producing two different amplicon sizes
depending on whether the PCR template contains introns or not (150 and 442 bp). In contrast,
the Ef1α primers bind within the same exon producing a short amplicon of 151 bp in the
presence and absence of introns, an ideal size for qPCR analysis (Figure 4.3 A).

Using the Rp49 primers, a total of 9 RNA samples, pseudo-randomly selected from three
different RNA extraction batches and days, were assayed for gDNA content via end-point
PCR (5 representative samples shown in Figure 4.3 B, top panel). Out of the 9 samples, 4 samples
yielded a PCR product of around 442 bp, indicating amplification from an intron-containing
template. Therefore, almost half of the RNA extracts seemed to contain detectable amounts of
gDNA despite the DNase treatment during extraction.

However, PCR on the cDNAs of these RNA samples produced only visible products of about
150 bp in size (Figure 4.3 B, bottom panel). The absence of a 442 bp band in all 9 cDNA samples
suggested that the gDNA template was rapidly out-competed in the presence of reverse-
transcribed RNA, indicating that contaminating gDNA was present in minimal amounts only.

Quantification of the gDNA content via qPCR confirmed this conclusion. For both the Rp49
and EF1α primer pairs, the amplification signal from the cDNA samples crossed the threshold
at a much earlier cycle (lower Cq) than the signal from the RNA samples (Figure 4.3 C). Since
the no-template control as well as the melt curve analysis indicated non-specific amplification
from the Rp49 primers in the instances of low template amount, only EF1α results were used
for quantitative data analysis: 4 of the 9 tested RNA samples displayed detectable amounts
of gDNA, matching the results from end-point PCR. In all those contaminated samples, the
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Figure 4.3: Detection of genomic DNA in RNA samples. (A) Schematic depicting exon binding sites
and resulting PCR amplicon sizes of the Rp49 and Ef1α primer pairs (black arrows) for
different nucleic acid templates (not to scale). Both primer pairs were used to assess the
extent of gDNA contamination in extracted bee brain RNA. (B) PCR analysis of RNA samples
(top) and their respective cDNAs (bottom) using the Rp49 primer pair. Only 5 out of all
9 analysed samples are shown. PCR products were electrophoretically separated on 2 %
agarose gels next to 150 ng of size marker (1 kb Plus DNA ladder, Invitrogen). (C) qPCR
analysis of all 9 RNA samples (blue; in triplicates) and their respective cDNAs (red; single
reactions) using both the Rp49 and the EF1α primer pairs. Top panels depict the baseline-
corrected amplification data with the quantification threshold marked in green; bottom
panels show the melt curve analysis. bp, base pairs; gDNA, genomic DNA.
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RNA/gDNA signal lagged ≥10 cycles behind the cDNA signal, indicating that the gDNA
concentration was at least three orders of magnitude lower (≈ 210 or 1024 fold) than the
RNA/cDNA concentration.

Amplification from genomic DNA by exon/exon boundary-spanning primers

In order to prevent amplification from gDNA despite its presence within the sample, a common
strategy is to use primers that bind across exon/exon boundaries; this is thought to hinder
annealing and amplification from intron-containing templates (Figure 4.4 A). All honey bee
clock gene primer pairs used in this thesis were designed according to this strategy, with one
primer of each pair spanning an exon/exon boundary (Appendix Table B.2). Consequently,
Rubin et al. (2006), who first developed these primers pairs, and the authors of subsequent
studies using these primer (Shemesh et al., 2007, 2010) neither performed a DNase treatment
during or after RNA extraction nor assessed the level of gDNA contamination in their samples.
This meant it had not been experimentally verified that these clock gene primers do not amplify
from gDNA. Therefore, this important point was addressed in the scope of the RT-qPCR assay
optimisation and verification.

To this end, gDNA was isolated from honey bees via phenol-chloroform extraction and used
as a template in PCR and qPCR reactions with all clock gene primer sets, i.e. for period (Per),
cryptochrome (Cry), cycle (Cyc), timeout (Tim) and clock (Clk). As expected, the majority of these
primer pairs did not amplify visible products from gDNA in end-point PCR (Figure 4.4 B).
However, both the Per and Clk primers produced clear bands in the agarose gel analysis, both
of the sizes predicted when the 3’-end of the exon-spanning primer binds sufficiently enough
within the exon to enable amplification: approximately 92 bp for Per and 420 bp for Clk. This
finding demonstrates that, despite their special design, certain exon/exon boundary-spanning
primers can successfully anneal to gDNA.

To investigate whether these clock gene primers exhibit the same property in the SYBR-con-
taining qPCR buffer, all five primer pairs were also tested in qPCR. Here, not only Per and Clk
primers amplified from isolated gDNA, but also the Cry primer pair produced a significant
amplification signal (Figure 4.4 C). In contrast to end-point PCR, Clk primer products appeared
to be unspecific with two peaks in the melt curve at a much lower temperature (68 and 72.5 ◦C)
than expected — even lower than that for the primers’ much smaller cDNA product (74 ◦C).
This non-specific gDNA amplification of the Clk primers may have been caused by the size
of the intron-containing amplicon (420 bp), which is large for the short elongation time in
qPCR (1 min combined annealing and elongation time; 50–150 bp usually recommended). Melt
curve analysis for the primers with shorter amplicons showed that both Per and Cry primer
products were specific and denatured at the same temperature as the primers’ products from
cDNA (71 and 81 ◦C). Importantly, Per and Cry primers not only amplified effectively from
isolated gDNA, but could also amplify, although less strongly, from the low gDNA amount in a
contaminated RNA sample (data not shown).
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Figure 4.4: Test of exon/exon boundary-spanning clock gene primers on isolated bee DNA.
(A) Schematic depicting binding mode of clock gene primer pairs (black arrows), which were
designed with the binding site of one primer spanning an exon/exon boundary in order
to prevent amplification from gDNA. Schematic is based on the first four exons of the Apis
mellifera Cry gene and the Cry primer pair (not to scale). (B) PCR analysis of all five clock
gene primer pairs used in this thesis (see Appendix Table B.2). Left panel shows amplification
results from cDNA template (from bee brain RNA) and the right panel from isolated genomic
DNA (from whole bee). PCR products were electrophoretically separated on 2 % agarose gels
next to 150 ng of size marker (1 kb Plus DNA ladder, Invitrogen). (C) qPCR analysis of clock
gene primers using isolated honey bee DNA as template. Shown are the results for the three
primer pairs that amplified from DNA despite their exon-spanning design. Top panels depict
the baseline-corrected amplification data with the quantification threshold marked in green;
bottom panels show the respective melt curve analysis. bp, base pairs, gDNA, genomic DNA.



78 CHAPTER 4. OPTIMISATION AND VERIFICATION OF THE RT-QPCR ASSAY

Implications of gDNA contamination

The presence of gDNA in RNA extracts from honey bee brains in conjunction with the ability of
several clock gene primers to amplify from gDNA highlighted the necessity for either effective
countermeasures or rigorous controls to be implemented.

Therefore, practical ways were assessed to remove the gDNA from the RNA sample or to
exclude it more effectively during RNA isolation. Modification of the RNA extraction procedure
by including a Trizol phenol-chloroform (Invitrogen) pre-cleaning step2 did not eliminate
gDNA in the RNA extracts (Figure 4.5 A, B). In contrast, treatment of RNA extracts with
DNase I (amplification grade, Invitrogen) successfully reduced the gDNA content below qPCR
detection limits (Figure 4.5 C) without obviously compromising RNA quality (Figure 4.5 D) or
reverse transcription (data not shown). Besides further confirming that the template enabling
amplification from the RNA extracts was indeed DNA, this result suggests a second DNase
treatment as a feasible means of eliminating gDNA contamination.

However, in light of the large number of samples to be processed for time course experiments
on the effect of anaesthesia on clock gene expression (Chapter 6), an additional processing step
would have significantly increased the workload, processing time and cost of the experiments.
In addition, the success of the second DNase treatment would have had to be verified, if not
for all samples at least for each treatment batch. Therefore, given the low level of gDNA
contamination, a monitoring approach appeared more effective and it was thus decided to
routinely perform no-reverse-transcription controls (RT– controls) for all samples and primer
pairs in all experiments as suggested by Bustin et al. (2009) and Nolan et al. (2006). This
procedure was to provide quantitative evidence that the main signal measured in RT-qPCR
originated from the mRNA fraction and to guide exclusion of samples for which this was not
the case. The cut-off criterion for a minimum distance between the cDNA sample and its RT–
control was selected at <6 Cq. At this distance, less than 2 % of the signal is contributed by the
residual gDNA in the sample (≈ 26 or 64 fold difference).

2 Sample homogenisation in Trizol; phase separation with chloroform according to the manufacturer’s instruc-
tions; use of the upper, RNA-containing phase for silica-matrix RNA isolation
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Figure 4.5: Reducing the genomic DNA content of RNA samples. (A) PCR analysis of three RNA
samples whose purification via silica-matrix columns had been preceded by an additional
Trizol extraction step. PCR products were electrophoretically separated on 2 % agarose gels
next to 150 ng of size marker (1 kb Plus DNA ladder, Invitrogen). Size of PCR product
indicates amplification from gDNA (Figure 4.3 A). (B) qPCR analysis of six RNA samples
purified with the additional Trizol step. Amplification was performed using the EF1α primer
pair. (C) Comparison of qPCR results from four RNA samples before (top) and after (bottom)
an additional treatment with DNase. Amplification was performed with the Ef1α primer pair.
(D) Bioanalyzer profiles of a representative sample from C are shown for a comparison of
RNA quality before (top) and after (bottom) the additional DNase treatment. bp, base pairs.



80 CHAPTER 4. OPTIMISATION AND VERIFICATION OF THE RT-QPCR ASSAY

4.2.3 Optimisation and verification — qPCR reaction volume

The RT-qPCR assay established in the laboratory of Dr. Guy Bloch (Rubin et al., 2006; Shemesh
et al., 2007) for clock gene expression analysis in honey bees is performed in 96-well plates with
a reaction volume of 20 µl. In order to optimise resource use, an experiment was carried out
that reduced the reaction volume from 20 µl to 15 µl and 10 µl in 384-well plates. The aim of
the experiment was to verify that this decrease in reaction volume did not negatively affect the
technical reproducibility of the assay.

To this end, qPCR reactions at all three volumes were performed with all five clock gene
primer sets (and one reference gene set) using a cDNA master sample from six honey bee
brains. All reactions were run in triplicate and the standard deviations between the Cq values
of all three replicates were used as a measure of technical reproducibility and variability. A
comparison of the standard deviations across reaction volumes demonstrated that the technical
reproducibility was maintained over all three tested volumes (Figure 4.6 A). Surprisingly, the
Cq values themselves displayed a trend towards smaller values at lower volumes, while the
overall pattern among the different target genes remained the same (Figure 4.6 B).

4.2.4 Optimisation and verification — Reference genes for normalisation

Normalisation in RT-qPCR is intended to remove differences between samples that are due to
experimental variation, e.g. differences in template concentration (owing to pipetting inaccu-
racies or errors, sample evaporation or condensation), differences in reverse transcription or
amplification efficiency (caused by sample-specific inhibitors) or differences in RNA integrity.
In other words, normalisation is supposed to account for any differences inevitably introduced
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Figure 4.6: Effect of reaction volume scale down on technical reproducibility. (A) Technical variability
at different qPCR reaction volumes was measured as the standard deviation (SD) between the
Cq values of three technical replicates. SD is graphed per gene of interest (coloured rectangles)
as well as cumulative for each tested volume. The great SD for Cyc at 15µl is caused by an
outlier of almost 2 Cqs. (B) Cq values for each target at different reaction volumes. Colours
representing the different target genes are the same as for A. Cq, quantification cycle.
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by the experimenter along the multi-step process of RT-qPCR or inherent differences in the
sample that affect mRNA quantification without reflecting different mRNA levels. Therefore,
according to the MIQE guidelines, normalisation is an “essential component of a reliable qPCR
assay” (Bustin et al., 2009, page 9).

Currently the most common and recommended normalisation strategy is the use of endogenous
reference genes (Huggett et al., 2005; Kubista et al., 2006; Pfaffl, 2006; Vandesompele et al., 2009).
For this strategy to be effective, the reference genes need to be carefully selected for expression
stability under the exact experimental conditions employed. In addition, the combination
of several reference genes is generally preferable to a single reference gene to ensure robust
normalisation (e.g. Vandesompele et al., 2002; Tricarico et al., 2002; Dheda et al., 2005; Bustin
et al., 2009).

Therefore, the existing normalisation procedure of the honey bee clock gene RT-qPCR assay,
which relied on EF1α as the sole endogenous normaliser (Rubin et al., 2006; Shemesh et al., 2007),
needed to be expanded with additional reference genes and verified against the experimental
conditions of this study. This meant establishing a set of reference genes that displayed stable
expression in honey bee forager brains not only over a circadian time scale, i.e. over the course
of a day, but also under general anaesthesia with isoflurane.

Methods for reference gene evaluation

Identification of stably expressed reference genes presents an ongoing challenge in qPCR. Since
reference genes are meant to account for experimental variation, their mRNA abundance is not
expected to be the same for every sample, but to fluctuate between samples according to the
experimental variation. This then creates the circular problem of how to distinguish — without
normalisation — between fluctuations reflecting experimental variation and those reflecting
true changes in expression. Many mathematical and statistical algorithms have been and are
still being devised to overcome this circular problem (reviewed in Vandesompele et al., 2009).

In this study, two different algorithms for reference gene validation were applied: geNorm
analysis (Vandesompele et al., 2002) and Normfinder analysis (Andersen et al., 2004). In geNorm
analysis, expression stability is measured as the pairwise variation (M value) among different
candidate reference genes; the higher the variation or M value, the less stable is the expression
of a gene compared to the other candidates. The most suitable reference genes are then selected
through stepwise elimination of the least stable candidate and sequential recalculation of the
M value. Normfinder analysis is based on statistical linear mixed-effects modelling of gene
expression and has the advantage of accounting for experimental groups. The calculated
stability value reflects the combined effect of intra- and inter-group variation in expression and,
as for geNorm, the higher the computed stability value, the less stably expressed the gene.
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Table 4.1: Reference gene candidate panel. Gene accession numbers, primer details and references are
provided in Appendix Table B.2.

Gene symbol a Gene name Functional class

amActin/Arp1 actin/actin related protein 1 Cytoskeleton
amEF1α translation elongation factor eEF-1 α chain Translation
ameIF3S8 similar to eukaryotic translation initiation factor 3 subunit C Translation
ameIF5 similar to eukaryotic translation initiation factor 5 Translation
amGAPDH similar to glyceraldehyde 3 phophate dehydrogenase 1 Metabolism
amRp49 ribosomal protein 49 Translation
amTub similar to tubulin alpha-1 chain Cytoskeleton
a am denotes Apis mellifera

Selection of reference gene candidates and primer sets

Both geNorm and Normfinder analysis require a panel of 5–10 reference gene candidates for
testing in order to yield meaningful results (Vandesompele et al., 2002; Andersen et al., 2004).
Therefore, a set of potential reference genes was selected from the literature based on previous
use either in circadian studies and/or studies applying isoflurane anaesthesia. Since geNorm is
inherently vulnerable to co-regulated candidates (Vandesompele et al., 2002; Andersen et al.,
2004), attention was also paid to finding genes encoding proteins from different functional
groups. The final criterion was the availability of published primers for homologues of these
genes in honey bees and their previous validation in qPCR. Altogether, this selection yielded a
final test panel of 7 reference gene candidates (Table 4.1).

Expression stability of potential reference genes over 24 hours

In order to analyse the temporal expression stability of these reference gene candidates, their
mRNA levels were measured via RT-qPCR in a subset of samples collected for the time course
experiment described in Chapter 3. This subset comprised a total of 24 brain RNA extracts from
forager honey bees collected at 8 time points over the course of 24 hours (3 bees per time point).

Consistent with previous studies applying both algorithms (e.g. Willems et al., 2006; Scharlaken
et al., 2008), geNorm and Normfinder analysis yielded very similar results (Figure 4.7). Using
geNorm, EF1α and eIF3 were identified as the two most stably expressed genes over the course
of 24 hours, closely followed by GAPDH and Tub. Using Normfinder, eIF3 was also determined
as the most stably expressed gene with GAPDH, EF1α and Tub ranked second, third and
fifth respectively. There was no significant difference between different numbers of reference
genes as indicated by the geNorm tool used to determine the optimal number of normalisers
based on the stability results (V value ≤ 0.065; with ≤ 0.15 suggested as arbitrary cut-off by
Vandesompele et al. (2002)).
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Expression stability of potential reference genes under isoflurane anaesthesia

The general anaesthetic treatment honey bees received in this PhD study consisted of a 6 hour
course of 2 % isoflurane (Chapter 5 and 6). To determine the expression stability of the can-
didate reference genes under this treatment, their mRNA levels were quantified via RT-PCR
in forager honey bee brains at the end of a full 6 hour course of anaesthesia and compared to
un-anaesthetised samples from the same colony collected at the same time. In total, 10 samples,
which were part of the experiment described in Section 6.3.3, were analysed per condition.

The results of both the geNorm and Normfinder analyses again corresponded well (Figure 4.8):
Using geNorm, EF1α and eIF3 were ranked as the two most stably expressed genes under
isoflurane treatment, with GAPDH ranked third. Normfinder analysis identified EF1α as
displaying the most stable expression under these conditions and EF1α together with GAPDH
as the best combination of normalisers (combined stability value of 0.037). The low geNorm V
values ( ≤ 0.065) again indicated no obvious optimal number of reference genes to be used.

Based on the above results, the following three reference genes were selected as normalisers
for subsequent RT-qPCR analyses: EF1α, GAPDH and Tub. This suite of three reference genes
combined the advantages of stable mRNA levels under the desired experimental conditions
and of genes encoding proteins of different functional classes.

4.2.5 Verification — Amplicon identity and specificity

The informative value of a qPCR assay depends critically on the specificity of the primers
used in the assay. If amplification products do not originate from the target gene at all or not
exclusively, the information gain about the target gene is negligible, if not zero. Therefore, while
in silico analyses of primer specificity (e.g. BLAST searches) are good practice, it is essential
to rigorously verify primer specificity and amplicon identity in the assay itself. Consequently,
the MIQE guidelines demand that primer specificity be “validated empirically with direct
experimental evidence” (Bustin et al., 2009, page 7).

In accordance with these guidelines, the specificity of all qPCR primer pairs used in this
study (Appendix Table B.2) was verified by three different means: melt curve analysis, agarose
gel electrophoresis and amplicon sequencing.

Melt curve analysis

Melt curve analysis is based on the principle that a DNA molecule denatures at a specific tem-
perature reflective of its length and base composition. Therefore, the melting temperature (Tm)
or, even better, the entire melting profile can be used to identify non-specific amplification. In
this study, melt curves were produced for all assay runs, the obtained data closely inspected
and any reactions with an abnormal melt curve rigorously excluded (see e.g. Section 6.2.2).
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All primer pairs displayed highly reproducible melt curves with a specific Tm (Figure 4.9 A).
non-specific amplification occurred only for Cry, Tim, GAPDH and Rp49 primer pairs in the
absence of other templates (i.e. in the no-template control, NTC). These non-specific products
showed a much lower Tm than the respective product from cDNA template, identifying them
as potential primer dimers. This non-specific amplification did not pose a problem as it was
weak and could be detected only in the NTC.

Agarose gel analysis

In order to verify primer specificity and amplicon length further, initial qPCR reactions were
also analysed via agarose gel electrophoresis (Figure 4.9 B). For all primer pairs, qPCR reactions
yielded only single bands at the expected sizes (c.f. Appendix Table B.2), indicating correct
amplicon identity. Weak bands corresponding to other products were observed only in the NTC
of reactions with Cry, Tim, GAPDH and Rp49 primers, confirming the melt curve diagnosis of
primer dimer formation in the absence of a template for these primer pairs.

Sequencing

As final verification of amplicon identity, it was attempted to determine the sequence of the
qPCR products of all primer pairs by Sanger sequencing. To this end, for each primer pair,
several qPCR reactions were combined and their products purified via silica-matrix spin
columns (PureLink PCR Micro Kit, Invitrogen; HighPure PCR Clean Up Micro Kit, Roche). The
purified products were then cycle sequenced using BigDye 3.1 chemistry (Applied Biosystems),
purified and analysed on an ABI Prism 3130XL genetic analyzer (Applied Biosystems).

Unfortunately, owing to the small size of the amplicons (70 to 203 bp), sequencing efforts were
largely unsuccessful. Therefore, despite sequencing from both ends, no interpretable sequences
were obtained for the qPCR products of most primer pairs. However, the products of the
following primer pairs were sequenced successfully: Per and Cyc (clock gene primers) as well
as EF1α and GAPDH (reference gene primers). The products of these key primer pairs were
clearly identified as the desired amplicons.

Taken together, it could be shown that all primer pairs used in this study displayed high
specificity for their target genes and that this was the case in the qPCR assay itself. This
specificity was not only verified in initial screens but was continuously monitored via melt
curve analysis in all assay runs.

4.2.6 Verification — Assay performance:
Amplification efficiency, linear dynamic range & absence of inhibitors

The reproducible performance of a qPCR assay depends largely on efficient amplification,
operation within the linear dynamic range and the absence of PCR inhibitors within the
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Figure 4.9: Verification of qPCR amplicon identity. (A) Representative melt curves of triplicate qPCR
reactions are shown for all qPCR primer pairs used in this study. (B) Agarose gel analyses of
qPCR reactions are shown for all five clock gene primer pairs. Reactions were electrophoret-
ically separated on 3 % agarose gels next to 150 ng of size marker (1 kb Plus DNA ladder,
Invitrogen). For each primer pair, two reactions (1, 2), a no-template control (NTC) and
15 pmol of both forward and reverse primers (F+R) were loaded.
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samples (Nolan et al., 2006). All of these factors can be assessed by means of calibration curves,
which are derived from amplification of serially diluted template. These calibration curves, first
developed by Higuchi et al. (1993), are now common practice in RT-qPCR assay development
and are not only required by the MIQE guidelines, but also endorsed by these as providing a
“simple, rapid, and reproducible indication of the mean PCR efficiency, the analytical sensitivity
and the robustness of the assay” (Bustin et al., 2009, page 8).

For the above reasons, calibration curves were produced for all qPCR primer pairs used in this
study. These calibration curves were based on qPCR amplification of 10-point, 2-fold dilution
series of bee brain cDNA. Two full technical replicates of the calibration curves were generated;
replicated calibration curves were based on the same RNA samples, but reverse transcription,
serial dilution and qPCR were carried out independently.

The test template for the dilution series was pooled cDNA from different RNA extracts, each
from six pooled bee brains. This choice of template overcame the low RNA concentrations
from single bee brains, which normally served as sample, whilst still closely resembling this
routine sample. The template concentration range for the dilution series was selected based on
the template amount3 to be routinely used in the assay (6.3 ng reverse-transcribed RNA) and
practical constraints (limited template concentration even in the test sample). The following
quantities of reverse transcribed RNA were thus used: 100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0.78,
0.39, 0.20 ng. Even assuming non-linear reverse transcription, the cDNA amount of a routine
sample should lie well within the tested range.

Across the entire dilution series, the amplification profiles were very similar in shape, evenly
spaced and almost parallel for each primer set (Figure 4.10 A). The spacing between the different
template concentrations was about 1 Cq, which corresponds well to the 2-fold serial template
dilution and already indicates good assay performance.

From these amplification data, calibration curves were determined through linear regression,
exploiting the (ideally) linear relationship between the logarithm of the initial template quantity
and the Cq values (Figure 4.10 B, Table 4.2). Regression fits were very good for all primer
pairs (R2 ≥ 0.99) demonstrating that tested template amounts lay within the linear dynamic
range for all of these primer pairs. Linearity also indicates the absence of PCR inhibitors from
the template, since samples with higher template concentration would otherwise show lower
amplification rates (owing to higher rates of inhibition) than samples with lower template
concentrations.

Amplification efficiencies were estimated from the regression lines according to the formula
established by Ståhlberg et al. (2003)

E = 10−1/slope (4.1)

Efficiencies for all primer pairs and both replicates (except for Cyc) ranged between 1.88–2.14;

3 Template quantity was tracked as amount of input RNA for cDNA synthesis since cDNA concentration was
not directly quantified.



88 CHAPTER 4. OPTIMISATION AND VERIFICATION OF THE RT-QPCR ASSAY

eIF3

Rp49

Actin
GAPDH
EF1a

Template amount [ng]

Cq
 

22

26

30

34

38

Cry

Tim

Clk
Per
Cyc

16

20

24

28

32

0.1 10 1001 0.1 10 1001
Template amount [ng]

eIF5

Tub
Cq

 

Per

0 2010 30 40
Cycles

EF1α

0 2010 30 40
Cycles

eIF3

Rp49

Actin
GAPDH
EF1a

Template amount [ng]

Cq
 

22

26

30

34

38

Cry

Tim

Clk
Per
Cyc

16

20

24

28

32

0.1 10 1001 0.1 10 1001
Template amount [ng]

eIF5

Tub
Cq

 

A

B

Clock gene primer pairs Reference gene primer pairs

lo
g 

SY
BR

 s
ig

na
l

lo
g 

SY
BR

 s
ig

na
l

Figure 4.10: Calibration curves from 10-point, 2-fold dilution series of cDNA. (A) Exemplary qPCR
amplification plots of the dilution series for one clock gene and one reference gene primer
pair. Amplification data depicted are baseline-corrected with the quantification threshold
marked in green. (B) Calibration curves for the first of the two technical replicates of the
dilution series (c.f. Table 4.2). Three technical qPCR replicates are plotted per primer pair
and template concentration; the line was fitted via linear regression. Template amount is
given in ng of RNA used for cDNA synthesis. Note that y-axis scales differ between graphs.

there was no great difference between the two replicated calibration curves, although the second
replicate systematically yielded lower efficiencies (Table 4.2). Calibration curves are known for
their tendency to overestimate PCR efficiencies (Pfaffl, 2006), explaining efficiencies above the
theoretical maximum of 2 (doubling of template every cycle). Whereas the lower efficiencies
determined for the Cyc primer pair (1.76, 1.69) suggest suboptimal primer/template interaction,
the high efficiencies obtained for all other primer pairs indicate highly efficient amplification
and optimal primer/template interaction (Peters et al., 2004; Karlen et al., 2007).

In summary, the analysis by means of calibration curves demonstrated very good performance
of the RT-qPCR assay. The calibration curves verified the operation within the linear dynamic
range, the absence of PCR inhibition from components within the cDNA from honey bee brains
and the efficient amplification for all, except one, clock gene primer pairs and all reference
gene primer pairs. The amplification efficiencies determined here served as basis for relative
quantification in subsequent experiments (Section 6.2.2), thus improving quantification.
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Table 4.2: Amplification efficiencies determined from regression analysis of 10-point, 2-fold dilution
series of cDNA. Details of the linear regression analysis are listed for both technical replicates
of the calibration curves. Amplification efficiencies (E) were calculated from the slope of the
regression analysis using Equation 4.1. SEM, standard error of the mean.

Primers Replicate Regression analysis Amplification efficiency

# R2 slope y-intercept single E mean E ± SEM

Per 1 0.9982 -3.37 29.4 1.98 1.93 ± 0.05
2 0.9979 -3.65 28.3 1.88

Cry 1 0.9934 -3.27 32.5 2.02 1.96 ± 0.06
2 0.9880 -3.57 32.2 1.91

Cyc 1 0.9979 -4.09 31.2 1.76 1.72 ± 0.04
2 0.9990 -4.41 31.1 1.69

Tim 1 0.9965 -3.36 34.9 1.98 1.96 ± 0.02
2 0.9896 -3.48 34.2 1.94

Clk 1 0.9947 -3.17 27.8 2.07 2.04 ± 0.02
2 0.9933 -3.27 27.3 2.02

Actin 1 0.9980 -3.11 22.5 2.10 2.06 ± 0.03
2 0.9989 -3.25 21.9 2.03

EF1α 1 0.9996 -3.24 25.1 2.04 1.99 ± 0.05
2 0.9995 -3.48 24.7 1.94

eIF3 1 0.9980 -3.20 28.9 2.05 1.99 ± 0.06
2 0.9974 -3.52 28.9 1.92

eIF5 1 0.9991 -3.20 27.2 2.05 2.03 ± 0.03
2 0.9983 -3.32 27.0 2.00

GAPDH 1 0.9940 -3.09 24.3 2.11 2.08 ± 0.03
2 0.9951 -3.21 24.5 2.05

Rp49 1 0.9893 -3.06 28.9 2.12 2.11 ± 0.01
2 0.9912 -3.12 29.6 2.09

Tub 1 0.9930 -3.02 28.7 2.14 2.08 ± 0.07
2 0.9929 -3.29 29.1 2.01
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4.3 Conclusion

This chapter described the experiments and analyses performed to optimise and verify the RT-
qPCR assay for clock gene expression analysis in honey bees. These experiments and analyses
represented both provisionary measures to ensure an adequately robust and precise assay for
the detection of subtle changes in mRNA expression rhythms as well as measures required in
order to fulfil the MIQE guidelines (Bustin et al., 2009).

In this context, the appropriate rRNA profile for good quality honey bee RNA extracts was
established, which then provided the basis for integrity analysis of all subsequent RNA samples.
Furthermore, the detection of residual gDNA in bee brain RNA extracts indicated the need for
RT– controls, which consequently were implemented for all following samples. In addition,
the specificity of primer pairs and correct identity of their amplicons were confirmed using
a combination of melt curve and agarose gel analyses as well as sequencing. Verification
work also showed that the qPCR reaction volume could be reduced from 20 µl to 10 µl without
compromising technical reproducibility. Moreover, for robust normalisation, the single reference
gene approach was extended to a set of three reference genes, whose stable expression over
circadian time and under general anaesthesia was verified through geNorm and Normfinder
analyses. Using calibration curves, amplification efficiencies were determined for all primer
pairs, which could subsequently be incorporated into the qPCR analysis procedure, hence
improving relative quantification. Finally, operation within the linear dynamic range, absence
of PCR inhibitors and adequate amplification efficiencies were also confirmed by calibration
curves, verifying the optimal performance of the RT-qPCR assay.



Chapter 5

The Effect of General Anaesthesia on
Behavioural Circadian Rhythms of the
Honey Bee

5.1 Introduction

As described in Section 1.1, general anaesthesia is widely used in clinical practice because it
enables surgical procedures without awareness and pain to the patient, while also immobilising
the patient for the surgery. However, general anaesthesia is not only successfully used on
humans; general anaesthesia of animals is also routinely performed in veterinary practice and
animal experiments. Here, it is often employed even outside the surgical context to facilitate
animal handling or to immobilise animals for an experimental procedure such as in vivo imaging
(Ewald et al., 2011; Wood et al., 2001).

General anaesthesia of honey bees

Interestingly, general anaesthetic drugs appear to be effective across a wide range of animal
phyla, from unicellular organisms such as yeast, through invertebrates such as worms and flies
to humans (reviewed in Steele et al., 2007). Depending on the anaesthetic endpoint selected,
the effective anaesthetic concentrations can be very similar in different species (Table 5.1).
Independent of the specific endpoint, in all phyla that have been tested, inhaled anaesthetics
display steep dose-response curves, additive effects and correlations between their potency
and lipid-solubility (Meyer-Overton relationship) (Morgan and Cascorbi, 1985; Taheri et al.,
1991; Allada and Nash, 1993; Keil et al., 1996; Steele et al., 2007), which are all hallmarks of
anaesthetic action in humans.

There are several publications reporting general anaesthesia of honey bees. These studies used
anaesthetic agents like ether, chloroform and nitrous oxide (laughing gas) to great effect, focus-
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Table 5.1: The anaesthetic potency of isoflurane in different species. Listed are the 50% effective
concentrations (EC50) of isoflurane administered in O2 or air required to elicit a specific
anaesthetic endpoint. The isoflurane concentration used for surgical interventions is usually
at least 40 % higher than the EC50 (De Jong and Eger II, 1975) unless additional drugs are used
(Tobias, 2009).

Species EC50 Anaesthetic endpoint
[vol%]

Saccharomyces cerevisiae yeast a 12.0 growth inhibition
Caenorhabditis elegans nematode b 0.9 loss of coordinated movement

2.5 inhibition of defecation
Lymnaea stagnalis pond snail c 1.1 immobility to noxious stimulus
Drosophila melanogaster fruit fly d 0.2 loss of geotactic behaviour
Mus musculus mouse e 1.4 immobility to noxious stimulus
Rattus norvegicus rat f 1.5 immobility to noxious stimulus
Canis lupis dog g 1.5 immobility to noxious stimulus
Homo sapiens human h 1.2 immobility to noxious stimulus
a Keil et al., 1996 b Crowder et al., 1996 c Girdlestone et al., 1989
d Allada and Nash, 1993 e Sonner et al., 1999 f White et al., 1974
g Schwartz et al., 1989 h De Jong and Eger II, 1975; Nickalls and Mapleson, 2003

ing in particular on the amnestic properties of these agents (e.g. Rösch-Berger, 1933; Kalmus,
1934; Simpson, 1954; Schmid, 1964). However, the most popular agent for immobilisation of
invertebrates is still carbon dioxide (CO2) (Nicolas and Sillans, 1989; Gunkel and Lewbart, 2008).
Severe hypothermia with cooling to ∼ 4 ◦C is also commonly used (Gunkel and Lewbart, 2008).
Although immobilisation with CO2, cold and even nitrogen (N2) is commonly referred to as
‘anaesthesia’ (e.g. Ribbands, 1950; Chen et al., 2008), one needs to distinguish such treatment
from true general anaesthesia as performed in the clinic, which does not involve either severe
reduction in overall metabolic rate or oxygen levels.

The general anaesthetic isoflurane

The general anaesthetic agent used to anaesthetise honey bees in this study was isoflurane.
Isoflurane is a halogenated ether (1-chloro-2,2,2-trifluoroethyl difluoromethyl ether, Figure 5.1),
a colourless, slightly pungent and highly volatile liquid that is vapourised and delivered as a
gas for inhalation. In humans, isoflurane undergoes only minimal biotransformation (∼ 0.2 %
metabolised) and > 95 % of isoflurane uptake is cleared by expiration via the lungs (Holaday
et al., 1975).

Although the use of isoflurane in human medicine has declined over the recent years and its
derivatives desflurane and sevoflurane are currently the most prevalent clinical inhalational
anaesthetics (owing to better kinetics), isoflurane is still used extensively (Eger II, 2005; Tobias,
2009; Larson, 2010). In veterinary medicine, isoflurane is the recommended and most common
inhaled anaesthetic agent for laboratory rodents as well as reptiles, spiders and amphibians
(Richardson and Flecknell, 2005; Gaertner et al., 2008; O’Rourke and Jenkins, 2008b,a) and can
be administered safely even over long periods from hours to days (Szczesny et al., 2004; Ewald
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Figure 5.1: The chemical structure of the anaesthetic agent isoflurane, a halogenated ether.

et al., 2011).

The use of isoflurane on honey bees has not previously been reported.

Objectives

The objective of this chapter was to investigate the effect of general anaesthesia on the circadian
clock of the honey bee by looking at a robust behavioural output rhythm of the clock. As
demonstrated in Chapter 2, colonies display a strong circadian rhythm of hive entrance activity
that is reflective of their diurnal foraging activity, continues under constant conditions and can
be readily recorded. Therefore, hive entrance activity was selected as the behavioural circadian
rhythm to assess the effect of isoflurane anaesthesia on the circadian system of honey bees.
However, prior to this, the suitability of isoflurane for general anaesthesia of honey bees needed
to be established.
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5.2 Materials and methods

5.2.1 General anaesthesia

Administration of isoflurane

The inhalational general anaesthetic isoflurane (Aerrane, Baxter) was administered at a concen-
tration of 2 % (v/v) in medical air as a carrier gas (O2: 20.9 % ± 0.5 %, N2: balance; BOC). The
concentration of isoflurane was controlled by isoflurane-specific vaporisers (MSS and Penlon
PPV), whose calibration was regularly verified using a clinical gas analyser (Datex Ohmeda
G-AiOV or Datex-Ohmeda Anaesthesia Monitor Cardiocap/5, GE Healthcare). The anaesthetic
equipment was set up as an open circuit (Figure 5.2): a gas cylinder containing compressed
medical air connected to a vaporiser via a gas regulator and O2 flow metre (15 l, Precision
Medical) connected to the anaesthetic chamber (or hive) with a custom-built one-way valve as
exhaust.

Anaesthetic hives and chamber

For general anaesthesia of entire honey bee colonies, anaesthesia of the colony was induced
within the hive, but then maintained in an anaesthetic chamber for several reasons: 1) Preventing
mechanical injury to the bees by their piling up on the hive floor; 2) preventing hypoxic
conditions and suboptimal ventilation with the anaesthetic vapour owing to bees piling up on

Medical air

Vaporiser

Anaesthetic chamber

Flow metre

Exhaust valve

Figure 5.2: The anaesthetic setup used for the administration of 2 % isoflurane in medical air. The
arrows indicate the direction of anaesthetic vapour flow. Vaporiser was modified from
graphic provided by Vivian Ward.
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A B

Figure 5.3: The anaesthetic hives for the administration of isoflurane to an entire honey bee colony
(GA hives). (A) Lateral view of a GA hive pictured containing two plain plastic frames. The
arrows mark inlets/outlets for the anaesthetic gas mixture. (B) Top view of a GA hive with
plugs for top openings removed. Hive is pictured with both acrylic sides on the right, but only
the inner acrylic side on the left. Photographs by Iain MacDonald; graphical modification by
Vivian Ward.

the hive floor; 3) controlling the duration of the anaesthesia by preventing the uptake of the
highly lipophilic isoflurane by the wax comb. To this end, special hives (referred to as “GA
hives” in this thesis) as well as an anaesthetic chamber suitable for the safe and controlled
administration of isoflurane were designed by our group and custom-built by Bruce Anderson
(Figure 5.3).

The GA hives were two-frame observation hives resembling in principle the observation hives
described in Section 2.2.1 with two standard frames suspended above one another in a PVC hive
body between clear acrylic hive sides. Importantly, these hives could be rendered almost airtight
and had specific inlets and outlets for the anaesthetic vapour (fitting common anaesthetic luer
connectors). The acrylic sides of the hives were composed of two removable layers: the outer
layer was airtight, whereas the inner layer contained flaps (6 flaps per side) that could be
opened for local manipulation or sampling of bees on the comb. In addition, the hives had
several openings at the top: 2 openings for any necessary manipulations (such as addition of
queen cages or bees), which were normally closed with removable gauze-plugs to allow for
hive ventilation, and one opening that fit an upturned plastic bottle as a sucrose solution feeder
to allow any necessary supplemental feeding of the bee colony (Figure 2.5 A).

The anaesthetic chamber (620 mm × 360 mm × 100 mm, 22.3 l) was a flat PVC box with a
clear, well-sealing acrylic lid and an inlet and outlet for the anaesthetic vapour at opposite
ends (fitting common anaesthetic luer connectors) (Figure 5.2). The chamber also contained
a removable grill (made from perforated metal sheets), which served to suspend bees several
centimetres above the chamber floor and hence ensured optimal ventilation with the anaesthetic
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vapour from above and below.

Protocol for whole colony anaesthesia

This protocol describes the procedure of administering isoflurane to whole honey bee colonies
that are maintained under constant dim light (LLdim) in an environmental cabinet and are
connected to a flight cage in the same cabinet (Section 2.2.4). All steps of the procedure were
performed under the dim illumination from the environmental cabinet as well as red light
sources (red LED torch and photographic dark room bulbs).

For general anaesthesia, hives were disconnected from their flight cage and closed off. If the
queen could be located, she was caught off the comb in a perforated vial together with a few
worker bees and already placed in the anaesthetic chamber to ensure her anaesthesia and
survival. The hive was then filled with the anaesthetic gas mixture at a flow rate of 8 l/min for
approximately 5 minutes until all bees ceased moving. Bees that had not been inside the hive
but in the flight cage were aspirated with a pooter (Insect Vac, BioQuip, USA) and also placed
into the anaesthetic chamber in their pooter containers (pervious to the anaesthetic vapour via
their mesh ends). Subsequently, hives were opened, and, using a hive-brush, anaesthetised bees
were quickly transferred to the anaesthetic chamber, where they were spread out on the grill in a
mono- to triple-layer. Following flushing of the chamber with the anaesthetic vapour at 8 l/min
for several minutes, anaesthesia was maintained in the chamber at a flow rate of 2–3 l/min.
During this period, the anaesthetic chamber was placed in an environmental cabinet with
LLdim illumination and a set temperature between 23–27 ◦C. Regular visual checks were carried
out to ascertain that anaesthesia was successfully maintained, i.e. bees remained immobile
throughout (except for the occasional twitching of pretarsi).

During the period of anaesthesia maintenance, several other tasks were performed: 1) Any
bees that had eluded the treatment (i.e. had remained in the flight cage/hive or escaped
during transfer between the hive and the chamber) were removed and killed to ensure no
un-anaesthetised bees were included in the experiments. 2) The flight cage was cleaned and
food and water replaced. 3) In order to prevent cooling and starvation of brood left behind
in the empty hives, brood frames were removed and either kept in an incubator at 35 ◦C
for warming (pupae) or in a foster hive for feeding and warming (larvae) until the end of
anaesthetic treatment.

At the end of the anaesthetic treatment, the circulation of anaesthetic vapour was stopped and
bees were immediately returned to their hive before regaining mobility. To this end, the empty
hive was opened on one side and laid down on its other side in a horizontal position, the open
side facing up. Half of the bees were then gently poured into the hive and spread out using a
hive brush. Subsequently, the frames were placed back into the hive, before the rest of the bees
was poured onto the frames in a second layer. After spreading these out, the queen was placed
in their midst (if she had been anaesthetised separated by a perforated vial; see above) and the
hive was quickly closed. After 10 minutes, the bees had usually recovered to an extent that the
hive could be righted and reconnected to the flight cage.
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5.2.2 Survival test

An experiment was carried out to test the survival of bees in an anaesthetic setup for 6 hours
with and without general anaesthesia. Bees were collected from the hive entrance of a outdoors
colony in various pooter vials that were routinely used throughout the work for this thesis;
bees were either aspirated into these vials using a pooter (Insect Vac, BioQuip, USA) or left to
walk and fly in themselves (n ≈ 20 bees/vial). This mixture of collection methods allowed an
assessment on whether aspiration had a negative influence on survival. Vials with bees (all
pervious to air or anaesthetic vapour) were placed into two small anaesthetic boxes (∼ 3.5 l
volume) in an environmental cabinet at 24◦C and dim light (≤ 2 lux in the boxes). For 6 hours,
one box was perfused with 2 % isoflurane in medical air, the other one with only medical air
at a flow rate of 1–2 l/min. One vial in the control box was provided with food (bee candy;
Section 2.2.1). At the end of treatment, the number of recovering versus dead bees was recorded
for each group.

5.2.3 Experimental design

To assess the effect of general anaesthesia on colony activity rhythms, honey bee colonies
were maintained in the laboratory under constant conditions and hive entrance activity was
measured before and after isoflurane anaesthesia.

Experimental honey bee colonies

Experimental colonies with 6,000–10,000 worker bees and one laying queen were set up from
field colonies and housed in GA hives (Section 5.2.1) on one frame of honey and one frame
containing brood, pollen and empty cells. The newly established experimental colonies were
maintained outdoors in the City Campus apiary of the University of Auckland for at least one
week before the start of experiments. To prevent foragers of the newly established experimental
colonies from returning to their original field colony, where possible, only field colonies from
apiaries other than the City Campus were used as source colonies. Hence an overlap of foraging
ranges between source and experimental colony was avoided.

Outside, hives were placed in a purpose-built shelter (Section 2.2.1) and clear hive sides were
covered to keep the hive in the dark - except during brief periods of hive inspections. As
cave-nesting bees, honey bees naturally live in self-selected light/dark (LD) conditions with
their hive being dark inside.

Some of the experimental colonies (Colony 3, 4, 5, 8, 11) were also intended for molecular
sampling during the course of the experiment (see Chapter 6) and thus marked, newly eclosed
bees were added to the colony soon after the colony was established. These colonies were left
outdoors for three weeks before the start of the experiment to allow the marked bees to develop
into foragers.
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Constant conditions and activity recording

Experimental colonies were transferred to the laboratory, connected to a flight cage and main-
tained under LLdim after initial LD cycles as described in detail in Section 2.2.4. The colony
activity rhythm was recorded with an infra-red motion detector at the hive entrance as detailed
in Section 2.2.3. Several colonies (Colony 3–8 and 11) underwent time course sampling of
10–20 bees every three hours for use in experiments described in Chapter 6.

Anaesthesia protocol

Eight indoor colonies were anaesthetised during the subjective day (6 h, Colony 1–8), of which
4 also received a control treatment (full handling, 30–50 min anaesthesia) either in the same
experiment 4–5 days later while still indoors (Colony 5, 7) or in a separate experiment after a
recovery period of one week outdoors (Colony 2, 6). Three further colonies were anaesthetised
during the subjective night (6 h, Colony 9–11), of which 2 were also subjected to the control
treatment (Colony 10: separate experiment, Colony 11: same experiment). Colonies were
free-running under constant conditions (LLdim) for 3–8 days before and after the anaesthetic
intervention (Aschoff Type I protocol (Aschoff, 1965)). In 3 daytime anaesthesia experiments
(Colony 4, 6, 7), a modified Aschoff Type II (Aschoff, 1965) protocol was employed with
LLdim starting only 24 hours before the anaesthetic intervention.

Day anaesthesia was performed in the subjective morning after onset of activity, commencing
at circadian time (Ct) 1–2 with Ct 6 defined as time of predicted acrophase in activity rhythm
(see below for method). Night anaesthesia took place over the respective period at night, i.e.
during the inactive period starting at Ct 14. Control treatments commenced at the same time as
the respective full treatment, but lasted only 30–50 minutes.

5.2.4 Activity rhythm analysis

All activity data were analysed in 5-minute time bins using the Clocklab analysis software. The
maximum number of days available under constant conditions was included in the analysis.
In cases of activity records with less than 4 days in LLdim prior to the anaesthetic treatment,
transition days between LD and LLdim were also included in the analysis as dark steps never
elicited a phase shift. For the two experiments with the modified Aschoff Type II protocol (see
above), also days in LD cycles were included. All analyses were based on a minimum of 3 data
points/cycles.

Phase (φ) was determined by linear regression (least squares) through daily phase markers.
The 3 different phase markers used were: activity onset, activity offset and acrophase (peak of
the sine function with a period of 24 h fitted to the activity of each day). Phase markers were
objectively determined by the Clocklab algorithm; only in the few instances when an onset or
offset (setting “10 h activity after/before 10 h inactivity”) was obviously misinterpreted was the
phase marker manually adapted for that particular day.
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Phase shifts (+/– ∆φ) were calculated for the day after the anaesthetic intervention by comparing
the extrapolated regression lines from before and after treatment: the difference between
predicted time of occurrence of the phase marker and actual time of occurrence was defined as
the phase shift in hours.

Rhythmicity and free-running periods (τ) were determined in Clocklab by Enright (χ2 and F)
and Lomb-Scargle periodogram analyses, Fast Fourier Transform as well as autocorrelogram
(see the Clocklab manual as well as Enright, 1965; Sokolove and Bushell, 1978; Doerrscheidt
and Beck, 1975; Lomb, 1976; Van Dongen et al., 1999). The confidence level for the periodogram
analysis was set to 0.01; however, owing to the low number of cycles (3–8 days), the statistical
significance could not be reliably computed, at least in the χ2 periodogram (Refinetti et al.,
2007). A dataset was defined to display rhythmic activity in a circadian fashion when at least
any 4 of the above 5 methods returned a period close to 24 hours (22.5–25.5 h). τ was also
calculated from the slope of the regression lines through daily phase markers (see above).

Activity (α) and rest (ρ) time were calculated as hours between activity onset and offset and
offset and onset, respectively. Onset and offset were computed using Clocklab as described
above.

Statistical tests were performed using the software SigmaPlot version 11.0 (Systat Software).
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5.3 Results

In order to investigate whether general anaesthesia interferes with the circadian system, honey
bee colonies were treated with the common general anaesthetic isoflurane for 6 hours and their
circadian rhythm of hive entrance activity was monitored as an output rhythm of the circadian
clock. In this section, the effect of isoflurane on honey bees in general and the hive entrance
activity rhythm in particular are described.

5.3.1 Isoflurane anaesthesia of honey bees

When honey bees were exposed to 2 % isoflurane in medical air, they became immobile and
unresponsive to external stimuli such as prodding or squeezing within minutes. This effect
could be reversed by ceasing the administration of isoflurane. Since this reversible state of
immobility and unresponsiveness to noxious stimulation closely represents the anaesthetic
state achieved by isoflurane in humans and other animals, the observed effect of isoflurane on
honey bees was interpreted as general anaesthesia.

Behaviours of honey bees during anaesthesia induction, maintenance and recovery

The induction of general anaesthesia with 2 % isoflurane in honey bees always followed the
same pattern. Upon contact with the anaesthetic vapour, bees initially became very active and
restless, possibly induced by the pungent, ethereal odour of isoflurane. This behaviour changed
within the first minute of exposure, however, when bees slowed down in their movements,
eventually toppling over or falling off the comb. This apparent loss of motor control was often
accompanied by regurgitation without retraction of the proboscis afterwards and followed by
frequent twitching of the legs until bees became motionless overall. This immobility was used
as the behavioural correlate and endpoint for anaesthesia in honey bees throughout the work
for this thesis.

During maintenance of anaesthesia with 2 % isoflurane, bees usually remained immobile,
resting upright, on their sides or back, often with their proboscis protruding (Figure 5.4 A).
Some individuals displayed occasional twitching of the pretarsi.

The recovery process from anaesthesia with 2 % isoflurane was gradual and began with bees
moving first their pretarsi, closely followed by movements of their extremities such as their
whole legs, antennae and sometimes wings. Bees then righted themselves and, while initially
still dragging their hindlegs, slowly commenced walking; they often did not retract their
proboscis until this point. Before they flew off, bees usually went through a phase of wing
beating without lifting off, reminiscent of the first flight after eclosion.

The length of recovery appeared positively correlated with the length of anaesthesia. Although
this was not specifically quantified in this study, the differences in recovery time were easily
apparent from the different durations of anaesthetic treatment routinely used in this study,
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Figure 5.4: Isoflurane anaesthesia of honey bees. (A) Photograph of a bee under 2 % isoflurane anaes-
thesia. (B) Survival rate after 6 hours in an anaesthetic setup with and without the adminis-
tration of 2 % isoflurane.

ranging from 5 minutes to 6 hours (5 min treatment within the hive before transfer to an
anaesthetic chamber, 30 min treatment for the control anaesthetic and 6 hours treatment for the
full anaesthetic; see methods in Section 5.2.1 as well as Sections 5.3.2 and 5.3.3). The maximum
recovery time observed after 6 hours of anaesthesia was 30 minutes.

Survival of honey bees after an anaesthetic course of 6 hours

The duration of isoflurane treatment selected to study the effect of isoflurane anaesthesia on the
circadian clock was 6 hours. General anaesthesia of 6 hours is common for more complicated
interventions such as cardiothoracic or orthopedic spine surgeries (Abouleish et al., 2003).

In order to assess the survival rate of honey bees after such a prolonged period of anaesthesia, a
pilot experiment (Section 5.2.2) was carried out on a small number of bees. After 6 hours of
2 % isoflurane, 99 % of bees (145 of 146) were still alive and recovered within 30 minutes to
fly away (Figure 5.4 B). This quantitative result from the pilot experiment closely matches the
qualitative observations gained from 6 hour anaesthetics of entire honey bee colonies in tests
for clock effects (Sections 5.3.2 and 5.3.3 below): bees generally appeared to recover well with
no obvious increase in mortality on the days following anaesthesia.

In contrast, survival in the anaesthetic setup without anaesthesia was only 32 % (40 of 124
bees) in the pilot experiment (Figure 5.4 B). This means that, while anaesthetised, bees coped
well with the confinement, but un-anaesthetised, they were exposed to fatal stresses. The high
mortality could be overcome, however, by the availability of food. One small lot of bees (n = 20)
in the control group of the pilot experiment was provided with bee candy while confined in
the anaesthetic setup for 6 hours and this resulted in 100 % survival (Figure 5.4 B). Despite the
small sample size, this finding points towards starvation as one of the key stresses from which
bees suffer during confinement in the anaesthetic setup when they are not anaesthetised.
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5.3.2 Effect of isoflurane on the circadian rhythm of hive entrance activity
— daytime anaesthesia

In order to investigate the effect of general anaesthesia on the circadian system of the honey
bee, the effect on an easily measurable output rhythm of the circadian clock was assessed: the
behavioural circadian rhythm of hive entrance activity (see Chapter 2). To this end, honey bee
colonies were maintained in the laboratory under constant dim light (LLdim) and constant tem-
perature while their hive entrance activity was measured before and after isoflurane anaesthesia.
Colonies were anaesthetised with 2 % isoflurane for the extended period of 6 hours.

In this part of the study, honey bee colonies were anaesthetised during their active period,
i.e. their subjective day. Anaesthetic treatment began shortly after the onset of activity in the
subjective morning (Circadian time (Ct) 1–2), covered the phase of maximum activity and
ended early in the subjective afternoon (Figure 5.5).

In total, 8 honey bee colonies (Colony 1–8) were anaesthetised during the day. The behaviour of
two of these colonies (Colony 3 and 4), however, was excluded from the analysis since their
hive entrance activity was severely impeded by the collapse of the colony over the course of
the experiment. This collapse appeared to result from a combination of a generally weak state
of the colony, disease and confinement indoors under constant conditions, but was clearly
exacerbated by the anaesthetic treatment (Figure 5.5).

To test for possible unspecific effects not induced by the general anaesthesia per se, but caused
by the handling during the anaesthetic intervention (Section 5.2.1), two thirds of the treated
hives were subjected to a control treatment. The control consisted of a shorter, but otherwise
identical, anaesthetic intervention with only 30–50 minutes of anaesthesia. Of the 6 colonies
that received a full treatment and were analysable, 4 colonies underwent the control treatment
either within the same experiment or in a separate experiment after a recovery period outdoors
(Figure 5.5).

Effect of isoflurane on phase

General anaesthesia during the subjective day had a pronounced effect on the phase of hive
entrance activity rhythms (Figures 5.5 and 5.6, Table 5.2). Six hours of isoflurane caused a mean
phase delay of 4.1–6.1 hours, depending on the phase marker used for the analysis (acrophase,

Figure 5.5 : Hive entrance activity rhythms of colonies undergoing daytime anaesthesia. Locomotor
activity of each colony per 5 minutes (black bars) is depicted in double-plotted actograms.
Horizontal axes are in hours New Zealand Standard Time, vertical axes represent consecutive
days, each with an activity scale as marked below the actogram. Red boxes indicate periods of
anaesthesia: wide boxes, full 6 hour treatments; narrow boxes, control treatments. Regression
lines through the acrophases (white dots) are shown in blue and red. Background colours
depict flight cage illumination (dark grey: darkness; light gray: dim light; white: bright
light). Colony 3 and 4 were excluded from data analysis owing to colony collapse, Control
Colony 6 was excluded owing to a data gap.
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onset or offset). Every single colony analysed was delayed in its activity rhythm. Notably,
however, there was substantial variation in the magnitude of the phase delays between the
colonies (Table 5.2): 3.4–7.0 hours (using acrophase, see below regarding Colony 7), 4.8–8.9
hours (using onsets), 2.2–6.5 hours (using offsets). This difference could not be attributed to any
obvious exogenous effect and might therefore reflect endogenous differences in susceptibility
between the colonies.

Phase delays determined by regression analysis through offsets systematically yielded the
smallest phase delay for all colonies, whereas the use of onsets yielded the largest (Table 5.2).
There was, however, generally good correspondence between the results obtained from the three
different phase markers with only one outlier in the entire dataset (Figure 5.6): For Colony 7,
marked phase delays were detected using either activity onset (–5.3 h) or offset (–4.1 h) as phase
markers, whereas no phase shift was detected using acrophase (+0.1 h). This discrepancy is
caused by unusual activity spikes recorded during the night before the anaesthetic treatment,
which feed into the calculation of the acrophase (based on a fit of a sine wave to the data of
each day). However, regular inspection of the colony during this period corroborated that these
activity spikes were not reflective of true night activity of the colony, but were likely caused
by single bees moving about in the motion detector. Therefore, the measure of acrophase is
misleading in the case of Colony 7 and the phase shift observable in the actogram (Figure 5.5)
should be quantified using the phase markers activity onset and offset.

In contrast to the full anaesthetic treatment of 6 hours, 30 minute control anaesthesia did not
induce a discernible mean phase shift in activity rhythms (-0.5–0.3 hours, depending on the
phase marker for analysis) (Figures 5.5 and 5.6, Table 5.2). On an individual colony level, the
control treatment induced small phase shifts in both directions, whose magnitude was always
considerably less than the phase shift induced by the full treatment. This result indicates that
the large phase delays after 6 hours of isoflurane were caused by the long general anaesthesia
itself and not the handling around the intervention.

Effect of isoflurane on period

The activity records of all analysed colonies displayed circadian rhythmicity both before and
after general anaesthesia. This was determined by periodogram (Enright χ2 and F, Lomb-
Scargle), Fast Fourier Transform and autocorrelation analyses. Although these techniques are
not as powerful when used on only a limited number of cycles (Refinetti et al., 2007), the close
agreement in the computed results from the different techniques nonetheless supports the
finding.

Against this background, free-running periods (τ) did not appear to be systematically altered
by anaesthesia. Table 5.3 lists τ pre and post anaesthesia as well as changes in τ, using τ

calculated by Enright χ2 periodogram (Enright, 1965). Although there was a mean increase
in τ of 0.3 ± 0.3 hours after anaesthesia from 23.6 to 23.9 hours (according to Enright χ2

periodogram analysis), there were significant inter-colony differences and no evidence of an
overall period lengthening post anaesthesia (p = 0.35, paired t-test). The results from the
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Table 5.2: Phase shifts in hive entrance activity rhythms after daytime anaesthesia. Changes in phase
as quantified using different phase markers (acrophase, onset and offset) are listed per ex-
perimental colony. Negative values denote phase delays, positive values phase advances; all
values are given in hours. SEM, standard error of the mean.

Acrophase Onset Offset

Treatment Control Treatment Control Treatment Control

Colony 1 –3.6 –5.4 –3.0
Colony 2 –3.4 –0.3 –4.8 –2.1 –2.2 –0.3
Colony 5 –5.3 +0.8 –5.3 +1.9 –4.7 +2.6
Colony 6a –7.0 –8.9 –4.4
Colony 7b +0.1 +0.5 –5.3 –1.4 –4.1 –1.7
Colony 8 –6.9 –8.0 –6.5

Mean –4.3 +0.3 –6.3 –0.5 –4.1 +0.2
SEM 1.1 0.3 0.7 1.2 0.6 1.3
a Control excluded from analysis owing to data gap in activity record
b Use of acrophase flawed owing to night activity spikes
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Figure 5.6: Phase shifts in hive entrance activity induced by daytime anaesthesia. Phase shifts
were quantified using regression analysis through three different phase markers (activity
acrophase, onset and offset).
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Table 5.3: Changes in free-running period of hive entrance activity rhythms after daytime anaesthe-
sia. The free-running periods as quantified by Enright χ2 periodogram analysis before and
after general anaesthesia (τpreGA, τpostGA) as well as calculated changes in free-running period
(∆τ) are listed per experimental colony. Negative values denote shortening of τ post anaes-
thesia, positive values denote lengthening of τ; all values are given in hours. SEM, standard
error of the mean.

Treatment Control

τpreGA τpostGA ∆τ τpreGA τpostGA ∆τ

Colony 1 23.8 23.7 –0.1
Colony 2 23.9 23.8 –0.1 23.9 23.7 –0.2
Colony 5 23.9 23.9 0.0 23.9 23.4 –0.5
Colony 6a 23.9 23.5 –0.4
Colony 7 22.8 23.9 +1.1 23.9 23.9 0.0
Colony 8 23.3 24.7 +1.4

Mean 23.6 23.9 +0.3 23.9 23.7 –0.2
SEM 0.2 0.2 0.3 0.0 0.1 0.1
a Control excluded owing to data gap in activity record

Enright χ2 periodogram analysis match the results obtained from the other analysis techniques
employed (data not shown). The changes in τ observed are minimal and in the same range as
for the control treatment and therefore likely result from the low accuracy in τ computation
(due to the low number of underlying cycles) rather than from a true change in τ.

Effect of isoflurane on activity and rest time

The activity profile on the days immediately after anaesthesia showed marked inter-colony
differences. Colony 5 and 8 appeared to go through transients with low and continuous activity
for 1–2 cycles post anaesthesia (which had to be excluded from the quantitative analyses),
whereas all other colonies displayed strong and consolidated activity already by the following
day. The control treatment was even better tolerated with activity returning to normal levels
almost immediately after the intervention (Figure 5.5).

Similar to τ, the length of activity (α) and, accordingly, rest (ρ) time was not systematically
influenced by anaesthesia (Table 5.4). Although some colonies showed a shortening of α after
anaesthesia, others reacted with a lengthening, and there was no difference in the mean α of the
pre-anaesthetic period (13.4 ± 0.6 h) compared with the post-anaesthetic period (13.5 ± 0.2 h)
(p = 0.88, paired t-test). However, when only the days surrounding the anaesthetic treatment are
compared (i.e. the day directly before with the first stable day after anaesthesia), α is reduced
overall by 1.5 hours from 13.8 ± 0.6 hours to 12.4 ± 0.3 hours, which indicates a trend, but is
not statistically significant (p = 0.09, paired t-test).

In summary, isoflurane anaesthesia for 6 hours during the subjective day markedly delayed the
phase of hive entrance activity without affecting other core parameters of the circadian rhythm.
In contrast, the control treatment did not significantly or consistently alter any of the cycling
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Table 5.4: Changes in activity time of hive entrance activity rhythms after daytime anaesthesia.
Changes in activity time (∆α) were calculated either from a mean α over all days before
and after general anaesthesia (∆αmean) or from α on the day before and the first stable day after
general anaesthesia (∆αday−1/+1). Negative values denote shortening of α post anaesthesia,
positive values denote lengthening of α; all values are given in hours. SEM, standard error of
the mean.

Treatment Control

∆αmean ∆αday−1/+1 ∆αmean ∆αday−1/+1

Colony 1 –0.4 –2.0
Colony 2 –0.4 –2.1 –0.3 –0.6
Colony 5 +1.7 +0.5 +1.9 +1.5
Colony 6a –1.4 –3.9
Colony 7 –1.5 –1.6 +1.3 +0.5
Colony 8 +2.5 +0.4

Mean +0.1 –1.5 +1.0 +0.5
SEM 0.7 0.7 0.7 0.3
a Control excluded owing to data gap in activity record

parameters of hive entrance activity.

5.3.3 Effect of isoflurane on the circadian rhythm of hive entrance activity
— nighttime anaesthesia

In order to test whether general anaesthesia during the inactive period has the same phase-
shifting effect as during the active period (Section 5.3.2), honey bee colonies were also anaes-
thetised at nighttime and their hive entrance activity monitored before and after.

The nighttime anaesthetic treatment was identical to the daytime treatment (6 hours of 2 % isoflu-
rane), but took place during the respective period at night. It began shortly after the end of
activity in the early subjective night (Ct 14), covered the phase of minimum activity and ended
late in the night. In total, 3 honey bee colonies (Colony 9–11) were anaesthetised during the
night, and 2 colonies of these also received the control treatment of short anaesthesia with full
handling (Figure 5.7).

Effect of isoflurane on phase

Unlike daytime anaesthesia, nighttime anaesthesia did not induce a large phase delay in
hive activity rhythms, but appeared to cause a small phase advance between 0.6–2.7 hours,
depending on the phase marker used for the analysis (acrophase, onset or offset) (Figures 5.7
and 5.8, Table 5.5). The correspondence between the results obtained from the different phase
markers was less than for the daytime anaesthesia, but there was a similarly large variation
in the magnitude of the phase shift between colonies: 0.4–2.3 hours (using acrophase), -0.9–
1.8 hours (using onsets) and 0.2–4.2 hours (using offsets).
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Figure 5.7: Hive entrance activity rhythms of colonies undergoing nighttime anaesthesia. Locomotor
activity of each colony per 5 minutes (black bars) is depicted in double-plotted actograms.
Horizontal axes are in hours New Zealand Standard Time, vertical axes represent consecutive
days, each with an activity scale as marked below the actogram. Red boxes indicate periods of
anaesthesia: wide boxes, full 6 hour treatments; narrow boxes: control treatments. Regression
lines through the acrophases (white dots) are shown in blue and red. Background colours
depict flight cage illumination (dark grey: darkness; light gray: dim light; white: bright
light).
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The two control treatments at night showed no systematic effect and resulted in both minor
phase advances and delays (Figures 5.7 and 5.8, Table 5.5). The mean phase shift calculated
was between -1.7–1.8, depending on the phase marker.

Given the small sample size (n = 3 colonies), the variance within the data and the small effects
both in the treatments and in the controls, it cannot be robustly concluded whether night
anaesthesia caused a phase advance or not. However, there was a clear difference between the
effects of isoflurane administration during the subjective day and during the subjective night
(p = 0.01, acrophases; p < 0.001, onsets and offsets; t-test) (Figure 5.9).

Table 5.5: Phase shifts in hive entrance activity rhythms after nighttime anaesthesia. Changes in
phase as quantified using different phase markers (acrophase, onset and offset) are listed per
experimental colony. Negative values denote phase delays, positive values phase advances;
all values are given in hours. SEM, standard error of the mean.

Acrophase Onset Offset

Treatment Control Treatment Control Treatment Control

Colony 9 +1.6 +0.9 +4.2
Colony 10 +2.3 +0.6 +1.8 –1.5 +0.2 +4.1
Colony 11 +0.4 –0.7 –0.9 –1.9 +3.7 –0.6

Mean +1.4 –0.1 +0.6 –1.7 +2.7 +1.8
SEM 0.6 0.8 1.2
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Figure 5.8: Phase shifts in hive entrance activity induced by nighttime anaesthesia. Phase shifts
were quantified using regression analysis through three different phase markers (activity
acrophase, onset and offset).
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Figure 5.9: Comparison of phase shifts in hive entrance activity between day- and nighttime anaes-
thesia. Phase shifts displayed were quantified using acrophase as phase marker. Differences
in means were tested using a t-test.
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Table 5.6: Changes in free-running period of hive entrance activity rhythms after nighttime anaes-
thesia. The free-running periods as quantified by Enright χ2 periodogram analysis before and
after general anaesthesia (τpreGA, τpostGA) are listed per experimental colony. The calculated
changes in free-running period (∆τ) are also presented. Negative values denote shortening
of τ post anaesthesia, positive values denote lengthening of τ; all values are given in hours.
SEM, standard error of the mean.

Treatment Control

τpreGA τpostGA ∆τ τpreGA τpostGA ∆τ

Colony 9 23.9 24.5 +0.6
Colony 10 23.6 23.8 +0.2 23.4 23.4 0.0
Colony 11 23.9 23.9 0.0 23.9 23.5 –0.4

Mean 23.8 24.1 +0.3 23.7 23.5 –0.2
SEM 0.1 0.2 0.2

Table 5.7: Changes in activity time of hive entrance activity rhythms after nighttime anaesthesia.
Changes in activity time (∆α) were calculated either from a mean α over all days before and
after general anaesthesia (∆αmean) or from α on the day before and the first stable day after
general anaesthesia (∆αday−1/+1). Negative values denote shortening of α post anaesthesia,
positive values denote lengthening of α; all values are given in hours. SEM, standard error of
the mean.

Treatment Control

∆αmean ∆αday−1/+1 ∆αmean ∆αday−1/+1

Colony 9 –1.7 –3.0
Colony 10 +3.6 +2.0 –1.9 –3.6
Colony 11 –3.0 –4.0 +3.1 +0.8

Mean –0.3 –1.7 +0.6 –1.4
SEM 2.0 1.9

Effect of isoflurane on period

In agreement with the daytime anaesthesia results, there appears to be no systematic change in
free-running period (τ) after nighttime anaesthesia (Table 5.6).

Effect of isoflurane on activity and rest time

Likewise, activity (α) and rest time (ρ) were not systematically altered by general anaesthesia
during the subjective night (Table 5.7).

Taken together, isoflurane anaesthesia during the subjective night did not phase delay hive
entrance activity, but possibly caused a small phase advance whilst not influencing any other
core parameters of the circadian rhythm.
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5.4 Discussion

The goal of this study was to determine the effect of general anaesthesia on the circadian clock by
using the honey bee as a model system. In order to obtain clinically relevant results, honey bees
needed to be anaesthetised using a common anaesthetic agent at relevant concentrations. In this
chapter, it was thus established that honey bees can be successfully and safely anaesthetised
for an extended period using the inhalational anaesthetic agent isoflurane. The effect of this
anaesthesia on the honey bee circadian system was subsequently assessed by analysis of the
circadian rhythm of hive entrance activity. It was found that daytime anaesthesia caused a
marked phase delay in this clock output rhythm, whereas nighttime anaesthesia induced a mild
phase advance. These results are discussed in this section.

Clinical relevance of the anaesthetic treatment

Honey bees were anaesthetised to the point of immobility with 2 % isoflurane in air for a period
of 6 hours. This treatment constituted a clinically relevant anaesthetic course in all aspects:

Firstly, 2 % isoflurane, which effectively and reversibly induced immobility in all bees, sits
within the range of isoflane concentrations used for surgical levels of anaesthesia in humans (1.5–
3.5 %, isoflurane package leaflet; personal communication Dr. Magdi Moharib1). In addition,
similar concentrations of isoflurane are also used for surgical procedures in other animals, e.g.
rodents or reptiles (1–3 %) (Gaertner et al., 2008; O’Rourke and Jenkins, 2008b). The finding
that the anaesthetic concentration of isoflurane in bees is comparable to those in humans and
other animals is noteworthy, but not surprising, since anaesthetic potency appears to vary little
across phyla (Steele et al., 2007) (Table 5.1).

Secondly, the 6 hour course of isoflurane represents a long, but clinically not uncommon
duration of anaesthesia — especially for more complex surgical procedures. For example,
in a study analysing the lengths of anaesthetic courses administered to patients by a single
anaesthetic department over one year, the mean durations (± standard deviation) of all cases of
cardiothoracic, orthopedic spine, plastic and neurosurgery were 5.0 ± 2.4, 5.5 ± 3.7, 4.1 ± 3.0
and 4.6 ± 3.1 hours, respectively, and 40 % of all registered cases of any surgery type lasted
between 2.3–5.5 hours (Abouleish et al., 2003). The 6 hour duration of anaesthetic intervention
employed in this study was chosen to increase the likelihood of covering a susceptible period of
the bee circadian clock and to maximise any possible effect, while retaining clinical relevance.

General anaesthesia of honey bees

The observed behaviour of honeybees during anaesthesia induction, maintenance and recovery
with isoflurane was in close accordance with previous reports for ether and chloroform anaes-
thesia (Rösch-Berger, 1933; Schmid, 1964) or CO2 narcosis (Medugorac, 1967; Medugorac and

1Director of Resuscitation and Senior Clinical Tutor, Department of Anaesthesioloy, University of Auckland
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Lindauer, 1967) in honey bees: all of these studies also reported an initial excitation phase, the
occurrence of regurgitation and complete immobilisation.

However, the rate of recovery and survival were significantly greater after isoflurane anaes-
thesia than after CO2 narcosis. Medugorac and Lindauer (1967) reported that only 60–70 % of
bees survived or ever recovered sufficiently to fly after 6 hours of 50–100 % CO2 (only effective
above 30 %); recovery time was ≥ 1.5–2.5 hours. This is in stark contrast to the isoflurane
anaesthesia in this work, where the survival rate was 99 % and recovery time was ≤ 30 minutes.
This difference highlights the significant difference between a clinical anaesthetic treatment
and “anaesthesia” through CO2, which likely exerts at least part of its function via oxygen
deprivation. Although insects still seem relatively tolerant to such hypoxia or anoxia, verte-
brates would die of asphyxiation after even short exposure to such high concentrations of CO2

(Langford, 2005).

In order to stress the difference between isoflurane anaesthesia and CO2 narcosis, it is important
to note the numerous other significant effects of even short CO2 treatment in honey bees.
Apart from reducing lifespan (Tustain and Faulke, 1979; Woyciechowski and Moroń, 2009),
CO2 treatment causes a shift from pollen to nectar gathering in forager bees, while inducing
precocious foraging in nurse bees (Ribbands, 1950). Also, although CO2 narcosis inhibits ovary
development in worker bees (Koywiwattrakul et al., 2005), it has been found to actually induce
oviposition in honey bee queens (Mackensen, 1947; Engels and Ramamurty, 1976). In addition
to the unfavourable recovery statistics from long CO2 narcosis, these broad effects limit the
suitability of CO2 for even short immobilisation of honey bees.

During this study, it was noted that the recovery times after isoflurane anaesthesia of bees
increased with the duration of the anaesthetic course, which is in line with findings in humans
and rats (Eger II and Johnson, 1987; Bailey, 1997; Nordmann et al., 2006). Muscle and fatty
tissue have been implicated in the prolonged recovery periods after long isoflurane anaesthesia
(Eger II, 2010). Both tissue compartments possess a high capacity for isoflurane (high partition
coefficients, muscle-blood: 2.9, fat-blood: 45 (Yasuda et al., 1989)), but display only slow uptake
and release kinetics owing to their low perfusion rates. For example, it takes over 17 hours for
isoflurane to reach 50 % equilibration with fatty tissue in humans (Holaday et al., 1975). Thus,
the longer the anaesthetic course lasts, the more anaesthetic is taken up by muscle and fatty
tissue and the more can be released from these reservoirs at the end of an anaesthetic course,
therefore prolonging the anaesthetic state. Similar mechanisms might play a role in the honey
bee as it possesses fat bodies and extensive muscle tissue especially in the flight apparatus.

Phase shifting effect of general anaesthesia

In the present study, it was found that general anaesthesia of entire honey bee colonies could
induce large shifts in the colonies’ activity rhythms. Importantly, these phase shifts did not
seem to result from an overall effect of general anaesthesia on colony activity, but from a specific
effect of prolonged general anaesthesia on the circadian system. This conclusion is based on the
following two observations:
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Firstly, the control treatments did not elicit any significant or systematic shifts in colony activity.
These control treatments consisted of the full handling with only 30–50 minutes of anaesthesia
instead of 6 hours. This control procedure was designed to account for several important
components of the experiment. It controlled for the colonies’ exposure to the odour of isoflurane
and the potentially startling experience of anaesthesia induction and recovery. It also controlled
for the significant handling around the anaesthetic intervention, which involved the transfer
of bees between their hive and an anaesthetic chamber, which could only be carried out with
anaesthesia-immobilised bees. By returning colonies to their hives as quickly as possible and
not retaining them for 6 hours in the anaesthetic chamber without anaesthesia, this control
procedure also avoided potentially fatal stresses to the colonies that could have markedly
confounded results. The significant amount of stress that can result from confinement in the
anaesthetic setup without anaesthesia was demonstrated in the pilot experiment were the death
rate was almost 70 % without anaesthesia, whereas less than 1 % of anaesthetised bees died.
Owing to the above points, the devised control appeared well suited to detect effects induced
by any aspect of the treatment other than the long isoflurane anaesthesia itself. Therefore, given
the absence of effects in the control treatments, it can be concluded that the phase shifts in
activity rhythms were specifically induced by the long isoflurane anaesthesia.

Secondly, the differential effects of daytime and nighttime anaesthesia indicate that isoflurane
likely acts on the circadian system instead of just broadly disturbing colony dynamics and
activity. Daytime anaesthesia produced a large phase delay in activity of 4–6 hours, whereas
nighttime anaesthesia had little or no effect on activity rhythms (Figure 5.9). It is this absence
of an effect at night that argues against a general effect of anaesthesia (or any other component
of the treatment) on colony activity. And it is the differential effect produced by two different
administration times that argues for an involvement of the circadian system. In an oscillating
system such as the circadian clock, the magnitude and direction of a shift commonly depend
on the phase of the system at the time of perturbation. Such phase-dependence is a well
documented phenomenon in circadian biology for most, if not all, factors that affect the circadian
system, including entraining agents (Zeitgeber) or drugs that can shift rhythms (chronobiotics,
Dawson and Armstrong, 1996) (Section 1.2.2). Hence, the absence of isoflurane-induced phase
shifts at night supports the conclusion that general anaesthesia exerts its effect on colony activity
by influencing the circadian system of the honey bee.

Agents affecting circadian behaviours of the honey bee

The circadian system of honey bees has been found to be susceptible to several chronobiotics and
other stimuli in the past. The majority of such studies made use of the so called Zeitgedächtnis
or time memory of honey bees, which allows bees to be time-trained to forage to a food source
at specific times of day (Beling, 1929; Wahl, 1932, see also Section 2.1). This timed foraging is
based on “a continuously consulted” (Pittendrigh, 1958) circadian clock (Renner, 1957; Beier,
1968) just like the bees’ time-compensated sun compass navigation (Renner, 1959; Beier and
Lindauer, 1970, see also Section 2.1), which was also employed in studies of chronobiotics in
honey bees.
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Although time memory and sun compass navigation could be altered quite effectively by
phase shifting of light cycles over several days (Beier, 1968; Beier and Lindauer, 1970), the
treatment that seemed to affect the honey bee circadian system more severely was cooling to
low temperatures (∼ 5◦C). One 6 hour cold pulse delayed feeding times by 2.5 hours in Kalmus’
experiments (1934) , but induced an up to 6 hour delay in experiments conducted by Renner
(1957). Likewise, 5 hours of hypothermia altered the danced navigation angle by 84◦(Goodwin
and Lewis, 1987), the equivalent of a 5.5 hour phase delay of the clock.

Similarly, CO2 narcosis was shown to delay timed foraging. Four hours in self-produced CO2

appeared to postpone feeding times by 2–3 hours (Kalmus, 1934). However, in a re-examination
by Medugorac and Lindauer (1967) with a more controlled CO2 administration, it was found
that 20–100 % CO2 not only delayed feeding by the approximate length of narcosis (2–5 h), but
caused bees to visit the food source twice — once at the original time of training and once at
the delayed time. Since these two visiting maxima at the food source occurred under natural
light/dark cycles in the field as well as under constant conditions in the laboratory, this result
was interpreted as a differential effect of CO2 on different aspects of timed foraging.

Interestingly, the few studies testing the impact of general anaesthetics on circadian behaviours
in honey bees could not detect any obvious effects. Schmid (1964) anaesthetised forager bees
with chloroform (45 min), ether (60 min) or nitrous oxide (5 min), but did not detect a change in
feeding times on subsequent days. Notably, these treatment durations are all shorter than or
within the range of control treatments used in the present study. Nonetheless, even a 3 hour
treatment with ether did not appear to shift feeding times in experiments by Kalmus (1934).
His protocol, however, allowed bees to recover several times during the anaesthetic course,
thus shortening the overall length of treatment significantly and splitting it into short bouts.
Therefore, the above agents need to be tested under longer, constant administration similar
to the 6 hours used in the present study before it can be concluded that these anaesthetics do
not have an effect on the bee circadian clock in general or on the measured time memory in
particular.

Honey bee time memory and time sense, however, can be as susceptible to anaesthetic treatment
as hive entrance activity. This was shown in other experiments carried out in our laboratory.
Here, a daytime 6 hour isoflurane anaesthesia (the same as used in this PhD study) delayed
foraging times and systematically altered time-compensated sun compass navigation. The
observed effects corresponded well in magnitude and direction with the phase delay in hive
entrance activity determined in this chapter (Cheeseman et al., 2012). The finding that isoflurane
anaesthesia similarly affected timed foraging, time-compensated navigation and circadian
activity rhythms suggests that isoflurane acts on a common node upstream of these behaviours,
possibly the circadian clockwork itself.

A comparison between the effect of isoflurane on bee circadian rhythms and results from previ-
ous studies in other organisms and other anaesthetics can be found in the General Discussion,
Chapter 7.
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Conclusion

In this chapter, it was demonstrated that honey bees can be anaesthetised using an anaesthetic
regimen that is clinically relevant in all aspects, i.e. choice of anaesthetic agent, administered
dose, duration of treatment and recovery dynamics. It was shown that such clinical general
anaesthesia can profoundly alter daily activity of bees as it caused a large phase shift in the
circadian rhythm of hive entrance activity. Furthermore, the phase shift in activity rhythms was
found to depend on the time of anaesthesia administration; general anaesthesia during the day
induced a marked phase delay of several hours, whereas general anaesthesia during the night
caused a small phase advance. This differential result highlights the specificity of the effect and
precludes a general and unspecific effect of anaesthesia on honey bee activity.

Since a behavioural circadian rhythm is considered only an output from the circadian clock, the
question remains whether general anaesthesia also affects the circadian clock itself. Does general
anaesthesia also phase shift the circadian clock or, alternatively, is a new phase relationship
established between the clock and the behavioural rhythm? To answer these questions, the
effect of isoflurane anaesthesia on the molecular circadian clockwork was also investigated and
is described in the following chapter (Chapter 6).



Chapter 6

The Effect of General Anaesthesia on
the Molecular Circadian Clock of the
Honey Bee

6.1 Introduction

As demonstrated in Chapter 5, the common general anaesthetic isoflurane can phase shift
circadian activity rhythms of honey bee colonies. This finding is in line with results from the
few other animal studies that have sought to investigate possible effects of anaesthesia on the
circadian system. Using different anaesthetic agents and rodent models, these studies also
found that anaesthesia can induce phase shifts in activity rhythms and that their magnitude
and direction were dependent on the time of anaesthesia administration (Vansteensel et al.,
2003; Challet et al., 2007; Dispersyn et al., 2009a; Legan et al., 2009; Ohe et al., 2011).

Despite this slowly accumulating behavioural evidence, there is currently no molecular evidence
to show that anaesthesia can phase shift the circadian clock. More importantly, there is no
experimental evidence that anaesthesia actually phase shifts the circadian clock itself and
not merely certain output rhythms of the clock such as locomotor activity. This gap in our
knowledge has recently been framed as a lack of information about whether only the ‘hands’ or
also the ‘gears’ of the clock are affected by anaesthesia (Eikermann and Chamberlin, 2010).

As detailed in Section 1.2.3, the ‘gears’ of the circadian clock, i.e. the molecular circadian
clockwork, consists of a system of molecular oscillators. A central component of this system is
the transcriptional/translational feedback loop of clock genes and their protein products, which
produces continuous circadian oscillations in mRNA expression and protein abundance of most
of its parts. Measuring expression, mRNA or protein levels of clock genes can thus provide
insight into the state of the clock feedback loop and consequently the circadian clock itself.

Therefore, the few studies that investigated the effect of anaesthesia on the ‘gears’ of the clock
have looked for changes in clock gene expression. Interestingly, their results showed that
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several different anaesthetic agents can cause acute changes in mRNA levels of clock and clock
controlled genes in rodent brains (Sakamoto et al., 2005; Kobayashi et al., 2007; Yoshida et al.,
2009; Legan et al., 2009). However, since these studies only analysed one or very few distinct
time points after anaesthesia, their data do not provide any information about the effects on the
oscillation and whether such acute changes in expression have any prevailing consequences for
the clock feedback loop at all.

Thus, the question of how anaesthesia affects the circadian clock itself remains. Does general
anaesthesia alter period, amplitude and/or phase of the molecular circadian clockwork or even
cause a complete (temporary) disruption of it?

Objectives

The objective of this chapter was to investigate whether and in what way isoflurane anaesthesia
affects the molecular circadian clockwork of the honey bee. In particular, the aim was to test for
phase shifts in the clock transcriptional/translational feedback loop by analysing the temporal
expression patterns of the core clock genes cryptochrome (Cry), period (Per) and clock (Clk) over
several days before and after isoflurane treatment. In honey bee foragers, mRNA of both Cry
and Per oscillate in abundance over the course of 24 hours, while Clk mRNA levels are constant
throughout the day.
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6.2 Materials and methods

6.2.1 Samples

In order to assess the effect of general anaesthesia on clock gene mRNA oscillations, honey
bees were sampled over a time course of several days before and after general anaesthesia from
colonies that were maintained in the laboratory under constant conditions.

Experimental honey bee colonies

The honey bee samples analysed in this chapter were taken from Colony 5 and 11 during
the experiments described in Chapter 5. Colonies were maintained indoors in environmental
cabinets at constant temperature and dim light (LLdim) and received a 6 hour anaesthetic
treatment with 2 % isoflurane while their rhythms of hive entrance activity were recorded.
Colony 5 was anaesthetised during the subjectivee day, i.e. the colony’s active period, whereas
Colony 11 was anaesthetised during the subjective night, the colony’s inactive period. Each of
the experimental colonies was set up from only one source colony, so that all bees sampled from
that experimental colony originated from the same queen and hence were at least half-sisters.

Identification of foragers

It was necessary to analyse bees that were foragers since these are the only ones that display
robust oscillations in clock gene expression (Shemesh et al., 2007, see also Section 3.1). The final
identifying feature of a mature forager used in this chapter was the size of the hypopharyngeal
glands, which could be determined during sample processing (Section 6.2.2). However, in order
to obtain a high proportion of foragers at the time of sampling, the aim was to collect bees
older than 22 days as these are likely foragers (Seeley, 1982, see also Section 2.1). Bees of this
age could be identified by a paint dot on their thorax that had been applied directly after their
eclosion at age ≤ 24 hours.

Paint marking of newly eclosed bees followed the same procedure as described in Section 2.2.2.
Specifically, bees were eclosed from 4–7 frames of capped brood originating from the same
source colony and queen as the experimental colonies. Each day, all newly eclosed bees
(age ≤ 24 h) were marked with a dot of white or yellow paint (Enamel paint, Humbrol) on
their dorsal thorax before being introduced into their experimental colony. Per colony, a total of
3500–3700 newly eclosed bees were marked and added over the course of 4–5 days. Following
addition of the painted bees, the colonies were left free-flying outdoors for ∼ 3 weeks to allow
the marked bees to develop into foragers.
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Sample collection

Samples were collected from Colony 5 and 11 every 3 hours over several days surrounding the
anaesthetic treatment, i.e. before, during and after the treatment. At each time point, 10–20 bees
(mainly paint-marked) were aspirated from the flight cage and/or hive using a pooter (Insect
Vac, BioQuip, USA), snap frozen in liquid nitrogen and stored at –80 ◦C for 1–8 months until
further processing. All collections took place under the LLdim -illumination of the environmental
cabinet (0.5–2 lux at operating height) and a red LED light source attached to the pooter (7 lux
at nozzle opening).

In order to expedite sample collection for the two time points during the anaesthetic treatment,
bees were ‘pre-sampled’ by pootering them up before the beginning of treatment and adding
them to the anaesthetic chamber in their pooter containers (pervious to the anaesthetic vapour
through their mesh ends). At the scheduled time of collections, these containers could be
quickly removed from the anaesthetic chamber and submerged into the liquid nitrogen.

For Colony 11, additional bees were pre-sampled at the beginning of the anaesthetic treatment
and kept as non-anaesthesia controls. These bees were not added to the anaesthetic chamber,
but kept un-anaesthetised in the environmental cabinet — supplied with food (bee candy) to
improve their survival (Section 5.3.1) — until being flash-frozen at the scheduled sampling
time. These control samples, in conjunction with the anaesthetised samples, were used for the
experiments described in Section 6.2.4.

6.2.2 Clock gene expression analysis

Clock gene mRNA levels were quantified in individual bee brains via reverse transcription
quantitative real-time PCR (RT-qPCR). For both the daytime (Colony 5) and the nighttime
(Colony 11) anaesthesia experiment, samples from 29 time points over 3.5 days around the
anaesthetic treatment were analysed, i.e. ∼39 hours before and after as well as 6 hours during
anaesthesia. For each of the 29 time points, 6 bees were analysed. Owing to the large number of
samples (∼ 180 per experiment), each experiment was processed in two batches (∼ 90 samples
each; 3 bees per time point). Within each batch, samples were randomised (in MS Excel) for
each processing step in order to eliminate any systematic errors caused by the order of sample
handling.

Brain dissection

Honey bee brains were dissected on dry ice from frozen bee heads as described in detail
in Appendix A. All parts of the cerebrum as well as the sub-œsophageal ganglion were
harvested, while all surrounding tissues were removed, including ocelli, compound eyes and
hypopharyngeal glands. Dissected brains were assiduously examined to ensure that the tissue
was complete. Brains remained frozen at –80 ◦C until RNA extraction a few days later.
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To ensure brains originated from forager bees, bees with large hypopharyngeal glands (in-
dicative of nursing and in-hive-activity) were rejected and only bees with small or atrophied
hypopharyngeal glands (indicative of foraging activity) (Rösch, 1925, 1930; King, 1933; Maleszka
et al., 2009) were chosen for dissection - independent of whether they were paint-marked or
not. This measure was prompted by an earlier experiment (data not shown), in which samples
of paint-marked (and thus forager-age) bees showed only low cycling in clock gene expression -
and had had conspicuously large hypopharyngeal glands.

RNA extraction

Total RNA was purified from single bee brains using silica-matrix spin columns (RNeasy Mini
Kit, Qiagen) as described in Section 3.2.2.

RNA quantity and purity was measured via UV spectrophotometry using an 8-channel Nano-
Drop Spectrophotometer (ND-8000, Thermo Fisher Scientific). The average RNA concentration
obtained per brain sample was 50 ng/µl. Therefore, the average amount of total RNA extracted
from an individual bee brain was 1.5 µg. All RNA samples displayed a 260/280 ratio of ≥2.0,
indicating the absence of protein contamination.

Analysis of RNA integrity

Integrity of extracted RNA was assessed by inspection of the rRNA profiles after electrophoretic
separation. Following heat denaturation for 2 minutes at 70 ◦C, all samples were checked in
standard non-denaturing agarose gels and a randomly selected subset was also verified via
microfluidic capillary electrophoresis using an Agilent 2100 Bioanalyzer.

For agarose gel analysis, 60 ng of each sample was loaded onto a 1 % (w/v) agarose gel in
TBE-buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA) with 0.4 µg/ml ethidium bromide
and separated in an electric field of 100 V for 30 minutes. RNA bands were visualised and
photographed under UV light in an imaging system (Gel Doc, Biorad).

For microfluidics analysis, 1 µl of each sample was loaded onto an RNA 6000 Nano Chip
(Agilent Technologies), which was prepared as per the manufacturer’s instructions. The run
was then executed with an Agilent 2100 Bioanalyzer and the resulting RNA profiles manually
inspected.

All samples displayed the characteristic profile of honey bee rRNA (Winnebeck et al., 2010, see
also Section 4.2.1) and were of good integrity (Figure 6.1 and 6.2).

cDNA synthesis

cDNA synthesis was performed from 200 ng of bee brain RNA and primed with 50 ng of
random hexamers using the SuperScript III first-strand synthesis system (Invitrogen) according
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Figure 6.1: RNA quality of daytime anaesthesia samples. (A) Agarose gel analysis of all 174 RNA
samples after heat-denaturation. Per well, 60 ng RNA or 150 ng size marker (1 kb Plus DNA
ladder, Invitrogen) were loaded. Samples show the characteristic single band of ribosomal
RNA after heat-denaturation (18S rRNA and both 28S rRNA fragments, 28Sα and 28Sβ) and
no obvious degradation. Numbers indicate samples analysed in B. (B) Bioanalyzer analysis
of a subset of 12 RNA samples from A after heat-denaturation. Per run, 1 µl sample was
loaded. Samples show characteristic profile of high quality honey bee brain RNA. Run of
sample 5 was faulty. FU, fluorescence units; nt, nucleotides.
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Figure 6.2: RNA quality of nighttime anaesthesia samples. (A) Agarose gel analysis of all 184 RNA
samples after heat-denaturation. Per well, 60 ng RNA or 150 ng size marker (1 kb Plus
DNA ladder, Invitrogen) were loaded; in some gels the size marker was not visible and thus
the well appears empty (*). Samples show the characteristic single band of ribosomal RNA
after heat-denaturation (18S rRNA and both 28S rRNA fragments, 28Sα and 28Sβ) and no
obvious degradation. Numbers indicate samples analysed in B. Sample 12 was run on a
separate gel, but photo of the lane was added to its respective place during image processing.
(B) Bioanalyzer analysis of a subset of 12 RNA samples from A after heat-denaturation. Per
run, 1 µl sample was loaded. Samples show characteristic profile of high quality honey bee
brain RNA. FU, fluorescence units; nt, nucleotides.
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to the manufacturer’s instructions (described in detail in Section 3.2.2). Reverse transcription
(RT) was followed by RNase H treatment to remove the RNA template. Importantly, all samples
of one processing batch (∼ 90 samples) were reverse transcribed together on the same 96-well
plate. This was done alongside 3 calibrator samples (also 200 ng total RNA from bee brains)
in order to allow for calibration between the two processing batches of each experiment later
during the qPCR step. To test for genomic DNA contamination, a no-RT control (RT–) for each
sample was also produced on separate plates by omitting the RT enzyme from the reaction mix.
All RT reactions were set up with an automated pipetting system (epMotion 5075, Eppendorf).
cDNA was stored at –30 ◦C.

qPCR assay

The relative abundance of mRNA from the clock genes Cry, Per and Clk was quantified in each
sample by means of qPCR. The qPCR assay used was based on the optimisation and verification
work described in Chapter 4 and satisfies the MIQE guidelines (Bustin et al., 2009, 2010).

The qPCR reactions were set up in a 384-well-format with 10 µl reaction volumes using an
automated pipetting system (epMotion 5075, Eppendorf). Reactions were made up from 4 µl
of 1:6 diluted cDNA (equivalent of 6.3 ng transcribed RNA) as template and 6 µl of master
mix containing 5 µl of 2×Power SYBR Green PCR Master Mix (Applied Biosystems), 2 pmol of
forward and reverse primers (desalted, Invitrogen) and molecular grade water up to 6 µl; final
primer concentration was 200 nM.

Each brain cDNA sample was amplified with primers for the three clock genes Cry, Per and Clk
as well as for the three reference genes EF1α, GAPDH and Tub. Details of primers, amplification
conditions and plasticware can be found in Appendix B. The endogenous reference genes
were selected for their expression stability over time and against isoflurane treatment and their
assumed lack of co-regulation as they code for proteins of three different functional groups
(Section 4.2.4).

Importantly, for optimal relative quantification, a ‘sample maximization approach’ (Vandes-
ompele et al., 2002) was employed as assay setup: For each gene, all RT+ and RT– samples of
one batch were amplified on the same plate. With 3 target and 3 reference genes and 2 batches
per experiment, this equated to 12 plates per experiment. For inter-run calibration between the
2 batches, the 3 calibrator samples from the cDNA synthesis were run on each qPCR plate with
the corresponding master mix for that plate. No-template controls (NTC) were also included on
each plate. Technical replicates (triplicates) were performed for all qPCR reactions including
controls; only RT– samples were run in single reactions, owing to the limited amounts of RNA
available. In total, more than 9,000 qPCR reactions were carried out for these experiments.
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qPCR analysis

The qPCR data were analysed in several steps. First, the raw data of each reaction were
manually examined using the instrument software (SDS 2.3 and 2.4, Applied Biosystems). All
reactions with an irregular signal in the melting curve, amplification profile or passive reference
(ROX) were excluded. Importantly, outliers within technical replicates were discarded solely on
the basis of these exclusion criteria and not because they differed in quantification cycle (Cq, the
PCR cycle at which the amplification signal crossed a specified threshold1) from the other two
technical replicates. Control reactions were thoroughly scrutinised also.

Second, Cq values for all reactions were imported into the qPCR analysis software qBase-
Plus (versions 1.5 and 2.0; Biogazelle) and subjected to a second quality check. Using the same
software, Cq values were then converted to calibrated normalised relative quantities (CNRQ)
based on the algorithms published in Vandesompele et al. (2002) and Hellemans et al. (2007).
These algorithms are an adaptation of the comparative Ct method2 (Livak and Schmittgen,
2001) with the advantage that they can incorporate different amplification efficiencies of differ-
ent primer pairs as well as several reference genes as normalisers and calibrator samples for
inter-run calibration. The following section provides a brief overview of the principle behind
the analysis:

First, Cq values are converted to relative quantities (RQ). To this end, the difference in
template amount between each sample and a reference sample (arbitrarily chosen; often the
lowest expressed sample) is calculated based on their difference in quantification cycle (Cq)
and the amplification efficiency (E) using the equation

RQ = E∆Cq = ECq,REF−Cq (6.1)

with Cq,REF any sample, often the highest Cq ,i.e. the Cq of the sample with the lowest
starting template amount.

The RQ of the genes of interest (GOI) are then normalised to the RQ of the reference
genes (NORM). To this end, RQGOI are divided by a normalisation factor (NF) and become
normalised relative quantities (NRQ) according to the equation

NRQ =
RQGOI

NF
=

RQGOI
n
√

RQNORM1 · RQNORM2 · . . . · RQNORMn

(6.2)

with NF the geometric mean of the RQ of the reference genes.

The NRQs are then calibrated across qPCR runs/plates/batches by means of the calibrator
samples (CAL) and the equation

CNRQ =
NRQGOI

CF
=

NRQGOI
n
√

NRQCAL1 · NRQCAL2 · . . . · NRQCALn

(6.3)

with CF the geometric mean of the NRQ of the calibrator samples.

1 The thresholds for Cq determination, situated within the linear portion of the amplification signal, were
standardised across experiments for each primer pair

2 Ct meaning threshold cycle in this case (an equivalent of Cq), not circadian time
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The amplification efficiencies for this process were determined in Section 4.2.6. They are listed
in Table B.2. Inter-run calibration was performed with the 3 calibrator samples described above
to remove any systematic differences between the two processing batches of each experiment.

Finally, after import of the CNRQ into MS Excel, the average expression levels of each time point
were determined by geometric averaging of the CNRQ for each time point. As in Section 3.2.2,
the geometric mean was selected over the arithmetic mean since the former accounts for
the exponential origin of the CNRQs (see Equation 6.1). The asymmetric standard error for
the geometric mean was determined by logarithmic transformation of the data, followed by
calculation of the standard error of the arithmetic mean including the upper and lower limits
and reverse log-tranformation of these. Last, all data points (individuals and means) were
expressed relative to the minimum mean, i.e. the time point with the lowest expression, which
was set to 1, and plotted using SigmaPlot version 11.0 (Systat Software). The geometric mean
was used for plotting only and did not underlie any further data analyses, which were all based
on individual data points.

qPCR quality statistics

Overall, the qPCR assay was very successful for both the daytime and the nighttime anaesthesia
experiment (Table 6.1). All NTC passed the rigorous inspection, and RT– controls indicated
that genomic DNA contamination was negligible for purposes of relative quantification as they
were at least 6 Cq behind the corresponding RT+ sample (≈ 26 or 64 fold difference; Tub), but
mostly 8–10 Cq behind (≈ 256–1024 fold).

Technical reproducibility was also exceptionally good (Table 6.1). For each gene, at least 94 % of
all technical replicate sets had triplicates within 0.5 Cq of each other — most even ≥ 98 %. Only
GAPDH in the nighttime anesthesia experiment displayed unsatisfactory reproducibilty (80 %
sets at ≤ 0.5 Cq). As a consequence, GAPDH was excluded as a normaliser in that experiment,
and the nighttime anesthesia experiment was only normalised to EF1α and Tub. This left the
nighttime anesthesia experiment with 99 % of all technical replicate sets at ≤ 0.5 Cq, even
marginally superior to the daytime anesthesia experiment with 97 %.

Inter-run calibration (Equation 6.3) appeared to be moderately successful in removing system-
atic differences between the two batches of each experiment and aligning them (Table 6.2).
When computing and comparing the mean over all time points, the absolute difference between
batches was reduced by the calibration. However, the results differed between genes: For the
daytime anaesthesia experiment, the means for Per and Clk were aligned very well, whereas the
means for Cry were further separated. For the nighttime anaesthesia experiment, calibration
effectively aligned the means for Cry and Per, but increased the difference in means for Clk.
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Table 6.1: Quality statistics of qPCR for the quantification of clock gene mRNA oscillations. The
results are listed separately for the daytime and nighttime anaesthesia experiments. GA,
general anaesthesia, Cq, quantification cycle; n/a, not applicable; NTC, no-template control.

Criterion Daytime GA Nighttime GA

n % n %

Reactions Performed 4500 4560
Excluded a 145 3 % 286 6 %

Technical Performed 1116 1158
replicates ≤ 0.5 Cq apart 1081 97 % 1113 96 %

Performed per gene 186 193
Cry, ≤ 0.5 Cq apart 179 96 % 192 99 %
Per, ≤ 0.5 Cq apart 175 94 % 192 99 %
Clk, ≤ 0.5 Cq apart 183 98 % 192 99 %

EF1α, ≤ 0.5 Cq apart 183 98 % 193 100 %
GAPDH, ≤ 0.5 Cq apart 182 98 % 155 80 %

Tub, ≤ 0.5 Cq apart 186 100 % 189 98 %

Performed excl. GAPDH n/a 965
Excl. GAPDH, ≤ 0.5 Cq apart n/a n/a 958 99 %

Samples Included 174 184
Successful 173 99 % 180 98 %

Controls NTCs performed 36 36
NTCs passed b 36 100 % 36 100 %

RT– performed 174 184
RT– passed c 174 100 % 183 99 %

Normalisation Normalisation factor 0.5–1.6 0.4–2.1
Normaliser stability d M<0.33 M<0.48

a Owing to irregular melting curve, amplification profile or passive reference signal
b Signal either absent, unspecific according to melting curve or ≥ 10 Cq behind RT+ samples

(≈ 210 or 1024 fold difference)
c Signal either absent, unspecific according to melting curve or ≥ 6 Cq behind RT+ sample

(≈ 26 or 64 fold difference); failed sample was completely excluded
d GeNorm analysis of the experiment itself (for actual stability experiment see Section 4.2.4);

limited significance as based on only 3 reference genes; M<0.50 considered stable (Vandes-
ompele et al., 2002)
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Table 6.2: Inter-run calibration statistics for the alignment of experimental batches. Owing to large
sample numbers, both the daytime and nighttime anaesthesia experiment were processed in
two batches. To remove any systematic differences between the batches, mRNA quantities
determined in RT-qPCR were calibrated on the basis of 3 calibrator samples. The differences in
means between batches (∆mean) were compared to assess the effectiveness of the calibration
and are listed in absolute terms as well as percentage of the larger mean. abs., absolute; GA,
general anaesthesia; IRC, inter-run calibration.

Experiment Gene no IRC IRC

∆mean ∆mean ∆mean ∆mean
[abs.] [%] [abs.] [%]

Daytime GA Cry 0.34 9 % 0.82 21 %
Per 0.46 27 % 0.13 8 %
Clk 0.25 19 % 0.01 1 %

Total 1.06 0.96

Nighttime GA Cry 1.28 25 % 0.80 17 %
Per 0.59 22 % 0.02 1 %
Clk 0.17 12 % 0.34 21 %

Total 2.04 1.16

6.2.3 Statistical data analysis

Statistical analyses were performed on the logarithmically (natural log, ln) transformed qPCR
data (CNRQ) of the three clock genes Cry, Per and Clk.

Cosinor model

Least-squares cosinor models were fitted using the statistical software R version 2.13 (R De-
velopment Core Team, 2011). Data from before and after anaesthesia (excluding the period
during anaesthesia) were separately used to estimate cosinor parameters for each gene. The
residuals of each model were tested for autocorrelation using a two-sided Durbin-Watson
test. Post-anaesthesia data for Cry for both day- and nighttime anaesthesia showed significant
evidence of autocorrelated residuals, so these models were refitted using generalised-least
squares with an auto-regressive lag one (AR1) error structure.

Since cosinor models require an a priori assumption about the underlying period, two ap-
proaches were used in this study: 1) The period was empirically determined by finding the
optimal fit of the cosinor model (defined as minimizing the model-fitting criterion AIC). 2) The
period of the colony’s hive entrance activity rhythm before anaesthesia was used. This period
was based on 3–4 cycles and computed from the regression of the acrophases (acrophases are
calculated by ClockLab through sine wave fitting). The periods were 23.8 hours for the daytime
anaesthesia (Colony 5) and 24.4 hours for the nighttime anaesthesia experiment (Colony 11).

The activity-derived periods (2) were used for determining changes in phase since the model-
derived periods (1) were only based on 1.5 cycles and thus weaker estimates, and different
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periods before and after the treatment would have hindered the quantification of a phase
shift. Changes in phase were tested and quantified following Bingham et al. (1982). Cosinor
analysis was performed by Dr. Matthew Pawley (Department of Anaesthesiology, University of
Auckland).

Rhythmicity tests

The absence of rhythmicity in mRNA abundance was assessed via one-way analysis of variance
(ANOVA) (Refinetti et al., 2007). All datasets fulfilled the condition of equal group variances
(equal variance test). The conservative Holm Sidak method was selected as a post hoc test
to identify differing means. Analyses were carried out using SigmaPlot version 11.0 (Systat
Software) and a significance level of α = 0.05.

In order to test for the presence of sinusoidal rhythmicity of circadian period, cosinor analysis
was carried out using the activity-derived periods (see above). The null hypothesis (H0) was
that the amplitude of the modelled sine wave was equal to zero. Following Barnett and Dobson
(2010), H0 was rejected if p < (0.05/2) for either of the two sinusoidal variables that composed
the cosinor linear model. The significance level was divided by 2 to maintain the type I error at
about α = 5 % as the test examined two parameters. This test was performed by Dr. Matthew
Pawley.

6.2.4 Analysis of acute effects of isoflurane on clock gene expression

To investigate the acute effect of general anaesthesia on clock gene expression, honey bees were
sampled at the end of a 6 hour course of anaesthesia and their Cry, Per and Clk mRNA levels
were compared to control levels from un-anaesthetised bees sampled at the same time from
the same colony. General anaesthesia with 2 % isoflurane was administered under the same
conditions (after 3 days in LLdim) and at the same times (daytime: start Ct 1–2; nighttime: start
Ct 14) as for previous experiments (Section 5.2).

For nighttime anaesthesia, anaesthesia and control samples originated from Colony 11 and
were originally collected as part of the 3-hourly time points for the oscillation analysis (Sec-
tion 6.2.1). Bees for both treatment and control groups were pre-sampled from the flight cage
into pooter vials and then kept for 6 hours under LLdim in these vials, either anaesthetised
or un-anaesthetised (the latter supplemented with food), before flash-freezing them in liquid
nitrogen.

For daytime anaesthesia, a separate experiment was carried out since the 3-hourly time points
for the oscillation analysis on Colony 5 did not coincide with the end of the anaesthetic treatment.
Samples originated from a colony of about 20,000 bees, housed in a nucleus hive (nuc), that
was maintained under LLdim connected to a flight cage as for the other anaesthesia experiments
(Section 5.2.3). Honey bees for the anaesthesia group were also pre-sampled from the flight
cage into pooter vials and anaesthetised for 6 hours under LLdim before flash-freezing. Control
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samples, however, were not restrained in pooter vials for the duration of 6 hours, but remained
in the flight cage and were only pootered up directly before flash-freezing at the same time as
the anaesthesia bees. These samples were also used to assess the stability of reference gene
mRNA levels against isoflurane treatment (Section 4.2.4).

Clock gene expression analysis was performed on individual bee brains via RT-qPCR following
the protocols detailed in Section 6.2.2. The reference genes EF1α, GAPDH and Tub, whose
expression stability after 6 hours of 2 % isoflurane had been confirmed (Section 4.2.4), were used
as normalisers for daytime anaesthesia. For nighttime anaesthesia, GAPDH was excluded as a
normaliser owing to unsatisfactory technical reproducibility (Table 6.1). Finally, normalised
relative quantities (NRQ, daytime) and calibrated normalised relative quantities (CNRQ, night-
time) were expressed relative to their respective control means, which were set to 1, and plotted
using SigmaPlot version 11.0 (Systat Software). t-tests were used to test for differences in
mean mRNA levels between controls and treated bees. These tests were performed on the
logarithmically transformed CNRQ data (ln) using SigmaPlot.
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6.3 Results

The aim of this chapter was to elucidate whether the anaesthesia-induced phase shifts in
circadian behaviour observed in Chapter 5 were reflective of an effect of anaesthesia on the
circadian clock itself. To this end, the effect of general anaesthesia on the molecular circadian
clockwork, the transcriptional/translational feedback loop that constitutes the core component
of the circadian clock, was investigated.

6.3.1 Effect of isoflurane on clock gene mRNA oscillations — daytime anaesthesia

Owing to the circular nature of the clock feedback loop, a profound alteration or disruption of
the loop at any point should theoretically propagate and hence be eventually detectable in any
core component of the loop. Based on this principle, the temporal expression patterns of the
clock genes Cry, Per and Clk (Chapter 3.3) were selected as readouts of the feedback loop for
this study. The underlying rationale was that the robust circadian oscillations of Cry and Per
mRNA levels should allow for the detection of phase shifts in the circadian clock, whereas the
constant levels of Clk mRNA should allow for the detection of broad and overall disruptions to
the clock loop.

In order to assess the effect of general anaesthesia on the mRNA expression patterns of these
clock genes, samples of forager bees were taken from colonies during the experiments for
Chapter 5, in which the colonies were maintained indoors under constant conditions of LLdim

and anaesthetised for 6 hours with 2 % isoflurane. The samples were collected every 3 hours
over a time course of several days before and after the anaesthetic treatment.

To investigate the changes in clock gene expression patterns after daytime anaesthesia, samples
were analysed from Colony 5, whose activity rhythm had been phase delayed by 4.7–5.3 hours
by the anaesthetic treatment (Figure 6.3 B and Section 5.3.2, Figure 5.5, Table 5.2). mRNA levels
of Cry, Per and Clk were quantified via RT-qPCR in 6 individual bee brains for each of the
29 time points (Figure 6.3 A).

Circadian rhythmicity of clock gene mRNA levels

Over the 36 hours of baseline before the anaesthetic treatment, Clk mRNA levels were constant
(p = 0.281, ANOVA) (Table 6.3, Figure 6.3 A), which was expected from previous experiments
(Rubin et al., 2006, and Figure 3.2). In contrast to Clk, both Cry and Per mRNA levels varied
significantly over time (p < 0.001, ANOVA) and displayed a strong sinusoidal rhythm (p < 0.001,
cosinor analysis) with a circadian period of around 24 hours. This result means that, even
on the third day in LLdim, the brain transcript levels of these two clock genes oscillated in a
circadian manner. Oscillations in Cry mRNA levels were of much higher amplitude (up to
7-fold) than for Per mRNA (1.8-fold) (Figure 6.3 A), reminiscent of their oscillations under LD
cycles (Figure 3.2) and darkness (Rubin et al., 2006).
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Table 6.3: Rhythmicity statistics for clock gene mRNA levels before and after daytime anaesthesia.
mRNA quantities of Cry, Per and Clk were tested for constant levels (null hypothesis, H0)
over all time points pre/post anaesthesia using one-way ANOVA and cosinor analysis. The
significance level was set to α=0.05. × denotes rejection of H0,

√
denotes retention of H0. Only

p-values > 0.001 are given. The period of the best cosinor model fit is also listed. ANOVA,
analysis of variance.

Cry mRNA levels Per mRNA levels Clk mRNA levels

constant constant period constant constant period constant constant period
ANOVA cosinor cosinor ANOVA cosinor cosinor ANOVA cosinor cosinor

Pre GA × × 23.7 h × × 20.6 h
√

× 23.3 h
p = 0.281 p = 0.035

Post GA × × 27.7 h × × 24.2 h ×
√

36.0 h
p = 0.096

Over the 39 hours following the anaesthetic treatment, Cry and Per mRNA levels displayed
similar robust circadian oscillations as before the treatment (Table 6.3, Figure 6.3 A). This
continued circadian cycling indicates that general anaesthesia did not completely disrupt the
clock feedback loop. However, the constitutive expression of Clk was obviously disturbed by
anaesthesia, as Clk mRNA levels no longer appeared to be constant after the treatment (p < 0.001,
ANOVA), but several time points differed in transcript levels (post hoc Holm-Sidak method);
these changes in mRNA abundance did not seem to follow a sinusoidal pattern (p = 0.096,
cosinor analysis). These results indicate that general anaesthesia caused a disturbance but not a
disruption in the clock feedback loop.

Effect of isoflurane on phase and amplitude of clock gene oscillations

For the detection of changes in phase and amplitude of the clock feedback loop, cosinor models
were fitted to Cry and Per mRNA oscillations pre and post anaesthesia and analysed according
to Bingham et al. (1982) (Figure 6.3 A, Table 6.4). In order to enable useful quantification of
phase shifts, the underlying period for these models was fixed at 23.8 hours, the free-running

Figure 6.3 : Effect of daytime anaesthesia on clock gene mRNA oscillations. (A) Brain mRNA levels
of clock genes cryptochrome, period and clock from bees sampled pre and post anaesthesia
from Colony 5. Open circles represent individual data points (n = 6 per time point), filled
circles the geometric mean. Error bars denote the asymmetric standard error of the mean.
Note that Cry levels are graphed on a different scale than Per and Clk levels. Solid coloured
lines display the cosinor model fitted to the log-transformed data (blue: pre anaesthesia, red:
post anaesthesia), broken lines are an extrapolation of the model. The model does not appear
sinusoidal in the figure as the data are graphed on a linear scale for ease of interpretation.
(B) Corresponding hive entrance activity of Colony 5 depicted in a double-plotted actogram.
Black bars indicate locomotor activity per 5 minutes. Horizontal axis is in hours New
Zealand Standard Time, vertical axis represents consecutive days. Samples represented in
A were collected during the period indicated by circled days. Red boxes mark periods of
anaesthesia: wide box, full 6 hour treatment; narrow box: control treatment. Regression lines
through the acrophases are shown in blue and red, visualising the 5.3-hour phase delay in
acrophase. Background colours depict flight cage illumination (dark grey: darkness; light
grey: dim light; white: bright light).
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Table 6.4: Cosinor model results for daytime anaesthesia. Cosinor models were fitted to the oscillating
mRNA levels of clock genes Cry and Per before and after anaesthesia and analysed for changes
in phase and amplitude. GA, general anaesthesia.

Gene Period Amplitude Phase difference

fixed pre GA post GA ∆Ampl. p value ∆Phase 95 % CI 95 % CI
[h] [h] upper lower

Cry 23.8 0.87 0.42 –0.44 1.34 · 10−9 –4.9 –3.8 –6.1
Per 23.8 0.18 0.22 +0.04 9.41 · 10−4 –4.3 –2.2 –6.4

period (τ) of the hive entrance activity of Colony 5 before anaesthesia.

The models showed that the amplitude of transcript rhythms was not influenced consistently
by general anaesthesia. Although Cry mRNA cycling was significantly dampened, Per mRNA
cycling was not altered in its amplitude.

In contrast, the cosinor analysis revealed large phase delays in transcript rhythms after anaesthe-
sia (p < 0.001): Cry mRNA cycling was delayed by 4.9 hours and Per mRNA cycling by 4.3 hours.
These phase shifts corresponded very well in magnitude and direction to the 4.7–5.3 hours
phase delay in in activity of this colony during the sampling procedure (Figure 6.3).

In summary, isoflurane anaesthesia for 6 hours during the subjective day disturbed the other-
wise constant levels of Clk mRNA in bee brains and markedly delayed the circadian mRNA
oscillations of Cry and Per. This effect of daytime anaesthesia on the clock feedback loop
paralleled the effects on circadian rhythms of hive entrance activity.

6.3.2 Effect of isoflurane on clock gene mRNA oscillations – nighttime anaesthesia

In contrast to daytime anaesthesia, general anaesthesia administered during the subjective night
had not induced any obvious changes in circadian behaviour (Section 5.3.3). Therefore, the aim
was to establish whether the absence of a behavioural effect was reflective of an unaffected
molecular circadian clockwork.

In order to test for changes in clock gene expression patterns after nighttime anaesthesia, the
same analyses were carried out as for the daytime anaesthesia experiment. Using samples
taken from Colony 11, whose activity rhythm had not been shifted by the nighttime anaesthetic
treatment (-0.9–3.7 h) (Figure 6.4 B and Section 5.3.3, Figure 5.7, Table 5.5), mRNA levels of
Cry, Per and Clk were quantified via RT-qPCR in 6 individual bee brains for each of the 29 time
points (Figure 6.4 A).

Circadian rhythmicity of clock gene mRNA levels

Similar to the daytime anaesthesia experiment, Clk mRNA levels were constant (p = 0.808,
ANOVA) over the 39 hours before the anaesthetic treatment, while both Cry and Per mRNA
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Table 6.5: Rhythmicity statistics for clock gene mRNA levels before and after nighttime anaesthesia.
mRNA quantities of Cry, Per and Clk were tested for constant levels (null hypothesis, H0)
over all time points pre/post anaesthesia using one-way ANOVA and cosinor analysis. The
significance level was set to α=0.05. × denotes rejection of H0,

√
denotes retention of H0. Only

p-values > 0.001 are given. The period of the best cosinor model fit is also listed. ANOVA,
analysis of variance.

Cry mRNA levels Per mRNA levels Clk mRNA levels

constant constant period constant constant period constant constant period
ANOVA cosinor cosinor ANOVA cosinor cosinor ANOVA cosinor cosinor

Pre GA × × 24.0 h × × 21.5 h
√

× 25.2 h
p = 0.006 p = 0.808

Post GA × × 22.5 h × × 25.8 h × × 29.3 h
p = 0.046

levels varied significantly over time (p < 0.001, ANOVA) (Table 6.5, Figure 6.4 A). This variance
occurred in sinusoidal fashion with a circadian period close to 24 hours, reinforcing that the
brain transcript levels of these two clock genes oscillate with a circadian rhythm even after
several days in LLdim. Although the amplitudes of these oscillations were lower than for the
daytime anaesthesia experiment, Cry mRNA levels also cycled with higher amplitude (3.5-fold)
than Per mRNA levels (1.6-fold) (Figure 6.4 A).

Following anaesthesia, Cry and Per mRNA levels continued to oscillate with a circadian rhythm
(Table 6.5, Figure 6.4 A), indicating no major disruption to the clock feedback loop. Nonetheless,
the constitutive expression of Clk was affected by nighttime anaesthesia, as it was in the
daytime anaesthesia experiment. The disturbance to the constant mRNA levels appeared milder,
however, and just reached statistical significance (p = 0.046, ANOVA). Whereas after daytime
anaesthesia many time points differed significantly in transcript levels, only the first and third
time point displayed statistically different mRNA levels after nighttime anaesthesia (post hoc
Holm-Sidak method). This finding suggests that anaesthesia during the subjective night caused
only a small overall disturbance to the clock feedback loop, which was relatively short-lived in
comparison to the effect of daytime anaesthesia.

Effect of isoflurane on phase and amplitude of clock gene oscillations

For an analysis of phase and amplitude changes after nighttime anaesthesia, cosinor models
were fitted to Cry and Per mRNA oscillations before and after anaesthesia and analysed ac-
cording to Bingham et al. (1982) as was done for the daytime anaesthesia experiment. The
underlying period of the models was set to 24.4 hours, the free-running period in activity of
Colony 11 before the anaesthesia treatment.

The cosinor analysis revealed neither major changes in amplitudes, nor any change in phase for
Cry (p = 0.34) or Per (p = 0.25) mRNA oscillations after anaesthesia (Figure 6.4 A and Table 6.6).
This absence of a shift in clock gene mRNA cycling correlates well with the absence of a phase
shift in the colony’s activity rhythm (Figure 6.4 B).
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Table 6.6: Cosinor model results for nighttime anaesthesia. Cosinor models were fitted to the oscillat-
ing mRNA levels of clock genes Cry and Per before and after anaesthesia and analysed for
changes in phase and amplitude. GA, general anaesthesia.

Gene Period Amplitude Phase difference

fixed pre GA post GA ∆Ampl. p value ∆Phase 95 % CI 95 % CI
[h] [h] upper lower

Cry 24.4 0.44 0.63 +0.19 0.34 –0.4 +1.2 –2.0
Per 24.4 0.12 0.20 +0.08 0.25 –1.2 +1.5 –3.9

Taken together, isoflurane anaesthesia during the subjective night briefly disturbed the other-
wise constant transcript levels of Clk, but did not influence the circadian oscillations of Cry and
Per transcript levels. The finding that nighttime anaesthesia did not markedly affect the clock
feedback loop parallels the absence of effects on circadian rhythms of hive entrance activity.

6.3.3 Acute effect of isoflurane on clock gene expression

In addition to evaluating clock gene expression patterns over several days as a readout of the
clock feedback loop, it was of interest to gain insight into the immediate action of anaesthesia
on the expression levels of these three particular clock genes, Cry, Per and Clk.

Therefore, honey bees were sampled at the end of a 6 hour course of anaesthesia, and their clock
gene mRNA levels were compared to control bees sampled at the same time from the same
colony. General anaesthesia with 2 % isoflurane was administered under the same conditions
(after three days in LLdim) and at the same times as for the previous experiments. In fact,
while samples for daytime anaesthesia were collected in a separate experiment, samples for
nighttime anaesthesia stemmed from the same experiment as the oscillation analysis (Colony 11,
Section 6.3.2).

Surprisingly, both the daytime and the nighttime anaesthesia had the same immediate effect
on clock gene expression (Figure 6.5): Cry mRNA levels were increased around 2-fold at the

Figure 6.4 : Effect of nighttime anaesthesia on clock gene mRNA oscillations. (A) Brain mRNA levels
of clock genes cryptochrome, period and clock from bees sampled pre and post anaesthesia
from Colony 11. Open circles represent individual data points (n = 6 per time point), filled
circles the geometric mean. Error bars denote the asymmetric standard error of the mean.
Note that Cry levels are graphed on a different scale than Per and Clk levels. Solid coloured
lines display a cosinor model fitted to the log-transformed data (blue: pre anaesthesia,
red: post anaesthesia), broken lines are an extrapolation of the model. The model does
not appear sinusoidal in the figure as the data are graphed on a linear scale for ease of
interpretation. (B) Corresponding hive entrance activity of Colony 11 depicted in a double-
plotted actogram. Black bars indicate locomotor activity per 5 minutes. Horizontal axis is
in hours New Zealand Standard Time, vertical axis represents consecutive days. Samples
represented in A were collected during the period indicated by circled days. Red boxes
mark periods of anaesthesia: wide box, full 6 hour treatment; narrow box: control treatment.
Regression lines through the acrophases are shown in blue and red. Background colours
depict flight cage illumination (dark grey: darkness; light grey: dim light; white: bright
light).
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end of 6 hours of anaesthesia compared to the control (day: p < 0.001; night: p = 0.002; t-test),
whereas Clk mRNA levels were slightly decreased (day: p < 0.001; night: p = 0.007; t-test). In
contrast, Per mRNA levels did not display any change (day: p = 0.062; night: p = 0.081; t-test).

When comparing these results with those obtained from the oscillation analyses (Section 6.3.1
and 6.3.2), the increase in Cry mRNA at the end of day- and nighttime anaesthesia is consistent
with the cosinor model fits (Figure 6.3 and 6.4). Likewise, the reduction in Clk mRNA at the
end of anaesthesia matches the low levels found in the first time point after anaesthesia, which
were detected in the post hoc analysis as differing from some of the other means.

In conclusion, at the end of a 6 hour course of anaesthesia, Cry and Clk mRNA levels were
both altered. These changes were the same for day- and nighttime anaesthesia, despite the
differential effects of day- and nighttime anaesthesia on the molecular circadian clockwork and
circadian activity rhythms.
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Figure 6.5: Clock gene mRNA levels at the end of 6 hours of (A) daytime anaesthesia, (B) nighttime
anaesthesia. Brain mRNA levels of the clock genes cryptochrome, period and clock were quan-
tified via RT-qPCR and are compared between treated and untreated control bees from the
same colony, snap-frozen at the same time. Note that results in A are graphed on a different
scale than results in B. Differences in mean mRNA levels were evaluated on logarithmically
transformed data using t-tests, asterisks denote levels of statistical significance: ** p < 0.01;
*** p < 0.001; n.s., not significant.
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6.4 Discussion

In this chapter, the effect of general anaesthesia on the molecular circadian clockwork was
examined. It was found that treatment of honey bee colonies with 2 % isoflurane for 6 hours
altered the expression patterns of core clock genes in forager bee brains. Besides disturbing
the constant brain mRNA levels of clock (Clk), daytime anaesthesia severely delayed mRNA
oscillations of cryptochrome (Cry) and period (Per). In contrast, nighttime anaesthesia did not
result in any phase changes in mRNA oscillations of either of these two genes.

In addition, an analysis of the immediate effect of isoflurane on clock gene expression revealed
that clock gene mRNA levels were affected in a similar way at the end of both the day- and
nighttime anaesthetic course. mRNA levels of Cry were acutely increased, while for Clk they
were acutely decreased and for Per there was no significant change. These results indicate that
although the longer-term effect on the overall expression pattern differed markedly, the acute
alteration in clock gene expression was the same between day- and nighttime anaesthesia.

Clock gene mRNA oscillations persist after several days in LLdim

Clock gene mRNA oscillations in forager bee brains had not previously been analysed after
several days of constant conditions (maximum 2 days in DD (Toma et al., 2000)) and not at all
under LLdim. In addition, Per mRNA oscillations under DD are often not statistically significant
(Rubin et al., 2006; Rodriguez-Zas et al., 2012). Thus, it is noteworthy that robust circadian
mRNA oscillations of Cry and Per could be readily detected in this study even 4 days into LLdim.
Although this has been clearly demonstrated in other species, e.g. Drosophila (e.g. Hardin et al.,
1990; DiTacchio et al., 2011) or laboratory rodents (e.g. Thresher et al., 1998; Yamazaki et al.,
2000), it was unclear whether clock gene mRNA oscillations persist under true free-running
conditions in honey bees — or whether they can still be detected on a whole brain level via
population analysis3. The latter indicates that the circadian systems of individual bees remain
highly synchronised within a colony and possibly represents the first molecular evidence for
social circadian synchronisation in honey bees.

Isoflurane anaesthesia phase shifts the molecular circadian clockwork

After daytime anaesthesia, a clear phase delay of 4–5 hours was detected in the circadian
rhythms of both Cry and Per mRNA abundance (Figure 6.3, Table 6.4). Since these mRNA
rhythms constitute an integral part of the molecular clock feedback loop, it is highly likely
that the phase shift in these mRNA rhythms reflects a phase shift of the entire transcrip-
tional/translational feedback loop and thus the circadian clockwork.

As the magnitude of delays in Cry and Per mRNA rhythms was the same as for the delay in
behaviour, it can be assumed that the resetting of Cry and Per expression after anaesthesia was

3 where every data point originates from a separate individual
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fully completed within the 39 hours of analysis. Whether other components of the feedback
loop actually completed their phase shift during the time of analysis cannot be determined
from the data. Studies of mouse suprachiasmatic nuclei (SCN), the site of the central pacemaker
in mammalian brains (Stephan and Zucker, 1972; Ralph et al., 1990; Sollars et al., 1995; Sujino
et al., 2003) (Section 1.2.4), have shown that after shifts in light cycles, different components
of the clock feedback loop can display distinct resetting kinetics (Reddy et al., 2002; Kiessling
et al., 2010). For instance, after a 6 hour advance in the light schedule, Per mRNA rhythms
reset quickly over about 2 cycles, while Cry, Bmal and Rev-Erbα mRNA resetting lagged behind
several cycles (Reddy et al., 2002; Kiessling et al., 2010). In contrast, after a 6 hour delay in
the light schedule, Cry and Per mRNA resetting was almost instantaneous and took place in
synchrony (Reddy et al., 2002).

This instantaneous and synchronous resetting of Cry and Per after a delay in light cycles parallels
the resetting dynamics of these two clock genes after the anaesthesia-induced phase delays.
This similarity suggests either that such resetting dynamics might be a general feature of clock
delays or that anaesthesia might exploit the same or similar phase shifting pathways as light.

Although not yet known for the honey bee circadian clock, it is known that light induces
phase shifts through acute induction of Per expression in the mammalian circadian clock (e.g.
Albrecht et al., 1997; Wakamatsu et al., 2001). Conversely, nonphotic phase shifts are often
accompanied by a decline in Per mRNA (Maywood et al., 1999; Horikawa et al., 2000), shown
to be responsible for the shift (Hamada et al., 2004). However, at the end of the 6 hour course of
anaesthesia, bee brain Per mRNA levels appeared neither elevated nor decreased (Figure 6.5),
rendering changes in Per expression an unlikely mechanism for anaesthesia-induced phase
delays — at least in honey bees. In fact, although Cry and Per mRNA rhythms were shown
to be shifted after daytime anaesthesia in this study, their expression may not have been the
entry point of isoflurane anaesthesia into the clock feedback loop. In this study, the expression
rhythms of both genes rather served as a marker for important parameters of the clock feedback
loop, providing evidence that the molecular circadian clockwork is severely phase delayed by
daytime anaesthesia.

Acute versus prevailing effects of isoflurane anaesthesia on clock gene expression

In order to gain first insight into a possible entry point of anaesthesia into the clock feedback
loop and the speed at which anaesthesia caused disturbances to it, the immediate effect of
isoflurane on clock gene expression was also investigated. As discussed above, Per mRNA
levels were not acutely altered after 6 hours of anaesthesia, making Per expression an unlikely
immediate target of anaesthesia.

Cry transcript levels, however, were approximately doubled immediately after anaesthesia.
If this Cry mRNA increase progressed through the clock feedback loop, and if one judged
possible phase shifts only from Cry oscillations, one would predict a phase advance after
daytime anaesthesia (since the rise in Cry transcript levels would be sped up) and a phase delay
after nighttime anaesthesia (since the drop in Cry transcript levels would be slowed down)
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Figure 6.6: Predicted phase shifts resulting from anaesthesia-induced increase of Cry mRNA levels.
(A) An increase in Cry mRNA after daytime anaesthesia would be expected to speed up the
rise in Cry mRNA levels and lead to an advance of the clock feedback loop. (B) An increase
in Cry mRNA after nighttime anaesthesia would be expected to slow down the drop in Cry
mRNA levels and lead to a delay of the clock feedback loop.

(Figure 6.6). The observed phase shifts in the feedback loop did not match these predicted
shifts at all.

Even more surprising is that the acute effects on Cry, Per and Clk expression were the same
between daytime and nighttime anaesthesia, whereas the long-term effects on expression
patterns differed greatly between the two anaesthesia treatments, with only daytime anaesthesia
causing phase changes. There are two possible explanations for this discrepancy:

1. The acute effects prevailed only after daytime anaesthesia (owing to the current phase of
the oscillator) and affected the feedback loop in a way that is not directly predictable from
only the mRNA oscillations of Cry.

2. None of the acute effects actually propagated through the feedback loop, and there were
other entry points for anaesthesia into the clock that overrode the acute changes of the
three clock genes tested in this study.

This means that although anaesthesia was found to acutely alter the expression of Cry and Clk,
neither of these changes were likely responsible for the observed phase shifts in the molecular
circadian clockwork.

Causal connection between anaesthesia effects on molecular clockwork and activity rhythms

This is the first study demonstrating that a general anaesthetic can not only phase shift overt be-
havioural circadian rhythms (Chapter 5), but also the underlying molecular circadian clockwork.
For a behavioural phase shift that appeared permanent under constant conditions (Figures 5.5
and 6.3 B), one could have postulated that a new phase relationship was established between
the behavioural circadian rhythm and the clock itself (although there have not been many
reports of such a phenomenon occurring (but see Vansteensel et al., 2003)).

However, there was close correspondence between the effects of isoflurane on the clock feedback
loop and its effects on activity rhythms. Daytime anaesthesia phase delayed Cry and Per
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oscillations by 4.9 hours and 4.3 hours while delaying hive entrance activity by 5.3 hours for
the corresponding colony and by 4.3 hours overall (n = 6 colonies; acrophase as phase marker).
Conversely, night anaesthesia caused no phase changes in Cry and Per oscillations and also no
clear activity phase shifts in the corresponding colony (+0.4 h) or overall (+1.4 h, n = 3).

Although this study only provides a close correlative link between the changes in behaviour
and the clock molecular feedback loop, a conclusion of causality is not unreasonable. It is well
established that the molecular circadian clockwork is the driver of most (if not all) behavioural
circadian rhythms and that changes in the clock feedback loop usually translate through to
circadian behaviour or that altered circadian behaviour usually reflects alterations in the clock
feedback loop. For example, mutations in individual clock genes that shorten or lengthen the
period of the clock feedback loop lead to the same period changes in locomotor activity (e.g.
per-mutant flies (Konopka and Benzer, 1971; Hardin et al., 1990; Zerr et al., 1990) or tau-mutant
hamsters (Ralph and Menaker, 1988; Dey et al., 2005)). Likewise, single light pulses or changes
in light cycles elicit the same phase shifts in the clock feedback loop as occur in locomotor
activity (e.g. in Drosophila (Lee et al., 1996; Myers et al., 1996) or mice and rats (Yamazaki et al.,
2000; Reddy et al., 2002; Kiessling et al., 2010)). Importantly, the activity phase shift by light
pulses in mice can be prevented when inhibiting an increase in Per expression by antisense
oligonucleotides (Wakamatsu et al., 2001), and in hamsters, phase shifts in activity can actually
be directly induced by reducing the expression of Per with antisense nucleotides (Hamada et al.,
2004). Given this evidence, it is reasonable to infer that isoflurane anaesthesia exerts its effect
on circadian activity rhythms by its action on the molecular circadian clockwork.

Effects of other anaesthetic agents on clock gene expression

There are very few other studies (see Section 1.3) that have investigated the effect of general
anaesthetics on clock gene expression. With the exception of one, these studies analysed only
one or a few distinct time points after anaesthesia, which did not allow for an assessment of
phase shifts in circadian expression rhythms.

The one exception is a recently published study in which the authors investigated the effect of
4 hours of sevoflurane anaesthesia on the mouse circadian system (Ohe et al., 2011). In order to
look for phase shifts in the clock feedback loop, a time course experiment was performed on Per2
expression rhythms in mouse SCN. However, although the authors observed a phase delay in
activity rhythms, they failed to detect a phase shift in Per2 mRNA oscillations after anaesthesia.
Unfortunately, Ohe et al. (2011) did not report a quantitative analysis of the behavioural phase
shifts induced by their anaesthetic treatment. Yet, in the representative actogram displayed, the
phase delay appears small, in the range of 1 hour. The detection of an equivalent 1 hour phase
delay in Per2 mRNA oscillations seems improbable given the 4 hour sampling intervals for the
molecular analysis. Thus, the resolution of the assay was likely too low for the magnitude of
the effect.

Nonetheless, Ohe et al. (2011) noted an acute reduction in Per2 mRNA levels shortly after the
anaesthetic treatment. This finding matches results from rat brains after sevoflurane, propofol
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or dexmedetomidine anaesthesia (Sakamoto et al., 2005; Kobayashi et al., 2007; Yoshida et al.,
2009). After phenobarbital anaesthesia, hamster SCN displayed unchanged levels of Per2, but
decreased levels of Per1 mRNA. Both these results are in contrast to the unaltered Per expression
seen here in honey bee brains after isoflurane anaesthesia — although all these anaesthetic
treatments were carried out in the first two thirds of the subjective day. Therefore, this contrast
potentially indicates a fundamental difference between the bee and rodent circadian clock
in response to anaesthetic treatment. Alternatively, decreases in Per mRNA in rodent brains
might represent only temporary changes that do not prevail or translate into phase shifts, as
suggested for the changes in Cry and Clk mRNA levels in bee brains. Therefore, elucidation
of the entry point of general anaesthesia into the molecular circadian clockwork is needed to
provide important answers to the questions raised.

A very recent cell culture study yielded interesting first insights into possible entry points of
anaesthesia into the clock feedback loop (Bellet et al., 2011). Long (18 h) and high-dose ketamine
treatment was able to inhibit CLK:BMAL1-mediated transcription, possibly explaining some of
the acute changes in clock gene expression observed after shorter 1 hour ketamine treatment.
Although ketamine is believed to induce general anaesthesia by different mechanisms and
targets than isoflurane and is often classified into a separate group of anaesthetics (Grasshoff
et al., 2006), the mechanisms of their clock effects might nonetheless be conserved. Therefore,
if the in vitro effects of ketamine can be validated in vivo, these findings might guide further
research on the effects of isoflurane.

Bellet et al. (2011) also reported that a high dose of ketamine phase advanced rhythms of
the clock gene Bmal1 and the clock controlled gene Dbp in mouse fibroblasts while reducing
amplitudes of Cry1, Per2 and Dbp rhythms. Unfortunately, the experimental design was such
that these conclusions cannot fairly be drawn. Cell cultures were synchronised via serum shock
and, after a 1 hour ketamine treatment, were harvested at 4 time points. The treatment, however,
did not occur at the same time post shock for all cultures, but was performed right before each
harvesting time. Therefore, this represents a study of the acute effects of ketamine on clock gene
expression at different times rather than a study of the effects on the mRNA expression pattern
post treatment. Consequently, the mRNA levels should be compared directly only within each
time point (control versus different ketamine concentrations) and compared merely indirectly
across time points.

The results presented here thus provide the first evidence of a phase shift in the circadian
machinery after general anaesthesia. This finding was enabled by the large magnitude of the
induced effect and the experimental design, which incorporated time course analyses of gene
expression and different treatment times. This greatly helped in the interpretation of the effect
and also enabled first insights into if and how individual changes take hold and play out in the
full system.
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Conclusion

The data presented in this chapter demonstrate that clinically relevant general anaesthesia can
phase shift the molecular circadian clockwork of honey bees. Daytime isoflurane anaesthesia
phase delayed circadian expression rhythms of the core clock genes Cry and Per by several hours,
whereas nighttime anaesthesia did not induce any phase changes. The close correlation between
the behavioural and molecular effects of isoflurane indicates that the anaesthesia-induced phase
shifts in colony activity (Chapter 5) result from the phase shift in the clock feedback loop. The
entry point of anaesthesia into the clock feedback loop remains unclear despite the detection
of acute alterations in Cry and Clk transcript levels at the end of both daytime and nighttime
anaesthesia.
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Chapter 7

Concluding Discussion

Several clinical studies have indicated that patients may suffer from circadian disruption after
surgery, possibly explaining postoperative, jet lag-like symptoms such as insomnia, fatigue and
cognitive and physical deficits. Although the cause of this postoperative disruption is currently
unclear, some animal studies have implicated general anaesthesia as a possible contributor.
The goal of this PhD project was to elucidate the effect of general anaesthesia on the circadian
system.

Using the honey bee as a model system, it was demonstrated that a clinically relevant anaesthetic
course with isoflurane can severely phase shift the circadian clock and as a result affect timing
of daily activity. Daytime anaesthesia phase delayed the honey bee core clock feedback loop by
4–5 hours and produced a corresponding delay in overt colony activity rhythms. In contrast,
nighttime anaesthesia did not induce a phase shift in either the honey bee core clock or output
activity rhythms.

7.1 The honey bee as a model

The use of a model system was highly indicated in this research, given the difficulty in obtaining
unequivocal results on this topic through clinical studies. Despite the great number of general
anaesthetics administered clinically every year, it is difficult to tease apart the effects of general
anaesthesia from confounding factors such as the surgery, the underlying disease or concurrent
medication (Sections 1.3.1 and 1.3.2). In addition, it is hard to assess circadian phase in humans,
especially in a clinical setting, and thus to unambiguously identify circadian disruption or
phase shifts (e.g. Lewy et al., 1999; Hofstra and de Weerd, 2008).

The omnipresence of circadian clocks in the animal kingdom and the near universal effectiveness
of general anaesthesia suggested the usefulness of an animal model to examine the effect of
general anaesthesia on the circadian clock. While many traditional as well as non-traditional
models may have been suitable, the honey bee was selected as a model organism for this study.

147
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7.1.1 Advantages and disadvantages of the honey bee model for this study

The honey bee provided many of the benefits of a model organism: low maintenance cost
and effort, minimal space requirements when kept outdoors and high reproduction rates. In
addition, forager honey bees are diurnal in their activity, like humans. This is in contrast
to laboratory rodents, which are nocturnal, and Drosophila, which shows mainly crepuscular
activity in the laboratory (Allada and Chung, 2010) (but may actually be more diurnal in nature
(Vanin et al., 2012)).

Moreover, the honey bee is currently the only known insect whose molecular circadian clock-
work has genetically and possibly also functionally converged on the mammalian circadian
clock (Section 3.1.2). This makes it an attractive insect model for clinical molecular circa-
dian research since results obtained in honey bees are likely to have greater clinical relevance
than results obtained in Drosophila, whose core clock loop has diverged from the ancestral
insect/animal circadian clock in many aspects and is especially different from the mammalian
clock (Sandrelli et al., 2008) (Figure 1.3).

However, an established molecular model organism such as Drosophila would have provided the
clear advantage of an increased “molecular toolbox”. The possibility of genetic manipulation in
mice, rats, zebrafish and Drosophila has for example enabled the generation of highly useful
circadian reporter lines, which express luciferase under the control of clock gene promoters
and thus allow real-time monitoring of clock gene expression via bioluminescence recording
(e.g. Brandes et al., 1996; Emery et al., 1997; Yamazaki et al., 2000; Yoo et al., 2004; Kaneko et al.,
2006). Trials to produce stable transgenesis in honey bees have not yet been successful (Hoshiba
and Sasaki, 2008; Ikeda et al., 2011), and thus no circadian reporter lines currently exist. Also,
biochemical techniques for use in honey bees are limited owing to a lack of ready-made assays
and antibodies. However, access to standard molecular biology techniques for honey bees
research has been greatly facilitated in recent years by the sequencing of the honey bee genome
(Weinstock et al., 2006).

Despite these limitations in available molecular techniques, honey bees are still exceptionally
well suited for clock gene expression analysis. As is the case in the numerous studies without ac-
cess to transgenic reporter lines (including all studies on non-molecular model organisms), clock
gene expression analysis in bees relies on time course sampling and subsequent quantification
of the target molecule in all samples. Since sampling is usually terminal, meaning that, at each
time point, the sampled individuals are killed, the deduction of a rhythm in gene expression is
based on a population analysis, which compares data points from different individuals over
time. To successfully detect rhythmic gene expression via population analysis, the sampling
population needs to show similar basal levels of the target molecule, display similar amplitudes
in oscillations and, above all, needs to be synchronised in its rhythms. Therefore, the large
number of individuals within honey bee colonies and their high degree of social synchronisa-
tion (Section 2.1.4) are highly advantageous for temporal clock gene expression analysis. Both
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population size and synchrony enable long sampling periods1 even under constant conditions
(Figure 6.3 and 6.4), without loss of signal and without significantly affecting overall population
size and structure. Notably, maintaining a normal colony structure during sampling means
that behavioural analyses can be carried out on the same population — at the same time as
molecular sampling.

To my knowledge, such concurrent analysis of behavioural and clock gene rhythms from the
same study population is not easily feasible in any other animal at the moment. However, it
could certainly be envisaged in circadian reporter lines or other eusocial (hymenopteran) species
that form large colonies, if shown to socially synchronize, such as the Carpenter ant (Lone
and Sharma, 2011). In this study, the possibility to concurrently analyse activity and mRNA
rhythms of the same colony was exploited in Chapter 6 (Figure 6.3 and 6.4). Such co-recording
was beneficial in two ways: 1) To quantify phase shifts in Cry and Per mRNA rhythms, the
cosinor model required the definition of a fixed period (Section 6.2.3). Because activity and
mRNA oscillations had been recorded in the same experiment, the free-running period of the
colony’s hive entrance activity could be used as the period for the cosinor model, instead of the
less robust period determined through the model itself. 2) Since phase shifts in hive entrance
activity varied markedly between colonies (Table 5.2 and 5.5), it was advantageous that phase
shifts in Cry and Per rhythms could be compared to the shift in activity of the same colony.
Consequently, the extent of their correlation could be clearly recognized (Figure 6.3 and 6.4).

7.1.2 Advantages of the honey bee model for the broader research question

In addition to the above features, which made the honey bee a useful and informative model
for this PhD study, the many-faceted and well characterised circadian biology of honey bees
(Section 2.1) allowed investigation of the effect of anaesthesia on the circadian clock on a
multitude of levels. While this study explored clock gene expression and basic activity rhythms
under constant conditions in laboratory experiments, parallel studies exploited the more
complex circadian clock-based behaviours of honey bees in field experiments. In particular, the
field studies focused on time-compensated sun compass navigation as well as time memory
(see below, Section 7.2). Together, the field and laboratory studies were able to provide a
comprehensive analysis of the effect of general anaesthesia on the circadian clock, including the
effect on the molecular circadian clockwork, activity rhythms and a circadian clock-based time
sense, something that is not easily achieved in other model organisms.

7.2 Results from parallel studies in honey bees

As discussed above, parallel studies were carried out in our research group that examined
the effect of general anaesthesia on honey bee sun compass navigation and time memory.

1 Alternatively, one could also perform high frequency sampling or take many individuals per time point for use
in other or later analyses.
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Northern hemisphere

Control
6 h Anaesthesia

Southern hemisphere

Figure 7.1: Time-compensated sun compass navigation is affected by isoflurane anaesthesia. The
diagram depicts honey bee flight angles after 6 hours of daytime anaesthesia in comparison
to flight angles after 30 minute control anaesthesia. Experiments were carried out in both
hemispheres and the general direction of the solar path in each hemisphere is indicated. The
diagram is a schematic representation of data from Cheeseman et al. (2012).

Both behaviours rely on the same internal clock mechanism and, in contrast to circadian
rhythms, they can be expressed at any time of day, meaning that they appear to be based on a
continuously consulted circadian clock (Section 2.1.2). When forager bees were subjected to
6 hours of isoflurane anaesthesia during the day, both behaviours were systematically affected.

In sun compass navigation experiments, flight angles of anaesthetised bees differed significantly
from flight angles of control-anaesthetised bees. In the Southern hemisphere, flight angles were
shifted counter-clockwise by almost 90◦ and, in the Northern hemisphere, they were shifted
clockwise by about 60◦ (Cheeseman et al., 2012) (Figure 7.1). The opposite direction of the
shifts corresponds directly to the opposite path of the sun in the hemispheres2. Notably, in
both hemispheres, flight angles were shifted along the solar path. This result has two possible
explanations: Honey bee time sense might have been suspended during general anaesthesia,
and, as a result, anaesthetised bees might not have compensated their navigation for the change
in the sun’s position that had occurred during the 6 hours of anaesthesia. However, given the
findings of the present study, the more likely explanation is that anaesthesia induced a phase
shift in the circadian clock, which caused the foragers to miscalculate their flight angles by
relying on a biological time that was not in line with external time. Using an average solar
azimuth change of 15◦ per hour, the shifts in flight angle would then correspond to a clock delay
of approximately 6 hours in the Southern hemisphere and 4 hours in the Northern hemisphere.

Similarly, in experiments on honey bee time memory, daytime isoflurane anaesthesia signif-
icantly delayed the visiting times of foragers at an artificial food source (Cheeseman et al.,
2012). On the day after anaesthesia, time-trained foragers visited the feeder over 3 hours later
than during training and over 2 hours later than the control-anaesthetised foragers. Although
bees were kept in natural LD cycles, this delay persisted, gradually diminishing, until about
the third day after anaesthesia. Whilst both of the explanations presented for the navigation
experiments are plausible, a phase delay in the underlying circadian clock, which is gradually

2 The difference between hemispheres in the magnitude of the detected shifts likely results from the use of
different flight angle recording methods. Flight angles were recorded visually by two observers in the Southern
hemisphere, whereas they were tracked by harmonic radar in the Northern hemisphere.
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re-entrained, appears again the more likely cause for the observed results.

Taken together, the results of these field studies correspond very well with the results of
the present laboratory study, and a phase delay in the circadian system appears to explain all
observed effects. The obvious correlation between the effect of anaesthesia on time-compensated
sun compass navigation, time memory, hive entrance activity as well as Cry and Per mRNA
oscillations in bee brains suggests that all three behavioural outputs are governed by the bee
brain molecular circadian clock and that anaesthesia elicits the behavioural effects by acting
on this brain clock. However, since it is likely that other, peripheral circadian clocks exist
in honey bees, it cannot be excluded that anaesthesia directly or indirectly affects also these
peripheral clocks leading to the observed alterations in one or all of the behaviours. For
example, in monarch butterflies (Danaus plexippus), it is known that antennal circadian clocks
are fundamentally involved in sun compass navigation (Merlin et al., 2009; Guerra et al., 2012).
In either case, it can be concluded that the effects of anaesthesia penetrate many levels of the
circadian biology of the honey bee.

7.3 Comparison with results in other species

As described in Section 1.3, clinical studies have so far yielded equivocal results on whether
general anaesthesia can affect the circadian system and whether anaesthesia might play a role
in postoperative circadian disruption. Similarly, results from studies using animal models have
been inconclusive overall, mainly because of contradictory findings, small effects and a lack of
studies on modern anaesthetic agents. This notwithstanding, a reasonable data set has been
gradually accumulating, especially from studies in rodent models, that is in line with the results
from this project. It indicates that certain anaesthetic drugs can phase shift circadian rhythms
in locomotor activity and/or body temperature and that these effects depend on the time of
day of anaesthesia administration3. Barbiturates and benzodiazepines, for example, have been
shown to be able to phase-dependently induce both advances and delays in circadian rhythms
of activity and/or temperature in rats, mice and hamsters (Ehret et al., 1975; Ebihara et al.,
1988; Subramanian and Subbaraj, 1993; Vansteensel et al., 2003). Similarly, propofol anaesthesia
was found to elicit phase-dependent advances in these rhythms in rats (Challet et al., 2007;
Dispersyn et al., 2009a).

Whether inhaled anaesthetics can also induce such phase shifts in circadian rhythms, like the
injected hypnotics and sedatives mentioned above, was unclear before this project on isoflurane
was conducted. In a study on healthy human volunteers4, 3 hours of isoflurane anaesthesia
did not induce any significant phase shifts in core body temperature rhythms on the post-
anaesthetic days (Sessler et al., 1991). However, on the day of anaesthesia, temperature rhythms
were abrogated in 2 out of the 5 subjects and, in the 3 remaining subjects, they appeared delayed

3 The phase dependence of the effects likely contributed to the inconclusive results, since many studies only
assessed a single time point or pooled data from different times of administration.

4 To my knowledge, this is the only circadian study on humans administering anaesthesia independent of a
surgical intervention.
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by about 3 hours. The exposure of subjects to entraining light/dark cycles (LD) might have
diminished this delay in the postoperative days and thus hindered detection. Similarly, Prudian
et al. (1997), who also maintained their rats in LD, noted a small phase delay in activity rhythms
after a 50 minute ether anaesthesia only on the day of anaesthesia and not on following days,
whereas circadian rhythms in body temperature and heart rate were not altered at all. However,
in a recent study under constant conditions, the activity rhythms of mice were found to be
delayed by approximately 1 hour after 4 hours of sevoflurane anaesthesia (Ohe et al., 2011).

Although the detected effects in these studies on inhalation anaesthesia were modest or equiv-
ocal, the general agreement with the data in honey bees is striking. All the treatments were
started in the (subjective) morning, and all seemed to induce a phase delay (Sessler et al., 1991;
Prudian et al., 1997; Ohe et al., 2011), just like the daytime isoflurane anaesthesia in bees. And
similar to the nighttime isoflurane anaesthesia in bees, which caused no phase shift, 20 minute
halothane anaesthesia of hamsters during the late subjective night was found not to induce any
phase shifts in activity rhythms either (Colwell et al., 1993). This principal agreement between
the effects of inhaled anaesthesia on human, rodent and honey bee circadian rhythms implies
that the findings obtained in this study in honey bees may have broad applicability and that
they could be successfully extrapolated to the vertebrate, mammalian and even human system.

However, although the principal similarities are striking, there are still important differences.
The phase delays observed in honey bees after daytime isoflurane anaesthesia were much
greater than the shifts detected in previous studies of both inhaled and intravenous anaesthetics
(Table 1.1). The possible reasons are numerous: The long duration of the anaesthesia in the
present study may have led to an increased phase shift or aided in covering a particularly
sensitive period. Also, the exact timing of the anaesthesia in relation to solar time, the active
period or some other important factor may have differed between studies. Alternatively, the
assayed clock parameters, i.e. hive entrance activity and brain clock gene mRNA rhythms (plus
time memory and time compensation), may have been particularly sensitive to the anaesthetic
effect or may have been reset faster and more robustly than, for example, temperature rhythms.
In addition, the particular anaesthetic agent and its concentrations may play a role in the
magnitude of the induced effect5. Alternatively, or in addition, the honey bee circadian clock
may be more sensitive to anaesthesia than the circadian system of mammals.

In this respect, one could also speculate that the circadian system of honey bees may be
particularly responsive to time cues, natural or unnatural, because of their remarkable circadian
plasticity linked with worker polyethism (Section 2.1.3). However, an ontogeny of circadian
rhythms can be found to some degree in many other animals, including humans, who are
well-known to develop strong circadian sleep/wake rhythms only gradually during infancy
(e.g. Rivkees, 2003; Sumova et al., 2012). Counter the argument of an unusually sensitive
circadian system in honey bees runs the fact that many important foraging behaviours, such as
sun-compass navigation and time memory, are based on a functional and accurate circadian
clock. Thus one might argue that the honey bee circadian system should have evolved to be
extremely robust and protected from unwanted disturbances, for example through the use of

5 A dose response analysis with isoflurane in bees would provide further insight on this matter.
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very strong oscillators and/or the tight coupling of these. In this light, the great extent of the
anaesthesia phase shift in honey bees would appear even more unexpected.

Whatever the underlying reason, the great magnitude of the effect of isoflurane on the bee clock
was likely crucial in obtaining such clear results, which provided not only strong evidence
that one of the most common clinical anaesthetics can phase shift circadian rhythms, but also
established for the first time that an anaesthetic agent can phase shift the molecular circadian
clock. With reference to the ongoing discussion about the effect of anaesthesia on the clock, the
strong results in honeybees suggest that, if one can generalise between anaesthetic agents, the
sometimes weak or even equivocal effects found in other studies are nonetheless significant and
do not represent artefacts. In particular, the honey bee results strongly support those studies that
showed time-dependent phase shifting effects of anaesthesia. However, more comprehensive
research is needed to see if similarly strong shifts can be elicited also in mammals when using
long isoflurane anaesthesia.

7.4 Potential mechanisms behind the clock effects of anaesthesia

When speculating about possible mechanisms that may underlie the clock effects of anaesthesia
in general and the effects of isoflurane on the honey bee circadian clock in particular, it is
important to bear in mind that there appears to be no single pathway and site of action through
which anaesthetic drugs produce the anaesthetic state. Rather, anaesthetic drugs appear to act
on multiple sites in the central nervous system and on multiple molecular targets and, although
there is some overlap, neither of these are exactly the same for all anaesthetics (Eger II et al.,
1997; Veselis et al., 2001; Rudolph and Antkowiak, 2004; Hemmings Jr et al., 2005; Grasshoff
et al., 2006; Franks, 2008; Perouansky et al., 2010) (Section 1.1).

This complexity prompts the following important questions: Is it mere coincidence that several
anaesthetic agents phase shift the circadian clock while they actually act through completely
separate mechanisms? Or are the clock effects of anaesthetics nonetheless mediated through a
common mechanism?

7.4.1 General considerations

The fact that the magnitude, direction and timing of the induced phase shifts appear to differ
between agents might suggest distinct mechanisms. For example, phase response curves for
propofol anaesthesia in rats uncovered only advancing phase shifts with maximal effects in
the subjective evening (Challet et al., 2007). In contrast, phase response curves for diazepam
anaesthesia in field mice showed both advancing and delaying shifts with maximum advances
in the subjective morning and delays at most other times (Subramanian and Subbaraj, 1993).
This is again in contrast to the data obtained here, where isoflurane anaesthesia of honey bees
resulted in phase delays in the subjective morning and no shifts during the subjective night.
However, until the clock effects of different anaesthetics are systematically compared using the



154 CHAPTER 7. CONCLUDING DISCUSSION

same model species, there is no solid basis to conclude that these apparent differences between
agents reflect inherent differences in their mode of action — especially given that even strains
of the same species can differ greatly in their susceptibility (Ebihara et al., 1988). And even if
these differences are found to persist in such studies, they may only reflect subtle rather than
fundamental differences in mechanism.

Therefore it is still tempting to postulate that there is a unifying mechanism by which all, or
most, anaesthetics act on the circadian clock. It could be imagined that there is a common
molecular target at a common site that is responsible for the anaesthetic phase shifts of the clock.
A possible example of such a molecule, the GABAA receptor, is discussed below. Alternatively,
anaesthetics may act on different targets of the same or converging pathways, thereby eliciting
similar effects on the clock. Finally, given the diverse molecular and neuroanatomical sites
underlying anaesthetic action, even the pathways may differ between certain agents, and it may
be the final common node, the anaesthetic state itself or one of its endpoints, that is responsible
for the observed clock effects. This hypothesis is also discussed below.

Irrespective of the exact mechanism, there are three possible ways through which general anaes-
thesia could theoretically alter the phase of the circadian oscillator (Figure 7.2). Anaesthesia
could act

1. on input pathways into the circadian oscillator and thereby indirectly affect the oscillator
through alteration of input signals;

2. on the oscillator itself, be it within a single cell, certain clock neurons, a central pacemaker
tissue or all cells of the organism;

3. on an output of the oscillator and thereby indirectly affect the oscillator through feedback
mechanisms.

7.4.2 The GABAA receptor as a possible common molecular target

One of the potential molecular targets for mediating the clock effects of general anaesthesia
are the GABA receptors (GABARs), especially subtype A. These are abundant pentameric
ligand-gated ion channels that open upon the binding of the neurotransmitter GABA, resulting
in an inhibitory chloride current.

Many anaesthetic agents have been found to allosterically modulate GABARs and thereby
change the frequency of receptor opening in the presence of GABA. Especially the intraven-
ous anaesthetic agents are believed to elicit many of their clinical endpoints through positive
GABAR modulation, but also inhaled anaesthetics substantially alter GABAR currents (Bonin
and Orser, 2008). Notably, insect GABARs are modulated by anaesthetic agents in a fashion
similar to their mammalian homologues (Belelli et al., 1996; Pistis et al., 1999; Buckingham and
Sattelle, 2005; Buckingham et al., 2009), which also includes the potentiation of their activation
through isoflurane (Harrison, 2002; Edwards and Lees, 1997; Banks and Pearce, 1999).
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Figure 7.2: Possible points of attack in the circadian system for general anaesthesia. General anaes-
thesia may elicit phase shifts in the circadian oscillator via three ways: 1) indirectly through
altering input pathways, 2) directly, 3) indirectly through altering output. These three possi-
ble points of attack are symbolised by red arrows in the conceptual model of the circadian
system from Figure 1.2. Arrow numbering reflects numbers in text.

This modulation of GABARs by anaesthetics may play a role in anaesthetic clock effects solely
on the basis that GABA and GABARs are abundant in the rodent SCN (Moore and Rankin, 1993;
Gao et al., 1995). More suggestive, however, is the fact that pharmacological manipulations of
GABAR transmission can phase shift circadian rhythms. In mammals, GABAR agonists can
elicit both phase advances and delays in circadian activity rhythms, and their magnitude and
direction change with time and the agonist used (Ralph and Menaker, 1989; Smith et al., 1989,
1990; Novak and Albers, 2004; Ehlen et al., 2006; Ehlen and Paul, 2009). Conversely, inhibition
of GABAR can also produce phase-dependent shifts in circadian rhythms (Pinto and Golombek,
1999), although the antagonist bicuculline does not seem to cause any effects by itself (Ralph
and Menaker, 1985; Smith et al., 1990; Gillespie et al., 1996, 1997). In insects, few reports on the
circadian effects of GABAR manipulations exist. However, one study demonstrated that the
injection of GABA into the brain of cockroaches also phase shifts locomotor activity (Petri et al.,
2002). Interestingly, phase delays induced during the subjective night were of a magnitude
similar to that of the delays obtained here with isoflurane in honey bees.

Besides their direct effects, GABAR agonists and antagonists can also block the effects of light
on the circadian clock, abrogating both light-induced phase shifts of locomotor activity rhythms
and light-induced increases in Per transcript levels (sometimes even producing differential
effects on delays and advances) (Ralph and Menaker, 1985, 1986; Gillespie et al., 1996, 1997;
Novak et al., 2006; Ehlen and Paul, 2009). Interestingly, a similar light-blocking effect has been
shown for several anaesthetic agents. Pentobarbital and halothane, among others, inhibited all
activity phase shifts after nighttime light exposure in hamsters (Colwell et al., 1993). Moreover,
sevoflurane anaesthesia was recently demonstrated to markedly impair light-induced Per
increase in mice (Ohe et al., 2011).

Therefore, if altered GABAergic signalling indeed underlies the phase shifting effects of anaes-
thesia, one could imagine either a direct influence on the core oscillator (Figure 7.2, arrow 2)
or an indirect effect through interference with photic input to the clock (Figure 7.2, arrow 1).
The latter mechanism seems plausible especially as the honey bee isoflurane experiments in
the laboratory were carried out under constant dim light, where a disruption of photic input
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effectively equates to a dark pulse — such pulses are known to be able to reset the clock (Boulos
and Rusak, 1982; Dwyer and Rosenwasser, 2000; Mistlberger et al., 2002; Mendoza et al., 2007).
However, in the honey bee sun compass experiments in the field, bees were kept in darkness
during the anaesthetic period, and anaesthetised bees and controls nonetheless flew in markedly
different directions. This indicates that a dark pulse is unlikely to account for the major part of
the observed effect of isoflurane in honey bees.

7.4.3 The anaesthetic state as a possible inducer of clock effects

Although GABARs constitute promising candidates for the clock effects of general anaesthetics,
a unifying mechanism does not necessarily require the existence of such a common molecular
target. Since anaesthetic agents, despite different modes of action, normally produce a compa-
rable outcome, i.e. general anaesthesia, a component of this final outcome may also underlie
the anaesthetic clock effects.

Anaesthesia generally involves altered neuronal activity in many parts within the central
nervous system, which is presumed to lead to a loss of signal integration and information
capacity (Alkire et al., 2008; Brown et al., 2010). This functional disruption may also impair
communication between clock neurons or different brain regions involved in the clock, thereby
altering circadian oscillator function (Figure 7.2, arrow 2). Alternatively, clock neurons could
be functionally disconnected from sensory signals through an interference of the anaesthetic
state with afferent signalling to clock neurons. This would, for instance, block photic input to
the clock and could provide another explanation why anaesthetics inhibit effects of light on the
circadian system (see Section 7.4.2 above) (Colwell et al., 1993; Ohe et al., 2011). However, for
the reasons discussed above (Section 7.4.2), mere blocking of photic input is unlikely to have
induced the observed phase delays in the honey bee circadian system.

Anaesthetics may also exert their effect on the circadian clock by altering the behavioural
feedback to the oscillator (Figure 7.2, arrow 3) as general anaesthesia, especially the endpoint
immobility, obviously changes or suppresses behaviour. It is, for example, tempting to speculate
that daytime isoflurane anaesthesia phase shifted the honey bee clock by inducing a period of
inactivity at a time of day that is normally characterised by high activity. Conversely, nighttime
anaesthesia would have had no effect since it was administered through the inactive phase.

Physical restraint of hamsters during their active phase has indeed been found to phase shift
circadian rhythms (Van Reeth et al., 1991; Dwyer and Rosenwasser, 2000). However, it was
suggested that it was not the inactivity itself that caused these effects, but sleep and/or alter-
ations in light input occurring during the restraint as well as the activity rebound following
the restraint (Mistlberger and Antle, 2006). More data on behaviourally induced phase shifts
exist for enforced arousal and activity. In hamsters, novelty-induced wheel-running during the
resting phase not only produces large phase shifts in locomotor activity (Reebs and Mrosovsky,
1989; Mrosovsky et al., 1992; Mrosovsky and Janik, 1993), but also alters clock gene expression
and resets the molecular circadian clockwork (Maywood et al., 1999; Edelstein et al., 2003). Sleep
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deprivation by handling can also induce similar shifts (Antle and Mistlberger, 2000). Notably,
the benzodiazepine triazolam and morphine both induce phase shifts in hamsters during the
rest period by inducing hyperactivity and exercise (Mrosovsky and Salmon, 1990; Marchant
and Mistlberger, 1995).

In summary, multiple mechanisms could plausibly underlie the clock resetting effects of general
anaesthesia. Systematic comparisons between the effects of several different anaesthetic agents
should provide insight into the question on whether anaesthetics elicit their clock effects through
common or separate mechanisms. In turn, such investigations will not only help explain the
mechanism behind the observed clock effects, but should also shed light on mechanisms
underlying general anaesthesia as well as the circadian timing system.

7.5 Clinical implications

If the results obtained here for honey bees can be directly extrapolated to humans, isoflurane
anaesthesia is likely to be a major contributor to circadian disruption in patients after surgery.
Nonetheless, it is difficult to speculate on the state and phase of the circadian system postopera-
tively — too many other factors can be expected to exert an influence on the circadian system
as well. These factors include several other potentially chronobiotic drugs that are routinely
given in and around surgery in addition to the hypnotic anaesthetic agents (Section 1.1.2).
Opioids, for example, which are administered as analgesics, have been shown to shift circadian
rhythms of locomotor activity in rodents (Byku and Gannon, 2000; Vansteensel et al., 2003,
2005). Furthermore, the surgical procedure or insult has in itself the potential to affect circadian
rhythms, as was shown in rats by comparing circadian effects of anaesthesia with and without
surgery (Drijfhout et al., 1995; Prudian et al., 1997).

Besides these unphysiological chronobiotic factors, patients are also exposed to physiological
Zeitgeber, in particular light/dark cycles. Whether the anaesthetic effects on the circadian
clock are also relevant under entrainment conditions of LD cannot be definitively concluded
from the experiments of the present study, as they were carried out under LLdim. However,
phase shifts of over 4 hours are in principle unlikely to be eliminated within a single day of
entrainment. Moreover, experiments on honey bee time memory, which were part of the parallel
studies in the field (Section 7.2), indicated that the circadian clock does reentrain in LD after
6 hours of isoflurane anaesthesia but that reentrainment is not complete until the third day after
anaesthesia (Cheeseman et al., 2012). These results are supported by other studies that showed
a substantial initial effect of anaesthesia on locomotor and physiological circadian rhythms that
only gradually diminished under LD (Sessler et al., 1991; Prudian et al., 1997; Dispersyn et al.,
2009a).

Notably, the few clinical studies that comprehensively assessed circadian rhythms pre and
post daytime surgery all detected postoperative phase delays, and these varied around a
similar magnitude to those observed here (Azama et al., 2007; Gögenur et al., 2007b,c). Such a
correspondence is surprising as these studies investigated patients with very different diseases,
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surgeries (ranging from minor to major interventions) and anaesthetic procedures. Is this
coincidence or does this indicate that the postoperative state and phase of the circadian system
in patients is indeed similar to the ones in honey bees after isoflurane anaesthesia? If the latter
were the case, it would imply that general anaesthesia may be the predominant chronobiotic
surrounding surgery; at this point, however, this is mere speculation.

Be it induced by anaesthesia alone or anaesthesia in combination with other factors, the health
implications of a postoperative phase difference between internal and external time are enor-
mous. Similar to the temporal misalignment after jet travel across time zones, a large part of
the patient’s biology can be assumed to be out of synchrony with the solar day for several
days. Furthermore, the ensuing realignment likely also causes internal circadian disruption (if
not already induced through the anaesthetic phase shift in the first place), when central and
peripheral clocks reset at different speeds (Yamazaki et al., 2000; Kiessling et al., 2010; Barclay
et al., 2011). Given the severe health consequences associated with external and internal circa-
dian disruption (Section 1.2.5), it can be assumed that not only overall well-being is adversely
affected, but also that the recovery process from surgery including wound healing and immune
function is severely compromised.

Consequently, preventing or counteracting postoperative circadian disruption may provide
a means to expedite recovery after surgery. This could possibly be achieved through strong
entrainment cues before and after surgery, the targeted administration of other chronobiotics
(e.g. melatonin or glucocorticoids (Kiessling et al., 2010; Barclay et al., 2011)) or precise timing
of surgery for especially susceptible or high-risk patients.
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Naturwissenschaften, 44(1):1–6.



174 BIBLIOGRAPHY

Livak, K. J. and Schmittgen, T. D. (2001). Analysis of relative gene expression data using
real-time quantitative PCR and the ∆∆ Ct method. Methods, 25(4):402–408.

Lomb, N. R. (1976). Least-squares frequency analysis of unequally spaced data. Astrophysics
and Space Science, 39(2):447–462.

Lone, S. R. and Sharma, V. K. (2011). Timekeeping through social contacts: Social synchroniza-
tion of circadian locomotor activity rhythm in the carpenter ant Camponotus paria. Chronobiol-
ogy International, 28(10):862–872.

Lourenço, A. P., Mackert, A., Cristino, A. D. S., and Simoes, Z. L. P. (2008). Validation of
reference genes for gene expression studies in the honey bee, Apis mellifera, by quantitative
real-time RT-PCR. Apidologie, 39(3):372–385.

Lowrey, P. L., Shimomura, K., Antoch, M. P., Yamazaki, S., Zemenides, P. D., Ralph, M. R.,
Menaker, M., and Takahashi, J. S. (2000). Positional syntenic cloning and functional character-
ization of the mammalian circadian mutation tau. Science, 288(5465):483–491.

Lowrey, P. L. and Takahashi, J. S. (2011). Genetics of circadian rhythms in mammalian model
organisms. In Stuart, B., editor, Advances in Genetics, volume 74, pages 175–230. Academic
Press.

Ludin, N. M., Rescan, M., Cheeseman, J. F., Millar, C. D., and Warman, G. R. (2012). A honey
bee (Apis mellifera) light phase response curve. Chronobiology International, 29(4):523–526.

Mackensen, O. (1947). Effect of carbon dioxide on initial oviposition of artificially inseminated
and virgin queen bees. Journal of Economic Entomology, 40:344–349.

Maleszka, J., Barron, A. B., Helliwell, P. G., and Maleszka, R. (2009). Effect of age, behaviour
and social environment on honey bee brain plasticity. Journal of Comparative Physiology. A,
Neuroethology, Sensory, Neural, and Behavioral Physiology, 195(8):733–740.

Marchant, E. G. and Mistlberger, R. E. (1995). Morphine phase-shifts circadian rhythms in mice:
Role of behavioural activation. NeuroReport, 7(1):209–212.

Marquardt, D. W. (1963). An algorithm for least-squares estimation of nonlinear parameters.
Journal of the Society for Industrial and Applied Mathematics, 11(2):431–441.

Massotti, A. and Preckel, T. (2006). Analysis of small RNAs with the Agilent 2100 Bioanalyzer.
Technical report.

Maywood, E. S., Mrosovsky, N., Field, M. D., and Hastings, M. H. (1999). Rapid down-regulation
of mammalian period genes during behavioral resetting of the circadian clock. Proceedings of
the National Academy of Sciences of the United States of America, 96(26):15211–6.

McClung, C. R. (2011). The genetics of plant clocks. In Stuart, B., editor, Advances in Genetics,
volume 74, chapter 4, pages 105–139. Academic Press.
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Renner, M. (1955b). Über die Haltung von Bienen in geschlossenen, künstlich beleuchteten
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Appendix A

Dissection of Frozen Bee Brains

Materials

• Dissecting block (Figure A.1 A)
Aluminium block with a small dissecting well (∼ 5 mm depth, ∼ 10 mm diameter)
Bottom of well lined with Blu-Tack (Bostik) afixed with glue

• Dissecting tools (Figure A.1 B)
1 pair of standard forceps with straight blades
1 scalpel or needle holder with 1/2 spear tip
≥ 2 pairs of fine forceps (No. 5) with offset blades or angular tip
≥ 2 teasing needles (angular tip)
All temperature-insulated around their metal handles with e.g. foam sheets

• Cooling utensils:
Solid CO2 (dry ice), preferably in blocks
Hammer and piece of fabric (∼ 500 mm × 500 mm), to pulverize dry ice
≥3 ice boxes, one with window cut into lid for dissecting block to protrude

A B

Figure A.1: The dissecting equipment. (A) Dissecting block with dissecting well and optional well for
1.5 ml tube. (B) Dissecting tools with temperature-insulation around metal handles.
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• Storage of dissected brains:
1.5 ml tubes (preferably RNase-free)
Aluminium tube rack, for 1.5 ml tubes
Freezing-resistant tube labels

• Stereomicroscope

Setup

1. Pre-chill dissecting block and tube rack in -80 ◦C freezer

2. Label tubes with freezing-resistant tube labels

3. Pulverise dry ice: wrap dry ice in fabric and crush with hammer until only fine powder
remains. Using pulverised dry ice improves cooling since it allows proper embedding of
items that are to be cooled and increases contact area. It also prevents damage to the fine
tips of the dissecting tools during repeated insertion into the dry ice. Blocks of dry ice are
generally easier to pulverise than pellets.

4. Prepare one ice box each for a) dissecting, b) tool cooling and c) sample storage by filling
with dry ice powder and embedding, where appropriate, the dissecting block and tube
rack

5. Place dissecting tools in appropriate ice box to chill

6. Place labelled tubes in tube rack to chill

Dissection

• Work under the dissecting microscope (∼ 25×magnification)

• Following the procedure detailed in Figure A.2, harvest all parts of the cerebrum as well
as the sub-œsophageal ganglion, while removing all surrounding tissues.

• Use only dry-ice chilled tools and constantly exchange warming tools for cold ones

• In order to avoid introducing systematic errors through the order of sample handling,
process all samples in random order (e.g. randomise in MS Excel by sorting according to
random number, generated by the command rand() )

Caveats

• Samples (un-dissected and dissected) need to remain frozen at all times

• Refill dry ice regularly

• Only use chilled tools and replace frequently
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Pick out frozen bee sample with 
standard forceps and place on 
dissecting block. 
Separate head from thorax with 
scalpel and place head sideways  
front up into dissecting well.

Lock head in place by holding it 
just above the mouth pieces. To 
this end, pierce head capsule out-
side the antennal bases with offset 
forceps. 
Open front of head by breaking off 
head capsule with teasing needles 
or scalpel.

This exposes the hypopharyngeal 
glands and, if glands are atrophied, 
also parts of the brain.
In this photograph, hypopharyngeal 
glands are atrophied and yellow, 
both indicative of a forager bee.

In this photograph, hypopharyngeal 
glands are large, milky white and 
grape-like in structure due to the 
many swollen acini, all indicative of 
an in-hive bee.

Remove compound eyes by 
repeated scraping along their base 
using teasing needles.
This step requires great care to 
avoid breaking off the fragile tips of 
the optic lobes.

Large hypopharyngeal glands fill 
the front head cavity and protrude 
past the compound eyes in the 
opened head.

This photograph shows the optic 
lobe after successful removal of the 
compound eye. Black arrows mark 
border of optic lobe, white arrow 
points out the unfractured tip of 
the optic lobe.

Using the teasing needles, chip 
ocelli (arrow) and hypopharyngeal 
glands off the brain.
Pry brain out of head capsule by  
inserting a teasing needle between 
the antennal lobes and gently 
tilting it to the left to lever out 
brain. 

The dissected honey bee brain:
Cerebrum incl. the subœsophageal 
ganglion (arrow). Remove all 
glandular tissue from back with 
teasing needles and transfer brain 
to a prechilled tube.

back

front

1 2 3

4 5 6

7 8

9

10

Figure A.2: The dissecting procedure.
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Appendix B

qPCR Materials

Reaction setup

qPCR reagents were prepared in a UV-sterilised hood with dedicated pipettes and certified
DNase/RNase-free filter tips. For experiments with more than ∼ 90 qPCR reactions, the assay
was set up using the automated pipetting system epMotion 5075 (Eppendorf). The following
plastic ware and consumables were used:

• Reaction tubes for master mixes and cDNA:
Safe-Lock tubes, polypropylene, 0.5 ml and 1.5 ml, certified PCR-clean (Eppendorf)
Conical tubes, polypropylene, 15 ml and 50 ml, certified DNase/RNase-free (Greiner)
Twintec 96-Well Plate, skirted, polypropylene, certified DNase/RNase-free (Eppendorf)
epMotion Reservoir, polypropylene, 30 ml, certified PCR-clean (Eppendorf)

• Power SYBR Green PCR Master Mix, 2× (Applied Biosystems)

• Ultrapure Water, 0.1 µm membrane-filtered, certified DNase/RNase-free (Invitrogen)

• qPCR reaction plate: MicroAmp Optical 384-Well Reaction Plate (Applied Biosystems)

• qPCR plate seal: MicroAmp Optical Adhesive Film (Applied Biosystems)

Cycling protocol

qPCR reactions were carried out with an ABI PRISM 7900HT Sequence Detection System
(Applied Biosystems). Thermal cycling conditions are given in Table B.1.

Primer details

All primers were obtained from Invitrogen in desalted form. Details about sequence, amplicon
length and amplification efficiencies are listed in Table B.2.
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Table B.1: qPCR thermal cycling parameters

Optional Initial Annealing &
Digest a Denaturation Denaturation Elongation Melting

Cycles 1 1 40 1

Temperature 50 ◦C 95 ◦C 95 ◦C 60 ◦C 50–95 ◦C
Duration 2 min 10 min 15 sec 1 min slow ramp
a Intended for digest of dUTP-containing templates with uracil N-glycosylase. This step was

included since it was the default setting of the qPCR cycler.
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Appendix C

Experimental colonies

Table C.1: Overview over experimental colonies described in this thesis. Control treatments are only
listed for the colonies where they were not part of the initial experiment, but were performed
in a separate experiment.

Marked RFID

Treatment callows # Caste Sampling Month Year

Colony 1 Full Jan/Feb 2009
Colony 2 Full Mar 2009

Control Mar 2009
Colony 3 Full 3400 160 callows

√
May 2009

Colony 4 Full 3500 110 callows
√

Oct/Nov 2009
Colony 5 Full 3500 110 callows

√
Oct/Nov 2009

Colony 6 Full
√

Nov/Dec 2009
Control Dec 2009

Colony 7 Full
√

Jan/Feb 2010
Colony 9 Full 42 foragers Feb 2010
Colony 8 Full 3200

√
Mar/Apr 2010

Colony 10 Full 92 foragers Oct 2010
Control Nov 2010

Colony 11 Full 3500
√

Oct-Dec 2010

Colony A 2350
√

Feb/Mar 2008
Colony B 2500 110 callows Sep/Oct 2008
Colony C 3330 120 callows Apr 2009
Colony D 3500 Oct-Dec 2010
Colony E Fulla

√
Nov 2010

a Full anaesthesia treatment of a small cohort of bees
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